


P l e a s e  N o t e :  T r a d i t i o n a l  F o r m a t  C h a n g e d  
f o r  I F T ’s  4 2 n d  A n n u a l  M e e t i n g  i n  L a s  V e g a s

□  The 42nd IFT Annual Meeting of June 22-25,1982 will follow a Tuesday-through-Friday format rather than the traditional Sunday-through-Wednesday format.
As indicated in the calendar below, technical sessions and symposia will begin on Wednesday morning and conclude on Friday afternoon. The IFT FOOD EXPO will begin at 1:00 P.M. on Tuesday, and close at 12:30 p.m. Friday.
Other changes include the Basic Symposium and the Short Course. The Basic Symposium will be held Monday and Tuesday, June 21-22. The Short Course, which was usually held at the conclusion of the

Annual Meeting, will also be held on Monday and Tuesday, June 21-22.
The IFT Executive Committee meeting, tradition

ally held on Saturday from 1:30 P.M. to 6:00 P.M. will be held at the same hours on Monday, June 21.
The IFT Council Meeting will be held on Tuesday, June 22, from 10:00 A.M. until approximately 4:30 P.M.
The Opening Session—usually held on Sunday evening—will begin at 7:00 P.M. on Tuesday, June 22. The Opening Mixer will follow the Opening Session at 9:00 P.M.
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5 7 0  A  m ic ro b ia l in ve s tig a tio n  o f  selected spices, herbs and 
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Holzapfel
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and F.M. Clydesdale

57 9  M ed ia  com p ariso n  fo r  the  e n u m e ra tio n  and reco ve ry  o f  

Clostridium sporogenes P .A . 3 6 7 9  spores— D . A  Polvino 
and D. T. Bernard
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Research Notes

661 W ater a c t iv ity  o f  fresh fo o d s — / .  Chirife and C. Ferro 
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A.A. Bushway, A.M. Wilson, D.F. McGann and R.J. 
Bush way
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c o c c i—  R.N. Sinha, A.K. Shukla, M. Lai and B. 
Ranganathan
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M in c e d  F i s h  P r o d u c t i o n  F r o m  C a p e l i n  (M a llo tu s  v il lo s u s ) .  
A  N e w  M e t h o d  f o r  G u t t i n g ,  S k i n n i n g  a n d  R e m o v a l  o f  F a t  

f r o m  S m a l l  F a t t y  F i s h  S p e c ie s

OLA EIDE, TORGER B0RRESEN, and TERJE STR0M

-------------------------------- ABSTRACT---------------------------------
A new method for the production of fish mince from a small fatty 
fish is presented. The method involves (a) cutting the fish into short 
pieces, (b) washing out the depot fat, dark pigments and viscera 
under acid (pH 4) or neutral conditions, and (c) bone separation. 
The resulting mince has a white appearance and a low fat content 
(approximately 7% of dry wt). The water-holding capacity of the 
acid mince is low, whereas neutral minces have values corresponding 
to cod mince. The fish oil can easily be recovered. Characterization 
of the lipids in capelin mince is presented.

INTRODUCTION
C A P E L I N  ( M a l l o t u s  v i l l o s u s )  is  a  s m a l l  A r c t i c  a n d  p e la g i c  
f i s h  ( 1 2 —2 0  c m ,  2 0 —4 5 g ) .  I t  is  i n  q u a n t i t y  t h e  m o s t  i m p o r 
t a n t  f i s h  f o r  t h e  N o r w e g ia n  f i s h in g  i n d u s t r y .  T h e  a n n u a l  
c a t c h  o f  o n e  t o  t w o  m i l l i o n  t o n s  c o n s t i t u t e s  a b o u t  5 0 %  o f  
t h e  t o t a l  a m o u n t  o f  f i s h  l a n d e d  i n  N o r w a y .  T o d a y  9 9 %  o f  
t h e  t o t a l  c a p e l i n  c a t c h  i s  p r o c e s s e d  t o  f i s h  m e a l  a n d  f i s h  o i l .  
T h e r e  i s ,  h o w e v e r ,  a  p r o n o u n c e d  i n t e r e s t  f o r  i n c r e a s in g  t h e  
u t i l i z a t i o n  o f  c a p e l i n  f o r  f o o d  p r o d u c t i o n .  T h e  f i s h  is  c a u g h t  
i n  g r e a t  q u a n t i t i e s  in  s h o r t  p e i o d s  o f  t i m e .  T h i s  p o i n t s  
t o w a r d s  a  h a n d l i n g  t e c h n i q u e  w h e r e  t h e  f i s h  is  c o n v e r t e d  t o  
a  m in c e  b e f o r e  f u r t h e r  p r o c e s s i n g .  M o s t  o f  t h e  e x i s t i n g  
p r o c e s s e s  f o r  m in c e  p r o d u c t i o n  a r e  d e v e lo p e d  f o r  t h e  w h i t e ,  
l e a n  f i s h  s p e c ie s .  C a p e l in  is  a  s m a l l ,  f a t t y  f i s h ,  a n d  w h e n  
c o n v e n t i o n a l  m in c i n g  t e c h n o l o g y  is  a p p l i e d ,  g r e a t  p r o b l e m s  
a r e  e n c o u n t e r e d .

A  m a j o r  p r o b l e m  in  t h e  p r o d u c t i o n  o f  a  h o m o g e n e o u s  
m in c e  f r o m  c a p e l i n  is  t h e  v a r i a t i o n  o f  t h e  f a t  c o n t e n t  f r o m
2 —3 %  a t  t h e  e n d  o f  t h e  s p a w n in g  p e r i o d  i n  A p r i l  t o  1 5 — 
2 0 %  in  t h e  s u m m e r .  T h i s  is  la r g e ly  a t t r i b u t e d  t o  t h e  v a r i a t i o n  
o f  t h e  a m o u n t  o f  t h e  d e p o t  f a t ,  w h e r e a s  t h e  a m o u n t  o f  
s t r u c t u r e  f a t  is  f a i r l y  c o n s t a n t  a t  4 —6 %  d r y  w t  ( J a n g a a r d ,
1 9 7 4 ) .

M o h r  a n d  O r m b e r g  ( 1 9 7 7 )  a n d  M o h r  e t  a l .  ( 1 9 7 3 ,  1 9 7 6 )  
s t u d i e d  t h e  d i s t r i b u t i o n  o f  l i p i d s  i n  t h e  c a p e l i n  a n d  f o u n d  
m o s t  o f  t h e  d e p o t  f a t  i n  f a t  c e l l s  i n  t h e  p e r i t o n e u m  a n d  
u n d e r n e a t h  t h e  s k in ,  i n d e p e n d e n t  o f  t h e  s e a s o n a l  v a r i a t i o n s  
o f  t h e  t o t a l  f a t  c o n t e n t .  H o w e v e r ,  t h e  c a p e l i n  m u s c u l a r  t i s 
s u e  h a s  a  f a t  c o n t e n t  c o m p a r a b l e  t o  l e a n  f i s h e s .

T h e  m e c h a n i c a l  s t r e n g t h  o f  t h e  f a t  c e l l s ,  a s  w e l l  a s  t h e  
c o n n e c t i v e  t i s s u e s  in  t h e  s k in  a n d  i n  t h e  d a r k  c o lo r e d  
p e r i t o n e u m  is  d e t e r m i n e d  t o  f i b r o u s  c o l l a g e n  ( M o h r ,  1 9 7 1 ,
1 9 7 7 ) .  T h i s  s u g g e s t s  a  p o s s i b i l i t y  o f  r e m o v in g  t h e  l i p i d s  a n d  
t h e  d a r k  p i g m e n t s  f r o m  t h e  f i s h  b y  a  m e t h o d  w h i c h  a f f e c t s  
t h e  d e g r a d a t i o n  o f  t h e  c o l l a g e n  f i b e r s .  I n  c o ld  w a t e r  f i s h  
s p e c ie s  t h e  m e c h a n i c a l  s t r e n g t h  o f  t h e  c o l l a g e n  f i b e r s  is  
d e t e r m i n e d  b y  i n t e r m o l e c u l a r  a l d i m i n e  c r o s s l in k s  ( M o h r ,
1 9 7 1 ) .  T h e s e  c r o s s l in k s  a r e  s t a b l e  a t  l o w  t e m p e r a t u r e s  
u n d e r  n e u t r a l  c o n d i t i o n s ,  b u t  a r e  b r o k e n  a t  t e m p e r a t u r e s  o f  
4 0 —4 5 ° C ,  a n d / o r  b y  l o w e r in g  t h e  p H  t o  p H  3 —4 ,  u n d e r  
w h i c h  c o n d i t i o n s  f i b r o u s  c o l l a g e n  is  c o n v e r t e d  t o  a c id  
s o lu b l e  c o l l a g e n  ( N o v a k  e t  a l . ,  1 9 7 7 ) .

G i ld b e r g  a n d  R a a  ( 1 9 7 9 )  h a v e  s t u d i e d  t h e  s o l u b i l i t y  o f  
m u s c le  a n d  s k in  f r o m  c a p e l i n  a t  d i f f e r e n t  p H ’s  a t  8  C . T h e y
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f o u n d  a  g r e a t  r e l a t i v e  d i f f e r e n c e  i n  s o l u b i l i t y  b e t w e e n  t h e  
t w o  a t  p H  4 ,  w h e r e  t h e  s o l u b i l i t y  o f  t h e  m u s c le  w a s  m in im a l .

T h i s  p a p e r  d e s c r i b e s  t h e  d e v e l o p m e n t  o f  a  t e c h n o l o g y  
f o r  t h e  p r o d u c t i o n  o f  a  f i s h  m in c e  f r o m  s m a l l ,  f a t t y  f i s h  
s p e c ie s ,  a p p l y i n g  lo w  p H  ( 4 . 0 )  a n d / o r  a n  e l e v a t e d  t e m p e r a 
t u r e  ( 4 0 °  C ) .

EXPERIMENTAL
CAPELIN used in experiments were caught by a purse seiner at the 
Barents Sea (N 75° 30', E 25° 31') in October 1978 (Summer 
capelin). Samples of fish (1 kg) were frozen at sea at -80°C, and 
stored at this temperature. In the laboratory the fish was thawed in 
air at 10°C for 12 hr.

Each fish was cut with a scalpel into 2 -3  cm long segments 
perpendicular to the long axis. The fish segments (300g) were placed 
in a 1L round bottom flask, and acetic acid (9g) was added to a 
final pH of 4. A blank was prepared in the same manner without the 
addition of acetic acid (pH 6.8). The temperature was quickly 
adjusted (20-50°C) by adding pretempered water (300g). The fish 
segments were washed by incubating the mixture at the proper 
temperature on a shaker (130 rev/min). After a period of time 
(15-90 min) the liquid phase was decanted off. The bones were 
removed from the fish segments by dissection.

The resulting mince was analyzed for protein (Kjeldahl-N, AO AC,
1975), lipids (Bligh and Dyer, i 959), ash (540°C, 12 hr), and water 
(105°C, 12 hr).

The lipid phase was analyzed for the total amount of dry matter, 
and for lipids by a modified Soxhlet procedure. The lipids in the 
liquid phase were transferred to an ether phase using a conventional 
apparatus for continuous liquid; liquid extraction. The difference 
between the total amount of dry matter and the weight of the lipids 
is expressed as fat-free dry matter.

The water-holding capacity of the fish mince was measured by a 
centrifugation method. Sample holders and 50 ml centrifuge tubes 
as shown in Fig. 1 were used. Water removed during centrifugation 
drains through the polyester membrane in the sample holder, and is 
collected in the bottom of the centrifuge tube. The tubes were 
centrifuged in a MSE table centrifuge with swing out rotor. The 
conditions were: 2g sample; centrifugation time, 5 min at 1500 xg
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F R O M  S A M P L E

Fig. 1—Sample holder and centrifuge tube for measuring water
holding capacity in m inced fish samples. The sample holder is made 
o f  acryl plastic. The centrifuge tube is made o f  polycarbonate and 
has a 50 m l volume.
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(3600 rpm); at 10°C. The sample holder was weighed before and 
after centrifugation for determination of weight loss of the sample.

Weight ratio water : fish

Fig. 2—Percent o f  lip ids removed from capelin segments during 
washing for 60 minutes on a shaker (130 rev/min) with varying fish- 
water ratios (w/w). The experiment was done at pH  4 and 40°C.

°  C E L S I U S

Fig. 3—Percent o f  lip ids released vs temperature o f  the washing solu
tion. Washing was carried out for 60 m in on a shaker (130 rev/min), 
and the fish-water ratio was 1 : 1  (w/w).

The water-holding capacity is expressed as g water/g fat free dry 
matter in the sample after centrifugation.

Lipids extracted from the fish and the mince by the Bligh and 
Dyer method, and lipids recovered from the liquid phase by the 
Soxhlet method described above (ca 5g), were separated into 
neutral and polar groups by distribution between petroleum ether 
and 87% ethanol (Galanos and Kapoulas, 1962). The neutral lipids 
(0,25g) were subsequently separated by chromatography on a 7% 
(w/w) hydrated Florisil column (12g) into hydrocarbons, steryl- 
esters, triglycerides, sterols, diglycerides, monoglycerides and free 
fatty acids (Carroll, 1961, 1963, 1976).

The fatty acids in the polar lipids and in the triglycerides were 
methylated at room temperature by reaction with sodium methoxide 
in methanol (Glass and Christophers, 1969; Hood et al., 1972). Free 
fatty acids were methylated by reaction with 12% BF3 in methanol 
for 5 min at 95°C (Lambertsen and Hansen, 1978). The methylated 
fatty acids were analyzed by GLC with a Carlo Erba Fractovap 
Linear Gas Chromatograph fitted with a flame ionization detector 
and a glass capillary column (20m) containing Carbowax 20M. The 
methyl esters were eluted with nitrogen (2.4 ml/min) between 170- 
220°C (l°C/min).

RESULTS
I N  O R D E R  T O  P R E P A R E  a  h o m o g e n e o u s  m in c e  f r o m  
b o t h  t h e  s u m m e r  a n d  t h e  w i n t e r  c a p e l i n  i t  is  n e c e s s a r y  t o  
r e m o v e  m o s t  o f  t h e  d e p o t  f a t .  P r e l im i n a r y  e x p e r i m e n t s  
s h o w e d  t h e  n e c e s s i t y  o f  c u t t i n g  t h e  f i s h  i n t o  s m a l l  s e g m e n t s  
a n d  t o  s t i r  t h e  s e g m e n ts  in  w a t e r  t o  a c h ie v e  s e p a r a t i o n  o f  
l i p i d s  f r o m  t h e  f i s h  ( F ig .  2 ) .  I n  t h e  l a b o r a t o r y  t h e  f i s h  w a s  
c u t  w i t h  a  s c a lp e l .  F o r  p r a c t i c a l  p u r p o s e s  o n  a  l a r g e r  s c a l e ,  
m e c h a n i c a l  e q u i p m e n t  c o n s i s t i n g  o f  a  s e t  o f  r o t a t i n g  k n iv e s  
m a y  b e  u s e d .  B y  s t i r r i n g  t h e  f i s h  s e g m e n t s  i n  w a t e r  ( f i s h -  
w a t e r  1 : 1 )  a t  p H  4  t h e  l i p i d s  a r e  r e m o v e d  a s  i l l u s t r a t e d  i n  
F ig .  3 . I n d e p e n d e n t  o f  t h e  t e m p e r a t u r e  ( 2 0 —4 5 ° C ) ,  m a x i 
m u m  r e le a s e  o f  l i p i d s  a t  p H  4  is  o b t a i n e d  i n  a p p r o x i m a t e l y  
6 0  m in  ( F ig .  4 ) .  H o w e v e r ,  t h e  s a m e  a m o u n t  o f  l i p i d s  c a n  
a l s o  b e  r e m o v e d  i n  6 0  m in  u n d e r  n e u t r a l  c o n d i t i o n s  i f  t h e  
t e m p e r a t u r e  is  a d j u s t e d  t o  4 0 —4 5 ° C  ( F ig .  3 ,  4 ) .

D u r in g  s t i r r i n g  u n d e r  o p t i m a l  c o n d i t i o n s  b o t h  s k in  a n d  
b l a c k  p e r i t o n e u m  a r e  b r o k e n  d o w n  a n d  p a r t l y  d i s s o lv e d ;  
a n d  t h e  i n t e s t i n e s  a r e  c o m p l e t e l y  w a s h e d  o f f  t h e  f i s h  
s e g m e n t s .  T h u s ,  t h e  d a r k  p i g m e n t s  a r e  r e m o v e d  f r o m  t h e  
f i s h  i n t o  t h e  l i q u i d .  T h e  in c r e a s e  o f  f a t - f r e e  d r y  m a t t e r  i n  
t h e  l i q u id  p h a s e  f o l l o w s  c lo s e ly  t h e  r e l e a s e  o f  f a t  f r o m  t h e  
f i s h  ( F ig .  4 ) .

A f t e r  w a s h in g  o u t  t h e  d e p o t  f a t ,  s k in ,  v i s c e r a  a n d  t h e  
b l a c k  p i g m e n t s  f r o m  t h e  f i s h  s e g m e n t s ,  t h e  b a c k b o n e s  w e r e  
r e m o v e d  b y  d i s s e c t i o n  i n  t h e  l a b o r a t o r y .  T h i s  m a y  b e  d o n e  
o n  a  la r g e r  s c a le  b y  u s in g  a  m e a t -  a n d  b o n e s e p a r a t o r ,  o r  
a p p l y i n g  o t h e r  b u l k h a n d l i n g  t e c h n i q u e s .  T h e  r e s u l t i n g  
m in c e  h a s  a  w h i t e  a p p e a r a n c e  c o m p a r a b l e  t o  o r d i n a r y  
m in c e s  f r o m  w h i t e  f i s h e s  l i k e  c o d .

T h e  w a t e r - h o ld in g  c a p a c i t y  o f  t h e  c a p e l i n  m in c e  w a s  
c o m p a r e d  w i t h  t h a t  o f  c a p e l i n  m u s c le  a n d  c o d  m in c e  ( T a b l e
1 )  . I t  is  e v id e n t  t h a t  a c id  c a p e l i n  m in c e  h a s  a  v e r y  lo w  
w a t e r - h o ld in g  c a p a c i t y ,  w h e r e a s  t h e  v a lu e  f o r  n e u t r a l  
c a p e l i n  m in c e  is  v e r y  c lo s e  t o  t h e  v a lu e  f o r  c o d  m i n c e .  T h e  
s a m e  v a lu e  f o r  t h e  w a t e r - h o ld in g  c a p a c i t y  is  o b t a i n e d  w h e t h 
e r  t h e  c a p e l i n  m in c e  i s  p r o d u c e d  u n d e r  n e u t r a l  c o n d i t i o n s ,  
o r  u n d e r  a c id  c o n d i t i o n s  a n d  s u b s e q u e n t l y  a d j u s t e d  t o  
n e u t r a l  p H .

T h e  w a t e r - h o ld in g  c a p a c i t y  f o r  n e u t r a l  c a p e l i n  m in c e  is  
l o w e r  t h a n  t h a t  f o r  w h o le  c a p e l i n  m u s c l e .  T h i s  i s  t h o u g h t  t o  
b e  d u e  p a r t l y  t o  t h e  h i g h e r  l i p i d  c o n t e n t  i n  t h e  w h o le  
m u s c le  p r e p a r a t i o n ,  a n d  p a r t l y  t o  a  s l ig h t  d e n a t u r a t i o n  o f  
m u s c le  m a t e r i a l  d u r in g  p r e p a r a t i o n  o f  t h e  m in c e .

C a p e l in  m in c e  p r e p a r e d  u n d e r  o p t i m a l  c o n d i t i o n s  h a s  a  
f a t  c o n t e n t  o f  a p p r o x i m a t e l y  7 %  o f  t h e  d r y  m a t e r i a l  ( T a b l e
2 )  . B y  c o m p a r i n g  t h e  f a t  c o n t e n t  o f  t h e  m i n c e  w i t h  t h e  
c o n t e n t  o f  s t r u c t u r e  f a t  i n  t h e  c a p e l i n  ( 4 —6 %  o f  d r y  m a 
t e r i a l ,  J a n g a a r d ,  1 9 7 4 ) ,  a n d  t h e  h ig h  r a t e  o f  f a t  s e p a r a t i o n  
d u r in g  t h e  w a s h in g  s t e p  ( 8 0 .5 % ) ,  o n e  c a n  a s s u m e  t h a t  t h e
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l i p i d s  r e m a i n in g  i n  t h e  m in c e  a r e  m o s t l y  s t r u c t u r e  f a t .  T h i s  
is  c o n s i s t e n t  w i t h  t h e  h ig h  c o n t e n t  o f  p o l a r  l i p i d s  a n d  lo w  
c o n t e n t  o f  t r i g l y c e r i d e s  i n  t h e  m in c e  ( T a b l e  3 ) .  A s  c a n  b e  
s e e n  f r o m  T a b l e  4 ,  t h e  h i g h  c o n t e n t  o f  p o l a r  l i p i d s  g iv e s  t h e  
m in c e  a  f a i r l y  h ig h  c o n t e n t  o f  p o l y u n s a t u r a t e d  f a t t y  a c id s ,  
t h e  p o l a r  l i p i d s  c o n t a i n i n g  5 5 —6 0 %  o f  C 2 0 : 5  a n d  C 2 2 : 6 -

T h e  y i e l d  o f  t h e  m i n c e  is  5 5 %  o f  f a t - f r e e  d r y  m a t e r i a l ,  o r  
a p p r o x i m a t e l y  3 5 %  o f  w e t  w e i g h t  w h o l e  c a p e l i n .  T h i s  is  
8 0 %  o f  t h e o r e t i c a l  y i e l d  ( S o r e n s e n ,  1 9 7 8 ) .

A s  c a n  b e  s e e n  f r o m  T a b l e  3 ,  a  f i s h  o i l  w i t h  g o o d  q u a l i t y  
c a n  b e  p r o d u c e d  f r o m  f r e s h  r a w  m a t e r i a l  b y  a p p l y i n g  t h e  
p r e s e n t  p r o c e d u r e .  T h e  o i l  c o n t a i n s  a p p r o x i m a t e l y  9 5 %  
t r i g l y c e r i d e s ,  le s s  t h a n  3 %  f r e e  f a t t y  a c id s  a n d  is  f r e e  o f  
p h o s p h o l i p i d s .  T h e  c o m p o s i t i o n  o f  t h e  f a t t y  a c id s  i n  t h e  
t r i g l y c e r i d e s  a n d  t h e  f r e e  f a t t y  a c id s  i n  t h e  o i l  i s  n e a r l y  
i d e n t i c a l ,  a p p r o x i m a t e l y  5 0 %  m o n o u n s a t u r a t e d ,  2 0 —2 5 %  
p o l y u n s a t u r a t e d ,  a n d  2 0 —2 5 %  s a t u r a t e d  f a t t y  a c id s  ( T a b l e
4 ) .  I n  t h e  m i n c e ,  t h e  f r e e  f a t t y  a c id s  h a v e  a  c o m p o s i t i o n  
i n t e r m e d i a t e  t o  t h e  p o l a r  l i p i d s  a n d  t h e  t r i g l y c e r i d e s ;  t h e  
c o n t e n t  o f  m o n o -  a n d  p o l y u n s a t u r a t e d  f a t t y  a c id s  b o t h

Fig. 4—Percent o f lip ids and percent o f  fat free dry matter released 
during washing vs washing time. The graphs apply for the acid  
process IpH 4) in the temperature range 20—45°C, and fo r the 
neutral process (pH 6 .8 ) in the temperature range 40—45°C. Fish: 
water ratio was 1:1 (w/w), and the shaker was operating at 130 
rev/min.

Table 1—Water-holding capacity o f  capelin, capelin minces, and cod 
mincea

g w ater/g fa t free dry wt
Capelin muscle 5.5
Capelin mince, pH 4.5 2.1
Capelin mince, pH 6.8 4.8
Cod mince 4.5
3 T h e  cod  m in ce  w a s  p rep a red  b y  passing a f i l le t  th ro u g h  a m eat 

g rin d e r.

b e in g  a p p r o x i a m t e l y  3 5 - 4 0 %  ( T a b l e  4 ) .  T h i s  o b s e r v a t i o n  is  
i n  a g r e e m e n t  w i t h  r e s u l t s  o b t a i n e d  b y  L a m b e r t s e n  a n d  
H a n s e n  ( 1 9 7 8 ) .

DISCUSSION
B Y  A P P L Y I N G  C O N D I T I O N S  u n d e r  w h i c h  a l d i m in e  c r o s s 
l i n k s  i n  c o l l a g e n  a r e  u n s t a b l e  ( p H  3 - 4 ;  t e m p e r a t u r e  4 0 -  
4 5  C )  c o l l a g e n  r i c h  t i s s u e s ,  i . e .  s k i n ,  b l a c k  b e l l y  l i n i n g ,  a n d  
f a t  c e l l s ,  a r e  b r o k e n  d o w n .  T h e  p u r p o s e  o f  c u t t i n g  t h e  
f i s h  i n t o  s h o r t  s e g m e n t s  a n d  s t i r r i n g  t h e s e  s e g m e n t s  i n  w a t e r  
is  t o  im p r o v e  t h e  s e p a r a t i o n  o f  l i p i d s  r e l e a s e d  f r o m  t h e  f a t  
c e l l s  o f  t h e  f i s h  m u s c le .

T h r e e  r e s u l t s  a r e  o f  s p e c ia l  i m p o r t a n c e  w i t h  r e g a r d  t o  
p r o c e s s i n g  o f  m in c e d  f i s h  f r o m  c a p e l i n :  F i r s t l y ,  m o s t  o f  t h e  
d e p o t  f a t  is  s e p a r a t e d  f r o m  t h e  c a p e l i n  a t  t e m p e r a t u r e s

—Continued on page 354

Table 2—Composition o f  capelin and capelin m ince3

C om ponent
Sum m er capelinb Capelin m inceb

%WW %DW %FFDW %WW %DW %FFDW
Protein 12.5 37.3 88.0 20.3 91.0 98.1
Lipids 18.3 54.6 - 1.6 7.1 -
Ash 1.7 5.1 12.0 0.4 1.8 1 3
Water 66.5 — — 77.7 — —

Yield - - - 35 - 55
3 T h e  m in c e  w as p rep ared  b y  w ash in g  f is h  segm ents a t p H  4  and 

4 0 ° C . W ash ing  w as ca rr ie d  o u t fo r  6 0  m in  on  a sh a k e r (1 3 0  rev/ 
b m in ) and  th e  fish -w a te r ra t io  w a s  1 :1  (W /W ).
u % W W —p ercen t o f  w et w e ig h t ; % D W —p erce n t o f d ry  w e ig h t ; 

% F F D W —p erce n t o f  fa t  fre e  d ry  w e ig h t .

Table 3—L ip id  composition o f (1) summer capelin, (2) capelin 
mince made by  washing fish segments at p H  4 and 4<f C, and (3) 
fish o il released during washing

% of Total lipids

C om ponents
Summer
capelin

Capelin
mince

Capelin
oil

Neutral lipids 92.1 41.6 99.7
Polar lipids 7.9 58.4 0.3
Hydrocarbons 0.5 1.0 0.2
Sterylesters 1.1 2.5 0.2
Triglycerides 79.1 28.3 94.9
Sterols 2.5 2.3 0.6
Diglycerides 1.8 1.4 0.7
Monoglycerides 2.7 1.6 0.8
Free fa tty  acids 4.4 4.6 2.2

Table 4—Fatty  acid composition o f triglycerids, po lar lip ids and 
free fatty acids o f  (1 ) summer capelin, (2 ) capelin mince made by  
washing fish segments at pH  4 and 40°C, and (3) fish o il released 
during washing.

% Total fa tty  acids
Sum m er capelin_______ Capelin mince_________Capelin oil

F atty
acids

Tri
glycer

ides
Polar
lipids

T ri
glycer

ides
Polar
lipids

Free
fa tty
acids

Tri
g lycer

ides
Free

fa tty
acids

C 14:0 6.3 2.3 7.5 2.0 5.8 8.4 5.5
C l6:0 9.9 18.0 9.5 16.6 11.7 10.6 12.4
^16:1 8.0 1.0 7.9 0.7 2.3 9.2 8.7
^18:0 1.1 2.0 0.7 - 1.1 - 0.7
C 18:1 12.5 11.6 14.3 9.2 15.5 13.4 14.2
C i8 ;2 2.3 1.3 2.5 1.3 1.7 2.1 1.7
C ia -a 1.1 0.8 1.2 0.9 0.7 1.1 1.0
C l8 :4 5.5 2.0 4.9 1£ 3.8 5.9 5.5
C?0:1 15.2 3.5 13.9 1.5 10.3 15.3 15.8
C?0:5 7.7 19.9 7.1 19.9 10.1 8.2 8.2
^22:1 14.0 1.0 14.2 - 10.8 13.8 13.8
C22:6 8.1 34.6 7.6 41.6 19.1 7.4 8.4
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-------------------------------  ABSTRACT----------------------------------
Concentrations of the chlorinated hydrocarbon insecticide mirex 
(CjoC Ij j ) were determined in brown trout from a defined con
taminated area of Spring Creek, Centre County, PA, using elec
tron-capture gas chromatography. Conventional heat treatments, 
namely, baking, frying, poaching, and baking without skin, did not 
cause significant decreases of the contaminant. Ultraviolet irradiation led to significant reductions (p < 0.05) in mirex concentration 
in muscle tissue. Exposures of 24, 48, and 72 hr led to degrada
tions of 30.0%, 42.8%, and 45.6%, respectively, of the initial mirex 
concentration. Gamma irradiation also led to significant reductions 
(p < 0.05) in mirex concentration in muscle tissue. Following 
absorption of 1, 3, and 5 Mrad, degradations of 9.8%, 23.1%, and 
37.5%, respectively, of the initial mirex concentration were ob
served.

INTRODUCTION
C A S E S  O F  W A T E R  C O N T A M IN A T IO N  w ith  o rg a n o -  
c h lo r in e  p e s t ic id e s  o r  in d u s tr ia l  c h e m ic a ls  h av e  b e e n  m u c h  
in  th e  n ew s  d u r in g  th e  1 9 6 0 ’s a n d  1 9 7 0 ’s. T h e  r e s u lt  h a s  
o f t e n  b e e n  a n  a p p e a ra n c e  o f  p e r s is te n t  c o n ta m in a n ts  in  th e  
e x p o s e d  a q u a t ic  life . O n e  su c h  ca se  o f  a lleg ed  e n v ir o n m e n t
a l p o l lu t io n  o c c u rre d  n e a r  S ta te  C o lleg e  in  C e n tre  C o u n ty ,  
P A , w h e re  a s ta te  g o v e rn m e n t a g e n c y  h a s  id e n t i f ie d  a n d  
m e a s u re d  th e  in s e c tic id e s  K e p o n e  a n d  m ire x  in  th e  w a te r  
a n d  f ish  o f  S p rin g  C re e k , p re s u m a b ly  d u e  to  e f f lu e n ts  f ro m  
a n e a rb y  c h e m ic a l m a n u f a c tu r in g  p la n t .  S in ce  th e  f ish  w e re  
s h o w n  to  c o n ta in  o rg a n o c h lo r in e  c o n ta m in a n ts  a b o v e  th e  
c u r r e n t  a c t io n  leve ls ( F o o d  & D ru g  A d m in is t r a t io n ,  1 9 7 8 ) , 
s ig n s w e re  p o s te d  a lo n g  th e  p o p u la r  t ro u t- f is h in g  c re e k  
a d m o n is h in g  a n g le rs  n o t  to  c o n s u m e  a n y  f ish  c a u g h t.  T h e  
c u r r e n t  F D A  a c t io n  leve l f o r  m ire x  in  f ish  is 0 .1  p p m .

F irs t  p re p a re d  in  1 9 4 6  b y  d im e r iz a t io n  o f  h e x a c h lo ro -  
c y c lo p e n ta d ie n e ,  m ire x  w as n o t  u s e d  u n t i l  i t  w as  sh o w n  
to  b e  e f fe c tiv e  a g a in s t th e  f ire  a n t  (S o le n o p s is )  w h ic h  b y  
1 9 6 0  h a d  in fe s te d  la rg e  a rea s  in  th e  S o u th e a s te rn  U n ite d  
S ta te s . D u rin g  th e  1 9 7 0 ’s v a r io u s  s tu d ie s  sh o w e d  a n d  c o n 
f irm e d  th e  e n v iro n m e n ta l  p e r s is te n c e  o f  m ire x , i t s  b io c o n 
c e n t r a t io n  a b i l i ty  a n d  i ts  to x ic i ty  ( D o ro u g h  e t  a l., 1 9 7 4 ; 
G a in e s  a n d  K im b ro u g h , 1 9 7 0 ).

H av in g  a n  a b u n d a n t  s u p p ly  o f  sa m p le s  w ith  b io lo g ic a lly  
in c o r p o ra te d  m ire x  n e a r  t h e  l a b o r a to r y ,  sp e c if ic  p ro c e ss in g  
m e th o d s  w ere  in v e s t ig a te d  as m e a n s  o f  d e g ra d in g  th a t  
e n v iro n m e n ta l  c o n ta m in a n t  in  f ish .

T h e  P e n n s y lv a n ia  F is h  C o m m iss io n  c o o p e ra te d  w ith  th e  
p ro c u re m e n t  o f  t r o u t  s a m p le s . M irex  w as  s tu d ie d  b e c a u se  
o f  s u ita b le  a v a ila b le  a n a ly tic a l  m e th o d s  f o r  th is  c o m p o u n d  
a n d  b e c a u s e  n o  o th e r  in s e c tic id e , e x c e p t  D D T , h a s  in s p ire d  
su c h  c o n tro v e r s y  a n d  to x ic o lo g ic a l  s tu d y .

MATERIALS & METHODS
Samples

Brown trout (Salmo trutto) were caught by electro-stunning, 
placed on ice, identified, weighed and measured and then stored at

Authors Cin and Kroger are with the Dept, o f Food Science, The 
Pennsylvania State Univ., University Park, PA 16802.

-20°C. Additionally, 20 brown trout were obtained from Erie 
County, PA. They were known to be uncontaminated.
Standard

A mirex standard, 98% pure, was supplied by Applied Science, 
State College, PA. It served as the means of gas chromatographic 
identification and quantification.
Reagents

Water, ethyl ether, petroleum ether, and methanol were dis
tilled in all-glass systems. Florisil (Fisher Scientific, Pittsburgh, 
PA) was activated at 125°C. Benzene (Pesticide Grade), sodium 
chloride and anhydrous sodium sulfate were also obtained from 
Fisher. Other items were acetonitrile (Baker’s Resi-Analyzed) and 
hexane (Mallinckrodt’s Nanograde).
Analytical method

Specific fish tissue samples, while still frozen were homogenized 
using the dry ice technique of Benville and Tindle (1970). The result 
was a very fine frozen powder.

The technique used for mirex extraction was obtained from the 
Pennsylvania Department of Environmental Resources. Harrisburg, 
PA (Kefford, 1979) supplied to it, in turn, by a cooperative govern
ment agency in Virginia, where it was used to quantify mirex in 
fish from the James River.

About lOg homogenized fish tissue were placed in a 400-ml 
Omni mixer cup and 200 ml of 20% water in acetonitrile were 
added. After blending for 5 min and filtration through paper into 
a 2-liter separatory funnel, 600 ml water, lOg sodium chloride, and 
200 ml of a 50% ethyl ether/petroleum ether mixture were added 
to the filtrate. This was shaken vigorously for 3 min and allowed to 
separate. The water-acetonitrile layer was drained into a 1-liter 
separatory funnel and re-extracted with 100 ml of the ether mix
ture. The bottom layer was then discarded and the solvent layers, 
containing the nonpolar mirex, were combined, washed twice with 
100 ml portions of water containing 2% NaCl, passed through a
2-inch column of anhydrous sodium sulfate and evaporated not 
quite to dryness.

A chromatographic column was prepared from a 50-ml buret 
sawed off about 10 inches above the stopcock. On top of a glass 
wool plug were poured 1.6g Florisil and 1.6g anhydrous sodium 
sulfate. The column was pre-wetted with 5 ml of Solvent M (1% 
methanol and 4% benzene in hexane). The elution rate was ad
justed to 5 ml/minute.

The extract was taken up in 10 ml petroleum ether and a 1 ml 
portion (representing l.Og of fish) was placed on the column. Then 
10 ml of Solvent M were added. Eluates were concentrated to 0.4 
ml in a water bath under a gentle stream of air. They were then 
brought to 1.0 ml with a 10% benzene-in-hexane solution and used 
in the gas chromatographic determinative step with injections of
2-5 Ml.

Standard concentrations of mirex in benzene were injected 
after the first sample of the day and again after every two or three 
sample injections. Peak area was determined by multiplying peak 
height by its width at half-height. Injected amounts of the sample 
were varied so as to obtain a peak close in size to the standard peak 
it was being compared with, about 50—75% on the scale of the 
recorder chart paper. The sample peak was quantified by setting up 
a ratio between sample peak and standard peak area. A representa
tive chromatogram of extracted mirex is shown in Fig. 1. A linear 
relationship existed between quantity of mirex injected and peak 
area.

The details of gas chromatography were as follows. A Hewlett 
Packard 5730A Gas Chromatograph fitted with a Hewlett Packard 
18173A Linear Electron-Capture Detector (14 mCi of 63Ni) was
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used. Pyrex columns, 1/8 inch i.d., 6 ft length, 100/120, mesh 
Supelcoport (Supelco Inc., Bellefonte, PA) were coated with: (i) 
4% SE-30/6% SP-2401 on (ii) 10% SP-2100. The carrier gas was 
methane with 5% argon, flow rate 40 ml/min;and the temperatures 
were: injection port, 250°C; column, 220°C; detector, 300°C. All 
quantification of mirex was done on column (i). The identity of 
mirex was confirmed with gas chromatographic column (ii). Addi
tional, although indirect, confirmatory information was supplied by 
the Pennsylvania Department of Environmental Resources through 
mass spectrometry in brown trout caught at the same location 
(Kefford, 1979).

When a blank (all steps in the analysis without the fish sample) 
was carried through the procedure, no peaks were found. No peaks 
were obtained with brown trout from Erie County, PA. When 
these control fish were spiked with mirex (5 pg/lOg of fish) in a 
benzene solution, recoveries were about 85%.
Heat treatment

Since all heat treatments were ineffective in reducing mirex con
centrations, there is no need here to describe in detail the conditions 
of the experiments. They were not considered critical information. 
It is now known that mirex degradation does not occur below 
525°C (Holloman et al., 1975), and the usual home fish preparation 
temperatures are well below that, namely, at 97°C as recorded for 
all treatments by a potentiometer with thermocouple inserted in the 
center of the fish portion.

In baking, the oven setting was at 190°C; for frying the electric 
pan was set at 204°C; and for poaching 500 ml boiling water in a 
kitchen vegetable blancher was used. The fish pieces were turned 
once during the treatment which lasted until an internal tempera
ture of 97°C had been reached.

T IM E  (M IN )

Fig. 1—A  representative chromatogram obtained from Spring 
Creek brown trout showing retention time o f  mirex. AH  other 
peaks were ignored.

Ultraviolet irradiation treatment
A Chromato-Vue Cabinet (Ultra-Violet Products, San Gabriel, 

CA) was used inside a 5°C cold room. Both the shortwave (15 watts 
at 2540 A and longwave (15 watts at 3650 A) lamps were on during 
sample irradiation.

Fifteen 25-g samples of pooled, homogenized edible fish tissue 
were spread thinly and evenly in a Pyrex baking dish. Exposure 
times were 24, 48 and 72 hr. The samples were approximately 8 
inches from the lamps. There was no heat build-up, since there was 
sufficient cold air circulation. Following exposure, the fish was 
scraped from the dish. These samples were then stored in a freezer 
for several days until analyzed for mirex concentration, as well as 
for percent solids according to standard procedures (Association of 
Official Analytical Chemists).
Gamma irradiation treatment

The gamma source was 60Co with an activity of 4 x  10s Mrads/ 
hr. Fish samples were irradiated with the assistance of the Nuclear 
Engineering Department, The Pennsylvania State Univ.

Twenty-five-gram samples of the pooled, homogenized edible 
fish tissue were placed in glass jars with aluminum foil-lined.plastic 
lids. Irradiation temperature was approximately 20°C. Three jars 
were irradiated at a time. They were withdrawn from the irradiation 
chamber at calculated intervals to give dosages of 1, 3, and 5 Mrad. 
The samples were kept frozen for a maximum of one week prior to 
mirex analysis. As no change in moisture content was expected, 
being kept in sealed jars throughout the experiment, no percent 
solids analysis was done.

RESULTS & DISCUSSION
E f f e c t  o f  h e a t  t r e a t m e n t  ( b a k i n g ,  f r y i n g ,  p o a c h i n g ,  
b a k in g  a f t e r  s k in  r e m o v a l )

O v e r a l l ,  t h e  h e a t  t r e a t m e n t  d id  n o t  r e s u l t  in  s t a t i s t i c a l l y  
s i g n i f i c a n t  r e d u c t i o n s  in  m i r e x  c o n c e n t r a t i o n s .

S t u d e n t s ’ t - t e s t  w a s  u s e d  t o  s e e k  s i g n i f i c a n t  d i f f e r e n c e s  
i n  m i r e x  c o n c e n t r a t i o n s  b e t w e e n  r a w  p o p u l a t i o n s  a n d  
t r e a t e d  p o p u l a t i o n s .  M e a n s  o f  r a w  s a m p le s  w e r e  n o t  s ig n i f i 
c a n t l y  d i f f e r e n t  ( p ’s >  0 .0 5 )  f r o m  t h e  c o r r e s p o n d i n g  m e a n s  
o f  t h e  c o o k e d  g r o u p s .  T h e  m e a n s  o f  t h e  c o o k e d  g r o u p s  
w e r e  c o m p a r e d  w i t h  e a c h  o t h e r  t h r o u g h  a n a ly s i s  o f  v a r i a n c e .  
A  D u n c a n ’s m u l t i p l e  r a n g e  t e s t  s h o w e d  t h a t  t h e  c o o k e d  
m e a n s  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( p  >  0 . 0 5 )  f r o m  e a c h  
o t h e r .

T h e  t w o  r e a s o n s  a n  o r g a n o c h l o r i n e  p e s t i c i d e  b e c o m e s  
le s s  c o n c e n t r a t e d  d u r in g  c o o k i n g  a r e  ( a )  c h e m i c a l  d e g r a d a 
t i o n  a n d  ( b )  p h y s i c a l  r e m o v a l  w i t h  t h e  m o i s t u r e  o r ,  p r i m a r 
i l y ,  t h e  l i p id  p h a s e .

H o l l o m a n  e t  a l . ( 1 9 7 5 )  d e m o n s t r a t e d  t h a t  m i r e x  d id  n o t  
b e g in  t o  d e g r a d e  u n t i l  a  t e m p e r a t u r e  o f  5 2 5 ° C  w a s  r e a c h e d .  
C r a w f i s h  t i s s u e  c o n t a i n i n g  m i r e x  w a s  s u b j e c t e d  t o  a  t h e r m a l  
p r o c e s s  o f  1 2 1  C  f o r  13  m in  b y  L a n e  ( 1 9 7 3 ) .  N o  d e c h l o r i 
n a t i o n  t o o k  p la c e .  C r a w f i s h  a n d  e g g s  w e r e  a u t o c l a v e d  
( 1 . 2 2  a t m )  f o r  6  h r ,  a l s o  w i t h o u t  a n y  lo s s  o f  t h e i r  m i r e x  
b u r d e n  ( L a n e ,  1 9 7 3 ) .  T h e  e n d p o i n t  t e m p e r a t u r e  o f  9 7  C  
a n d  t h e  m a x i m u m  t e m p e r a t u r e  o f  2 0 4  C  ( t e m p e r a t u r e  o f  
t h e  o i l  u s e d  d u r in g  f r y i n g ) ,  u s e d  i n  t h i s  s t u d y ,  w e r e  i n s u f f i 
c i e n t  t o  c a u s e  a n y  s i g n i f i c a n t  d e g r a d a t i o n  o f  t h e  t h e r m a l l y  
s t a b l e  m i r e x .

B r o w n  t r o u t  u s e d  in  t h i s  s t u d y  h a d  a  r e l a t i v e l y  l o w  f a t  
c o n t e n t  i n  t h e  m u s c le  t i s s u e  ( 2 .5 0 % ) ,  s im i la r  t o  f a t  p e r c e n t 
a g e s  f o u n d  b y  R e i n e r t  e t  a l .  ( 1 9 7 2 )  in  p e r c h  ( 0 .6 % )  a n d  b y  
S m i t h  e t  a l .  ( 1 9 7 3 )  i n  C h in o o k  s a lm o n  ( 2 .6 5 % )  a n d  c o h o  
s a lm o n  ( 3 .5 9 % ) .

N e i t h e r  R e i n e r t  e t  a l .  ( 1 9 7 2 ) ,  S m i t h  e t  a l .  ( 1 9 7 3 )  n o r  
t h e  a u t h o r s  o f  t h i s  s t u d y  o b s e r v e d  a n y  s i g n i f i c a n t  r e d u c 
t i o n s  i n  f a t  p e r c e n t a g e s  o r  i n s e c t i c i d e  c o n c e n t r a t i o n  d u r in g  
c o o k i n g  o f  t h e  a b o v e  l o w - f a t  f i s h  s p e c ie s .

T h i s  is  c o n t r a s t e d  w i t h  t h e  c o o k i n g  o f  b l o a t e r  ( 2 7 .9 %  f a t  
i n  m u s c le  t i s s u e )  b y  S m i t h  e t  a l .  ( 1 9 7 3 )  a n d  f a t  t r o u t  
( 2 6 .8 %  f a t  in  m u s c le  t i s s u e )  b y  Z a b ik  e t  a l .  ( 1 9 7 9 )  w h o  
o b t a i n e d  s i g n i f i c a n t  r e d u c t i o n s  i n  f a t  p e r c e n t a g e  a n d  in s e c 
t i c i d e  c o n c e n t r a t i o n .  — C o n t i n u e d  o n  n e x t  p a g e
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E F F E C T  O F  H E  A  T  T R E A  T M E N T S  O N  M l  R E X  R E S I D U E S  I N  F I S H . . .

T h a t  c o o k i n g  f a i l e d  t o  r e d u c e  m i r e x  c o n c e n t r a t i o n s  in  
l o w - f a t  b r o w n  t r o u t  t h r o u g h  l i p i d  lo s s  f i t s  t h e  c o n c l u s i o n  o f  
S m i t h  e t  a l .  ( 1 9 7 3 )  t h a t  s u c h  a  lo s s  w o u l d  o n l y  o c c u r  i n  f i s h  
w i t h  a  h ig h  f a t  c o n t e n t .

R e i n e r t  e t  a l . ( 1 9 7 2 )  a ls o  r e p o r t e d  t h a t  f a t t y  a r e a s  u n d e r  
t h e  s k in  h a d  s e v e n  t o  tw e lv e  t i m e s  m o r e  i n s e c t i c i d e  r e s i d u e  
i n  c o h o  s a lm o n  a n d  l a k e  t r o u t .

I n  a n  a t t e m p t  t o  l o w e r  t h e  c o n c e n t r a t i o n  o f  i n s e c t i c i d e s  
i n  e d ib l e  t i s s u e ,  f i s h  h a v e  h a d  t h e i r  s k in  a n d  s u b - d e r m a l  f a t  
r e m o v e d  b e f o r e  c o o k i n g .  C h i n o o k  s t e a k s  w e r e  c o o k e d  w i t h  
a n d  w i t h o u t  s k in  ( S m i t h  e t  a l . ,  1 9 7 3 )  a n d  s e c t i o n s  o f  f a t  
t r o u t  w e r e  c o o k e d  w i t h  a n d  w i t h o u t  s k in  ( Z a b i k  e t  a l . ,
1 9 7 9 ) .  N o  s ig n i f i c a n t  d i f f e r e n c e s  w e r e  f o u n d  i n  e i t h e r  c a s e .

I n  t h i s  i n v e s t i g a t i o n ,  t o  s e e  w h e t h e r  t h e  c o m b i n a t i o n  o f  
s k in  r e m o v a l  a n d  b a k in g  w o u ld  r e d u c e  m i r e x  c o n c e n t r a t i o n  
i n  b r o w n  t r o u t ,  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  r a w  
h a lv e s  s u b j e c t e d  t o  t h i s  t r e a t m e n t  w e r e  f o u n d  ( p  >  0 .0 5 ) .

E f f e c t  o f  u l t r a v i o l e t  i r r a d i a t i o n
P o o l e d  t r o u t  m u s c le  t i s s u e  s a m p le s  w e r e  s h o w n  t o  c o n 

t a i n ,  b y  m u l t i p l e  a n a ly s is ,  m i r e x  c o n c e n t r a t i o n s  o f  2 .5 4  
p p m ,  1 .9 6  p p m ,  a n d  8 .9 3  p p m .  T h e s e  s a m p le s  w e r e  m a d e  
u p  o f  6 ,  1 a n d  5 f i s h ,  r e s p e c t iv e ly .

C h a n g e s  i n  m i r e x  c o n c e n t r a t i o n s  d u e  t o  u l t r a v i o l e t  l i g h t  
e x p o s u r e  a r e  s h o w n  in  T a b l e  1. T h e  r e s u l t s  a r e  e x p r e s s e d  
o n  a  p p m  s o l i d s  b a s is .  A v e r a g e  s o l i d s  c o n t e n t s  a t  0 ,  2 4 ,  
4 8  a n d  7 2  h r  o f  e x p o s u r e  w e r e  2 3 .1 8 % ,  8 8 .2 1 % ,  8 6 .6 1 %  
a n d  8 7 .5 8 % ,  r e s p e c t i v e ly .

A v e r a g e  v a lu e s  f o r  n o  e x p o s u r e  ( 5 .2 3  p p m ) ,  2 4  h r  e x 
p o s u r e  ( 3 .6 5  p p m ) ,  4 8  h r  e x p o s u r e  ( 2 .9 9  p p m )  a n d  7 2  h r  
e x p o s u r e  ( 2 .7 9  p p m )  i n d i c a t e  t h a t  m i r e x  d e g r a d a t i o n  d id  
o c c u r  ( F ig .  2 ) .

T h e s e  m e a n s  w e r e  c o m p a r e d  t h r o u g h  a n a ly s i s  o f  v a r i 
a n c e .  S ig n i f i c a n t  d i f f e r e n c e s  w e r e  f o u n d  t h r o u g h  u s e  o f  t h e  
W a l le r - D u n c a n  K - R a t io  T - t e s t  ( T a b l e  2 ) .

A  s ig n i f i c a n t  d e g r a d a t i o n  o f  m i r e x  o c c u r r e d  d u r in g  t h e  
i n i t i a l  2 4  h r  o f  e x p o s u r e  ( p  <  0 . 0 5 ) .  F o l l o w in g  t h i s  t h e  
r a t e  o f  d e g r a d a t i o n  b e c a m e  s lo w e r .  T h e  n e x t ,  s i g n i f i c a n t  
d e g r a d a t i o n  w a s  e v id e n t  o n l y  a f t e r  4 8  h r  o f  a d d i t i o n a l  e x 
p o s u r e .  A t  2 4  h r ,  7 0 .0 %  o f  t h e  o r ig in a l  m i r e x  w a s  u n d e 
g r a d e d .  A t  4 8  a n d  7 2  h r ,  5 7 .2 %  a n d  5 4 .4 %  o f  t h e  o r ig in a l  
m i r e x  r e m a i n e d  u n d e g r a d e d .

T h e  p e n e t r a t i o n  o f  u l t r a v i o l e t  r a d i a t i o n  t h r o u g h  b i o 
lo g ic a l  t i s s u e  is  a  m a x i m u m  o f  1 m m  ( R o l l e r ,  1 9 6 5 ) .  T h e  
le s s e n in g  o f  t h e  d e g r a d a t i o n  r a t e  c o n c e iv a b ly  r e p r e s e n t s  a  
r e d u c t i o n  i n  t h e  a m o u n t  o f  u n d e g r a d e d  m i r e x  w i t h i n  t h e  
p e n e t r a t i o n  d e p t h  o f  t h e  r a d i a t i o n .

T h i s  w o r k  is  i n  a g r e e m e n t  w i t h  o t h e r  s t u d i e s  s h o w in g  
i n s e c t i c i d e  b u r d e n s  c a n  b e  r e d u c e d  t h r o u g h  u l t r a v i o l e t  
i r r a d i a t i o n  ( L i  a n d  B r a d l e y ,  1 9 6 7 ;  A r c h e r ,  1 9 6 9 ;  H a l l a b ,  
1 9 6 8 ;  L a n e ,  1 9 7 3 ) .

L a n e  ( 1 9 7 3 )  e x p o s e d  eg g  t i s s u e  c o n t a i n i n g  2 .5  p p m  
m i r e x  t o  u l t r a v i o l e t  i r r a d i a t i o n .  T h i s  is  s im i la r  t o  t h e  e x p o -

Table 1—E ffect o f  ultraviolet irradiation upon m irex concentrations 
(ppm, solids basis) in brown trout edible tissue

Hours of exposure to  ultraviolet Irradiation 
Sample ---------------------------------------------------------------------

no. 0 24 48 72
1 -a 2.54 1.59 1.16 1.12
1-b 2.54 1.20 1.34 1.46
1-c 2.54 1.69 2.01 1.77
2 -a 1.87 1.22 0.94 1.26
2-b 1.87 1.47 0.95 1.14
3-a 8.93 6.07 4.94 4.98
3-b 8.93 6.54 5.95 4.97
3-c 8.93 6.76 4.67 4.25
3-d 8.93 6.38 4.95 4.18

Means 5.23 3.66 2.99 2.79

s u r e  o f  m u s c l e  t i s s u e  c o n t a i n i n g  a n  a v e r a g e  o f  1 .2  p p m  
m i r e x  t o  u l t r a v i o l e t  i r r a d i a t i o n  d o n e  in  t h i s  w o r k .  T h e  
m a j o r  d i f f e r e n c e  a p p e a r s  t o  b e  i n  t h e  s o u r c e  o f  r a d i a t i o n .  
L a n e  ( 1 9 7 3 )  u s e d  a  l a m p  w i t h  2 .6  w a t t s  o f  o u t p u t  a t  2 5 4 0  A . 
T h e  s h o r t - w a v e  l a m p  u s e d  t o  i r r a d i a t e  t r o u t  h a d  a n  o u t p u t  
o f  15  w a t t s  a t  2 5 4 0  A . I n  a d d i t i o n ,  o u r  t r o u t  s t u d y  e m 
p l o y e d  a  lo n g - w a v e  l a m p  w i t h  1 5  w a t t s  o f  o u t p u t  a t  3 6 5 0  A .

A l t h o u g h  t h e  d i f f e r e n c e  i n  f o o d  s y s t e m s  c o u l d  h a v e  c o n 
t r i b u t e d ,  t h e  d i f f e r e n c e  i n  d e g r a d a t i o n  a c h ie v e d  b e t w e e n  
t h e  t w o  s tu d i e s  c a n  b e  m a i n l y  a t t r i b u t e d  t o  t h e  d i f f e r e n c e  
in  t h e  o u t p u t  o f  u l t r a v i o l e t  e n e r g y .  M ir e x  i n  e g g  t i s s u e  
u n d e r w e n t  a  2 0 %  a n d  a  3 6 %  d e g r a d a t i o n  d u r i n g  2 4  a n d  4 8  
h r  o f  e x p o s u r e ,  r e s p e c t i v e ly .  M ir e x  i n  f i s h  m u s c l e  t i s s u e  
d e c r e a s e d  3 0 .0 %  a n d  4 2 .8 %  f r o m  t h e  s a m e  p e r i o d s  o f  
e x p o s u r e .

T h e  w o r k  b y  L i a n d  B r a d l e y  ( 1 9 6 7 )  o n  t h e  d e g r a d a t i o n  
o f  o r g a n o c h l o r i n e s  i n  m i l k  r a i s e s  a n  i m p o r t a n t  p o i n t ,  
n a m e l y ,  t h e  c o n c o m i t a n t  d e s t r u c t i o n  o f  d e s i r a b l e  f o o d  
c o m p o n e n t s  d u e  t o  u l t r a v i o l e t  i r r a d i a t i o n .  S u c h  t r e a t m e n t  
c a u s e d  d e s t r u c t i o n  o f  b e t a - c a r o t e n e  a n d  v i t a m i n  A . H o w 
e v e r ,  v i t a m i n  D  w a s  p r o d u c e d .

HOURS OF EXPOSURE TO ULTRAVIOLET IRRADIATION
Fig. 2—P lo t o f  m irex concentrations (ppm, solids basis) versus 
hours o f  exposure to ultraviolet irradiation. Each po in t represents 
the mean o f  n ine determinations.

Table 2—Results o f Waller-Duncan K-ratio T  Test for means o f  
fish samples treated with untraviolet irradiation

K-ration = 100 DF = 30
MS = 0 .594353 F = 18.4978 LSD -  0 .6 80 27 4

G rouping3 Mean N Hours
A 5.23 9 0
B 3.66 9 24

C,D 2.99 9 48
C 2.79 9 72

a M eans w ith  th e  sam e le tte r  a re  n o t s ig n if ic a n t ly  d if fe re n t .
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A l t h o u g h  s e n s o r y  a s p e c t s  w e r e  n o t  a d d r e s s e d  i n  t h i s  
s t u d y  i t  s h o u l d  b e  m e n t i o n e d  t h a t  i r r a d i a t e d  f i s h ,  u s in g  t h e  
c o n d i t i o n s  d e s c r i b e d  h e r e ,  w i l l  i n  a l l  l i k e l i h o o d  b e  r e j e c t e d  
b y  t h e  a v e r a g e  c o n s u m e r .

E f f e c t  o f  g a m m a  i r r a d i a t i o n
T w o  o f  t h e  p o o l e d  s a m p le s  f r o m  t h e  u l t r a v i o l e t  i r r a d i a 

t i o n  t r e a t m e n t  w e r e  u s e d .
C h a n g e s  i n  m i r e x  c o n c e n t r a t i o n s  a r e  s h o w n  in  T a b l e  3 . 

A v e r a g e  v a lu e s  f o r  n o  g a m m a  i r r a d i a t i o n  a b s o r b e d  ( 7 .5 1  
p p m ) ,  1 M r a d  a b s o r b e d  ( 6 . 7 7  p p m ) ,  3  M r a d  a b s o r b e d  ( 5 .7 7  
p p m )  a n d  5 M r a d  a b s o r b e d  ( 4 .6 9  p p m )  i n d i c a t e  t h a t  b r e a k 
d o w n  o f  m i r e x  o c c u r r e d  ( F ig .  3 ) .  M e a n s  w e r e  c o m p a r e d  
t h r o u g h  a n a ly s i s  o f  v a r i a n c e .  S ig n i f i c a n t  d i f f e r e n c e s  w e r e  
f o u n d  t h r o u g h  u s e  o f  t h e  W a l le r - D u n c a n  K - r a t i o  T - T e s t  
( T a b l e  4 ) .

MRAD OF GAMMA IRRADIATION ABSORBED
Fig. 3—P lo t o f m irex concentrations (ppm, solids basis) versus dose 
o f gamma irradiation. Each po in t represents the mean o f  nine deter
minations.

Table 3—E ffect o f  gamma irradiation upon m irex concentrations 
(ppm, solids basis) in brown trou t edible tissue

Sample
no.

Mrad o f gamma irradiation absorbed

0 1 3 5
1-a 2 .54 2.37 2.08 2.10
1-b 2 .54 2.15 1.78 1.74
3-a 8 .93 8.30 8 .5 4 4.52
3-b 8.93 6 .06 8.12 6.36
3-c 8 .93 6.09 6.95 5.47
3-d 8 5 3 8.49 5.93 5.10
3-e 8 .93 8 .83 6.41 5.61
3-f 8 5 3 9.55 6.71 5.47
3-g 8 .93 9 .10 5 .44 5.87

Means 7.51 6.77 5.77 4.69

A p p a r e n t l y ,  t h e  f i r s t  d o s e  o f  1 M r a d  w a s  n o t  e n o u g h  t o  
c a u s e  a  s i g n i f i c a n t  d e g r a d a t i o n  o f  m i r e x .  T h e  m e a n s  o f  n o  
i r r a d i a t i o n  a b s o r b e d  a n d  1 M r a d  a b s o r b e d  w e r e  n o t  s ig n if i 
c a n t l y  d i f f e r e n t  ( p  >  0 . 0 5 ) .  A l l  o t h e r  m e a n s  w e r e  s ig n i f i 
c a n t l y  d i f f e r e n t  f r o m  e a c h  o t h e r  ( p  <  0 .0 5 ,  T a b l e  4 ) .  
P e r c e n t  m i r e x  r e m a i n in g  a f t e r  1 , 3 ,  a n d  5 M r a d  a b s o r b e d  
w e r e  9 0 .2 % , 7 6 .9 % ,  a n d  6 2 .5 % ,  r e s p e c t i v e ly .

T h e  r e l a t i o n s h i p  b e t w e e n  m i r e x  c o n c e n t r a t i o n  a n d  
g a m m a  i r r a d i a t i o n  a b s o r b e d  is  l i n e a r  ( m i r e x  c o n c e n t r a t i o n  =  
—0 .6 3 0 5 0 6 7 0  x M r a d ) .  M a x i m u m  d e g r a d a t i o n  o b t a i n e d ,  
3 7 .5 %  a t  5 M r a d ,  is  l o w e r  t h a n  t h e  d e g r a d a t i o n  o f  o r g a n o -  
c h lo r i n e s  f o u n d  b y  S o l a r  e t  a l .  ( 1 9 7 1 )  a n d  L a n e  ( 1 9 7 3 ) .  
S o l a r  e t  a l . o b s e r v e d  a  4 2 .5 %  a n d  a  3 0 .1 %  r e d u c t i o n  in  
h e p t a c h l o r  e p o x i d e  a n d  a l d r i n ,  r e s p e c t i v e l y ,  w i t h  o n l y  0 .8 7  
M r a d  o f  g a m m a  i r r a d i a t i o n .  T h i s  w a s  i n  a  d i f f e r e n t  f o o d  
s y s t e m  ( p o t a t o e s )  w h i c h  m ig h t  e x p l a i n  t h e  d i s c r e p a n c y ;  
o r  p e r h a p s ,  i t  s e rv e s  a s  a n o t h e r  e x a m p l e  o f  t h e  e x t r e m e  
s t a b i l i t y  o f  m i r e x  a s  c o m p a r e d  t o  t h e  o t h e r  o r g a n o c h l o r i n e s .  
C a r p  e t  a l .  ( 1 9 7 2 ) ,  h o w e v e r ,  e x p e r i e n c e d  a  l e s s e r  d e g r a d a 
t i o n  o f  a l d r i n  ( 2 0 % )  i n  c o m  o i l  w h i c h  h a d  a b s o r b e d  6  M r a d .  
P o s s i b l y ,  t h e  f a t  a f f o r d e d  a  p r o t e c t i v e  e f f e c t .

L a n e  ( 1 9 7 3 )  d e m o n s t r a t e d  a  7 6 %  d e c r e a s e  in  m i r e x  w i t h  
a  d o s e  o f  4 .5  M r a d .  T h e  m a j o r  d i f f e r e n c e s  b e t w e e n  L a n e ’s
( 1 9 7 3 )  w o r k  a n d  t h i s  w o r k  w e r e  t h e  f o o d  s y s t e m  a n d  i n i t i a l  
c o n c e n t r a t i o n  o f  m i r e x .  B r o w n  t r o u t  m u s c l e  t i s s u e  w i t h  a  
m a x i m u m  b u r d e n  o f  2  p p m  w a s  u s e d  i n  t h i s  s t u d y .  E g g  
t i s s u e  w i t h  a  m i r e x  b u r d e n  o f  2 3 3  p p m  w a s  u s e d  b y  L a n e .  
I t  c a n  b e  a s s u m e d  t h a t  t h e  d i f f e r e n c e  i n  m i r e x  c o n c e n t r a 
t i o n  is  a  c r i t i c a l  f a c t o r  i n  t h e  d i f f e r e n t  d e g r a d a t i o n s  o b 
t a i n e d .  T h e  la r g e r  c o n c e n t r a t i o n  o f  m i r e x  i n c r e a s e d  t h e  
p r o b a b i l i t y  o f  a  m i r e x  m o l e c u l e  b e in g  a f f e c t e d  b y  a  g a m m a  
r a y  o r  a  p r o d u c t  o f  a  g a m m a  r a y .

L a n e  ( 1 9 7 3 )  m a d e  t h e  p o i n t  t h a t ,  w h e n  d e a l in g  w i t h  
i r r a d i a t i o n - i n d u c e d  c h a n g e s  o f  c o m p o u n d s  w h i c h  a r e  i n  
s m a l l  c o n c e n t r a t i o n s  i n  a n  a q u e o u s  m e d i u m ,  t h e  i n d i r e c t  
e f f e c t s  o f  i r r a d i a t i o n  p r e v a i l  o v e r  t h e  d i r e c t  e f f e c t s .  W h e n  
d i l u t e d  a q u e o u s  s o l u t i o n s  a r e  i r r a d i a t e d ,  p r a c t i c a l l y  a l l  t h e  
e n e r g y  a b s o r b e d  is  d e p o s i t e d  i n  w a t e r  m o le c u l e s  a n d  t h e  
o b s e r v e d  c h e m i c a l  c h a n g e s  a r e  b r o u g h t  a b o u t  i n d i r e c t l y .  
D i r e c t  a c t i o n  d u e  t o  e n e r g y  d e p o s i t e d  d i r e c t l y  i n  t h e  s o l u t e  
is  g e n e r a l l y  u n i m p o r t a n t  a t  s o l u t e  c o n c e n t r a t i o n s  b e lo w  
a b o u t  0 .1 M  ( S p in k s  a n d  W o o d s ,  1 9 7 6 ) .

T r o u t  m u s c le  t i s s u e  a v e r a g e d  7 6 %  w a t e r  c o n t e n t .  T h e r e 
f o r e ,  t h e  1 .2  p p m  m i r e x  in  t h e  t i s s u e  c a n  b e  c o n s i d e r e d  a  
d i l u t e  a q u e o u s  s o l u t i o n  w i t h  a  c o n c e n t r a t i o n  o f  0 .0 0 0 0 0 3 M .  
T h u s ,  o n e  w o u ld  e x p e c t  v e r y  l i t t l e  d i r e c t  e f f e c t  o f  i r r a 
d i a t i o n  u p o n  m i r e x  m o le c u l e s .

O b v io u s ly ,  f u r t h e r  w o r k  is  r e q u i r e d  o n  t h e  p r o b l e m  o f  
r e m o v in g  p e s t i c i d e s  f r o m  f o o d s t u f f s .  A t t e n t i o n  o u g h t  t o  
b e  d e v o t e d  t o  t h o s e  c o n d i t i o n s  t h a t  w o u ld  a s s u r e  p a l a t a b i l -  
i t y  o f  t h e  t r e a t e d  f o o d s .  F u t u r e  a p p l i c a t i o n s ,  p a r t i c u l a r l y  
o f  g a m m a  i r r a d i a t i o n ,  w i l l  a l s o  d e p e n d  o n  t o x i c i t y  t e s t s  a n d  
e v a l u a t i o n s  a n d  r u l i n g s  b y  f o o d  r e g u l a t o r y  a g e n c ie s .

—Continued on next page

Table 4—Results o f  Waller-Duncan K-ratio T  Test for means o f  fish 
samples treated with gamma irrad iationa

K-ratio = 100 DF = 31
MS = 0 .92 7 07 2 F = 14.5513 LSD = 0 .857594
Grouping Mean N Mrad

A 7.51 9 0
A 6.77 9 1
B 5.77 9 3
C 4.69 9 5

a M eans w ith  th e  sam e le tte r  a re  n o t s ig n if ic a n t ly  d if fe re n t .
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b e lo w  4 5 ° C .  T h u s ,  t h e  e n e r g y  r e q u i r e m e n t  is  lo w  c o m p a r e d  
t o  u s u a l  f i s h  o i l  p r o d u c t i o n  w h e r e  r a w  m a t e r i a l  i s  h e a t e d  t o  
8 5 —9 0  C  b e f o r e  t h e  o i l  is  s e p a r a t e d  b y  p r e s s in g .  I n  a d d i t i o n ,  
i t  c a n  b e  c o n c l u d e d  t h a t  l i p i d s  r e m a i n in g  in  t h e  m in c e  a r e  
m o s t l y  s t r u c t u r e  f a t .  C o n s e q u e n t l y ,  a  h o m o g e n e o u s  m in c e  
c a n  b e  m a d e  f r o m  c a p e l i n  i n d e p e n d e n t  o f  s e a s o n a l  v a r i a t i o n  
o f  t o t a l  f a t  c o n t e n t  i n  t h e  f i s h .  S e c o n d l y ,  d u r i n g  t h e  w a s h in g  
p r o c e d u r e s ,  b o t h  u n d e r  n e u t r a l  a n d  a c id  c o n d i t i o n s ,  s k in  
a n d  b l a c k  b e l l y  l i n in g  a r e  b r o k e n  d o w n ,  p a r t l y  d i s s o lv e d ,  
a n d  t h e  i n t e s t i n e s  a r e  c o m p l e t e l y  w a s h e d  o f f  t h e  f i s h  p ie c e s .  
D e p o t  f a t ,  d a r k  p ig m e n t s  a n d  i n t e s t i n e s  m a y  t h u s  b e  s e p a 
r a t e d  f r o m  t h e  f i s h  m u s c le  i n  o n e  s in g le  s t e p  b y  d e c a n t i n g  
t h e  p r o c e s s  w a t e r ,  r e s u l t i n g  i n  a  m in c e  o f  w h i t e  a p p e a r a n c e  
a f t e r  b o n e  s e p a r a t i o n .

F i n a l l y ,  a t  lo w  p H  t h e  p r o c e s s  t e m p e r a t u r e  c a n  b e  m a i n 
t a i n e d  b e lo w  c r i t i c a l  v a lu e s  f o r  t h e  d e n a t u r a t i o n  o f  t h e  
m y o f i b r i l l a r  p r o t e i n s  ( c a  4 0 ° C  f o r  m y o s i n ,  S ^ b s t a d ,  1 9 7 7 ) .  
H e n c e  t h e  lo w  p H  p r o c e s s  c o m b in e d  w i t h  s u b s e q u e n t  
n e u t r a l i z a t i o n  y i e l d s  a  c a p e l i n  m in c e  w i t h  g o o d  w a t e r 
h o l d i n g  c a p a c i t y  a n d  a  w h i t e  a p p e a r a n c e .  T h i s  s h o u l d  m a k e  
i t  a n  e x c e l l e n t  s t a r t i n g  m a t e r i a l  f o r  f u r t h e r  p r o c e s s i n g  i n t o  
v a r i o u s  m in c e d  f i s h  p r o d u c t s .
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E f f e c t  o f  P a c k a g i n g  F i lm  a n d  V a c u u m  L e v e l  

o n  R e g u l a r  a n d  S o r b a t e - C u r e d  B a c o n

C. M. AMUNDSON, J. G. SEBRANEK, A. A. KRAFT, R. E. RUST, M. K. WAGNER and W. H. GEHRKE

------------------------------- ABSTRACT----------------------------------
Bacon was produced with either 40 ppm NaNO2/0.26% potassium 
sorbate, or 120 ppm NaN02. Slices were packaged in either nylon/ 
Surlyn or nylon/Saran/Surlyn pouches and sealed at either a high or 
intermediate vacuum level. At 0, 10, 21 and 28 days after packag
ing, residual nitrite, rancidity, pH, residual salt and pigment conver
sion were measured. Residual nitrite and pH were lower while nitro- 
sopigment conversion was higher in bacon packaged with the high- 
barrier film. Vacuum level, however, had no effect on any measured 
characteristic. The sorbate/reduced nitrite cure resulted in lower 
pigment conversion, lower residual nitrite, and a higher TBA number.

INTRODUCTION
S I N C E  T H E  D I S C O V E R Y  o f  m e a s u r a b l e  a m o u n t s  o f  c a r 
c i n o g e n i c  n i t r o s a m i n e s  i n  b a c o n ,  t h e r e  h a s  b e e n  a  t r e n d  t o  
d e c r e a s e  t h e  a m o u n t  o f  in g o i n g  n i t r i t e  a l lo w e d  in  b a c o n  
p r o c e s s i n g .  T o  d a t e ,  r e d u c t i o n s  f r o m  2 0 0  p p m  r e s i d u a l  
a l lo w e d  i n  b a c o n  t o  1 2 0  p p m  in g o i n g  n i t r i t e  h a v e  o c c u r r e d .  
I n  1 9 7 8 ,  t h e  U S D  A  p r o p o s e d  a  n e w  c u r e  f o r  b a c o n  i n c o r 
p o r a t i n g  4 0  p p m  n i t r i t e  a n d  0 .2 6 %  p o t a s s i u m  s o r b a t e  i n  t h e  
i n i t i a l  p r o d u c t .  T h e  j u s t i f i c a t i o n  f o r  t h e  p r o p o s a l  d e r i v e d  
f r o m  w o r k  b y  I v e y  e t  a l . ( 1 9 7 8 ) ,  I v e y  a n d  R o b a c h  ( 1 9 7 8 )  
a n d  S o f o s  e t  a l . ( 1 9 7 9 )  w h o  f o u n d  t h e  s o r b a t e - n i t r i t e  
c u r e  t o  b e  a t  l e a s t  a s  e f f e c t i v e  a s  a  r e g u l a r  ( 1 2 0  p p m  n i t r i t e )  
c u r e  f o r  i n h i b i t i o n  o f  C l o s t r i d i u m  b o t u l i n u m  g r o w t h  a n d  
t o x i n  f o r m a t i o n .  I t  h a d  p r e v io u s ly  b e e n  d e t e r m i n e d  t h a t  
s o r b i c  a c id  w a s  e f f e c t i v e  i n  i n h i b i t i n g  o t h e r  m ic r o b i a l  
o r g a n i s m s ,  in c l u d in g  S a l m o n e l l a ,  S t a p h y l o c o c c u s  a n d  
C l o s t r i d i u m  p e r f r i n g e n s  ( T o m p k i n  e t  a l . ,  1 9 7 4 ;  R o b a c h  a n d  
I v e y ,  1 9 7 8 ;  P a r k  a n d  M a r th ,  1 9 7 2 )  a s  w e l l  a s  i n  p r e v e n t i n g  
t h e  g r o w t h  o f  v a r i o u s  m o ld s  a n d  y e a s t s  ( B a ld o c k  e t  a l . ,  
1 9 7 9 ;  M e ln ic k  e t  a l . ,  1 9 5 4 ;  G o o d i n g  e t  a l . ,  1 9 5 5 ) .  I n  a d d i 
t i o n ,  i t  w a s  e x p e c t e d  t h a t  t h e  1 9 7 8  p r o p o s a l  w o u l d ,  b y  
d e c r e a s in g  t h e  i n g o i n g  n i t r i t e  le v e l ,  r e s u l t  in  a  d e c r e a s e  in  
r e s i d u a l  n i t r i t e  a n d ,  c o n s e q u e n t l y ,  d e c r e a s e d  n i t r o s a m i n e  
f o r m a t i o n  ( S e n  e t  a l . ,  1 9 7 9 ;  P e n s a b e n e  e t  a l . ,  1 9 7 4 ,  1 9 7 9 ;  
K u s h n i r  e t  a l . ,  1 9 7 5 ) .

S e v e r a l  f a c t o r s  r e m a i n e d  u n c l e a r ,  h o w e v e r .  S in c e  n i t r i t e  
is  w e l l  k n o w n  t o  a f f e c t  t h e  c o l o r ,  f l a v o r  a n d  o x i d a t i v e  p r o p 
e r t i e s  o f  c u r e d  m e a t  ( M a c  D o u g a l l  e t  a l . ,  1 9 7 5 ;  S e b r a n e k  e t  
a l . ,  1 9 7 7 ) ,  s o m e  c o n c e r n  w a s  r a i s e d  f o r  t h e  e f f e c t  o f  a  2 / 3  
r e d u c t i o n  i n  n i t r i t e  o n  t h e s e  c h a r a c t e r i s t i c s .  W o rk  o n  t h e  
f l a v o r  o f  s o r b a t e - c u r e d  m e a t  h a s  p r o d u c e d  v a r i a b le  r e s u l t s .  
B e r r y  a n d  B lu m e r  ( 1 9 8 1 )  f o u n d  a  le s s  a c c e p t a b l e  p r o d u c t  
w h e n  u s in g  t h e  s o r b a t e  c u r e ,  a n d  P a q u e t t e  e t  a l .  ( 1 9 8 0 )  
f o u n d  n o  d i f f e r e n c e s  i n  b a c o n  c u r e d  w i t h  s o r b a t e .

I n a s m u c h  a s  m a n y  m e t h o d s  o f  b a c o n  p r o d u c t i o n  a r e  
e m p l o y e d  i n  t h e  U n i t e d  S t a t e s ,  s e v e r a l  p r o c e s s i n g  v a r i a b le s  
w e r e  c o n s i d e r e d  f o r  a  c o m p a r i s o n  o f  t h e  t w o  c u r e  s y s t e m s  
a n d  h a v e  b e e n  p r e v io u s ly  r e p o r t e d  ( A m u n d s o n  e t  a l . ,  
1 9 8 2 a ,  b ) .  T w o  o f  t h e  m o s t  i m p o r t a n t  v a r i a b le s  a f f e c t i n g
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s h e l f  l i f e  a n d  o v e r a l l  b a c o n  q u a l i t y  a r e  t h e  d e g r e e  o f  v a c u 
u m  u n d e r  w h i c h  t h e  b a c o n  is  p a c k a g e d  a n d  t h e  o x y g e n  
p e r m e a b i l i t y  o f  t h e  p a c k a g e  f i lm .  A c c o r d i n g  t o  G r a y  ( 1 9 7 8 )  
a n d  W a t t s  ( 1 9 5 4 ) ,  o x i d a t i v e  r a n c i d i t y  is  a n  i m p o r t a n t ,  i f  
n o t  t h e  m a j o r  c a u s e ,  o f  f o o d  d e t e r i o r a t i o n .  I n  a d d i t i o n  t o  
o x i d a t i v e  r a n c i d i t y ,  t h e  p r e s e n c e  o f  o x y g e n  i n  a  p a c k a g e  
m a y  a id  in  t h e  o x i d a t i o n  o f  m y o g l o b i n  t o  f o r m  a n  o f f  c o l o r  
in  t h e  p r o d u c t  ( G e o r g e  a n d  S t r a u t m a n n ,  1 9 5 2 ) .  A l t h o u g h  
c u r e d  m e a t  c o l o r  p r o b a b l y  is  f o r m e d  b y  i n v o l v e m e n t  o f  a  
m e t m y o g l o b i n  i n t e r m e d i a t e ;  o n c e  t h e  n i t r o s o p i g m e n t  is  
f o r m e d ,  f u r t h e r  e x p o s u r e  t o  l i g h t  a n d  a i r  m a y  r e s u l t  in  
f a d i n g  o f  t h e  c u r e d  c o l o r  ( D r a u d t  a n d  D e a th e r a g e ,  1 9 5 6 ;  
W a ls h  a n d  R o s e ,  1 9 5 6 ) .

T h e  p u r p o s e  o f  t h e  e x p e r i m e n t  r e p o r t e d  h e r e  w a s  t o  
d e t e r m i n e  t h e  e f f e c t  o f  tw o  i n i t i a l  v a c u u m  le v e ls  a n d  t w o  
t y p e s  o f  f i lm  p o u c h  c o m b i n a t i o n s  f o r  p a c k a g i n g  a n d  s t o r 
a g e  o f  r e g u l a r  a n d  s o r b a t e - c u r e d  b a c o n .

EXPERIMENTAL
PAIRED BELLIES from 64 hogs (128 bellies) were selected at a 
commercial packing plant. The hogs were of average fatness as 
determined by the packer’s backfat probe measurement. The 
bellies were transported to the Iowa State University Meat Labora
tory where they were skinned, separated between pairs and chilled 
for 24 hr. One belly of each pair was pumped to 110% of green 
weight by using a brine composed of 17% sodium chloride (NaCl), 
2.6% sucrose, 2.0% sodium tripolyphosphate (TPP), 1200 ppm 
sodium nitrite (NaN02) and 5500 ppm sodium erythorbate (Ery). 
This resulted in ingoing levels of 120 ppm NaN02. The second 
belly of each pair was pumped to 110% of green weight with a brine 
composed of identical levels of NaCl, sucrose, TPP and Ery, but lowered NaN02 concentration to 400 ppm and including 2.6% 
potassium sorbate. This resulted in an ingoing nitrite level of 40 
ppm and 0.26% potassium sorbate.

After pumping, the bellies were smoked and thermal processed 
to an internal temperature of 52°C, followed by chilling at 5°C for 
48 hours. After chilling, the bacon was sliced (approximately 3 
mm thick) and vacuum packaged in a shingled form with 14 slices 
per package. Two types of film pouches were used, a high-barrier 
pouch composed of a nylon/Saran/Surlyn lamination and an inter
mediate-barrier pouch composed of nylon and Surlyn without 
Saran. The permeability characteristics of the films are presented in 
Table 1. Each pouch type was sealed at one of two vacuum levels; 
high vacuum (590-635 mm Hg) or intermediate vacuum (400-480 
mm Hg).

Determination of vacuum level was made by measuring the 
packages using a bell jar apparatus. The package to be measured was 
inserted in an empty bell jar together with a Marshalltown vacuum 
gauge. At the first sign of loosening or separation of the film from 
the bacon surface, the gauge was read, and air was readmitted to the 
jar. A Multivac vacuum packaging machine was adjusted to seal at 
the desired vacuum level, and numerous packages were removed and 
tested in the bell jar to insure maintenance of the proper vacuum 
level.

The vacuum levels and pouch types examined were designed to 
represent a typical industry representative and an ideal package 
type. In testing several commercial bacon packages obtained in local 
supermarkets with the bell jar apparatus, it was found that the 
average vacuum level was approximately 17-20 inches (430-508 
mm) Hg.After processing and packaging, all bacon was boxed and stored 
at 2-3°C for 14 days. Selected packages then were removed and 
placed in an open-top display case at 5 ± 3°C under 200 ft-c of 
cool white fluorescent light for an additional 14 days. Treatment
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groups were sampled and data collected at 0, 10, 21 and 28 days 
after packaging.

Package numbers 5 and 12 (slices 70-84 and 168-182) from 
each belly were obtained. This was done to lessen variability be
tween samples (Nusbaum et al., 1976). At each sample day, pack
ages from each of 16 bellies were selected. This allowed duplicates 
to be taken from each cure, film and vacuum combination treat
ment. Cure differences were always analyzed between paired bellies. 
Each bacon strip was divided into fat and lean portions by dissecting 
out the muscle fraction. Fat within the lean portions was not re
moved. One-fourth of the dissected fat and lean portions were 
recombined to form a fraction representing the total or average 
composition. The fat, lean and total portions were frozen in liquid 
nitrogen and pulverized using a Waring Blendor. Duplicate analyses 
on each fraction were performed.

Residual nitrite was measured by using the AOAC method
(1970) (with the proven carcinogenic activity of naphthylamine, an 
alternate method using N-( 1-naphthyl) ethylenediamine dihydro
chloride is suggested for future use). Rancidity was measured by 
using the 2-thiobarbituric acid technique for malonaldehyde deter
mination of Tarladgis et al. (1960). Nitrosopigment formation was 
determined by using the acetone-water extraction procedure of 
Hornsey (1956), and residual salt was found by using the Technicon 
autoanalyzer technique (1965) for chloride ion. The samples were 
measured for moisture, fat and ash content (AOAC, 1970), and pro
tein content was determined from nitrogen content found by using 
the macrokjeldahl procedure. pH was measured by blending lOg of 
the frozen material in 75 ml of distilled water and reading with a 
Corning Model 125 pH meter.

Statistical analysis was performed by using the Statistical Analy
sis System (SAS) program. The standard F-ratio analysis of variance 
was implemented with Duncan’s New Multiple Range Test (1955) 
used between means where significance was indicated. Variation 
between pigs was used as the main effect error term and was in 
every instance larger than the corresponding residual error term.

RESULTS & DISCUSSION
P R O X I M A T E  A N A L Y S I S  o f  b a c o n  p a c k a g e d  a c c o r d i n g  t o  
t h e  t r e a t m e n t s  o f  b a r r i e r  t y p e  a n d  v a c u u m  le v e l  w a s  p r e 
s e n t e d  in  T a b l e  2 . A s  e x p e c t e d ,  n o  d i f f e r e n c e  w a s  s e e n  b e 
t w e e n  t r e a t m e n t s  w i t h  t h e  e x c e p t i o n  o f  a s h  v a lu e s .  T h i s  
s im i l a r i t y  w a s  d e s i r a b l e  s in c e  p r e v io u s  w o r k  ( A m u n d s o n

Table 1—Packaging film s (materials and data provided by  Curwood, 
Inc.).

Perm eability characteristics
Film C ontents °F R.H. ml O2 /100  in 2/24  hr

High barrier 0.6  mil nylon 
Saran

75 35% 0.7
2.0 mil Surlyn 38 90% 0.05

Interm ediate 0.6 mil nylon 75 35% 5.6
barrier 2.0 mil Surlyn 38 90% 0.6

Table 2—Proximate analysis o f  bacon according to vacuum level 
and film  type

% Moisture % Fat % Protein % Ash
High barrier 
High vacuum 33.0 a 54 .3 a 9 .1 a 2 .2bc
High barrier 
Interm ediate vacuum 33.3a 5 3 .7 a 9 .8 a 2.4a
Interm ediate barrier 
High vacuum 32.3 a 5 5 .0a 9 .9 a 2 .1°
Interm ediate barrier 
Interm ediate vacuum 32.9a 5 4 .0 a 10.3a 2.3ab

3 A v e rag e s  in each co lu m n  w ith  a co m m o n  le tte r  are n o t s ig n if ic a n t
ly  d iffe re n t  at th e  5%  leve l o f  s ig n ific a n ce  based on D u n c a n ’s 
M u lt ip le  R ange  T e s t .

e t  a l . ,  1 9 8 2 a )  i n d i c a t e d  t h a t  b e l l y  c o m p o s i t i o n a l  d i f f e r e n c e s  
c o u ld  h a v e  a  m a j o r  e f f e c t  o n  r e s i d u a l  N a N 0 2 , p H ,  N a C l  
c o n t e n t  a n d  T B A  n u m b e r .  A s h  c o n t e n t  in  t h i s  s t u d y  w a s  
s t a t i s t i c a l l y  b u t  n o t  p r a c t i c a l l y  d i f f e r e n t .  T h e r e  w e r e  n o  
s i g n i f i c a n t  e f f e c t s  o f  d a t e  ( t i m e  a f t e r  p a c k a g i n g )  o r  c u r e  o n  
p r o x i m a t e  a n a ly s is .

R e s id u a l  N a N 0 2 w a s  a f f e c t e d  b y  d a t e  a n d  c u r e  a n d  w a s  
g r e a t e r  in  b a c o n  c u r e d  w i t h  1 2 0  p p m  N a N 0 2 in  e v e r y  i n 
s t a n c e .  A s  s e e n  in  T a b le  3 ,  a  s i g n i f i c a n t  ( P <  0 . 0 5 )  d a t e  b y  
c u r e  i n t e r a c t i o n  o c c u r r e d  r e s u l t i n g  i n  le s s  d i f f e r e n c e  in  
r e s i d u a l  N a N 0 2 b e t w e e n  c u r e s  a t  2 8  d a y s  a f t e r  p a c k a g in g .  
T h e  v a c u u m  le v e ls  i n  t h i s  e x p e r i m e n t  d id  n o t  r e s u l t  i n  a  
s i g n i f i c a n t  d i f f e r e n c e  i n  r e s i d u a l  N a N 0 2 , h o w e v e r ,  t h e  
f i lm  b a r r i e r  d id  h a v e  a  s i g n i f i c a n t  e f f e c t .  H ig h - b a r r i e r  f i lm  
r e s u l t e d  i n  a  l o w e r  r e s i d u a l  N a N 0 2 l e v e l  a t  1 0  a n d  2 1  d a y s  
a f t e r  p a c k a g in g .  B y  2 8  d a y s  a f t e r  p a c k a g i n g ,  h o w e v e r ,  t h e r e  
w a s  l i t t l e  d i f f e r e n c e .  T h e  d e c r e a s e  i n  n i t r i t e  is  i n  g e n e r a l  
a g r e e m e n t  w i t h  L e c h o w ic h  e t  a l .  ( 1 9 7 8 ) ,  w h o  f o u n d  
n i t r i t e  le v e ls  d e c r e a s i n g  t o  a p p r o x i m a t e l y  1 0 —2 0  p p m  a n d  
t h e n  r e m a i n i n g  s t a b l e .  A  p o s s i b l e  e x p l a n a t i o n  o f  t h e  d e 
c r e a s e  i n  n i t r i t e  u n d e r  v a c u u m  w a s  f o u n d  b y  W a l te r s  a n d  
T a y l o r  ( 1 9 6 4 )  w h o  d e t e r m i n e d  t h a t ,  u n d e r  a n a e r o b i c  
c o n d i t i o n s ,  m u s c le  m i t o c h o n d r i a  w il l  u t i l i z e  n i t r i t e  a s  a n  
e l e c t r o n  a c c e p t o r .

F ig . 1 p r e s e n t s  t h e  r e s u l t s  o f  v a c u u m  le v e l  a n d  f i lm  t y p e  
o n  T B A  n u m b e r .  T h e  r e s u l t s  a r e  p r e s e n t e d  a s  a v e r a g e s  
c o m b in in g  b o t h  c u r e s  t o  s im p l i f y  t h e  e f f e c t s  o f  t h e  f i lm  
t y p e  o r  v a c u u m  le v e l .  N o  s ig n i f i c a n t  d i f f e r e n c e s  ( P  <  0 . 0 5 )  
w e r e  s e e n  w i t h  e i t h e r  f i lm  o r  v a c u u m .  T h e r e  a r e  t w o  g e n e r a l  
s o u r c e s  f o r  t h e  p o t e n t i a l  d e v e l o p m e n t  o f  r a n c i d i t y .  T h e s e  
a r e  e i t h e r  a u t o x i d a t i o n  o f  t h e  f a t  o r  t h e  e f f e c t  o f  l i p o l y t i c  
b a c t e r i a .  M o n i to r i n g  o f  o u r  b a c o n  f o r  s e v e r a l  g r o u p s  o f  b a c 
t e r i a  i n c l u d i n g  l i p o l y t i c  b a c t e r i a  i n d i c a t e d  l i t t l e ,  i f  a n y ,  
g r o w t h  i n  o u r  b a c o n  p r o d u c t  ( W a g n e r  e t  a l . ,  1 9 8 2 ) .  A s  a  
r e s u l t ,  a u t o x i d a t i o n  is  p r o b a b l y  t h e  p r i m a r y  c a u s e  o f  a n y  
r a n c i d i t y  d e v e l o p m e n t .  H ig h e r  o x y g e n  p e r m e a b i l i t y  a n d  a  
l o w e r  le v e l  o f  v a c u u m  w o u l d  b e  e x p e c t e d  t o  e n h a n c e  t h e  
p o s s i b i l i t e i s  o f  r a n c i d i t y  d e v e l o p m e n t ,  h o w e v e r ,  a s  w a s  s e e n  
i n  T a b l e  1 t h e  f i lm  w a s  s u f f i c i e n t l y  im p e r m e a b l e  a n d  t h e  
v a c u u m  a d e q u a t e  t o  m a i n t a i n  p r o d u c t  q u a l i t y .

T a b l e  4  p r e s e n t s  e f f e c t  o f  t h e  t w o  c u r e s  o n  T B A  n u m 
b e r ,  p H ,  n i t r o s o p i g m e n t  c o n v e r s io n ,  a n d  s a l t  c o n c e n t r a t i o n  
o v e r  a l l  p a c k a g in g  c o n d i t i o n s .  T h e  s o r b a t e - c u r e d  b a c o n  
r e s u l t e d  i n  s ig n i f i c a n t l y  ( P  <  0 .0 5 )  h i g h e r  T B A  n u m b e r  
t h a n  r e g u l a r  c u r e d  b a c o n .  N e i t h e r  c u r e  r e s u l t e d  i n  le v e ls  
c o m m o n l y  a s s o c i a t e d  w i t h  d e t e c t a b l e  le v e ls  o f  r a n c i d i t y .  
L u c k  ( 1 9 7 6 )  i n d i c a t e d  t h a t ,  u n d e r  a c id  c o n d i t i o n s  w i t h  
h ig h  s a l t  c o n t e n t ,  s o r b a t e  w i l l  r e a c t  w i t h  T B A  r e a g e n t .  
N i t r o s o p i g m e n t  c o n v e r s io n  w a s  g r e a t e r  f o r  t h e  r e g u l a r  c u r e  
o v e r a l l  b u t  p H  a n d  s a l t  c o n t e n t  d id  n o t  d i f f e r .

A  HIGH BARRIER 
O INTERMEDIATE BARRIER 

. 4 -  A  HIGH VACUUM

--------------- 1__________ 1__________ I__________ 1.
Day 0 Day 10 Day 21 Day 28

Fig. 7—Effect o f  film  type and vacuum level on TBA number.
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Table 3 —E ffe c t  o f  days after packaging and cure on residuaI n itrite  (ppm)

Days afte r packaging
0 10 21 28

R e g u la r

High barrier 
High vacuum 48.3  ± 5.0 19.5 ± 3.1 15.9 ± 2.4 19.5 ± 2.6

High barrier 
Interm ediate vacuum 53.2 ± 4 .0 20.2 ± 1.6 17.8 ± 1.7 11.7 ± 0.7

Interm ediate barrier 
High vacuum 51.7 ± 4.7 37.4  ± 4.5 28.3  ± 3.5 20.1 ± 2.7

Interm ediate barrier 
Interm ediate vacuum 52.3 ± 4.3 37.0 ± 3 S 37.2 ± 4.1 22.9 ± 3.0

Overall 5 1 ,4a 2 8 ,5a 24.8 a 18.6a
S o r b a t e

High barrier 
High vacuum 22.8 ± 2.5 13.5 ± 1.2 10.8 ± 0.8 10.9 ± 0.9

High barrier 
Interm ediate vacuum 21.2 ± 1.4 14.6 ± 1.0 14.4 ± 1 .4 12.2 ± 1.2

Interm ediate barrier 
High vacuum 21.6 ± 2.0 18.0 ± 1 .9 11.9 ± 1.4 8.9 ± 1 .3
Interm ediate barrier 
Interm ediate vacuum 21.8 ± 1.6 17.9 ± 1.9 15.8 ± 1.3 10.3 ± 0.9
Overall 2 1 ,9b 16.0b 13.2b 10 .6 b
a A verag es in each co lu m n  w ith  a co m m o n  le tte r  are  no t s ig n if ic a n t ly  d iffe re n t  a t th e  5%  level o f  s ig n ific a n ce  based on  D u n c a n 's  M u lt ip le  Range 

T e s t .

pH differences were significant (P <  0.05) between film 
types (Table 5), with high-barrier film resulting in a lower 
pH than intermediate barrier film. The lower pH in the 
high-barrier film is likely to contribute to the drop in 
nitrite found in those packages (Sofos et al., 1979). The 
higher pH values in intermediate-barrier film could be 
important if bacon is to be cured using sorbate. The effi
cacy of sorbate for inhibiting bacterial growth is related to 
pH, with little effect at pH 6.5 and increasing inhibition 
as pH drops (Luck, 1976; Monsanto, 1978). Addition of 
potassium sorbate to bacon was observed by Pierson et al.
(1979) to result in a decreased pH. In our experiment, no 
pH differences were seen between the cures. The buffering 
action of tripolyphosphate may explain part of this.

Nitrosopigment conversion as a function o f cure and day 
after packaging is shown in Table 6 and the effect of pack
age conditions is shown in Table 7.

A significant difference (P <  0.05) between cures was 
found with regular cure having significantly higher nitro
sopigment conversion (0.53 overall in regular cure versus 
0.48 overall in sorbate cure). Several authors have indi
cated that 40 ppm is sufficient for adequate color forma
tion (Mac Dougall et al.,1975; Kerr et al., 1926; Herring, 
1973).

In Table 7, it is thought that the high values for inter
mediate barrier, high vacuum treatments at ten days after 
packaging are probably unrealistic, however, even including 
those values for the intermeidate barrier film, the high- 
barrier film resulted in significantly higher overall pigment 
conversion (P <  0.05) in the analysis of variance. The 
greatest difference in nitrosopigment conversion as a result 
of film was seen at 28 days after packaging which may 
indicate potential long-term storage problems using the 
intermediate barrier film. A significant (P <  0.05) film by 
vacuum interaction occurred with the intermediate barrier 
film-intermediate vacuum resulting in a significantly (P <  
0.05) lower overall average to nitrosopigment conversion. 
A low nitrite concentration coupled with the intermediate 
barrier, intermediate vacuum packaging as seen in industry

Table 4 —E ffe c t  o f  sorbate and n itrite cure on TBA number, pH , 
nitrosopigm ent conversion and salt concentration, averaged over all 
packaging conditions

TBA N itrosopigm ent/ % Salt
no. pH to ta l pigm ent cone

NaNÜ2 cure 0 .20a 6 .36a 0 .5 3 a 1.7a
Sorbate cure 0 .4 0 b 6 .36a 0 .4 8 b 1,6a
a A ve rag es in each co lu m n  w ith  a co m m o n  le tte r  are  no t s ig n if i

c a n t ly  d iffe re n t  at th e  5%  leve l o f  s ig n ific a n ce  based on D u n c a n ’s 
M u lt ip le  Range T e s t .

Table 5 —E ffe c t  o f  film  type, vacuum level and date on p H a

Days afte r packaging
0 10 21 28

High barrier 
High vacuum 6.27c 6.27 b 6 .20c 6 .2 4 b
High barrier 
Interm ediate vacuum 6.3 2 c 6 .2 7 b 6 .11d 6 .2 8 b
Interm ediate barrier 
High vacuum 6.61a 6 .3 1 b 6 .38b 6 .39a
Interm ediate barrier 
Interm ediate vacuum 6 .5 2 b 6 .3 8 a 6 .5 7 a 6 .3 6 a

a A ve rag es In each co lu m n  w ith  a co m m o n  le tte r  are  n o t s ig n if ic a n t
ly  d iffe re n t  at th e  5%  leve l fo  s ig n ific a n c e  based on D u n ca n 's  
M u lt ip le  R ange  T e s t .

may create a potential color problem.
The change (P <  0.05) in nitrosopigment as a result of 

date after packaging showed a peak at 10 days. Although 
as mentioned earlier, the figures at day 10 may be high, 
this trend was also observed in earlier experiments (Amund
son, 1982a, b).

Salt content of the bacon may be a factor in formation 
of nitrosamines from nitrite (Hildrum et al., 1975; Theiler 
et al., 1981). As a result, NaCl content was monitored. No
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significant differences were seen as a result of cures, films 
or vacuum levels.

The lean, fat and total fractions were chemically an
alyzed to determine where the NaN02 and NaCl was 
located and what factors may contribute to the pH and 
rancidity of the bacon. As seen in Table 8, the lean portion 
contained 53% H20  and 25% fat while the fat fraction had 
16% H20  and 79% fat. The water-soluble salts distributed 
much as might be expected from the proximate analysis 
with nearly three times the overall residual nitrite (34 ppm) 
found in the lean compared with the fat fraction (14 ppm), 
and 2.6% NaCl in the lean compared to 0.78% in the fat. 
Rancidity was also higher in the lean than in fat portions 
(0.42 to 0.20 TBA numbers, respectively). To a certain 
extent, this could be due to the increased activity o f meta
bolic enzymes in the lean fraction even though there are 
much lower fat levels involved. An interesting observation 
was the relatively high rancidity levels found in the fat 
fraction of the sorbate-cured becon compared with the 
regular cure (0.24 vs 0.15 TBA numbers, respectively). 
pH, as has been seen in a previous study on fat versus lean 
type bacon, is consistently higher with greater fat content.

Table 6 —Nitrosopigm ent/total pigm ent conversion as a function o f  
date and cure averaged for a ll package conditions

Days after packaging
0 10 21 28

Regular cure 0 .54a 0 .6 2 a 0 .49a 0 .48a
Sorbate cure 0 .4 5 b 0 .6 2 a 0 .4 4 b 0 .4 1 b
a A ve rag es in  each co lu m n  w ith  a co m m o n  le tte r  a re  no t s ig n if ic a n t

ly  d iffe re n t  at th e  5%  leve l o f  s ig n ific a n ce  based on D u n c a n ’s 
M u lt ip le  Range T e s t .

Table 7—Nitrosopigm ent/totai pigment conversion as a function o f  
date and package

Days afte r packaging
0 10 21 28 Overall

High barrier 
High vacuum 0.5 6 a 0 .5 7 b 0 .3 5 c 0 .4 9 b 0 .4 9 b
High barrier 
Interm ediate vacuum 0.5 6 a 0 .5 9 b 0 .6 5 a 0.5 6a 0 .59  a
Interm ediate barrier 
High vacuum 0 .4 8 b 0 .8 0 a 0 .5 2 b 0 .3 0 c 0 .5 3 b
Interm ediate barrier 
Interm ediate vacuum 0.3 7 c 0 .5 0 c 0 .3 5 c 0 .4 2 b 0 .41°

a A ve rag es In each co lu m n  w ith  a co m m o n  le tte r  are  no t s ig n if ic a n t
ly  d iffe re n t  a t th e  5%  leve l o f s ig n ific a n ce  based on  D u n c a n ’s 
M u lt ip le  R ange  T e s t .

Table 8 —Composition o f  lean, fat and total fractions o f  cured bacon

% Moisture % Fat % Protein % Ash
Lean 5 2 .9 a 2 4 .7a 17 .6 a 3 .6a
Fat 16.5b 79 .0 b 3 .4 b 1.1b
Total 29.2° 59.1c 8 .7 C 2 .1c

N itrite
pH TBA (ppm) % Salt

Lean 6 .23a 0 .4 2 c 33.9 a 2.6a
Fat 6 .4 8 b 0 .20b 13 .9 b 0 .8b
Total 6 .3 4 c 0 .2 7 c 2 1 ,4 C 1.5C
a A ve rag es In each  co lu m n  w ith  a co m m o n  le tte r  are no t s ig n if ic a n t

ly  d iffe re n t  at th e  5%  leve l o f  s ig n ific a n ce  based on D u n ca n 's  
M u lt ip le  R ange  T e s t .

CONCLUSIONS
IN THE STUDY PRESENTED, vacuum level had little 
effect on the chemical characteristics measured except for 
an interaction with film type for nitrosopigment conversion. 
The high barrier film resulted in lower residual nitrite, a 
lower product pH, and greater nitrosopigment converison 
when compared with the low barrier film. However, none 
of the barriers or vacuum levels used represented poor- 
quality packages, nor did the experiment take into ac
count possible package abuse such as elevated storage tem
peratures.

The use o f a sorbate-reduced nitrite cure did decrease 
residual nitrite as well as decreasing nitrosopigment conver
sion. The use of sorbate should include consideration for 
attaining a pH low enough for antimicrobial efficacy. 
TBA number was higher in sorbate cured bacon; however, 
an actual increase in detectable rancidity would probably 
require TBA numbers higher than any of those observed.

In terms of chemical analysis, there was no advantage 
to sorbate-cured bacon with the exception of decreasing 
residual nitrite which was shown earlier (Amundson, 
1982a, b) to reduce potential nitrosamine formation. 
Potential disadvantages might develop, however, due to a 
high product pH or the lower percent of color conversion 
found in sorbate-cured bacon. The high barrier packaging 
film appeared to partially compensate for the changes 
induced by the sorbate cure.
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-------------------------------- ABSTRACT----------------------------------
Yield, sensory and chemical properties of pork liver loaves manu
factured using varying processing treatments (tumbling vs immer
sion) and phosphate levels (0 vs 6.4%) were studied. Tumbling 
significantly improved liver cure uptake, total cure and loaf cooked 
yield when compared to immersion as a processing treatment. 
Tumbling the livers improved uniformity of internal slice color, ex
ternal loaf color and external loaf appearance. Loaves made from immersed liver however yielded a more intense liver flavor. Increas
ing moisture levels were likewise noted for tumbled livers. Addition 
of phosphate resulted in an increase in liver cure uptake, total cure 
and loaf cooked yield for the tumbled livers. Phosphate however 
had no effect on these parameters for livers which were immersed. 
Addition of phosphate improved slice cohesiveness and internal slice 
consistency. An increase in the percent ash was the only chemical 
parameter altered significantly through the addition of phosphate.

INTRODUCTION
MANY PROCESSES and techniques have been developed 
to improve the desirable characteristics of cured meat prod
ucts. Two of these processes, massaging and tumbling, 
each with their origins in Europe, are presently being eval
uated for use with products other than the traditional ham. 
Massaging and tumbling, which mechanically agitate the 
meat tissue, aid in the extraction o f the salt soluble proteins, 
thus enhancing product cohesiveness, increasing yields and 
bringing forth a more uniform color development (Krause 
et al., 1978). Viskase Ltd (1971) reported that the primary 
function o f tumbling is to enable several pieces of meat to 
be bonded together giving a large piece which has a homo
geneous appearance.

VartoreUa (1975), Krause et al., (1978) and Siegel 
et al., (1978) indicated that the combination o f massaging 
and/or tumbling with the addition o f phosphate to the 
curing mixture significantly increase the cohesiveness 
of cured ham. Alkaline phosphates are known to enhance 
and stabilize cured meat color, increase the retention of 
soluble proteins and reduce the shrinkage during the curing 
cycle. As new products are developed, massaging and/or 
tumbling with the addition o f phosphate may very well be 
a common procedure used during the production process.

One product, common in Europe, but manufactured to 
a very limited degree in the U.S. is pork liver loaf. Percel 
(1979) has indicated that the curing of liver, which is to 
be used in a pork liver loaf, is more effective when using a 
multiple needle injection system in comparison to either 
bile duct pumping or immersion. In addition the use of 
alkaline phosphates was found to exert positive effects 
regardless of the curing method.

Authors Percel, Parrett, P lim pton, and Ockerman are a ffiliated with 
the Dept, o f  An im al Science, The Ohio State Univ., Columbus, OH  
43210 and The Ohio Agricultural Research & Development Center, 
Wooster, OH 44691. A u th o r K ro l is a ffiliated with the Central In sti
tute fo r Nutrition & Fo o d  Research, TNO, Zeist, The Netherlands 
and Faculty Veterinary Medicine, State Univ. o f  U trecht, U trecht, 
The Netherhland. A u th o r van Roon is a ffiliated with the Facu lty  
Veterinary Medicine, State Univ. o f  U trecht, U trecht, The Nether
lands.

The development o f techniques used during the forma
tion of a new product is always foremost in the meat proc
essors mind. To date, the use of tumbling when making a 
liver loaf has not been a part o f the manufacturing cycle. 
The use o f phosphates have not been evaluated as a part of 
pork liver loaf production. This current study was com
pleted to evaluate the effects which phosphate addition and 
processing treatment (tumbling, immersion) may have upon 
the yield, sensory and chemical characteristics of a pork 
liver loaf.

EXPERIMENTAL
Selection and curing

Two hundred forty fresh pork livers were selected directly from 
the slaughter line of a commercial U.S. pork processing plant. The 
livers were randomly allotted to eight treatment groups which were 
replicated five times (Table 1). All livers were immediately trimmed 
of any connective tissue and chilled to 3°C.

Pork livers allotted to treatment groups A, B, C, and D were 
pumped using a multiple needle injection system to 5% of their 
green weight using a brine solution containing 88.90% water, 
10.54% salt, 0.50% sodium erythorbate and 0.06% sodium nitrite. 
Treatment groups E, F, G and H were pumped, using the same 
system, with a brine solution containing 82.50% water, 10.54% 
salt, 0.50% sodium erythorbate, 0.06% sodium nitrite and 6.40% 
sodium tripolyphosphate. Following multiple injection those livers 
in treatment groups C, D, G and H were immediately placed in an 
immersion brine containing 91.05% water, 8.90% salt, and 0.05% 
sodium nitrite. Treatments C and G were immersed for 20 hr while 
treatments D and H were immersed for 40 hr prior to further proc
essing. Livers in treatment groups A, B, E and F were immediately 
placed in a 58 cm diameter, three baffle tumbler with 20% by 
weight additional brine added. All treatments were completed in a 
3°C chilled room for the appropriate time period. Tumbling was 
carried out at the rate of 12 rpm continuously for 2 hr (B and F) 
or intermittently (6 min/hr) for 20 hr (A and E).

Cure uptake was obtained by dividing the brine uptake resulting 
from tumbling or immersion by the liver weight after pumping and 
multiplying by 100. Total cure represented the brine uptake plus 
the brine pumped divided by the green liver weight times 100. 
Cooked yield was measured as the weight of the cooked liver loaf 
divided by the liver loaf weight before cooking times 100.

Table 1 —Treatment groups fo r  p o rk  liver

T reatm ent
group

Phosphate
%

Multiple needle Injected
T um bled3 Immersed13

C ontinuous In term itten t 20 hr 40 hr
Ac 0 _ + _ _
Bc 0 + — — -
C 0 - — + —
D 0 — — — +
Ec 6.4 - + — -
Fc 6.4 + — — —
G 6.4 — — + —
H 6.4 - — — +

3 L iv e r s  w e re  tu m b le d  fo r  2 h r  c o n t in u o u s ly  o r in te rm it te n t ly  6 
m in /h r  fo r  2 0  h r.

“  L iv e rs  w e re  im m ersed  fo r  e ith e r  2 0  o r  4 0  h r.
c  L iv e r s  w h ic h  w e re  tu m b le d  rece ived  2 0 %  b y  w e ig h t a d d it io n a l 

b r in e  added  to  th e  tu m b le r .
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Processing
Following the curing treatments, livers within a treatment were divided into two equal weight units and layered with porkrindfolio 

(1 kg liver: 30 g porkrindfolio) into two plastic lined metal loaf molds (28 cm x 16 cm x 14 cm).Porkrindfolio, a combination of pork rind and liver was made by mixing nine parts of cooked ground (2 mm) pork rind with one part of fresh ground (2 mm) pork liver. After this mixture was allowed to set overnight in a 1°C cooler, it was sliced into 2 mm slices 
for subsequent layering.Spring load closure of the filled molds (liver plus porkrindfolio) allowed for the removal of trapped air prior to immersion cooking at 75°C for 3 hr 15 min. Cooling during a 3-hr time period was carried out with cold running tap water. The cooked, cooled loaves were then removed from the molds, rinsed with cold water to remove adhering gelatin or loose particles, and weighed for eventual yield computation. All loaves were individually vacuum packaged prior to placing and holding in a 3°C cooler until subsequent chemical and sensory analysis.
Chemical analysis

One liver loaf from each treatment was ground through a 0.3 cm grinding plate, mixed, and reground through a 0.2 cm grinding plate. Moisture, fat and ash content of the respective liver loaves were determined according to AOAC (1975) procedures. Protein content was established as the difference between the total of the three aforementioned determinations and 100. Salt content and residual nitrite were analyzed using procedures outlined by Ockerman
(1976).
Sensory evaluation

The second liver loaf from each treatment group was subjectively evaluated by a six member descriptive attribute panel. The panel was selected and trained using the procedures of Cross et al. (1978). The following attributes were rated on an 8-point structured scale: (a) uniformity of external loaf an internal slice color (1 = very irregular; 8 = very uniform) (b) external loaf appearance (1 = very irregular; 8 = very uniform) (c) slice cohesiveness (1 = noncohesive; 
8 = very cohesive) (d) internal slice consistency (1 = soft and wet; 
8 = dry and firm) and (e) flavor intensity (1 = extremely bland; 8 = 
extremely intense).
Statistical anlaysis

All data were analyzed using the least squares analysis of data with unequal subclass numbers procedure as described by Harvey(1975). When significant differences were apparent, the multiple range test of Duncan, (1955) was used to determine where the differences occurred.
RESULTS & DISCUSSION

T H E  R E S U L T S  w i l l  b e  d is c u s s e d  s e p a r a t e l y  f o r  t h e  e f f e c t  
o f  p h o s p h a t e  a d d i t i o n  a n d  p r o c e s s i n g  t r e a t m e n t .

P h o s p h a t e  e f f e c t s
A s ig n i f i c a n t  (P  <  0 . 0 5 )  i n t e r a c t i o n  b e t w e e n  p h o s p h a t e  

a d d i t i o n  a n d  p r o c e s s i n g  t r e a t m e n t  ( t u m b l i n g ,  i m m e r s i o n )  
w a s  f o u n d .  T h e  t u m b l e d  l iv e r s  w i t h  p h o s p h a t e  s h o w e d  a  
s i g n i f i c a n t  (P  <  0 . 0 5 )  i m p r o v e m e n t  i n  c u r e  u p t a k e ,  t o t a l

c u r e ,  a n d  c o o k e d  y i e l d  w h e n  c o m p a r e d  t o  t h e  l iv e r s  t h a t  
w e r e  i m m e r s e d  o r  t u m b l e d  w h i c h  h a d  r e c e iv e d  n o  p h o s 
p h a t e  i n  t h e  p u m p in g  b r i n e  ( T a b l e  2 ) .  T h e s e  r e s u l t s  a g r e e  
w i t h  r e p o r t e d  r e s u l t s  o f  W ie r b ic k i  e t  a l .  ( 1 9 7 6 )  a n d  K r a u s e  
e t  a l .  ( 1 9 7 8 )  w o r k i n g  w i t h  h a m s .

N o  s ig n i f i c a n t  ( P  <  0 . 0 5 )  i n t e r a c t i o n  b e t w e e n  t u m b l i n g  
m e t h o d  ( c o n t i n u o u s  v s  i n t e r m i t t e n t )  a n d  t h e  e f f e c t  o f  p h o s 
p h a t e  o n  e i t h e r  c u r e  u p t a k e ,  t o t a l  c u r e  o r  l i v e r  l o a f  y i e l d  
w a s  f o u n d .  T h e  l a c k  o f  a  s i g n i f i c a n t  i n t e r a c t i o n  m a y  b e  d u e  
t o  t h e  l iv e r  n o t  n e e d in g  t h e  r e s t  p e r i o d  b e t w e e n  t u m b l i n g  
i n t e r v a l s ,  b e c a u s e  o f  i t s  c e l l u l a r  s t r u c t u r e .  T h e  l i v e r  l o b u l e ,  
t h e  b a s i c  f u n c t i o n a l  u n i t  o f  t h e  l i v e r ,  is  c o n s t r u c t e d  a r o u n d  
a  c e n t r a l  v e in  t h a t  e m p t i e s  i n t o  h e p a t i c  v e in s  a n d  u l t i m a t e l y  
i n t o  t h e  v e n a  c a v a .  T h e  l o b u l e  i t s e l f  is  c o m p o s e d  p r i n c i p a l l y  
o f  m a n y  h e p a t i c  c e l l u l a r  p l a t e s .  V e n o u s  s i n o s o i d s  w h i c h  a r e  
l i n e d  w i t h  e n d o t h e l i a l  c e l l s ,  l i e  b e t w e e n  t h e  h e p a t i c  p l a t e s .  
T h e  e n d o t h e l i a l  l i n in g  o f  t h e  v e n o u s  s i n u s o i d s  h a s  e x t r e m e l y  
la r g e  p o r e s  w h i c h  a l lo w  v e r y  f r e e  e x c h a n g e  o f  s u b s t a n c e s  i n  
t h e  p l a s m a  w i t h  t h e  f l u i d s  s u r r o u n d i n g  t h e  h e p a t i c  c e l l s .  
E v e n  t h e  p l a s m a  p r o t e i n s  p r o d u c e d  b y  t h e  l iv e r  f l o w  f r e e l y  
i n t o  t h e s e  f l u i d s  ( G u y t o n ,  1 9 6 1 ) .  I n  h a m s ,  t h e  r e s t  p e r i o d s ,  
c h a r a c t e r i s t i c  o f  i n t e r m i t t e n t  t u m b l i n g ,  a r e  o f t e n  u s e d  t o  
p e r m i t  c u r e  m i g r a t i o n  ( K r a u s e  e t  a l . ,  1 9 7 8 ) .

T h e r e  w a s  n o  s i g n i f i c a n t  (P  < 0 . 0 5 )  i n t e r a c t i o n  b e t w e e n  
t h e  e f f e c t s  o f  p h o s p h a t e  a n d  t h o s e  o f  t u m b l i n g  o r  i m m e r 
s io n  o n  t h e  u n i f o r m i t y  o f  l i v e r  l o a f  c o l o r  o r  e x t e r n a l  l o a f  
a p p e a r a n c e  ( T a b l e  3 ) .  T h e  a d d i t i o n  o f  p h o s p h a t e ,  h o w e v e r ,  
d id  b r i n g  f o r t h  a  s ig n i f i c a n t  i n c r e a s e  i n  s l ic e  c o h e s iv e n e s s  
a s  w e l l  a s  i n t e r n a l  s l ic e  c o n s i s t e n c y .  I n  a d d i t i o n ,  a  s ig n i f i 
c a n t  (P  <  0 . 0 5 )  d e c r e a s e  i n  f l a v o r  i n t e n s i t y  d u e  t o  p h o s 
p h a t e  i n c l u s i o n  w a s  n o t e d .  T h e  i m p r o v e m e n t  i n  s l ic e  
c o h e s iv e n e s s  a n d  i n t e r n a l  c o n s i s t e n c y  is  s im i la r  t o  t h e  
im p r o v e d  s l i c e a b i l i t y  a n d  c o h e s iv e n e s s  i n  h a m s  a t t r i b u t e d  t o  
t h e  a d d i t i o n  o f  p h o s p h a t e  ( K r a u s e  e t  a l . ,  1 9 7 8 )  a n d  i s  a  
f u n c t i o n  o f  t h e  p r o t e i n  b i n d i n g  c h a r a c t e r i s t i c s  a t t r i b u t e d  t o  
p h o s p h a t e s .  T h e  d e c r e a s e  i n  f l a v o r  i n t e n s i t y  m a y  i n  p a r t  b e

Table 3 —L e a st  square m eans (L S M )  an d  standard  errors  ( S E )  fo r  
param eters u sed  to id e n tify  the e ffe cts3 o f  sod iu m  trip o lyp h o sp h a te  
on  se n so ry  characteristics o f  p o rk  liver lo a f

Param eter
P 0 4 No P 0 4

LSM SE LSM SE

Internal slice co lo rb 4 .2 9 f 0 .14 4 .2 6 f 0 .14
External loaf co lo rb 4 .3 5 f 0.18 4 .1 2f 0.18
Slice cohesivenessc 4 .1 7f 0.20 3 .57s 0.20
Internal slice consistencyd 4 .8 2 f 0 .19 4 .1 9 s 0 .19
Flavor intensity® 4 .8 0 f 0.13 5 .2 6 s 0.13
External loaf appearance13 4 .5 6 f 0.17 4 .1 6 f 0 .17
3 T u m b lin g  m eth o d  and  Im m ers io n  t im e  e ffe c ts  ab so rb e d . 
b cd e V a lu e s  based on  an  e igh t p o in t  s t ru c tu re d  s c a le ; b (8  = v e ry  

u n ifo rm , 1 = v e ry  ir re g u la r ) ; c (8  = v e ry  co h e s iv e , 1 = n o n c o h e s iv e ) ; 
d (8  = d ry  an d  f i r m , 1 = so ft  an d  w e t ) ;  e (8  = e x tre m e ly  in te n se , 
1 = e x tre m e ly  b la n d ) .

fflM eans in  th e  sam e ro w  w ith  d if fe re n t  su p e rs c r ip ts  a re  s ig n if ic a n t ly  
d iffe re n t  (P  <  0 .0 5 ) .

Table 2 —E f fe c t  o f  sod ium  trip o lyp h o sp h a te  on cu re  up ta ke  a n d  p ro d u c t  y ie ld  fo r  tu m b led  o r  im m ersed  liver: L S M  = L e a s t  S q u a re  M eans  
S E  = S ta nd a rd  E rro rs

Param eter

P 0 4 No P 0 4
T um bled3 Immersed3 T um bled3 Immersed3

LSM SE LSM SE LSM SE LSM SE
Liver cure up take, %* 13.25b 0.50 4 .4 5 c 0.48 11.28d 0.46 4 .1 9 c 0.46
Liver total cure, %* 18.79b 0.54 9 .4 8 c 0.51 16.67d 0.49 9 .2 2 e 0.49
Loaf cooked yield, %* 9 3 .3 2 b 0.74 8 7 .89 c 0.69 8 8 .96 c 0.68 8 7 .26 e 0.67

3 T u m b lin g  m eth o d  and  im m e rs io n  t im e  e ffe c ts  ab so rb e d .
h .e .d M e a n s  in  th e  sam e ro w  w ith  d iffe re n t  su p e rsc r ip ts  a re  s ig n if ic a n t ly  d if fe re n t  (P  <  0 .0 5 ) .  
♦ S ig n ific a n t in te ra c t io n  (P  <  0 .0 5 ) .
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a c c o u n t e d  f o r  b y  t h e  in c r e a s e d  p e r c e n t  o f  c u r e  u p t a k e  
in  t h e  t u m b l e d  l iv e r s .  T h e  i n c r e a s e d  c u r e  u p t a k e  m a y  h a v e  
h a d  t h e  e f f e c t  o f  d i l u t i n g  f l a v o r  i n t e n s i t y .

T h e  o n l y  s i g n i f i c a n t  ( P  <  0 . 0 5 )  i n t e r a c t i o n  b e t w e e n  
p h o s p h a t e  a n d  p r o c e s s i n g  t r e a t m e n t  f o r  t h e  c h e m i c a l  
p a r a m e t e r s  o f  t h e  p o r k  l i v e r  lo a v e s  o c c u r r e d  w i t h  p e r c e n t  
a s h  ( T a b l e  4 ) .  T h e  t u m b l e d  l iv e r s  t r e a t e d  w i t h  p h o s p h a t e  
w e r e  s i g n i f i c a n t l y  ( P  < 0 . 0 5 )  h ig h e r  i n  p e r c e n t  a s h  w h i l e  n o  
s u c h  p h o s p h a t e  e f f e c t  w a s  n o t e d  i n  t h e  lo a v e s  m a d e  f r o m  
t h e  im m e r s e d  l i v e r s .  T h i s  i n c r e a s e  m a y  b e  a  r e s u l t  o f  t h e  
p r o c e s s i n g  t r e a t m e n t .  T h o s e  l iv e r s  w h i c h  w e r e  t u m b l e d  
r e c e iv e d  p h o s p h a t e  b o t h  f r o m  t h e  i n i t i a l  i n j e c t i o n  a s  w e l l  a s  
t h e  b r i n e  a d d e d  d u r i n g  t h e  t u m b l i n g  p r o c e s s  w h e r e a s  t h o s e  
l iv e r s  w h i c h  w e r e  i m m e r s e d  o n l y  r e c e iv e d  p h o s p h a t e  d u r i n g  
t h e  i n i t i a l  i n j e c t i o n  p h a s e .  A n  e v a l u a t i o n  o f  t h e  p e r c e n t  
c u r e  u p t a k e  i n d i c a t e s  g r e a t e r  u p t a k e  a n d  u l t i m a t e  r e t e n t i o n  
o f  c u r e  f o r  t h o s e  l iv e r s  w h i c h  w e r e  t u m b l e d  w h e n  c o m p a r e d  
t o  t h o s e  o n l y  i m m e r s e d .  T h i s  c o u ld  l e a d  t o  a  g r e a t e r  r e t e n 
t i o n  o f  a s h .  A n a ly s i s  o f  t h e  d a t a  w i t h  p r o c e s s i n g  t r e a t m e n t  
e f f e c t s  r e m o v e d  y i e l d e d  a  s im i la r  p a t t e r n  w i t h  r e s p e c t  t o  
t h e  c h e m i c a l  p a r a m e t e r s .

P r o c e s s in g  t r e a t m e n t  e f f e c t s
S in c e  t h e r e  w a s  a  s i g n i f i c a n t  s o d i u m  t r i p o l y p h o s p h a t e  

t r e a t m e n t  i n t e r a c t i o n  w i t h  p r o c e s s i n g  t r e a t m e n t  ( t u m b l i n g  
v s  i m m e r s i o n ) ,  a s  p r e v io u s ly  d i s c u s s e d  f o r  p e r c e n t  c u r e  u p 
t a k e ,  p e r c e n t  t o t a l  c u r e  a n d  c o o k e d  l o a f  y i e l d ,  t h e s e  p h o s 
p h a t e  e f f e c t s  w e r e  s t a t i s t i c a l l y  a b s o r b e d  d u r in g  t h e  a n a ly s is  
o f  p r o c e s s i n g  t r e a t m e n t  e f f e c t s .

T u m b l i n g  s i g n i f i c a n t l y  (P  <  0 . 0 5 )  im p r o v e d  t h e  u n i f o r m 
i t y  o f  i n t e r n a l  s l ic e  c o l o r ,  e x t e r n a l  l o a f  c o l o r ,  a n d  e x t e r n a l  
l o a f  a p p e a r a n c e  ( T a b l e  5 ) .  V is k a s e  L t d .  ( 1 9 7 1 )  r e p o r t e d  
i m p r o v e d  c o l o r  u n i f o r m i t y  i n  t u m b l e d  h a m s  a n d  h y p o t h e 
s iz e d  t h a t  t h e  i m p r o v e d  u n i f o r m i t y  w a s  d u e  t o  g r e a t e r  c u r e  
d i s t r i b u t i o n  t h r o u g h o u t  t h e  h a m .  T h o s e  l i v e r  lo a v e s  m a d e  
f r o m  i m m e r s e d  l iv e r s  p o s s e s s e d  a  m o r e  i n t e n s e  f l a v o r  (P  <
0 . 0 5 )  t h e r e b y  i n d i c a t i n g  t h a t  t h e  t u m b l e d  l iv e r s  h a d  a  
g r e a t e r  u p t a k e  o f  t h e  c u r in g  s o l u t i o n  w h i c h  w o u l d  l e a d  t o  
a  m o r e  b l a n d  f l a v o r .  O t h e r  s e n s o r y  p a r a m e t e r s  w e r e  n o t  s ig 
n i f i c a n t l y  ( P  <  0 . 0 5 )  a f f e c t e d  b y  t u m b l i n g  p r o c e d u r e  o r  i m 
m e r s i o n  t i m e .

T h e  e f f e c t s  o f  t u m b l i n g  a n d  i m m e r s i o n  o n  t h e  c h e m i c a l  
c h a r a c t e r i s t i c s  o f  p o r k  l i v e r  l o a f  m a y  b e  n o t e d  i n  T a b l e  6 .

—Continued on next page 
S E  = Sta nd a rdTable 4 —E f fe c t  o f  so d iu m  trip o lyp h o sp h a te  on  cu re  up ta ke  a n d  p ro d u c t  y ie ld  fo r  tu m b led  liver: L S M  = L e a st  Sq u a re  M eans  

E rro rs

Param eter

P0 4 No P 0 4
C ontinuous3 In te rm itten t3 C ontinuous3 In te rm itten t3

LSM SE LSM SE LSM SE LSM SE
Liver cure up take, b % 13.53e 0.68 13.03e 0.68 11 ,30f 0.68 1 1.24f 0.68
Liver to tal cure, ®% 19 .1 0 e 0.73 18.56e 0.73 16.69f 0.74 16.63f 0.73
Loaf cooked yield, d % 93.38e 0.73 9 3 .31 e 0.73 87 .83f 0 .75 9 0 .08 f 0 .74
3 T u m b le d  2 h r  c o n t in u o u s ly  o r in te rm it te n t ly  6 m in /h r  fo r  2 0  h r .
“  C u re  u p ta k e  = b rin e  u p ta k e  re su lt in g  fro m  tu b lin g  d iv id e d  b y  liv e r  w e ig h t a f te r  p um p ing  X  1 0 0 . 
¡j T o ta l cu re  = b r in e  u p ta k e  p lu s  b rin e  p um ped  d iv id e d  b y  green liv e r  w e ig h t X  1 0 0 .
“  C o o k e d  y ie ld  = lo a f w e ig h t a f te r  co o k in g  d iv id e d  b y  lo a f  w e ig h t b e fo re  co o k in g  X  1 0 0 . 
e fM eans in th e  sam e ro w  w ith  d if fe re n t  su p e rsc r ip ts  a re  s ig n if ic a n t ly  d if fe re n t  (P  <  0 .0 5 ) .

Table 5 —E ffe c ts  o f  tum bling  a n d  im m ersion  o n  senso ry  p a n e l evaluations o f  p o rk  liver lo a f as sh o w n  b y  least square m eans (L S M )  an d  standard  
e rro rs  (S E )

Tum bled3 Im m ersed*5
C ontinuous In te rm itten t 20 40

Param eter LSM SE LSM SE LSM SE LSM SE
Internal slice colorc 5 .279 0.19 5 .4 2 9 0.19 3 .2 6 h 0.19 3 .1 4 h 0.19
External loaf colorc 5 .26g 0.24 5 .0 6 9 0.24 3 .1 0 h 0.24 3 .5 2 h 0.24
Slice cohesivenessd 4 .4 1 9 0.29 4 .239 0.29 3 .159 0.29 3 .679 0.29
Internal slice consistency® 4.3 0 9 0.27 4 .1 7 9 0.27 4 .4 79 0.27 5 .079 0.27
Flavor intensity* 4 .7 99 0.15 4 .8 2 9 0.15 5 .3 9 h 0.15 5 .1 2 h 0.15
External loaf appearance® 5.039 0.17 4 .6 0 9 0.17 3 .7 4 h 0.17 4 .0 5 h 0.17
3 T u m b le d  2 h r  c o n t in u o u s ly  o r 6 m in /h r  fo r  2 0  h r .
“ Im m ersed  fo r  e ith e r  2 0  o r 4 0  h r .
c d e fV a | ues based on an  e ig h t-p o in t s t ru c tu re d  s c a le : c (8  = v e ry  u n ifo rm , 1 = v e ry  ir re g u la r ) ; d (8  = v e ry  co h e s iv e , 1 = n o n c o h e s iv e );e (8  = d ry  

and  f i rm , 1 = s o ft  an d  w e t ) ;  f (8  = e x tre m e ly  in te n se , 1 = e x tre m e ly  b la n d ) .
9 h M eans in  th e  sam e ro w  w ith  d if fe re n t  su p e rsc r ip ts  a re  s ig n if ic a n t ly  d if fe re n t  (P  <  0 .0 5 ) .

Table 6 —E f fe c t s  o f  tum bling  a n d  im m ersion  on  chem ica l param eters o f  p o rk  liver lo a f as sh o w n  b y  least square m eans (L S M )  a n d  standard  
errors  (S E )

Param eter

T um bled3 Im m ersed15
Continuous In term itten t 20 hr 40  hr

LSM SE LSM SE LSM SE LSM SE

Salt, % 2 .66c 0.12 2.76® 0.10 2 .39d 0.10 2.91® 0.11
M oisture, % 70.39® 0.43 71.08® 0.35 6 3 .94 d 0.35 6 9 .0 1 d 0.39
Ash, % 3.60® 0.11 3.69® 0.09 2 .88® 0.09 3.27® 0.10
Ether ex trac t, % 4.84® 0.31 5.07®d 0.25 5.53 ®d 0.25 5.88d 0.28
Protein, % 21.19® 0.37 20.14 d 0.31 22 .64e 0.31 21.86®e 0.34
N itrite, ppm 8.60® 1.59 10.46® 1.32 7.56® 1.31 15.41d 1.45
3 T u m b le d  2 h r  c o n t in u o u s ly  o r 6 m in /h r  fo r  2 0  h r .
“  Im m ersed  fo r  e ith e r  2 0  o r 4 0  h r .
cd ?M eans in  th e  sam e ro w  w ith  d if fe re n t  su p e rs c r ip ts  a re  s ig n if ic a n t ly  d if fe re n t  (P  <  0 .0 5 ) .

V o l u m e  4 7  ( 1 9 8 2 ) - J O U R N A L  O F  F O O D  S C I E N C E - 3 6 1



L I V E R  L O A F  P R O D U C T I O N . . .

L iv e r s  w h i c h  w e r e  t u m b l e d  c o n t a i n e d  a  h ig h e r  c o n c e n t r a 
t i o n  o f  s a l t  (P  <  0 . 0 5 )  i n  c o m p a r i s o n  t o  t h o s e  w h i c h  
w e r e  i m m e r s e d  f o r  o n l y  2 0  h r .  T h o s e  l iv e r s  w h i c h  w e r e  
i m m e r s e d  f o r  4 0  h r ,  h o w e v e r ,  w e r e  n o  d i f f e r e n t  t h a n  t h o s e  
w h i c h  w e r e  t u m b l e d .  T h i s  s ig n i f ie s  t h a t  t h e  e q u a l i z a t i o n  o f  
s a l t  w a s  n o t  c o m p l e t e  a t  t h e  e n d  o f  2 0  h r .  I n  a d d i t i o n ,  t h e  
s i g n i f i c a n t  i n c r e a s e  i n  s a l t  c o n c e n t r a t i o n  b e t w e e n  t h e  
t u m b l e d  l iv e r s  a n d  t h o s e  i m m e r s e d  f o r  2 0  h r  m a y  b e  a  
r e s u l t  o f  t h e  i n c r e a s e d  u p t a k e  o f  t h e  c u r i n g  s o l u t i o n  a s  
s h o w n  b y  t h e  i n c r e a s e d  p e r c e n t  t o t a l  c u r e .  T u m b l i n g  
a l s o  s i g n i f i c n a t l y  ( P  <  0 . 0 5 )  i n c r e a s e d  t h e  p e r c e n t  m o i s t u r e ,  
w h i c h  w o u ld  l e n d  c r e d e n c e  t o  t h e  f a c t  t h a t  t u m b l e d  l iv e r s  
h a v e  a  g r e a t e r  a b i l i t y  t o  b i n d  m o i s t u r e  a n d  t h e r e f o r e  t o  
r e s u l t  i n  i n c r e a s e d  l i v e r  l o a f  y ie ld s .  L iv e r  lo a v e s  p r o c e s s e d  
f r o m  i m m e r s e d  l iv e r s  w e r e  s l ig h t ly  h ig h e r  i n  p e r c e n t  e t h e r  
e x t r a c t  i n  c o m p a r i s o n  t o  lo a v e s  p r o c e s s e d  f r o m  t u m b l e d  
l iv e r s .  A  s ig n i f i c a n t  (P  <  0 . 0 5 )  in c r e a s e  w a s  f o u n d  b e t w e e n  
t h o s e  l iv e r s  i m m e r s e d  f o r  4 0  h r  i n  r e l a t i o n  t o  t h o s e  t u m b l e d  
f o r  2  h r  c o n t i n u o u s l y .  T h e s e  in c r e a s e s  m a y  b e  a  d i r e c t  
f u n c t i o n  o f  t h e  l o w e r  m o i s t u r e  le v e ls  a s s o c i a t e d  w i t h  t h e  
i m m e r s e d  l iv e r s .  T h e  p r o t e i n  v a lu e s  f o r  t h e  l i v e r  lo a v e s  
v a r i e d  e r r a t i c a l l y .  I n  g e n e r a l ,  t h e  v a lu e s  w e r e  s l i g h t l y  h ig h e r  
f o r  t h e  i m m e r s e d  l iv e r s  t h a n  f o r  t h o s e  w h i c h  w e r e  t u m b l e d .  
T h i s  f o l l o w s  c lo s e ly  t h e  p a t t e r n  e s t a b l i s h e d  f o r  e t h e r  e x 
t r a c t .  T h e  f a c t  t h a t  m o i s t u r e  le v e ls  w e r e  h i g h e r  a n d  e t h e r  
e x t r a c t i o n  le v e ls  w e r e  l o w e r  i n  t u m b l e d  l iv e r s  w o u ld  le a d  
o n e  t o  t h e o r i z e  t h a t  t h e  p a t t e r n  e s t a b l i s h e d  f o r  p r o t e i n  
w a s  a  d i r e c t  f u n c t i o n  o f  b o t h  m o i s t u r e  a n d  e t h e r  e x t r a c t .  
I n  t h i s  s t u d y ,  i n c r e a s e d  s u p p o r t  o f  t h i s  t h e o r y  w o u ld  b e  
v a l i d  s in c e  p e r c e n t  p r o t e i n  w a s  d e t e r m i n e d  b y  d i f f e r e n c e .  
T h e  n i t r i t e  le v e l  a s s o c i a t e d  w i t h  t h o s e  l iv e r s  im m e r s e d  f o r  
4 0  h r  w a s  s i g n i f i c a n t l y  ( P  <  0 . 0 5 )  h ig h e r  t h a n  t h e  le v e ls  f o r

t h o s e  l iv e r s  t u m b l e d  o r  f o r  t h o s e  l iv e r s  i m m e r s e d  f o r  2 0  
h r .  T h i s  d i f f e r e n c e  h o w e v e r  is  v e r y  s m a l l  a n d  t h e r e f o r e  
w o u l d  b e  o f  l i m i t e d  p r a c t i c a l  i m p o r t a n c e .

REFERENCES
AOAC. 19 75 . “ Official M ethods o f A nalysis,” 12 th  ed. A ssociation  o f Official Analytical Chemists, W ashington, DC.Cross, H .R ., M oen, R ., and Stanfield, R. 1 9 7 8 . Training and testing  of judges for sensory analysis o f  m eat quality. F ood  Technol. 32(7): 48.Duncan, P.B. 1 9 5 5 . New m ultiple range and m ultiple F tests. Biom etrics 11:1 .G uyton, A.C. 19 61 . “ T extb ook o f Medical P hysiology.” W.B. Sanders Co. Philadelphia, PA.Harvey, W.R. 19 75 . Least squares analysis o f  data w ith  unequal subclass numbers. ARSH-r, USDA. Beltsville, MD.Krause, R .J., Ockerman, H.W., Krol, B., Moerman, P.C., and Plim pton , R .F . 19 78 . Influence o f tum bling, tum bling tim e, trim and sodium  tripolyphosphate on quality and yield o f cured ham s. J. F ood  Sci. 43: 853.Ockerman, H.W. 19 76 . “ Quality Control o f  Post-M ortem Muscle Tissue.” Animal Science D ept., The Ohio State Univ., Colum bus, OH.Percel, P.J. 19 79 . Influence of curing m ethod , massaging and phosphate on quality, yield , and chem ical com position  o f pork liver loaf. Master’s thesis, Ohio State Univ., Colum bus, OH.Siegel, D .G ., Theno, D.M., Schm idt, G.P., and N orton, K.W. 19 78 . Meat massaing: The effects o f  salt, P 0 4  and massaging on  cooking  loss, bind strength and exudate com position  in sectioned and form ed ham. J. F ood Sci. 43: 331 .Vartorella, T.R. 19 75 . The effect o f  tum bling, salt, and tripolyphosphate on  selected quality characteristics o f cured, canned  pork. Master’s thesis, The Ohio State Univ., Colum bus, OH.Viskase Lim ited. 1 9 7 1 . Growing interest in  m eat tum bling. F ood  Mfg. Oct.Wierbicki, E., Hawker, J.J., and Shults, G.W. 1 9 7 6 . E ffect o f salt, phosphates and other curing ingredients on  shrinkage o f lean  pork m eat and the quality o f sm oked processed ham . J. F ood  Sci. 41: 11 16 .Ms received 5 /1 9 /8 1 ;  revised 9 /2 1 /8 1 ; accepted 9 /2 3 /8 1 .

Journal Article N o. 83-81 o f the Ohio Agricultural Research & D evelopm ent Center, W ooster, OH 44 6 9 1 .

PACKAGIN G F ILM S  AND BACON CU RED  WITH SO RBA TE  . . . From page 358

as a fungistatis agent for foods. 5. Resistance o f  sorbic acid in cheese to  oxidative deterioration. Food Res. 19: 33.M onsanto. 1978. Sorbic acid and potassium  sorbate: For preserving food freshness and market quality, p. 3. M onsanto, St. Louis, MO.Nusbaum, R.P., Rust, R.E. and Topel, D.G. 1976 . Predicting chem ical com position o f pork bellies. J. Anim. Sci. 42: 1348.Paquette, M.W., Robach, M.C., Sofos, J.N ., and Busta, F .F . 1980 . Effects o f various concentrations o f sodium  nitrite and potassium  sorbate on color and sensory qualities o f com m ercially prepared bacon. J. F ood Sci. 45: 1293 .Park, H.S. and Marth, E.H. 19 72 . Inactivation o f  Salm onella typhi- murium by sorbic acid. J. Milk Food Technol. 35(9): 532.Pensabene, J.W., Fiddler, W., Gates, R .A ., Fagan, J.C., and Wasser- man, A.E. 1974. E ffect o f frying and other cooking conditions  on nitrosopyrrolidine form ation in bacon. J. Food Sci. 39: 314.Pensabene, J.W., Feinberg, J.I., D oo ley, C.J., Phillips, J.G., and Fiddler, W. 1979 . E ffect o f pork belly com position and nitrite level on nitrosamine form ation in fried bacon. J. Agric. Food  Chem. 27: 842.Pierson, M.D., S m oot, L.A., and Stern, N.J. 1979 . Effect o f  potassium sorbate on growth o f  Staphylococcus aureas in  bacon. J. Food Prot. 42: 302.R obach, M.C. and Ivey, F.J. 19 78 . Antim icrobial efficacy o f potassium sorbate dip on freshly processed poultry. J. F ood Prot. 41: 284.R obach, M.C., Owens, J.L., Paquette, M.W., Sofos, J.N., and Busta, F.F. 19 80 . E ffects o f various concentrations o f  sodium  nitrite and potassium sorbate on nitrosamine form ation in com m ercially  prepared bacon. J. Food Sci. 45: 1280.Sebranek, J.G., Schroder, B.G., Rust, R.E., and Topel, D.G. 1977. Influence o f sodium  erythorbate on color developm ent, flavor and overall acceptability o f frankfurters cured and reduced levels o f  sodium  nitrite. J. Food Sci. 42: 1120.Sen, N.P., Seaman, S., and Miles, W.F. 19 79 . Volatile nitrosam ines in various cured m eat products: Effect o f  cooking and recent trends. J. Agric. F ood Chem. 27: 1354.

Sofos, J.N ., Busta, F .F ., and Allen. C.E. 19 79 . Botulism  control by nitrite and sorbate in cured meats: A review. J. F ood Prot. 42: 739.Tarladgis, B.G., Watts, B.G., Younathan, M.T., and Dugan, L. 19 60 . A distillation m ethod for the quantitative determ ination o f mal- onaldehyde in rancid foods. J. Am . Oil Chem. Soc. 37: 44. Technicon Corporation. 1965 . T echnicon A uto Analyzer M ethodology, N -206. Technicon Corp., Chauncey, NY.Theiler, R .F., Sato, K., Aspelund, T.G., and Miller, A .F. 19 81 . Model system  studies on  N-nitrosam ine form ation in cured m eats: Effect o f  curing solution ingredients. J. F ood  Sci. 45: 99 6 . Tom pkin, R .B., Christiansen, L .N ., Shaparis, A .B., and Bolin, H. 1974 . Effects o f potassium  sorbate on  salm onellae, stap hylococcus, Clostridium perfringens and Clostridium botulinum  in cooked, uncured sausage. Appl. Microbiol. 28: 262.Wagner, M.K., Kraft, A .A ., Sebranek, J.G., Rust, R .E ., and A m undson, C.M. 1982 . E ffect of pork belly type on the m icrobiology of bacon cured with or w ithout potassium  sorbate. J. F ood Protect. (In press)Walsh, K.A. and Rose, D. 19 56 . Factors affecting the ox idation  o f  nitric oxide m yoglobin. Agric. F ood  Chem. 4: 353.Walters, C.L. and Taylor, A.McM. 19 64 . Nitrite m etabolism  by muscle in vitro. Biochim . Biophys. A cta 86: 448 .Watts, B.M. 1954 . Oxidative rancidity and discoloration in m eat. Adv. F ood  Res. 5 : 1 .Ms received 6 /2 2 /8 1 ;  revised 1 0 /1 4 /8 1 ; accepted 1 0 /1 6 /8 1 .

Journal Paper N o. J-10293 o f the Iowa Agriculture & Hom e E conom ics Experim ent Station, Am es, IA 50 011 . Project N o. 21 75 .The authors gratefully acknow ledge the support and technical assistance provided by M onsanto, St. Louis, Mo. and Curwood, Inc., New London, WI. The authors acknow ledge Sarah Brown, Carol W ysocki, Dave Fish and Dave Kline for their assistance w ith  sample preparation and analysis.

3 6 2 - V o l u m e  4 7  ( 1 9 8 2 1 - J O U R N A L  O F  F O O D  S C I E N C E



C o m p u t e r - A s s i s t e d  I d e n t i f i c a t i o n  o f  B a c t e r i a  

o n  H o t - B o n e d  a n d  C o n v e n t i o n a l l y  P r o c e s s e d  B e e f

C. Y. LEE, D. Y. C. FUNG, and C. L. KASTNER

---------------------------- ABSTRACT-----------------------------
Mesophilic and psychotrophic bacteria (706 isolates) obtained from hot-boned and conventionally processed beef at the time of fabrication and after 14-day vacuum storage at 2°C were analyzed by computer-assisted numerical taxonomy (108 attributes per isolate). There was no significant difference in terms of the number of phe- nons between hot-boned and conventionally processed beef both at the time of fabrication and after storage. Before storage, 24 meso
philic phenons and 11 psychrotrophic phenons were characterized. After storage in vacuum bags, there were 13 mesophilic phenons and 
6 psychrotrophic phenons. The after storage flora consisted mainly 
of Streptococcus and Lactobacillus from both hot-boned and conventionally processed beef.

INTRODUCTION
I N  C O N V E N T I O N A L  m e a t  p r o c e s s i n g ,  t h e  c a r c a s s e s  a r e  
c h i l l e d  a f t e r  s l a u g h t e r  a n d  t h e n  f a b r i c a t e d .  A n  a l t e r n a t i v e  
p r o c e d u r e ,  t e r m e d  h o t  b o n i n g  o r  h o t  p r o c e s s i n g ,  in v o lv e s  
f a b r i c a t i o n  o f  m e a t  s o o n  a f t e r  s l a u g h t e r  a n d  b e f o r e  c o n v e n 
t i o n a l  c h i l l in g .  H o t  p r o c e s s i n g  h a s  m a n y  p o t e n t i a l  a d v a n 
ta g e s  w h e n  c o m p a r e d  t o  c o n v e n t i o n a l  p r o c e s s i n g  ( K a s t n e r ,  
1 9 7 7 ;  K a n s a s  S t a t e  U n i v e r s i t y ,  1 9 8 0 ) .  S in c e  t h i s  is  a  r e l a t i v e 
l y  n e w  p r o c e s s i n g  t e c h n i q u e ,  t h e  q u a l i t i e s  o f  h o t - b o n e d  
m e a t  m u s t  b e  a s c e r t a i n e d  t o  e n s u r e  t h e  a c c e p t a b i l i t y  o f  t h e  
p r o d u c t  i n  t e r m s  o f  s h e l f  l i f e  a n d  s a f e ty .

D u e  t o  d i f f e r e n t  p r o c e s s i n g  p r o c e d u r e s ,  t h e  m i c r o b i o 
lo g ic a l  q u a l i t y  o f  h o t - b o n e d  m e a t  m a y  b e  d i f f e r e n t  f r o m  
c o n v e n t i o n a l l y  p r o c e s s e d  m e a t .  I n  g e n e r a l ,  i n v e s t i g a t o r s  
u s in g  d i f f e r e n t  h o t - b o n i n g  p r o c e d u r e s  a n d  e x p e r i m e n t a l  
a n im a ls  h a v e  r e p o r t e d  t h a t  h o t - b o n e d  m e a t  o c c a s i o n a l l y  
h a d  h ig h e r  t o t a l  b a c t e r i a l  c o u n t s  a n d  h a r b o r e d  m o r e  p o t e n 
t i a l  p a t h o g e n s  t h a n  c o n v e n t i o n a l l y  p r o c e s s e d  m e a t  ( S c h m i d t  
a n d  G i l b e r t ,  1 9 7 0 ,  M c L e o d  e t  a l . ,  1 9 7 3 ;  K a s t n e r  e t  a l . ,  
1 9 7 6 ;  F u n g  e t  a l . ,  1 9 8 0 ) .  T h o s e  r e s e a r c h  s t u d i e s  d e a l t  o n l y  
w i t h  b a c t e r i a l  c o u n t s  a n d  p o t e n t i a l  p a t h o g e n s  o f  h o t 
b o n e d  m e a t .  L i t t l e  is  k n o w n  a b o u t  t h e  b a c t e r i a l  p r o f i l e  
a s s o c i a t e d  w i t h  h o t - b o n e d  m e a t .  T h e  p u r p o s e  o f  t h i s  in v e s 
t i g a t i o n  w a s  t o  c h a r a c t e r i z e  t h e  b a c t e r i a  o n  h o t - b o n e d  a n d  
c o n v e n t i o n a l l y  p r o c e s s e d  b e e f  t o  e l u c i d a t e  t h e  b a c t e r i a l  
p r o f i l e  o f  t h e s e  p r o d u c t s .

T o  o b t a i n  a  r e a s o n a b l e  r e p r e s e n t a t i v e  p r o f i l e ,  w e  s t u d i e d  
a  la r g e  n u m b e r  o f  i s o l a t e s  b y  u s in g  m i n i a t u r i z e d  m i c r o 
b io lo g i c a l  t e c h n i q u e s  a n d  n u m e r i c a l  t a x o n o m y  t o  c h a r a c 
t e r i z e  t h e  c u l t u r e s .

MATERIALS & METHODS
Meat processing

Meat was processed at meat slaughtering facility at the Department of Animal Sciences and Industry at Kansas State University. After five steers were slaughtered, half of each carcass was hotboned within 2 hr postmortem. The samples were packaged in vacuum bags which were maintained within the range 23.0-26.8 
in. Hg and stored at 2°C for 14 days. The initial chilling rate was monitored so that 6 hr was required for chilling the meat surface

A u th o rs  L e e , F u n g  an d  K a stn e r are a ffilia ted  w ith  the D ep t, o f  A n i
m al S c ie n ces  & In d u stry , Kansas Sta te  U n iv ., M anhattan, K S  6 6 5 0 6 .

to 21°C which represents good quality hot-boned beef (Fung et al.,1981). The other half of the carcass was chilled conventionally at 2°C and the temperature decline at the surface of the meat was recorded by a digital thermometer with surface measuring probe. Samples of conventionally processed sides were prepared at 48 hr postmortem and then treated in the same manner as the hot-boned counterparts. Both hot-boned beef and conventionally processed beef were stored at 2°C for 14 days.
Enumeration and isolation of microorganisms

Mesophilic (32°C for 2 days) and psychrotrophic (7°C for 10 days) standard plate counts were performed at the time of fabrica
tion (“0” time) and after 14 days storage for hot-boned and conventionally processed beef. Then a total of 706 colonies obtained from standard plate count agar plates were isolated randomly. The origi
nal plan was to isolate 100 colonies from each of the eight categories 
listed in Table 1. Due to death of some isolates (9.1%), low number of organisms on meat at “0” time, and the larger number of organisms on meat after storage, and actual numbers of isolates obtained and analyzed are listed in Table 1.

The colonies were purified on Brain Heart Infusion (BHI) agar plates and the purified strains were stored at — 20° C in BHI broth containing 50% glycerine as stock cultures. Working cultures were 
transferred at 6 -8  wk intervals from the stock cultures.
Characterizing strains

Each strain was scored in 108 attributes among the following categories: cell character (12 attributes), cell stain (8 attributes), colony character (11 attributes), growth condition (16 attributes), carbohydrate fermentation (22 attributes), biochemical test (18 attributes), special differential agar test (9 attributes), and antibiotics sensitivity test (12 attributes). Unless otherwise specified, all media were inoculated with log-phase culture in BHI broth and were incubated at 32°C for 2 days for studying metabolic activities of meso- phile isolates and 21°C for 3 days for studying metabolic activities os psychrotroph isolates. Miniaturized microbiological techniques (Fung and Hartman, 1975) were used for all tests except tests of characterization of cell type, colony morphology, and staining properties.Procedures and reagents of the biochemical tests were listed in Kovac (1956), Skerman (1969), and Valland (1969). Tests for catalase, oxidase, and growth at various temperatures, pH values, 
and %NaCl were accomplished using BHI agar as the basal medium. Flagella was stained by Leifson’s method (Leifson, 1965). The Methyl Red tests were examined after 5 days incubation. Antibiotic-sensitivity test was scored as sensitive, resistant, or intermediately resistant, according to no growth, growth, and less growth, respectively, when compared to the control.

Table 1—C ategory  o f  iso la ted  organism s.

Sampling tim e Bacteria T rea tm ent No. o f isolate
IVIesophile HBa 63

" 0"-tim e CPb 64
Psychrotroph HB 33

CP 20

IVIesophile HB 107
14-day CP 129

Psych rotroph HB 144
CP 146

‘ 'S a m p lin g  fro m  h ot-bo ned  bee f 
“ S a m p lin g  fro m  c o n v e n t io n a lly  p rocessed  bee f
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Computer analysis
The data comprising 108 attributes scored for 706 strains were divided into four groups: 127 mesophiles and 53 psychrotrophs for 

the “0” sampling time and 236 mesophiles and 290 psychrotrophs for the 14-day sampling time. The Dice coefficient (Dice, 1945) 
was used to calculate similarities of organisms. Clustering was by unweighted average linkage (Sneath and Sokal, 1973), from which sorted similarity matrics and dendrograms were constructed by computer program package -  DENDROGRAM (Iowa State University, courtesy of P.A. Hartman, Dept, of Microbiology). Twenty-three 
named, control cultures were included for comparative purposes.

RESULTS & DISCUSSION
D A T A  O B T A I N E D  in  t h e  s t u d y  w e r e  f r o m  a  u n i v e r s i t y  
f a c i l i t y  w h i c h  m a y  b e  s o m e w h a t  d i f f e r e n t  f r o m  t h a t  o f  a  
c o m m e r c i a l  p r o c e s s i n g  p l a n t ,  b u t  w i l l  s e rv e  a s  a  m o d e l  f o r  
a n a ly s i s .  A t  t h e  t i m e  o f  f a b r i c a t i o n  ( “ 0 ”  s a m p l in g  t i m e ) ,  
t h e  m e s o p h i l i c  a n d  p s y c h r o t r o p h i c  c o u n t s  f o r  h o t - b o n e d  
( H B )  b e e f  w e r e  lo g  1 .9 6  C o l o n y  F o r m i n g  U n i t  ( C F U ) /  
c m 2 a n d  0 .8  C F U / c m 2 , r e s p e c t i v e ly ,  a n d  f o r  c o n v e n t i o n 
a l ly  p r o c e s s e d  ( C P )  b e e f ,  lo g  1 .2  C F U / c m 2 a n d  0 .7 2  C F U /  
c m 2 , r e s p e c t i v e ly .  A f t e r  1 4  d a y s  o f  v a c u u m  s to r a g e  a t  2  C

N o . o f  
S t r a i n s

P H E N O N ID E N T IT Y H B C P

l L a c t o b a c i l lu s 3 12

2 L e u c o n o s to c 5 0

3 N e i s s e r i a 2 1

4 A c i n e to b a c t e r 3 1

5 Gram + Rod 1 0
6 M o r a x e l la 4 1

7 M ic ro c o c c u s 5 12

8 A r t h r o b a c t e r 1 2
9 P e d io c o c c u s 0 3
9 P e d io c o c c u s 2 0

10 S ta p h y lo c o c c u s 2 4
11 A erom onas 0 1
12 P la n o c o c c u s 0 1
13 F la v o b a c te r iu m 0 1
14 S t r e p t o c o c c u s 4 8

15 Gram + C o ccus 0 6

16 S e r r a t i a 0 1
17 B a c i l l u s 11 3

18 Gram -  Rod 0 1
4

19
20 
21

A c i n e to b a c t e r
M ic r o b a c te r iu m

P seu d o m o n as

111
4

000
0

10 S ta p h y lo c o c c u s 14 5

% S i m i l a r i t y

1 0 0  9 0  8 0  7 0  6 0

Fig. 1-S im p li f ie d  dendrogram  p rep a red  from  m eso p h ilic  strains iso lated  a t  " 0 "  time.
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t h e  m e s o p h i l i c  a n d  p s y c h r o t r o p h i c  c o u n t s  f o r  h o t - b o n e d  
b e e f  w e r e  lo g  3 .7 5  C F U / c m 2 a n d  3 .5 9  C F U / c m 2 , r e s p e c 
t i v e ly  a n d  f o r  c o n v e n t i o n a l l y  p r o c e s s e d  b e e f ,  lo g  3 .1 3  
C F U / c m 2 a n d  2 .9 2  C F U / c m 2 , r e s p e c t i v e ly .  T h e r e  is  n o  
s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  H B  b e e f  a n d  C P  b e e f .  T h e s e  
d a t a  r e p r e s e n t e d  t y p i c a l  c o u n t s  f o r  p r o p e r l y  c h i l l e d  H B  
a n d  C P  b e e f  ( F u n g  e t  a l . ,  1 9 8 1 ) .

T h e  r e s u l t s  o f  n u m e r i c a l  t a x o n o m y  a n a ly s i s  f o r  f o u r  s e ts  
o f  s t r a in s  ( f o r  “ 0 ”  t i m e  m e s o p h i l e s  a n d  p s y c h r o t r o p h s

a n d  f o r  1 4 - d a y  m e s o p h i l e s  a n d  p s y c h r o t r o p h s )  a r e  s h o w n  in  
t h e  s im p l i f i e d  d e n d r o g r a m s  i n  F ig .  1 t o  F ig .  4 .  E a c h  d e n d r o 
g r a m  s h o w s  t h e  n u m b e r s  a n d  k i n d s  o f  b a c t e r i a l  g e n e r a  i s o 
l a t e d  f r o m  H B  a n d  C P  b e e f .  T h e  p h e n o n s  w e r e  t e n t a t i v e l y  
i d e n t i f i e d  t o  g e n u s  le v e l  b y  m a t c h i n g  a t t r i b u t e s  w i t h  k n o w n  
c u l t u r e s  a s  w e l l  a s  b y  a n a ly z in g  t h e  r e p r e s e n t a t i v e  s t r a in s  
c o n v e n t i o n a l l y  a c c o r d in g  t o  t h e  d i a g n o s t i c  k e y s  p r o v i d e d  
b y  t h e  8 t h  E d i t i o n  o f  B e r g e y ’s  m a n u a l  o f  D e t e r m i n a t i v e  

M i c r o b i o l o g y  ( 1 9 7 4 )  a n d  s p e c ia l  k e y s  i n c l u d i n g  t h o s e  o f

N o.. o f
S t r a i n s

P H E N O N ID E N T IT Y H B C P

l L a c to b a c  i 11 us 9 53

9 P e d i » c o c c u s 6 1

14 S t r e p t o c o c c u s 20 2

14 S t r e p t o c o c c u s 14 15

1 L a c t o b a c i l l u s 6 16

17 B a c i l l u s 2 6

10 S ta p h y lo c o c c u s 9 4

2 L e u c o n o s to c 0 15

22 E n t e r i c s 5 0
4 A c i n e to b a c t e r 1 2

23 X anthom onas 2 1

24 C o ry n e fo rm 9 12

20 M ic r o b a c te r iu m 24 2

%  S i m i l a r i t y

1 0 0  0 0  8 0  7 0  6 0

Fig. 2 —S im p lified  dendrogram  p rep a red  from  m eso p h ilic  strains isolated a t 14 days storage.
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N o . o f  
S t r a i n s

P H E N O N ID E N T IT Y H B C P

7 M ic ro c o c c u s 14 3

25 A e ro c o c c u s 0 1
21 Pseudom om as 1 0
10 S ta p h y lo c o c c u s 0 1

7 M ic ro c o c c u s 4 3

20 M ic r o b a c te r iu m 1 01 L a c t o b a c i l l u s 0 1
14 S t r e p t o c o c c u s 0 3

18 Gram -  Rod 1 0
26 B r e v ib a c t e r i u m 6 3

11 M o r a x e l la 7 4

Fig. 3 —Sim plified dendrogram prepared

% S i m i l a r i t y

1 0 0  9 0  8 0  7 0  6 0I-----------------1--------------1------------------ 1___________ L_

psychrotrophic strains isolated a t "0" time.

No. of 
Strains

PHENON IDENTITY HB CP

Streptococcus 64 47

20 Microbacterium 2 0

1 Lactobaci11 us 0 17

1 Lactobacillus 1 25

Lactobacillus 0 38

1 Lactobaci1lus 77 19

% Similarity

Fig. 4 —Sim plified dendrogram prepared  
from psychrotrophic strains isolated a t 
14 days storage.
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J o n e s  ( 1 9 7 5 ) ,  S h e w a n  e t  a l . ( 1 9 6 0 ) ,  G ib b s  a n d  S h a p t o n
( 1 9 6 8 ) ,  a n d  S k e r m a n  ( 1 9 6 7 ) .  I n  o r d e r  t o  d i f f e r e n t i a t e  b e 
t w e e n  t h e  g e n e r a  S t a p h y l o c o c c u s  a n d  M i c r o c o c c u s ,  a n d  
b e t w e e n  S t r e p t o c o c c u s ,  L e u c o n o s t o c  a n d  P e d i o c o c c u s ,  
s o m e  o f  t h e  a d d i t i o n a l  t e s t s  s u c h  a s  g lu c o s e  f e r m e n t a t i o n  
( h e t e r o -  o r  h o m o - )  a n d  o x i d a t i o n  t e s t s ,  a n d  h e m o ly s i s  o f  
b l o o d  w e r e  p e r f o r m e d  b y  c o n v e n t i o n a l  m e t h o d s .

T h e  d i s t r i b u t i o n  a n d  c h a n g e  o f  c h a r a c t e r i z e d  p h e n o n s  in  
e a c h  v a r i a b le  a r e  s h o w n  in  T a b l e  2 . T h e r e  w e r e  1 7  m e s o -  
p h i l i c  p h e n o n s  f o u n d  o n  b o t h  t h e  H B  a n d  C P  b e e f  a t  t h e  
t i m e  o f  f a b r i c a t i o n  ( “ 0 ”  s a m p l in g  t i m e ) .  A f t e r  1 4  d a y s  
o f  v a c u u m  s to r a g e ,  t h e  m e s o p h i l i c  p h e n o n s  f o r  b o t h  H B  
a n d  C P  b e e f  d e c r e a s e d  t o  1 2  p h e n o n s .  T h e  p s y c h r o t r o p h i c  
p h e n o n s  w e r e  7  a n d  8  b e f o r e  s t o r a g e  f o r  H B  a n d  C P  b e e f ,  
r e s p e c t i v e ly .  A f t e r  s t o r a g e ,  t h e  p h e n o n s  d e c r e a s e d  t o  4  
a n d  5 ,  r e s p e c t i v e ly .  T h e  m e s o p h i l i c  f l o r a  a t  t h e  t i m e  o f  
f a b r i c a t i o n  w e r e  h e t e r o g e n e o u s .  B a c i l l u s  a n d  S t a p h y l o c o c 
c u s  w e r e  m o r e  p r e d o m i n a n t  in  H B  b e e f ,  w h e r e  M i c r o c o c c u s  
a n d  L a c t o b a c i l l u s  w e r e  p r e d o m i n a n t  i n  C P  b e e f .  T h e  d i f 
f e r e n c e  i n  f l o r a  a t  “ 0 ”  t i m e  o f  H B  a n d  C P  b e e f  w a s  p r o b 
a b ly  d u e  t o  t h e  f a c t  t h a t  C P  b e e f  w a s  c h i l l e d  a e r o b i c a l l y  
a t  2  C  f o r  4 8  h r ,  t h u s  a l lo w in g  g r o w t h  o f  p s y c h r o t r o p h i c  
f l o r a  a n d  r e t a r d i n g  o f  m e s o p h i l e s .  T h e  lo w  t e m p e r a t u r e  
a n d  l o w  a w  o f  C P  b e e f  d u e  t o  e v a p o r a t i o n  a t  m e a t  s u r 
f a c e  p r o b a b l y  f a v o r e d  t h e  g r o w t h  o f  L a c t o b a c i l l u s  a n d  
M i c r o c o c c u s .  T h e  h e t e r o g e n e o u s  m e s o p h i l i c  b a c t e r i a  
p o p u l a t i o n  a t  f a b r i c a t i o n  l i k e ly  r e s u l t e d  f r o m  t h e  c o n t a m i 
n a t e d  a n im a l  h i d e  a n d  g a s t r o i n t e s t i n a l  t r a c t ,  a n d  t h e  e n 
v i r o n m e n t  d u r i n g  s l a u g h t e r .  A f t e r  s t o r a g e ,  M i c r o b a c t e r i u m  
a n d  S t r e p t o c o c c u s  w e r e  t h e  m a j o r  s t r a i n s  o n  H B  b e e f ,  
w h e r e a s  in  C P  b e e f  L a c t o b a c i l l u s  d o m i n a t e d .  T h e  d i f f e r e n t  
m i c r o b i a l  f l o r a  a t  t h e  t i m e  o f  v a c u u m  p a c k a g i n g  s u b s e 
q u e n t l y  a f f e c t e d  t h e  f l o r a  a f t e r  s to r a g e .

Table 2—Percentage o f  bacteria a t  " 0"-time and after 14-day storage 
hot-boned beef and conventionally processed beef

Mesophile Psychrotroph
0-tim e 14-day 0-time 14-day

Phenon3 HBb CPc HB CP HB CP HB CP
Acinetobacter (4) 6 2 1 2 0 0 0 0
Aerococcus (25) 0 0 0 0 0 5 0 0
Aeromonas (11) 0 2 0 0 0 0 0 0
Arthrobacter (8 ) 2 3 0 0 0 0 0 0
Bacillus (17) 17 5 2 5 0 0 0 0
Brevibacterium  (26) 0 0 0 0 18 16 0 0
C oryneform  (24) 0 0 8 9 0 0 0 0
Enterics (22) 0 0 5 0 0 0 0 0
Flavobacterium  (13) 0 2 0 0 0 0 0 0
Kurthia  (19) 2 0 0 0 0 0 0 0
Lactobacillus  ( 1 ) 5 19 14 54 0 5 54 68
Leuconostoc  (2) 8 0 0 12 0 0 0 0
Microbacterium  (20) 2 0 22 2 3 0 1 0
Micrococcus  (7) 8 19 0 0 53 32 0 0
Moraxella  (6 ) 6 2 0 0 21 21 0 0
Neisseria (31 3 2 0 0 0 0 0 0
Pediococcus (9) 3 5 6 1 0 0 0 0
Planococcus (12) 0 2 0 0 0 0 0 0
Pseudomonas (21) 6 0 0 0 3 0 0 0
Serratia (16) 0 2 0 0 0 0 0 0
Staphylococcus (10) 25 13 8 3 0 5 0 0
Streptococcus (14) 6 12 32 13 0 16 44 32
Xanthomonas (23) 0 0 2 1 0 0 0 0
Gram + Rod (5) 2 0 0 0 0 0 0 0
Gram — Rod (18) 0 2 0 0 3 0 0 0
Gram + Coccus (15) 0 10 0 0 0 0 0 0
Total percentage0 100 100 100 100 100 100 100 100

3 T h e  nu m b er in p a re n th es is  co rre sp o n d s  to  th e  p hen o n  n u m b er 
ap pearing  in  F ig . 1—4 ; th ese  n u m b ers  a re  a rb it r a r i ly  assigned  fo r  
ease o f  id e n t if ic a t io n .

“ >cT h e  sam e legend as In T a b le  1 .
0 D ue to  ro u n d in g  o f f ,  th e  to ta l p e rcen tage  does n o t add  up  to  be 100%.

I n  p s y c h r o t r o p h s ,  M i c r o c o c c u s  t h a t  c o u ld  s u rv iv e  a t  
c o ld  t e m p e r a t u r e s  u n d e r  a e r o b i c  c o n d i t i o n s  w a s  t h e  m a i n  
o r g a n i s m  f o u n d  a t  t h e  t i m e  o f  f a b r i c a t i o n  f o r  b o t h  H B  a n d  
C P  b e e f .  A f t e r  s t o r a g e ,  b a c t e r i a l  i s o l a t e s  f r o m  b o t h  C P  a n d  
H B  b e e f  w e r e  e x c lu s iv e l y  L a c t o b a c i l l u s  a n d  S t r e p t o c o c c u s .  
L a c t o b a c i l l u s  a p p a r e n t l y  p r o d u c e d  a n  a n t i m i c r o b i a l  a g e n t  
a n d  i n h i b i t e d  o t h e r  s p e c ie s  d u r i n g  s t o r a g e  ( G i l l i l a n d  a n d  
S p e c k ,  1 9 7 2 ,  1 9 7 5 ;  R o t h  a n d  C la r k ,  1 9 7 5 ) .

P s e u d o m o n a s ,  t h e  m a j o r  a e r o b i c  s p o i l a g e  m i c r o o r g a n 
is m  o f  f r e s h  m e a t ,  c o m p r i s e d  o n l y  a  s m a l l  p o r t i o n  o f  t h e  
p o p u l a t i o n  a t  t h e  t i m e  o f  f a b r i c a t i o n .  N o n e  w a s  f o u n d  a f t e r  
s t o r a g e  b e c a u s e  t h e y  c a n n o t  g r o w  a n a e r o b i c a l l y .  E n t e r i c s  
a n d  G r a m  n e g a t i v e  r o d s  w e r e  f o u n d  i n  s m a l l  n u m b e r s  o r  
w e r e  n o t  d e t e c t e d  a t  t h e  t i m e  o f  f a b r i c a t i o n  a n d  a f t e r  s t o r 
a g e . T h e  f a s t  i n i t i a l  c h i l l in g  r a t e  m a y  h a v e  k i l l e d  9 0 %  o f  
t h e s e  b a c t e r i a  b y  t h e  e f f e c t  o f  c o ld  s h o c k  ( D a v i s ,  1 9 8 0 ) .

F u n g  e t  a l . ( 1 9 8 1 )  r e p o r t e d  t h a t  p r o p e r  i n i t i a l  c h i l l in g  
r a t e ,  n a m e l y  m e a t  c h i l l e d  t o  2 1 ° C  w i t h i n  9  h r  w a s  r e q u i r e d  
f o r  p r o d u c i n g  g o o d  q u a l i t y  h o t - b o n e d  b e e f .  I n  t h i s  s t u d y ,  
w e  c h i l l e d  H B  b e e f  r a p i d l y  ( t o  2 1 ° C  w i t h i n  6  h r ) ,  t h e r e 
f o r e ,  t h e  p s y c h r o t r o p h i c  m i c r o b i a l  f l o r a  d id  n o t  d i f f e r  
m u c h  f r o m  t h o s e  o f  C P  b e e f .  A l t h o u g h  w e  f o u n d  s o m e  d i f 
f e r e n c e  i n  m e s o p h i l i c  f l o r a  b e f o r e  a n d  a f t e r  s t o r a g e ,  t h i s  
s h o u l d  n o t  s ig n i f i c a n t l y  a f f e c t  t h e  q u a l i t y  o f  c o ld  s t o r e d  
H B  b e e f  s in c e  p s y c h r o t r o p h s  p l a y  a  m o r e  i m p o r t a n t  r o l e  i n  
t h i s  e n v i r o n m e n t  t h a n  m e s o p h i l e s .

I n  c o n c l u s i o n ,  w e  h a v e  o b t a i n e d  t h e  m e s o p h i l i c  a n d  p s y 
c h r o t r o p h i c  b a c t e r i a l  p r o f i l e s  o f  H B  b e e f  a n d  C P  b e e f  
c h i l l e d  a t  r e a s o n a b l y  f a s t  r a t e s .  B o t h  H B  a n d  C P  b e e f  c o n 
s i s t e d  o f  h e t e r o g e n o u s  b a c t e r i a l  f l o r a  a t  t h e  t i m e  o f  f a b r i 
c a t i o n ,  b u t  c o n s i s t e d  m a i n l y  o f  S t r e p t o c o c c u s  a n d  L a c t o 
b a c i l l u s  a f t e r  1 4 - d a y  s t o r a g e .  T h e  f a s t  c h i l l in g  r a t e  o f  H B  
b e e f  u s e d  i n  t h e s e  e x p e r i m e n t s  p r o b a b l y  a c c o u n t e d  f o r  lo w  
b a c t e r i a l  c o u n t s  o f  H B  b e e f  a n d  s im i la r  b a c t e r i a l  p r o f i l e s  o f  
H B  b e e f  a n d  C P  b e e f  a f t e r  s t o r a g e .  T h e  r e s u l t s  o f  t h i s  s t u d y  
s h o w s  t h e  H B  b e e f  is  a s  s a f e  a s  C P  b e e f  u n d e r  o u r  e x p e r i 
m e n t a l  c o n d i t i o n .  W e a r e  in v e s t i g a t i n g  s im i la r  p r o f i l e s  f r o m  
H B  m e a t  c h i l l e d  a t  s lo w  a n d  i n t e r m e d i a t e  r a t e s  a n d  w il l  
c o m p a r e  t h e s e  t o  C P  b e e f .
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E f f e c t  o f  T i m e - o n - F e e d  o n  t h e  P a l a t a b i l i t y  o f  

R ib  S t e a k s  f r o m  S t e e r s  a n d  H e i f e r s

H. G. DOLEZAL, G. C. SMITH, J. W. SAVELL, and Z. L. CARPENTER

---------------------------------ABSTRACT--------------- -----------------
Rib steaks from steers (n=326) and heifers (n=68) that were either 
grass-fed or fed high-concentrate diets for 30-230 days were used in 
palatability studies. Extending time-on-feed beyond 100 days (steers) 
or 90 days (heifers) provided little additional palatability assurance. 
Within time-on-feed strata from 100 through 230 days, few differ
ences in palatability were found between rib steaks from carcasses 
of different USDA quality grades. The minimum marbling require
ment for the U.S. Choice grade could be lowered with no appreciable 
loss in palatability if the stipulation was made that cattle had been 
fed a high-concentrate diet for at least 90 days.

INTRODUCTION
M c B e e  a n d  W ile s  ( 1 9 6 7 )  r e p o r t e d  s t r o n g  r e l a t i o n s h i p s  
b e t w e e n  U S D A  q u a l i t y  g r a d e s  a n d  t e n d e r n e s s ,  j u i c in e s s  a n d  
f l a v o r  o f  c o o k e d  b e e f .  C o n v e r s e l y ,  T u m a  e t  a l .  ( 1 9 6 2 ) ,  
R o m a n s  e t  a l .  ( 1 9 6 5 ) ,  B r e id e n s t e in  e t  a l .  ( 1 9 6 8 )  a n d  P a r r i s h  
e t  a l . ( 1 9 7 3 )  c o n c l u d e d  t h a t  U S D A  q u a l i t y  g r a d e s  w e r e  n o t  
s i g n i f i c a n t l y  r e l a t e d  t o  c o o k e d  b e e f  t e n d e r n e s s .  A d d i t i o n a l  
i n v e s t i g a t i o n s  h a v e  f o u n d  t h a t  U S D A  q u a l i t y  g r a d e s  p r o v i d e  
l i t t l e  a s s u r a n c e  t h a t  b e e f  w i l l  b e  p a l a t a b l e  ( C a m p i o n  e t  a l . ,  
1 9 7 5 ;  B e r r y  e t  a l . ,  1 9 7 4 ;  G a r c ia - d e - S i le s  e t  a l . ,  1 9 7 7 ; T a t u m  
e t  a l . ,  1 9 8 0 ) .  T h e r e  is  i n c r e a s in g  c o n c e r n  w i t h i n  t h e  i n d u s 
t r y  t h a t  p r e s e n t  U S D A  q u a l i t y  g r a d e s  u n n e c e s s a r i l y  e m p h a 
s iz e  m a r b l i n g  a n d —a s  a  r e s u l t —e n c o u r a g e  o v e r - f a t t e n i n g  o f  
c a t t l e  a n d  c a r c a s s e s  ( N C A , 1 9 8 1 ) .

T h e  l e n g t h  o f  t i m e  t h a t  c a t t l e  h a v e  b e e n  f e d  a  h ig h - e n e r g y  
d i e t  ( “ t i m e - o n - f e e d ” ) h a s  b e e n  p r o p o s e d  a s  a n  a d j u n c t  t o  o r  
s u b s t i t u t e  f o r  u s e  o f  m a r b l i n g  ( i n t r a m u s c u l a r  f a t n e s s )  f o r  
p r e d i c t i n g  c o o k e d  b e e f  p a l a t a b i l i t y .  A d a m s  e t  a l . ( 1 9 7 7 )  
a n d  H a r r i s o n  e t  a l .  ( 1 9 7 8 )  s u g g e s t e d  t h a t  b e e f  f r o m  c a t t l e  
t h a t  h a v e  b e e n  f e d  a  h ig h - e n e r g y  d i e t  f o r  a  s p e c i f i e d  p e r i o d  
o f  t i m e  w i l l  b e  a c c e p t a b l e  i n  p a l a t a b i l i t y  r e g a r d le s s  o f  
m a r b l i n g  a m o u n t s  o r  q u a l i t y  g r a d e s .  O t h e r  r e s e a r c h e r s  
h a v e  r e p o r t e d  t h a t  o n c e  c a t t l e  h a v e  b e e n  f e d  f o r  a  c e r t a i n  
p e r i o d  o f  t i m e  o n  a  h i g h - c o n c e n t r a t e  d i e t ,  l i t t l e  a d d i t i o n a l  
b e n e f i t  i n  u l t i m a t e  c o o k e d  b e e f  p a l a t a b i l i t y  is  a t t a i n e d  b y  
e x t e n d i n g  t h e  f e e d i n g  p e r i o d  ( E p l e y  e t  a l . ,  1 9 6 8 ;  Z in n  e t  
a l . ,  1 9 7 0 b ;  C a m p io n  e t  a l . ,  1 9 7 5 ;  T a t u m  e t  a l . ,  1 9 8 0 ) .

T h e  p u r p o s e  o f  t h e  p r e s e n t  s t u d y  w a s  t o  f u r t h e r  in v e s t i 
g a t e  t h e  e f f e c t i v e n e s s  o f  u s in g  t i m e - o n - f e e d  t o  p r e d i c t  t h e  
u l t i m a t e  e a t i n g  s a t i s f a c t i o n  o f  c o o k e d  b e e f  f r o m  s t e e r s  a n d  
h e i f e r s  a n d  t o  i d e n t i f y  a  p o i n t  i n  h i g h - c o n c e n t r a t e  f e e d in g  
t i m e  b e y o n d  w h i c h  a d d i t i o n a l  t i m e - o n - f e e d  d o e s  l i t t l e  t o  
f u r t h e r  e n h a n c e  c o o k e d  b e e f  p a l a t a b i l i t y .

EXPERIMENTAL PROCEDURE
STEERS (n=326) and heifers (n=68) that had never been fed grain 
or that had been fed grain for 30-230 days were obtained from a 
number of sources. The experimental design (Table 1) describes the 
class designations and diet energy levels of each time-on-feed group.

A l l  authors were affiliated with the Meats & Muscle B iology Section, 
Dept, o f  An im al Science, Texas Agricu ltural Experiment Station, 
Texas A & M  Univ., College Station, T X  77843 at the time this 
study was conducted. Au tho r Dolezal is presently employed by the 
Dept, o f An im al Sciences, Colorado State Univ., Fo rt Collins, CO  
80523.

Included in the sample population were cattle of Brahman, British 
(Shorthorn, Angus, Hereford), Continental European (Charoláis, 
Maine-Anjou, Simmental, Limousin), dairy (Holstein, Jersey, Brown 
Swiss) and Longhorn breeding and crosses of most of these breeds; cattle of multiple breed origin were included in every group in Table 
1. The grass-fed cattle (group 1 and group 10) were from two sources 
(La. Agr. Expt. Sta., Homer, LA; Texas Agr. Expt. Sta., Overton, 
TX) and were maintained for 12-18 months post-weaning onmillet- 
bermuda grass or coastal bermuda grass pastures until the time of 
slaughter. The grain-fed cattle (groups 2, 3, 4, 5, 6, 7, 8, 9, 11 and 
12) were from five sources (La. Agr. Expt. Sta., Homer, LA; Texas 
Agr. Expt. Sta., Overton, TX; Miller Feedyard, LaSalle, CO; Mon- 
fort of Colorado, Gilchrest, CO; Harrell Cattle Company, Gonzales, 
TX) and were fed high-concentrate finishing diets of generally similar 
energy-density for the designated periods of time (Table 1).

Upon the termination of each feeding period the cattle were 
slaughtered in the conventional manner. Approximately 24 hr 
postmortem, yield and quality grade (USDA, 1975) data were 
obtained.

Following a 14- to 16-day postmortem aging period (2±1°C), 
two steaks (3.2 cm thick) were obtained from the 9th through 11th 
rib section of each of the 394 wholesale ribs. Steaks were wrapped 
in polyethylene-coated freezer paper, frozen at -34°C, stored at 
—20°C, thawed (2°C) and broiled on Farberware Open-Hearth 
broilers to an internal temperature of 70°C. Samples from one 
cooked steak (9th rib) from each animal were served, while warm, 
to an experienced 8-member sensory panel for evaluations of palata
bility using 8-point descriptive scales (8=extremely juicy, extremely 
tender, no detectable connective tissue, extremely desirable flavor 
and extremely desirable overall palatability; l=extremely dry, 
extremely tough, abundant connective tissue, extremely undesirable 
flavor and extremely undesirable overall palatability). The second 
steak (10th rib) was cooked to 70°C, cooled to room temperature 
(23°C) and then cored (1.27 cm) for Warner-Bratzler shear force 
determinations.

Data were analyzed using analysis of variance (Snedecor and 
Cochran, 1967) and mean separation (Duncan, 1955; Kramer, 1956) 
with the use of the Statistical Analysis System package (Barr et al.,
1979).

Table 1—Class designations and diet energy levels characteristic o f  
each time-on-feed group.

Diet
energy levelb

Group
Sex
class

Age
class3 N

-feed
(days)

NEm,
Mcal/kg

NEg
Mcal/kg

1 Steer Yearling 39 0 _ _
2 Steer Yearling 29 30 1.54 .98
3 Steer Yearling 20 60 1.58 .85
4 Steer Yearling 38 90 1.57 .89
5 Steer Yearling 40 100 1.52 .95
6 Steer Yearling 43 130 1.52 .96
7 Steer Yearling 45 160 1.52 .96
8 Steer Calf 37 200 1.47 .96
9 Steer Calf 35 230 1.47 .96

10 Heifer Yearling 13 0 — —
11 Heifer Yearling 15 90 1.56 .93
12 Heifer Calf 39 200 1.47 .96

b A ge c la ss  a t th e  s ta rt  o f th e  feed ing  t re a tm e n t .
E xp re sse d  on a 1 0 0 %  d ry  m a tte r  b a s is ; va lu es fo r  d ie t  e n e rg y  leve ls  
w e re  c a lcu la te d  fro m  a ctu a l d ie ts  fed  to  each  g ro up  o f  a n im a ls  
using  va lu es fro m  N R C  (1 9 7 6 ) .

3 6 8 - V o l u m e  4 7  ( 1 9 8 2 ) - J 0 U R N A L  O F  F O O D  S C I E N C E



RESULTS & DISCUSSION
M E A N , m in i m u m  a n d  m a x i m u m  v a lu e s  f o r  c e r t a i n  l iv e  a n d  
c a r c a s s  c h a r a c t e r i s t i c s  a n d  p a l a t a b i l i t y  a t t r i b u t e s  f o r  s t e e r s  
a n d  h e i f e r s  a r e  p r e s e n t e d  i n  T a b l e  2 .  C a r c a s s e s  r a n g e d  in  
U S D A  q u a l i t y  g r a d e  f r o m  S t a n d a r d  t o  P r im e  f o r  b o t h  s e x -  
c la s s e s  a n d  i n  U S D A  y i e l d  g r a d e  f r o m  0 . 0 - 5 . 3  ( s t e e r s )  a n d
1 . 2 - 3 . 8  ( h e i f e r s ) .  A m o n g  p a l a t a b i l i t y  a t t r i b u t e s ,  v a lu e s  f o r  
s h e a r  f o r c e ,  t e n d e r n e s s  r a t i n g s  ( m y o f i b r i l l a r  a n d  o v e r a l l )  a n d  
o v e r a l l  p a l a t a b i l i t y  r a t i n g  w e r e  t h e  m o s t  v a r i a b l e  f o r  s t e a k s  
f o r  b o t h  s e x  c la s s e s .

A s  t i m e - o n - f e e d  is  e x t e n d e d ,  t h e r e  a r e  in c r e a s e s  in  m a r 
b l in g  s c o r e  a n d  q u a l i t y  g r a d e  ( Z i n n  e t  a l . ,  1 9 7 0 a ;  C a m p io n  
e t  a l . ,  1 9 7 5 ;  H a r r i s o n  e t  a l . ,  1 9 7 8 ;  S c h r o e d e r  e t  a l . ,  1 9 8 0 ;  
T a t u m  e t  a l . ,  1 9 8 0 ) ,  f a t  t h i c k n e s s  ( C a m p i o n  e t  a l . ,  1 9 7 5 ;  
H a r r i s o n  e t  a l . ,  1 9 7 8 ;  S c h r o e d e r  e t  a l . ,  1 9 8 0 ;  T a t u m  e t  a l . ,

1 9 8 0 )  a n d  n u m e r i c a l  y i e l d  g r a d e  ( H a r r i s o n  e t  a l . ,  1 9 7 8 ;  
S c h r o e d e r  e t  a l . ,  1 9 8 0 ;  T a t u m  e t  a l . ,  1 9 8 0 ) .  I n  t h i s  s t u d y  
( T a b l e  3 ) ,  m a r b l i n g  s c o r e ,  q u a l i t y  g r a d e  a n d  m o s t  o f  t h e  
y i e l d  g r a d e  f a c t o r s  g e n e r a l l y  i n c r e a s e d  a s  t im e - o n - f e e d  
i n c r e a s e d  b u t  t h e s e  in c r e a s e s  w e r e  n o t  a lw a y s  d i r e c t i o n a l l y  
c o n s i s t e n t  o r  s t a t i s t i c a l l y  s i g n i f i c a n t .  G r a s s - f e d  s t e e r  c a r 
c a s s e s  h a d  t h e  l o w e s t  n u m e r i c a l  v a lu e s  f o r  f a t  t h i c k n e s s  a n d  
l o n g i s s im u s  m u s c l e  a r e a ;  g r a s s - f e d  h e i f e r  c a r c a s s e s  h a d  l o w e r  
( P < 0 . 0 5 )  v a lu e s  f o r  f a t  t h i c k n e s s ,  lo n g i s s im u s  m u s c le  a r e a ,  
c a r c a s s  w e i g h t  a n d  n u m e r i c a l  y i e l d  g r a d e  t h a n  d id  c a r c a s s e s  
f r o m  h e i f e r s  f e d  g r a i n  f o r  e i t h e r  9 0  o r  2 0 0  d a y s .  S t e e r s  f e d  
f o r  2 0 0  d a y s  h a d  t h e  h i g h e s t  m a r b l i n g  s c o r e  a n d  q u a l i t y  
g r a d e .  F o r  h e i f e r s ,  m a r b l i n g  s c o r e  a n d  q u a l i t y  g r a d e  in c r e a s e d  
( P < 0 . 0 5 )  w i t h  e a c h  s u c c e s s iv e  i n c r e a s e  i n  t i m e - o n - f e e d  ( 0 ,  
9 0  a n d  2 0 0  d a y s )  w h i c h  a g r e e s  w i t h  Z i n n  e t  a l .  ( 1 9 7 0 a ) .

—Continued on next page

Table 2 —Mean, m inimum and maximum values for certain live and carcass characteristics and pa latability attributes for steers and heifers

Steers (n=326) Heifers (n=68 )
Trait Mean Minimum Maximum Mean Minimum Maximum

Live characteristic
Chronological age, days 521.4 440.0 638.0 596.1 576.0 627.0
Frame size score3 5.0 1.0 9.0 4.8 2.0 8.0
Muscling score15 4 3 1.0 9.0 4.8 2.0 7.0
Slaughter w eight, kg 515.3 3 1 9 5 767.5 412.4 315.2 521 .2

Carcass characteristic
USDA m aturity  scorec A45 A 10 B " A 48 A25 B25
USDA marbling scored SI68 PD00 A b l° Sm20 PD50 A b20
USDA quality  gradee G d51 S t°° Pr70 Gd81 S t25 pr73
Fat th ickness, mm 9.4 4 0 .0 30.5 10.8 2.5 22.9Longissimus muscle area, cm 2 75.5 41.9 110.3 71.7 53.5 92.2
Estim ated kidney, pelvic

and heart fa t, % 1.9 0.5 3.5 2.4 1.0 4.5
Carcass w eight, kg 287 .6 135.2 477.2 255.7 1 6 7 5 316.2
USDA yield grade 2.4 0.0 5.3 2.6 1.2 3.8

Palatab ility attribute
Juiciness7 5.0 3.1 6.9 5.0 3.4 6.0
M yofibrillar tenderness9 5.6 13 7.7 6.2 3.6 7.6
Connective tissue am o u n t71 6.7 4.0 7.9 7.1 5.6 7.8
Overall tenderness9 5.5 1 5 7.7 6.1 3.5 7.4
Flavor desirability1 5.5 3.4 7.0 5.7 3.5 7.0
Overall pala tab ility1 5.2 1.9 7.3 5.6 3.8 6.9
Shear fo rce, kg 5.0 2.3 16.0 3.7 2.4 7.4

b 9=sm all-m inus; 5= m e d lu m -typ ica l; l= la rge-p lus. 
c 9= th ln -m lnus; 5= m ed lum -typ ica l; l= th lc k -p lu s .

A 00  to  A 100  in m aturity  score represents a range In chronological age from  about 9 m onths to  about 30 m onths; B00 to  B100=about 30m onths to  about 42 m onths.
e M arbling score: A b= ab unda nt: Sm =sm all; S l=s llgh t; P D =practlca lly  devoid. 
f Q u a lity  grade: Pr=Prlm e; Ch=Cholce; G d=G ood; S t=Standard (U S D A , 1975).n 8=extrem ely ju icy; l= ex trem ely  dry.S 8=extrem ely tender; 1 = ex trem ely  tough.■ 8=none; l= abu n dan t.

8=extrem ely desirable; l= extrem ely  undesirable.

Table 3 —Mean values for steer and heifer carcass characteristics stratified according to time-on-feed

Steers Heifers

Time-on-feed (days) Time-on-feed (days)

Item 0 30 60 90 100 130 160 200 230 0 90 200

Number of observations 39 29 20 38 40 43 45 37 35 13 15 39

Carcass characteristic . . .
USDA maturity score3 A37de A-Mef A 37de A41def A50fg A54gh A59h A33d A43ef A4 ,

T ' 59f
St84

A51e A”  d
USDA marbling score*3 T r19g SI06' PD729 SI09' Sl95e Sm40“ ' Sm42“ ' Sm85d Sm22' SI57" Sm02
USDA quality gradec St629 Gd13' St369 Gd20' Gd72e Gd89de Gd92de Ch16d Gd8Sde Gd56 ch25“
Fat thickness, mm 2.12d 7.31e 2.22d 6.88e 10.64' 11.34,g 13.019h 12.97gh 14.19h 5.17d 12.19e 12.21 e
Longissimus muscle area, cm2 64.70f 70.10e' 64.76e' 70.22e 81.32d 81.00d 79.78d 81,95d 78.41d 63.39e 72.93d 74.29d
Estimated kidney, pelvic 

and heart fat, % 1.21d 2.409 1.00d 1.74e 2.00' 2.07' 2.379 2.07' 2.17'9 1.71d 3.17' 2.44e
Carcass weight, kg 198.16' 260.43e 197.13' 249.91e 321,40d 322.70d 330.00d 325.41d 326.46d 203.11e 256.90d 270.70d
USDA yield grade 1.36d 2.36e' 1.32d 2.08e 2.58'9 2.61,g 3.03h 2 8 9 gh 3.13h 1.86d 2.89e 2 8 1 e

k A 00 to A *00 in maturity score represents a range in chronological age from about 9 months to about 30 months.
.  Marbling score: Sm=small; Sl=slight; Tr=traces; PD=practically devoid.

Quality grade: Ch=Choice; Gd=Good; St=Standard (USDA, 1975).
d,e,T,g,h Means in the same row and for the same sex class bearing a common superscript letter are not significantly (P>0.05) different.
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P A L A T A B I L I T Y  O F  S T E E R / H E I F E R  R I B  S T E A K S

C a t t l e  f e d  g r a in  h a v e  a d v a n ta g e s  o v e r  t h o s e  f e d  g ra s s  in  
t e n d e r n e s s  ( B o w l in g  e t  a l . ,  1 9 7 7 ;  H a r r i s o n  e t  a l . ,  1 9 7 8 ;  
L e a n d e r  e t  a l . ,  1 9 7 8 ) ,  f l a v o r  d e s i r a b i l i t y  ( B o w l in g  e t  a l . ,  
1 9 7 7 ;  H a r r i s o n  e t  a l . ,  1 9 7 8 ) ,  a n d  o v e r a l l  p a l a t a b i l i t y  a n d  
s h e a r  f o r c e  ( B o w l in g  e t  a l . ,  1 9 7 7 ) .  A s  c a t t l e  a r e  f e d  g r a in  
f o r  l o n g e r  p e r i o d s  o f  t i m e  b e f o r e  s l a u g h t e r ,  t h e r e  is  a  r e 
s u l t i n g  i n c r e a s e  i n  t e n d e r n e s s  ( u p  t o  1 3 9  d a y s ,  E p l e y  e t  a l . ,  
1 9 6 8 ;  u p  t o  1 5 0  a n d  1 8 0  d a y s ,  Z i n n  e t  a l . ,  1 9 7 0 b ) .  I n  t h e  
p r e s e n t  s t u d y  ( T a b l e  4 )  s t e e r s  f e d  g r a in  f o r  1 0 0  d a y s  o r  
l o n g e r  p r o d u c e d  s t e a k s  w i t h  h ig h e r  ( P < 0 . 0 5 )  r a t i n g s  f o r  
t e n d e r n e s s  a n d  o v e r a l l  p a l a t a b i l i t y  a n d  l o w e r  ( P < 0 . 0 5 )  
v a lu e s  f o r  s h e a r  f o r c e  t h a n  d i d  s t e e r s  f e d  9 0  d a y s  o r  le s s ;  
g r a i n - f e e d in g  f o r  1 3 0  d a y s  o r  l o n g e r  r e s u l t e d  i n  t h e  h ig h e s t  
( P < 0 . 0 5 )  f l a v o r  d e s i r a b i l i t y  r a t i n g s  f o r  s t e e r  b e e f ,  a s  w a s  
p r e v io u s ly  r e p o r t e d  b y  T a t u m  e t  a l . ( 1 9 8 0 ) .  S t e a k s  f r o m  
h e i f e r s  f e d  g r a in  f o r  9 0  d a y s  w e r e  le s s  ( P < 0 . 0 5 )  d e s i r a b l e  i n  
j u i c i n e s s  a n d  s h e a r  f o r c e  t h a n  e i t h e r  g r a s s - f e d  b e e f  o r  b e e f  
f r o m  h e i f e r s  f e d  g r a i n  f o r  2 0 0  d a y s .  S t e a k s  f r o m  h e i f e r s  f e d  
g r a i n  f o r  2 0 0  d a y s  h a d  h ig h e r  ( P < 0 . 0 5 )  r a t i n g s  f o r  f l a v o r  
d e s i r a b i l i t y  a n d  o v e r a l l  p a l a t a b i l i t y  t h a n  s t e a k s  f r o m  g ra s s -  
f e d  h e i f e r s .  G r a s s - f e d  s t e e r s  a n d  h e i f e r s  p r o d u c e d  s t e a k s  
w i t h  l o w e r  ( P < 0 . 0 5 )  f l a v o r  r a t i n g s  a n d  n u m e r i c a l l y  l o w e r

o v e r a l l  p a l a t a b i l i t y  r a t i n g s  t h a n  d i d  t h e i r  g r a i n - f e d  c o u n t e r 
p a r t s .  S t e e r s  f e d  g r a in  f o r  1 0 0  d a y s  p r o d u c e d  s t e a k s  t h a t  
w e r e  a s  p a l a t a b l e  a s  t h o s e  f r o m  s t e e r s  f e d  1 3 0 ,  1 6 0 ,  2 0 0  o r  
2 3 0  d a y s ,  h e i f e r s  f e d  g r a in  f o r  9 0  d a y s  p r o d u c e d  s t e a k s  t h a t  
w e r e  a s  p a l a t a b l e  a s  t h o s e  f r o m  h e i f e r s  f e d  2 0 0  d a y s ;  t h u s ,  
e x t e n d i n g  t i m e - o n - f e e d  b e y o n d  1 0 0  d a y s  f o r  s t e e r s  o r  9 0  
d a y s  f o r  h e i f e r s  p r o v i d e d  l i t t l e  a d d i t i o n a l  a s s u r a n c e  o f  
e a t i n g  s a t i s f a c t i o n .

F o r  g r a s s - f e d  c a t t l e ,  3 6 %  ( s t e e r )  a n d  4 3 %  ( h e i f e r )  o f  
s t e a k s  w e r e  “ u n d e s i r a b l e ”  i n  f l a v o r  a n d  4 9 %  ( s t e e r )  a n d  4 3 %  
( h e i f e r )  o f  s t e a k s  w e r e  “ u n d e s i r a b l e ”  i n  o v e r a l l  p a l a t a b i l i t y  
( T a b l e  5 ) .  M o r e  t h a n  9 0 %  o f  t h e  s t e a k s  f r o m  s t e e r s  f e d  
g r a in  f o r  1 0 0  d a y s  o r  l o n g e r  o r  f r o m  h e i f e r s  f e d  g r a i n  f o r  9 0  
o r  2 0 0  d a y s  r e c e iv e d  a t  l e a s t  “ d e s i r a b l e ”  r a t i n g s  f o r  o v e r a l l  
t e n d e r n e s s ,  f l a v o r  d e s i r a b i l i t y  a n d  o v e r a l l  p a l a t a b i l i t y .  
T a t u m  e t  a l . ( 1 9 8 0 )  c o n c l u d e d  t h a t  i n c r e a s in g  t i m e - o n - f e e d  
b e y o n d  1 0 0  d a y s  d id  n o t  s u b s t a n t i a l l y  r e d u c e  t h e  i n c i d e n c e  
o f  “ u n d e s i r a b l e ”  r a t i n g s  f o r  f l a v o r ,  t e n d e r n e s s  o r  o v e r a l l  
p a l a t a b i l i t y .

M e a n  v a lu e s  f o r  p a l a t a b i l i t y  a t t r i b u t e s  o f  s t e a k s  f r o m  
s t e e r  a n d  h e i f e r  c a r c a s s e s  s t r a t i f i e d  b y  t i m e - o n - f e e d  w i t h i n  
U S D A  q u a l i t y  g r a d e  a r e  p r e s e n t e d  i n  T a b l e  6 .  W i t h i n  P r im e ,

Table 4—Mean values for pa latab ility attributes o f steaks from steer carcasses stratified by  time-on-feed

Sensory panel rating
Time- Connective

Sex
class

on-feed
(days)

Number of 
observations Juiciness3

M yofibrillar
tenderness13

tissue
am o u n t0

Overall
tenderness13

Flavor
desirability11

Overall
palatabilityd

Shear 
fo rce, kg

Steer 0 39 5.14 e 5 .0 7 gh 6 .1 5 1 4 .7 7 gh 4 .7 3 h 4 .4 2 s 8 .2 5 s
Steer 30 29 4 .5 49 4 .6 2 h 6J26hl 4 .5 6 h 5 .35fg 4 .5 3 fg 6 .4 2 f
Steer 60 20 4 .6 1 f9 5 .0 7 gh 6 .3 5 hl 5 .0 6 gh 5 .1 1 s 4 .7 5 fg 5 .3 6 f
Steer 90 38 4 .9 6 ef 5 .2 9 s 6 .5 0 gh 5 .1 9 s 5 .27fg 4 5 5 f 5 .6 4 f
Steer 100 40 5 .15 e 6 .0 4 ef 6 .9 3 ef 5 .97ef 5 .5 1 f 5 .5 6 e 4 .3 1 e
Steer 130 43 4 .9 0 ef 5 .8 2 f 6 .68fg 5 .7 2 f 5 .8 7 e 5 .5 8 e 4 .3 4 e
Steer 160 45 5 .16e 5 .90f 6 .7 7 f 5 .7 6 f 5 .86e 5 .5 6 e 4 .2 1 e
Steer 200 37 4 .9 7 ef 5 .90 f 6.9 0ef 5 .7 8 f 5 .9 0 e 5 .6 1 e 3 .85e
Steer 230 35 4 .9 2 ef 6 .40e 7 .09e 6 .3 6 e 5 .93e 5 5 3 e 3 .55e
Heifer 0 13 5 .06e 6.2 2e 7.12 ef 6 .20e 4 .6 8 f 5 .0 2 f 3 .6 9 e
Heifer 90 15 4 .6 5 f 6 .11e 7 .87f 5 .9 6 e 5 .7 4 e 5 .4 7 ef 4 5 9 f
Heifer 200 39 5 .1 5 e 6 .20e 7.18 e 6.19 e 5 .97e 5 .8 3 e 3 .3 0 e
3 8 = e x tre m e ly  ju ic y ;  l= e x t re m e ly  d ry . 
b 8 = e x tre m e ly  te n d e r ; l= e x t re m e ly  to u g h .
9 8 = n o n e ; l= a b u n d a n t .
“  8 = e x tre m e ly  d e s ira b le ; l= e x t re m e ly  u n d e s ira b le .
e ,f ,g ,h ,i  M eans in  th e  sam e co lu m n  an d  fo r  th e  sam e se x  c la ss  b earin g  a c o m m o n  su p e rsc r ip t  le tte r  are  n o t s ig n if ic a n t ly  (P > 0 .0 5 )  d if fe re n t .

Table 5—Frequency percentages o f  steaks from steer and heifer carcasses w ithin each o f three levels o f overall tenderness, flavor desirability and  
overall pa latability stratified according to time-on-feed

Steers Heifers
Time-on-feed (days)________________________________ Tim e-on-feed (days)

Item 0 30 60 90 100 130 160 200 230 0 90 200

Num ber of observations 39 29 20 38 40 43 45 37 35 13 15 39
Overall tenderness3

"V ery desirable" 33.3 13.8 10.0 31.6 55.0 4 1 5 46.7 40.5 80.0 71.4 60.0 76.9"D esirable" 25.7 34.5 80.0 36.8 45.0 51.2 53.3 54.1 20.0 21.4 33.3 23.1"U ndesirable" 41.0 51.7 10.0 31.6 - 7.0 - 5.4 - 7.2 6.7 —

Flavor desirab ility3
"V ery desirable" - 3.4 10.0 15.8 22.5 4 8 5 57.8 48.6 42.9 — 33.3 53.8"D esirable" 64.1 89.7 80.0 63.2 72.5 51.2 42.2 51.4 57.1 57.1 66.7 46.2"U ndesirable" 35.9 6.9 10.0 21.0 5.0 - - - - 4 2 5 — —

Overall pa latability3
"V ery desirable" i n - 5.0 15.8 37.5 34.9 33.3 40.5 48.6 14.3 26.7 46.2"D esirable" 43.6 58.6 65.0 47.4 55.0 5 5 5 60.0 54.1 48.6 42.9 66.7 48.7"U ndesirable" 48.7 41.4 30.0 36.8 7.5 9.3 6.7 5.4 2 5 42.8 6.6 5.1

a “ V e r y  d e s lra b le ” = m ean se n so ry  panel ra ting s o f 6 .0 0  o r h ig h e r ; “ D e s lra b le "= m e a n  se n so ry  panel ra ting s o f  4 .5 0 —5 .9 9 ;  " U n d e s ira b le ” = m ean 
se n so ry  p ane l ra ting s lo w e r  th an  4 .5 0 .
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n o  d i f f e r e n c e s  ( P > 0 . 0 5 )  i n  a n y  o f  t h e  p a l a t a b i l i t y  a t t r i b u t e s  
w e r e  a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  t im e - o n - f e e d  o f  t h e  c a t t l e  
t h a t  p r o d u c e d  P r im e  b e e f .  A d m i t t e d l y ,  t h e  n u m b e r s  o f  
o b s e r v a t i o n s  i n  c e r t a i n  g r a d e  X  t im e - o n - f e e d  c e l l s  i n  T a b l e  6  
a r e  v e r y  l i m i t e d  b u t  t h e r e  is  s o m e  e v id e n c e  t h a t  b e e f  f r o m  
s t e e r s  f e d  f o r a g e  o n l y  a n d  f r o m  t h o s e  f e d  g r a in  f o r  3 0  d a y s  
a n d  g r a d e d  C h o ic e  o r  G o o d  is  d e f i c i e n t  i n  t e n d e r n e s s  a n d  
o v e r a l l  p a l a t a b i l i t y  i n  c o m p a r i s o n  t o  b e e f  f r o m  s t e e r s  f e d  
g r a in  f o r  1 3 0  d a y s  o r  l o n g e r  t h a t  g r a d e d  C h o ic e  o r  G o o d ,  
r e s p e c t i v e ly .  S t e a k s  f r o m  h e i f e r s  f e d  2 0 0  d a y s  t h a t  g r a d e d  
C h o ic e  r e c e iv e d  h ig h e r  ( P < 0 . 0 5 )  r a t i n g s  f o r  a l l  s e n s o r y  
p a n e l  c h a r a c t e r i s t i c s  a n d  h a d  l o w e r  ( P < 0 . 0 5 )  s h e a r  f o r c e  
v a lu e s  t h a n  s t e a k s  f r o m  c a r c a s s e s  g r a d in g  C h o ic e  f r o m  
h e i f e r s  f e d  g r a in  f o r  9 0  d a y s .  W i th in  t h e  G o o d  g r a d e ,  s t e a k s  
f r o m  h e i f e r s  f e d  0  d a y s  o n  g r a in  w e r e  s c o r e d  t h e  l o w e s t  
( P < 0 . 0 5 )  i n  f l a v o r  d e s i r a b i l i t y  b u t  d id  n o t  d i f f e r  in  a n y  
o t h e r  s e n s o r y  a t t r i b u t e .

M e a n  v a lu e s  f o r  p a l a t a b i l i t y  a t t r i b u t e s  o f  s t e a k s  f r o m  
s t e e r  a n d  h e i f e r  c a r c a s s e s  s t r a t i f i e d  b y  U S D  A  q u a l i t y  
g r a d e  w i t h i n  t im e - o n - f e e d  a r e  p r e s e n t e d  in  T a b l e  7 . I f  g r a d e  
w a s  m o r e  i m p o r t a n t  t h a n  f e e d in g  h i s t o r y  i n  d e t e r m i n i n g  
p a l a t a b i l i t y  o f  c o o k e d  b e e f  i n  t h i s  p o p u l a t i o n  o f  r i b  s t e a k s ,  
t h e  p r e d o m i n a n c e  o f  c o m p a r i s o n s  o f  p a l a t a b i l i t y  r a t i n g s  
a n d  s h e a r  f o r c e  v a lu e s  b e t w e e n  g r a d e s  ( w i t h i n  t i m e - o n - f e e d

s t r a t a )  s h o u l d  b e  s i g n i f i c a n t l y  d i f f e r e n t ;  s u c h  w a s  n o t  t h e  
c a s e .  T h e r e  a r e  2 5 9  p o s s i b l e  c o m p a r i s o n s  o f  r a t i n g s  o r  
v a lu e s  ( b e t w e e n  g r a d e s  w i t h i n  t i m e - o n - f e e d  s t r a t a )  in  T a b le  
7 ; h ig h e r  g r a d in g  b e e f  ( e .g . ,  P r im e  i n  a  P r im e  v s  C h o ic e  
c o m p a r i s o n )  w a s  s i g n i f i c a n t l y  m o r e  p a l a t a b l e  t h a n  lo w e r  
g r a d in g  b e e f  ( e .g . ,  G o o d  i n  a  C h o ic e  v s  G o o d  c o m p a r i s o n )  
i n  o n l y  2 4  o f  t h o s e  2 5 9  c o m p a r i s o n s .  F o r  o v e r a l l  p a l a t a b i l i t y ,  
P r im e  h a d  h i g h e r  ( P < 0 . 0 5 )  r a t i n g s  t h a n  C h o ic e  i n  0 %  ( 0  o f
4 )  t i m e - o n - f e e d  s t r a t a ;  c o m p a r a b l e  p e r c e n t a g e s  w e r e  2 5 %  (1  
o f  4 )  f o r  P r im e  v s  G o o d ,  5 0 %  (1  o f  2 )  f o r  P r im e  v s. S t a n 
d a r d ,  2 0 %  ( 2  o f  1 0 )  f o r  C h o ic e  v s  G o o d ,  3 7 .5 %  ( 3  o f  8 )  f o r  
C h o ic e  v s  S t a n d a r d  a n d  1 1 .1 %  (1  o f  9 )  f o r  G o o d  v s  S t a n 
d a r d .  I n  a  c o m p o s i t e  o f  a l l  c o m p a r i s o n s  b e t w e e n  g r a d e s  
w i t h i n  t im e - o n - f e e d  s t r a t a ,  h ig h e r  g r a d in g  c a r c a s s e s  p r o d u c e d  
r i b  s t e a k s  w i t h  h ig h e r  ( P < 0 . 0 5 )  p a l a t a b i l i t y  r a t i n g s  o r  l o w e r  
( P < 0 . 0 5 )  s h e a r  f o r c e  v a lu e s  9 .3 %  ( 2 4  o f  2 5 9  c o m p a r i s o n s )  
o f  t h e  t i m e  a n d  w i t h  h i g h e r  ( P < 0 . 0 5 )  o v e r a l l  p a l a t a b i l i t y  
r a t i n g s  2 1 .6 %  ( 8  o f  3 7  c o m p a r i s o n s )  o f  t h e  t i m e .  W ith in  
t h e  1 0 0 ,  1 3 0 ,  1 6 0 ,  2 0 0  a n d  2 3 0  d a y  t i m e - o n - f e e d  s t r a t a  f o r  
b o t h  s t e e r s  a n d  h e i f e r s  ( 2 0 0  d a y s  o n l y ) ,  f e w  ( 1 6  o f  1 6 8  
p o s s ib l e  c o m p a r i s o n s  o f  r a t i n g s  o r  v a lu e s )  s i g n i f i c a n t  
d i f f e r e n c e s  i n  p a l a t a b i l i t y  w e r e  f o u n d  b e t w e e n  r i b  s t e a k s  
f r o m  c a r c a s s e s  o f  d i f f e r e n t  U S D A  q u a l i t y  g r a d e s .  S im i l a r  
r e s u l t s  w e r e  r e p o r t e d  b y  T a t u m  e t  a l .  ( 1 9 8 0 )  w h o  c o n c l u d e d

Table 6 —Mean values for pa latab ility attributes o f  steaks from steer and heifer carcasses stratified by time-on-feed w ithin USDA quality grade

Sensory panel rating
USDA Time- Connective

Sex
class

quality
grade

on-feed
(days) N Juiciness3

M yofibrillar
tenderness0

tissue
am o u n t0

Overall
tenderness13

Flavor
desirability0

Overall
palatability01

Shear 
force, kg

Steer Prime 130 2 5 .60e 6 .75e 7.25e 6 .60e 6 .4 0 e 6 .5 0 e 3 .6 3 e
Steer Prime 160 2 5 .60e 5 .40e 6 .60e 5 .40e 6 .4 5 e 5 .70e 5 .2 2 e
Steer Prime 200 1 5 .80e 4 .9 0 e 6 .10e 4 .6 0 e 5 .0 0 e 5 .0 0 e 4 .8 3 e
Steer Choice 0 1 4 .8 0 e 1,90h 4 .90  9 1.80h 3 5 5 9 2 .00h 12 .24h
Steer Choice 30 2 4 .4 0 e 4 .6 0 3 6 .5 5 f 4 .7 0 9 5 .7 0 ef 4 .6 0 9 6 .6 0 9
Steer Choice 90 4 5 .0 5 e 5 .70fg 6 .88ef 5 .75fg 5 .3 3 f 5 .33fg 4 .5 0 f
Steer Choice 100 20 5 .3 2 e 6 .12ef 6 .9 3 ef 6 .0 9 ef 5 .4 9 f 5 .6 5 fg 4 .0 4 f
Steer Choice 130 22 5 .1 1 e 6 .0 5 f 6 .68f 5 .9 8 f 5 .9 9 e 5 .84ef 4 .0 4 f
Steer Choice 160 25 5 .2 4 e 5 .9 7 f 6 .7 2 f 5 .7 8 fg 5 .9 0 e 5 .58fg 3 .91f
Steer Choice 200 26 5 .0 5 e 5 .9 5 f 6 .9 4 ef 5 S 5 fg 5 .9 6 e 5 .70f 3 .8 7 f
Steer Choice 230 20 5 .1 8 e 6 .5 7 e 7 .18e 6.51e 6 .02e 6 .11e 3 .3 8 e
Steer Good 0 3 4 .7 0 e 6 .07e 6 .7 3 ef 5 .83e 4 .7 0 f 4 .8 0 ef 10.7113
Steer Good 30 13 4 .8 4 e 4 .6 2 f 6 .2 6 f 4 .5 2 f 5 .3 8 ef 4 .5 4 f 6 .3 0 9
Steer Good 90 17 5 .13e 5 .9 7 e 6 .8 2 e 5 .85e 5 .5 0 e 5 .4 4 e 4 .8 1 f
Steer Good 100 10 5 .00e 5 .9 3 e 6 .8 9 e 5.78e 5 .4 1 ef 5 .34e 4 .4 1 ef
Steer Good 130 9 4 .4 9 e 5 .4 9 e 6 .7 4 e 5 .41e 5 .80e 5 .2 1 ef 4 .5 2 ef
Steer Good 160 9 5 .2 1 e 5 .88e 6 .8 2 e 5 .86e 5 .80e 5 .6 4 e 4 .6 4 ef
Steer Good 200 10 4 .6 8 e 5 .88e 6 .8 9 e 5 .7 0 e 5 .82e 5 .4 4 e 3 .7 2 e
Steer Good 230 10 4 .8 6 e 6 .22e 7 .0 4 e 6 .2 6 e 5 .8 7 e 5 .8 9 e 3 .7 5 e
Steer Standard 0 35 5 .1 8 e 5 .0 7 ef 6 .1 4 h 4 .7 7 f 4 .7 79 4 .4 5 gh 7 .92f
Steer Standard 30 14 4 .2 9 9h 4 .6 4 f 6 .21gh 4 .5 8 f 5 .2 8 ef 4 .5 1 gh 6 .5 0 ef
Steer Standard 60 20 4 .6 1 fgh 5 .0 7 ef 6 .3 5 fgh 5 .0 6 ef 5 .1 1fg 4 .7 5 fgh 5 .3 6 e
Steer S tandard 90 17 4 .7 7 fg 4 .5 1 f 6 .10h 4 .3 9 f 5 .0 2 fg 4 .1 6 h 6 .7 4 ef
Steer S tandard 100 10 4 .9 8 ef 5 .9 8 e 6 5 8 e 5 .9 2 e 5 .6 7 ef 5 .6 1 e 4 .7 7 e
Steer S tandard 130 10 4 .6 8 efg 5 .4 2 ef 6 4 9 efgh 5 .25ef 5 .5 5 ef 5 .1 7efg 4 .9 9 e
Steer S tandard 160 9 4 8 0 efg 5 .8 7 e 6 .8 9 ef 5 .71e 5 .7 1 e 5 .38ef 4 .4 1 e
Steer S tandard 230 5 3 .9 8 h 6 .10e 6 .88efg 5.96e 5 .6 8 ef 5 .3 0 efg 3 .85e
Heifer Choice 90 3 4 .5 3 f 5 .07f 6 .1 3 f 4 .9 7 f 5 .40f 4 .7 3 f 5 .38f
Heifer Choice 200 26 5 .2 6 e 6 .2 8 e 7 .20e 6 .2 7 e 6 .0 8 e 5 .9 7 e 3 .18e
Heifer Good 0 4 5 .1 0 e 6 .20e 7 .0 5 e 6 .15e 4 .7 5 f 5 .3 3 e 3 .7 8 ef
Heifer Good 90 10 4 .6 6 e 6 .5 2 e 7 .0 8 e 6 .37e 5 .8 9 e 5 .82e 4 .8 5 f
Heifer Good 200 10 4 .7 4 e 5 .95e 7 .2 1 e 5 .98e 5 .7 6 e 5 .5 1 e 3 .7 2 e
Heifer Standard 0 9 5 .0 4 e 6 .2 3 e 7 .1 6 e 6 .22e 4 .6 4 e 4 .8 9 e 3 .65e
Heifer Standard 90 2 4 .7 5 e 5 .6 0 e 6 .9 5 e 5 .40e 5 .5 0 e 4 5 5 e 4 .3 8 e
3 8 = e x tre m e ly  ju ic y ;  l= e x t re m e ly  d ry .
°  8 = e x tre m e ly  te n d e r ; l= e x t re m e ly  to u g h .
0 8 = n o n e ; l= a b u n d a n t .
d 8 = e x tre m e ly  d e s ira b le ; l= e x t re m e ly  u n d e s ira b le .
e ,f ,g ,h  M eans in  the  sam e c o lu m n , fo r  th e  sam e se x  c la ss  an d  U S D A  q u a lity  g rade , bearing  a c o m m o n  su p e rsc r ip t  le tte r  a re  n o t s ig n if ic a n t ly  

(P > 0 .0 5 )  d iffe re n t .
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P A  L A T A B I L I T Y  O F  S T E E R / H E I F E R  R I B  S T E A K S .  . .
t h a t  s t e a k s  f r o m  s t e e r s  f e d  1 0 0  d a y s  o r  l o n g e r  o n  a  h ig h -  
c o n c e n t r a t e  d i e t  w e r e  s im i l a r  i n  p a l a t a b i l i t y ,  i r r e s p e c t i v e  o f  
q u a l i t y  g r a d e .

I n  d a t a  n o t  p r e s e n t e d  i n  t a b u l a r  f o r m ,  s t e a k s  f r o m  a ll  
s t e e r  a n d  h e i f e r  c a r c a s s e s  g r a d in g  C h o ic e  ( N = 1 4 9 )  w e r e  
r a t e d  h ig h e r  ( P < 0 . 0 5 )  f o r  j u i c in e s s ,  t e n d e r n e s s ,  f l a v o r  
d e s i r a b i l i t y  a n d  o v e r a l l  p a l a t a b i l i t y  a n d  h a d  l o w e r  ( P < 0 . 0 5 )  
s h e a r  f o r c e  v a lu e s  t h a n  d id  a l l  s t e e r  a n d  h e i f e r  c a r c a s s e s  
g r a d in g  G o o d  ( n = 1 0 5 ) .  A s  a  t e s t  o f  t h e  h y p o t h e s i s  o r ig in a l ly  
m a d e  b y  T a t u m  e t  a l .  ( 1 9 8 0 )  t h a t  s o m e  r e q u i r e d  t i m e - o n -  
f e e d  m in i m u m  c o u ld  b e  u s e d  t o  m a k e  p o s s i b l e  a  l o w e r in g  o f  
t h e  m in i m u m  m a r b l i n g  r e q u i r e m e n t  f o r  t h e  U .S . C h o ic e  
g r a d e ,  d a t a  p r e s e n t e d  i n  T a b l e  8 w e r e  a s s e m b l e d .  T h e  
p o s t u l a t i o n  t o  b e  t e s t e d  w a s  t h a t  c a r c a s s e s  w i t h  a  m i n im u m -  
s l i g h t  ( t h e  p r e s e n t  m i n i m u m  m a r b l i n g  r e q u i r e m e n t  f o r  t h e
U .S . G o o d  g r a d e )  a m o u n t  o f  m a r b l i n g  w o u l d  p r o d u c e  
s t e a k s  w h i c h  a r e  a s  p a l a t a b l e  a s  t h o s e  f r o m  U .S . C h o ic e  
c a r c a s s e s  i f  t h e  s t i p u l a t i o n  w a s  t h a t  t h e  c a t t l e  w h i c h  p r o 
d u c e d  c a r c a s s e s  w i t h  m in im u m - S l i g h t  m a r b l i n g  h a d  t e e n  f e d  
a  h i g h - c o n c e n t r a t e  r a t i o n  f o r  9 0  d a y s  o r  m o r e  o r  f o r  1 0 0  
d a y s  o r  m o r e .

D a t a  in  T a b l e  8  s u p p o r t  s u c h  a  h y p o t h e s i s —lo w - G o o d  
c a r c a s s e s  f r o m  c a t t l e  f e d  0 —2 3 0  d a y s  p r o d u c e d  s t e a k s  
w h i c h  d i f f e r e d  ( P < 0 . 0 5 )  f r o m  t h o s e  o f  C h o ic e  c a r c a s s e s  i n  
f l a v o r ,  t e n d e r n e s s ,  s h e a r  f o r c e  a n d  o v e r a l l  p a l a t a b i l i t y ;  
h o w e v e r ,  lo w - G o o d  c a r c a s s e s  f r o m  c a t t l e  f e d  9 0  d a y s  o r  
m o r e  p r o d u c e d  s t e a k s  t h a t  w e r e  s t a t i s t i c a l l y  e q u i v a l e n t  i n  
p a l a t a b i l i t y  t o  t h o s e  s t e a k s  f r o m  C h o ic e  c a r c a s s e s .  I d e n t i c a l  
r e s u l t s  w e r e  o b t a i n e d  w h e n  s t e a k s  f r o m  lo w - G o o d  c a r c a s s e s  
f r o m  c a t t l e  f e d  1 0 0  d a y s  o r  m o r e  w e r e  c o m p a r e d  t o  s t e a k s  
f r o m  C h o ic e  c a r c a s s e s —s t e a k s  f r o m  lo w - G o o d  c a r c a s s e s  
w e r e  s t a t i s t i c a l l y  e q u i v a l e n t  i n  p a l a t a b i l i t y  t o  t h o s e  s t e a k s  
f r o m  C h o ic e  c a r c a s s e s .  A p p l y i n g  s im i la r  l o g ic  in  a n  a t t e m p t  
t o  s u p p o r t  i n c l u s io n  o f  c a r c a s s e s  t h a t  p r e s e n t l y  g r a d e  h ig h  
S t a n d a r d  in  a  “ n e w ”  C h o ic e  g r a d e  w a s  o n l y  p a r t i a l l y  
s u c c e s s f u l—r ib  s t e a k s  f r o m  h i g h - S t a n d a r d  c a r c a s s e s  w e r e  n o t  
i n t e r c h a n g e a b l e  w i t h  t h o s e  f r o m  C h o ic e  c a r c a s s e s  i f  t h e  
t i m e - o n - f e e d  c o n s t r a i n t  w a s  9 0  d a y s  b u t  t h e y  w e r e  i n t e r 
c h a n g e a b l e  w i t h  t h o s e  f r o m  C h o ic e  c a r c a s s e s  i f  t h e  t i m e - o n -  
f e e d  c o n s t r a i n t  w a s  1 0 0  d a y s .  D a t a  s u g g e s t  t h a t  t h e  m i n i 
m u m  m a r b l i n g  r e q u i r e m e n t  f o r  t h e  U .S .  C h o ic e  g r a d e  c o u l d  
b e  l o w e r e d  f r o m  m in im u m - S m a l l  t o  m i n im u m - S l i g h t  w i t h

Table 7 -M ean values for palatability attributes o f steaks from steer and heifer carcasses stratified by USDA quality grade w ithin time-on-feed

________________________ Sensory panel rating
Time- USDA Connective

Sex
class

on-feed
(days)

quality
grade N Juiciness3

M yofibrillar
tenderness0

tissue
am o u n t0

Overall
tenderness13

Flavor
desirability0

Overall
palatabilityd

Shear 
fo rce, kg

Steer 0 Choice 1 4 .8 0 e 1.90f 4 .9 0 e 1.80f 3 .5 0 e 2 .00e 12 .24e
Steer 0 Good 3 4 .7 0 e 6 .07e 6 .73e 5 .8 3 e 4 .70e 4 .8 0 e 10.71e
Steer 0 Standard 35 5 .18e 5 .07e 6 .1 4 e 4 .7 7 e 4 .7 7 e 4 .4 5 e 7 .92e
Steer 30 Choice 2 4 .4 0 e 4 .6 0 e 6 .5 5 e 4 .7 0 e 5 .70e 4 .6 0 e 6 .6 0 e
Steer 30 Good 13 4 .8 4 e 4 .6 2 e 6 .26e 4 .5 2 e 5 .38e 4 .5 4 e 6 .3 0 e
Steer 30 Standard 14 4 .2 9 e 4 .6 4 e 6 .21e 4 .5 8 e 5 .2 8 e 4 .5 1 e 6 .5 0 e
Steer 60 Standard 20 4.61 5.07 6.35 5.06 5.11 4 .75 5.36
Steer 90 Choice 4 5 .05e 5 .7 0 ef 6 .88e 5 .7 5 e 5 .3 3 ef 5 .3 3 e 4 .5 0 e
Steer 90 Good 17 5 .13e 5 .9 7 e 6 .8 2 e 5 .85e 5 .50e 5 .4 4 e 4 3 1 e
Steer 90 Standard 17 4 .7 7 e 4 .5 1 f 6 .10e 4 .3 9 f 5 .02f 4 .1 6 f 6 .7 4 f
Steer 100 Choice 20 5 .3 2 e 6 .12e 6 3 3 e 6 .0 9 e 5 .4 9 e 5 .6 5 e 4 .0 4 e
Steer 100 Good 10 5 .0 0 e 5 .93e 6 .89e 5 .7 8 e 5 .4 1 e 5 .3 4 e 4 .4 1 ef
Steer 100 Standard 10 4 .9 8 e 5 .98e 6 .9 8 e 5 .92e 5 .67e 5 .6 1 e 4 .7 7 f
Steer 130 Prime 2 5 .60e 6 .75e 7 .25e 6 .6 0 e 6 .4 0 e 6 .5 0 e 3 .6 3 e
Steer 130 Choice 22 5 .11e 6 .05e 6 .68e 5 .98e 5 .9 9 e 5 .8 4 e 4 .0 4 e
Steer 130 Good 9 4 .4 9 e 5 .49e 6 .74e 5 .41e 5 .80e 5 .2 1 f 4 .5 2 ef
Steer 130 Standard 10 4 .6 8 e 5 .4 2 e 6 .49e 5 .2 5 e 5 .55e 5 .17f 4 .9 9 f
Steer 160 Prime 2 5 .6 0 e 5 .40e 6 .6 0 e 5 .4 0 e 6 .45e 5 .7 0 e 5 .2 2 f
Steer 160 Choice 25 5 .2 4 e 5 .9 7 e 6 .7 2 e 5 .7 8 e 5 .90e 5 .58e 3 .9 1 e
Steer 160 Good 9 5 .2 1 e 4 .8 8 e 6 .8 2 e 5 .8 6 e 5 .80e 5 .6 4 e 4 .6 4 f
Steer 160 Standard 9 4 .8 0 e 5 .3 7 e 6 .8 9 e 5 .7 1 e 5 .71e 5 .3 8 e 4 .4 1 ef
Steer 200 Prime 1 5 .8 0 e 4 .9 0 e 6 .10e 4 .6 0 e 5 .00f 5 .0 0 e 4 3 3 e
Steer 200 Choice 26 5 .0 5 e 5 .9 5 e 6 .94e 5 .8 5 e 5 .96e 5 .7 0 e 3 .8 7 e
Steer 200 Good 10 4 .6 8 e 5 .3 8 e 6 .8 9 e 5 .7 0 e 5 .82e 5 .4 4 e 3 .72e
Steer 230 Choice 20 5 .18e 6 .5 7 e 7 .18e 6 .5 1 e 6 .02e 6 .11e 3 .38e
Steer 230 Good 10 4 5 6 e 6 .22e 7 .0 4 e 6 .2 6 e 5 .8 7 e 5 .89ef 3 .75e
Steer 230 Standard 5 3 .98f 6 .10e 6 .88e 5 .9 6 e 5 .68e 5 .30f 3 .8 5 e
Heifer 0 Good 4 5 .10e 6 .20e 7 .05e 6 .1 5 e 4 .7 5 e 5 .3 3 e 3 .7 8 e
Heifer 0 Standard 9 5 .0 4 e 6 .2 3 e 7.16e 6 .22e 4 .64e 4 .89e 3 .6 5 e
Heifer 90 Choice 3 4 .5 3 e 5 .0 7 f 6 .1 3f 4 .9 7 f 5 .40e 4 .73f 5 .3 8 e
Heifer 90 Good 10 4 .6 6 e 6 .5 2 e 7.08e 6 .3 7 e 5 .8 9 e 5 .82e 4 .8 5 eHeifer 90 Standard 2 4 .7 5 e 5.S0ef 6 .95e 5 .4 0 ef 5 .5 0 e 4 3 5 ef 4 .3 8 e
Heifer 200 Prime 3 5 .5 3 e 6 .2 7 e 6 .9 0 e 6 .1 7 e 5 .7 7 e 5 .6 3 ef 2 .9 5 eHeifer 200 Choice 26 5 .2 6 e 6 .2 8 e 7 .19e 6 .2 7 e 6 .08e 5 .9 7 e 3 .1 8 eHeifer 200 Good 10 4 .7 4 f 5 .9 5 e 7 .21e 5 .9 8 e 5 .76e 5 .5 1 f 3 .7 2 f
3 8=extrem ely juicy; l= ex trem ely  dry.D 8=extrem ely tender; l= extrem ely  tough. e 8=none; l= abu n dan t.a 8=extrem ely desirable; l= extrem ely  undesirable.
e,f Means in the same colum n and for th e  same sex class and tim e-on-feed group bearing a com m on superscript le tte r are n o t significantly (P > 0 .05) different.
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Table 8—Mean values for pa latability attributes o f steaks from steer and heifer carcasses (combined) for specified groupings, by USDA quality 
grade, o f rib  steaks

USDA
quality
grade3

Choice (0 to 230 days);
Good and/or Standard (0 to 230 days)b

Choice (0 to 230 days);
Good and/or Standard (90 to 230 days)c

Choice (0 to 230 days);
Good and/or Standard (100 to 230 days)d

N
Flavor

ratinge

Overall
tenderness

ratingf

Overall
palatability

ratinge

Shear
force

kg N
Flavor

ratinge

Overall
tenderness

ratingf

Overall
palatability

ratinge

Shear
force,

kg N
Flavor

ratinge

Overall
tenderness

ratingf

Overall
palatability

ratinge

Shear
force

kg

Choice 149 5.879 5.999 5.739 3889 149 5B79 5.999 5.739 3.889 149 5.879 5.999 5 .7 39 3.889
High Good 35 5.62gfl 5.749*1 5.42gh 4.82h 31 5.689 5.869 5.529 4.389 21 5.62g 5.699 5.35 9 4.199
Avg Good 27 5.66gh 6.039 5.61gh 4.83h 21 5.759 5.999 5.639 4.519 13 5.849 6.009 5.689 4.099
Low Good 43 5.55h 5.55h 5.20h 4.62h 33 5.719 5.88g 5.489 4.199 24 5.799 5889 5.569 4.059

Choice 149 5.879 5.999 5.739 3.88g 149 5.879 5.999 5.739 3.889 149 5.879 5.999 5.739 3.889
High Good 35 5.62sh 5.749*1 5.42gh 4.82h 31 5.68gh 5.86gh 5.52g 4.389 21 5.62g 5.699 5.359 4.199
Avg Good 27 5.66gh 6.039 5.61gh 4.83h 21 5.759 5.999 5.639 4.519 13 5.849 6.009 5.689 4.099
Low Good 43 5.55h 5.55hi 5.20hi 4.62h 33 5.71gh 5.88gh 5.48gh 4.199 24 5.799 5889 5.569 4.059
High Std 74 5.24* 5.29* 4.86* 5.71* 40 5.55h 5.40h 5.07h 5.26h 27 5.729 5.759 5.439 4.61h

’  USDA (1975).
D Choice carcasses were from steers fed 0— 230 days and from heifers fed 0— 200 days; Good and/or Standard carcasses were from steers fed 0— 230 days and from heifers fed 0—  

20 0  days.
c Choice carcasses were from steers fed 0— 230 days and from heifers fed 0— 200 days; Good and/or Standard carcasses were from steers fed 90— 230 days and from heifers fed 

90 or 200 days.
d Choice carcasses were from steers fed 0— 230 days and from heifers fed 0— 200 days; Good and/or Standard carcasses were from steers fed 100— 230 days and from heifers fed 

200 days.
® 8=extremely desirable; l=extremely undesirable.
'  8=extremely tender; l=extremely tough.
9«h«' Means in the same column and for the same grade comparison bearing a common superscript letter are not significantly (P>0.05) different.

n o  a p p r e c i a b l e  lo s s  o f  c o o k e d  r i b  s t e a k  p a l a t a b i l i t y  i f  t h e  
s t i p u l a t i o n  w a s  m a d e  ( a n d  a d h e r e n c e  t o  t h e  p r o v i s o  c o u ld  
b e  “ c e r t i f i e d ” ) t h a t  c a t t l e  w i t h  l o w e r  t h a n  p r e s e n t l y  r e q u i r e d  
m a r b l i n g  a m o u n t s  h a d  b e e n  f e d  a  h i g h - c o n c e n t r a t e  r a t i o n  
f o r  a t  l e a s t  9 0  d a y s .
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S t o r a g e ,  F u n c t i o n a l  a n d  P r o c e s s i n g  C h a r a c t e r i s t i c s  o f  P r e -  a n d  

P o s t r i g o r  B e e f  P r e b l e n d s  f o r  W i e n e r  P r o d u c t i o n

A. ABU-BAKAR, J. O. REAGAN, R. L. WYNNE, and J. A. CARPENTER

--------------------------------ABSTRACT----------------------------------
Pre- and postrigor coarse ground beef was preblended with either 
salt, salt plus antioxidants or salt plus nitrite and stored for an 
extended period of time at 2°C. Although prerigor preblends had a 
lower pH and more salt-extractable protein, smokehouse yields for 
pre- and postrigor wiener batters were similar. Wieners prepared 
from prerigor raw materials were generally more acceptable in 
appearance, flavor and juiciness and more desirable than wieners 
prepared from postrigor raw materials. Desirable sausage making 
qualities of prerigor beef raw material can be maintained by pre
blending raw material with 3% salt plus 60 ppm nitrite, packaging 
preblends to minimize exposure to air and storing at 2°C for up to 28 days. Addition of a mixture of butylated hydroxyanisole, buty- 
lated hydroxytoluene and citric acid to the preblend had no effect 
on functional quality of the raw materials.

INTRODUCTION
I N D U S T R Y  E X P E R I E N C E  h a s  s h o w n  t h a t  m o r e  d e s i r a b l e  
p r o d u c t s  a r e  m a n u f a c t u r e d  w h e n  p r e r i g o r  r a w  m a t e r i a l s  
a r e  u s e d  i n  m e a t  b a t t e r  f o r m u l a t i o n s .  A c t o n  a n d  S a f f le
( 1 9 6 9 )  d e m o n s t r a t e d  t h a t  p r e r i g o r  m e a t  c o u ld  e m u l s i f y  
2 2 .4 %  m o r e  f a t  t h a n  p o s t r i g o r  m e a t .  T h e s e  w o r k e r s  a ls o  
r e p o r t e d  t h a t  p r e b l e n d i n g  p r e r i g o r  m e a t  w i t h  i c e ,  s o d iu m  
c h l o r i d e ,  a s c o r b i c  a c id  a n d  s o d iu m  n i t r i t e  1 4 —2 4  h r  b e f o r e  
p r o c e s s i n g  r e s u l t e d  i n  a  g r e a t e r  e m u l s i f y in g  a b i l i t y  ( c a  
7 0 % )  t h a n  f r o z e n  p o s t r i g o r  m e a t s  s im i la r l y  p r e b l e n d e d .  
T h e  a d d i t i o n  o f  2 %  s a l t  t o  p r e r i g o r  b e e f  i n h i b i t s  t o t a l  
g ly c o g e n  b r e a k d o w n  in  t h e  m u s c l e  f i b e r s ,  t h u s ,  t h e  u l t i m a t e  
p H  o f  t h e  m e a t  r e m a i n s  h ig h e r  t h a n  f o r  m e a t  w h i c h  h a s  
g o n e  i n t o  r i g o r  w i t h o u t  t h e  a d d i t i o n  o f  s a l t  ( H a m m ,  1 9 7 7 ) .

A t  t h e  p r e s e n t  t i m e ,  o n l y  a  p o r t i o n  o f  t h e  p r o c e s s o r s  a r e  
t a k i n g  a d v a n t a g e  o f  t h e  s u p e r i o r  s a u s a g e - m a k in g  q u a l i t i e s  
o f  p r e r i g o r  r a w  m a t e r i a l s  i n  t h e  p r e p a r a t i o n  o f  p r o c e s s e d  
m e a t  i t e m s .  W i th  t h e  in c r e a s in g  c o s t  o f  e n e r g y ,  t h e  u s e  o f  
p r e r i g o r  r a w  m a t e r i a l s  s h o u l d  r e c e iv e  g r e a t e r  a c c e p t a n c e  
b y  t h e  i n d u s t r y ,  m a k in g  p r e r i g o r  p r e b l e n d e d  r a w  m a t e r i a l s  
c o m m e r c i a l l y  i m p o r t a n t .  F e w  s tu d i e s  h a v e  b e e n  c o n d u c t e d  
t o  e v a lu a t e  t h e  c h a n g e s  i n  t h e  c h e m i c a l ,  m ic r o b i o l o g i c a l  o r  
p r o c e s s i n g  p r o p e r t i e s  o f  p r e r i g o r  r a w  m a t e r i a l s  d u r in g  e x 
t e n d e d  s t o r a g e  p e r i o d s  a t  c o o l e r  t e m p e r a t u r e s .  I n  a  p r e v io u s  
s t u d y ,  R e a g a n  e t  a l .  ( 1 9 8 1 )  s t o r e d  p r e r i g o r  b e e f  p r e b l e n d s  
c o n t a i n i n g  e i t h e r  3 o r  5 %  s a l t  f o r  a  p e r i o d  o f  2 1  d a y s  w i t h 
o u t  s ig n i f i c a n t  in c r e a s e s  i n  m i c r o b i a l  n u m b e r s  o r  d e t e r i o r a 
t i o n  o f  p r o c e s s i n g  p r o p e r t i e s  o f  t h e  p r e b l e n d s .  H o w e v e r ,  
w ie n e r s  p r e p a r e d  f r o m  p r e b l e n d s  w h i c h  h a d  b e e n  s t o r e d  f o r  
m o r e  t h a n  7 d a y s  h a d  l o w  f l a v o r  r a t i n g s  d u e  t o  t h e  d e v e lo p 
m e n t  o f  a  r a n c id  t y p e  f l a v o r  ( R e a g a n  e t  a l . ,  1 9 8 1 ) .

B r a n e n ( 1 9 7 8 )  s t a t e d  t h a t  t h e  d e v e l o p m e n t  o f  u n d e s i r 
a b l e  f l a v o r s  in  t h e  r e f r i g e r a t e d  s t o r a g e  o f  m u s c le  f o o d s  m a y  
b e  d u e  t o  a u t o x i d a t i v e  r a n c i d i t y  o f  f a t  a n d  m i c r o b i a l  s p o i l 
a g e , t h e  f o r m e r  t a k e s  p la c e  b e f o r e  m i c r o b i a l  s p o i l a g e  i f  t h e  
n u m b e r  o f  p s y c h r o t r o p i c  o r g a n i s m s  i n  t h e  m e a t  is  le s s  t h a n  
l o g 10 8 .  L ip id  o x i d a t i o n  i n  m e a t  is  e n h a n c e d  b y  t h e  p r e s 
e n c e  o f  a d d e d  s a l t  a n d  t h e  d e g r e e  o f  l i p i d  o x i d a t i o n  g e n e r -

Authors Abu-Bakar, Reagan, and Carpenter are with the Dept, o f  
Food Science, Univ. o f  Georgia, Athens, GA  30602. A u tho r Wynne, 
formerly with the Univ. o f Georgia, is now with Holland Interna
tional Foods, P.O. Box 729, Dawson, GA  31742.

a l ly  in c r e a s e s  a s  t h e  le v e l  o f  a d d e d  s a l t  in c r e a s e s  (F .llis  
e t  a l . ,  1 9 6 8 ;  W a ld m a n  e t  a l . ,  1 9 7 4 ) .  W h e n  n i t r i t e  i s  a d d e d  
t o  c u r e d  m e a t ,  t h e  d e v e l o p m e n t  o f  l i p i d  o x i d a t i o n  is  
c o n s i d e r a b l y  d e l a y e d  ( W a t t s ,  1 9 5 4 ;  C ro s s  a n d  Z ie g le r ,  
1 9 6 5 ;  H a d d e n  e t  a l . ,  1 9 7 5 ) .  I n  a d d i t i o n ,  n i t r i t e  is  a l s o  e f f e c 
t i v e  in  c o n t r o l l i n g  t h e  g r o w t h  o f  m i c r o o r g a n i s m s  i n  m e a t  
w i t h o u t  m a s k in g  a n y  e v id e n c e  o f  s p o i la g e  ( A n o n . ,  1 9 7 8 ) .  
L e w  a n d  T a p p e l  ( 1 9 5 6 ) ,  S w e e t  ( 1 9 7 3 )  a n d  O l s o n  a n d  R u s t
( 1 9 7 3 )  i n d i c a t e d  t h a t  l i p id  o x i d a t i o n  i n  m e a t  c o u ld  b e  
c o n t r o l l e d  b y  u s in g  a n t i o x i d a n t s  s u c h  a s  b u t y l a t e d  h y d r o x 
y a n i s o l e  ( B H A )  a n d  b u t y l a t e d  h y d r o x y t o l u e n e  ( B H T )  
a l o n e ,  o r  i n  c o m b i n a t i o n  w i t h  m e t a l  c h e l a t o r s  s u c h  a s  c i t r i c  
a c id  ( C A )  a n d  e t h y l e n e d i a m i n e  t e t r a - a c e t i c  a c id  ( E D T A ) .  
A m o n g  p h e n o l i c  a n t i o x i d a n t s ,  B H A  h a s  t h e  h i g h e s t  a n t i 
m i c r o b i a l  a c t i v i t y  ( B r a n e n ,  1 9 7 8 ) .

T h i s  s t u d y  w a s  c o n d u c t e d  t o  e v a lu a t e  ( a )  c h a n g e s  in  t h e  
s t o r a g e ,  f u n c t i o n a l  a n d  p r o c e s s i n g  c h a r a c t e r i s t i c s  o f  p r e -  
a n d  p o s t r i g o r  b e e f  p r e b l e n d s  c o n t a i n i n g  e i t h e r  s a l t ,  s a l t  
p lu s  a n t i o x i d a n t s  o r  s a l t  p lu s  s o d iu m  n i t r i t e  d u r in g  e x 
t e n d e d  p e r i o d s  o f  s t o r a g e  a t  2  C  a n d  ( b )  t h e  a c c e p t a b i l i t y  
o f  w ie n e r s  p r e p a r e d  f r o m  t h e  p r e b l e n d s  a t  t h e  e n d  o f  f iv e  
s t o r a g e  p e r i o d s .

MATERIALS & METHODS
Meat sources

Prerigor and postrigor meats were obtained from the forequar
ters of bull and steer carcasses for experiments I and II, respec
tively. In experiment I, prerigor meat was obtained from a 425 kg 
bull carcass by deboning one forequarter within 1 hr postmortem. 
The meat was coarsely ground through a 1.27 cm plate prior to 
adjusting the fat content to 10 ± 2%. Postrigor meats were treated 
in a similar manner with the exception that the forequarters was not 
deboned until 24 hr postmortem. For experiment II, pre-and post- 
rigor meats were derived from two slaughter steers of similar breed
ing and management systems. The prerigor and postrigor meats were 
treated identical to those utilized in experiment I. Trimmed pork fat 
back (94% fat) was used as the source of fat for wiener production.
Experimental design

Each experiment was established using a completely randomized 
design with a factorial arrangement of treatments. Sources of varia
tion for each experiment consisted of: (1) meat type (prerigor, post
rigor), (2) preblending mixture (salt only, salt plus antioxidants, and 
salt plus sodium nitrite and (3) length of storage (0, 7, 14, 21 or 
28 days) at 2°C.

Samples of each meat type were obtained for pH measurements, 
salt-soluble protein extraction for emulsifying capacity determina
tion, microbial analysis and for the preparation of 0-day wieners. 
For the preblending treatments, the pre- and postrigor meats were 
mixed (5 min) with either (1) 3% salt only, (2) 3% salt plus 0.001% 
butylated hydroxyanisole (BHA), 0.001% butylated hydroxyto
luene (BHT) and 0.0005% citric acid (CA) or (3) 3% salt plus 60 
parts per million (ppm) sodium nitrite using a Butcher Boy Meat 
mixer. The mixer was washed between batches to prevent contam
ination among preblend treatment batches. Each batch was placed 
in a polyethylene bag, removing as much air as possible without 
using vacuum as the bag was twisted, sealed with a twist lock tab and stored in a 2°C cooler.

Samples were taken for chemical and microbial analyses and for 
wiener preparation upon completion of each storage period. Wieners 
were prepared using a 2.52 kg meat block/preblending treatment/ 
meat type. Thiobarbituric acid (TBA) values of the preblends were
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determined at the end of each storage period following the method 
described by Tarladgis et al. (1960). Zipser and Watts (1962) 
recommended a modified method for determining TBA values in 
cured meats since the presence of nitrite reduced the recovery of 
malonaldehyde during distillation. The TBA values of meat samples 
were reduced by 8 and 21% when the nitrite levels in the meat sam
ples were 25 and 50 ppm respectively (Zipser and Watts, 1962). 
In the present experiment, the level of residual nitrite in the pre
blends was only 26 ppm or less; thus, the reduction in TBA values 
for preblends containing nitrite would be less than 10%.

In experiment II, the meat was treated similar to that in experi
ment I except that prior to storage, the preblended meats were 
subdivided into four equal portions of 3.6 kg each. The meat 
batches were then vacuum packaged separately in Barrier Bag® 
(oxygen transmission rate of 30-40 cc/m2/24 hr/23°C; moisture 
vapor transmission rate of 0.5-0.6 g/645 cm2/24 hr/37.8°C/100%
R.H.) using a chamber-type vacuum machine, randomly assigned 
to one of the four storage periods and stored in a 2°C cooler. As 
in experiment I, chemical and microbial analyses were conducted 
and wieners were prepared upon completion of each storage period. 
Values for nitrite were determined for samples containing sodium 
nitrite following the method recommended by AOAC (1975).
Wiener production

Wiener batters were prepared in duplicate upon completion of 
each storage interval within each preblending treatment and meat 
type. Batters were prepared using a formula which would approxi
mate a commercial all-meat product (fat = 30%; added water = 4 x 
protein % + 10%; salt = 2.5%). Raw materials for wiener production 
consisted to either pre- or postrigor beef (10% fat) and trimmed 
pork fat back (94% fat). Seasonings included salt, sugar, wiener 
seasoning mix, sodium nitrite and sodium erythorbate. Batters were 
chopped for 5 min and then passed through a Stephan Microcut 
(Type MCV 12B with 1.0 mm cutting ring) before stuffing into 22 
mm cellulose casings. Stuffed casings were linked with a “Ty- 
linker” to a length of approximately 12.7 cm. Each batch was 
labeled, placed in wire baskets, covered with a damp cotton shroud 
and stored overnight at 2°C. Approximately 12 hr after stuffing, 
the uncooked wieners were weighed and placed in an Alkar-Ras- 
mussen Processing Oven for cooking. The initial temperature of the 
house was held at 54°C for 30 min, increased to 66°C (relative 
humidity = 60%) for 30 min, then increased to 77°C (relative 
humidity = 60%) until the internal temperature of the wieners was 
68°C. The approximate cooking time was 75 min. After cooking, 
the wieners were weighed to determine smokehouse shrinkage and then chilled at 2°C.

The wieners were peeled after 12 hr of chilling. Thirty wieners 
were randomly selected, vacuum packaged in Barrier Bags® (10 wieners/bag) and frozen for not more than 4 wk at -35°C for 
subsequent moisture, fat and protein determinations, sensory eval
uation and Warner-Bratzler shear force determinations. In experi
ment II, additional wieners were randomly selected and similarly 
packaged for the determination of Hunter-Color values.
pH Determination

At the end of each storage period, pH of the raw materials was 
determined by placing a 10 g meat sample in 50 ml of distilled water 
and blending for 2 min in a Virtis ‘23’ Homogenizer. The pH of 
the resulting slurry was determined using a Corning Model 10 pH 
meter.
Microbial number determinations

Ten gram samples were obtained from the raw materials each 
day of wiener production and duplicate one gram samples from each 
treatment were placed in sterile 99 ml dilution blanks containing a 
0.85% saline solution. Following appropriate dilutions, duplicate 
pour plates of Standard Plate agar were inoculated and incubated 
at 30°C for 72 hr. Total counts were reported as log10 values.
Extraction of Salt-soluble protein

The method described by Acton and Saffle (1969) was used for 
the extraction of salt-soluble proteins form the preblended batches 
of both meat types. Samples of the preblended meat (51.5 g) were 
blended with 200 ml of a 2.23% sodium chloride solution (w/w). 
This amount of preblended meat and salt solution contained the 
same weight of meat, water and salt as used in the meat that was

not preblended (0 day raw materials). Salt-soluble protein concen
tration was determined by Biuret method (Gornall et al., 1949) 
and the results were reported as mg salt-soluble protein/g of raw 
materials.
Emulsifying capacity determinations

The method of Swift et al. (1961), as modified by Carpenter and 
Saffle (1964), was used as a basis for the comparison of the emulsi
fying capacity of the soluble protein extracts. Twenty-five ml ali
quots of the protein extract and 50 ml of corn oil were poured into 
an inverted one-pint Ball glass jar with a 3/8-in hole bored in the 
bottom and placed on an Osterized mixer base. The contents were 
blended for 30 sec, then oil was added to the emulsion at a constant 
rate of 0.6 ml/sec using a Polystaltic pump until a visible collapse 
of the emulsion occurred. Visibility of emulsion collapse was aided 
by staining the corn oil with Oil-Red-O biological stain following 
the method of Marshall et al. (1975). Blending speed was held con
stant at 10,800 rpm. The protein extracts were at an initial tem
perature of 2°C and the oil temperature at 22°C. The final tem
perature of the emulsion at the point of collapse ranged from 25- 
30°C. Three replications were made for each protein extract.
Moisture, fat and protein determinations

Ten wieners were ground twice through a 0.31 cm plate to facili
tate sampling for moisture, fat and protein determinations according 
to AOAC (1975) procedures.
Shear force determinations

Five wieners per treatment were sheared three times (2.54 cm 
from each end and in the center of each wiener) using a single 
blade shearing device attached to an Instron Universal Testing 
Machine. Data were reported for the average maximum force in kg 
required to shear through the wiener.
Sensory evaluation

A consumer-type sensory panel of 40—50 members consisting 
of faculty and students of the Food Science Department evaluated 
the wieners for appearance, firmness, juiciness and overall desir
ability using 8-point rating scales (1 = extremely undesirable, 8 = 
extremely desirable). Samples were also evaluated for degree of salti
ness where a rating of 1 was considered extremely bland and a rating 
of 8 was considered extremely salty. Samples were prepared by 
placing five wieners (thawed at 2°C for approximately 8 hr) in 
pans of boiling water. The pans were covered and removed from 
the heating element. The wieners were held in the covered pans for 
4 min prior to slicing into approximately 2.54 cm cross-sections. 
Five samples from different treatments were presented to the panel
ists at each sensory session.
Hunter-Color values determinations

Five wieners per treatment were used to determine L, aL and bL 
Hunter-Color values using a Hunter Lab Color/Difference Meter 
D25-2. The instrument was standardized with reflectance-color 
standard No. C2-6713 which has the following values; L = 67.0, 
aL = 22.6 and bl = 10.2. The L, aL and bL values of each wiener 
were determined at four different places, equally spaced along the 
length of the wiener. The reported values are the average of 20 
determinations.
Statistical analysis

Data were analyzed using the Statistical Analysis System of 
Barr and Goodnight (1979) and the mean separation technique 
of Duncan (1955). Significance was determined by the F-test and 
significant differences were accepted at the 5% level of probability.

RESULTS & DISCUSSION
I n f l u e n c e  o f  m e a t  t y p e

M e a n  v a lu e s  f o r  r a w  m a t e r i a l  p H ,  o v e r a l l  p r e b l e n d i n g  
t r e a t m e n t s  a n d  s t o r a g e  t i m e s  w i t h i n  m e a t  t y p e s  r e v e a l e d  
t h a t  m e a t  t y p e  s i g n i f i c a n t l y  i n f l u e n c e d  t h e  p H  o f  t h e  p r e 
b l e n d s  ( T a b l e  1 ). T h e  h i g h e r  p H  v a lu e s  f o r  t h e  p r e r i g o r  p r e 
b l e n d s  w e r e  p r o b a b l y  d u e  t o  t h e  e f f e c t  o f  a d d in g  s a l t  t o  
t h e  p r e r i g o r  m u s c l e ,  t h u s  i n h i b i t i n g  t h e  c o m p l e t e  b r e a k 
d o w n  o f  g ly c o g e n  i n  t h e  m u s c le  ( H a m m ,  1 9 7 7 ) .

—Continued on next page
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P R E  A N D  P O S T R I G O R  B E E  F  P R E B L E N D S  F O R  W I E N E R  P R O D U C T I O N . . .

A l t h o u g h  p r e r i g o r  r a w  m a t e r i a l s  h a d  h ig h e r  p H  v a lu e s  
a n d  a  g r e a t e r  c o n c e n t r a t i o n  o f  s a l t  e x t r a c t a b l e  p r o t e i n  
w h i c h  t h e o r e t i c a l l y  s h o u l d  b in d  m o r e  m o i s t u r e  t h a n  t h e  
p o s t r i g o r  r a w  m a t e r i a l s ,  s m o k e h o u s e  y i e l d s  w e r e  n o t  s ig n i f i 
c a n t l y  i n f l u e n c e d  b y  m e a t  t y p e .  T h e  o b s e r v e d  s im i l a r i t y  in  
t h e  s m o k e h o u s e  y i e l d s  o f  t h e  w ie n e r s  c o u ld  b e  a t t r i b u t e d  t o  
t h e  s im i l a r i t y  in  t h e  w a t e r  b in d i n g  c a p a c i t y .  H o w e v e r ,  
t h e  w a t e r  b i n d i n g  c a p a c i t y  o f  t h e  r a w  m a t e r i a l s  w a s  n o t  
d e t e r m i n e d .

D i f f e r e n c e s  i n  m e a n  T B A  v a lu e s  b e t w e e n  m e a t  t y p e s  in  
b o t h  e x p e r i m e n t s  w e r e  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  w h i c h  
w o u ld  i n d i c a t e  t h a t  t h e  e x t e n t  o f  l i p id  o x i d a t i o n  i n  t h e  
p r e b l e n d s  w a s  n o t  a f f e c t e d  b y  m e a t  t y p e .  T h e  e f f e c t  o f  
m e a t  t y p e  o n  m i c r o b i a l  t o t a l  p l a t e  c o u n t  ( T P C )  o f  t h e  p r e 
b l e n d s  w a s  n o t  c o n s i s t e n t  ( T a b l e  1 ). T h e  T P C  o f  p r e -  a n d  
p o s t r i g o r  p r e b l e n d s  i n  e x p e r i m e n t  I w e r e  s im i la r ;  h o w e v e r ,  
in  e x p e r i m e n t  I I  p r e r i g o r  p r e b l e n d s  h a d  s i g n i f i c a n t l y  h ig h e r  
T P C  t h a n  t h e  p o s t r i g o r  p r e b l e n d s .  E m s w i l e r  a n d  K o t u l a  
( 1 9 7 9 )  r e p o r t e d  t h a t  m e a t  t y p e  d id  n o t  i n f l u e n c e  T P C  o f  
b e e f ,  b u t  L in  e t  a l .  ( 1 9 7 9 )  d e m o n s t r a t e d  t h a t  w h o le  h o g  
s a u s a g e  p r e p a r e d  f r o m  p r e r i g o r  p o r k  h a d  h ig h e r  T P C  t h a n  
t h a t  f o r  s a u s a g e  p r e p a r e d  f r o m  p o s t r i g o r  p o r k .  T h e  i n c o n s i s 
t e n c y  o f  t h e  e f f e c t  o f  m e a t  t y p e  o n  T P C  in  t h e  p r e s e n t  
s t u d y  m a y  b e  d u e  t o  c o n t a m i n a t i o n  o f  t h e  p r e r i g o r  m e a t  
( e x p e r i m e n t  I I )  d u r in g  g r in d in g  a s  i n d i c a t e d  b y  t h e  i n i t i a l  
h ig h  T P C  ( F ig .  2 ) .

T h e  le v e l  o f  r e s i d u a l  n i t r i t e  in  t h e  p r e b l e n d s  c o n t a i n i n g  
n i t r i t e  w a s  s ig n i f i c a n t l y  h ig h e r  in  t h e  p r e r i g o r  p r e b l e n d s  
( T a b l e  1 ). C o m p a r a t i v e ly  lo w  r e s i d u a l  n i t r i t e  le v e ls  in  p o s t 

r i g o r  p r e b l e n d s  m a y  b e  a t t r i b u t e d  t o  t h e  l o w e r  p H  o f  p o s t 
r i g o r  r a w  m a t e r i a l s  s in c e  lo w  m u s c l e  t i s s u e  p H  p r o m o t e s  t h e  
d e p l e t i o n  o f  n i t r i t e  in  m e a t  ( N o r d i n ,  1 9 6 9  a n d  Z a ik a  e t  a l . ,
1 9 7 6 ) .

D i f f e r e n c e s  in  t h e  r e s i d u a l  n i t r i t e  le v e l  b e t w e e n  p r e r i g o r  
a n d  p o s t r i g o r  p r e b l e n d s  s ig n i f i c a n t l y  i n f l u e n c e d  t h e  y e l l o w 
n e s s  ( b L )  v a lu e s  o f  t h e  w ie n e r s .  H o w e v e r ,  t h e  p r a c t i c a l  
s ig n i f i c a n c e  o f  t h e  o b s e r v e d  d i f f e r e n c e  is  q u e s t i o n a b l e  s in c e  
t h e y  d i f f e r e d  b y  o n l y  0 .4  u n i t s .  T h e  r e d n e s s  ( a L )  a n d  l i g h t 
n e s s  ( L )  v a lu e s  w e r e  n o t  s i g n i f i c a n t l y  a f f e c t e d  b y  m e a t  t y p e .

Effect of preblending treatment and 
raw material storage time

I n  b o t h  e x p e r i m e n t s  t h e  a d d i t i o n  o f  a n t i x o i d a n t s  o r  
n i t r i t e  t o  t h e  p r e b l e n d s  in  a d d i t i o n  t o  3 %  s a l t  h a d  n o  e f f e c t  
o n  t h e  f u n c t i o n a l  q u a l i t y  i n d i c a t o r s  ( p H ,  s a l t - s o lu b l e  p r o 
t e i n  c o n c e n t r a t i o n ,  E C  o f  t h e  p r o t e i n  e x t r a c t s  a n d  s m o k e 
h o u s e  y i e l d )  o f  t h e  p r e b l e n d s  o r  o n  t h e  H u n t e r - C o l o r  D i f 
f e r e n c e  M e te r  V a lu e s  o f  t h e  w ie n e r s  ( d a t a  n o t  p r e s e n t e d  in  
t a b u l a r  f o r m ) .  M e a n  v a lu e s  f o r  c h e m i c a l  a n d  m i c r o b i a l  
c h a r a c t e r i s t i c s  o f  t h e  p r e b l e n d s ,  s m o k e h o u s e  y i e l d s  a n d  
H u n t e r - C o l o r  D i f f e r e n c e  M e te r  V a l u e s  o f  t h e  w ie n e r s  s t r a t i 
f i e d  b y  r a w  m a t e r i a l  s t o r a g e  t i m e  a r e  p r e s e n t e d  i n  T a b l e  2 . 
R a w  m a t e r i a l  p H  g e n e r a l l y  r e m a i n e d  t h e  s a m e  t h r o u g h o u t  
t h e  2 8 - d a y  s t o r a g e  p e r i o d .

D u r in g  t h e  f i r s t  7  d a y s  o f  s t o r a g e ,  t h e  s o l u b i l i t y  o f  t h e  
s a l t  e x t r a c t a b l e  p r o t e i n  d e c r e a s e d  ( P  <  0 . 0 5 )  ( T a b l e  2 ) .  
A f t e r  d a y  7 ,  t h e  d i f f e r e n c e s  in  s a l t - e x t r a c t a b l e  p r o t e i n  w e r e  
n o t  s ig n i f i c a n t l y  d i f f e r e n t .  G o l l  e t  a l .  ( 1 9 6 4 )  r e p o r t e d  t h a t

Table 1—Overall mean values fo r chemical and m icrobial characteristics o f  p  . blends, emulsifying capacity o f  protein extracts, smokehouse 
yields and Hunter Co lor Difference Meter Values o f  wieners stratified by  meat type

Exp.
Meat
type

Traits

pH
TBA

values
TPC

d o g io )

Salt-extractable 
protein  (mg/g)

EC
(ml oil/100 mg) 

Protein
Sm okehouse 

yield (%)
Residual
n itrite
(ppm )c Ld a L® b j

Prerigor 6 .1a 0.55 4.6 46 .6 a 43 .4 a 93.2
Postrigor 5.8 b 0.64 4.8 38.8 b 3 5 .8 b 93.9
Prerigor 6 .1a 0.32 6 .7a 40 .0 a 39.3 92.8 2 1 ,7a 54.6 10.9 11 .5 a
Postrigor 5 S b 0 .26 4 .8b 33 .2 b 38.5 92.4 11 .6b 54.0 11.0 11 .9 b

ab M eans in  th e  sam e co lu m n  w ith in  each  s tu d y  bearing  d iffe re n t  su p e rsc r ip ts  a re  s ig n if ic a n t ly  d if fe re n t  (p  <  0 .0 5 ) .  
c d e f  N 0t  d e te rm in e d  in  S tu d y  I .

Table 2—Mean values for chemical and m icrobial characteristics o f  preblends, smokehouse yields and Hunter Co lor Difference Values o f  wieners 
stratified by  raw material storage time.

Raw Material Storage Times (days)
Exp. Traits 0 7 14 21 28

pH 6.0 5.9 5.9 6.0 5.9
TPC (log10) 3 .7 a 4 .4a 4 .8 b 5 .0 b 5 .8 C
TBA values 0 .05a 0 .3 3 b 0 .4 6 b 0 .4 5 ° 0 .6 4 b

I Salt-extractable protein  (mg/ml) 12.51a 10.42b 10.56b 10.12b 10.18 b
EC (ml o il/100  mg protein) _ d 32.9a 33.3a 36 .3 a 49.2  bSm okehouse yield (%) 93.9 * 93.0 93.9 93.6
pH 5.9 6.0 6.0 6.0 6.0TPC (log10) 4 .6 ac 4 .3 a 5 .8 bc 6 .2b 7 .1 d
TBA values 0 .0 8 a 0 .2 8 b 0 .27b 0 .3 7 b 0 .3 2 bSalt-extractable protein  (mg/ml) 10.37a 9 .12b 9 .0 1 b 8 .9 5 b 9 .0 1 bII EC (ml o il/100  mg protein) 34.4a 38 £ b 4 0 ,6C 3 8 .6 b 3 9 .1 bcSm okehouse yield (%) 92.1 91.8 92.8 93.0 93.0Residual n itrite  (ppm) 26 .05a 17.18 b 13.06c 10.28cL 5 2 .95 a 53 .98a 5 4 .22 ab 54 .23ab 5 5 .1 2 b
a L 11.80 10.93 11.05 10.08 10.55
b|_ 11.65 11.67 11.57 11.9 11.73

a b c  M eans in  th e  sam e ro w  w ith in  each  s tu d y  bearing  d if fe re n t  su p e rsc r ip ts  a re  s ig n if ic a n t ly  d if fe re n t  (p  <  0 .0 5 ) .  
T h e  va lu es  w ere  no t d e te rm in ed

* D u e  to  m e c h a n ic a l p ro b le m s w ith  th e  p ro cessing  o v e n , d ata  fo r  d a y  7 sam p les  w ere  n o t o b ta in e d .
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s a r c o p l a s m i c ,  m y o f i b r i l l a r  a n d  s a l t - s o lu b le  p r o t e i n s  d e 
c r e a s e d  in  s o l u b i l i t y  a s  t i m e  p o s t m o r t e m  in c r e a s e d .

S m o k e h o u s e  y i e l d s  g e n e r a l l y  r e m a i n e d  t h e  s a m e  a s  r a w  
m a t e r i a l  s t o r a g e  t i m e  i n c r e a s e d .  R e a g a n  e t  a l .  ( 1 9 8 1 )  
s h o w e d  t h a t  s m o k e h o u s e  lo s s  o f  w ie n e r  b a t t e r s  p r e p a r e d  
f r o m  r a w  m a t e r i a l s  h e ld  f o r  1 4  o r  2 1  d a y s  w e r e  l o w e r  t h a n  
t h o s e  p r e p a r e d  f r o m  r a w  m a t e r i a l s  s t o r e d  f o r  7  d a y s .  T h e  
s m o k e h o u s e  lo s s  o n  d a y  7  w a s  1 2 .7 %  c o m p a r e d  t o  o n l y
8 .1  a n d  7 .9 %  o n  d a y  1 4  a n d  d a y  2 1  r e s p e c t i v e ly  ( R e a g a n  
e t  a l . ,  1 9 8 1 ) .  C o n v e r t i n g  t h e  s m o k e h o u s e  lo s s  t o  s m o k e 
h o u s e  y i e l d ,  t h e  s m o k e h o u s e  y i e l d s  w o u ld  b e  8 7 . 3 ,  9 1 .9  
a n d  9 2 .1 %  f o r  d a y  7 ,  1 4  a n d  2 1 ,  r e s p e c t i v e ly .  T h e s e  d a t a  
s u g g e s t  t h a t  s t o r i n g  t h e  p r e b l e n d e d  r a w  m a t e r i a l s  u p  t o  2 8  
d a y s  m a y  n o t  s i g n i f i c a n t l y  i n c r e a s e  s m o k e h o u s e  y i e l d  o f  
w ie n e r  b a t t e r s  i f  t h e  s m o k e h o u s e  y i e l d  is  a l r e a d y  a b o v e  9 0 % .

R e s id u a l  n i t r i t e  i n  p r e b l e n d s  p r e p a r e d  w i t h  n i t r i t e  d e 
c r e a s e d  s i g n i f i c a n t l y  w i t h  s t o r a g e  t i m e  ( T a b l e  2 ) .  T h e  
r e s i d u a l  n i t r i t e  le v e l  o f  t h e  p o s t r i g o r  p r e b l e n d s  w e r e  lo w e r  
t h a n  t h o s e  o f  t h e  p r e r i g o r  p r e b l e n d s .

T h e  p r e b l e n d i n g  t r e a t m e n t  a n d  r a w  m a t e r i a l  s t o r a g e  t i m e  
s ig n i f i c a n t l y  i n f l u e n c e d  t h e  T P C  a n d  T B A  v a lu e s  o f  t h e  p r e 
b l e n d s  ( T a b l e  2  a n d  F ig . 1 a n d  2 ) .  T h e  T B A  v a lu e s  o f  t h e  
p r e b l e n d s  in c r e a s e d  s ig n i f i c a n t l y  a f t e r  7  d a y s  o f  s to r a g e  
( T a b l e  2 ) ;  h o w e v e r ,  h o l d i n g  t h e  p r e b l e n d s  b e y o n d  7  d a y s  
d id  n o t  r e s u l t  i n  a n y  s i g n i f i c a n t  i n c r e a s e  i n  t h e  T B A  v a lu e s .  
F ig . 1 a n d  2  s h o w  t h a t  t h e  r a t e  o f  m i c r o b i a l  g r o w t h  i n  t h e  
p r e b l e n d s  c o n t a i n i n g  n i t r i t e  w a s  s l o w e r  t h a n  p r e b l e n d s  
c o n t a i n i n g  n o  n i t r i t e .  I n  e x p e r i m e n t  1 , t h e  i n i t i a l  T P C  
f o r  t h e  p r e b l e n d s  w e r e  s im i la r ;  h o w e v e r ,  a f t e r  2 8  d a y s  in  
s t o r a g e  t h e  p r e b l e n d s  c o n t a i n i n g  n i t r i t e  h a d  a  T P C  o f  
l o g  4 .9 ,  w h e r e a s  t h e  a v e r a g e  T P C  f o r  p r e b l e n d s  t h a t  c o n 
t a i n e d  s a l t  o n l y  a n d  s a l t  p lu s  a n t i o x i d a n t s  w e r e  lo g  6 .1  
a n d  lo g  6 .0 ,  r e s p e c t i v e ly .  T h e  T P C  f o r  p r e r i g o r  p r e b l e n d s  
in  e x p e r i m e n t  I I  ( F ig .  2 )  d id  n o t  i n c r e a s e  s i g n i f i c a n t l y  o n  
d a y  7 . H o w e v e r ,  o n  d a y  1 4 , t h e  T P C  o f  t h e  p r e b l e n d s  w i t h 
o u t  n i t r i t e  in c r e a s e d  s h a r p ly  t o  lo g  8 .0 .  D u r in g  t h e  s a m e  
p e r i o d ,  t h e  T P C  o f  t h e  p r e b l e n d s  w i t h  n i t r i t e  in c r e a s e d  t o  
o n l y  lo g  5 .2 .  O n  d a y  1 4  a n d  s u b s e q u e n t  s t o r a g e  p e r i o d s ,  
u p o n  o p e n i n g  t h e  p a c k a g e s ,  a  y e a s t y  o f f - o d o r  w a s  d e t e c t e d  
f r o m  t h e  p r e b l e n d s  p r e p a r e d  w i t h o u t  n i t r i t e ,  w h i l e  n o  o f f -

o d o r s  w e r e  d e t e c t e d  f o r  p r e b l e n d s  p r e p a r e d  w i t h  n i t r i t e .  
I n  c o n s t a n t  t o  t h e  T P C  o f  h o t - b o n e d  p r e b l e n d s  w i t h o u t  
n i t r i t e ,  t h e  T P C  o f  t h e  p o s t r i g o r  c o u n t e r p a r t s  d id  n o t  s h o w  
a n y  s h a r p  in c r e a s e  o n  d a y  1 4 . N o n e  o f  t h e  p o s t r i g o r  p r e 
b l e n d s  d e v e lo p e d  o f f - o d o r s  d u r in g  s t o r a g e .  T h e  o f f - o d o r s  
a s s o c i a t e d  w i t h  t h e  h ig h  T P C  in  t h e  p r e r i g o r  p r e b l e n d s  
c o u l d  b e  d u e  t o  t h e  g r o w t h  o f  b a c t e r i a ,  h o w e v e r ,  t h e  
a m o u n t  o f  a c id  p r e s e n t  w a s  p r o b a b l y  n o t  s u f f i c i e n t  t o  lo w e r  
t h e  p H  o f  t h e  p r e b l e n d s .

T h e s e  r e s u l t s  i n d i c a t e  t h a t  a t  t h e  le v e l  u s e d  in  t h e  
p r e s e n t  e x p e r i m e n t ,  n i t r i t e  r e t a r d e d  m i c r o b i a l  g r o w t h ,  
w h e r e a s  a n t i o x i d a n t s  d id  n o t  ( F ig .  1 a n d  2 ) .  C h a n g  a n d  
B r a n e n  ( 1 9 7 5 )  r e p o r t e d  t h a t  1 5 0 —2 0 0  p p m  o f  B H A  in a c 
t i v a t e d  a n  i n i t i a l  lo g  6  i n n o c u l u m  o f  S t a p h y l o c o c c u s  a u r e u s .

I n  t h e  p r e s e n t  s t u d y ,  B H A  w a s  a d d e d  a t  t h e  r a t e  o f  
0 .0 1 %  o f  t h e  f a t  c o n t e n t .  S in c e  t h e  p r e b l e n d s  c o n t a i n e d  
1 0 %  f a t ,  t h e  c o n c e n t r a t i o n  o f  B H A  i n  t h e  p r e b l e n d s  w a s  
0 .0 0 1 %  ( 1 0  p p m ) ,  le s s  t h a n  1 0 %  o f  t h e  c o n c e n t r a t i o n  r e 
p o r t e d  b y  C h a n g  a n d  B r a n e n  ( 1 9 7 5 ) .  B r a n e n  ( 1 9 7 8 )  r e 
p o r t e d  t h a t  t h e  a n t i m i c r o b i a l  e f f e c t  o f  a n t i o x i d a n t s  w a s  
r e d u c e d  b y  t h e  p r e s e n c e  o f  f a t .

T B A  v a lu e s  f o r  t h e  p r e b l e n d s  i n  e x p e r i m e n t  I  i n d i c a t e d  
t h a t  t h e  l i p id  o x i d a t i o n  i n  t h e  p r e b l e n d s  p r e p a r e d  w i t h  s a l t  
o n l y ,  g e n e r a l l y  in c r e a s e d  d u r in g  s t o r a g e ;  h o w e v e r ,  f o r  p r e 
b l e n d s  p r e p a r e d  w i t h  n i t r i t e  a n d  a n t i o x i d a n t s ,  l i p id  o x i d a 
t i o n  r e m a i n e d  t h e  s a m e  a f t e r  a  s l ig h t  i n c r e a s e  o n  d a y  7 
( F ig .  1 ) . T h e  T B A  v a lu e s  f o r  t h e  p r e b l e n d s  w i t h  s a l t  i n 
c r e a s e d  t o  a b o v e  1 .0  a f t e r  2 1  d a y s ,  b u t  p r e b l e n d s  w i t h  
n i t r i t e  a n d  a n t i o x i d a n t s  h a d  T B A  v a lu e s  b e lo w  0 .5  t h r o u g h 
o u t  t h e  2 8 - d a y  s t o r a g e  p e r i o d .  P r e b l e n d s  i n  e x p e r i m e n t  II  
s h o w e d  s im i la r  t r e n d s  ( d a t a  n o t  p r e s e n t e d  i n  t a b u l a r  f o r m ) .  
T h e s e  d a t a  s h o w e d  t h a t  l ip id  o x i d a t i o n  in  c o a r s e  g r o u n d  
b e e f  c o n t a i n i n g  3 %  s a l t  d u r in g  e x t e n d e d  t i m e s  o f  s t o r a g e  
a t  2  C  w a s  d e p r e s s e d  b y  t h e  p r e s e n c e  o f  6 0  p p m  n i t r i t e  o r  
a n t i o x i d a n t s  a d d e d  a t  t h e  r a t e  o f  0 .0 2 5 %  ( 0 .0 1 %  B H A , 
0 .0 1 %  B H T  a n d  0 .0 0 5 %  C A )  o f  t h e  f a t  c o n t e n t .

P r o x i m a t e  a n a ly s i s  a n d  p a n e l  e v a l u a t i o n  o f  w ie n e r s
M e a n  v a lu e s  f o r  p r o x i m a t e  c o m p o s i t i o n  o f  w ie n e r s  in  

e x p e r i m e n t  I  s t r a t i f i e d  b y  m e a t  t y p e ,  p r e b l e n d i n g  t r e a t m e n t

Fig. 1—Mean TPC and TBA number o f preblends in experiment /  during storage.
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P R E  A N D  P O S T R I G O R  B E E  F  P R E B L E N D S  F O R  W I E N E R  P R O D U C T I O N . . .

a n d  r a w  m a t e r i a l  s t o r a g e  t i m e  a r e  p r e s e n t e d  i n  T a b l e  3 . 
V a lu e s  f o r  p e r c e n t a g e  f a t ,  m o i s t u r e  a n d  p r o t e i n  w e r e  s ig 
n i f i c a n t l y  a f f e c t e d  b y  m e a t  t y p e .  T h e  w ie n e r s  p r e p a r e d  
f r o m  p r e r i g o r  p r e b l e n d s  e x h i b i t e d  s i g n i f i c a n t l y  h ig h e r  p e r 
c e n t a g e  v a lu e s  f o r  m o i s t u r e ,  f a t  a n d  p r o t e i n  t h a n  t h e  w ie n 
e r s  p r e p a r e d  f r o m  t h e  p o s t r i g o r  r a w  m a t e r i a l s .  V a l u e s  f o r  
p e r c e n t a g e  f a t  in c r e a s e d  w i t h  s to r a g e  t i m e  a n d  v a lu e s  f o r  
t h e  p e r c e n t a g e  m o i s t u r e  d e c r e a s e d  a s  r a w  m a t e r i a l  s to r a g e  
t i m e  in c r e a s e d  u p  t o  d a y  2 1 .

I n  e x p e r i m e n t  I I  ( d a t a  n o t  p r e s e n t e d  i n  t a b u l a r  f o r m ) ,  
v a lu e s  f o r  p e r c e n t a g e  f a t  a n d  m o i s t u r e  o f  t h e  w ie n e r s  w e r e  
s i g n i f i c a n t l y  a f f e c t e d  b y  r a w  m a t e r i a l  s t o r a g e  t i m e .  I n  c o n 
t r a s t  t o  e x p e r i m e n t  I , t h e  p e r c e n t a g e  v a lu e s  f o r  f a t  a n d  
m o i s t u r e  d e c r e a s e d  a s  r a w  m a t e r i a l  s t o r a g e  t i m e  in c r e a s e d .

V a r io u s  s e n s o r y  t r a i t s  o f  w ie n e r s  i n  e x p e r i m e n t  I w e r e  
s i g n i f i c a n t l y  a f f e c t e d  b y  m e a t  t y p e ,  p r e b l e n d i n g  t r e a t m e n t  
a n d  r a w  m a t e r i a l  s t o r a g e  t i m e  ( T a b l e  4 ) .  M e a t  t y p e  s ig n i f i 
c a n t l y  i n f l u e n c e d  t h e  f i r m n e s s ,  f l a v o r  a n d  o v e r a l l  d e s i r a b i l 
i t y  r a t i n g s  o f  c o o k e d  w ie n e r s .  T h e  p a n e l  r a t i n g s  i n d i c a t e d  
t h a t  w ie n e r s  p r e p a r e d  f r o m  p r e r i g o r  p r e b l e n d s  w e r e  f i r m e r ,  
m o r e  a c c e p t a b l e  i n  f l a v o r  a n d  m o r e  d e s i r a b l e  t h a n  w ie n e r s  
p r e p a r e d  f r o m  p o s t r i g o r  r a w  m a t e r i a l s .  T h e  s ig n i f i c a n t l y  
h ig h e r  f i r m n e s s  r a t i n g s  f o r  p r e r i g o r  w ie n e r s  w e r e  a l s o  r e 
f l e c t e d  i n  t h e  s h e a r  v a lu e s  o f  t h e  w ie n e r s ;  a  g r e a t e r  a m o u n t  
o f  f o r c e  w a s  r e q u i r e d  t o  s h e a r  t h e  p r e r i g o r  w ie n e r s .  N o n e  o f  
t h e  s e n s o r y  t r a i t s  o f  w ie n e r s  i n  e x p e r i m e n t  I I  w e r e  s ig n i f i 
c a n t l y  a f f e c t e d  b y  m e a t  t y p e  ( d a t a  n o t  p r e s e n t e d  in  t a b u l a r  
f o r m ) .  H o w e v e r ,  f o r  a l l  t r a i t s ,  e x c e p t  f o r  s a l t in e s s ,  p r e r i g o r  
w ie n e r s  r e c e iv e d  h ig h e r  p a n e l  r a t i n g s  t h a n  p o s t r i g o r  w ie n e r s .  
T h e  a v e r a g e  r a t i n g s  w e r e  5 .5  w h i c h  w o u ld  i n d i c a t e  a n  a c 
c e p t a b l e  p r o d u c t .

W h e n  p a n e l  r a t i n g s  w e r e  s t r a t i f i e d  b y  p r e b l e n d i n g  t r e a t 
m e n t ,  o n l y  d i f f e r e n c e s  in  a v e ra g e  a p p e a r a n c e  r a t i n g s  o f  
w ie n e r s  i n  e x p e r i m e n t  I  w e r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  W ie n -

Table 3 —Mean values for percentage moisture, fat and protein o f  
wieners in experiment I

T reatm ent
factors Moisture Fat Protein

Meat type
Prerigor 55 .3 a 30.7a 12 .0a
Postrigor 5 3 .4b 28.9 b 11 .4 b

Preblending trea tm en t
Salt only 55.0 30.4 11.7
Salt + antiox idan ts 54.2 29.6 11.7
Salt + nitrite 54.1 29.5 11.8

Raw m aterial 
Storage tim e (days)*

0 5 4 .4ab 27.2a 11.7
14 5 4 .7a 30 .2 bc 11.5
21 53 .0 b 30 .9 b 12.0
28 55.4 a 29.3C 11.7

abc Means fo r a trea tm en t factor w ithin a colum n bearing d ifferent superscrips are significantly different (p <  .05).*Due to  mechanical problem s with th e  processing oven, data fo r day 7 samples were not obtained.

e r s  p r e p a r e d  f r o m  p r e b l e n d  w i t h  n i t r i t e  h a d  s i g n i f i c a n t l y  
l o w e r  a p p e a r a n c e  r a t i n g s  t h a n  t h o s e  p r e p a r e d  f r o m  p r e 
b l e n d s  w i t h  s a l t  o n l y  a n d  s a l t  p l u s  a n t i o x i d a n t s .  E x a m i n a 
t i o n  o f  t h e  a p p e a r a n c e  r a t i n g s  o f  w ie n e r s  f r o m  e a c h  p r e 
b l e n d  i n d i c a t e d  t h a t  w ie n e r s  f r o m  p r e b l e n d s  w i t h  n i t r i t e  
g e n e r a l l y  d e c r e a s e d  i n  a p p e a r a n c e  w h e r e a s  a p p e a r a n c e  r a t 
in g s  o f  w ie n e r s  p r e p a r e d  f r o m  p r e b l e n d s  w i t h o u t  n i t r i t e  
i n c r e a s e d  a s  r a w  m a t e r i a l  s t o r a g e  t i m e  i n c r e a s e d .  A ls o ,

L e n g t h  o f  S t o r a g e  ( d a y s )

Fig. 2—Mean TPC o f pre- and postrigor preblends in experiment II during storage.
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T a b le  4 —S e n s o r y  ev a lu a tio n  a n d  W B S  fo r c e  o f  w ie n e rs  in  e x p e r im e n t  /

Sensory traits________________________________________
Overall

Treatment factors Appearance Firmness Flavor Juiciness Saltiness desirability WBS (kg)

Meat typ e

Prerigor 5.9 6 .2a 5 .7a 5.8 5.4 5 B a 2.7a
Postrigor 5.6 5 .5 b 5 .4 b 5.7 5.3 5 .3b 2.2b

Prebiending treatm ent

Salt only 6.0a 5.8 5.4 5.6 5.3 5.5 2.4
Salt + antioxidants 6.4a 5.9 5.9 5.9 5.4 6.0 2.3
Salt + nitrite 4 .7 b 5.9 5.4 5.8 5.5 6.3 2.6

R aw  m aterial 
Storage t im e (d ays)* *

0 5.5 6.2a 6.0 5.3a 5.3 5.1 2.7
14 5.7 5 .6 b 5.3 6.0b 5.4 5.6 2.1
21 5.6 6 .1a 5.7 5.6ac 5.4 5.6 2.6
28 5.9 5.8ab 5.8 5 .8bc 5.4 5.8 2.5

a b c  M eans fo r  a tre a tm e n t fa c to r  w ith in  a co lu m n  w ith  d if fe re n t  su p e rsc r ip ts  are  s ig n if ic a n t ly  d iffe re n t  (p  <  .0 5 ) .
* D u e  to  m e c h a n ic a l p ro b le m s w ith  th e  p ro cessing  o v e n , d ata  fo r  d a y  7 sam p les w ere  not o b ta in e d .

p a n e lis ts  gave h ig h e r  a p p e a ra n c e  ra tin g s  to  w ie n e rs  p re p a re d  
f ro m  p re r ig o r  p re b le n d s  w ith  n i t r i te  th a n  to  w ie n e rs  p re 
p a re d  f ro m  th e  p o s tr ig o r  c o u n te rp a r t s .  T h e  av e rag e  a p p e a r 
a n c e  ra tin g s  o f  p re r ig o r  w ie n e rs  c o m p a re d  to  p o s tr ig o r  
w ie n e rs  w e re  6 .0  vs 4 .1 ,  5 .0  vs 3 .4  a n d  5 .4  vs 4 .3  f o r  d a y  
14 , 2 1 , a n d  2 8 , re s p e c tiv e ly  ( d a ta  n o t  p re s e n te d  in  ta b u la r  
fo rm ) .

T h e  c o lo r  o f  w ie n e rs  p re p a re d  f ro m  p re b le n d s  w i th o u t  
n i t r i te  w as o b se rv e d  to  b e  p in k ,  ty p ic a l  o f  n o n -s m o k e d  all 
m e a t  w ie n e rs , w h e re a s  w ie n e rs  p re p a re d  f ro m  p re b le n d s  
w ith  n i t r i te  w e re  lig h t p in k . T h e  c o lo r  a c c e p ta b i l i ty  o f  
w ie n e rs  h a s  b e e n  sh o w n  to  d e c re a se  w ith  d e c re a s in g  n i t r i te  
c o n c e n t r a t io n  (S e b ra n e k  e t  a l ., 1 9 7 7 ; S a les e t  a l., 1 9 8 0 ) . 
S a les  e t  al. ( 1 9 8 0 )  in d ic a te d  th a t  tu r k e y  f r a n k f u r te r s  
p re p a re d  w ith  lo w e r  n i t r i te  leve ls  w e re  l ig h te r  in  c o lo r  
c o m p a re d  to  w ie n e rs  p re p a re d  w ith  h ig h e r  n i t r i te  leve ls. 
T h e  o b se rv e d  d id fe re n c e  in th e  c o lo r  o f  th e  w ie n e rs  in  th is  
e x p e r im e n t  c o u ld  b e  d u e  to  th e  d e p le t io n  o f  a d d e d  n i t r i te  
d u r in g  s to ra g e  o f  ra w  m a te r ia l .  A s a r e s u l t ,  w h e n  a n o th e r  
6 0  p p m  o f  n i t r i t e  w as  a d d e d  d u r in g  b a t t e r  p re p a r a t io n ,  th e  
f in a l c o n c e n t r a t io n  o f  n i t r i t e  in  th e  b a t t e r  w o u ld  b e  lo w e r  
th a n  t h a t  fo r  b a t t e r s  p re p a re d  f ro m  p re b le n d s  w i th o u t  
n i t r i t e  in  w h ic h  120  p p m  o f  n i t r i te  w as a d d e d  d u r in g  b a t t e r  
p re p a r a t io n .  T h e  d if fe re n c e  in  a p p e a ra n c e  ra t in g s  b e tw e e n  
w ie n e rs  p re p a re d  f ro m  p re -  a n d  p o s tr ig o r  p re b le n d s  w ith  
n i t r i t e  w as  p ro b a b ly  d u e  t o  th e  p H  d if fe re n c e  b e tw e e n  th e  
tw o  p re b le n d s . In  c o n tr a s t  to  e x p e r im e n t  I, th e  c o lo r  r a t 
in g s o f  w ie n e rs  in  e x p e r im e n t  II  w e re  n o t  s ig n if ic a n tly  
a f fe c te d  b y  p re b le n d in g  t r e a tm e n t  ( d a ta  n o t  p re s e n te d  in 
ta b u la r  fo rm ) . T h e  o n ly  d if fe re n c e  in  t r e a tm e n t  b e tw e e n  
e x p e r im e n t  I a n d  e x p e r im e n t  II w as in  th e  m e th o d  o f  p a c k 
ag in g  th e  p re b le n d s  d u r in g  s to ra g e . I t  is  p o ss ib le  th a t  
v a c u u m  p a c k a g in g  o f  p re b le n d s  in  e x p e r im e n t  II re d u c e d  
n i t r i t e  d e p le t io n  d u r in g  s to ra g e . H o w e v e r , r e s id u a l  n i t r i te  
w as n o t  d e te rm in e d  in  e x p e r im e n t  I to  c o m p a re  w ith  th a t  
in  e x p e r im e n t  II.

R a w  m a te r ia ls  s to ra g e  t im e  s ig n if ic a n tly  in f lu e n c e d  
f irm n e s s  a n d  ju ic in e s s  ra tin g s  o f  w ie n e rs  in  b o th  s tu d ie s . 
In  e x p e r im e n t  I, f irm n e ss  ra t in g s  in c re a se d  s ig n if ic a n tly  
o n  d a y  21 a f t e r  a s ig n if ic a n t d e c re a se  o n  d a y  14. H o w 
ev e r, th e  ra t in g s  o n  d a y  21 a n d  2 8  w e re  n o t  s ig n if ic a n tly  
d if f e r e n t  f ro m  th e  ra t in g s  o n  d a y  0 . W a rn e r-B ra tz le r  s h e a r  
fo rc e  v a lu e s  fo r  w ie n e rs  in  b o th  s tu d ie s  w e re  n o t  s ig n ifi
c a n tly  a f fe c te d  b y  raw  m a te r ia l  s to ra g e  tim e . A v erag e  
ju ic in e s s  ra tin g s  in  e x p e r im e n t  I in c re a s e d  s ig n if ic a n tly  o n

d a y  14  a n d  d e c re a se d  s lig h tly  a f t e r  d a y  2 1 . In  g e n e ra l, 
av e rag e  a p p e a ra n c e , f la v o r  a n d  o v e ra ll d e s i ra b i l i ty  ra tin g s  
in c re a s e d  as ra w  m a te r ia l  s to ra g e  t im e  in c re a s e d . F la v o r  
ra t in g s  o f  w ie n e rs  in  e x p e r im e n t  I I , h o w e v e r , in c re a se d  u p  
to  d a y  21 a n d  d e c re a se d  o n  d a y  2 8 . E x a m in a t io n  o f  th e  
d a ta  in d ic a te d  t h a t  o n  d a y  0 f la v o r  ra t in g s  o f  p re r ig o r  w ie n 
e rs  w ere  lo w e r  th a n  t h a t  f o r  p o s tr ig o r  w ie n e rs . T h e  p a n e l
is ts  c o m m e n te d  t h a t  p re r ig o r  w ie n e rs  p re p a re d  o n  d a y  0 
h a d  a s tro n g  b e e f  f la v o r, a ty p ic a l  o f  a ll m e a t  ty p e  w ien e rs . 
O n ly  a few  o f  th e  p a n e lis ts  d e te c te d  ra n c id  f la v o r  in  w ie n e rs  
p re p a re d  f ro m  p re r ig o r  p re b le n d s  w i th o u t  n i t r i t e ;  m o s t  o f  
th e  p a n e lis ts  r a te d  th e  w ie n e rs  as v e ry  a c c e p ta b le .

T h is  s tu d y  sh o w e d  th a t  w ie n e rs  p re p a re d  f ro m  p re r ig o r  
p re b le n d s  w e re  as a c c e p ta b le  as w ie n e rs  p re p a re d  f ro m  p o s t 
r ig o r  p re b le n d s . T h e  s tu d y  a lso  su g g e s ts  t h a t  d e s i ra b le  c h a r 
a c te r is t ic s  o f  b e e f  raw  m a te r ia ls  f o r  w ie n e r  p ro d u c t io n  can  
b e  m a in ta in e d  fo r  as lo n g  as 2 8  d a y s  b y  p re b le n d in g  th e  
c o a rs e ly  g ro u n d  m a te r ia l  w ith  3%  sa lt  a n d  6 0  p p m  n i t r i te ,  
p a c k a g in g  th e  p re b le n d s  to  m in im iz e  e x p o s u re  t o  a ir  a n d  
s to r in g  th e m  a t  2 C. A d d i t io n a l  re s e a rc h  is n e e d e d  to  d e te r 
m in e  a sy s te m  in  w h ic h  s u p e r io r  E C  o f  p re r ig o r  p re b le n d s  
c a n  b e  u ti l iz e d  m o re  e f f ic ie n t ly .
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M i c r o b i o l o g i c a l  Q u a l i t y  o f  V a c u u m  P a c k a g e d  P o u l t r y  
W i t h  o r  W i t h o u t  C h l o r i n e  T r e a t m e n t

A. A. KRAFT, K. V. REDDY, R. J. HASIAK, K. D. LIND, and D. E. GALLOWAY

-----------------------------ABSTRACT-----------------------------
Dry packed broilers were cut up or kept as whole carcasses and 
vacuum packaged in a high barrier or low barrier film or stretch wrapped in a tray package. In an additional study, chicken was treated with 20 ppm chlorine in a chilled water dip; control chicken had no chlorine added to the water. The poultry was then packaged as previously indicated. The chicken was stored in a display case 
at about 5°C and examined for various bacteria and odor develop
ment at intervals up to 10 days. Vacuum packaging dry packed broilers resulted in significantly lower bacterial counts and longer keeping time compared with stretch wrapped chicken. Longest shelf life was obtained with a high barrier film, and chlorine as a dip did not provide increased storage life compared with vacuum 
packaged broilers maintained in the dry state.

INTRODUCTION
T H E  IN F L U E N C E  o f  p a c k a g in g  m e th o d s  a n d  m a te r ia ls  o n  
k e e p in g  q u a l i ty  o f  f re s h  o r  f ro z e n  p o u l t r y  h a s  b e e n  w ell 
e s ta b lis h e d  (A y re s , 1 9 6 6 ; W ells e t  a l., 1 9 5 8 ). S h e lf  life  is 
a s s o c ia te d  w ith  g ro w th  o f  sp o ila g e  o rg a n ism s . S in c e  ty p ic a l  
sp o ila g e  b a c te r ia ,  su c h  as Pseudomonas, a re  h ig h ly  a e ro b ic , 
th e  p e rm e a b i l i ty  o f  m a te r ia ls  t o  o x y g e n  a n d  e f f e c t  o f  v a c u 
u m  p a c k a g in g  a re  f a c to r s  to  b e  c o n s id e re d  in  e x te n d in g  
s h e lf  life  o f  p o u l t r y  (A ra fa  a n d  C h e n , 1 9 7 5 ; D e b e v e re  a n d  
V o e ts ,  1 9 7 3 ; S h a n k  a n d  L u n d q u is t ,  1 9 6 3 ) . V a c u u m  p a c k 
ag in g  o f  p o u l t r y  h a s  g e n e ra lly  r e s u lte d  in  lo n g e r  k e e p in g  
t im e  th a n  o b se rv e d  w h e n  p o u l t r y  w as p a c k a g e d  in  a ir. In  
o u r  la b o r a to r y ,  w e fo u n d  th a t  b a c te r ia l  f lu o re s c e n c e  o n  
c h ic k e n  w as in h ib i te d  b y  p a c k a g in g  th e  p o u l t r y  in  ev a c u 
a te d , h e a t  s h ru n k  C ry o v a c  b ags ( K r a f t  a n d  A y re s , 1 9 6 1 ). 
I n  o u r  la te r  w o rk  ( R e y  a n d  K ra f t ,  19V 1) w e o b se rv e d  th a t  
v a c u u m  p a c k a g in g  in  a h ig h ly  im p e rm e a b le  f i lm , a 3 -p ly  
la m in a te ,  r e s u lte d  in  r e d u c t io n  in  n u m b e r s  a n d  a c tiv i ty  o f  
sp o ila g e  o rg a n ism s  w h e n  c o m p a re d  w ith  o th e r  m e th o d s  
te s te d . W h e n  c h ic k e n  w as s to re d  in  e v a c u a te d  p o ly e th y le n e  
b ags a t  a b o u t  4 ° C , W a lk e r a n d  A y re s , ( 1 9 5 6 )  fo u n d  th a t  o f f  
o d o r  o c c u r re d  a t  a b o u t  5 o r  6 d a y s , fo l lo w e d  b y  s lim e  f o r 
m a t io n  o n  th e  c h ic k e n . H o w e v e r, d if fe re n c e s  m a y  e x is t  in  
t im e  f o r  sp o ila g e  o f  w h o le  vs c u t  u p  b ird s , a n d  o n e  o f  th e  
p u rp o s e s  o f  th is  in v e s t ig a tio n  w as t o  e x a m in e  th e  tw o  
ty p e s  o f  p r o d u c ts  f o r  m ic ro b ia l  f lo ra  a n d  k e e p in g  tim e .

A lth o u g h  in f o rm a t io n  d e sc r ib e d  a b o v e  h a s  s h o w n  th e  
w o r th  o f  v a c u u m  p a c k a g in g  in  h ig h ly  im p e rm e a b le  m a te r 
ia ls, th e  c o m b in a t io n  o f  v a c u u m  p a c k a g in g  in d iv id u a l ca r
casses  f o r  re ta i l  sa le  a f t e r  b u lk  p a c k a g in g  c h ic k e n s  in  q u a n 
t i t y  in  c a rb o n  d io x id e  in  a sea led  p la s t ic  bag  w a r ra n te d  
in v e s t ig a tio n  as a m e a n s  o f  f u r th e r  in c re a s in g  s h e lf  life . T h e  
p r im a r y  o b je c tiv e  o f  th is  s tu d y  w as to  d e te rm in e  e f fe c ts  o f  
th e s e  p ro c e sse s  o n  k e e p in g  q u a l i ty  a n d  m ic ro b ia l  n u m b e r s  
a n d  ty p e s  a s s o c ia te d  w ith  d ry  p a c k e d  f re s h  r e f r ig e ra te d  
b ro ile rs  a f te r  v a c u u m  p a c k a g in g  a n d  h o ld in g  in  a re ta i l  
ty p e  d isp la y  case. S p e c if ic  c o n s id e ra t io n  w as g iv en  to  
b a r r ie r  c h a ra c te r is t ic s  o f  p a c k a g in g  f ilm s , e f fe c t  o f  v a c u u m
A u th o r  K ra ft  is with the D ep t, o f  F o o d  T e ch no log y  a n d  author  
Hasiak is w ith the D ept, o f  A n im a l S c ie n c e , Iow a S ta te  U niv., A m es, 
IA  5 0 0 1 1 . A u th o r  R e d d y  is a t  the Univ. o f  L o n d rin a , Lo n d rin a , 
P R  86" 100, Brazil. A u th o rs  L in d  a n d  G allow ay are w ith  the A m e ri
can  Can C o ., P .O . B o x  7 0 2 , 1 915  M arathon A v e ., N eenah, l/VI 
5 4 9 5 6 .

p a c k a g in g  c o m p a re d  w ith  s t r e tc h  w ra p  p a c k a g in g  in  a ir, 
w h o le  vs c u t  u p  ca rc asse s , a n d  e f fe c ts  o f  a c h lo r in e  d ip  o n  
m ic ro b ia l  p o p u la t io n s .  A l th o u g h  c h lo r in e  t r e a t m e n t  o f  
p o u l t r y  h a s  a lso  b e e n  s tu d ie d  e x te n s iv e ly , th e  c u r r e n t  w o rk  
w as c o n c e rn e d  w ith  th e  p ro p o s a l  b y  th e  U .S . D e p a r tm e n t  
o f  A g r ic u ltu re  to  u se  w a te r  c o n ta in in g  2 0  p p m  a v a ila b le  
c h lo r in e  in  c o n t in u o u s  c h il le rs  ( F e d e ra l  R e g is te r , 1 9 7 8 ).

EXPERIMENTAL
EVISCERATED dry packed whole broilers, approximately 70 lb 
or about 20-25 birds per box, were obtained from local commercial distributors. The poultry was originally packed in a plastic film bag in the paperboard container with air removed from the bag, carbon dioxide added to the bulk package, and the bags sealed. The boxed chicken was shipped by refrigerated truck from Southern processing plants to the local supplier within 48 hr after processing. One-half of the carcasses (about 10-12 birds) were cut up in the laboratory and the remainder were packaged as whole birds. The broilers were vacuum packaged (about 27-29 in. Hg) in a highly impermeable film and in a film providing a lower barrier to oxygen 
(about 18 cc/M2/24 hr compared with 2000 cc/M2/24 hr at 23° C and 0% R.H., respectively). Oxygen transmission rates were in the order of 100 times difference between films. Broilers were also tray packaged in air in a stretch wrap film which was very permeable to oxygen (6500 cc/M2/24 hr at 23°C and 0% R.H.). In 
another series of tests, the chicken was dipped momentarily in a 
20 ppm active chlorine solution and compared with similar poultry dipped in chilled water. Such treatment obviously was not comparable with chlorination of a continuous chiller, but it was expected to yield information relative to the value of the use of the 
specified level of disinfectant. The broilers were drained to remove excess moisture and then vacuum packaged and tray packaged as 
described previously. Following packaging, the poultry was stored in a display case at about 5°C and examined at intervals of 0, 3, 6, 
and 10 days of storage. The initial examination was performed on whole and cut-up birds. An area of 2 cm2 on the surface of each side of the breast was swabbed (total of 4 cm2 of breast surface) 
for sampling for enumeration of mesophiles, psychrotrophs, enterococci, coliforms, and lactobacilli. The remainder of the breast was swabbed on both sides for determining incidence of salmonellae,
C. perfringens and coagulase-positive staphylococci.

Analyses were made at each interval for psychrotrophic and mesophilic aerobic bacteria for typical spoilage types, facultative 
“souring” types such as lactobacilli, and potential pathogens including salmonellae, staphylococci, and Clostridium perfringens. All 
samples were also evaluated for off odors by a panel of three trained judges. Salmonellae isolates were serotyped at the State Hygienic 
Laboratory at the University of Iowa. Microbiological test methods are outlined in Table 1. Three replications were performed and the data wereanalyzed statistically.

RESULTS & DISCUSSION
P h a se  I —E ffe c t  o f  p a c k a g in g  m e th o d s  a n d  c u t t in g

F ig . 1 a n d  2 s h o w  th a t  t r a y  p a c k e d  s t r e tc h  w ra p p e d  
p o u l t r y  h a d  th e  m o s t  ra p id  in c re a se  in  b a c te r ia l  c o u n ts  a n d  
to  th e  h ig h e s t leve ls, re g a rd le ss  o f  w h e th e r  th e  c h ic k e n  w as 
w h o le  (F ig . 1) o r  c u t  u p  (F ig . 2). S p o ila g e  o c c u r re d  f a s te s t  
w ith  s t r e tc h  w ra p p e d  c h ic k e n , a n d  b a c te r ia l  n u m b e r s  r e a c h e d  
leve ls o f  10 m ill io n  p e r  c m 2 o n  w h o le  b ird s  a n d  100 m ill io n  
p e r  c m 2 o n  c u t-u p  b ird s  w ith in  6 d a y s  a t  5 °C . In  c o n t r a s t ,  
v a c u u m  p a c k a g e d  c h ic k e n  sh o w e d  o n ly  g ra d u a l in c re a se s  in  
b a c te r ia l  n u m b e rs . B a c te r ia l  c o u n ts  r e a c h e d  a b o u t  1 m ill io n
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fo r  th e  lo w  b a r r ie r  (L B ) w h o le  c a rc a sse s  a n d  b e tw e e n  100  
th o u s a n d  a n d  1 m ill io n  p e r  c m 2 f o r  h ig h  b a r r ie r  (H B ) w h o le  
b ird s  a t  10 d ay s . C u t-u p  ca rc a sse s  sh o w e d  h ig h e r  b a c te r ia l  
p o p u la t io n s  b y  c o m p a r is o n  w ith  w h o le  b ird s .

L o n g e s t s h e lf  life  a n d  a c c e p ta b i l i ty ,  as d e te rm in e d  b y  
d e v e lo p m e n t o f  o f f  o d o r ,  w as p ro v id e d  b y  th e  HB film  w ith  
w h o le  ca rc asse s , a n d  o n ly  s lig h tly  g re a te r  c o u n ts  w e re  o b 
se rv ed  f o r  H B  c u t-u p  p o u l t r y .  A ll c u t-u p  p o u l t r y  sp o ile d  
f a s te r  th a n  w h o le  b ird s ,  b u t  d if fe re n c e s  f o r  H B  v a c u u m

Fig. 1- C o u n t s  o f  total a erob ic m eso p h ilic  bacteria from  packaged  
w hole ch ickens.

p a c k a g e d  c h ic k e n  w ere  o n ly  s lig h t. W ith  th e  LB f ilm , 
b a c te r ia l  c o u n ts  in c re a s e d  r a th e r  s h a rp ly  b e tw e e n  3 a n d  6 
d a y s  fo r  c u t-u p  b ird s  as c o m p a re d  w ith  w h o le  b ird s . F o r  HB 
w h o le  p o u l t r y ,  it  is p o ss ib le  t h a t  k e e p in g  t im e  c o u ld  be 
e x te n d e d  b e y o n d  th e  10 d a y  l im it  in  th e s e  tr ia ls  to  a b o u t  
12 o r  13 d ay s . T h e s e  c o n d i t io n s  p ro b a b ly  w o u ld  n o t  a p p ly  
to  LB  w h o le  b ird s , w h ic h  sh o w e d  in c ip ie n t  sp o ila g e  a n d  h ad  
p o p u la t io n s  o f  a b o u t  1 m ill io n  p e r  c m 2 b y  th e  t e n th  d ay  
o f  s to ra g e . S t r e tc h  w ra p p e d  c h ic k e n  d e m o n s tr a te d  su ffi-

Fig. 2 —C ou n ts o f  total aerob ic m eso p h ilic  bacteria  from  packaged  
cut-up  ch ickens.

Table 1 —B acterio log ica l p ro ced u re s e m p lo y e d  to d eterm ine  bacteria! densities o r  in cid en ce  o f  organism s

Types of 
microorganisms Growth media Plating technique Incubation

Confirmatory
tests

Mesophiles Trypiticase soy agar (T S A , B B L )a Pour plates 3 2 °C /24 —36 hr
Psychrotrophs T S A ,B B L a Pour plates 5°C/6  days
Enterococci K F  Streptococcus medium (D ifco)b Pour plates 37°C/24  hr According to Barnes (1956)
Lactobacilli LB S  agar (B B L )b Pour plates 37°C/48  hr Gram stain
Conforms Violet Red Bile agar (D ifco)b Pour plates 3 7 °C /24 —36 hr Levine EM B agar (D ifco)b
S ta p h y lo co ccu s Staph 110 medium with egg yolk  

(Herman and Morelli, 1960)
Surface plating 37°C/48  hr Tube coagulase test

Salm onella Procedures for meats (Galton et al. 1968) Procedures for meats 
(Galton et al. 1968)

37°C/24  hr T S I and agglutination

C. perfringens SPS agar (Angelotti e ta l. 1962) Anaerobic pouches 
(Bladel and Greenberg, 1965)

3 7 °C/24 hr Motility and H2S 
(Angelotti et a l., 1962)

a B B L  d iv is io n  o f B io  Q u e st, C o c k e y sv il le , M D  
b D ifc o  L a b o ra to r ie s , D e t ro it , M l
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M IC R O B IO L O G Y  O F  VACU U M  P A C K A G ED  P O U L T R Y . .  .

c ie n t  c o a le s c e n c e  o f  b a c te r ia l  c o lo n ie s  to  p ro d u c e  s lim e , b u t  
n o  s lim e  f o r m a t io n  o c c u r re d  w ith  e i th e r  H B  o r  LB v a c u u m  
p a c k a g e d  c h ic k e n , w h o le  o r  c u t-u p .

P s y c h ro tr o p h ic  b a c te r ia  w ere  fa v o re d  b y  th e  LB film  in  
c o m p a r is o n  w ith  th e  HB m a te r ia l . T h is  m a y  h av e  b e e n  d u e  
to  th e  g re a te r  o x y g e n  p e rm e a b i l i ty  o f  th e  LB film  w h ic h  
r e s u lte d  in  p ro l i f e r a t io n  o f  ty p ic a l  a e ro b ic  sp o ila g e  ty p e s . 
H o w e v e r, v a c u u m  p a c k a g in g  r e ta r d e d  d e v e lo p m e n t o f  
p s y c h r o t r o p h s  a n d  o th e r  o rg a n ism s  in  c o m p a r is o n  w ith  
s t r e tc h  w ra p p in g , re g a rd le ss  o f  m a te r ia ls  u se d  f o r  v a c u u m  
p a c k a g in g .

L a c to b a c il l i  g re w  fa ir ly  w ell o n  v a c u u m  p a c k a g e d  c h ic k 
e n , re a c h in g  levels o f  100,000 p e r  c m 2 b y  10 d a y s  o f  s to r 
age a t  5 C. T h e se  o rg a n ism s  p ro d u c e d  a n  a ty p ic a l  o d o r ,  n o t  
c h a ra c te r is t ic  o f  d e f in i te  sp o ila g e , n o r  as p r o n o u n c e d  as th e  
ty p ic a l  o d o rs  fo rm e d  b y  Pseudomonas o n  c h ic k e n .

In  g e n e ra l, o d o r  d e te rm in a t io n s  c o r re la te d  su b je c tiv e ly  
w ith  b a c te r ia l  c o u n ts .  A ll s t r e tc h  w ra p p e d  p o u l t r y  w ere

DAYS IN STORAGE

Fig. 3 —E f fe c t  o f  ch lo rin e  treatm ent on total aerob ic m esoph ilic  
bacteria  on w hole an d  cut-up ch ickens.

ju d g e d  to  sh o w  in c ip ie n t  sp o ila g e  b a se d  o n  o d o r  a t  a b o u t  
3 d ay s . O f f -o d o r  w as n o t  e v id e n t  o n  LB v a c u u m  p a c k a g e d  
c h ic k e n  u n t i l  a b o u t  10 d ay s . S o u r  o d o r  w as a s s o c ia te d  w ith  
la c to b a c il l i  a n d  d id  n o t  b e c o m e  e v id e n t  o n  HB c h ic k e n  
u n t i l  10 d ay s . A t t h a t  t im e , th e  o d o r  w as  o n ly  m o d e ra te .  
H B  w h o le  c h ic k e n  w as s til l  ju d g e d  to  b e  a c c e p ta b le  a t  t h a t  
t im e . HB v a c u u m  p a c k a g e d  b ird s  p ro b a b ly  w o u ld  h a v e  b e e n  
a c c e p ta b le  b e y o n d  10 d a y s  b y  a d a y  o r  tw o . D if fe re n c e s  
b e tw e e n  c o m p a ra b ly  p a c k a g e d  w h o le  o r  c u t-u p  c h ic k e n  
w e re  n o t  g re a t e n o u g h  to  b e  d e te c te d ,  a l th o u g h  to ta l  n u m 
b e rs  o f  b a c te r ia  w ere  g re a te r  f o r  c u t  u p  b ird s  th a n  fo r  
w h o le  b ird s .

A n  a n a ly s is  o f  v a r ia n c e  w as p e r fo r m e d  f o r  th e  th r e e  
re p lic a t io n s .  In  a d d i t io n ,  b a c te r ia l  c o u n ts  w e re  s u b je c te d  to  
a “ t ”  te s t  b y  p o o le d  v a r ia n c e  a n d  le a s t  s ig n if ic a n t d if fe r 
e n c e s  w ere  c a lc u la te d  (T a b le  2 ). A ll s ta t is t ic a l  a n a ly se s  in  
th e  T a b le s  r e fe r  to  o v e ra ll m e a n s . S ta t is t ic a l  a n a ly s is  o f  
c o u n ts  in d ic a te d  th e  fo l lo w in g : A s m a y  b e  e x p e c te d ,  in 
c rea se  in  s to ra g e  t im e  p ro d u c e d  s ig n if ic a n t in c re a s e s  in  
leve ls  o f  a ll ty p e s  o f  m ic ro o rg a n is m s  w ith  th e  e x c e p t io n  o f  
p s y c h r o tro p h s .  P s y c h ro tr o p h ic  b a c te r ia  r e a c h e d  a b o u t  
as h ig h  n u m b e r s  a f te r  6 d a y s  as a f te r  10 d ay s . H o w e v e r, 
i t  is a lso  p o ss ib le  t h a t  th e  a c tu a l  p e a k  in  p s y c h r o t r o p h  
p o p u la t io n s  o c c u r re d  b e tw e e n  6 a n d  10 d a y s , a n d  th e  10 
d a y  c o u n t  m a y  h av e  b e e n  a s s o c ia te d  w ith  a d o w n w a rd  
t r e n d .  N e v e r th e le s s , g ro w th  o f  sp o ila g e  ty p e s  o v e r  t im e  
w e re  r e la te d  to  d e v e lo p m e n t o f  o f f -o d o rs , as m e n t io n e d  
p re v io u s ly . P a c k a g in g  m a te r ia ls  a n d  m e th o d s  s ig n if ic a n tly  
a f fe c te d  b a c te r ia l  g ro w th , a l th o u g h  th e  HB a n d  LB film s  
w e re  n o t  h ig h ly  d if f e r e n t  f ro m  e a c h  o th e r  in  e f fe c t  f o r  
m e s o p h il ic  o rg a n ism s , la c to b a c il l i ,  o r  e n te ro c o c c i .  C o u n ts  
o f  m e s o p h ile s  o n  c h ic k e n  p a c k a g e d  w ith . HB o r  LB  film s  
d if fe re d  s ig n if ic a n tly  a t  th e  5% leve l, as in d ic a te d  b y  th e  
sh a re d  s u p e r s c r ip t  ‘a ’ in  4 .7 5 a a n d  5 .2 2 a b . S im ila r  s ta t is t ic a l  
s ig n if ic a n c e  w as o b se rv e d  f o r  e n te ro c o c c i  in  c o m p a r in g  HB 
a n d  LB f ilm s  ( 1 .9 9 a vs 2 .6 5 ab). T h e  p r in c ip a l  s ig n if ic a n t 
d if fe re n c e  in  b a c te r ia l  g ro w th  w as b e tw e e n  HB o r  LB v a c u 
u m  p a c k a g e d  c h ic k e n  a n d  s t r e tc h  w ra p p e d  b ird s . W ith  
re g a rd  to  d if fe re n c e s  b e tw e e n  p o p u la t io n s  o n  w h o le  o r  c u t  
u p  p o u l t r y ,  o n ly  m e s o p h il ic  sp o ila g e  o rg a n ism s  d if fe re d  
s ig n if ic a n tly .

I n c id e n c e  o f  s a lm o n e lla e  d if fe re d  c o n s id e ra b ly  b e tw e e n  
w h o le  a n d  c u t  u p  b ird s , b u t  n o t  a m o n g  c h ic k e n s  p a c k a g e d  
b y  v a c u u m  w ith  HB o r  LB film . S a lm o n e lla e  w e re  re c o v e re d  
f ro m  11 o f  27  c u t  u p  b ird s  (4 0 .7 % ), b u t  n o t  f ro m  a n y  
w h o le  c h ic k e n s . C u tt in g  a p p a re n t ly  c a u se d  c o n ta m in a t io n  
b y  sa lm o n e lla e , w h ic h  a lso  w as m o re  a p p a re n t  w i th  s t r e tc h  
w ra p p e d  c h ic k e n . O f  th e  sa lm o n e lla e  re c o v e rie s  f ro m  c u t-u p  
p o u l t r y ,  th r e e  w ere  f ro m  b ird s  p a c k a g e d  w ith  H B  f ilm , tw o  
f ro m  LB film  p a c k a g e d  c h ic k e n , a n d  six  f ro m  s t r e tc h

Table 2 —E f fe c t  o f  packaging, cu ttin g  an d  storage on bacterial co u n ts  o f  ch ick en

Log no. bacteria per cm 2
No. of

Treatment Samples Mesophiles Psychrotrophs Lactobacilli Enterococci

Days in 3 18 4.23a 3 .33a 1.75a 1 ,64a
storage 6 18 5 .85b 5 .33b 2.99b 2 .6 3 b

10 18 6 .4 5 c 5 .65c 4 .66c 3 .1 8 bc

Packaging HB 18 4.75a 3 .1 2a 3.40a 1.99a
material LB 18 5.22ab 4 .8 0 b 3.75a 2 .65ab

SW 18 6 .5 7 c 6 .4 0 c 2.04b 2 .8 2 bc

Type of Whole 27 5.26a 4 .6 0 a 3 .1 2a 2 .31a
poultry Cut up 27 5 .76b 4 .95a 3.01a 2 .66a

F o r  each co lu m n  w ith in  a t re a tm e n t , co u n ts  having  d iffe re n t  sing le  le tte r  su p e rsc r ip ts  are  s ig n if ic a n t ly  d iffe re n t  fro m  each  o th e r a t th e  1% 
le v e l. C o u n ts  w ith  su p e rsc r ip ts  “ a b "  d if fe r  fro m  th o se  w ith  " a ”  a t th e  5%  le v e l, bu t no t at th e  1% le ve l. C o u n ts  having  su p e rsc r ip ts  " b e ”  
d iffe r  fro m  th o se  w ith  “ a b "  o r “ b ”  a t th e  5%  le ve l, bu t n o t a t th e  1%  le ve l. C o u n ts  having  th e  sam e sing le  su p e rsc r ip ts  are  n o t s ig n if ic a n t ly  
d iffe re n t  a t e ith e r  le ve l.
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w ra p p e d  c h ic k e n . S a lm o n e lla e  is o la te s  w ere  s e r o ty p e d  b y  
th e  S ta te  H y g ie n ic  L a b o ra to ry  a t  th e  U n iv . o f  Io w a  C o lleg e  
o f  M ed ic in e . F o u r  iso la te s  w ere  S. Heidelberg a n d  sev en  
w ere  S. litchfield. T h e  l a t t e r  s e r o ty p e  h a s  b e e n  re la t iv e ly  
u n c o m m o n  o n  p o u l t r y ,  b u t  i t s  s ig n if ic a n c e  in  th is  w o rk  is 
n o w  k n o w n .

S ta p h y lo c o c c i  fo l lo w e d  t r e n d s  s im ila r  t o  th o s e  f o r  sa l
m o n e lla e ;  16 o f  2 7  (5 9 .3 % )  o f  w h o le  b ird s  d e m o n s tr a te d  
p re s e n c e  o f  c o a g u la se -p o s itiv e  s ta p h y lo c o c c i ,  a n d  a lm o s t  all 
(2 5  o f  2 7 , o r  9 2 .6 % ) o f  c u t-u p  ca rc a sse s  w e re  p o s itiv e  f o r  
th e  o rg a n ism s. A  h ig h  in c id e n c e  o f  s ta p h y lo c o c c i  in  c u t-u p  
p o u l t r y ,  w h ile  n o t  e sp e c ia lly  d e s ira b le , is a lso  n o t  su rp r is in g  
in  v iew  o f  h a n d lin g  p ro c e d u re s .

N o  Clostridium perfringens w e re  r e c o v e re d  f ro m  an y  
sa m p le s  o f  p a c k a g e d  p o u l t r y  o r  f re s h  c h ic k e n .

Phase II—Effect of chlorine dip before packaging
Fig . 3 r e p re s e n ts  th e  e f fe c t  o f  2 0  p p m  c h lo r in e  in  w a te r  

o n  g ro w th  o f  m e s o p h il ic  b a c te r ia  o n  s to r e d  p a c k a g e d  c h ic k 
en . F r o m  th e  f ig u re , i t  c a n  b e  n o te d  t h a t  c h lo r in e  in  a w a te r  
s o lu t io n  as a d ip  p ro v id e d  lo w e r  c o u n ts  th a n  f o r  c o n t r o l  
c h ic k e n  d ip p e d  in  w a te r  w ith  n o  c h lo r in e  a d d e d . In  p re l im i
n a ry  w o rk , th e  c h lo r in e  c o n c e n t r a t io n  w as f o u n d  to  d e 
c rea se  to  11  p p m  a f te r  d ip p in g  th e  f ir s t  tw o  b ird s  a n d  a t  th e  
e n d  o f  a s e c o n d  d ip  o f  tw o  b ird s , i t  f u r th e r  d e c re a s e d  to  6 
p p m  av a ilab le  c h lo r in e . In  th e  p re s e n t  s tu d y ,  b ird s  w ere  
d ip p e d  a t  th e  r a te  o f  tw o  p e r  d ip , w i th  a f re s h  s o lu t io n  u se d  
e a c h  tim e . A l th o u g h  th e  in i t ia l  2 0  p p m  av a ilb le  c h lo r in e  in  
th e  w a te r  w as n o t  m a in ta in e d  a b s o lu te ly  a t  t h a t  leve l d u rin g  
th e  t im e  o f  d ip p in g , d if fe re n c e s  in  b a c te r ia l  c o u n ts  w ere  
h ig h ly  s ig n if ic a n t (T a b le  3 )  f o r  c h lo r in e  t r e a tm e n t  a n d  n o  
c h lo r in e  t r e a tm e n t  f o r  m e s o p h ile s  a n d  p s y c h r o t ro p h s  o n  
c h ic k e n . K e e p in g  t im e  w as e x te n d e d  a b o u t  2 d a y s  b y  th e  
u se  o f  c h lo r in e  in  w a te r  (8 d a y s  c o m p a re d  w ith  a b o u t  6 
d a y s  f o r  c o n tro ls ) .  T h e  e f fe c t  o f  in -p la n t  c h lo r in a t io n  o n  
m ic ro b ia l f lo ra  o n  p o u l t r y  w as r e p o r te d  b y  B a rn e s  ( 1 9 7 2 )  
a n d  R a n k e n  ( 1 9 7 3 ) .  F u r th e r ,  Z ie g le r  a n d  S ta d e lm a n  ( 1 9 5 5 )  
d e m o n s tr a te d  a n  e x te n d e d  s h e lf  life  o f  c h ic k e n  b y  u s in g  10 
o r  2 0  p p m  c h lo r in a te d  w a te r  as a p o s t  c h ill d ip  f o r  5 m in . 
S ig n if ic a n t r e s is ta n c e  o f  c e r ta in  b a c te r ia l  ty p e s ,  p a r t ic u la r ly  
fe c a l s t r e p to c o c c i  a n d  s ta p h y lo c o c c i ,  w as r e p o r te d  b y  
P a t te r s o n  ( 1 9 6 8 )  w h e n  h e  u se d  2 0  p p m  c h lo r in e  w a te r  in  
c o n t in u o u s  im m e rs io n  c h il le rs  in  p o u l t r y  p ro c e ss in g  p la n ts . 
T h e  b a c te r ic id a l  e f fe c t  o f  c h lo r in e  d e p e n d s  u p o n  c e r ta in  
im p o r ta n t  f a c to r s  su c h  as c o n c e n t r a t io n ,  c o n ta c t  t im e , 
te m p e ra tu re ,  e tc . U n d e r  th e  e x p e r im e n ta l  c o n d i t io n s  p re 
s e n te d  in  th is  w o rk , c h lo r in e  a t  20 p p m  c o n c e n t r a t io n s  d id

n o t  s ig n if ic a n tly  r e d u c e  la c to b a c il l i ,  e n te ro c o c c i  o r  co li- 
fo rm s . H o w e v e r, d e c re a se s  w e re  n o te d  f o r  th e s e  o rg a n ism s  
f o r  c h lo r in e - t r e a te d  sa m p le s  c o m p a re d  w ith  c o n tro ls  
(T a b le  3).

O f  th e  th re e  p a c k a g in g  m a te r ia ls , th e  HB film  p ro v id e d  
g re a te s t  r e d u c t io n  o f  m e s o p h il ic  g ro w th , th e  lo w  b a rr ie r  
f ilm  (L B )  w as n e x t ,  a n d  th e  s t r e tc h  w ra p  (SW ) le a s t e f fe c 
tiv e  (F ig . 4 ) , s im ila r  to  th e  p re v io u s  s tu d y  (F ig . 1 a n d  2). 
A lso , i t  m a y  b e  n o te d  t h a t  p a c k a g in g  m a te r ia ls  a n d  m e th o d s  
d id  n o t  h av e  as g re a t an  e f fe c t  o n  b a c te r ia l  n u m b e r s  o r  sh e lf  
life  f o r  c a rc asse s  t r e a te d  w ith  c h lo r in e  in  a d ip  o r  fo r  c o n 
t r o ls  d ip p e d  in  w a te r  as th e y  d id  f o r  d ry  p a c k e d  c h ic k e n  
e v a lu a te d  in  th e  p re v io u s  s tu d y .

F o r  m e s o p h ile s , d if fe re n c e s  w ere  s ig n if ic a n t a t  th e  5% 
leve l b e tw e e n  H B  a n d  LB f ilm s  a n d  b e tw e e n  LB a n d  SW 
film s, a n d  a t  th e  1% leve l (h ig h ly  s ig n if ic a n t)  b e tw e e n  HB

F ig . 4 —R e la t io n s  o f  p a c k a g in g  m a te ria ls  to  to ta l a e ro b ic  m e s o p h il ic  
b a c te r ia  o n  c h ic k e n s .

Table 3 —E f fe c t  o f  packaging, cu tting , ch lo rin e  treatm ent an d  storage on bacteria! co u n ts  o f  ch ick e n

Treatment
No. of 

samples

Log no. bacteria per cm 12

Mesophiles Psychrotrophs Lactobacilli Enterococci Coliforms

Days in 3 36 5.22a 4 .73a 2 .60a 1.65a 1.55a
storage 6 36 6 .8 8 b 6 .6 6 b 3 .92b 2 .39b 2 .37b

10 36 7.76c 7.60c 4 .4 2 bc 2 .7 3 b 2 .7 4 b

Control 0 ppm 54 6 .81a 6 .54a 3.67a 2.35a 2.02a
Chlorine 20 ppm 54 6 .4 3 b 6 .1 2b 3.62a 2.16a 2.24a

Packaging HB 36 6 .30a 5.68a 4 .59a 2.47a 2.10a
material LB 36 6 .68ab 6 .4 5 b 4.67a 2.56a 2.62a

SW 36 6 .8 9 bc 6 .8 6 b 1.68b 1.73b 1.93b

Type of Whole 54 6 .48a 6 .21a 3 .54a 2.17a 2.13a
poultry Cut-up 54 6 .76ab 6 .4 5 b 3.76a 2.34a 2.31a

a b c F o r  each co lu m n  w ith in  a t re a tm e n t , co u n ts  having  d iffe re n t  sing le  le tte r  su p e rsc r ip ts  a re  s ig n if ic a n t ly  d if fe re n t  fro m  each o th e r a t th e  1% 
leve l. C o u n ts  w ith  su p e rsc r ip ts  “ a b ”  d iffe r  fro m  th o se  w ith  " a ”  at th e  5%  le ve l, b ut no t a t th e  1%  le v e l. C o u n ts  having  su p e rsc r ip ts  “ b e ”  
d iffe r  fro m  tho se  w ith  “ a b "  o r “ b "  at th e  5%  le ve l, b u t n o t a t the  1%  le v e l. C o u n ts  having  th e  sam e sing le  su p e rsc r ip ts  are  n o t s ig n if ic a n t ly  
d iffe re n t  at e ith e r  le ve l.
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M IC R O B IO L O G Y  O F  VACU U M  P A C K A G ED  P O U L T R Y . . .

a n d  SW f ilm s  (T a b le  3 ). P s y c h ro tr o p h s  w ere  s ig n if ic a n tly  
in h ib i te d  in  g ro w th  b y  th e  HB f ilm , w ith  n o  s ig n if ic a n t 
d if fe re n c e  b e tw e e n  LB a n d  SW p ac k a g in g . F o r  o th e r  o rg a n 
ism s ( la c to b a c il l i ,  e n te ro c o c c i  o r  c o li fo rm s ) , LB a n d  HB 
w e re  c o m p a ra b le  in  e f fe c t ,  b u t  b o th  a l lo w e d  s ig n if ic a n tly  
lo w e r  m ic ro b ia l  g ro w th  th a n  th e  s t r e tc h  w ra p  m a te r ia l . 
F r o m  th e  p re v io u s  s tu d y , in h ib i t io n  o f  a e ro b ic  sp o ila g e  
f ro m  g ro w th  o f  p s y c h r o t ro p h s  w o u ld  b e  e x p e c te d  b y  th e  
u se  o f  H B  film .

S im ila r  to  e a r lie r  r e s u lts  w ith  d ry  p a c k  c h ic k e n  (F ig . 1 
a n d  2) , c u t-u p  p o u l t r y  g e n e ra lly  sp o ile d  a t  a f a s te r  r a te  th a n  
w h o le  b ird s  (F ig . 5 ). H o w e v e r, an  im p o r ta n t  o b s e rv a tio n  to  
b e  n o te d  h e re  is t h a t  c a v ity  o d o rs  in  w h o le  ca rc a sse s  b e 
c a m e  p ro n o u n c e d  d u r in g  s to ra g e  ( f r o m  3 to  6 d a y s ) . T h is  
w as n o t  d e te c te d  o n  d ry  p a c k e d  p o u l t r y  in  th e  e a r lie r  w o rk  
r e p o r te d .  U se o f  HB o r  LB film s  d id  n o t  p ro d u c e  c o n s is te n t  
d if fe re n c e s  re g a rd in g  c a v ity  o d o rs . In  la te r  s ta g es  o f  s to ra g e , 
o d o r  w as m o re  m a rk e d  f ro m  c a v itie s  o f  w h o le  c a rc asse s  
th a n  f ro m  c u t-u p  c h ic k e n . R e a s o n s  f o r  th e s e  d if fe re n c e s  
a re  u n k n o w n , b u t  o d o rs  w e re  l ik e ly  to  b e  c a u se d  b y  sp re a d  
o f  c o n ta m in a t io n  re s u lt in g  f ro m  th e  w e t t in g  p ro c e d u re . 
H o w e v e r , in  a ll cases , th e  SW c h ic k e n  w as le a s t a c c e p ta b le ,  
as p re v io u s ly  o b se rv e d  f o r  d ry  p a c k e d  b ird s  m a in ta in e d  in  
t h e  d ry  s ta te .

T a b le  4  sh o w s  th e  o c c u r re n c e  o f  c o a g u la se  p o s itiv e  
s ta p h y lo c o c c i ,  Salmonella sp p . o n  th e  c h ic k e n  sam p les . In 
c id e n c e  o f  th e s e  p o te n t i a l  f o o d  p o is o n in g  ty p e s  w as de-

Fig. 5—C om parison  o f  total aerob ic m eso p h ilic  bacteria  co u n ts  fo r  
w hole  a n d  cu t-up  ch ickens.

c re a se d  b y  th e  u se  o f  c h lo r in e  t r e a tm e n t .  N in e te e n  o f  5 4  
sa m p le s  t r e a te d  w ith  c h lo r in e  sh o w e d  c o a g u la se  p o s itiv e  
s ta p h y lo c o c c i  c o m p a re d  w ith  4 5  o f  5 4  c o n t r o l  s a m p le s  
d ip p e d  in  w a te r  w ith  n o  c h lo r in e . S a lm o n e lla e  w e re  p re s e n t  
o n  o n ly  f o u r  o f  5 4  c h lo r in e  t r e a te d  s a m p le s  c o m p a re d  w ith  
e lev en  o f  5 4  c o n t r o l  sam p les . C o n ta m in a t io n  b y  th e s e  
o rg a n ism s  w as fa v o re d  b y  c u t t in g  u p  th e  c h ic k e n  in  c o m 
p a r is o n  w ith  w h o le  c h ic k e n , as in  th e  e a r l ie r  s tu d y .  A l
th o u g h  h ig h ly  s a n i ta ry  te c h n iq u e s  w e re  p ra c t ic e d ,  c u t t in g  
o f  b ird s  re s u lte d  in  s p re a d  o f  c o n ta m in a t io n  b y  th e  p o te n 
tia l  p a th o g e n s . C h lo r in e  t r e a tm e n t  w as e f fe c t iv e  in  re d u c in g  
sa lm o n e lla e  g ro w th  o n  c u t-u p  p ro c e s s e d  p o u l t r y .  T h e  b a c 
te r ic id a l  e f fe c t  o f  c h lo r in e  o n  sa lm o n e lla e  w as d e m o n 
s tr a te d  b y  T h o m s o n  e t  al. ( 1 9 6 7 )  a n d  b y  D ix o n  a n d  P o o le y
( 1 9 6 1 )  u s in g  100—200 p p m  c h lo r in e  o n  a r t if ic ia l ly  in o c u 
la te d  p o u l t r y  ca rcasses . T h e  re s u lts  o f  th is  s tu d y  su g g es t 
t h a t  20 p p m  c h lo r in e  is a lso  e f fe c t iv e  in  re d u c in g  s a lm o n e lla e  
o n  c h ic k e n  ca rc asse s . T h e  s e r o ty p e s  is o la te d  w e re  S. braen- 
derup (7  o f  15) a n d  S. heidelberg (8 o f  15 ). T h e s e  tw o  s e ro 
ty p e s  m a y  b e  s o m e w h a t m o re  re s is ta n t  t h a n  o th e r  ty p e s ,  o r  
th e y  m a y  h av e  h a d  a h ig h e r  in c id e n c e  in i t ia l ly  o n  c h ic k e n  
s a m p le s  in  th is  s tu d y .

Clostridium perfringens w as r e c o v e re d  f ro m  o n ly  tw o  
sa m p le s  b e fo re  w e t d ip  t r e a tm e n ts  a n d  n o n e  w as is o la te d  
a f te r  e i th e r  o f  th e  t r e a tm e n ts .  I f  th e s e  o rg a n is m s  a re  c o n 
s id e re d  as an  in d e x  o f  th e  e f fe c t  o f  v a c u u m  p a c k a g in g  o n  
g ro w th  o f  a n a e ro b e s  o n  p o u l t r y ,  l i t t l e  o r  n o  h a z a rd  m a y  
b e  a n t i c ip a te d ,  a ssu m in g  n o  te m p e r a tu r e  a b u se .

F r o m  th e s e  s tu d ie s , i t  m a y  b e  n o te d  t h a t  u se  o f  a w e t 
d ip , w ith  o r  w i th o u t  c h lo r in e , d id  n o t  p ro v id e  as g o o d  
m ic ro b io lo g ic a l q u a li ty  o r  s h e lf  life  as th e  d ry  p a c k  d id . In  
n o  in s ta n c e  w e re  d ip p e d  b ird s  a c c e p ta b le  a f t e r  10 d ay s .

R e s u lts  o f  th is  w o rk  m a y  b e  s u m m a riz e d  as fo llo w s :
1. T ra y  p a c k e d  s t r e tc h  w ra p p e d  p o u l t r y  h a d  th e  m o s t  

ra p id  in c re a se  in  b a c te r ia l  c o u n ts ,  a n d  t o  th e  h ig h e s t lev e l, 
c o m p a re d  w ith  v a c u u m  p a c k a g e d  c h ic k e n  in  a h ig h  o r  lo w  
b a r r ie r  f i lm , f o r  b o th  w h o le  o r  c u t-u p  c h ic k e n . C o n s e q u e n t
ly , sp o ila g e  o c c u r re d  m o s t  r a p id ly  o f  all p a c k a g in g  m e th o d s  
w ith  s t r e tc h  w ra p p e d  p o u l t r y .  In  c o n tr a s t ,  v a c u u m  p a c k a g 
in g  d ry  p a c k  b ro ile rs  r e s u lte d  in  s ig n if ic a n tly  lo w e r  b a c te r 
ia! c o u n ts  a n d  lo n g e r  k e e p in g  t im e , p a r t ic u la r ly  w ith  a f ilm  
h av in g  p ro v id in g  a h ig h  b a r r ie r  to  o x y g e n  tra n s fe r .

2. L o n g e s t s h e lf  life  a n d  b e s t q u a l i ty  as d e te rm in e d  b y  
o f f  o d o r  d e v e lo p m e n t w as p ro v id e d  b y  th e  h ig h  b a r r ie r  
f ilm  w ith  w h o le  ca rcasses .

3 . A lth o u g h  b a c te r ia l  c o u n ts  w e re  g e n e ra lly  h ig h e r  o n  
c u t-u p  p o u l t r y  th a n  o n  w h o le  b ird s , th e s e  d if fe re n c e s  w e re  
n o t  g re a t fo r  a g iv en  p a c k a g in g  m a te r ia l  a n d  m e th o d .

4 . In c id e n c e  o f  sa lm o n e lla e  d if fe re d  c o n s id e ra b ly  b e 
tw e e n  w h o le  a n d  c u t-u p  b ird s , b u t  n o t  a m o n g  c h ic k e n s  
p a c k a g e d  b y  v a c u u m  w ith  HB o r  LB f ilm . S a lm o n e lla e  
w e re  r e c o v e re d  o n ly  f ro m  c u t-u p  c h ic k e n s , a n d  w e re  m o re  
a p p a re n t  w ith  h a n d  w ra p p e d  s t r e tc h  p a c k a g e d  c h ic k e n .

5. In  th e  se c o n d  p h a s e  o f  th is  w o rk , i t  w as  s h o w n  th a t  
in  g e n e ra l, u se  o f  a w e t d ip , w ith  o r  w i th o u t  c h lo r in e , d id  
n o t  p ro v id e  as g o o d  m ic ro b io lo g ic a l q u a l i ty  o r  s h e lf  life  as 
m a in ta in in g  th e  p o u l t r y  in  a d ry  c o n d i t io n  b e fo re  v a c u u m  
p ac k a g in g .

Table 4 —in cid e n ce  o f  s ta p h y lo co cc i an d  salm onellae (5 4  sam ples) o ve r the entire  storage p e r io d

Control Total Chlorine treated Total
Whole Cut up 

(N = 27) (N = 27)
Whole 

(N = 27)
Cut up 
(N = 27)

No. % No. % No. % No. % No. % No. %

Coagulase + Staphylococci 21 77.8 24 88.9 45 83.3 7 25.9 12 44.4 19 35.2
Salmonella + 2 7.4 9 33.3 11 20.3 2 7.4 2 7.4 4 7.4
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6. H o w e v e r, w i th  a w e t d ip , w h e n  c h lo r in e  w as u s e d  a t 
a leve l o f  20 p p m  in  a w a te r  s o lu t io n  as a d ip , i t  p ro v id e d  
lo w e r  to ta l  a e ro b ic  b a c te r ia l  c o u n ts  th a n  o b se rv e d  f o r  c o n 
t r o l  c h ic k e n  d ip p e d  in  w a te r  w ith  n o  c h lo r in e  a d d e d . K e e p 
in g  t im e  w as e x te n d e d  a b o u t  2 d a y s  b y  th e  u se  o f  20 p p m  
c h lo r in e  ( t o  a b o u t  7 o r  8 d a y s  c o m p a re d  w ith  a b o u t  6 d a y s  
f o r  c o n tro ls ) .  D if fe re n c e s  in  b a c te r ia l  c o u n ts  w e re  h ig h ly  
s ig n if ic a n t f o r  m e s o p h ile s  a n d  p s y c h r o t ro p h s ,  b u t  c h lo r in e  
t r e a tm e n t  d id  n o t  s ig n if ic a n tly  a f fe c t  n u m b e r s  o f  la c to -  
b ac illi, e n te ro c o c c i ,  o r  c o li fo rm s . H o w e v e r , d e c re a se s  w ere  
n o te d  f o r  c h lo r in e  t r e a te d  ca rcasses .

7. P a c k a g in g  m a te r ia ls  d id  n o t  h a v e  as g re a t  a n  e f fe c t  
o n  b a c te r ia l  n u m b e r s  o r  s h e lf  l ife  f o r  ca rc a sse s  t r e a te d  w ith  
c h lo r in e  in  a d ip  o r  f o r  c o n tr o ls  d ip p e d  in  w a te r  as th e y  d id  
f o r  d ry  p a c k e d  c h ic k e n  e v a lu a te d  in  e a r lie r  w o rk . O f  th e  
th re e  f ilm s  a n d  p a c k a g in g  m e th o d s ,  th e  h ig h  b a r r ie r  (H B ) 
m a te r ia l  p ro v id e d  g re a te s t  r e s t r ic t io n  o f  b a c te r ia l  g ro w th , 
th e  lo w  b a r r ie r  f ilm  (L B )  w as n e x t ,  a n d  th e  s t r e tc h  w ra p  
(SW ) le a s t e f fe c tiv e , s im ila r  t o  e a r l ie r  w o rk .

8. S im ila r  to  s tu d ie s  w ith  d ry  p a c k  b ro ile rs , c u t-u p  p o u l
t r y  g e n e ra lly  sp o ile d  a t  a f a s te r  r a te  th a n  w h o le  b ird s . H o w 
ever, an  im p o r ta n t  o b s e rv a tio n  to  b e  n o te d  h e re  is t h a t  cav 
i ty  o d o rs  b e c a m e  p r o n o u n c e d  d u r in g  s to ra g e  ( f r o m  3 to  6 
d a y s)  o f  w h o le  c a rc asse s . T h is  w as n o t  d e te c te d  o n  d ry  
p a c k e d  p o u l t r y  in  th e  e a r lie r  w o rk  r e p o r te d .  U se o f  H B  o r  
LB  film s  d id  n o t  p ro d u c e  c o n s is te n t  d if fe re n c e s  re g a rd in g  
c a v ity  o d o rs . In  la te r  s ta g es  o f  s to ra g e , o d o r  w as m o re  
m a rk e d  f ro m  c a v itie s  o f  w h o le  ca rc a sse s  th a n  f ro m  c u t-u p  
c h ic k e n . In  all cases, th e  SW c h ic k e n  w as le a s t a c c e p ta b le .

9. In  c o m p a r in g  th e s e  re s u lts  w ith  th e  e a r lie r  p h a s e  o f  
th is  w o rk , i t  m a y  b e  c o n c lu d e d  th a t  d ry  p a c k e d  p o u l t r y  
p ro v id e s  th e  m o s t  a c c e p ta b le  p r o d u c t  o v e r  th e  lo n g e s t t im e  
p e r io d  ( a t  le a s t 10 d a y s  a n d  p o s s ib ly  a b o u t  12 d a y s  a t  5 °C ), 
a n d  t h a t  th e  H B  film  m a y  b e  u s e d  t o  a d v a n ta g e  f o r  th e  
g re a te s t  s h e lf  life . I f  w e t  c h il le d  p o u l t r y  is u s e d , a 2 0  p p m  
c h lo r in e  d ip  ( o r  o th e r  m e th o d  o f  a p p lic a t io n )  is r e c o m 
m e n d e d , re g a rd le s s  o f  p a c k a g in g  m a te r ia ls  u se d .

10. I n c id e n c e s  o f  s a lm o n e lla e  a n d  co a g u la se  p o s itiv e  
s ta p h y lo c o c c i  w e re  d e c re a s e d  b y  th e  u se  o f  th e  c h lo r in e  
d ip . G re a te r  in c id e n c e  o f  th e s e  o rg a n ism s  o c c u r re d  w ith  
c u t  u p  c h ic k e n  th a n  w ith  w h o le  b ird s . V e ry  few  C. perfrin- 
gens w e re  r e c o v e re d , re g a rd le s s  o f  t r e a tm e n t .

11. O v era ll, d ry  p a c k e d  c h ic k e n  v a c u u m  p a c k a g e d  in  a 
h ig h  b a r r ie r  f ilm  h a d  th e  lo n g e s t  s h e lf  life .
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E f f e c t s  o f  V a c u u m  M i x i n g  a n d  P r e c o o k i n g  o n  R e s t r u c t u r e d  S t e a k s

W. R. WIEBE JR. and G. R. SCHMIDT

---------------------------- ABSTRACT-----------------------------
The effects of vacuum mixing and precooking on the binding strength and cook yield of restructured steaks were evaluated. Vacuum mixing 
was responsible for an increased binding strength of the restructured steak, but had no effect on the cook yield. Precooked, reheated 
steaks had a significantly higher binding strength, but a lower cook yield than steaks cooked from the frozen, raw state.

INTRODUCTION
T H E  R E S T R U C T U R IN G  o f  m e a t  p ie c e s  in to  a ro l l  o r  s te a k  
is o f  g re a t in te r e s t  to  th e  m e a t  in d u s tr y .  T h e  r e s t r u c tu r e d  
s te a k  o r  ro l ls  se rv es  as a n  o u t l e t  f o r  m e a t  tr im m in g s  w h ic h  
w o u ld  n o rm a lly  b e  u se d  fo r  g ro u n d  beef.

M aas ( 1 9 6 3 )  p a te n te d  a p ro c e d u r e  u s in g  m e c h a n ic a l 
a c t io n  to  a id  in  th e  f o r m a t io n  o f  a c re a m y , ta c k y  s u rfa c e  
e x u d a te  w h ich  f u n c t io n e d  in  th e  b in d in g  o f  re d  m e a t 
p iec es . T h is  c re a m y , ta c k y  s u rfa c e  e x u d a te  w h ic h  M aas
( 1 9 6 3 )  n o te d  a f te r  m e c h a n ic a l a c t io n  w as sa l t-so lu b le  
p ro te in  (S c h n e ll  e t  al. 1 9 7 0 ). S in ce  th e  t im e  o f  th is  p a te n t ,  
th e  u se  o f  m e c h a n ic a l  a c t io n  to  e n h a n c e  p ro te in  e x t r a c t io n  
h a s  b e e n  s tu d ie d  e x te n s iv e ly . M an y  re s e a rc h e rs  h av e  sh o w n  
th a t  m e c h a n ic a l a c t io n  ca u se s  m u sc le  tis su e  d is ru p t io n  
w h ic h  r e s u lts  in  th e  re le a se  o f  th e i r  in tr a c e llu la r  c o n te n ts  
( s a lt- s o lu b le  p ro te in s ) .  T h e  s a l t-so lu b le  p ro te in s  c o a t  th e  
s u r fa c e  o f  th e  m e a t  p ie c e s  a n d  u p o n  h e a tin g , th e y  c o a g u 
la te , g iv ing  rise  to  th e  c h a ra c te r is t ic  b in d  (M aesso  e t  al., 
1 9 7 0 , S c h n e ll e t  a l., 1 9 7 0 ; V a d e h ra  a n d  B a k e r , 1 9 7 0 ). 
M aesso  e t  al. ( 1 9 7 0 )  a lso  su g g e s te d  t h a t  m e c h a n ic a l  a c t io n  
in c re a s e d  th e  s u r fa c e  a re a  o f  th e  tis su e , th u s  e x p o s in g  a 
g re a te r  a m o u n t  o f  p ro te in  fo r  b in d in g  w ith  b o th  p ro te in  
a n d  n o n -p r o te in  m o ie tie s .

C u r re n t ly  th e r e  is in te r e s t  in  th e  u se  o f  v a c u u m  m ix in g  
a n d  c h o p p in g  as a m e a n s  o f  im p ro v in g  th e  b in d in g  o f  m e a t  
p iec es . I n f o rm a t io n  o n  th is  s u b je c t  is l im ite d . S o lo m o n  a n d  
S c h m id t  ( 1 9 8 0 )  in v e s t ig a te d  th e  e f fe c t  v a c u u m  m ix in g  o n  
p ro te in  e x t r a c t io n  a n d  f u n c t io n a l i ty  in  a m o d e l sy s te m . 
T h e re  w as a s ig n if ic a n t in c re a se  in  th e  a m o u n t  o f  c ru d e  
m y o s in  e x t r a c te d  u n d e r  a v a c u u m , b u t  th e  to ta l  a m o u n t  o f  
p ro te in  e x t r a c te d  w as n o t  a f fe c te d . S ie b e r t  ( 1 9 7 8 )  a n d  
A n o n  ( 1 9 7 8 )  s ta te d  t h a t  2 0 —30%  m o re  p ro te in  is e x t r a c te d  
in  a v a c u u m  c h o p p e r  as o p p o s e d  to  a n  o p e n  b o w l c h o p p e r . 
T h is  e n h a n c e d  p ro te in  e x t r a c t io n  r e s u l te d  in  a p r o d u c t  w ith  
a f irm e r  te x tu re ,  b u t  th e  w a te r  h o ld in g  c a p a c i ty  w as n o t  
a f fe c te d  ( A n o n , 1 9 7 8 ).

T h e  e f fe c t  o f  p re c o o k in g  o n  b e e f  p a t t ie s  w as s tu d ie d  b y  
C ro ss  e t  al. ( 1 9 7 9 ) .  P re c o o k e d , re h e a te d  p a t t ie s  w ere  fo u n d  
to  b e  s ig n if ic a n tly  f irm e r  th a n  p a t t ie s  c o o k e d  f ro m  a ra w  
s ta te .  C o o k in g  lo sse s  f o r  p a t t ie s  t h a t  w ere  p re c o o k e d  a n d  
r e h e a te d  w ere  f ro m  1 0 —15 p e rc e n ta g e  p o in ts  g re a te r  th a n  
th o s e  fo r  n o n -p re c o o k e d  p a tt ie s .

T h is  s tu d y  e v a lu a te d  e f fe c ts  o f  v a c u u m  m ix in g , p re 
c o o k in g  an d  r e h e a tin g  o n  th e  b in d in g  s t r e n g th  a n d  c o o k  
y ie ld  o f  r e s t r u c tu r e d  s te a k s .

A u th o rs  W iebe a n d  S c h m id t  are w ith the D e p t  o f  A n im a l S cie n ces, 
C olora d o  Sta te  U niv., F o r t  C ollins, C O  8 0 5 2 3 .

MATERIALS & METHODS
Product preparation

Beef inside rounds were obtained from a reputable supplier, 
dissected free of visible fat and connective tissue, stored at 2-4°C 
for 2 days, and then ground through a 2.54 cm plate.

Each treatment of 13.6 kg consisted of 13.0 kg (95.75%) of beef inside rounds, 136.Og (1.00%) of salt, 34.Og (0.25%) of Heller’s Soluble Phosphate (WJ-0052) and 408g (3.00%) of water. Heller’s Soluble Phosphate is composed of food grade sodium tripolyphosphate and sodium hexametaphosphate.
The experiment consisted of three 4-min mixing treatments with 

varying vacuum exposure in a Keebler Model No. 238 mixer (37.5 kg cap.) as presented in Table 1. Each treatment was rep heated four 
times.The salt, phosphate and water were added prior to mixing and the meat mixture temperature was between 3 and 5°C. Samples from each treatment were removed and analyzed for fat and moisture 
(AOAC, 1970). The raw meat mixture contained 3% fat and 73% water, with no difference between replicates.After mixing each raw meat mixture was placed in an E-Z Pak water driven stuffer (45 kg cap.). Approximately 2.4 kg of meat mixture was stuffed into each of four Teepak moisture-impermeable, fibrous cellulose casings (10.2 cm in diameter, 45.7 cm in length). Two of the four rolls were frozen at -30°C and the remaining two were cooked in a Vortron Smokehouse (see smokehouse schedule in Table 2) to an internal temperature of 68°C and then chilled to 4°C 
in the cooler. The following day four steaks, 2 cm thick were sawed from each of the frozen rolls and six steaks, 2 cm thick, from each of the cooked rolls.
Binding strength determination

The binding strength (particle to particle cohesion) of the 
restructured steaks was measured using the Instron Universal Testing Machine and a breaking bar and bridge assemble similar to that 
described by Pepper and Schmidt (1975). Two (160g) steaks from each frozen roll and each cooked roll were grilled on a Farberware 
Electric broiler to an internal temperature of 68°C. All steaks were turned every 3 min until the proper internal temperature time was obtained. Steaks sawed from the frozen roll were grilled from the frozen state. The internal temperature of each steak was monitored

Table 1—M ix in g  treatm ents o f  coarse g ro u n d  beef, water, sa lt and  
p h ospha te

Treatment A 4 min of mixing without the application of 
vacuum.

Treatment B 3 min of mixing without the application of 
vacuum followed by 1 min of mixing with the 
application of 635 mm Hg vacuum.

Treatment C 4 min of mixing with the application of 635  
mm Hg vacuum.

Table 2 —Sm o k e h o u se  sched ule

Time Dry bulb temp l°C ) Wet bulb temp (°C)

1 hr 57 0*
1 hr 63 0
1 hr 68 0
3 hr 77 0
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with an O.F. Ecklund needle-type thermocouple inserted at the 
geometric center. The thermocouples were attached to a Leeds and 
Northrup Speedomax H Recorder using 20 gauge copper-constantan 
wire. Two (16Og) steaks from each cooked roll that received no grilling were also analyzed for binding strength. All steaks were placed in a polyethylene bag and held overnight at 4°C. The fol
lowing day two slices 1 cm wide were cut from each of the six 2 cm thick steaks. The 2 cm side was laid flat on the breaking unit having a base with a bridge width of 4 cm. The breaking bar traveled at a rate of 20 cm/min. and the chart at 2 cm/min. The cross-sectional area of the slice was measured at the point where the break occurred. The binding strength of the slice was expressed as the maximum force per unit cross-sectional area (g/cm2).
Cook yield

Four steaks from each treatment were analyzed for cook yield. The ratio of the weight of the steak after its final cook to that before cooking expressed as a percentage was used to indicate cook yield.
Chemical analyses

The raw meat mixture and four cooked steaks from each treat
ment were analyzed for fat and moisture. Fat was determined by extraction with ether (AOAC, 1970). Moisture was determined using the vacuum oven procedure (AOAC, 1970).
Statistical analyses

Analysis of variance of the binding strength, cook yield, fat and moisture content was determined in a split plot design. When F-values were significant, Fischer’s Least Significant Difference was used to locate differences between treatment means (Snedecor and Cochran, 1967).
RESULTS & DISCUSSION

T H E  E F F E C T S  o f  m ix in g  t r e a tm e n ts  o n  th e  b in d in g  
s t r e n g th  a n d  c o o k  y ie ld  o f  th e  r e s t r u c tu r e d  s te a k s  are  
sh o w n  in  T a b le  3 . P r o d u c ts  m ix e d  in  th e  p re s e n c e  o f  
v a c u u m  fo r  e i th e r  a m o u n t  o f  t im e  e x h ib i te d  a h ig h e r  
b in d in g  s t r e n g th  th a n  p r o d u c ts  m ix e d  in  th e  a b se n c e  o f  
v a c u u m . O n e  p o ss ib le  e x p la n a t io n  fo r  in c re a s e d  b in d in g  is 
th e  in c re a se d  p r o te in  e x t r a c t io n  d u e  to  m ix in g  u n d e r  a 
v a c u u m  (S ie b e r t ,  1 9 7 8 ; S o lo m o n  a n d  S c h m id t,  1 9 8 0 ). 
A n o th e r  p o ss ib le  e x p la n a t io n  is th e  a b se n c e  o f  a ir  v o id s  a t  
th e  b in d in g  ju n c t io n  o f  th e  m e a t  p a r tic le s . A ir  v o id s  a t  th e  
b in d in g  j u n c t io n  w o u ld  p re v e n t  n e c e s s a ry  p ro te in - p r o te in  
in te ra c t io n s ,  r e s u lt in g  in  a p r o d u c t  w ith  in f e r io r  b in d in g  
s tr e n g th . V a c u u m  m ix in g  d id  n o t  in f lu e n c e  th e  c o o k  y ie ld , 
m o is tu re  o r  fa t.

T a b le  4  sh o w s  th e  e f f e c t  o f  p re c o o k in g  o n  r e s t r u c tu r e d  
s te ak s . P re c o o k e d  s te a k s  w e re  less  te n d e r  th a n  s te a k s  g rilled  
f ro m  th e  f ro z e n , ra w  s ta te .  T h is  is in d ic a te d  b y  th e i r  h ig h e r  
b in d in g  s tr e n g th . T h e y  a lso  e x h ib i t e d  a s ig n ifc a n t ly  lo w e r  
c o o k  y ie ld  a n d  m o is tu re  c o n te n t .  T h e re  w as n o  d if fe re n c e  
in  f a t  c o n te n t  b e tw e e n  th e  tw o  c o o k in g  t r e a tm e n ts .  T h e se  
re s u lts  c lo se ly  c o r r e la te  w ith  th o s e  C ro ss  e t  al. ( 1 9 7 9 )  
r e p o r te d  f o r  b e e f  p a t t ie s .

T h e  e f fe c t  o f  v a c u u m  m ix in g  o n  e a c h  c o o k in g  t r e a tm e n t  
is p re s e n te d  in  T a b le  5. W h e n  v a c u u m  m ix e d  ( f o r  e i th e r  
le n g th  o f  t im e )  b o th  th e  p r e c o o k e d /n o t  g rille d  a n d  ra w / 
g rilled  s te a k s  s h o w e d  a h ig h e r  b in d in g  s t r e n g th . N o  s ig n ifi
c a n t  d if fe re n c e  in  c o o k  y ie ld ,  m o is tu re  o r  f a t  c o n te n t  w as 
e v id e n t. T h e se  re s u lts  c lo s e ly  c o r re la te  w ith  th o s e  r e p o r te d  
in  T a b le  3. O n e  p o ss ib le  e x p la n a t io n  f o r  in c re a s e d  b in d in g  
is th e  in c re a s e d  p ro te in  e x t r a c t io n  d u e  t o  m ix in g  in  th e  
p re se n c e  o f  v a c u u m  (S ie b e r t ,  1 9 7 8 , S o lo m o n  a n d  S c h m id t,
1 9 8 0 ). A n o th e r  e x p la n a t io n  is th e  a b se n c e  o f  a i rv o id s  a t  th e  
b in d in g  ju n c t io n  o f  th e  m e a t  p a r tic le s . T h e  p re c o o k e d /  
g rilled  s te a k s  h a d  a s ig n if ic a n tly  h ig h e r  b in d in g  s t r e n g th  
w h e n  n o n v a c u u m  m ix e d  fo r  3 m in  fo l lo w e d  b y  a 1 m in  
v a c u u m  m ix  th a n  w h e n  e i th e r  v a c u u m  m ix e d  f o r  4  m in , o r  
n o n v a c u u m  m ix e d . W e c a n  s p e c u la te  t h a t  3 m in  m ix in g  in  
th e  a b se n c e  o f  v a c u u m  in c re a se s  a v a ila b il i ty  o f  m u sc le

ce lls  to  b e  sw e lle d  b y  th e  a p p l ic a t io n  o f  v a c u u m . T h is  
sw e llin g  r e s u lts  in  a n  in c re a s e d  s u r fa c e  a re a  av a ilab le  fo r  
in te r a c t io n  w ith  th e  e x t r a c t io n  s o lu t io n  a n d /o r  m ix e r  
p a d d le s . T h e  r e s u lt  is  in c re a s e d  p r o t e in  e x t r a c t io n  a n d  b in d . 
T h e  c o o k  y ie ld , f a t  a n d  m o is tu r e  c o n te n t  w e re  n o t  sign ifi
c a n t ly  in f lu e n c e d  b y  e i th e r  m ix in g  t r e a tm e n t .

—Continued on page 396

Table 3 —O verall e f fe c t  o f  m ix in g  treatm ents on restru ctu red  
steaksa ,b 'c

Mixing treatments

No vacuum 
4 min

No vacuum (3 min) 
Vacuum (635 mm Hg) 

1 min

Vacuum  
(635 mm Hg) 

4 min

Binding strength 
(g/cm2 ) 4 4 1 ,5d 52 9 ,8e 5 0 4 ,2e

Cook yield (%) 79.3 79.0 79.7
Moisture (%) 66.0 66.4 67.3
Fat (%) 3.7 3.8 3.7

a Each value is the mean of four replicates averaged over cooking 
treatments, with 12 samples per replicate.

B Means of the same line with different superscripts were significantly 
different (P<0.05).

c Means of the same line without superscripts were not significantly 
different.

Table 4 —O verall e ffe c t  o f  p re co o k in g  on re stru ctu red  steaksa ,b 'c

Cooking treatment

Precooked/ Raw/
grilled grilled

Binding strength
(g/cm2 ) 6 1 5.1e 4 05.3 f

Cook yield (%) 71.9e 79.8f
Moisture (%) 6 4 .4 e 6 6 .2f
Fat (%) 3.8 3.8

a Each value Is the mean of four replicates averaged over mixing 
treatments, with 12 samples per replicate.

" Means of the same line with different superscripts were signifi
cantly different (P<0.05).

c Means of the same line without superscripts were not significantly 
different.

Table 5 —E f fe c t  o f  m ix in g  trea tm en t o n  re stru c tu re d  steaksa ,b ,c

Mixing treatment

No vacuum (3 min) Vacuum
No vacuum Vacuum (635 mm Hg) (635 mm Hg)

4 min 1 min 4 min

Precooked/Not Grilled
Binding strength 
(g/cm2) 393,9d 477.7e 493.7e
Cook yield (%) 86.9 85.5 86.7
Moisture {%) 69.3 69.3 68.8
Fat (%) 3.4 3.8 3.8

Precooked/Grilled
Binding strength 
(g/cm2) 577.3 d 672.6e 595.4d
Cook yield (%) 72.2 71.1 72.4
Moisture (%) 63.3 63.8 66.1
Fat (%) 4.0 3.7 3.8

Raw/Grilled
Binding strength 
(g/cm2) 353.3d 439.1e 423.4e
Cook yield (%) 78.8 80.4 80.2
Moisture (%) 65.5 66.1 66.9
Fat (%) 3.9 4.0 3.6

3 Each value is the mean of four replicates with 4 samples per replicate. 
b Means of the same line with different superscripts were significantly different. 

(PC0.05)
c Means of the same line without superscripts were not significantly different.
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E f f e c t  o f  T h e r m a l  P r o c e s s i n g  o n  t h e  S u r v i v a l  o f  
F o o t - a n d - M o u t h  D i s e a s e  V i r u s  i n  G r o u n d  M e a t

J. H. BLACKWELL, D. RICKANSRUD, P. D. McKERCHER, and J. W. McVICAR

----------------------------ABSTRACT-----------------------------
Foot-and-mouth disease virus was examined for its stability during cooking in tissues from infected cattle. The Oi (CANEFA 2) serotype of foot-and-mouth disease virus survived in lymph node tissues 
after heating for 2 hr at 69°C, for 1 hr but not for 2 hr at 82°C, and for 15 min but not for 0.5 hr at 90°C. Incorporation of 1% NaCl into suspensions of infected lymph nodes enhanced viral survival after heating for 0.5 hr but not for 1 hr at 90°C. The virus did not survive in either ground beef or meatballs contaminated with infected lymph node tissue, when processed to internal temperatures of 93.3, 96.1 or 98.8°C using commercial thermal processing procedures. Accurate temperature measurements were achieved with a temperature sensitive indicator disc developed in this study.

INTRODUCTION
C H E M IC A L  C H A N G E S , e sp e c ia lly  th e  in c re a s e  in  h y d ro g e n  
io n  c o n c e n t r a t io n  ( f o r m a t io n  o f  s a rc o la c tic  a c id ) , t h a t  
o c c u r  as p a r t  o f  th e  ag in g  p ro c e s s  o f  m e a t  e n h a n c e  th e  g ra d 
u a l  in a c t iv a t io n  o f  fo o t - a n d - m o u th  d ise ase  (F M D ) v iru s  
p re s e n t  in  m u sc le  tis su e  o f  in f e c te d  c a t t le  ( C o t t r a l  e t  a h , 
1 9 6 0 ) . H o w e v e r , b e c a u s e  ly m p h  n o d e s , b o n e s  a n d  b lo o d  
c lo ts  a re  n o t  a f fe c te d  b y  c o n c o m ita n t  c h a n g e s  a c c o m p a n y 
in g  r ig o r  m o r t is ,  ac id  d o e s  n o t  d e v e lo p  to  th e  c o n c e n t r a t io n  
t h a t  w o u ld  in a c tiv a te  F M D  v iru s  (H e n d e rs o n  a n d  B ro o k s b y , 
1 9 4 8 ). T h e  p e rs is te n c e  o f  F M D  v iru s  in  th e s e  t is su e s  a t 
4 °C  h a s  b e e n  r e p o r te d  b y  C o t t r a l  ( 1 9 6 9 )  a n d  C o t t r a l  e t  al. 
( 1 9 6 0 ,  1 9 6 3 ) , G a iliu n a s  e t  al. ( 1 9 6 9 )  a n d  A u g e  d e  M ello  
e t  a l. ( 1 9 6 6 ) .  T h e  v iru s  h a s  b e e n  r e p o r te d  to  su rv iv e  in  
ly m p h  n o d e s  f ro m  s la u g h te re d  c a t t le  k e p t  a t  4 °C  f o r  7 0  
d a y s , in  b o n e  m a r ro w  f o r  210  d a y s , a n d  in  b lo o d  c lo ts  f o r  
6 0  d a y s . T h u s , c o n ta m in a t io n  o f  m u sc le  t is s u e  w ith  th e  
a b o v e  c o u ld  p ro v id e  a so u rc e  o f  v ia b le  v iru s  e v e n  a f te r  
c a rc ass  ag ing  ( C o t t r a l ,  1 9 6 9 ; C o x  e t  a l., 1 9 6 1 ).

In  a th e r m a l  p ro c e s s  d e s c r ib e d  b y  H e id e lb a u g h  a n d  
G ra v e s  ( 1 9 6 8 ) ,  F M D  v iru s  re s id e n t  in  ly m p h  n o d e s  f ro m  
in f e c te d  c a t t le  w as  in a c tiv a te d  b y  r e to r t  c o o k in g  f o r  2 .5  
h r  a t  6 9 °C . In  a d d i t io n ,  M c K e rc h e r  e t  al. ( 1 9 8 0 )  r e p o r te d  
in a c t iv a t io n  a t  th e  sam e  te m p e r a tu r e  w h e n  ly m p h  n o d e  
tis su e s  w e re  h e a te d  in  a w a te r  b a th . T h u s , m a n y  in te r n a 
t io n a l  a n im a l h e a l th  r e g u la t io n s  r e q u ire  t h a t  im p o r ta t i o n  o f  
m e a t  f ro m  c o u n tr ie s  in  w h ic h  th e  d ise ase  is p re s e n t  b e  r e 
s t r ic te d  to  m e a t  w h ic h  h a s  b e e n  c o o k e d  a t  th a t  te m p e ra tu re .  
S ig n if ic a n t e c o n o m ic  e f fe c ts ,  su c h  as th e  e a s e m e n t o f  
r e s t r ic t io n s  a g a in s t m e a t  p ro d u c t io n  in  F M D  a f fe c te d  
c o u n tr ie s ,  d e v e lo p m e n t o f  n e w  c o m m e rc ia l o u t le t s ,  a n d  
m a in te n a n c e  o f  a d ise a se -fre e  s ta te  in  e x is tin g  liv e s to c k  
p o p u la t io n s  (d e  las  C a rre ra s , 1 9 7 8 )  c o u ld  r e s u lt  f ro m  th e  
d e v e lo p m e n t o f  c o o k in g  te c h n o lo g y  th a t  w o u ld  in a c tiv a te  
F M D  v iru s  in  c o n ta m in a te d  g ro u n d  b e e f . T h e  in c o r p o ra t io n  
o f  th e  p r in c ip le s  o f  in d u s tr ia l  f o o d  m a n u f a c tu re ,  su c h  as th e  
tu b e  c o o k in g  o f  g ro u n d  b e e f ,  m a y  le n d  th e m se lv e s  to  th e  
s a t is fa c to ry  d e v e lo p m e n t o f  th e r m a l  p ro c e s s  f o r  th e  m a n u -

A u t h o r s  B la c k w e ll ,  M c K e r c h e r ,  a n d  M c V i c a r  a re  w ith  th e  P lu m  Is 
la n d  A n im a l D ise a se  C e n te r , U .S .  D e p t , o f  A g r ic u l tu r e ,  G r e e n p o r t ,  
N Y  1 1 9 4 4 . A u t h o r  R ic k a n s r u d  is  w ith  th e  C a m p b e ll  In s t i tu te  fo r  
R e s e a rc h  &  T e c h n o lo g y , C a m p b e ll  S o u p ,  C a m d e n , N J  0 8 1 0 1 .

f a c tu r e  o f  g ro u n d  m e a t p r o d u c ts  f re e  f ro m  F M D  v iru s  
(D im o p o u l lo s  e t  a l., 1 9 5 9 ).

T h u s , o b je c tiv e s  o f  s tu d y  w e re  to  e v a lu a te  th e  e f f e c t  o f  
c o m m e rc ia l c o o k in g  s c h e m a  o n  th e  th e r m a l  s ta b i l i ty  o f  
F M D  v iru s  in  ly m p h  n o d e s , b o n e  m a r ro w  a n d  c lo t te d  b lo o d  
a n d  in  g ro u n d  m e a t p r o d u c ts  c o n ta in in g  th e s e  tis su e s .

MATERIALS & METHODS
Virus

Foot-and-mouth disease virus 0j serotype (strain CANEFA 2) 
was originally isolated from bovine tongue epithelium in a field outbreak in Argentina and was obtained from the Comision Asesora Nacional para la Eradicacion de Fiebre Aftosa (Canefa). The virus 
was subsequently passaged 8 times in primary bovine kidney (BK) 
cell culture before use (McVicar and Sutmoller, 1969).
Cattle

Grade Hereford steers, 1.5-3 years in aged and weighing 300- 400 kg. were housed in animal isolation rooms with controlled air systems as described by Callis and Cottral (1968).
Preparation of virus-infected tissues

Previous data by McVicar and Sutmoller (1976) show that high 
concentrations of foot-and-mouth disease virus can be recovered from lymph nodes, bone marrow and blood of cattle 48 hr after infection. Thus, tissues were collected from infected steers killed 48 hr after instillation of 7.0 log1() plaque-forming units (PFU) ml of virus suspension into the ventral portion of each nasal passage 
through a 12 cm length of sterile latex tubing attached to a 5 ml 
syringe (McVicar and Sutmoller, 1969).Lymph nodes. Atlantal, mandibular, parotid, suprapharyngeal, prescapular, prefemoral and popliteal lymph nodes were collected, trimmed of fat, minced, then ground through a 3.12 mm die plate (cutting plate) of a household chopper.

Bone marrow. Long bones (radius, tibia) were collected, muscle tissie removed, and the bones cracked with a cleaver. The marrow 
was removed with a spoon-type spatula, stored at 4°C for 18 hr, and then ground.

Blood clots. Blood was collected from the arteries, veins and vessel linings and decanted into a sterile specimen bottle, stored overnight at 4°C to allow blood to clot, then ground and further treated as described for lymph nodes.In order to examine the stabilizing effect of salt on virus survival during heating, tissues were also prepared containing a final concentration of 1% NaCl. Salt (NaCl) concentrations of 1% and higher enhance FMD virus stability (Cottral, 1969; Farid et al., 1976; Fellowes, 1966) and thus a universal meatball formulation containing 3% NaCl was also used in the present study.
Examination of heated tissues for survival of FMD virus

One gram samples of ground tissues were added to each of thirty-five 13 x 100 mm glass tubes kept in an ice bath. Tubes were sealed with a rubber closure and stored at 4°C until used (no more than 24 hr).
A laboratory cooking vat consisted of a 20L heavy walled glass water bath, containing 12L of distilled water. Processing tempera

tures (69, 82, and 90°C) were achieved and maintained by the use 
of a circulating heater and wand-type immersion heater. Eleven 
chilled tubes containing the ground tissue were placed vertically into a 13 x 26 x 7.5 cm metal support rack and completely submerged under 12.5 cm of water. A temperature monitor tube was fabricated from one of the eleven tubes by forcing a 6 x 62 mm thermocouple

-Continued on next page
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through a slit in the rubber closure and into the center of the sample mass. A portion of the 180 cm cable lead extended back from the thermocouple out through the tube to a 12 channel pyrometer. When the tissue sample in the monitor tube reached the desired 
temperature, duplicate tubes were removed from the hot water and immersed immediately into an ice bath (0-2°C). Additional dupli
cate tubes were removed at 0.25, 0.5, 1.0 and 2.0 hr. Processing of the second set of samples at the next highest temperature was begun after the 2 hr samples were removed from the water bath.The chilled samples were then aseptically removed from the 
tubes, pooled, placed into Ten Broeck glass tissue grinders and homogenized as a 20% suspension in HEPES buffer (N-2 hydroxy- ethylpiperazine-N1-2 ethan sulfonic acid, (Calbiochem Behring 
Corp., LaJolla, CA) containing 0.5% lactalbumin hydrolysate and antibiotics at a concentration of 100 units of penicillin, 100 g of streptomycin and 50g fungizone/ml. A portion of this sample then 
was assayed for infectivity in secondary bovine kidney cell culture. Samples negative in cell culture were inoculated into susceptible cattle.
Temperature indicator disc

To provide an objective method for confirming that a given internal product temperature was achieved, a temperature recording disc, composed of five thermosensitive spots which irreversibly changed color from silver to black when the specified temperature was achieved, was used (Telatemp Corp., Fullerton, CA). The respective temperature sensitivities were 76.7°C, 82.2°C, 87.8°C, 
93.3°C, and 98.8°C. Since the temperature indicator discs must be kept dry, the discs were sealed between two 1.5 cm diameter plexiglass circles of 0.8 mm thickness and glued with clear epoxy. Preliminary tests showed that the respective temperature sensitivities were within ± 0.7% of the designated temperature.
Preparation and thermal processing of virus contaminated ground beef products

Preparation of meat samples. The ground beef and meatball samples were prepared and formulated by the Campbell Institute for 
Research & Technology (CIRT). Samples were stored at 4°C and used within 96 hr after preparation.Ground beef. Frozen beef trimmings (classified at 80% lean beef) were obtained from a local abattoir. The beef trimmings were cut 
into 2.5 cm strips and ground twice using a Hobart meat grinder, 
using respective die plates of 1.6 and 0.3 cm. The ground beef was packaged in polyethylene bags for cool storage. Proximate analysis and pH measurements of the ground beef samples are presented in Table 1.

Thermal processing conditions. Ground beef (1.23 kg) was hand- packed into a 17.5 x 32 cm flexible nylon cooking tube of 80 pM thickness (MQ Plastics, Freehold, NJ) as seen in Fig. 1 then overlaid 
with a gauze swatch. The area just above the swatch, previously determined to be the zone containing the cold spot in the tube fully packed with ground beef, was packed with 260g of ground beef contaminated with 36g of FMD virus-infected lymph node material. A temperature indicator disc was placed into the center of the contaminated ground beef which was then covered by an additional gauze swatch. The center of the swatch was pierced by the tip of a thermocouple probe whieh was then positioned in the contaminated layer, perpendicular to the indicator disc. The remainder of the tube was packed with 0.9kg of ground beef. A weight was tied to the bottom of the tube to prevent floating and the entire unit placed in a 45 x 47.5 cm stainless steel vat of boiling water. Thermal processing was initiated within 1 hr after preparation of the contaminated layer. Water temperatures were maintained at 98- 100°C by use of two circulating heat pumps (Haake, E-52, Fisher Scientific, Springfield, Nl), four quartz-type immersion heaters and flowing steam from a 18 kg service line. The meat was cooked to an internal temperature of 98.8°C, at which time it was removed, placed in an ice bath, and left undisturbed until the product temperature cooled to 70°C or lower. The contaminated layer was recovered by making a lengthwise cut through the nylon tube and congealed meat and removing the ground meat layer contained 
between the two gauze swatches. An approximate 50-g sample was 
removed from the center of the layer, homogenized as a 20% suspension in minimum essential medium (MEM) (F-15, GIBCO, NY) and clarified at 800 x g  for 20 min at 4°C. The supernatant fluid was assayed for infectivity in bovine kidney cell cultures, then 
stored at -70°C. If cell culture was negative for the detection of

virus, samples were inoculated into cattle.
Meatball preparation. Ground beef for meatball preparation was placed into a Seydelmann cutter and chopped at low speed while 

ingredients listed in Table 2 were added over a 2 min period. An 
additional 3 min at high speed was used to thoroughly chop and mix 
ingredients.The mix was handformed into 10 ± 2g meatballs, of approxi
mately 2.2 cm diameter, using a 3.2 cm diameter ice cream scoop. The meatballs were then placed in a wire mesh basket and case- hardened by submerging in boiling water for 10 sec. Case-harden
ing was necessary to prevent the meatballs from sticking together or changing shape during thermal processing.Meatballs 0-57 kg) were added to the cooking tube to a height of 10 cm (zone containing predetermined cold spot). Meatballs 
which served as monitors for virus inactivation were prepared as follows: 9g of meatball mixture of a universal formulation containing 3% NaCl (Table 2) were mixed with l.Og FMD virus infected 
lymph node material containing 3% NaCl (Table 2). The case- hardened, monitor meatballs were then sliced in half and a tem-

Tab/e 1—Proximate analysis o f  raw ground b ee f and raw m eatball 
m ix

Raw ground Raw  meatball
beef, % m ix, %

Sample No. Sample No.

Component3 1 2 3 1 2 3

Solids 36.9 37.2 37.2 41.0 41.5 41.5
Protein 19.0 18.8 18.8 18.3 17.5 17.5
Fat 16.9 17.2 17.2 10.1 10.5 10.5
Ash 0.9 0.9 0.9 4.1 4.0 4.0
N free extract (N F E )b 0.1 0.3 0.3 8.5 9.5 9.5
Salt <0.1 <0.1 <0.1 3.1 3.0 3.0
pH c 6.0 6.0 6.0 6.2 6.2 6.2

3 A n a ly s is  b y  A O A C  p ro ced u res 
D N F E  b y  d iffe re n c e
c pH  m easu red  on  a b lended  s lu r ry  o f  lO g m eat sam p le  + 1 0 0  m l 

d is t ille d  w a te r

Fig. 1—Schematic o f  nylon cooking tube containing FMD virus- 
contam inated ground b ee f showing placem ent o f  temperature indi
cator disc (A) and thermocouples (T).
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perature ind icator disc placed in the center o f the b o tto m  one- 
half and b o th  halves pressed together. A therm ocouple probe was 
th en  inserted through th e  center o f  the  upper half o f  the m eatball 
u n til it touched  the indicator disc perpendicularly. The m onitor 
m eatball was secured to  th e  therm oucouple probe w ith  a gauze 
square and tied  w ith  string (Fig. 2). The m onito r m eatball was posi
tioned  a t th e  cold spot. A nother m on ito r m eatball was positioned 
one layer o f  m eatballs above the  first one. The rem aining 1.7 kg 
m eatballs w ere then  added to  th e  cooking tube . An additional 
m eatball containing a therm ocouple probe alone was placed a t the 
to p  o f  th e  tu b e  to  m easure tem pera ture  in th a t po rtio n  o f  th e  tube 
(Fig. 3). The m eatballs th en  were covered w ith  1250 ml tap  water. 
T he tube was w eighted dow n, tied off, placed in to  a vat and proc
essed as described w ith  g round m eat. The m eatballs were cooked to 
final in ternal “ cold spo t” tem peratures o f  93 .3 , 96.1 and 98.8°C 
respectively. A fter reaching th e  respective tem pera ture , the tubes 
were im m ediately placed in to  an ice bath  and le ft undisturbed 
un til the tem pera ture  o f the m eatballs reached 70°C or lower. 
The tw o virus contam inated  m eatballs w ere rem oved, com bined, 
hom ogenized as 20% suspension and assayed for infectivity as 
described below  in  detection  o f virus.
D etection  o f virus

C onfluent cell culture m onolayers o f  secondary bovine kidney 
cell culture were grown in MEM supplem ented w ith  5% bovine 
serum in 6 well disposable plates (L inbro Plastics, Inc., H am den, 
CT) at 37°C in a hum idified 3% CO2 environm ent.

Serial tenfo ld  d ilutions o f  20% supernatant fluids o f  the  heated  
samples were prepared in chilled MEM after therm al processing and 
clarification. The rem ainder o f  the sample was stored a t -7 0 °C . 
A n inoculum  o f  0.05 m l o f  sample was adsorbed o n to  th e  p late cul
tu re  m onolayer for 1 h r a t 37°C. The cells w ere then  overlayered

Table 2 —Meatball formulation
Formula Weight

Ingredient Composition

Ground beef (80% beef trimmings) 65.0%
Farinaceous Material: 12.0%

a. soy concentrate 5.0%
b. Isolated soy protein 2.0%
c. starch 5.0%

Salt 3.0%
Seasonings: 3.5%

a. onion powder 2.0%
b. pepper 0.2%
c. garlic powder 0.2%
d. parsley flakes 0.1%
e. hydrolyzed vegetable protein 1.0%

Caramel color 0 5 %
Water 16.0%

T O T A L 100.0%

a M eatb a ll fo rm u la  based on th e  re q u ire m e n ts  th a t  m e a tb a lls  c o n 
ta in  a m in im u m  o f  6 5%  b ee f and not m o re  th an  12%  fa rin a c e o u s  
m a te r ia l.

Fig. 2 —Preparation o f  temperature m onitor m eatball showing right 
to  left, in tact meatball, p lacem ent o f  temperature indicator disc in 
sliced  meatball, positioning o f  therm ocouple perpendicular to  disc 
and securing m eatball and therm ocouple with gauze.

w ith  3 ml o f  1.2% m ethylcellulose suspension, d ilu ted  w ith an 
equal volum e o f MEM and antib io tics as previously described, and 
then  incubated  a t 37°C for 18 hr. M onolayers were then  fixed and 
stained w ith  crystal violet so lution in 20% form alin, rinsed w ith 
distilled w ater and air-dried. Plaques were enum erated  m acroscop- 
ically and virus concen tration  recorded as PFU per ml. A m inim um  
o f three replicates per dilu tion  sample w ere observed.
C attle inoculation

T hose samples negative for detection  o f  virus by  cell culture 
assay were thaw ed rapidly in a 37°C w ater b a th , and 2 m l were 
inoculated intraderm ally (ID) a t 20 sites o f  th e  tongue and 5 ml 
were inoculated intram uscularly in to  the gluteal region o f  each o f 
tw o steers. The animals were observed daily for developm ent o f  
vesicular lesions. When vesicular lesions developed, samples o f  
m aterial were harvested and typed  serologically. Blood and esoph
ageal-pharyngeal (EP) fluids (Sutm oller and C o ttral, 1967) were 
collected daily for a period o f 10 days for the presence o f  FMD 
virus.

The sera o f  ca ttle  w hich rem ained clinically negative fo r 21 days 
were exam ined for the  presence o f  an tibody  to  virus in fection  asso
ciated (VIA) antigen (Cowan, 1968) and o f  virus neutralizing activ
ity.

RESULTS
Presence o f FMD virus in tissues of infected cattle

Foot-and-mouth disease virus was detected in lymph 
nodes, bone marrow and clotted blood of infected donor 
cattle. The mean virus titers (log10 PFU/ml found were: 
lymph node tissues (5.1), clotted blood (4.1) and the low
est in the bone marrow (2.34). Mean titer of tissues con
taining 1% NaCl were: lymph nodes (5.5), clotted blood 
(4.7) and bone marrow (1.6).

Fig. 3 —Schematic diagram o f  nylon cooking tube containing FMD 
virus contam inated meatballs showing placem ent o f  temperature 
indicator disc (A) and temperature m on itor m eatball (T).
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DISCUSSIONS u rv iv a l o f  v iru s  in  t is s u e s  a f te r  th e r m a l  p ro c e ss in g
L y m p h  n o d e  t is s u e , w h ic h  h a d  th e  h ig h e s t in f e c t iv i ty  

t i t e r  o f  th e  3 t is su e s  e x a m in e d , w as u se d  in  th e  in i t ia l  h e a t 
in g  tr ia ls . V iru s  su rv iv a l a f te r  a p a r t ic u la r  p ro c e ss in g  c o n d i
t io n  ( te m p e r a tu r e /e x p o s u r e  p e r io d )  w as c o n s id e re d  as a 
p o s itiv e  f in d in g  f o r  all tis su e s . H o w e v e r, a ll th r e e  t is su e s  
h a d  to  b e  te s te d  a n d  f o u n d  n e g a tiv e  b e fo re  a g iv en  p ro c e s s 
in g  c o n d i t io n s  w as c o n s id e re d  t o  b e  e f fe c tiv e . V iru s  su rv iv a l 
w as d e te c te d  o n ly  b y  ce ll c u l tu re  in f e c t iv i ty  assay  in  th e  
c lo t te d  b lo o d  sa m p le  c o n ta in in g  1% N aC l, s a m p le d  im m e d i
a te ly  a f te r  c o m in g  to  te m p e r a tu r e  a t  6 9  C . A s o b se rv e d  b y  
a n im a l in o c u la t io n ,  th e  v iru s  su rv iv ed  h e a tin g  f o r  2 h r  a t 
6 9 °C , f o r  1 h r  a t  8 2 ° C  a n d  f o r  0 .2 5  h r  a t  9 0  C (T a b le  3 ). 
T h e  v iru s  su rv iv ed  h e a tin g  a t  9 0  C f o r  0 .5  h r  b u t  n o t  fo r
1 .0  h r  w h e n  1% N aC l w as in c o r p o r a te d  in to  th e  tis su e s .

S u rv iv a l o f  v iru s  in  c o n ta m in a te d  g ro u n d  b e e f  
a f t e r  tu b e  c o o k in g

C o m p le te  c o r re la t io n  b e tw e e n  th e r m o c o u p le  re a d in g s  
a n d  te m p e r a tu r e  o f  a c t iv a t io n  o f  te m p e r a tu r e  sen s itiv e  
p a in t  in  th e  in d ic a to r  d isc  w as  o b se rv e d .

F o o t - a n d - m o u th  d ise ase  v iru s  w as n o t  d e te c te d  in 
g ro u n d  b e e f  o r  m e a tb a ll  p r e p a r a t io n s  a f t e r  c o o k in g  in  n y lo n  
tu b e s  to  in te rn a l  te m p e ra tu re s  o f  9 8 .8 ° C  (F ig . 4 ) . A l th o u g h  
F M D  v iru s  w as n o t  d e te c te d  in  th e  ra w  c o n ta m in a te d  
g ro u n d  b e e f  p r e p a r a t io n s  b y  ce ll c u l tu re  a ssay , F M D  w as 
p ro d u c e d  in  c a t t le  b y  in o c u la t io n  w ith  tw o  o f  th r e e  p re p a 
r a t io n s  (T a b le  4 ) . T h e  v iru s  c o n c e n t r a t io n  o f  th e  ly m p h  
n o d e  c o n ta m in a n t  in  m e a tb a l l  p r e p a r a t io n s  (3%  sa lt)  
r e m a in e d  s ta b le  (T a b le  5).

T h e  m e a n  p ro c e ss in g  t im e  to  r e a c h  a n  in te r n a l  te m p e ra 
tu r e  o f  9 8 .8  C in  th e  g ro u n d  b e e f  w as 3 .4  h r . A p p r o x i 
m a te ly  1 h r  o f  th is  t im e  w as  s p e n t  a t  o r  a b o v e  9 0  C (T a b le
4 ) . A s see n  in  F ig . 4  a n d  in  T a b le  5 , m e a n  p ro c e s s in g  t im e s  
f o r  th e  m e a tb a ll  p r e p a r a t io n s  w e re  v a r ie d : 9 3 .3  C — 16 .3  
m in  (3 .3  m in  a t  o r  a b o v e  9 0 ° C ) ;  9 6 .1 ° C  — 2 0 .3  m in  ( 6.6 
m in  a t  o r  a b o v e  9 0 ° C ) ;  9 8 .8 ° C  — 3 9 .6  m in  ( 1 9 .6  m in  a t  o r  
a b o v e  9 0 ° C ).

N o n e  o f  th e  c a t t le  in o c u la te d  w ith  h e a te d  g ro u n d  b e e f  
o r  m e a tb a ll  sa m p le s  h a d  v iru s  in  th e  b lo o d  o r  E P  f lu id s  n o r  
d e v e lo p e d  c lin ic a l F M D , s e ru m  n e u tr a l iz in g  a c tiv i ty  o r  a n t i 
b o d y  a g a in s t V IA  a n tig e n  d u r in g  th e  21 d a y  o b s e rv a tio n  
p e r io d .

T H E  E F F E C T IV E N E S S  o f  th e  th e r m a l  p ro c e s s  in  in a c t iv a t
in g  T y p e  0 j  (C A N E F A  2 ) F M D  v iru s  w as  e x a m in e d  in  tu b e  
c o o k in g  o f  v i ru s -c o n ta m in a te d  g ro u n d  b e e f  p ro d u c ts .

In  c o n t r a s t  to  th e  ease  o f  d e te c t i o n  o f  F M D  v iru s  in  
g ro u n d  in f e c te d  L N  m a te r ia l ,  th e  v iru s  w as n o t  d e te c te d  b y  
ce ll c u l tu re  assay  in  g ro u n d  b e e f  c o n ta m in a te d  w ith  th is  
sa m e  in f e c te d  t is s u e , s a m p le d  w ith in  1 h r  a f t e r  p re p a r a t io n .  
R a p id  in a c t iv a t io n  o f  th e  v iru s  in  g ro u n d  ly m p h  n o d e 
m u sc le  m ix tu r e  w as a t t r ib u te d  t o  th e  a c id ic  e n v iro n m e n t.  
T h is  c o n c lu s io n  is s u p p o r te d  b y  a r e p o r t  b y  C o t t r a l  ( 1 9 6 9 )  
o n  th e  in a c t iv a t io n  o f  F M D  v iru s  in  m u sc le  m e a t .

In  th e  m e a tb a ll  m ix tu r e ,  a l th o u g h  th e  p H  w as  o n ly  0 .2  
o f  a p H  u n i t  h ig h e r  (p H  6 .2 )  th a n  th e  g ro u n d  b e e f  m ix tu r e ,  
v iru s  w as n o t  in a c tiv a te d  b y  th e  lo w  p H . T h e  re la t iv e ly  h ig h  
sa l t  c o n c e n t r a t io n  (3% ) o f  th e  m ix tu r e ,  in  a ll l ik e l ih o o d  w as 
a m a jo r  f a c to r  in  s ta b iliz in g  th e  v iru s  p re s e n t  in  th e  g ro u n d  
ly m p h  n o d e -m e a tb a l l  m ix tu r e  ( C o t t r a l ,  1 9 6 9 ) .

E x p o s u re  to  an  ac id ic  e n v ir o n m e n t ,  a b se n c e  o f  s ta b il iz 
in g  c o m p o u n d s  a n d  s u b s e q u e n t h e a t in g  a t  h ig h  te m p e ra 
tu r e s ,  c o n t r ib u te d  to  th e  in a c t iv a t io n  o f  th e  v iru s  in  g ro u n d  
b e e f .

T h e  in a c tiv a t io n  o f  F M D  v iru s  in  m e a tb a lls  w as d u e  
s o le ly  to  h e a t .  T h e  p H  e f fe c t  w as  n e g a te d  b y  th e  p re s e n c e  
o f  sa lt.

A s  s h o w n  b y  th e  c o o k in g  c u rv es  p re s e n te d  in  F ig . 4 , 
th e r m a l  p ro c e ss in g  t im e  w as g re a tly  re d u c e d  b y  c o n v e c tio n  
v e rsu s  c o n d u c t io n  h e a tin g .

M e th o d s  c u r re n t ly  a c c e p te d  f o r  m o n i to r in g  th e  c o o k in g

Table 3—Survival3 
thermal processing

o f  FM D virus In In fected  lym ph nodesb after

Processing time
Processing (hr)

temp °C 0.25 0.5  1 2

69 + + + +
82 + + + -
90 + —c

3 + F M D  p ro du ced  in c a t t le ;— F M D  not p ro d u ced  In c a t t le .
“ M ean in fe c t iv it y  t ite r  o f ra w  ly m p h  node m a te r ia l (3  t r ia ls ) :  5 :1  

lo g 10  P F U /g .
L P o s itiv e  w ith  1% N a C l, negative  in  c a t t le  a f te r  heatin g  sam p le  fo r  

1  h r .

Fig. 4 -T h erm a l processing curves o f  ground meat p roducts: (A ) Comparison o f  thermal processing curves o f  ground bee f and meatballs plus 
water cooked to an internal temperature o f  9 8 .8 °C ; (B ) Comparison o f  processing curves for meatballs cooked to internal temperatures o f
93 .3  (------ ) , 96 .1 (- - - ■), and 9 8 .8 °C (----- ).
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T a b le  4 —S u r v iv a l  o f  F M D  v irus in  g r o u n d  b e e f  a f t e r  c o m m e r c ia l  th e r m a l  p ro c e s s in g

Total elapsed Virus recovery Response in
Tim e to reach Elapsed cook- cooking time OH05

_o PFU/g animals
internal Temp ing time from from 14°C  to
9 8 .8 °C a t  cold 90cC to 98° C & 9 8 .8 °C  & return Lym ph node

spot return to 9 0 °C to 7 0 °C  & below Raw lymph contaminated Un heated Heated
Replicate No. hr hr hr nodes ground beef sample sample

1 3.5 1.08 4.0 4.6 < 0.4a 2/2b 0/2
2 3.0 0.83 3.5 4.0 <0.4 0/2 N T
3 3.75 1.16 4.25 4.0 <0.4 2/2 0/2

a P laq ues no t observed  In 0 .1 5  m l o f  sam p le  
0 N o . steers p o s it ive  per N o . stee rs In o cu la te d

T a b le  5 —S u rv iv a l  o f  F M D  v iru s in  m e a tb a lls  (3%  N a C !) a f t e r  c o m m e r c ia l  th e r m a l  p r o c e s s in g

Total elapsed 
cooking time

Elapsed cook- from 14°C  to
Sample cooked Tim e to reach ing time from desired inter- Virus recovery

to internal desired inter- 9 0 °C  to desir- nal temp & re- log io  PFU/g
Tem p, °C nal temp at ed temp 8t re- turn to 7 0 °C
Replicate cold spot turn to 9 0 °C and below Unheated Heated Response in

no. min min min sample sample animals

93.3
1 19 4 20 3.0 < 0.4a 0/2a
2 14 2 15 3.0 <0.4 0/2
3 16 4 17 3.0 <0.4 0/2

96.1
1 24 8 25 3.5 <0.4 0/2
2 18 5 19 2.6 <0.4 0/2
3 19 7 20 2.6 <0.4 0/2

98.8
1 49 19 55 3.0 <0.4 0/2
2 32 19 35 3.0 <0.4 0/2
3 38 21 43 3.0 < 0.4 0/2

a P laq u es no t o bserved  In 0 .1 5  m l o f sam p le . 
n N o . stee rs p o s it ive  per N o . stee rs In o c u la te d .

p ro c e s s  o f  m e a ts  f o r  e x p o r t  in  c o u n tr ie s  w h e re  F M D  a n d  
o th e r  e x o t ic  d ise ases  a re  e n d e m ic , a re  o f  a q u a li ta t iv e  a n d  
h ig h ly  su b je c tiv e  n a tu r e .  R e s u lts  o f  th is  s tu d y ,  h o w e v e r , 
d e m o n s tr a te  t h a t  q u a n t i f ia b le  te m p e r a tu r e  m e a s u re m e n ts  
c a n  b e  ac h ie v e d  w ith  d ev ic es  u s in g  te m p e r a tu r e  sen s itiv e  
p ig m e n ts .

T u b e  c o o k in g  o f  in f e c te d  g ro u n d  b e e f  a n d  g ro u n d  b e e f  
p r o d u c ts  a t  th e  te m p e ra tu re s  an d  c o n d i t io n s  e x a m in e d  
a p p e a rs  to  b e  a n  a d e q u a te  m a n u f a c tu r in g  s c h e m a  f o r  
th e  in a c t iv a t io n  o f  Oj (C A N E F A  2 ) s e r o ty p e  o f  F M D  v iru s.

T h e  ab o v e  r e p o r t  a lso  p ro v id e s  a n  im p e tu s  f o r  th e  d ev e l
o p m e n t  o f  m e th o d s  t o  v e r ify  th e  t im e  a n d  te m p e r a tu r e  c o n 
d i t io n s  n e c e ssa ry  to  in a c tiv a te  F M D  v iru s  in  m e a t  p ro d u c ts .
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C. SUSAN TELLEFSON, JANE A. BOWERS, CECELIA MARSHALL, and ARTHUR D. DAYTON

---------------------------- ABSTRACT-----------------------------
Turkey emulsions were prepared with (1) no additives, (2) sodium 
chloride (NaCl), (3) sodium nitrite (NaNC^), (4) sodium ascorbate 
(NaAsc), or (5) both NaNC>2 and NaAsc. Raw and cooked emul
sions from each of the five treatments were stored (-18°C ) and 
then evaluated before and after heating. Emulsions with NaNOj 
and NaAsc contained less malonaldehyde than those with NaCl 
or no additive and raw turkey emulsions generally contained less 
malonaldehyde than cooked. Nitrite was the additive that produced 
the major effect on color of heated emulsions. Generally, emulsions 
containing both NaNC>2 and NaAsc had the most meaty aroma and 
the least stale aroma. Emulsions iVith NaCl tended to have greater 
stale aroma.

INTRODUCTION
C U R IN G  M IX T U R E S  f o r  m e a t  a n d  p o u l t r y  u s u a lly  c o n ta in  
sa l t ,  n i t r i te ,  a s c o rb a te  o r  e r y th o r b a te ,  a n d  sp ic es . C o m 
b in e d , th e y  c o n t r ib u te  to  c u re d -m e a t f la v o r  a n d  c a n  in f lu 
e n c e  o x id a t io n  r a te  a n d  d e v e lo p m e n t o f  s ta le  o r  ra n c id  
a ro m a  a n d  f la v o r . T h e ir  in d iv id u a l  ro le s  in  p ro m o t in g  o r  in 
h ib it in g  o x id a t io n  in  tu r k e y  p r o d u c ts  h a v e  n o t  b e e n  fu lly  
a n a ly z e d . M o st re s e a rc h  h a s  d e a lt  w ith  p o rk ,  b e e f , a n d  
m o d e l sy s te m s .

S tu d y in g  th e  e f fe c ts  o f  sa l t ,  O lso n  a n d  R u s t  ( 1 9 7 2 )  
fo u n d  th a t  f la v o r  o f  d ry  c u re d  h a m s  w e re  p re fe r r e d  w h e n  a 
sa l t  w ith  lo w  h e a v y  m e ta l  c o n te n t  w as u s e d  in s te a d  o f  re g u 
la r  s a l t ,  in d ic a tin g  t h a t  t r a c e  m e ta ls  m a y  h a v e  c a u se d  th e  
p r o o x id a n t  e f fe c ts  r a th e r  th a n  th e  N aC l. L a b u z a  ( 1 9 7 1 )  
th e o r iz e d  t h a t  N aC l m a y  a f fe c t  th e  w a te r  a c t iv i ty ,  a n d  in  
tu r n  th e  o x id a tiv e  s ta b i l i ty .  R e fr ig e ra te d  c u re d  p o rk  w as 
f o u n d  to  b e  m o re  s ta b le  to  l ip id  o x id a t io n  th a n  u n c u r e d  
m e a t  (B a ile y  a n d  S w a in , 1 9 7 3 ; Z ip s e r  e t  a l ., 1 9 6 4 ) , b u t  
Z ip se r  e t  a l. ( 1 9 6 4 )  c o n c lu d e d  th a t  N aC l p r o m o te d  o x id a 
t io n  o f  f ro z e n  c u re d  p o rk .  E llis e t  a l. ( 1 9 6 8 )  r e p o r te d  t h a t  
N a N 0 2 c a u se d  g re a te r  o x id a t io n  o f  f ro z e n  c u re d  b a c o n  
th a n  N aC l a n d  c o n c lu d e d  th a t  th e  o x id a tiv e  e f fe c ts  o f  N aC l 
a n d  N a N 0 2 w e re  in d e p e n d e n t  a n d  a d d it iv e .

R e s e a rc h  w ith  n i t r i t e  (M a c D o n a ld  e t  a l., 1 9 8 0 )  in d ic a te d  
t h a t  n i t r i t e  in  a m o d e l s y s te m  c a n  b e  a p ro o x id a n t  a t  c o n c e n 
t r a t io n  g re a te r  t h a t n  2 5  p p m , b u t  n i t r i t e  re d u c e d  o x id a t io n  
r a te s  w h e n  s y s te m s  c o n ta in e d  fe r ro u s  i r o n  o r  f e r ro u s  i ro n -  
E D T A . G id d in g s  ( 1 9 7 7 )  s ta te d  t h a t  w h e n  th e  ir o n  a to m  o f  
th e  c u re d  m e a t  m y o g lo b in  h a d  n i t r ic  o x id e  a t ta c h e d  t o  th e  
6t h  p o s i t io n ,  th e  c o m p o u n d  w as v e ry  s ta b le . H e a t-d e n a 
tu r e d ,  c u re d  m y o g lo b in  is p ro b a b ly  a d in i t r o s y lh e m o c h ro m e  
(C asse n s  e t  a l., 1 9 7 9 )  w h ic h  m a y  a f f e c t  o x id a t io n  d i f f e r e n t 
ly  th a n  th e  n o n h e a t -d e n a tu re d  p ig m e n t .  N o t a ll o f  th e  n i
t r i t e  a d d e d  to  m e a t  r e a c ts  w ith  m y o g lo b in ;  g e n e ra lly  a b o u t
1 —5%  o f  a d d e d  n i t r i t e  r e a c ts  w ith  l ip id  (C asse n s  e t  a l.,
1 9 7 7 ) , p a r t ic u la r ly  u n s a tu r a te d  f a t t y  a c id s  ( F r o u in  e t  a l.,
1 9 7 5 ) . W a rm e d -o v e r-f la v o r  (W O F ) d e v e lo p m e n t  in  m e a t 
w as in h ib i te d  b y  n i t r i t e  (S a to  a n d  H e g a r ty , 1 9 7 1 ) .

A u t h o r  B o w e r s , M a rsh a ll a n d  D a y to n  a re  w i th  th e  D e p a r tm e n ts  o f  
F o o d s  & N u t r i t i o n  a n d  S ta t i s t ic s ,  K a n sa s  S ta te  U n iv ., M a n h a tta n ,  
K S  6 6 5 0 6 . A u t h o r  T e l le fs o n  fo r m e r ly  w i th  K a n sa s  S ta te  U n lv ., is  
n o w  a f f l l i t a t e d  w i th  W e s te rn  I l lin o is  U n iv ., M a c o m b , IL  6 1 4 5 5 .

W hile  lo w  leve ls o f  a s c o rb ic  ac id  p r o m o te d  o x id a t io n  in  
m o d e l s y s te m s , h ig h e r  lev e ls  in h ib i te d  o x id a t io n  in  m o d e l 
s y s te m s  a n d  in  b e e f  (S a to  a n d  H e g a r ty , 1 9 7 1 ) . H ig h  leve ls 
o f  a s c o rb a te  in h ib i te d  o x id a t io n  in  t u r k e y  e m u ls io n s  also  
(T e lle f s o n  a n d  B o w ers , 1 9 8 0 ) . S a to  a n d  H e g a r ty  ( 1 9 7 1 )  
c o n c lu d e d  th a t  a s c o rb ic  ac id  r e ta r d e d  a u to x id a t io n  b y  
u p s e t t in g  th e  b a la n c e  b e tw e e n  F e + +  a n d  F e + + +  o r  b y  
0 2 scav en g in g .

P la te  w a s te  o f  b a c o n  c u re d  w ith  o r  w i th o u t  n i t r i te  w as 
n o t  d i f f e r e n t  (W illiam s a n d  G re e n e , 1 9 7 9 ) , b u t  S a les e t  al.
( 1 9 8 0 )  f o u n d  th a t  c o n s u m e rs  p re fe r r e d  tu r k e y  f r a n k f u r te r s  
c u re d  w ith  n i t r i te  to  th o s e  w i th o u t  n i t r i te .  R a n c id  a ro m a  
a n d  f la v o r  in  tu r k e y  f r a n k f u r te r s  d e c re a s e d  as n i t r i t e  c o n 
c e n t r a t io n  in c re a s e d  (S a les  e t  a l., 1 9 8 0 ).

T h is  e x p e r im e n t  w as c o n d u c te d  t o  c o m p a re  m a lo n a ld e 
h y d e  c o n te n t  ( o x id a t io n ) ,  c o lo r ,  a n d  a ro m a  o f  tu r k e y  
m u sc le  e m u ls io n s  m a d e  w ith  s o d iu m  c h lo r id e , s o d iu m  n i
t r i t e ,  a n d /o r  s o d iu m  a s c o rb a te  a n d  s u b je c te d  to  c o o k in g , 
f ro z e n  s to ra g e , a n d  f u r th e r  h e a tin g .

EXPERIMENTAL
Sample preparation

Muscle and fat from one turkey breast were used per replication. 
Raw turkey emulsions were prepared using a Waring Blendor (6.45 
cm plate) using 304g ground turkey, 80g ice water, and (1) no other 
additions, (2), 20,000 ppm sodium chloride (NaCl), (3) 62 ppm 
sodium nitrite (NaN02), (4) 520 ppm sodium ascorbate (NaAsc), or
(5) 62 ppm NaN02 and 520 ppm NaAsc. The turkey emulsions 
were stuffed into synthetic casings using a Mirro cookie gun with a 
special attachment and then hand-tied into links. Half of the links 
from each of the five treatments were cooked at 176.5°C to an in
ternal temperature of about 60°C and then cooled (4°C). The 
other links were not cooked. Both raw and cooked links were 
vacuum-packaged and stored for 5 wk at -18°C. After storage, 
emulsions were evaluated without heating and after heating by boil
ing in water (raw links for 5 min and cooked links for 3 min).
Lipid oxidation and color

Lipid oxidation of raw and cooked turkey muscle emulsions was 
determined immediately after processing, after 5 wk frozen storage 
(-18°C), and after storage and heating using a modification (Kunta- 
panit, 1978) of the extraction procedure (Witte et al., 1970) for 
malonaldehyde which used 2-thiobarbituric acid. Values for dupli
cate samples were reported as mg malonaldehyde/kg turkey emul
sion.

Color of turkey muscle emulsions was determined with a Hunter- 
Lab Colorimeter immediately after processing, after 5 wk frozen 
storage, and after storage and heating. Values for the standardizing 
tile were Rd = 58.3, a = +5.00, b = +49.52.
Sensory evaluation

Raw and cooked links from each of the five treatments were 
thawed and evaluated at room temperature and after heating in boil
ing water. Heated links were split, put in covered glass petri dishes, 
and immediately placed on a warming tray and held warm while 
panelists judged them. Red lights were used to mask color differ
ences. Five experienced panelists evaluated the turkey emulsions for 
meaty and stale aromas after 5 wk frozen storage by marking a 13- 
cm. structured scale to represent intensity of meatiness (raw meaty 
or cooked meaty) and staleness. The measurement in cm between 
the beginning of the scale and the mark was used for statistical 
analysis; larger numbers indicated a greater intensity.

— C o n t i n u e d  o n  n e x t  p a g e
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Analysis of variance was completed using data from all five 
panelists and from all combinations of two to four panelists. To 
examine repeatability of each panelist, variances of individual pan
elist’s scores by treatment were calculated. Values reported are 
those from the entire five-member panel and also those from a sub
group of three panelists who were selected on the basis of low vari
ance and ability to detect differences.
Experimental design and data analysis

Five replications for sensory evaluation and four for malonal- 
dehyde and color measurements were completed using a split-plot 
design:

Degrees of freedom
Source

of
variation

Sensory
evaluation

Color & Malonaldehyde 
measurements

Turkey (Rep) 4 3
Treatment 4 4
State (raw or cooked) 1 1
Treatment x State 4 4
Error (a) 36 27
Type (unstored, stored, and

stored and heated)3 1 2
Treatment x Type 4 8
State x Type 1 2
Treatment x State x Type 4 8
Error (b) 40 60
a F o r  se n so ry  e v a lu a t io n  d a ta , th e  ty p e s  a re  s to red  an d  sto red  and  
h ea ted .

When F values were significant, LSD’s were computed (Snedecor 
and Cochran, 1967).

RESULTS & DISCUSSION 
M a lo n a ld e h y d e  c o n te n t

T r e a tm e n t  m e a n s  a re  p re s e n te d  fo r  m a lo n a ld e h y d e  a n d  
c o lo r  m e a s u re m e n ts  a n d  se n s o ry  sc o re s  in  T a b le s  1 —5. F o r  
s o m e  m e a s u re m e n ts ,  m e a n s  a re  p re s e n te d  f o r  e a c h  o f  th e  
2 0 —3 0  t r e a tm e n t  c o m b in a t io n s . B u t i f  th e r e  w e re  n o  
s ig n if ic a n t th re e -w a y  in te r a c t io n s ,  th e n  s ig n if ic a n t tw o -w a y  
in te r a c t io n  o r  m a in  e f fe c ts  t r e a tm e n t  m e a n s  a re  p re s e n te d .

C o o k e d  tu r k e y  m u sc le  e m u ls io n s  h a d  m o re  m a lo n a ld e 
h y d e  (M A ) th a n  ra w  e m u ls io n s  u n le s s  n i t r i t e  w as p re s e n t ,  in  
w h ic h  ca ses  th e r e  w e re  n o  d if fe re n c e s  b e tw e e n  th e  ra w  a n d  
c o o k e d  s ta te s  (T a b le  1). R a w  a n d  c o o k e d  e m u ls io n s  w ith  
n o  a d d it iv e s  o r  w ith  s o d iu m  c h lo r id e  (N a C l)  o x id iz e d  m o re  
th a n  e m u ls io n s  w ith  s o d iu m  a s c o rb a te  (N a A sc )  o r  s o d iu m  
n i t r i t e  ( N a N 0 2 ), a n d  e m u ls io n s  w ith  a c o m b in a t io n  o f  
N a N 0 2 a n d  N aA sc h a d  th e  lo w e s t M A  c o n te n t .  In  raw  
p r o d u c ts  th e r e  w as n o  d if fe re n c e  in  M A  c o n te n t  b e tw e e n  
th e  e m u ls io n s  c o n ta in in g  N a N 0 2 a n d  th o s e  c o n ta in in g  
N a A sc , b u t  c o o k e d  e m u ls io n s  c o n ta in in g  N aA sc  h a d  m o re  
M A  th a n  c o o k e d  e m u ls io n s  w ith  N a N 0 2 o r  ra w  e m u ls io n s  
w ith  N aA sc .

W ith  a d d e d  n i t r i te ,  a lo n e  o r  in  c o m b in a t io n  w ith  a s c o r 
b a te ,  M A  c o n te n t  a m o n g  th e  ty p e s  o f  e m u ls io n s  ( u n s to re d ,  
f ro z e n  s to ra g e , a n d  s to r e d  a n d  h e a te d )  w e re  s im ila r  (T a b le
1). S to re d  a n d  h e a te d  e m u ls io n s  t h a t  d id  n o t  c o n ta in  
n i t r i t e  h a d  g re a te r  M A  c o n te n ts  th a n  u n s to r e d  o r  f ro z e n -  
s to r e d  e m u ls io n s . U n s to re d , f ro z e n -s to re d , a n d  s to re d -  
h e a te d  e m u ls io n s  w ith  b o th  N a N 0 2 a n d  N aA sc  g e n e ra lly  
h a d  less M A  th a n  th o s e  re c e iv in g  th e  o th e r  t r e a tm e n ts .

A f te r  5 w k  o f  f ro z e n  s to ra g e , t u r k e y  e m u ls io n s  c o n ta in 
in g  N aA sc w ere  s im ila r  in  M A  c o n te n t  to  u n s to r e d  e m u ls io n s  
w ith  N aA sc  a n d  to  f ro z e n -s to re d  e m u ls io n s  w ith  N a N 0 2 ; 
h o w e v e r , w h e n  th e  s to r e d  e m u ls io n s  w e re  h e a te d ,  th o s e  
w ith  N aA sc  w e re  o x id iz e d  m o re  th a n  th o s e  w ith  N a N 0 2 . 
E m u ls io n s  c o n ta in in g  e i th e r  n o  a d d it iv e s  o r  N aC l h a d  s im i
la r  M A  c o n te n t s ;  M A  v a lu e s  in c re a se s  w ith  s to ra g e  a n d  w ith  
h e a t in g  a n d  te n d e d  to  b e  g re a te r  th a n  f o r  t r e a tm e n ts  c o n 
ta in in g  N a N 0 2 a n d /o r  N aA sc .

T h e re  w e re  n o  d if fe re n c e s  in  M A  c o n te n t  o f  t u r k e y  m u s 
c le  e m u ls io n s  w ith  n o  a d d it iv e s  a n d  w ith  a d d e d  N aC l, w h ic h  
in d ic a te s  t h a t  sa l t  w as n o t  a c t in g  as a p r o o x id a n t .  T h is  is in  
a g re e m e n t w ith  th e  f in d in g s  o f  Z ip se r  e t  a l. ( 1 9 6 4 )  f o r  u n 
c u re d  p o rk .  In  o u r  s tu d y ,  N a N 0 2 w as n o t  f o u n d  to  e x h ib i t  
p ro o x id a n t  e f fe c ts  d u r in g  f ro z e n  s to ra g e  as E llis  e t  al. ( 1 9 6 8 )  
r e p o r te d  w ith  b a c o n , b u t  r a th e r  p ro d u c e d  a n t io x id a n t  
e f fe c ts  su c h  as S a to  a n d  H e g a r ty  ( 1 9 7 1 )  f o u n d  w ith  b e e f . 
W h ile  N aA sc  w as as e f fe c tiv e  as N a N 0 2 in  p re v e n tin g  M A 
d e v e lo p m e n t in  ra w  tu r k e y  m u sc le  e m u ls io n s  a t  th e  leve ls 
u s e d , th e i r  c o m b in e d  e f fe c t  in  p re v e n tin g  o x id a t io n  w as 
g re a te r  (p o s s ib ly  sy n e rg is t ic ) , a n d  M A  c o n te n t  o f  
e m u ls io n s  c o n ta in in g  b o th  N aA sc  a n d  N a N 0 2 d id  n o t  
in c re a se  a f t e r  5 w k  f ro z e n  s to ra g e  o r  a f t e r  b e in g  s to r e d  a n d  
h e a te d .

Color
C o o k in g  l ig h te n e d  (h ig h e r  R d  v a lu e )  th e  c o lo r  o f  u n s to r e d  

a n d  f ro z e n -s to re d  e m u ls io n s  (T a b le  2 ) . R a w  e m u ls io n s  
s to r e d  f ro z e n  fo r  5 w e e k s  w e re  d a rk e r  in  c o lo r  th a n  th o s e  
u n s to r e d .  R d  v a lu e s  o f  c o o k e d  e m u ls io n s  w e re  n o t  a f fe c te d  
b y  f ro z e n  s to ra g e  o r  h e a tin g .

T a b le  2 —M e a n  H u n  te r  L a b  C o lo r im e te r  R d  a n d  " b "  v a lu e s  o f  t u r k e y  
m u s c le  e m u ls io n s  m a d e  w i th  N aC l, NaNC>2, a n d /o r  N a A s c a
Type Raw Cooked

Rd values
Unstored 40.50a 4 7 ,94bc
5 wk frozen storage 35.77b 48.00c
Stored and heated 47.11c 47 .75c

"b" values
Unstored 15.30a 13.56b
5 w k frozen storage 15.36a 12.73c
Stored and heated 13.00c 12.92c

M ean o f 20  va lu es  averaged o ve r tre a tm e n t and re p lic a t io n ; va lu es 
In th e  sam e ro w  or co lu m n  n o t sh o w in g  a c o m m o n  le tte r  a re  sig
n if ic a n t ly  d iffe re n t  (P  <  0 .0 0 1 ) .

T a b le  1—M ea n  m a lo n a ld e h y d e  c o n te n t  ( m g /k g  e m u ls io n )  o f  t u r k e y  m u s c le  e m u ls io n s  m a d e  w i th  N a C l, N a N 0 2  a n d /o r  N a A s c a

Treatment

Stateb Typec

Raw Cooked Unstored
5 wk

frozen storage
Stored 

and heated

No additives 2.66a 3 .4 3 b 2.22ab 2.84c 4.07d
20,000 ppm NaCl 2.97a 3 .7 6 b 2.73a 3.38c 3 5 8 d
62 ppm N aN 0 2 1 ,34bc 1.60c 1 .60bc 1.41b 1.40b
520 ppm NaAsc 1.54c 2.66e 1 ,34cef 1 ,55bf 3.41 d
62 ppm N aN 02 and 520 ppm NaAsc 0.69d 0.6 2d 0.69e 0.66e 0.62e

?  V a lu e s  in th e  sam e ro w  or co lu m n  un d e r S ta te  o r T y p e  n o t sh o w in g  a co m m o n  le tte r  a re  s ig n if ic a n t ly  d if fe re n t  (P  <  0 .0 1 ) .  
“  M eans averaged  over ty p e  and  re p lic a tio n  
c M eans averaged  o ve r sta te  and  re p lic a tio n
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T a b le  3 —M e a n  H u n te r L a b  C o lo r im e te r  “a "  va lu es  o f  t u r k e y  m u s c le  e m u ls io n s  m a d e  w i th  N a d ,  N a N Q 2  a n d /o r  N a A s c a

Treatment

Raw Cooked

Un stored
After 5 wk 

frozen storage
Stored 

and heated Unstored
After 5 wk 

frozen storage
stored 

and heated

No additive 7.63a 5.93b 0.29cgh 2.09dj 2.01 dei 0.24ck
20,000 ppm NaCl 6.22b 4 .1 7c 0.08dg 1.70aj 1 ,26ad 0.36dk
62 ppm N aN 02 3.57ci 6.28bd 2.96fi 2.07ejk 2.81 efi 3.03f
520 ppm NaAsc 7.89ag 7.85g 1.11 h 2.01 hij k 2.26i 1.35h
62 ppm N aN 02 and 520 ppm NaAsc 4.09ce 9.04a 4.53e 2.88bdk 4 ,38cg 4.69eg

M ean o f fo u r  re p lic a t io n s ; va lu es in  th e  sam e ro w  o r co lu m n  not sh o w in g  a co m m o n  le tte r  are  s ig n if ic a n t ly  d if fe re n t  (P  <  0 .0 0 1 ) .

C u re d  c o lo r  as d e te rm in e d  b y  “ a ” ( re d n e s s )  v a lu e s  w as 
in f lu e n c e d  b y  t r e a tm e n t ,  s t a te  a n d  ty p e  (T a b le  3 ) . W ith  all 
t r e a tm e n ts ,  c o o k e d  u n s to r e d  a n d  f ro z e n -s to re d  tu r k e y  m u s 
c le  e m u ls io n s  w e re  less re d  ( lo w e r  “ a ”  v a lu e s )  th a n  ra w  o n es . 
S to re d -h e a te d  e m u ls io n s , w h e th e r  s to r e d  ra w  o r  c o o k e d ,  
h a d  s im ila r  “ a ”  v a lu e s  w ith in  a t r e a tm e n t .  F ro z e n -s to r e d  
a n d  s to r e d - h e a te d  e m u ls io n s  c o n ta in in g  b o th  N a N 0 2 a n d  
N aA sc  w e re  r e d d e r  th a n  f ro z e n -s to re d  a n d  s to r e d /h e a te d  
e m u ls io n s  o f  o th e r  t r e a tm e n ts .  W h e n  b o th  N a N 0 2 a n d  
N aA sc  w e re  a d d e d , ra w  a n d  c o o k e d  e m u ls io n s  w e re  r e d d e r  
a f te r  5 w k  f ro z e n -s to ra g e . W ith  n o  a d d it iv e s  a n d  w ith  a d d e d  
N aC l, u n s to r e d  ra w  e m u ls io n s  w e re  r e d d e r  th a n  f ro z e n -  
s to r e d  o n e s , a n d  h e a t in g  a f te r  s to ra g e  c a u se d  f u r th e r  d e 
c rea ses  in  re d n e ss . R a w  e m u ls io n s  w ith  N aA sc  r e ta in e d

T a b le  4 - M e a n  H u n te r L a b  C o lo r im e te r  " b "  va lu es  o f  t u r k e y  m u s c le  
e m u ls io n s  m a d e  w i th  N a C l, N a N 0 2  a n d /o r  N a A s c a

T  reatment Unstored
After 5 wk 

frozen storage
Stored 

and heated

No additives 14.45a 14.29a 13.68bc
20,000 ppm NaCl 14.47a 14.20ab 13.23cd
62 ppm N aN 02 14.39a 14.05ab 12.44de
520 ppm NaAsc 14.58a 14.34a 13.64bc
62 ppm N aN 0 2 

and 520 ppm NaAsc 14.13a 13.34b 11.83e

a M ean o f e igh t va lu es  averaged  o ve r s ta te  an d  re p lic a t io n . M eans in 
th e  sam e ro w  o r co lu m n  n o t sh o w in g  a co m m o n  le tte r  are  s ig n if i
c a n t ly  d iffe re n t  (P  <  0 .0 1 ) .

re d n e ss  d u r in g  f ro z e n -s to ra g e , b u t  re d n e s s  d e c re a s e d  w ith  
h e a tin g . T h e  a n t io x id a n t  p ro p e r t ie s  o f  a s c o rb a te  p ro m o te s  
i ts  f u n c t io n  as a m e a t  c o lo r  s ta b il iz e r  b y  re d u c in g  m e tm y o -  
g lo b in . R ik e r t  e t  al. ( 1 9 5 7 )  r e p o r te d  t h a t  a s c o rb ic  ac id  s ta 
b iliz e d  g ro u n d  m e a t  c o lo r .

In  th e  raw  u n s to r e d  e m u ls io n s , l in k s  s tu f fe d  w ith  th e  
e m u ls io n s  c o n ta in in g  N aC l a p p e a re d  v e ry  s p lo tc h y  (p in k ) ,  
b u t  d u r in g  s to ra g e  th e  c o lo r  b e c a m e  m o re  u n if o r m . T h e  
p re s e n c e  o f  n i t r i te  w as g e n e ra lly  th e  m a jo r  f a c to r  a f fe c t in g  
th e  c o lo r  o f  h e a te d  e m u ls io n s .

D e te rm in a t io n s  o f  “ b ”  c o lo r  v a lu e s  in d ic a te d  n o  d if fe r 
e n c e s  in  u n s to r e d  tu r k e y  m u sc le  e m u ls io n s  d u e  to  t r e a t 
m e n t  (T a b le  4 ) , b u t  c o o k e d  e m u ls io n s  h a d  lo w e r  “ b ”  
v a lu e s  (less y e llo w n e s s )  th a n  ra w  e m u ls io n s  e x c e p t  a f te r  
s to ra g e  a n d  h e a tin g  (T a b le  2 ) . R a w  a n d  c o o k e d  e m u ls io n s  
t h a t  w ere  s to re d  a n d  h e a te d  w e re  less y e llo w  th a n  u n s to r e d  
e m u ls io n s  (T a b le  2 ). H e a t in g  a f t e r  s to ra g e  d e c re a se d  y e l lo w 
n ess  w ith  a ll t r e a tm e n ts  (T a b le  4 ).

A ro m a  e v a lu a tio n
M e a ty  a ro m a . W h e n  s ig n if ic a n t d if fe re n c e s  w e re  d e te c te d ,  

sa m p le s  c o n ta in in g  b o th  N a N 0 2 a n d  N aA sc  g e n e ra lly  h a d  
th e  m o s t  m e a ty  a ro m a  (T a b le  5 ). M e a ty  a ro m a  o f  u n h e a te d  
tu r k e y  e m u ls io n s  s to r e d  ra w  w as n o t  a f f e c te d  b y  a d d it iv e s . 
I f  ra w  tu r k e y  e m u ls io n  w as h e a te d  a f t e r  s to ra g e , sa m p le s  
w ith  b o th  N a N 0 2 a n d  N aA sc  w e re  f o u n d  b y  t h e  3 m e m b e r  
s e n s o ry  p a n e l to  h av e  m o re  m e a ty  a ro m a  th a n  th o s e  w ith  
N aC l, N a N 0 2 , o r  N aA sc , b u t  n o t  m o re  th a n  s a m p le s  w ith  
n o  a d d it iv e s . T h e  th re e -m e m b e r  s e n s o ry  p a n e l o b se rv e d  th a t  
u n h e a te d  tu r k e y  e m u ls io n s  c o o k e d  p r io r  t o  f ro z e n  s to ra g e

T a b le  5 —M e a n  m e a t y  a n d  s ta le  a ro m a  sc o re s  o f  t u r k e y  m u s c le  e m u ls io n s  m a d e  w i th  N a C l, N aN C>2 a n d  N a A s c a
Un heated Heated

62 62
ppm PPm

N aN 0 2 NaN<32
20,000 62 520 520 20,000 62 320 520

No ppm ppm ppm ppm No ppm ppm ppm ppm
Additives NaCl N aN 0 2 NaAsc NaAsc (LSD ) Additives NaCl N aN 0 2 NaAsc NaAsc (LSD )

Stored Raw
Meaty

3 panelists 5.4 5.4 3.8 3.4 3.7 NS 7.1 5.7 6.0 6.4 8.4 **(1 .6 )
5 panelists 5.3 5.2 4.2 3.9 3.9 NS 6.6 6.2 6.8 6.4 7.5 NS

Stale
3 panelists 5.4 4.3 3.9 3.9 2.2 **(1 .6 ) 5.0 6.8 6.1 4.9 3.5 ***(1 .4 )
5 panelists 6.4 6.2 3.9 4.2 2.3 ***(1 .5 ) 5.9 7.3 5.1 4.8 3.7 ***(1 .1 )

Stored Cooked
Meaty

3 panelist 3.9 4.7 4.4 5.1 6.3 *(1.6) 4.6 4.9 5.6 6.6 7.7 ***(1 .3 )
5 panelists 5.1 5.5 5.6 4.9 6.1 NS 4.8 5.0 5.5 6.4 7.0 *(1.6)

Stale
3 panelists 6.6 7.8 6.0 6.4 4.9 *(1.6) 6.8 7.7 5.0 5.6 4.3 ***(1 .3 )
5 panelists 6.7 8.2 5.9 7.8 4.2 **(1 .9 ) 6.6 7.8 4.3 4.9 4.0 ***(1 .1 )

a Mean of five replications. Larger numbers indicate a more intense meaty or stale aroma
*  (P  <  0 .0 5 ) ;  * *  (P  <  0 .0 1 ) ;  * * *  (P  <  0 .0 0 1 )
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T U R K E Y -N IT R IT E -A S C O R B A T E -S A L T -O X ID A T IO N . . .

h a d  m o r e  m e a ty  a ro m a  i f  N aN C>2 a n d  N aA sc  w e re  p re s e n t  
th a n  d id  e m u ls io n s  s u b je c te d  to  a n y  o th e r  t r e a tm e n t  e x c e p t  
N a A sc ; u p o n  f u r th e r  h e a tin g , sa m p le s  w ith  e i th e r  N aA sc  o r  
N aN C >2 p lu s  N aA sc  h a d  s im ila r  m e a ty  a ro m a s  w h ic h  w ere  
g re a te r  th a n  th o s e  o f  sa m p le s  w ith  n o  a d d it iv e s  o r  w ith  
N aC l.

S ta le  a ro m a . T u rk e y  e m u ls io n s  c o n ta in in g  N aN C >2 p lu s  
N aA sc  th a t  w e re  s to r e d  ra w  f o r  5 w k  h a d  less s ta le  a ro m a  
(h a d  le ss  o x id a tiv e  r a n c id i ty )  th a n  a n y  o th e r  t r e a tm e n t  
(T a b le  5 ). T u rk e y  e m u ls io n s  s to r e d  raw  w e re  less s ta le  if  
th e y  c o n ta in e d  a s c o rb a te  c o m p a re d  w ith  n o  a d d it iv e s  
o r  N aC l, a c c o rd in g  to  th e  5 -m e m b e r  p a n e l. U n h e a te d  a n d  
h e a te d  e m u ls io n s  w ith  N a N 0 2 a n d  N aA sc  th a t  w ere  c o o k e d  
p r io r  t o  f ro z e n  s to ra g e  h a d  less s ta le  a ro m a  th a n  th o s e  w ith  
n o  a d d it iv e s  o r  w i th  N aC l. E m u ls io n s  w ith  N aC l te n d e d  to  
h av e  g re a te r  s ta le  a ro m a  th a n  o th e r  t r e a tm e n ts ,  e sp e c ia lly  
i f  th e y  w e re  h e a te d  a f t e r  s to ra g e . T h e  p r o o x id a n t  p ro p e r t ie s  
o f  N aC l o n  m e a t  h a d  b e e n  r e c o g n iz e d  b y  o th e r s  (E llis  
e t  a l ., 1 9 6 8 ) . T h re e -m e m b e r  vs f iv e -m e m b e r  p a n e l.

T h re e -m e m b e r  vs f iv e -m e m b e r  p a n e l
D a ta  p re s e n te d  in  T a b le  5 in d ic a te d  t h a t  th e  th re e -  

m e m b e r  se n s o ry  p a n e l d e te c te d  m o re  s ig n if ic a n t d if fe re n c e s  
a m o n g  t r e a tm e n ts  a p p lie d  to  th e  tu r k e y  m u sc le  e m u ls io n s  
t h a n  th e  f iv e -m e m b e r  s e n s o ry  p a n e l. B o th  p a n e ls  f o u n d  d if 
fe re n c e s  in  s ta le  a ro m a  f o r  s to r e d  ra w  a n d  c o o k e d  e m u ls io n s  
e v a lu a te d  e i th e r  u n h e a te d  o r  h e a te d ,  b u t  th e  f iv e -m e m b e r  
p a n e l  w as less su c c e ss fu l in  d e te c t in g  d if fe re n c e s  in  m e a ty  
a ro m a . B o th  p a n e ls  te n d e d  to  s c o re  t r e a tm e n ts  s im ila r ly  
a n d  s im ila r  t r e n d s  w e re  f o u n d . S in ce  th e  th re e -m e m b e r  
p a n e l  w as a b le  to  d e te c t  a  g re a te r  n u m b e r  o f  s ig n if ic a n t 
d if fe re n c e s ,  p e rh a p s  p a n e lis ts ’ v a r ia b il i ty  s h o u ld  b e  c o n 
s id e re d  m o re  c a re fu lly  th a n  is o f t e n  d o n e  in  re se a rc h  a n d  
a t t e m p ts  m a d e  to  f in d  th e  b e s t  s e t  o f  p a n e lis ts  f o r  a p a r t ic u 
la r  s tu d y .

W e f o u n d  th a t  a c o m b in a t io n  o f  N a N 0 2 a n d  N aA sc  
in  t u r k e y  e m u ls io n s  g e n e ra lly  r e s u lte d  in  th e  le a s t s ta le  a n d  
m o s t  m e a ty  a ro m a  as w ell as b e in g  r e d d e s t  in  c o lo r  a n d  
h a v in g  th e  lo w e s t  M A  v a lu e s . T h is  w as t r u e  w h e th e r  sa m 
p le s  w e re  s to r e d  ra w  o r  c o o k e d .

M I X I N G  A N D  P R E C O O K I N G  O F  R E S T R U C T U R E D  S T E A

CONCLUSIONS
V A C U U M  M IX IN G  f o r  e i th e r  le n g th  o f  t im e  r e s u l te d  in  a 
s te a k  w ith  a h ig h e r  b in d in g  s tre n g th . T h e re  w as n o  s ig n ifi
c a n t  d if fe re n c e  in  c o o k  y ie ld  d u e  to  m ix in g  t r e a tm e n t .  
S te a k s  p re c o o k e d  a n d  th e n  g rilled  e x h ib i t e d  a h ig h e r  
b in d in g  s t r e n g th , b u t  a lo w e r  c o o k  y ie ld  th a n  th o s e  g rilled  
f ro m  th e  f ro z e n , ra w  s ta te .  I t  is d o u b t f u l  t h a t  th e  a d v a n ta g e  
o f  a f i rm e r  t e x tu r e  is s u f f ic ie n t  to  o f f s e t  th e  d isa d v a n ta g e s  
o f  in c re a s e d  c o o k in g  lo sse s  a n d  e n e rg y  e x p e n d i tu re s  n e c e s 
sa ry  to  p r e c o o k ,  c o o l  a n d  r e h e a t  th e  p ro d u c t .
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--------------------------- ABSTRACT------------------------------
Beef from yearling steers (n = 254) which were fed either grass only 
or high-concentrate diets was used to study subcutaneous fat thick
ness as an alternative method for grading beef carcasses. Assigning 
carcasses to three expected-palatability groups based on fat thick
ness was at least equivalent to, and perhaps slightly more precise 
than, the use of USDA quality grades for grouping the carcasses 
according to expected palatability. There were progressive increases 
in palatability of cooked beef as fat thickness of carcasses from 
cattle fed 90—160 days increased from less than 2.53 mm up to
7.61 mm, but quantities greater than 7.61 mm did not further im
prove palatability.

INTRODUCTION
S O M E  R E S E A R C H E R S  h a v e  r e p o r te d  c lo se  a s s o c ia t io n s  
b e tw e e n  U S D A  q u a l i ty  g ra d e  a n d  c o o k e d  b e e f  p a la ta b i l i ty  
(M cB e e  a n d  W iles, 1 9 6 7 ; C o v in g to n  e t  a l ., 1 9 7 0 ; J e n n in g s  
e t  a l ., 1 9 7 8 ; D av is e t  a l ., 1 9 7 9 ) ;  o th e r s  h a v e  c o n c lu d e d  th a t  
U S D A  q u a l i ty  g ra d e s  ( R o m a n s  e t  a l ., 1 9 6 5 ; B e rry  e t  a l., 
1 9 7 4 ; C a m p io n  e t  a l ., 1 9 7 5 ; G arc ia -d e -S ile s  e t  a l., 1 9 7 7 )  
o r  m a rb lin g  sc o re s  ( T u m a  e t  a l ., 1 9 6 2 ; B re id e n s te in  e t  a l., 
1 9 6 8 ; P a rr ish  e t  a l ., 1 9 7 3 )  p ro v id e  l i t t l e  a s s u ra n c e  t h a t  b e e f  
w ill b e  p a la ta b le .  R e c e n t ly ,  th e r e  h a v e  b e e n  e f fo r t s  to  
id e n t i f y  a l te r n a t iv e  s y s te m s  f o r  s e g m e n tin g  th e  b e e f  s u p p ly  
in to  e x p e c te d  p a la ta b i l i ty  g ro u p in g s . S m ith  ( 1 9 8 0 )  sug
g e s te d  t h a t  a sp e c if ic  tim e -o n - fe e d  p e r io d  a n d /o r  s u b c u 
ta n e o u s  f a t  th ic k n e s s  m a y  b e  p o ss ib le  a d ju n c ts  t o ,  o r  
s u b s t i tu te s  f o r ,  th e  p re s e n t  m e th o d  ( m a tu r i ty ,  m a rb lin g , 
q u a l i ty  g ra d e )  o f  p re d ic t in g  b e e f  p a la ta b i l i ty .

A d a m s  e t  a l. ( 1 9 7 7 ) ,  H a r r is o n  e t  a l. ( 1 9 7 8 ) ,  T a tu m  e t  a l.
( 1 9 8 0 )  a n d  D o le z a l e t  al. ( 1 9 8 2 )  r e p o r te d  t h a t  b e e f  f ro m  
c a t t le  t h a t  h av e  b e e n  fe d  a h ig h -c o n c e n t r a te  d ie t  f o r  a  sp e c i
f ie d  p e r io d  o f  t im e  w ill b e  a c c e p ta b le  in  p a la ta b i l i ty ,  i r re 
s p e c tiv e  o f  i t s  q u a l i ty  g ra d e . A l th o u g h  th e  t im e -o n - fe e d  
c o n c e p t  a p p e a rs  to  b e  v a lid , c o m p lic a t io n s  w o u ld  a r ise  in  
m o n i to r in g  s u c h  a  s y s te m  w h ic h  w o u ld  g re a tly  l im it  i ts  
u s e fu ln e ss  f o r  g ra d in g  o r  p a la ta b i l i ty  p re d ic t io n  o n  a 
n a t io n a l  b asis .

F a t te n in g  is  o n e  o f  t h e  c o n s e q u e n c e s  o f  fe e d in g  a  h ig h - 
e n e rg y  d ie t  to  c a t t le .  F o r  c e n tu r ie s ,  f a t te n in g  h a s  b e e n  
th o u g h t  to  im p ro v e  t h e  p a la ta b i l i ty  o f  b e e f . T h e  m e c h a n is m  
b y  w h ic h  f a t te n in g  im p ro v e d  te n d e rn e s s  w as  p a r t ia l ly  c la ri
f ie d  w h e n  S m ith  e t  a l. ( 1 9 7 6 )  f o u n d  t h a t  in c re a s e d  t h ic k 
n ess  o f  s u b c u ta n e o u s  f a t  o n  la m b  c a u se d  c a rc asse s  to  
c h il l m o re  s lo w ly , in c re a s e d  e n z y m e  a c t iv i ty ,  le s se n e d  
sa rc o m e re  s h o r te n in g  a n d  im p ro v e d  m e a t  te n d e rn e s s .  
S u b s e q u e n t  in v e s t ig a tio n s  h a v e  s u b s ta n t ia te d  a n d  p a r t ia l ly  
c h a ra c te r iz e d  t h e  r e la t io n s h ip  b e tw e e n  te n d e rn e s s  a n d  s u b 
c u ta n e o u s  f a t  th ic k n e s s  in  b e e f  ( D u ts o n  e t  a l ., 1 9 7 5 ; 
B o w lin g  e t  a l., 1 9 7 7 , 1 9 7 8 ; M e y e r  e t  a l., 1 9 7 7 ; T a tu m , 
1 9 7 8 ; L o c h n e r  e t  a l ., 1 9 8 0 ; M arsh  a n d  L o c h n e r ,  1 9 8 1 ;

A l l  a u th o r s  w e re  a f f i l ia t e d  w i th  th e  M e a ts  & M u sc le  B io lo g y  S e c t io n ,  
D e p t, o f  A n im a l  S c ie n c e , T e x a s  A g r ic u l tu r a l  E x p e r im e n t  S ta t io n ,  
T e x a s  A & M  U n iv ., C o lleg e  S ta t io n ,  T X  7 7 8 4 3  a t  th e  t im e  th is  s t u d y  
w a s c o n d u c te d .  A u th o r  D o le za l  Is p r e s e n t ly  e m p l o y e d  b y  th e  D e p t,  
o f  A n im a l  S c ie n c e , C o lo ra d o  S ta te  U n lv ., F o r t  C o llin s , C O  8 0 5 2 3 .

T a tu m  e t  a l ., 1 9 8 2 ) . T h a t  r e s e a rc h  h a s  g e n e ra l ly  s h o w n  th a t
6—10 m m  o f  s u b c u ta n e o u s  f a t  th ic k n e s s  is  s u f f ic ie n t  to  
r e ta r d  th e  p o s tm o r te m  c h illin g  p ro c e s s  in  o rd e r  t o  a ss u re  
t h a t  b e e f  f ro m  y o u n g  c a t t le  w ill b e  t e n d e r ;  h o w e v e r ,  th e  
u s e fu ln e s s  o f  th is  c a rc ass  t r a i t  f o r  g ra d in g  p u rp o s e s  h a s  
n o t  b e e n  fu l ly  e x p lo re d . A s c o m p a re d  w ith  t h e  p re s e n t  
s y s te m  o f  q u a l i ty  g ra d in g  in  w h ic h  m a rb lin g  is  u se d  as th e  
b as is  f o r  re f le c t in g  d if fe re n c e s  in  fa tn e s s ,  a n  a p p r o a c h  
w h ic h  g ives c o n s id e ra t io n  t o  f a tn e s s  b a s e d  o n  th ic k n e s s  o f  
s u b c u ta n e o u s  f a t  c o u ld  ( 1 ) b e  m o re  ea s ily  a n d  u n ifo rm ity  
a p p lie d  a n d  ( 2 ) w o u ld  b e  e a s ie r  t o  r e la te  t o  g ra d e s  fo r  
s la u g h te r  c a t t le .

T h e  p o p u la t io n  o f  r ib  s te a k s  u se d  b y  D o le z a l e t  al.
( 1 9 8 2 )  to  e x a m in e  e f fe c ts  o f  t im e -o n - fe e d  o n  b e e f  p a la ta b i l 
i t y  o f f e re d  a n  o p p o r tu n i ty  t o  d e te rm in e  th e  v a lid i ty  o f  th e  
h y p o th e s iz e d  re la t io n s h ip  o f  s u b c u ta n e o u s  f a t  th ic k n e s s  o f  
c a rc asse s  t o  p a la ta b i l i ty  o f  b e e f  in  a  p o p u la t io n  o f  c a t t le  
f o r  w h ic h  e x a c t  fe e d in g  h is to r y  w as  k n o w n . In  th e  p re s e n t  
s tu d y ,  u se fu ln e ss  o f  s u b c u ta n e o u s  f a t  th ic k n e s s ,  m a rb lin g  
a n d  U S D A  q u a l i ty  g ra d e  f o r  p re d ic t in g  p a la ta b i l i ty  o f  r ib  
s te a k s  w as  e x a m in e d  u s in g  t h e  c o m p le te  p o p u la t i o n  o f  
s te a k s  a n d  s u b s e q u e n t ly ,  u s in g  o n ly  th o s e  s te a k s  f ro m  
c a t t le  in  s p e c if ie d  tim e -o n - fe e d  s t r a ta .

EXPERIMENTAL
A PART OF THE POPULATION of rib steaks used by Dolezal et 
al. (1982) were used in the present study. Yearling steers (n = 
254) of multiple breed-origin that had never been fed grain or that 
had been fed grain for 30-160  days were obtained from a number 
of sources (Dolezal et al., 1982); included were cattle of Brahman, 
British (Shorthorn, Angus, Hereford), continental European (Charo- 
lais, Maine-Anjou, Simmental, Limousin) and dairy (Holstein, Jer
sey, Brown Swiss) breeding and crosses of most of these breeds. 
Grass-fed steers (0 day time-on-feed) were from two sources (La. 
Agr. Expt. Sta., Homer, LA; Texas Agr. Expt. Sta., Overton, TX) 
and were maintained entirely on millet-bermuda grass or coastal 
bermuda grass pastures until slaughter. Grain-fed steers (30, 60, 90, 
100, 130, 160 days time-on-feed) were from four sources (La. 
Agr. Expt. Sta., Homer, LA; Texas Agr. Expt. Sta., Overton, TX; 
Monfort of Colorado, Gilchrest, CO; Harrell Cattle Company, 
Gonzales, TX) and were fed high-concentrate finishing diets of 
generally similar energy-density for the designated periods of time 
(Table 1). — C o n t i n u e d  o n  n e x t  p a g e

T a b le  1—D ie t  e n e r g y  le v e ls  f o r  s te e r s  f r o m  e a c h  g r o u p  in  th e  s t u d y

Diet energy level3

Time-on-feed IMEm, NEg,
N (days) Mcal/kg Mcal/kg

39 0 _ _
29 30 1.54 3 8
20 60 1.58 3 5
38 90 1.57 8 9
40 100 1.52 .95
43 130 1.52 .96
45 160 1.52 .96

a E xp re sse d  on  a 1 0 0 %  d ry  m a tte r  b a s is ; va lu e s  fo r  d ie t  en erg y  leve ls 
w e re  ca lcu la te d  f ro m  a c tu a l d ie ts  fed  to  each  g ro u p  o f  a n im a ls  
using  va lu es  fro m  N R C  (1 9 7 6 ) .

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-397



P R ED IC T IN G  PA L A T A B IL IT Y  O F  M E A T . . .

Upon termination of each feeding period, steers were slaughtered 
conventionally in two different plants with similar chilling condi
tions (temperatures and times) and, at 24 hr postmortem, yield and 
quality grade (USDA, 1975) data were obtained. Ribs were aged for
14—16 days postmortem at 2 ± 1°C and then fabricated such that 
two steaks (3.2 cm thick) were obtained from the 9th—11th rib 
section. Steaks were wrapped in polyethylene-coated freezer paper, 
frozen at —34°C, stored at — 20°C for 4—6 months, thawed at 2°C 
and broiled to an internal temperature of 70°C on Farberw&re 
Open-Hearth broilers. Samples from the 9th rib steaks were served, 
while warm, to an experienced 8-member sensory panel for evalua
tions of palatability using 8-point descriptive scales (8 = extremely 
juicy, extremely tender, no detectable connective tissue, extremely 
desirable flavor and extremely desirable overall palatability; 1 = 
extremely dry, extremely tough, abundant connective tissue, ex
tremely undesirable flavor and extremely undesirable overall pala
tability). The 10th rib steaks were cooked to 70°C, allowed to

T a b le  2 —M ea n s, s ta n d a r d  d e v ia t io n s  a n d  c o e f f i c ie n t s  o f  v a r ia tio n  fo r  
carcass c h a ra c te r is tic s  a n d  p a la ta b i l i ty  a t t r ib u te s

Item Mean
Std
dev.

Coefficient
of

variation

C arcass ch aracte ristic

U SD A  maturity score3 147.1 22.8 15.5
U SD A  marbling score13 243.2 142.9 58.8
U SD A  quality gradec 336.4 82.3 24.5
Fat thickness, mm 8.3 5.5 66.6
Longissimus muscle area, cm 2 74.2 13.4 18.0
Estimated kidney, pelvic and

heart fat, % 1.9 .7 38.1
Carcass weight, kg 276.8 71.6 25.9
U SD A  yield grade 2.3 .9 39.5

Palatab ility  attribute

Juiciness13 5.0 .7 13.8
Myofibrillar tendernesse 5.5 1.1 20.3
Connective tissue amount3 6.6 .7 10,0
Overall tendernesse 5.4 1.1 21.1
Flavor desirability9 5.4 .7 12.9
Overall palatability9 5.1 1.0 19.4
Shear force, kg 5.4 2.4 44.4

3 M a tu r ity  sco re : 100—199 = A ;  2 0 0 —29 9  = B .
“ M arb lin g  sco re : 0—99  = p ra c t ic a lly  d e v o id ; 1 0 0 — 1 9 9  = t ra c e s ; 

2 0 0 —2 9 9  = s lig h t ; 3 0 0 —3 9 9  = s m a ll ; 4 0 0 —4 9 9  = m o d e s t ; 5 0 0 — 
5 9 9  = m o d e ra te ; 6 0 0 —6 9 9  = s lig h t ly  a b u n d a n t ; 7 0 0 —7 9 9  = 
m o d e ra te ly  a b u n d a n t ; 8 0 0 —8 9 9  = a b u n d a n t . 

c  Q u a li ty  grade (U S D A , 1 9 7 5 ) : 2 0 0 —2 9 9  = S ta n d a rd ; 3 0 0 —3 9 9  = 
G o o d ; 4 0 0 —4 9 9  = C h o ic e ; 5 0 0 —5 9 9  = P r im e .

® 8 = e x tre m e ly  ju ic y ;  1  = e x tre m e ly  d r y .
® 8 = e x tre m e ly  te n d e r ; 1  = e x tre m e ly  to u g h .
' 8 = n o n e ; 1  = a b u n d a n t .
9 8 = e x tre m e ly  d e s ira b le ; 1  = e x tre m e ly  u n d e s ira b le .

cool to room temperature (23°C) and then cored (1.27 cm in 
diameter) for Warner-Bratzler shear force determinations.

Data were analyzed by analysis of variance (Snedecor and 
Cochran, 1967) and mean separation analysis (Kramer, 1956, 
modification of the Duncan, 1955, multiple range test) with the Sta
tistical Analysis System package (Barr et al., 1979).

RESULTS & DISCUSSION
M E A N S , S T A N D A R D  D E V IA T IO N S  a n d  c o e f f ic ie n ts  o f  
v a r ia t io n  f o r  c a rc ass  c h a ra c te r is t ic s  a n d  p a la ta b i l i ty  a t t r i 
b u te s  a re  p re s e n te d  in  T a b le  2 . M a rb lin g  s c o re  a n d  f a t  
th ic k n e s s  w e re  th e  m o s t  v a r ia b le  o f  th e  c a rc a ss  c h a ra c te r is 
t ic s , w h ile  s h e a r  fo rc e  w as t h e  m o s t  v a r ia b le  p a la ta b i l i ty  
a t t r ib u te .

I n  th is  p o p u la t io n ,  a ll b u t  five c a rc asse s  r e c e iv e d  sc o re s  
o f  “ A ”  f o r  o v e ra ll m a tu r i ty  ( th e s e  f iv e  w e re  in  t h e  “ B ” 
m a tu r i ty  g ro u p )  th e r e f o re ,  n o  m a tu r i ty  a d ju s tm e n t  w as 
m a d e  f o r  a n a ly se s  in v o lv in g  m a rb lin g  sc o re . D a ta  p re s e n te d  
in  T a b le  3 in d ic a te  t h a t ,  in  g e n e ra l, s e n s o ry  p a n e l  ra t in g s  
in c re a s e d  a n d  s h e a r  fo rc e  v a lu e s  d e c re a s e d  as m a rb lin g  sc o re  
in c re a s e d . S im ila r  re s u lts  w e re  r e p o r te d  b y  M cB ee a n d  W iles
( 1 9 6 7 ) ,  J e n n in g s  e t  a l. ( 1 9 7 8 )  a n d  T a tu m  e t  a l. ( 1 9 8 0 ) .  
S te a k s  f ro m  c a rc asse s  w ith  “ m o d e s t”  o r  m o re  m a rb lin g  r e 
ce iv ed  h ig h e r  (P  <  0 .0 5 )  ra t in g s  f o r  ju ic in e s s ,  te n d e rn e s s ,  
f la v o r  d e s i ra b i l i ty  a n d  o v e ra ll  p a la ta b i l i ty  a n d  h a d  lo w e r  
(P  <  0 .0 5 )  s h e a r  fo rc e  v a lu e s  th a n  d id  s te a k s  w ith  “ s lig h t-  
m in u s ” , “ t r a c e s ”  o r  “ p ra c tic a l ly  d e v o id ”  d e g re e s  o f  m a rb l
in g . T a tu m  e t  al. ( 1 9 8 0 )  r e p o r te d  t h a t  p a la ta b i l i ty  r a tin g s  
w e re  s im ila r  f o r  s te a k s  ra n g in g  in  m a rb lin g  sc o re  f ro m  “ ty p i 
c a l-s lig h t”  to  “ sm a ll-p lu s .”  In  th e  p re s e n t  s tu d y ,  n o  s ig n ifi
c a n t  d if fe re n c e s  w e re  o b se rv e d  in  a n y  o f  th e  p a la ta b i l i ty  
a t t r ib u te s  a m o n g  s te a k s  f ro m  c a rc asse s  w i th  “ s m a ll ,”  
“ s lig h t-p lu s ,”  o r  “ s l ig h t- ty p ic a l”  d eg ree s  o f  m a rb lin g .

U S D A  q u a l i ty  g ra d e  a n d  c o o k e d  b e e f  p a la ta b i l i ty  h av e  
b e e n  r e p o r te d  t o  b e  c lo se ly  a s s o c ia te d  b y  M cB ee a n d  W iles
( 1 9 6 7 ) ,  C o v in g to n  e t  a l. ( 1 9 7 0 ) ,  J e n n in g s  e t  a l. ( 1 9 7 8 )  
a n d  D av is e t  a l. ( 1 9 7 9 ) .  D a ta  p re s e n te d  in  T a b le  4  s h o w  
th a t  s te a k s  f ro m  S ta n d a rd  ca rc a sse s  re c e iv e d  th e  lo w e s t  
(P  <  0 .0 5 )  ra t in g s  f o r  a ll o f  th e  p a la ta b i l i ty  a t t r ib u te s  
e x c e p t  ju ic in e s s . S te a k s  f ro m  C h o ic e  ca rc a sse s  re c e iv e d  
th e  h ig h e s t  (P  <  0 .0 5 )  ra t in g s  f o r  ju ic in e s s , f la v o r  d e s i ra b i l
i t y  a n d  o v e ra ll  p a la ta b i l i ty  a n d  h a d  th e  lo w e s t  (P  <  0 .0 5 )  
s h e a r  fo rc e  v a lu e s ; h o w e v e r , s te a k s  f ro m  G o o d  c a rc asse s  
w e re  c o m p a ra b le  to  s te a k s  f ro m  C h o ic e  c a rc a sse s  in  te n d e r 
n e ss  a n d  o rg a n o le p tic a l ly  d e te c ta b le  c o n n e c tiv e  tis s u e . 
S te a k s  f ro m  P r im e  ca rc asse s  w e re  d e le te d  f ro m  th is  a n a ly s is  
b e c a u s e  th e r e  w e re  o n ly  f o u r  in  th e  p o p u la t io n .

S te a k s  f ro m  C h o ic e  c a rc asse s  re c e iv e d  th e  h ig h e s t  
p e rc e n ta g e s  o f  “ v e ry  d e s ira b le ”  ra tin g s  a n d  th e  lo w e s t  p e r 
c e n ta g e s  o f  “ u n d e s ir a b le ”  ra t in g s  f o r  o v e ra ll  te n d e rn e s s ,

T a b le  3 —M e a n  v a lu e s  f o r  p a la ta b i l i t y  a t t r ib u te s  s t r a t i f i e d  a c c o r d in g  to  m a r b lin g  g r o u p

Palatability
attribute

U SD A  marbling score group3

8 7 6 5 4 3 2 1

Number of observations 41 37 22 20 20 61 31 22
Juiciness13 5 .31f 5 .08f9 4 .899h 5 .16f9 4 .779h 4 .75h 4.95gh 4 .8 6 gh
Myofibrillar tenderness® 6.08f 5 .77f 5 .67f9 5 .94f 5.22gh 5.29s 4 .7 2 h 5 .0 7 9h
Connective tissue amountd 6 .75f 6 .76f 6 .80f 6 .77f 6 .53fg 6.45fg 6.15s 6 .28s
Overall tenderness® 5.96f 5 .71f 5.57f9 5 B 4 f 5 .089t1 5.159 4 .5 5 11 4 S 4 sh
Flavor desirability® 5.83f 5.72f9 5 .54f9h 5.60 f9h 5.39ghi 5 .2 8 hii 4 S 8 j 5 .0 0 ij
Overall palatabilitye 5.77f 5.44f 5 .30f 5 .49f 4 .8 2 9 4 .8 4 9 4.50s 4 .5 4 s
Shear force, kg 3.91f 4 .5 4 fg 5 .179h 5 .23gh 5 .39gh 6 .11hi 6 .8 3 1 6 .3 5 hi

a 8 = m o d est an d  h ig h e r ; 7 = s m a ll ; 6 = s lig h t-p lu s ; 5 = s lig h t-ave rag e ; 4  = s lig h t-m in u s ; 3  = traces-average an d  tra c e s-p lu s ; 2 = p ra c t ic a l ly  d evo id - 
p lu s  an d  tra c e s-m in u s ; 1 = p ra c t ic a lly  devo id -average and  lo w e r  (U S D A , 1 9 7 5 ) .

D 8 = e x tre m e ly  ju ic y ;  1  = e x tre m e ly  d ry .
9 8 = e x tre m e ly  te n d e r ; 1  = e x tre m e ly  to u g h . 
a  8 = n o n e ; 1  = a b u n d a n t .
® 8 = .e x t re m e ly  d e s ira b le ; 1  = e x tre m e ly  u n d e s ira b le .
T ,9 ,h ,ia iv ie a n s  In th e  sam e ro w  bearing  a co m m o n  su p e rsc r ip t  le tte r  a re  no t s ig n if ic a n t ly  (P  >  0 .0 5 )  d if fe re n t .
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f la v o r  d e s i ra b i l i ty  a n d  o v e ra ll p a la ta b i l i ty  (T a b le  5 ). T h e  
h ig h e s t p e rc e n ta g e s  o f  “ u n d e s ir a b le ”  ra t in g s  f o r  th e  sam e 
th r e e  p a la ta b i l i ty  a t t r ib u te s  w e re  o b se rv e d  f o r  s te a k s  f ro m  
th e  lo w e s t  q u a l i ty  ( S ta n d a rd )  ca rc asse s . A s s ig n m e n t o f  
U S D A  q u a l i ty  g ra d e s  t o  th is  p o p u la t i o n  o f  c a rc asse s  c re a te d  
th r e e  g ro u p s  o f  r ib  s te a k s  o f  s ig n if ic a n tly  d if f e r e n t  p a la t 
a b il i ty .

I t  h a s  b e e n  p o s tu la te d  t h a t  c a te g o r iz in g  b e e f  ca rc asse s  
a c c o rd in g  to  s u b c u ta n e o u s  f a t  th ic k n e s s  m ig h t s e rv e  as e f fe c 
tiv e ly  as q u a l i ty  g ra d in g  f o r  s e g re g a tin g  b e e f  in to  p a la ta b i l 
i t y  g ro u p s  ( S m ith ,  1 9 8 0 ) . T o  t e s t  th e  v a lid i ty  o f  t h a t  h y p o 
th e s is , d a ta  o f  th e  p re s e n t  s tu d y  w e re  e x a m in e d  u s in g  th e  
c o m p le te  p o p u la t io n  o f  r ib  s te a k s  a n d ,  s u b s e q u e n t ly ,  u s in g  
o n ly  th o s e  s te a k s  f ro m  c a t t le  in  s p e c if ie d  t im e -o n - fe e d  
s t r a ta .  F o r  th e  c o m p le te  p o p u la t io n  ( n  = 2 5 4 ) ,  s e n s o ry  
p a n e l  r a tin g s  g e n e ra lly  in c re a s e d  a n d  s h e a r  fo rc e  v a lu e s  g e n 
e ra lly  d e c re a s e d  as f a t  th ic k n e s s  o f  th e  c a rc ass  f ro m  w h ic h  
th e  s te a k s  w e re  o b ta in e d  in c re a s e d ;  h o w e v e r , n o  s ig n if ic a n t 
im p r o v e m e n t  in  p a la ta b i l i ty  o f  s te a k s  w as  o b se rv e d  in  a sso 
c ia t io n  w ith  f a t  th ic k n e s s e s  g re a te r  th a n  1 2 .6 9  m m  (T a b le
6). S te a k s  f ro m  ca rc a sse s  w ith  a t  le a s t  1 0 .1 6  m m  o f  s u b c u 
ta n e o u s  f a t  th ic k n e s s  re c e iv e d  h ig h e r  (P  <  0 .0 5 )  ra t in g s  fo r  
te n d e rn e s s ,  c o n n e c tiv e  tis su e  a m o u n t ,  f la v o r  d e s i ra b i l i ty  
a n d  o v e ra ll p a la ta b i l i ty  a n d  h a d  lo w e r  (P  <  0 .0 5 )  s h e a r  
fo rc e  v a lu e s  th a n  d id  s te a k s  f ro m  c a rc asse s  t h a t  h a d  less 
th a n  5 .0 8  m m  o f  f a t  th ic k n e s s .  S te a k s  f ro m  c a rc asse s  w ith  
le ss  th a n  2 .5 4  m m  o f  f a t  th ic k n e s s  re c e iv e d  th e  lo w e s t 
(P  <  0 .0 5 )  ra tin g s  f o r  c o n n e c tiv e  t is s u e  a m o u n t ,  o v e ra ll

T a b le  4 —M ea n  va lu es  fo r  p a la ta b i l i ty  a t t r ib u te s  s t r a t i f i e d  a c c o r d in g  
t o  U S D A  q u a l i t y  g ra d e

Palatability
attribute

U SD A  quality grade3

Choice Good Standard

Number of observations 74 61 115
Juiciness13 5 .18f 4.94® 4.82®
Myofibrillar tenderness*" 5 .93f 5.60f 5.11®
Connective tissue amount*1 6.74f 6.70f 6.34®
Overall tenderness*3 5 .84f 5.49f 4.96®
Flavor desirability® 5.74f 5.513 5 .1 5 h
Overall palatabilitye 5 .59f 5.20® 4 .7 0 h
Shear force, kg 4 .20f 5.29® 6.3 3 h

*  U S D A  (1 9 7 5 ) .
°  8 = e x tre m e ly  ju i c y ;  1  = e x tre m e ly  d ry .
*j 8 = e x tre m e ly  te n d e r ; 1  = e x tre m e ly  to u g h . 
a  8 = n o n e ; 1  = a b u n d a n t .
e 8 = e x tre m e ly  d e s ira b le ; 1  = e x tre m e ly  u n d e s ira b le . 
f .9 .h M eans In  th e  sam e ro w  bearing  a c o m m o n  su p e rsc r ip t  le tte r  are  

n o t s ig n if ic a n t ly  (P  >  0 .0 5 )  d if fe re n t .

te n d e rn e s s ,  f la v o r  d e s i ra b i l i ty  a n d  o v e ra ll p a la ta b i l i ty  a n d  
h a d  th e  g re a te s t  (P  <  0 .0 5 )  r e s is ta n c e  to  s h e a r  fo rc e .

A m o n g  ca rc a sse s  (n  = 9 7 )  w i th  a t  le a s t 1 0 .1 6  m m  o f  
s u b c u ta n e o u s  f a t ,  9 6 % , 9 9%  a n d  9 0%  w e re  r a te d  a t  le a s t 
“ d e s ira b le ”  in  o v e ra ll  te n d e rn e s s ,  f la v o r , a n d  o v e ra ll p a la 
ta b i l i ty ,  re s p e c tiv e ly  (T a b le  7 ) . A lm o s t  63%  o f  th e  s te a k s  
f ro m  c a rc asse s  w ith  less t h a n  2 .5 4  m m  o f  f a t  th ic k n e ss  
w e re  r a te d  “ u n d e s ir a b le ”  in  o v e ra ll  p a la ta b i l i ty  w h ile  a b o u t  
10% o f  th e  s te a k s  f ro m  c a rc asse s  w i th  a t  le a s t  1 0 .1 6  m m  o f  
s u b c u ta n e o u s  f a t  re c e iv e d  “ u n d e s ir a b le ”  o v e ra ll  p a la ta b i l i ty  
ra tin g s .

I n  g e n e ra l, r e s u lts  p re s e n te d  in  T a b le  6 s e g m e n te d  th is  
p o p u la t io n  o f  c a rc asse s  in to  th r e e  f a t  th ic k n e s s  c a te g o r ie s -
5 .0 7  m m  o r  le ss ; 5 .0 8 —1 0 .1 5  m m ; 1 0 .1 6  m m  o r  g re a te r — 
w ith  re g a rd  to  p a la ta b i l i ty  o f  c o o k e d  r ib  s te a k s . T h e r e fo r e ,  
a d d i t io n a l  a n a ly se s  w e re  c o n d u c te d  t o  d e te rm in e  th e  m a g n i
tu d e  o f  p a la ta b i l i ty  d if fe re n c e s  a m o n g  s te a k s  f ro m  ca rc asse s  
in  th e s e  f a t  th ic k n e s s  g ro u p s  (T a b le  8). E x c e p t  f o r  ju ic in e s s  
ra tin g s , c o n s is te n t  a n d  s ta t is t ic a l ly  s ig n if ic a n t s e n s o ry  p a n e l 
a n d  s h e a r  f o rc e  d if fe re n c e s  w e re  o b s e rv e d  a m o n g  s te a k s  
f ro m  c a rc asse s  in  th e  th r e e  f a t  th ic k n e s s  g ro u p s . I n  a d d i t io n ,  
s te a k s  f ro m  ca rc asse s  w ith  a t  le a s t  1 0 .1 6  m m  o f  su b c u -

T a b le  5 —F r e q u e n c y  p e r c e n ta g e s  o f  s t e a k s  w i th in  e a c h  o f  th r e e  lev e ls  
o f  o v e r a ll  te n d e r n e s s , f la v o r  d e s ir a b i l i ty  a n d  o v e r a ll  p a la ta b i l i ty  
s t r a t i f i e d  a c c o r d in g  to  U S D A  q u a l i t y  g ra d e

U SD A  quality grade3

Item Choice Good Standard

Number of observations 74 61 115

Overall tenderness1*

"V ery desirable" 50.0 41.0 23.5
"Desirable" 45.9 41.0 46.9
"Undesirable" 4.1 18.0 29.6

Flavor desirability13
"V ery desirable" 44.6 24.6 11.3
"Desirable" 52.7 65.6 71.3
"Undesirable" 2.7 9.8 17.4

Overall palatability13

"V ery desirable" 36.5 24.6 8.7
"Desirable" 52.7 54.1 56.5
"Undesirable" 10.8 21.3 3 4 3

3 U S D A  (1 9 7 5 ) .
"  “ V e r y  d e s ira b le "  = m ean se n so ry  p ane l ra tin g s  o f  6 .0 0  o r  h ig h e r ; 

“ D e s ira b le ”  = m ean se n so ry  panel ra tin g s  o f  4 .5 0 —5 .9 9 ;  " U n d e 
s ira b le "  = m ean  se n so ry  p ane l ra ting s lo w e r  th a n  4 .5 0 .

T a b le  6 —M ea n  va lu es  fo r  p a la ta b i l i t y  a t t r ib u te s  o f  s te a k s  f r o m  g ra s s - fe d  s te e r s  a n d  f r o m  s te e r s  f e d  a  h ig h -c o n c e n tr a te  d i e t  f o r  3 0 ,  6 0 , 9 0 ,  W 0 ,  
1 3 0  o r  1 6 0  d a y s  s t r a t i f i e d  a c c o r d in g  to  s u b c u ta n e o u s  fa t  th ic k n e s s  g r o u p

Palatability
attribute

Subcutaneous fat thickness group3

1 2 3 4 5 6 7 8

Number of observations 32 40 40 45 41 22 14 20

Juiciness13 5 .08f® 434® 4.79® 433® 5 .0 2 f® 5.29f 5 .31f 5 .03f®
Myofibrillar tenderness*3 4 .7 3 h 5.23®h 5.52f® 5.28® 5.91f 5 .8 9 f 6.10f 5 .78f®
Connective tissue amount*1 6.00* 6 .33h 6.68f® 6.46®h 6 3 7 f 6 .79f® 6.81f® 6.75f®
Overall tenderness*3 4 .5 3 h 5.07® 5.39f® 5.17® 5.87f 5.77f 5 .99f 5 .6 6 f®
Flavor desirability® 4.63* 5 .1 3h 5.43® 5.45® 5.80f® 5 3 5 f 5.81f® 5.74f®
Overall palatability® 4 .25J 4 .7 1 1 5.10®hl 5 .0 1 hl 5 .58f® 5.60f® 5.75f 5 .5 0 fgh
Shear force, kg 7.89* 6 .4 6 h 5.43® 5.12f 9 4 .2 8 f 4 .2 8 f® 4 .1 7 f 4 .5 8 f®

a 1 = 2 .5 3  m m  o r le ss ; 2 = 2 .5 4 —5 .0 7  m m ; 3 = 5 .0 8 —7 .6 1  m m ; 4  = 7 .6 2 —1 0 .1 5  m m ; 5 = 1 0 .1 6 —1 2 .6 9  m m ; 6 = 1 2 .7 0 —1 5 .2 3  m m ; 7 = 1 5 .2 4 — 
1 7 .7 7  m m ; 8 = 1 7 .7 8  m m  o r g rea te r.

D 8 = e x tre m e ly  j u i c y ;  1  = e x tre m e ly  d ry .
® 8 = e x tre m e ly  te n d e r ; 1  = e x tre m e ly  to u g h . 
a 8 = n o n e ; 1  = a b u n d a n t .
e 8 = e x tre m e ly  d e s ira b le ; 1  = e x tre m e ly  u n d e s ira b le .
f .9 ,h ,ld |y ]e a n s  In  th e  sam e ro w  bearing  a c o m m o n  su p e rsc r ip t  le tte r  are  n o t s ig n if ic a n t ly  (P  >  0 .0 5 )  d if fe re n t .
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T a b le  7 —F r e q u e n c y  p e r c e n ta g e s  o i  s te a k s  w i th in  e a c h  o f  th r e e  le v e ls  o f  o v e r a ll  te n d e r n e s s , f la v o r  d e s ir a b i l i ty  a n d  o v e r a ll  p a la ta b l l i t y  s t r a t i f i e d  
a c c o r d in g  to  s u b c u ta n e o u s  fa t  th ic k n e s s  g r o u p

Subcutaneous fat thickness group3

Item 1 2 3 4 5 6 7 8

N u m b er o f  o b se rv a tio n s 32 40 40 45 41 22 14 20

O v e ra ll te n d e rn e ss 13

" V e r y  d e s ira b le " 15.6 30.0 35.0 31.1 51.2 50.0 57.2 35.0
" D e s ir a b le " 40.6 45.0 40.0 46.7 43.9 45.5 35.7 65.0
" U n d e s ira b le " 43.8 25.0 25.0 22.2 4.9 4.5 7.1 -

F la v o r  d e s ir a b il it y 13

" V e r y  d e s ira b le " — 7.5 17.5 20.0 46.4 45.5 57.1 45.0
" D e s ira b le " 62.5 70.0 72.5 75.6 51.2 54.5 42.9 55.0
" U n d e s ira b le " 37.5 22.5 10.0 4.4 2.4 - - -

O v e ra ll p a la ta b ll it y 13

" V e r y  d e s ira b le " 6.2 5.0 20.0 13.3 39.0 50.0 42.9 20.0
" D e s ira b le " 31.3 65.0 50.0 71.1 48.8 36.4 50.0 75.0
" U n d e s ira b le " 62.5 30.0 30.0 15.6 12.2 13.6 7.1 5.0

3 1 = 2 .5 3  m m  o r le ss ; 2 = 2 .5 4 —5 .0 7  m m ; 3 = 5 .0 8 - -7 .6 1  m m ; 4  = 7 .6 2 —1 0 .1 5  m m ; 5 = 1 0 .1 6 —1 2 .6 9  m m ; 6 = 1 2 .7 0 —1 5 .2 3  m m ;: 7 = 1 5 .2 4 —
1 7 .7 7  m m ; 8 = 1 7 .7 8  m m  o r  g re a te r. 

b “ V e r y  d e s ira b le ”  = m ean  se n so ry  panel ra ting s o f 6.00 o r h ig h e r ; 1“ D e s ira b le ”  = m ean  se n so ry panel ra ting s o f 4 .5 0 - - 5 .9 9 ;  “ U n d e s ira b le ”
= m ean se n so ry  panel ra ting s lo w e r  th a n  4 .5 0 .

T a b le  8 —M e a n  va lu es f o r  p a la ta b l l i t y  a t t r ib u te s  s t r a t i f i e d  a c c o r d in g  
to  th r e e  s u b c u ta n e o u s  fa t  th ic k n e s s  g ro u p s

Palatabllity
attribute

Subcutaneous fat thickness group3

1 2 3

Number of observations 72 85 97

Juiciness13 4 .9 4 fg 4 .8 1 s 5 .1 2 f
Myofibrillar tenderness“ 5 .01h 5.39s 5.91f
Connective tissue amount“3 6 .18h 6 .56s 6 .82f
Overall tenderness“ 4 .8 3 h 5.27s 5.82*
Flavor desirability“ 4 .9 1 h 5.44s 5 £ 0 f
Overall palatabllity“ 4 .5 0 h 5.05s 5 .59f
Shear force, kg 7.10h 5.27s 4 .3 2 f

3 1 = 5 .0 7  m m  o r le ss ; 2 = 5 .0 8 —1 0 .1 5  m m ; 3 = 1 0 .1 6  m m  o r g reate r. 
0 8 = e x tre m e ly  ju i c y ;  1  = e x tre m e ly  d ry .
“  8 = e x tre m e ly  te n d e r ; 1  = e x tre m e ly  to u g h .
® 8  = n o n e ; 1  = a b u n d a n t .
® 8 = e x tre m e ly  d e s ira b le ; 1  = e x tre m e ly  u n d e s ira b le . 
f-9>h M eans in  th e  sam e ro w  bearing  a c o m m o n  su p e rsc r ip t  le tte r  are  

no t s ig n if ic a n t ly  (P  >  0 .0 5 )  d if fe re n t .

ta n e o u s  f a t  th ic k n e s s  re c e iv e d  th e  h ig h e s t  p e rc e n ta g e s  o f  
“ v e ry  d e s ira b le ”  r a tin g s  a n d  th e  lo w e s t p e rc e n ta g e s  o f  
“ u n d e s ir a b le ”  ra t in g s  f o r  o v e ra ll te n d e rn e s s ,  f la v o r  d e 
s ira b i l i ty  a n d  o v e ra ll p a la ta b i l i ty ,  w h e re a s  o p p o s i te  r e s u lts  
w e re  o b se rv e d  f o r  s te a k s  f ro m  c a rc asse s  w ith  less t h a n  5 .0 8  
m m  o f  s u b c u ta n e o u s  f a t  (T a b le  9 ) .

A  q u e s t io n  re g a rd in g  th e  a b i l i ty  o f  U S D  A  q u a l i ty  g ra d e s  to  
c a te g o r iz e  b e e f , a ss ig n in g  i t  t o  g ro u p s  t h a t  w ill b e  h o m o g e n 
e o u s  in  p a la ta b i l i ty ,  r e g a rd s  th e  r a t io n a le  o f  t h a t  s y s te m ’s 
re l ia n c e  o n  d if fe re n c e s  in  m a rb lin g  as th e  b e s t  m e a s u re  o f  
d if fe re n c e s  in  f a tn e s s  o f  b e e f ;  i t  s e e m s  p o s s ib le  t h a t  re la t iv e  
fa tn e s s  m ig h t b e t t e r  b e  e q u a te d  b y  u se  o f  o th e r  t r a i t s -  
l ik e  s u b c u ta n e o u s  f a t  t h i c k n e s s - t h a t  m ig h t b e  m o re  e f fe c 
t iv e  p r e d ic to r s  o f  c o o k e d  b e e f  p a la ta b i l i ty .  D a ta  p re s e n te d  
in  T a b le s  4  a n d  8 su g g es t t h a t  th e  u se  o f  s u b c u ta n e o u s  f a t  
th ic k n e s s  to  ass ign  c a rc asse s  t o  th r e e  e x p e c te d  p a la ta b i l i ty  
g ro u p s , u s in g  f a t  th ic k n e s s  c a te g o r ie s  o f  5 .0 7  m m  o r  less,
5 .0 8 —1 0 .1 5  m m  a n d  1 0 .1 6  m m  o r  g re a te r ,  w as  a t  le a s t 
e q u iv a le n t  t o ,  a n d  p e rh a p s  s lig h tly  m o re  p re c ise  th a n ,  th e  
u se  o f  q u a l i ty  g ra d e s  (C h o ic e , G o o d  o r  S ta n d a r d )  f o r  g ro u p 
in g  th e  c a rc asse s  o f  th e  p re s e n t  p o p u la t io n  a c c o rd in g  to  
e x p e c te d  e a tin g  q u a l i ty  o f  th e i r  r ib  s te a k s ;  s im ila r  re s u lts  
a re  e v id e n t  in  T a b le s  5 a n d  9 . T h a t  th e  tw o  m e th o d s  o f

T a b le  9 —F r e q u e n c y  p e r c e n ta g e s  o f  s t e a k s  w i th in  e a c h  o f  th r e e  lev e ls  
o f  o v e r a ll  te n d e r n e s s , f la v o r  d e s ir a b i l i ty  a n d  o v e r a ll  p a la ta b i l i ty  
s t r a t i f i e d  a c c o r d in g  to  th r e e  s u b c u ta n e o u s  fa t  th ic k n e s s  g r o u p s

Subcutaneous fat thickness group3

Item 1 2 3

Number of observations 72 85 97

Overall tenderness13

"V ery desirable" 23.6 33.0 48.5
"Desirable" 43.1 43.5 47.4
"Undesirable" 33.3 23.5 4.1

Flavor desirability13

"V ery desirable" 4.2 18.8 47.4
"Desirable" 66.6 74.1 51.6
"Undesirable" 29.2 7.1 1.0

Overall palatabllity13

"V ery desirable" 5.6 16.5 38.1
"Desirable" 50.0 61.2 51.6
"Undesirable" 44.4 22.3 10.3

3 1 = 5 .0 7  m m  o r le ss ; 2 = 5 .0 8 —1 0 .1 5  m m ; 3 = 1 0 .1 6  m m  o r 
g re a te r.

“ “ V e r y  d e s ira b le ”  = m ean se n so ry  panel ra tin g s  o f  6 .0 0  o r h ig h e r ; 
“ D e s ira b le ”  = m ean se n so ry  p ane l ra tin g s  o f  4 .5 0 — 5 .9 9 ;  “ U n d e 
s ira b le  = m ean  se n so ry  p ane l ra tin g s  lo w e r  th a n  4 .5 0 .

g ro u p in g  c a rc asse s  w e re  s im ila r  in  s e g m e n ta t io n  a c c u ra c y  
w as  n o t  u n e x p e c te d  s in c e  th e  s im p le  c o r r e la t io n  b e tw e e n  
m a rb lin g  sc o re  a n d  f a t  th ic k n e s s  w as  re la t iv e ly  h ig h  ( r  = 
0 .6 3 ) .  S te a k s  f ro m  ca rc asse s  w i th  a t  le a s t  1 0 .1 6  m m  o f  f a t  
th ic k n e s s  w e re  s im ila r  in  p a la ta b i l i ty  c h a ra c te r is t ic s  t o  
s te a k s  f ro m  C h o ic e  ca rc asse s , w h ile  s te a k s  f ro m  ca rc a sse s  
w ith  5 .0 8 —1 0 .1 5  m m  o f  f a t  th ic k n e s s  w e re  g e n e ra lly  
e q u iv a le n t  t o  p a la ta b i l i ty  t o  s te a k s  f ro m  G o o d  g ra d e  c a r 
casses  a n d  s te a k s  f ro m  c a rc asse s  w ith  5 .0 7  m m  o r  less  f a t  
th ic k n e s s  w e re  s im ila r  in  p a la ta b i l i ty  t o  s te a k s  f ro m  S ta n d 
a rd  g ra d e  ca rc asse s . W hile  th e  5 .0 8 - 1 0 .1 5  m m  a n d  th e  
1 0 .1 6  m m  o r  m o re  f a t  th ic k n e s s  g ro u p s  c o r r e c t ly  id e n t i f ie d  
la rg e r  p e rc e n ta g e s  o f  “ d e s ira b le ”  a n d  “ v e ry  d e s ira b le ”  
s te a k s  th a n  d id  th e  G o o d  a n d  C h o ic e  g ra d e s , t h e  S ta n d a r d  
g ra d e  id e n t i f ie d  re la t iv e ly  m o re  o f  t h e  ca rc a sse s  w ith  
“ u n d e s ir a b le ”  s te a k s  t h a n  d id  th e  g ro u p  w ith  5 .0 7  m m  o r  
le ss  f a t  th ic k n e s s . T h e se  d a ta  su g g es t t h a t  u se  o f  s u b c u 
ta n e o u s  f a t  th ic k n e s s  as a  g ra d e -d e te rm in in g  f a c to r  m ig h t
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T a b le  1 0 - M e a n  v a lu e s  fo r  p a la ta b i l i t y  a t t r ib u te s  o f  s t e a k s  f r o m  s te e r s  f e d  a h ig h -c o n c e n tr a te  d i e t  fo r  9 0 ,  1 0 0 , 1 3 0  o r  1 6 0  d a y s  s t r a t i f i e d  
a c c o r d in g  to  s u b c u ta n e o u s  fa t  th ic k n e s s  g r o u p

Palatability
attribute

Subcutaneous fat thickness group3

1 2 3 4 5 6 7 8

Number of observations 3 10 28 33 37 21 14 20
Juicinessb 5 .00f 4.91* 4.90* 4.95* 5 .06f 5 .29f 5 .31f 5.03*
Myofibrillar tenderness0 3 .87h 5 .02s 5 .75f 5 .6 6 f 6.01* 5 .98f 6 .1 0 f 5.78*
Connective tissue amountd 5 .87s 6.25s 6.69f 6 .66f 6 .90f 6.82f 6.81* 6.75*
Overall tenderness0 3.77s 4 .86s 5 .60f 5 .57f 5 .97f 5 .84f 5.99* 5.66*
Flavor desirability® 5.17fs 4 .93s 5 .53f 5 .55f 5 .8 0 f 5 .86f 5 8 1 * 5.74*
Overall palatabilitye 3 .77s 4 .49s 5 .26f 5 .3 2 f 5 .63f 5.67* 5.75* 5.50*
Shear force, kg 7 .821 6.13h 4 8 5 s 4 .6 0 fs 4 .11f 4 2 3 1g 4.17*s 4.58*s

3 1 = 2 .5 3  m m  o r le ss ; 2 = 2 .5 4 —5 .0 7  m m ; 3 = 5 .0 8 —7 .6 1  m m ; 4  = 7 .6 2 —1 0 .1 5  m m ; 5 = 1 0 .1 6 —1 2 .6 9  m m ; 6 = 1 2 .7 0 — 1 5 .2 3  m m ; 7 = 1 5 .2 4 — 
b 1 7 .7 7  m m ; 8 = 1 7 .7 8  m m  o r  g re a te r.
D 8 = e x tre m e ly  ju ic y ;  1  = e x tre m e ly  d ry .
0 8 = e x tre m e ly  te n d e r ; 1  = e x tre m e ly  to u g h . 
a  8 = n o n e ; 1  = a b u n d a n t .
® 8 = .e x t re m e ly  d e s ira b le ; 1  = e x tre m e ly  u n d e s ira b le .
' .g .h .l  M eans In  th e  sam e ro w  b earin g  a co m m o n  su p e rsc r ip t  le tte r  a re  n o t s ig n if ic a n t ly  (P  >  0 .0 5 )  d if fe re n t .

e n h a n c e  p a la ta b i l i ty -p r e d ic t io n  a c c u ra c y  o f  a q u a l i ty  
g ra d in g  sy s te m  ev en  i f  th e r e  a re  c a rc asse s  in  th e  p o p u la t io n  
f ro m  s te e rs  t h a t  h a v e  b e e n  fe d  h ig h -c o n c e n t ra te  d ie ts  a n d  
ca rc asse s  f ro m  s te e rs  t h a t  h av e  o n ly  b e e n  fe d  grass.

I t  h a s  b e e n  r e p o r te d  t h a t  o n c e  c a t t le  h av e  b e e n  fe d  a 
h ig h -c o n c e n t ra te  d ie t  f o r  a  c e r ta in  p e r io d  o f  t im e , th e y  
p ro d u c e  s te a k s  o f  h ig h ly  a c c e p ta b le  p a la ta b i l i ty ,  reg a rd le ss  
o f  th e i r  m a rb lin g  a m o u n ts  o r  q u a l i ty  g ra d e s  ( T a tu m  e t  a l.,
1 9 8 0 ) . T o  d e te rm in e  th e  u s e fu ln e s s  o f  c a rc a ss  f a t  th ic k n e s s  
f o r  p re d ic t in g  p a la ta b i l i ty  in  a p o p u la t io n  o f  c a rc asse s  f ro m  
c a t t le  o f  s im ila r  fe e d in g  h is to r y ,  d a ta  f ro m  c a t t le  fe d  9 0 -  
1 6 0  d a y s  w e re  s t r a t i f ie d  a c c o rd in g  t o  f a t  th ic k n e s s  ra n g e s  
(T a b le  1 0 ). S te a k s  f ro m  c a rc asse s  w ith  a t  le a s t  5 .0 8  m m  o f  
f a t  th ic k n e s s  w e re  s u p e r io r  (P  <  0 .0 5 )  to  s te a k s  f ro m  ca r
ca sses  w ith  less  s u b c u ta n e o u s  f a t  ( 5 .0 7  m m  o r  less) f o r  all 
p a la ta b i l i ty  a t t r ib u te s .  S te a k s  f ro m  ca rc a sse s  w ith  less th a n  
2 .5 4  m m  o f  e x te rn a l  f a t  re c e iv e d  th e  lo w e s t  (P  <  0 .0 5 )  
se n s o ry  p a n e l ra tin g s  f o r  m y o f ib r i l la r  te n d e rn e s s  a n d  h a d  
th e  h ig h e s t (P  <  0 .0 5 )  s h e a r  fo rc e  v a lu e s . A s f a t  th ic k n e s s  
o f  c a rc asse s  f ro m  c a t t le  fe d  9 0 —1 6 0  d a y s  in c re a s e d  f ro m  
le ss  th a n  2 .5 3  m m  u p  to  7 .6 1  m m , th e r e  w e re  p ro g ress iv e  
in c re a se s  in  p a la ta b i l i ty  o f  c o o k e d  b e e f ;  h o w e v e r , d e p o s i
t io n  o f  s u b c u ta n e o u s  f a t  in  q u a n t i t ie s  g re a te r  th a n  7 .6 1  
m m  d id  n o t  f u r th e r  im p ro v e  c o o k e d  b e e f  p a la ta b i l i ty .  T h e  
d a ta  o f  th is  p o p u la t io n  o f  c a t t le ,  c a rc a sse s  a n d  s te a k s  s u p 
p o r t  th e  t h e o r y  t h a t  s u b c u ta n e o u s  f a t  th ic k n e s s  c o u ld  b e  
u se d  as a n  a l te rn a tiv e  t o  u se  o f  th e  p re s e n t  U S D A  q u a l i ty  
g ra d in g  s y s te m  fo r  p re d ic t in g  b e e f  p a la ta b i l i ty .
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P o t a t o  S t a r c h  a n d  F l o u r  i n  F r a n k f u r t e r s :  E f f e c t  o n  C h e m i c a l  a n d  
S e n s o r y  P r o p e r t i e s ,  a n d  T o t a l  P l a t e  C o u n t s

A. A. BUSHWAY, P. R. BELYEA, R. H. TRUE, T. M. WORK,
D. O. RUSSELL and D. F. McGANN

-----------------------------ABSTRACT--------------------------- -
Potato starch and flour were examined as possible constituents in 
frankfurter formulations. Frankfurters manufactured with 3% 
potato starch or 1.5% potato starch plus 1.5% potato flour in place 
of 3% wheat flour normally used as a binder, and stored at 4-5°C  
for 28 days did not differ significantly in percent shrink, water, 
protein, fat, ash or salt. Residual nitrite levels decreased during the 
storage period. Total plate counts reflect residual nitrite levels since 
the frankfurters (3% starch) with the lowest nitrite concentration 
also had the greatest number of bacteria (6.4 x 106/g) on day 28. 
Frankfurters formulated with 1.5% potato starch plus 1.5% potato 
flour were rated more tender and more juicy than those made with 
3% potato starch (P<0.05 and P<0.01) and 3% wheat flour (P< 
0.01 and P«0.01), respectively. Fresh potato starch and wheat flour 
franks did not differ from each other in either characteristic but 
after one week’s storage the potato starch samples were rated more 
tender (P<0.05) and more juicy (P<0.01). Less force was required 
to shear the frankfurters formulated with 3% potato starch.

INTRODUCTION
T H E  U S E  O F  E X T E N D E R S  in  p ro c e s s e d  m e a ts  h a s  b e e n  
w ell d o c u m e n te d  (S o fo s  a n d  A lle n , 1 9 7 7 ; In k la a r  a n d  F o r-  
tu in ,  1 9 6 9 ; P e a rs o n  e t  a l., 1 9 6 5 ; S m ith  e t  a l., 1 9 7 3 ) . C o m 
m o n  in g re d ie n ts  w h ic h  a re  u s e d  in  sau sag e  m a n u f a c tu re  
in c lu d e  c e re a l f lo u rs , s ta rc h e s  a n d  c o m  s y ru p  o r  c o rn  s y ru p  
so lid s  ( F o r r e s t  e t  a l., 1 9 7 5 ) . T h e se  e x te n d e r s  m a y  b e  a d d e d  
to  p ro c e s s e d  m e a t  to  in c re a se  th e  w a te r  b in d in g  c a p a c i ty  
a n d /o r  to  p ro v id e  p ro te in  w h ic h  c a n  a c t  as a n  e m u ls if ie r .

O n e  v e g e ta b le  w h ic h  ca n  f u rn is h  e x te n d e r s  f o r  p ro c e s s e d  
m e a t  m a n u f a c tu re  is p o ta to .  P o ta to e s  c a n  b e  p ro c e s s e d  to  
p ro v id e  s ta rc h , f lo u r  a n d  p ro te in  ( S a t te r le e ,  1 9 8 1 ; M eu se r 
a n d  S m o ln ik , 1 9 7 9 ; F o r re s t  e t  a l., 1 9 7 5 )  w h ic h  c a n  b e  u se d  
in  p ro c e s s e d  m e a t  to  in c re a se  th e  w a te r  b in d in g  c a p a c i ty  o f  
th e  e m u ls io n .

F r o m  th e  n u t r i t io n a l  s ta n d p o in t ,  p o ta t o  p r o t e in  h a s  
b e e n  r e p o r te d  to  h av e  a b io lo g ic a l v a lu e  o f  8 0  w h e n  c o m 
p a re d  to  egg p ro te in  w h ic h  w as g iv en  a v a lu e  o f  1 0 0  (K o - 
f r a n y i  a n d  J e k a t ,  1 9 6 5 ; M a rk a k is , 1 9 7 5 ; M e is te r  a n d  
T h o m p s o n ,  1 9 7 6 ; S a t te r le e ,  1 9 8 1 ) . P o ta to  p r o te in s  are  
re la t iv e ly  h ig h  in  ly s in e , b u t  a re  lo w  in  m e th io n in e  (M a rk a 
k is , 1 9 7 5  ; M e is te r  a n d  T h o m p s o n , 1 9 7 6 ).

F lo u r  a n d  s ta r c h  f ro m  p o ta to e s  h a v e  b e e n  u se d  in  th e  
m a n u f a c tu re  o f  b a k e ry  (H a rr is  e t  a l .,  1 9 5 2 ; K n o r r ,  1 9 7 7 )  
a n d  m e a t (W y le r, 1 9 7 1 ; L e e s t e t  a l ., 1 9 7 1 )  p ro d u c ts .

T h is  s tu d y  w as c o n d u c te d  to  d e te rm in e  th e  e f fe c ts  o f  
re p la c in g  w h e a t  f lo u r  w ith  p o ta t o  s ta rc h  ( p a r t ic le  size  f ro m  
15 — 1 5 0  m ic ro n s )  a n d  w ith  a c o m b in a t io n  o f  p o ta t o  s ta rc h  
p lu s  p o ta t o  f lo u r  ( “ f in e s ”  re m a in in g  a f te r  p o ta t o  f la k e  
m a n u f a c tu re )  o n  th e  c h e m ic a l a n d  se n s o ry  p ro p e r t ie s  a n d  
to t a l  p la te  c o u n ts  o f  f r a n k f u r te r - ty p e  sau sag e .

A u th o r s  B u s h w a y , B e ly e a , T ru e , W o rk  a n d  M c G a n n  a re  a f f i l ia te d  
w ith  th e  D e p t , o f  F o o d  S c ie n c e , H o lm e s  H all, U n iv . o f  M a in e , 
O r o n o , M E  0 4 4 6 9 . A u t h o r  R u sse ll  is w i th  C O L B Y  C o -O p e ra tiv e  
S ta r c h  C o m p a n y ,  C a r ib o u , M E  0 4 7 3 6 .

EXPERIMENTAL
POTATO STARCH and flour were obtained from COLBY Co- 
Operative Starch Company, Caribou, ME and Potato Service, Inc., 
Presque Isle, ME, respectively. All other ingredients were those used 
by W.A. Bean & Sons in the manufacture of their natural casing 
frankfurter.
Frankfurter formulation and processing

The control frankfurter formulation consisted of the following: 
lean beef, beef heart, pork fat, ice, spices, corn syrup solids, non-fat 
dry milk, sodium nitrite, sodium erythrobate and wheat flour. 
Experimental franks contained the same ingredients as the control 
except for the 3% wheat flour which was replaced with 3% potato 
starch or with a combination of 1.5% potato starch plus 1.5% 
potato flour.

Frankfurters were manufactured at W.A. Bean & Sons, Bangor, 
ME using standard commercial practices. The ingredients were 
mixed in 50 lb batches and stuffed into natural casings prior to 
cooking, chilling and packing in boxes. Boxes containing 10 lb of 
franks were stored at 4 -5° C for 28 days.
Chemical analyses

Four links were randomly selected from each batch and analyzed 
for proximate composition (moisture, fat, protein and ash) according 
to procedures outlined by AOAC (1980). Salt content was also 
determined according to AOAC methods (1980) after 1 day of 
storage.

Residual nitrite was determined after 1, 12, 19 and 26 days of 
storage using the Griess method as outlined in AOAC (1980).
Total plate counts

Microbiological analyses were performed on days 0, 5, 18 and 28 
of storage. Four frankfurters were randomly selected from each 
batch and homogenized in a sterile Waring Blendor. Appropriate 
serial decimal dilutions were prepared with 0.1% peptone and used 
for inoculating triplicate pour plates of Plate Count Agar (Difco). 
All inoculated plates were incubated at room temperature (22°C) 
for up to 5 days at which time the colonies were counted.
Sensory quality evaluation

Frankfurters were evaluated fresh and after 1 wk’s storage at
4-5°C  for quality by sensory panels of 20 members. Fourteen of 
the panelists in Test 1 and 17 in Test 2 were experienced in the 
evaluation of flavor and texture o f other commodities. The testing 
was conducted in individual booths.

For each replication, 12 frankfurters of each formulation were 
placed in stainless steel pans containing 2L of boiling water. The 
pans were covered, removed from the source of heat and allowed to 
stand for 4 min. The frankfurters were sliced into sections ca 2.5 
cm long and the end portions were discarded. The samples were 
coded and two slices of each were presented in a randomized com
plete block design with four replications (Cochran and Cox, 1950) 
to the sensory panel.

The panel members were asked to rank the samples for texture 
and for flavor according to preference, for moisture according to 
juiciness, and to check the term which best described the texture.

Scores of +1, 0 and -1  were assigned to the ranked data. For 
texture characterization: +2 = tough, +1 = firm, 0 = tender, - 1  = 
soft, —2 = mushy. The data were analyzed by the variance method 
(Steel and Torrie, 1960) using the treatment x judge interaction for 
the error term (Bliss, 1960) to test for a significant treatment F  
ratio. Duncan’s Multiple Range Test (Duncan, 1955) was used to 
determine significant differences among the treatment means and 
the LSD was used to compare the mean of the control sample with
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T a b le  1—C h e m ic a l  c o m p o s i t io n  o f  f r a n k fu r te r s  m a n u fa c tu r e d  w i th  3%  w h e a t  f lo u r ,  3%  p o t a to  s ta rc h  a n d  1.5%  p o t a to  s ta rc h  p lu s  1.5%  p o ta to  
f lo u r

%a
Sample H20 Protein Fat Ash Salt

3% Wheat flour 54.9 ± 0.19 13.5 ± 0.25 26.0  ± 0.34 2.25 ± 0.02 1.8
3% Potato starch 53.9 ± 0.06 13.1 ± 0 .0 6 27.1 ± 0.13 2.50 ± 0.02 1.9
1.5% Potato starch + 1.5% potato flour 54.2 ± 0 .16 12.7 ± 0 .10 25.7 ± 0 .1 6 2.80 ± 0.02 1.9

a A l l  va lues w ith  stan d a rd  d e v ia t io n s  rep resen t th e  m ean  o f fo u r  sam p le s . A l l  o th e r  va lu es  a re  th e  average o f  d u p lic a te  sam p le s .

T a b le  2 — R e s id u a l  n i t r i t e  le v e ls  in  3%  w h e a t  f lo u r , 3 %  p o t a to  s ta rc h  
a n d  1.5%  p o t a to  s ta r c h  p lu s  1.5%  p o t a to  f lo u r  f r a n k fu r te r s

Day
analyzed3

NC>2 (ppm)

3%
Wheat flour

3%
Potato starch

1.5% Potato starch 
+

1.5% potato flour

1 30 ± 1.20 24 ± 1.40 38 ± 0.83
12 24 ± 0.67 15 ± 1.64 35 ± 0.41
19 18 ± 0.45 7 ± 0.16 25 ± 0.52
26 11 ± 0 .68 5 ± 0.17 22 ± 0.35

a A l l  sam p les w e re  sto red  a t 4 —5 ° C . A l l  va lu es  w ith  stan dard  d ev ia 
t io n s  rep resen t th e  m ean  o f  th re e  sam p les .

T a b le  3 — T o ta l  p la te  c o u n ts  o n  f r a n k fu r te r s  m a n u fa c tu r e d  w i th  3%  
w h e a t  f lo u r , 3%  p o t a to  s ta r c h  a n d  1.5%  p o t a to  s ta rc h  p lu s  1.5%  
p o t a to  f lo u r

Total plate counts (bacteria/g frankfurter)

1.5% Potato starch
Day

analyzed3
3%

Wheat flour
3%

Potato starch
+

1.5% potato flour

0 1.3 x 104 1.4 x 104 1.3 x 104
5 2.2 x 104 2.3 x 104 2.4 x 104

18 2.8 x 104 4 9  x 104 3.0 x 104
28 7.8 x 104 6.4  x 106 1.2 x 105

a A l l  sam p les w e re  sto red  a t 4 —5 ° C . A l l  va lu e s  rep rese n t th e  m ean 
o f  n in e  p la te s .

those of the other two treatments. Correlation coefficients were 
calculated (Steel and Torrie, 1960) to determine the interrelation
ships of texture preference to tenderness to juiciness.
Shear force measurement

For shear force measurements, four links from each treatment 
were placed in 1 liter of boiling water, covered, removed from the 
source of heat, allowed to stand for 4 min and drained. The ends 
were removed from each frank and the remaining link sliced into 
four 2.5 cm slices. A center core was removed from each slice using 
a No. 10 cork borer. Each section was weighed, cooled for 20 min 
and the force required to shear the sample was measured using a 
5 lb transducer and a single blade cell.

RESULTS & DISCUSSION
C h e m ic a l a n d  m ic ro b io lo g ic a l a n a ly se s

T h e  p r o x im a te  c o m p o s i t io n  o f  t h e  th r e e  ty p e s  o f  f r a n k 
f u r te r s  is  g iv en  in  T a b le  1. T h e re  w as n o  s ig n if ic a n t d i f fe r 
e n c e  in  th e  p re c e n t  w a te r ,  p r o te in ,  f a t  o r  a sh  c o n te n t  o f  th e  
th r e e  f o r m u la t io n s .  T h e  p e r c e n t  s h r in k  a f t e r  p ro c e ss in g  w as
1 2 .0 , 1 0 .9  a n d  9 .1  f o r  t h e  c o n t r o l ,  3%  p o ta t o  s ta rc h  a n d
1.5%  p o ta to  s ta r c h  p lu s  1.5%  p o ta t o  f lo u r ,  re s p e c tiv e ly . 
S ta t is t ic a l  a n a ly s is  sh o w e d  n o  s ig n if ic a n t d if fe re n c e  in  
s h r in k  a m o n g  th e  th r e e  t r e a tm e n ts  w h ic h  w o u ld  in d ic a te

th a t  th o s e  f ra n k s  m a n u f a c tu re d  w i th  p o t a t o  s ta r c h  d id  n o t  
b in d  m o re  w a te r  t h a n  th e  w h e a t  f lo u r  f ra n k s .

R e s id u a l n i t r i t e  leve ls d e c re a s e d  w i th  s to ra g e  t im e  a t
4 —5 C (T a b le  2 ) . O f  p a r t ic u la r  n o te  w e re  t h e  lo w e r  in i t ia l  
n i t r i t e  a n d  f in a l n i t r i te  leve ls in  t h e  3%  p o ta t o  s ta rc h  
f r a n k f u r te r s .  T o ta l  p la te  c o u n ts  r e f l e c t  r e s id u a l  n i t r i t e  leve ls  
s in c e  th e  f r a n k f u r te r s  (3 %  s ta rc h )  w i th  t h e  lo w e s t  n i t r i t e  
c o n c e n t r a t io n  a lso  h a d  t h e  g re a te s t  n u m b e r  o f  b a c te r ia  (6 .4  
x  1 0 6/g )  o n  d a y  2 8  (T a b le  3 ) . R e s id u a l  n i t r i t e  le v e ls  in  th e  
c o n t r o l  f ra n k s  a n d  th e  1.5%  p o ta t o  s ta r c h  p lu s  1.5%  p o ta to  
f lo u r  w e re  g re a te r  t h a n  10 p p m  th r o u g h o u t  th e  s tu d y  a n d  
b a c te r ia l  c o u n ts  w e re  le ss  t h a n  2 x  1 0 5 /g  o n  d a y  2 8  (T a b le s  
2 a n d  3 ). I t  s h o u ld  b e  n o te d  t h a t  t h e  sh e lf- life  o f  th e  th r e e  
ty p e s  o f  f r a n k f u r te r s  w as  a t  le a s t  18 d a y s  a t  4 —5 °C . A lso , 
th e s e  f r a n k f u r te r s  w e re  b u lk  p a c k a g e d  a n d  w o u ld  h a v e  a 
s h o r te r  sh e lf- life  t h a n  v a c u u m  p a c k a g e d  f r a n k f u r te r s .
S e n s o ry  q u a li ty

T h e  m e a n  sc o re s  f o r  s e n s o ry  q u a l i ty  o f  f r a n k f u r te r s  
f o r m u la te d  w ith  1 .5%  p o ta t o  s ta rc h  p lu s  1.5%  p o ta t o  f lo u r ,  
3%  p o ta t o  s ta rc h ,  a n d  3%  w h e a t  f lo u r  a re  p re s e n te d  in  
T a b le  4 .

P re fe re n c e s  f o r  t e x tu r e  a n d  f la v o r  o f  th e  f re s h  sa m p le s , 
a s  d e te rm in e d  b y  a se n s o ry  p a n e l  o f  20 m e m b e rs ,  w e re  n o t  
s ig n if ic a n t a t  th e  5%  leve l o f  d e te c t io n .  F r a n k f u r te r s  f o r m u 
la te d  w ith  1.5%  p o ta t o  s ta rc h  p lu s  1 .5%  p o ta t o  f lo u r  w e re  
r a te d  m o re  t e n d e r  t h a n  th o s e  m a d e  w ith  3%  p o ta t o  s ta rc h  
( P < 0 .0 5 )  a n d  w ith  3%  w h e a t  f lo u r  ( P < 0 .0 1 )  a n d  w e re  m o re  
ju ic y  th a n  b o th  t h e  s ta r c h  a n d  w h e a t  s a m p le s  ( P < 0 .0 1 ) .  
T h e  p o t a t o  s ta rc h  a n d  w h e a t  f lo u r  f ra n k s  d id  n o t  d if fe r  
f ro m  e a c h  o th e r  in  e i th e r  c h a ra c te r is t ic .

F o l lo w in g  1 w k ’s s to ra g e  a t  4 —5 °C , th e r e  a lso  w as n o  
s ig n if ic a n t p re fe re n c e  f o r  f la v o r. H o w e v e r, t h e  t e x t u r e  o f  
f r a n k f u r te r s  fo r m u la te d  w i th  p o t a t o  s ta rc h  p lu s  p o ta to  
f lo u r  w as  s ig n if ic a n tly  p re fe r r e d  ( P < 0 .0 1 )  t o  t h a t  o f  th e  
c o n t r o l  sa m p le . F ra n k s  c o n ta in in g  3%  s ta rc h  d id  n o t  d if fe r  
f ro m  th e  o th e r  tw o  f o r m u la t io n s  a t  t h e  5%  le v e l o f  s ig n if i
c a n c e . S a m p le s  o f  th e  s ta r c h  p lu s  f lo u r  c o m b in a t io n  w ere  
c h a ra c te r iz e d  as m o re  t e n d e r  t h a n  th o s e  w i th  3%  s ta rc h  
( P < 0 .0 5 )  a n d  w ith  3% w h e a t  ( P < 0 .0 1 ) .  F r a n k f u r te r s  c o n 
ta in in g  3%  s ta rc h  a lso  w e re  m o re  te n d e r  th a n  th e  c o n t r o l  
( P < 0 .0 5 ) .  F o r  ju ic in e s s ,  d if fe re n c e s  b e tw e e n  th e  a d ja c e n t  
m e a n s  w e re  s ig n if ic a n t a t  th e  1 % le v e l w i th  th e  f o r m u la t io n  
o f  s ta rc h  p lu s  f lo u r  b e in g  r a te d  th e  m o s t  j u ic y  a n d  th e  
w h e a t  f lo u r  c o n t r o l  le a s t  ju ic y .

I t  w as  d e m o n s tr a te d  in  th e s e  s tu d ie s  t h a t  1 .5%  p o ta to  
s ta r c h  p lu s  1.5%  p o ta t o  f lo u r  o r  3%  p o ta t o  s ta rc h  a lo n e  
m a y  s u c c e ss fu lly  b e  u s e d  as a n  e x te n d e r  in  th e  f o r m u la t io n  
o f  f ra n k f u r te r s .  F o r  a ll o f  th e  s e n s o ry  q u a l i ty  a t t r ib u te s  
e x a m in e d , th e  e x p e r im e n ta l  p r o d u c ts  w e re  e q u a l  t o  o r  
s u p e r io r  t o  th e  c o n t r o l  sa m p le  (3%  w h e a t  f lo u r )  w h ic h  is 
c u r r e n t ly  m a rk e te d  th r o u g h  n o rm a l  c h a n n e ls .

A l th o u g h  M eu se r a n d  S m o ln ik  ( 1 9 7 9 )  r e p o r te d  t h a t  
p o t a t o  p ro te in  in c o r p o ra te d  in to  f o o d s  a s  a  p r o t e in  e x te n d e r  
m a y  im p a r t  u n d e s ira b le  f la v o r  a n d  t e x tu r a l  c h a ra c te r is t ic s  
u n le s s  e x te n s iv e  p u r i f ic a t io n  s te p s  w e re  ta k e n ,  i t  w as 
u n l ik e ly ,  d u e  to  th e  lo w  leve l o f  p o t a t o  p ro te in  u se d  a n d  to  
th e  a d d i t io n  o f  sp ic e s , t h a t  th e  f la v o r  a n d  t e x t u r e  o f  f r a n k 
f u r te r s  w o u ld  b e  a d v e rse ly  a f f e c te d .

— C o n t i n u e d  o n  n e x t  p a g e
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P O TA TO  S T A R C H  AN D F L O U R  IN F R A N K F U R T E R S . . .

T a b le  4 —M e a n  sc o re s  fo r  s e n s o r y  q u a l i t y  o f  f r a n k fu r te r s  f o r m u la te d  w i th  1 .5%  p o t a to  s ta rc h  p lu s  1.5%  p o t a to  f lo u r , 3%  p o t a to  s ta rc h , a n d  3%  
w h e a t  f lo u r a

Fresh Held 1 wk at 4--5 °C

Texture Flavor
preference

Texture Flavor
preferenceExtender Preference Tendernessb Juicinessc Preference0 Tenderness13 Juiciness0

1.5% Potato starch
+ 1.5% potato flour +0.18 - 0 .0 6  f ** +0.46 e +0.16 +0.26 e - 0 .4 0  g ** +0.39 e +0.18

3% Potato starch +0.01 +0.20 e -0 .1 1  f +0.06 -0 .0 1  ef +0.26 f +0.02 f +0.02

3% Wheat flour
(Control) - 0 .1 9 +0.36 e - 0 .3 5  f -0 .2 2 - 0 .2 5  e +0.48 e -0 .4 1  g - 0 .2 0

LSD  0.05  
0.01

NS 0.23
0.31

0.29
0.39

NS 0.34
0.46

0.21
0.28

0.26
0.35

NS

a M eans fo r  fo u r  re p lic a t io n s , 2 0  jud ges (1 6  jud ges fo r  f la v o r  p re fe re n ce , f re s h ) . T e x tu re  and  f la v o r  ran ked  fo r  p re fe re n c e : +1 = l ik e  b e st , 0 , 
—1 = l ik e  lea st. Ju ic in e s s  ra n ke d  in  o rd e r o f  ju ic in e s s : +1 = m ost ju ic y ,  0 ,  —1 = least ju ic y .  T e n d e rn e ss : +2 = to u g h , +1 = f i rm , 0 = te n d e r , — 1 = 

b s o f t , —2 = m u sh y .
M eans fo llo w e d  b y  s im ila r  le tte rs  do not d if fe r  s ig n if ic a n t ly  a t P < 0 .0 5  using  D u n c a n ’s M u lt ip le  R ange  te s t . 

c M eans fo llo w e d  b y  s im ila r  le tte rs  do  n o t d if fe r  s ig n if ic a n t ly  a t P < 0 .0 1  using  D u n ca n 's  M u lt ip le  Range te s t . 
d * *  M ean d if fe rs  s ig n if ic a n t ly  fro m  th e  C o n tro l a t P < 0 .0 1 .

S ig n if ic a n t d if fe re n c e s  in  te n d e rn e s s  w e re  fo u n d  a m o n g  
th e  sa m p le s  w ith  th o s e  c o n ta in in g  th e  p o ta t o  b a se d  e x te n d e r s  
b e in g  r a te d  m o re  te n d e r ;  h o w e v e r , a ll sa m p le s  w e re  o f  
a c c e p ta b le  q u a li ty .

F o r  ju ic in e s s , th e  d if fe re n c e s  a m o n g  th e  m e a n  sc o re s  
w e re  o f  a la rg e r  m a g n itu d e  th a n  th o s e  f o r  th e  o th e r  q u a l i ty  
a t t r ib u te s .  A l th o u g h  th is  w o u ld  in d ic a te  t h a t  th e  c o n tr a s t s  
w e re  m o re  a p p a re n t  a n d  m o re  ea s ily  d e te c te d  b y  th e  
p a n e lis ts ,  i t  s h o u ld  b e  m e n t io n e d  th a t  a h ig h e r  d e g re e  o f  
a g re e m e n t a m o n g  th e  ju d g e s  is  e x p e c te d  w h e n  a p ro d u c t  is 
r a n k e d  f o r  in te n s i ty  o f  a sp e c if ic  p r o p e r ty  as o p p o s e d  to  
b e in g  r a n k e d  a c c o rd in g  t o  p e r s o n a l  p re fe re n c e .

T h e  p ro p e r ty  c a u s in g  th e  s e n s a tio n  o f  ju ic in e s s  a p p a re n t ly  
is  n o t  r e la te d  to  m o is tu re  o r  f a t  c o n te n t  as th e  c o m p o s i t io n  
o f  th e  sa m p le s  d id  n o t  d i f fe r  (T a b le  1). T h e re  a lso  w as n o  
d if fe re n c e  in  th e  w a te r  h o ld in g  c a p a c i ty  o f  th e  h e a te d  
f ra n k f u r te r s .

T h e  c o r re la t io n  c o e ff ic ie n ts  f o r  t e x t u r a l  p ro p e r t ie s  o f  
f r a n k f u r te r s ,  f re s h  a n d  a f te r  1 w k ’s s to ra g e  a t  4 - 5 ° C ,  a re  
s h o w n  in  T a b le  5 . F o r  th e  f re s h  s a m p le s , th e  r e la t io n s h ip s  
o f  p re fe re n c e  to  te n d e rn e s s  a n d  to  ju ic in e s s  w e re  n o t  
s ig n if ic a n t. T h e  lo w  c o r re la t io n  c o e f f ic ie n ts  m a y  b e  a t t r i b 
u te d  to  th e  f a c t  t h a t  th e r e  w e re  n o  d if fe re n c e s  a m o n g  th e  
t r e a t m e n t  m e a n s  f o r  t e x tu r e  p re fe re n c e  as d e te rm in e d  b y  
a n a ly s is  o f  v a r ia n c e  (T a b le  4 ) .  T h e  re m a in in g  c o r re la t io n  
c o e f f ic ie n ts  fo r  th e  in te r r e la t io n s h ip s  o f  p re fe re n c e  to  
te n d e rn e s s  to  ju ic in e s s  w e re  s ig n if ic a n t a t  t h e  1% level.

Shear data
T h e  s h e a r  d a ta  d e m o n s tr a te d  t h a t  th e  1.5%  p o ta t o  s ta rc h  

p lu s  1.5%  p o ta to  f lo u r  a n d  th e  3%  w h e a t  f lo u r  f r a n k f u r te r s  
w e re  f irm e r  th a n  th o s e  f o r m u la te d  w ith  3% p o ta t o  s ta rc h  
(T a b le  6). T h e se  re s u lts  see m  to  d if fe r  f ro m  th o s e  o f  th e  
s e n s o ry  p a n e l  w h ic h  p e rc e iv e d  th e  1.5%  p o ta t o  s ta rc h  p lu s  
1 .5%  p o ta t o  f lo u r  as b e in g  m o re  t e n d e r  (T a b le  4 ) .  I t  s h o u ld  
b e  n o te d  t h a t  th e  p a n e lis ts  d id  n o t  d e s c r ib e  a n y  o f  th e  
f r a n k f u r te r s  as b e in g  to u g h  a n d  th e  m o u th  fe e l o n  c h e w in g  
m a y  h a v e  in f lu e n c e d  th e i r  ra tin g .

SUMMARY
T H E S E  S T U D IE S  d e m o n s tr a te d  t h a t  1 .5%  p o ta t o  s ta rc h  
p lu s  1 .5%  p o ta t o  f lo u r  o r  3%  p o ta t o  s ta rc h  m a y  b e  u se d  as 
a n  e x te n d e r  in  th e  f o r m u la t io n  o f  f r a n k f u r te r s  w i th o u t  
c h a n g in g  th e  c h e m ic a l a n d  se n s o ry  p ro p e r t ie s  o f  th e  f in ish e d  
p r o d u c t .  F o r  a ll o f  t h e  s e n s o ry  q u a l i ty  a t t r ib u te s  e x a m in e d , 
th e  e x p e r im e n ta l  p r o d u c ts  w e re  e q u a l  to  o r  s u p e r io r  t o  th e  
c o n t r o l  s a m p le  (3%  w h e a t  f lo u r)  w h ic h  is c u r r e n t ly  m a r k e te d .

T a b le  5 — C o rr e la tio n  c o e f f ic ie n t s  o f  t e x tu r a l  p r o p e r t ie s  o f  f r a n k 
fu r te r s

Tenderness Juiciness

Fresh 1 wk Fresh 1 wk

Preference —0.11 
Tenderness

- 0 .7 5 * * 0.32
- 0 .7 1 * *

0 .8 4 **
- 0 .7 9 * *

**  significant at P<0.01.

T a b le  6 —S h e a r  fo r c e , s ta n d a r d  e r ro r  o f  th e  m e a n  (S  ¿1 , a n d  c o e f f i 
c ie n t  o f  v a r ia b ili ty  IC V ) o f  f r a n k fu r te r s  f o r m u la te d  w i th  1.5%  p o t a to  
s ta rc h  p lu s  1.5%  p o t a to  f lo u r , 3%  w h e a t  f lo u r ,  a n d  3%  p o t a to  s ta rc h

Extender Shear x (g/g)* s x (g) C V  (%)

1.5% Potato starch 
+ 1.5% potato flour 109.8 a ±8.2 15

3% Wheat flour 
(Control) 100.2 a ± 6.4 13

3% Potato starch 75.0 b ± 7.2 19

LSD  0.05 23.4

* M ean o f  16  va lu e s . M eans fo llo w e d  b y  s im ila r  le tte rs  do  n o t d if fe r  
s ig n if ic a n t ly  using  D u n c a n 's  M u lt ip le  R ange  T e s t  a t P < 0 .0 5 .
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I n c o r p o r a t i o n  o f  B l o o d  P r o t e i n s  i n t o  S a u s a g e

H. A. CALDIRONI and H. W. OCKERMAN

---------------------------- ABSTRACT-----------------------------
The possibility of introducing beef plasma and decolorized globin 
proteins as ingredients in meat emulsions of cooked sausages was 
evaluated. The emulsifying capacity (EC) of plasma proteins was 
similar to that of meat, but globin proteins showed significantly 
lower EC values. The latter could be enhanced when plasma pro
teins were added in proportions ranging from 10 to 65%. Combina
tions of meat, plasma and globin proteins, containing up to 20% 
blood proteins, yielded acceptable EC values. These values were 
affected by the fat content of the meat in the emulsions and espe
cially by the total content of proteins. Up to 12% of plasma protein 
and different combinations of plasma:globin proteins, containing up 
to 5% of the latter (12% of total protein replaced), was used in the 
preparation of cooked sausages. This yielded an acceptable product 
as ranked by a sensory panel.

INTRODUCTION
T H E  U S E  O F  P R O T E IN  f r a c t io n s  is o la te d  f ro m  b lo o d  h a s  
b e e n  su g g e s te d  as a s o u rc e  o f  h ig h  q u a l i ty  d ie ta r y  p ro te in s  
( T y b o r  e t  a l., 1 9 7 3 ; 1 9 7 5 ) . A l th o u g h  is o le u c in e  a n d  m e th i 
o n in e  a re  in  l im i te d  p e rc e n ta g e s  in  p la s m a  p ro te in s  (Y o u n g  
e t  a l ., 1 9 7 3 ; S w in g le r  e t  a l ., 1 9 7 8 )  a n d  g lo b in  p r o te in s  (D e  
V u o n o  e t  a l., 1 9 7 9 ; Y o u n g  e t  a l ., 1 9 7 3 ) ,  a d d i t io n  o f  th e s e  
p ro te in s  t o  m e a t  p r o d u c ts  c o u ld  im p ro v e  th e i r  p h y s ic a l a n d  
n u t r i t io n a l  p ro p e r t ie s ,  y ie ld in g  a n  e c o n o m ic a l ,  n u t r i t io n a l ly  
a c c e p ta b le  p ro d u c t .

A n  im p o r ta n t  p a r a m e te r  t o  assess th e  a b i l i ty  o f  p ro te in s  
f o r  fo rm  a n d  m a in ta in  a  s ta b le  sau sa g e  p re p a r a t io n  is  th e  
e m u ls ify in g  c a p a c i ty  (E C ) . S a t te r le e  e t  a l. ( 1 9 7 3 )  s tu d ie d  
th e  f u n c t io n a l  p ro p e r t ie s  o f  b lo o d  a n d  m a n y  a n im a l tis s u e  
p r o t e in  p o w d e rs  to  e v a lu a te  th e  p o s s ib il i ty  o f  th e i r  u t i l i z a 
t io n  in  e m u ls if ie d  m e a t  p ro d u c ts .  W h o le  b lo o d  p ro te in  
p o w d e rs  gave im p ro v e d  E C  v a lu e s  w h e n  c o m p a re d  t o  th o s e  
o f  a n im a l tis s u e  p o w d e rs  b u t  b lo o d  p o w d e rs  w e re  o b je c 
t io n a b le  b e c a u s e  o f  th e  d a rk  c o lo r  t h e y  im p a r te d  to  sau sag es. 
O n  th e  o th e r  h a n d ,  p la s m a  a n d  g lo b in  p ro te in s  s e p a ra te d  
f ro m  b lo o d  a n d  d e c o lo r iz e d  e x h ib i t e d  e x c e lle n t  f u n c t io n a l  
p ro p e r t ie s  ( T y b o r  e t  a l., 1 9 7 3 )  a n d  th e  p o s s ib il i ty  o f  u s in g  
th e m  in  c o m m e rc ia l sau sag e  o p e r a t io n  w as  su g g es te d  
( T y b o r  e t  a l., 1 9 7 5 ) .

T h e  p u rp o s e  o f  th is  w o rk  w as t o  e v a lu a te  th e  e f f e c t  o f  
a d d in g  d if f e r e n t  p ro p o r t io n s  o f  p la s m a  a n d  d e c o lo r iz e d  
g lo b in  p ro te in s  to  c o m m in u te d  m e a t ,  a n d  to  d e te rm in e  th e  
e m u ls ify in g  p ro p e r t ie s  o f  th e  r e s u lt in g  m ix tu re s .  S o m e  o f  
th e s e  p ro p o r t io n s  w e re  th e n  u se d  in  th e  p ro d u c t io n  o f  
c o o k e d  sau sag es a n d  th e  su b je c tiv e  a c c e p ta b i l i ty  o f  th e  
p r o d u c t  w as e v a lu a te d .

A u t h o r  O c k e r m a n  is  a f f i l ia te d  w i th  th e  D e p t , o f  A n im a l  S c ie n c e ,  
T h e  O h io  S ta te  U n iv ., C o lu m b u s ,  O H  4 3 2 1 0 ,  a n d  T h e  O h io  A g r i 
c u ltu r a l  R e s e a r c h  & D e v e lo p m e n t  C e n te r , W o o s te r , O H  4 4 6 9 1 .  
A u t h o r  C a id ir o n i is  A s s o c .  P r o fe s s o r  o f  B io lo g ic a l C h e m is tr y  a t  
N a c io n a l  d e l  C e n tr o , F a c u l ta d  d e  A g r o n o m ía ,  A z u l  (A r g e n tin a !  a n d  
a  m e m b e r  o f  th e  I n s t i t u t o  d e  In v e s tig a c io n e s  B io q u ím ic a s , (U N S -  
C O N IC E T )  8 0 0 0  B a h ia  B la n c a  - A r g e n tin a .

EXPERIMENTAL
PLASMA AND RED CELLS from bovine blood were separated 
following basically the method of Tybor et al. (1973). Beef blood 
was collected directly from the jugular vein during slaughter and 
mixed with an equal volume of 0.9% sodium chloride solution 
containing 0.5% sodium citrate to prevent coagulation.

After cooling for 24 hr at 4°C, plasma and red cells were sepa
rated by centrifugation (red cells precipitated after 10 min. at 3,000 
xg).

The red cells were diluted with water (1:1) and chloroform was 
added to the solution (0.25% v/v). The stroma was separated by 
settling and the decanted supernatant was mixed with 2 volumes of 
ascorbic acid (2%) solution which resulted in the mixture having a 
pH of 4 or less.

By bubbling air through the solution, the hemoglobin was 
changed into choleglobin by oxidation. The heme group was solu
bilized and the protein fraction was precipitated by adding methanol 
(or acetone) 20% v/v, instead of the four volumes o f acetone used in 
the Tybor procedure. Raterman et al. (1980) showed that treating 
diluted blood samples with these quantities o f solvents was very 
effective for removing the proteins. This technique was used to 
separate both the globin and the plasma proteins from their respec
tive solutions. Preliminary research proved the most effective pH 
for globin precipitation was 5.7 (no adjustment was necessary) 
while plasma proteins were precipitated at pH 3.0 (obtained by 
adding IN HC1). After centrifugation (10 min at 3,000 x g  at 4°C) 
the globin fraction yielded a red-brown paste which contained some 
solvent, easily removable by vacuum. The mean and standard de
viation of the globin (6 samples) protein and moisture content was 
22.1±2.8% and 73.9±0.9%, respectively. Plasma proteins gave a 
white creamy suspension containing 9.0±2.1 % protein, and 88.5± 
1.3% moisture.

Protein, moisture and fat contents and the emulsifying capacity 
(EC) were determined according to methods described by Ockerman
(1980).

To determine EC, 50 ml of solutions containing 0.10, 0.20 and 
0.25g of proteins were prepared in IN NaCl (Swift et al., 1963) and 
the pH was adjusted to 5.7 when necessary, with diluted HC1 or 
NaOH. Blendor jars containing the solutions were cooled in crushed 
ice for 10 min. before EC determinations. Temperatures were as 
follows: initial, 3.3±0.5°C; final, 9.6±0.7°C; room and oil, 22.0± 
1.0°C (15 determinations). Protein solutions were blended at high 
speed (17,000 rpm) in a Waring Blendor and refined soybean oil was 
added at a rate of 60 ml/min. (Swift et al., 1961). The emulsion 
collapse was determined by a sudden increase in the electric resis
tance. At this point the addition of oil was stopped and the total 
amount of oil added was recorded. Lean beef meat samples (19.4% 
protein, 72.6% moisture, 6.9% fat and 5.7 pH) were used for EC 
determinations. Plasma and globin proteins were evaluated at the 
same pH. Each EC determination was repeated 4 times and reported 
as an average.

The basic sausage formula was 36% (weight) of lean (6.9% fat) 
beef trimmings, 36% regular (35.5% fat) pork trimmings, 24% of 
crushed ice, 0.23% white pepper, 0.10% ground coriander, 0.05% 
ground sage, 0.05% nutmeg, 0.03% garlic powder, 0.10% mace, 
0.04% sodium nitrate, 0.01% sodium nitrite, 2.3% sodium chloride, 
0.35% sucrose and 0.04% sodium ascorbate. Ground lean beef, cure 
and seasoning and blood protein plus one-third of the ice were 
chopped for 1.5 min. Salt and one-third of the ice were added and 
chopped for an additional period of 0.5 min. The ground pork, 
ascorbate and the remainder o f the ice were mixed and chopping 
was continued for 2 min (maximum temperature 10°C).

Known quantities of meat were replaced in the basic formulation 
with blood proteins, maintaining a constant moisture and total 
protein values in the product. Percentages and proteins evaluated 
are specified in Table 1. — C o n t i n u e d  o n  n e x t  p a g e
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BLO O D  P R O T E IN S  IN S A U S A G E . . .

T a b le  1—S e n s o r y  e v a lu a tio n  p a n e !  r e s u l tsa f o r  va r io u s  c o m b in a t io n s  o f  m e a t ,  p la s m a  a n d  g lo b in  p r o te in s

(Control)
Meat proteins % 100 88 88 88 80 80 80 90 87.5 85
Plasma proteins % — 12 - 6 20 _ 10 5 10.0 10
Globin proteins % - - 12 6 — 20 10 5 2.5 5

Flavorb/f 5.9 4.5 3.5 5.3 5.0 4.7 4.7 4.0 5.5 3.3
(1.3) (2.0) (2.0) (1.5) (1.4) (1.2) (0.9) (1.6) (1.0) (1.7)

Texturec/f 5.6 4.3 4.7 5.0 4.5 5.5 5.7 4.5 4.8 4.5
(1.4) (0.9) (1.2) (0.8) (0.6) (0.6) (1.2) (0.6) (0.5) (1.0)

Odord 6.2 5.3 3 .09 5.5 5.5 4.5 5.0 5.5 5.3 4.7
(1.4) (0.9) (0 3 ) (1.3) (1.0) (2.0) (1.4) (1.9) (0.9) (1.3)

Colore 5.7 4.7 6.7 6.0 3 .8 h 9 .0 h 8 .5 h 7.0 6.3 7 .3 h
(0.6) (0.5) (1.2) (0.8) (0.5) (0.0) (0.6) (0.8) (0.5) (0 5 )

b V a lu e s  rep rese n t m ean v la u e s  (S D )  fro m  at least 4  d e te rm in a t io n s . C o n tro ls  co n s isted  o f  12  e v a lu a t io n s . 
c  F la v o r :  9 = in ten s iv e  bo logna f la v o r , 5 = m o d e ra te , 1 = o f f  f la v o r . 
d T e x tu r e : 9 = h a rd , 5 = m o d e ra te , 1 = s o f t . 
e O d o r : 9 = in ten s iv e  bo logna o d o r , 5 = m o d e ra te , 1 = o f f  o d o r . 
f  C o lo r : 9 = d a rk , 5 = m o d e ra te /n o rm a l, 1 = lig h t.
Q/h F la v o r  va lu e s  and te x tu re  va lu es w e re  n o t d if fe re n t  f ro m  th e ir  c o n tro l. 
u/ S ig n if ic a n t ly  d if fe re n t  fro m  th e ir  re sp e ctive  c o n tro l.

PROTEIN g. %
Fig. 1—E m u ls i fy in g  c a p a c i ty  o f  m e a t ,  p la sm a  a n d  g lo b in  p r o te in s  
a n d  m ix tu r e s  o f  p la s m a  a n d  g lo b in  p r o te in .  P r o te in  g%  is th e  to ta l  
p r o te in  c o n te n t  in  th e  s lu rry .

A panel of experienced (average 7 yr of evaluation) members 
evaluated in duplicate odor, color, flavor and texture in accordance with the scale shown in Table 1.

RESULTS & DISCUSSION
F IG . 1 SH O W S th e  E C  v a lu e s  o b ta in e d  fo r  m e a t ,  p la s m a , 
g lo b in  p ro te in s  as w ell as m ix tu re s  o f  th e  l a t te r .  M ea t a n d  
p la s m a  p ro te in s  d isp la y e d  s ig n if ic a n tly  h ig h e r  E C  v a lu e s  
th a n  g lo b in . M ix tu re s  o f  p la s m a  a n d  g lo b in  p ro te in s  gave 
E C  v a lu es  b e tw e e n  th o s e  o f  th e  p u re  c o m p o n e n ts  a p p r o x i
m a t in g  th e  o th e r  cu rv es  d e p e n d in g  o n  th e  p r o p o r t io n s  o f  
e a c h  in  th e  sa m p le . EC  o f  m e a t  a n d  p la s m a  p ro te in s  w ere  
s im ila r  b e lo w  0 .4  g% o f  t o ta l  p ro te in  c o n c e n t r a te d  b u t  
a b o v e  th is  v a lu e , m e a t  p ro te in s  s e e m e d  to  m a in ta in  a h ig h  E C  
w h e re a s  th e  p la sm a  p ro te in s  c o n t in u e d  to  d e c re a se . A t 
c o n c e n t r a t io n s  b e lo w  0 .4  g% p ro te in ,  m ix tu re s  c o n ta in in g  
g lo b in  a n d  p la s m a  p ro te in s  w e re  n o t  s ig n if ic a n tly  d if f e r e n t

in  E C  v a lu e s  f ro m  th o s e  o b ta in e d  f o r  p la s m a  p ro te in s .  
M ix tu re s  c o n ta in in g  m o re  th a n  0 .4  g% p ro te in  (3 5 %  o r  
m o re  o f  g lo b in )  m o re  n e a r ly  a p p r o x im a te d  th e  g lo b in  c u rv e .

P la sm a  a n d  g lo b in  p ro te in s ,  e i th e r  a lo n e  o r  m ix e d , w e re  
a d d e d  to  m e a t  su s p e n s io n s  s u b s t i tu t in g  k n o w n  a m o u n ts  o f  
b lo o d  p ro te in s  f o r  e q u a l  q u a n t i t ie s  o f  m e a t  p ro te in s  a n d  th e  
m ix tu r e s  w e re  th e n  e v a lu a te d  f o r  E C  a n d  th e  re s u l ts  a re  
s h o w n  in  F ig . 2 . M e a t:p la s m a :g lo b in  ( p r o t e i n /p r o te in /p r o -  
te in )  m ix tu re s  in  th e  r a t io s  8 0 :1 0 :1 0 ,  6 0 :2 0 :2 0 ,  8 0 :2 0 :0 0  
a n d  8 0 :0 0 :2 0  sh o w e d  E C  v a lu e s  s im ila r  t o  o r  h ig h e r  th a n  
m e a t  a t  lo w  c o n c e n tr a t io n s  (b e lo w  0 .4  g% p ro te in )  o f  to ta l  
p ro te in s .  H o w e v e r, th e  E C  v a lu e s  f o r  a ll m ix tu re s  w e re  
lo w e r  th a n  th o s e  o f  m e a t  a t  h ig h  ( 0.6 g% p ro te in )  p ro te in  
c o n c e n t r a t io n s  o r  a t  a ll p r o t e in  leve ls  w h e n  th e  p ro p o r t io n s  
o f  e x o g e n o u s  p ro te in  in c o r p o r a te d  w e re  h ig h e r  th a n  4 0 % . 
T h u s ,  th e  E C  b e h a v io r  o f  e m u ls io n  m ix tu re s  c a n  b e  c h a n g e d  
b y  u s in g  c o n v e n ie n t  p r o p o r t io n s  o f  d i f f e r e n t  p ro te in s  b u t  
th e  E C  is v e ry  d e p e n d e n t  u p o n  th e  q u a n t i t y  o f  p ro te in s .

I f  th e  f a t  p re s e n t  in  th e  s o lu tio n s  o b ta in e d  f ro m  th e  
m e a t  t is s u e  is c o n s id e re d , i t  is  in te re s t in g  to  n o te  t h a t  th e  
E C  d e c re a se s  as sa m p le  f a t  c o n te n t  d e c re a se s  (F ig . 3 ). 
H o w e v e r , f a t  c o n te n t  h a s  a less  s ig n if ic a n t e f fe c t  o n  th e  EC  
th a n  t o t a l  p ro te in  c o n c e n t r a t io n  in  th e  s o lu t io n .  T h u s ,  b , d , 
a n d  g m ix tu re s  (F ig . 3 )  a t  0 .2  g% o f  to ta l  p r o te in ,  sh o w  
l i t t l e  v a r ia t io n  in  E C  d e s p ite  th e  d if f e r e n t  f a t  c o n te n t  an d  
th e  d if f e r e n t  c o m b in a t io n s  o f  p ro te in  q u a li t ie s .  F o r  a g iv en  
f a t  c o n te n t ,  d i f f e r e n t  m ix tu re s  sh o w  s im ila r  E C  v a lu e s  a t 
th e  sa m e  to t a l  p ro te in  c o n c e n t r a t io n .  M o re o v e r , s a m p le s  o f  
s im ila r  p r o te in  c o m p o s i t io n  a n d  f a t  c o n te n t ,  d is p la y e d  an  
in v e rse  r e la t io n s h ip  w h e n  E C  w as c o m p a re d  to  p ro te in  
c o n c e n t r a t io n .  T h e  E C  v a lu e s  o f  m e a t  p ro te in  a re  in c lu d e d  in  
F ig . 3 fo r  c o m p a r is o n  p u rp o s e s ,  a n d  th e s e  v a lu e s  a re  a p 
p ro x im a te ly  o n  th e  p r o te in - c o n te n t  l in e a r  l in e s . C o m p a r in g  
th e  E C  o f  p ro te in s  f ro m  v a r io u s  re d  m e a t  s o u rc e s , B o r to n  e t  
a l. ( 1 9 6 8 )  o b se rv e d  th a t  t is su e s  w ith  d i f f e r e n t  f a t  c o n te n t  
h a d  d if fe re n t  E C  v a lu e s . T h e y  s p e c u la te d  t h a t  th is  m ig h t b e  
d u e  to  th e  p ro te in  b e in g  m o re  w id e ly  d is t r ib u te d  a n d  th u s  
m o re  ea s ily  s o lu b iliz e d . S a tte r le e  e t  a l. ( 1 9 7 3 )  u s in g  d if fe r 
e n t  tis su e  p o w d e rs  sh o w e d  th a t  lo w e r  E C  v a lu e s  a re  o b ta in e d  
w ith  t is su e s  o f  lo w  f a t  c o n te n t .  M o re o v e r , th e y  a lso  fo u n d  
th a t  tis su e  p o w d e rs  w h o se  s o lu b le  p ro te in s  p o ssess  th e  
g re a te s t  e m u ls io n  c a p a c i ty  p ro d u c e  e m u ls io n s  w ith  th e  
sm a lle s t g lo b u le  size . I t ,  th e r e f o re ,  see m s  lik e ly  t h a t  w ith  
tis su e s  c o n ta in in g  h ig h e r  p r o p o r t io n  o f  f a t ,  th e  p ro te in -  
p ro te in  in te r a c t io n  w o u ld  b e  lo w e r  th a n  in  le a n  t is s u e s  a n d  
p ro te in s  w o u ld  b e  “ lo o s e .”  In  su c h  a ca se  th e r e  w o u ld  b e  
m o re  “ p ro te in  a v a ila b le ”  to  fo rm  fa t-g lo b u le s  a n d  to  
e m u ls ify  th e  o il.
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F r o m  th e  E C  s tu d ie s  i t  w as  d e te rm in e d  t h a t  th e  m o s t  
a p p r o p r ia te  m ix tu r e s  w o u ld  a llo w  u p  to  20% o f  b lo o d  p r o 
te in s  to  b e  in c o r p o ra te d  in to  m e a t  p ro d u c ts .  V a r io u s  
p ro p o r t io n s  o f  p la s m a  a n d /o r  g lo b in  p ro te in s  w e re  c o m b in e d  
in  m e a t  sau sag e  m ix tu r e s ,  u p  t o  th is  p e rc e n ta g e  as s h o w n  in  
T a b le  1. T h e  s e n s o ry  e v a lu a tio n  p a n e l  ju d g e d  v e ry  a c c e p ta b le  
( n o t  s ig n if ic a n tly  d if f e r e n t  f ro m  c o n t r o l  in  f la v o r , t e x tu r e ,  
o d o r  a n d  c o lo r )  sau sag es w ith  10%  p la s m a  p ro te in s  +  2 .5%  
o f  g lo b in  p ro te in s  a n d  a lso  a c c e p ta b le  sau sa g es  in c lu d in g  5% 
a n d  6% o f  b o th  p la s m a  a n d  g lo b in  p ro te in s  a n d  p r o d u c t  
w ith  u p  to  12 % p la s m a  p ro te in s .

P la sm a  p ro te in s  c a n  b e  in c o r p o r a te d  i n to  sau sag e  m ix 
tu r e s  in  h ig h e r  p r o p o r t io n  th a n  g lo b in  a n d  r e s u lt  in  an  
a c c e p ta b le  q u a l i ty  p r o d u c t .  S u te r  e t  a l. ( 1 9 7 6 )  sh o w e d  th a t  
th e  in c o r p o r a t io n  o f  1% a n d  2% p la s m a  p ro te in s  in to  
c o o k e d  g ro u n d  b e e f  p a t t ie s ,  r e s u l te d  in  a  m a rk e d  in c re a se  
o f  th e  b in d in g  s t r e n g th .  T e r re l l  e t  a l. ( 1 9 7 9 )  fo u n d  th a t  
p la s m a  p ro te in  i s o la te  ( P P I)  is “ f u n c t io n a l”  in  c o n v e n t io n a l ly  
m a n u f a c tu re d  f r a n k f u r te r s .  T h u s  m e a t  + 1 %  P P I a n d  m e a t 
+  5% P P I d id  n o t  d i f fe r  in  t e x tu r e ,  e la s t ic i ty  a n d  s t r e n g th  
f ro m  a ll-m e a t f ra n k f u r te r s .

I n c o r p o r a t io n  o f  m o re  th a n  12%  o f  p la s m a  p ro te in s  
y ie ld e d  a p a le  c o lo re d  p r o d u c t .  H o w e v e r , a f t e r  1 m o n th  o f  
s to ra g e  a t  0 —4  C , sau sag es c o n ta in in g  p la s m a  p ro te in s  w ere  
v isu a lly  s u p e r io r  to  th e  c o n tr o ls ,  s in c e  th e y  m a in ta in e d  
a  l ig h t p in k  c o lo r  w h ile  th e  c o n tr o ls  t u r n e d  g re y , p o ss ib ly  
b y  o x id a t io n .

M o re  l im itin g  is  t h e  p e rc e n ta g e  o f  g lo b in  p r o t e in  th a t  
c a n  b e  in c o r p o r a te d  b e c a u se  ev e n  th e  d e c o lo re d  p ro te in

r e ta in s  a re d d is h  c a s t a n d  th is  c o lo r  is  t r a n s f e r r e d  to  th e  
sau sag es. H o w e v e r, i t  is  p o ss ib le  t o  c o m b in e  a  m ix tu r e  o f  
b lo o d  p r o te in s ,  3 :1  a n d  4 :1  ( p la s m a :g lo b in )  to  b a la n c e  th e  
c o lo r . N e i th e r  p la s m a  n o r  g lo b in  p r o te in s ,  a t  th e  c o n c e n 
t r a t io n s  te s te d ,  sh o w e d  s ig n if ic a n t d if fe re n c e s  in  f la v o r  o r  
te x tu re .

A m o n g  a n im a l tis su e s , b lo o d ,  a n d  p a r t ic u la r ly  p la sm a , 
a re  s o m e  o f  th e  b e s t  s o u rc e s  o f  s o lu b le  p ro te in s .  M o re o v e r , 
th e y  e x c e l a n y  o th e r  p r o t e in  in  th e i r  a b i l i ty  to  e m u ls ify  f a t  
(S a t te r le e  e t  a l., 1 9 7 3 ) . T h e  a m o u n t  o f  s o lu b le  p r o t e in  in  a 
sau sa g e  w ill, th e r e f o re ,  give a n  e n h a n c e d  p r o d u c t  s ta b i l i ty  
a n d  a p p e a ra n c e .

CONCLUSION
P L A S M A  P R O T E IN S  sh o w e d  v e ry  a c c e p ta b le  e m u ls ify in g  
p ro p e r t ie s ,  b u t  c o m p ro m is e d  th e  c o lo r  o f  t h e  p r o d u c t  w h e n  
in c lu d e d  in  h ig h  p r o p o r t io n s .  E v e n  th o u g h  d e c o lo r iz e d  
g lo b in  p ro te in s  d is p la y e d  p o o re r  e m u ls ify in g  c a p a c i ty ,  th e y  
h a v e  h ig h  n u t r i t io n a l  v a lu e . T h e s e  p ro te in s  c a n  b e  c o m b in e d  
to  m a in ta in  g o o d  f u n c t io n a l  p ro p e r t i e s  a n d  a d e s ira b le  
c o lo re d  p ro d u c t .
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E f f e c t s  o f  M i x i n g  a n d  T h e r m a l  P r o c e s s i n g  
o n  S h e l f - S t a b l e  S e c t i o n e d  a n d  F o r m e d  B e e f

W. R. WIEBE JR. and G. R. SCHMIDT

---------------------------- ABSTRACT-----------------------------
Sectioned and formed roast beef, vacuum mixed and heat processed 
in either retortable pouches or cans, had a lower cook yield than 
its nonvacuum mixed counterpart. Vacuum mixing had no signifi
cant influence on increasing particle-to-particle cohesion (binding 
strength). Sectioned and formed roast beef cooked in retortable 
pouches at 121°C (F0 = 6.0) had a higher cook yield and binding 
strength than product processed at 110°C (F0 = 6.0). Processing the 
canned product at 121°C (F0 = 6.0) as opposed to 110°C (F0 =
6.0) resulted in no improvement of cook yield or binding strength. 
Overall, product processed in retortable pouches had a higher 
binding strength, but a lower cook yield than product processed in 
cans.

INTRODUCTION
T H IS  S T U D Y  c o n c e n t r a te d  o n  im p ro v in g  th e  b in d in g  
s t r e n g th  o f  a s h e lf-s ta b le  s e c tio n e d  a n d  fo rm e d  r o a s t  b e e f  
p ro d u c t .  T h e  te rm  “ b in d in g ”  w ill r e fe r  to  th e  c o h e s io n  o f  
m e a t  p ie c e s  in to  a u n i t  sy s te m .

M aesso  e t  al. ( 1 9 7 0 )  sh o w e d  t h a t  m e c h a n ic a l  a c t io n , sa l t  
a n d  p h o s p h a te  e n h a n c e s  th e  e x t r a c t io n  o f  s a l t-so lu b le  p r o 
te in  a n d  re s u lts  in  a s ig n if ic a n t in c re a s e  in  b in d in g  o f  m e a t  
p ie c e s  in to  a u n i t  sy s te m . C u r re n t ly  th e r e  is in te r e s t  in  u s in g  
v a c u u m  m ix in g  as a m e a n s  o f  im p ro v in g  th e  b in d in g  a b il i ty  
o f  m e a t  p iec es . I n f o r m a t io n  a b o u t  th e  e f fe c tiv e n e s s  o f  th e s e  
sy s te m s  is  sca rc e . T h e  e f fe c t  o f  v a c u u m  m ix in g  o n  p r o te in  
e x t r a c t io n  a n d  f u n c t io n a l i ty  w as in v e s t ig a te d  in  a m o d e l 
sy s te m  b y  S o lo m o n  a n d  S c h m id t  ( 1 9 8 0 ) .  T h e re  w as a sig
n if ic a n t  in c re a s e  in  t h e  a m o u n t  o f  c ru d e  m y o s in  e x t r a c te d  
u n d e r  a v a c u u m , b u t  th e  to t a l  a m o u n t  o f  p ro te in  e x t r a c te d  
w as n o t  a f fe c te d . S o lo m o n  a n d  S c h m id t  ( 1 9 8 0 )  a lso  f o u n d  
n o  e f fe c t  o f  v a c u u m  o n  th e  b in d in g  a b i l i ty  o f  th e  f re e z e -  
d r ie d  c ru d e  m y o s in  b in d e rs . S ie b e r t  ( 1 9 7 8 )  s ta te d  th a t  
2 0 —30%  m o re  p r o t e in  is  e x t r a c te d  in  a v a c u u m  c h o p p e r  as 
o p p o s e d  to  a n  o p e n  b o w l c h o p p e r .  T h is  e n h a n c e d  p r o te in  
e x t r a c t io n  r e s u lte d  in  a p r o d u c t  w ith  a f i rm e r  t e x tu r e ,  b u t  
th e r e  w as n o  im p r o v e m e n t  o f  w a te r  h o ld in g  c a p a c i ty  
(S ie b e r t ,  1 9 7 8 ).

A c to n  ( 1 9 7 2 )  e v a lu a te d  th e  e f fe c t  o f  h e a t  p ro c e s s in g  o n  
th e  b in d in g  s t r e n g th  a n d  c o o k  lo ss  o f  p o u l t r y  m e a t  lo av es. 
T h e re  w as n o  a p p re c ia b le  b in d in g  b e lo w  3 5  C, a n d  a b o v e  
8 2  C th e  b in d in g  s t r e n g th  d e c re a se d . B a rd  a n d  T is c h e r  
( 1 9 5 1 )  e x a m in e d  th e  e x te n t  o f  c h a n g e s  in  te n d e rn e s s ,  
d ra in e d  ju ic e ,  m o is tu re  c o n te n t  a n d  g H  o f ^ b e e f  d u rin g  
p ro c e ss in g  to  c o m m e rc ia l  s te r i l i ty  a t  1 0 7  , 116  a n d  1 2 4  C. 
A  h ig h  te m p e ra tu re ,  s h o r t  t im e  p ro c e s s  w as s h o w n  to  
r e s u lt  in  a s m a lle r  lo ss  o f  q u a l i ty  as c o m p a re d  w ith  a p ro c 
ess o f  e q u a l  s te r il iz in g  v a lu e  c a r r ie d  o u t  a t  a lo w e r  te m p e ra 
tu re .

T h e  r e to r ta b le  p o u c h  as a  c o n ta in e r  f o r  s h e lf-s ta b le  lo w  
a c id  p r o d u c ts  h a s  a d e v e lo p m e n t h is to r y  o f  2 0  y r  a n d  w as 
re v ie w e d  b y  M e rm e ls te in  ( 1 9 7 6 ) .  B e c a u se  th e  p o u c h  h a s  a 
th in n e r  p ro f i le  th a n  th e  c a n , i t  ta k e s  le ss  t im e  to  re a c h  
le th a l  te m p e r a tu r e  a t  th e  c e n te r  o f  th e  f o o d  in  th e  p o u c h

A u th o r s  W ie b e  a n d  S c h m i d t  a re  w i th  th e  D e p t , o f  A n im a l  S c ie n c e s ,  
C o lo ra d o  S ta te  U n iv ., F o r t  C o llin s , C O  8 0 5 2 3 .

th a n  in  c a n s  (G u e d e z  a n d  B a te s , 1 9 7 5 ) . C o n s e q u e n t ly ,  th e  
p r o d u c t  a t  th e  p e r ip h e ry  is  n o t  o v e rc o o k e d , as i t  is in  c a n s  
a n d  th e  q u a l i ty  is b e t te r .  T h e  p r o d u c t  is  t r u e r  in  c o lo r ,  an d  
f irm e r  in  t e x tu r e  a n d  m o s t  l ik e ly  h a s  less  n u t r i e n t  lo ss. M o st 
w o rk  o n  th e  p o u c h  h a s  d e a lt  w ith  v e g e ta b le s  a n d  f ru i t .

T h e  o b je c tiv e s  o f  th is  s tu d y  w e re  to  d e te rm in e  th e  e f
f e c ts  o f  v a c u u m  m ix in g , th e r m a l  p ro c e s s in g  a n d  p re c o o k in g  
o n  th e  b in d in g  s t r e n g th  a n d  c o o k  y ie ld  o f  sh e lf-s ta b le  sec
t io n e d  a n d  fo rm e d  r o a s t  b e e f . T h e  e f f e c t  o f  p ro c e ss in g  to  
c o m m e rc ia l  s te r i l i ty  in  a p o u c h  as w ell as a c a n  w as also  
e x a m in e d .

MATERIALS & METHODS
Product preparation

Beef inside rounds were obtained from a reputable supplier, 
dissected free of visible surface and seam fat and connective tissue, 
stored at 2-4°C for 2 days, and then ground through a 2.54 cm 
plate.

Each treatment of 20.4 kg consisted of 19.6 kg (95.75%) of beef 
inside rounds, 204g (1.00%) of salt, 51g (0.25%) of Heller’s Soluble 
Phosphate (WJ-0052) and 613g (3.00%) of water. Heller’s Soluble 
Phosphate is composed of food grade sodium tripolyphosphate 
and sodium hexametaphosphate.

The experiment consisted of three 4-min mixing treatments in 
a Keebler (Chicago, IL) Model No. 238 Mixer (37.5 capacity) as 
presented in Table 1. Each treatment was replicated three times. 
All ingredients were added prior to mixing and mixing tempera
ture was between 3“ and 5°C. Samples were removed and analyzed 
for fat and moisture (AOAC, 1970). The raw mixture contained 3% 
fat and 73% water with no difference between replicates.

Portions of each treatment were placed in a Hely Joly Stuffer, 
France. Equal portions of meat mixture (approximately 3.0 kg) 
were stuffed into two Teepak (Chicagok IL) moisture impermeable, 
fibrous cellulose casing (10.2 cm in diameter, 70 cm in length). 
One of the tw rolls was frozen at -30°C and the other was cooked 
in an Alkar Smokehouse, Lodi, W1 (see smokehouse schedule in 
Table 2) to a final internal temperature of 68°c and chilled over-

T a b le  1—M ix in g  tr e a tm e n ts  o f  c o a rse  g r o u n d  b e e f ,  w a te r , s a l t  a n d  
p h o s p h a te

T re a tm e n t A 4  m in  o f  m ix in g  w it h o u t  th e  a p p lic a t io n  
o f  v a cu u m .

T re a tm e n t B 3 m in  o f  m ix in g  w it h o u t  th e  a p p lic a t io n  
o f  v a cu u m  fo l lo w e d  b y  1 m in  o f  m ix in g  
w ith  th e  a p p lic a t io n  o f  6 3 5  m m  Hg 
va cu u m .

T re a tm e n t C 4  m in  o f  m ix in g  w ith  th e  a p p lic a t io n  o f 
6 3 5  m m  Hg va cu u m .

T a b le  2 —S m o k e h o u s e  s c h e d u le

T im e D ry  b u lb  te m p  (°C ) W et b u lb  te m p  (°C)

1 h r 
1 hr
1 hr
2  hr

5 5  0*  
6 3  0 
71 0  
7 7  57

* A  ze ro  in d ica te s  th a t  no h u m id ity  w as added  to  th e  sm o ke h o u se .
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night at 4°C. Sixteen rectangular 314 x 202 x 304 cans were also 
stuffed, each with 340g of meat mixture and sealed under a vacuum 
(635 mm Hg). Eight of the 16 cans were chilled to 4°C, the other 
eight were processed in a 74°C water bath to an internal tempera
ture of 68°C and then chilled to 4°C. All samples were held over
night. The following day, eight steaks, 2 cm thick, were sawed from 
each of the rolls. Each of the 16 steaks (approximately 160g each) 
were randomly placed in 14 cm wide x 18 cm long x 1.9 cm thick 
retort pouches (Ludlow Corporation, Lombard, 111.) labeled and 
vacuum sealed (635 mm Hg) using a Multivac West Germany 
(Type AG-500) vacuum sealer. After pouching the frozen steaks 
were allowed to that (to 15°C).Before being placed in the stationary retort, the pouches were 
placed in a retort pouch rack similar to the one used by Davis 
et al. (1972). The rack spacing established the maximum thick
ness the pouch will attain during heat processing. This enabled 
the establishment of a sterilization process based on a known 
maximum thickness. All pouched and canned products were proc
essed in the stationary retort to an F0 of 6.0 at 110° and 121°C. 
See Table 3 for time-temperature relationships necessary to achieve 
an F0 = 6.0.

The procedure followed in conducting heat penetration studies 
of cans were those discussed by Alstrand and Ecklund (1952). 
The data from these studies were analyzed by the “formula” meth
od of Ball (1923, 1928 and Ball and Olson 1957). Procedures used 
to determine the appropriate thermal process for pouches differ 
from the procedures for cans only in the way the thermocouples 
were located. Thermocouples in the cans were located according to 
Alstrand and Ecklund (1952); the pouches required a special ther
mocouple mounting bracket (O.F. Ecklund, Inc., Cape Coral, FL). 
This required a 6 mm diameter hole through the pouch. The hole 
was punched through the flange area with a 6 mm paper punch. 
Seal was effected by an “O” ring inserted on the inside of the 
pouch. The outer end of the receptacle assured that the thermo
couple was located in the center of the 1.9 cm thick pouch. For

T a b le  3 — T im e - te m p e r a tu r e  r e la tio n s h ip s  r e q u ir e d  fo r  F 0  = 6 .0

C o n ta in e r
R e to r t  tem p  

(°C)
P rocess t im e  

(m in)
In it ia l te m p  

(°C)

P ou ch 110 90 11
121 10 12

Can 110 145 13
121 68 10

T a b le  4 —O v e ra ll e f f e c t  o f  m ix in g  t r e a tm e n ts  o n  th e  p h y s ic a l  a n d  
c h e m ic a l  p r o p e r t ie s  o f  sh e l f- s ta b le  s e c t io n e d  a n d  f o r m e d  ro a s t  
b e e f a ,b ,c

M ix in g  tre a tm e n t

N o  vacuum  
4  m in

N o  vacuum  3 m in  
+ V a cu u m  

(635  m m  Hg) 1 m in

V a cu u m  
(635  m m  Fig) 

4  m in

Pouch
B in d in g  s treng th  
(g /cm 2 ) 9 4 .6 1 00 .9 104 .7
C o o k  y ie ld  (%) 6 7 .9 d 663® 6 6 .3 e
M o is tu re  (%) 6 4 .4 6 3 .5 6 3 .7
F a t (%) 3 .0 2 .4 3.1

CAN
B in d in g  s treng th  
(g /cm 2 ) 6 8 .6 6 9 .5 7 0 .8
C o o k  y ie ld  (%) 7 6 .2d 7 5 .1 e 7 4 .7 e
M o is tu re  (%) 67.1 6 6 .3 6 6 .6
F a t (%) 3 .3 3 .7 3 .5

a E a c h  va lu e  is th e  m ean  o f 3 re p lic a te s  averaged over p ro cessing  
te m p e ra tu re s  and  p re co o k in g  tre a tm e n ts , w ith  4  sam p les per 
re p lic a te .

°  M eans o f  th e  sam e lin e  w ith o u t  su p e rsc r ip ts  w ere  n o t s ig n if ic a n t ly  
d if fe re n t .

c  M eans o f th e  sam e lin e  w ith  d iffe re n t  su p e rsc r ip ts  w ere  s ig n if i
c a n t ly  d if fe re n t  (P  <  0 .0 5 ) .

further assurance of proper location, rubber spacer discs center 
drilled by 1.9 cm diameter by 3 mm thick were placed on the ther
mocouple. The heat penetration data was analyzed by the “graph
ical” method of Bigelow et al. (1920).
Binding strength determination

The particle to particle cohesion (binding strength) of the loaves 
and steaks was measured using the Instron Universal Testing Ma
chine (Canton, MA) and a breaking bar and bridge assembly similar 
to that of Pepper and Schmidt (1975). Two slices 1 cm wide were 
cut from each 2 cm thick steak (product from pouches), and two 
slices 1 cm wide were cut from each 5 cm thick loaf (product from 
cans). The 2 cm or 5 cm side was laid flat on the breaking unit 
having a base with a bridge width of 4 cm. The breaking bar traveled 
at a rate of 20 cm/min and the chart at a rate of 2 cm/min. The 
cross-sectional area of the slice was measured at the point where the 
break occurred. The binding strength of the slice was expressed as 
the maximum force per unit cross-sectional (g/cm2).
Cook yield

The ratio of the weight of the seak or loaf after its final cook to 
that before cooking expressed as a percentage was used to indicate 
cook yield.
Chemical analyses

The raw meat mixture and the cooked steaks and loaves were 
analyzed for moisture and fat. Moisture was determined using the 
vacuum oven procedure (AOAC, 1970). Fat was determined by 
extraction with ether (AOAC, 1970).
Statistical analyses

Analysis of variance of the binding strength, cook yield, mois
ture and fat was determined in a split plot design. When F-values 
were significant, Fischer’s Least Significant Difference was used to 
locate differences between treatment means (Snedecor and Cochran,
1967).

RESULTS & DISCUSSION
T H E  E F F E C T  O F  M IX IN G  tr e a tm e n ts  o n  th e  b in d in g  
s t r e n g th  a n d  c o o k  y ie ld  o f  c a n n e d  a n d  p o u c h e d  s e c tio n e d  
a n d  f o rm e d  ro a s t  b e e f  is g iv en  in  T a b le  4 . P r o d u c ts  m ix e d  
in  th e  a b s e n c e  o f  v a c u u m  sh o w e d  a h ig h e r  c o o k  y ie ld  th a n  
p r o d u c ts  m ix e d  in  th e  p re s e n c e  o f  v a c u u m  fo r  e i th e r  le n g th  
o f  t im e . A  p o ss ib le  e x p la n a t io n  f o r  th is  o b s e rv a tio n  is  t h a t  
a ir  v o id s  in  th e  n o n v a c u u m  m ix e d  p r o d u c ts  m a y  r e ta in  
w a te r  re le a s e d  f ro m  th e  p ro te in  m a t r ix .  T h e re  w as n o  e f fe c t  
o f  m ix in g  t r e a tm e n t  o n  th e  b in d in g  s t r e n g th ,  m o is tu r e  o r  
f a t  c o n te n t  o f  th e s e  p ro d u c ts .

T a b le  5 sh o w s  th a t  th e  p o u c h e d  p r o d u c t  e x h ib i t e d  a 
h ig h e r  b in d in g  s t r e n g th  a n d  c o o k  y ie ld  w h e n  p ro c e s s e d  to

T a b le  5 —O vera ll e f f e c t  o f  p r o c e s s in g  te m p e r a tu r e  o n  th e  p h y s ic a l  
a n d  c h e m ic a l  p r o p e r t ie s  o f  s h e l f- s ta b le  s e c t io n e d  a n d  f o r m e d  r o a s t  
beef3-b.c

P ro cess ing  te m p e ra tu re  (°C) 

110 121
Pouch

B in d in g  s treng th  (g /cm 2 ) 8 8 .3 111 .8
C o o k  y ie ld  (%) 6 6 .2 6 7 .8
M o is tu re  (%) 6 3 .8 6 4 .0
F a t (%) 3 .4 2 .9

CAN
B in d in g  streng th  (g /cm 2 ) 66.1 7 3 .2
C o o k  y ie ld  (%) 75 .7 75.1
M o is tu re  (%) 6 6 .8 6 6 .5
F a t (%) 3 .4 3 .6

a E a c h  va lu e  is th e  m ean o f 3 re p lic a te s  averaged  o ve r m ix in g  and  
p re co o k in g  t re a tm e n ts , w ith  6 sam p les p er re p lic a te .

D M eans o f th e  sam e lin e  w ith o u t  a s te r isk s  w e re  n o t s ig n if ic a n t ly  
d if fe re n t .

c M eans o f  th e  sam e lin e  w ith  an a s te r is k  w e re  s ig n if ic a n t ly  d if f e r 
e n t (P  <  0 .0 5 ) .
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a n  F 0 =  6 .0  ( c o m m e rc ia l  s te r i l i ty )  a t  1 2 1 °C  r a th e r  th a n  
H O C .  T h is  see m s  to  in d ic a te  t h a t  a s h o r te r  t im e  o f  e x p o 
su re  a t  h ig h e r  t e m p e ra tu re s  re s u lts  in  a n  im p ro v e d  p ro d u c t .  
T h e  m o is tu re  c o n te n t  w as n o t  s ig n if ic a n tly  a f fe c te d  b y  
th e r m a l  p ro c e ss , b u t  th e  f a t  c o n te n t  w as h ig h e r  in  p o u c h e d  
p r o d u c t  p ro c e s s e d  to  c o m m e rc ia l  s te r i l i ty  a t  1 1 0  C. T h e  
b in d in g  s t r e n g th ,  c o o k  y ie ld , f a t  a n d  m o is tu re  c o n te n t  o f  
th e  c a n n e d  p r o d u c t  w as n o t  s ig n if ic a n tly  a f fe c te d  b y  
p ro c e ss in g  to  c o m m e rc ia l  s te r i l i ty  a t  e i th e r  1 1 0  C o r  121 C. 
T h is  in d ic a te s  th a t ,  in  th e  case  o f  th e  ca n , t im e  o f  e x p o s u re  
a t  121 C as w ell as 1 1 0  C is ex c ess iv e  a n d  th e r e  is  n o  im 
p ro v e m e n t  in  q u a li ty .

R e s u lts  in  ta b le  6 in d ic a te  t h a t  p re c o o k in g  th e  s e c tio n e d  
a n d  fo rm e d  b e e f  to  68 C, c h illin g  i t  t o  4  C, a n d  p ro c e ss in g  
t o  c o m m e rc ia l s te r i l i ty  in  a p o u c h  th e  fo l lo w in g  d a y  a t 
e i th e r  1 1 0 C  o r  121 C, r e s u l te d  in  a p r o d u c t  w ith  a h ig h e r  
b in d in g  s t r e n g th  a n d  lo w e r  c o o k  y ie ld . T h e  p re c o o k e d , 
p o u c h e d  p r o d u c t  a lso  e x h ib i t e d  a h ig h e r  m o is tu re  c o n te n t ,  
b u t  a lo w e r  f a t  c o n te n t .  T h e re  is  so m e  q u e s t io n  as to  
w h e th e r  th e s e  re s u lts  c o u ld  b e  th e  sa m e  i f  th e  b e e f  s te a k  
h a s  b e e n  p re c o o k e d  to  68 C in s id e  r a th e r  th a n  o u ts id e  th e  
p o u c h . P r o d u c t  in  th e  th in ly  p ro f i le d  p o u c h  w o u ld  h av e  
c o o k e d  f a s te r  th a n  p r o d u c t  p ro c e s s e d  in  a 10.2 cm  d ia m e te r  
casin g . T h e  s h o r te r  c o o k in g  t im e  in  th e  p o u c h  w o u ld  p r o b 
a b ly  p ro d u c e  a h ig h e r  q u a l i ty  p ro d u c t .  P re c o o k in g  to  68°C  
in  a  sea led  c a n  a n d  th e n  p ro c e ss in g  t o  c o m m e rc ia l  s te r i l i ty  
a t  e i th e r  1 1 0  C o r  121 C d id  n o t  s ig n if ic a n tly  in f lu e n c e  th e  
b in d in g  s t r e n g th , c o o k  y ie ld ,  m o is tu r e  o r  f a t  c o n te n t  o f  th e  
c a n n e d  p ro d u c t .  I t  w as  h o p e d  th a t  p re c o o k in g  a n d  ch illin g  
w o u ld  s ta b iliz e  th e  c a n n e d  p r o d u c ts  to w a r d s  f u r th e r  p ro c 
essing , b u t  th is  d id  n o t  o c c u r . A  f u r th e r  s tu d y  is n e e d e d  to  
e v a lu a te  w h a t  e f f e c t  p re c o o k in g  a n d  im m e d ia te  p ro c e ss in g  
to  c o m m e rc ia l s te r i l i ty  w o u ld  h a v e  o n  th e  q u a l i ty  o f  sh e lf- 
s ta b le  b e e f. T h e  h ig h e r  in i t ia l  t e m p e ra tu re  w o u ld  r e s u lt  in  
a s h o r te r  p ro c e s s  t im e  a n d  a n  im p r o v e m e n t  in  p r o d u c t  
q u a li ty .

T a b le  7 sh o w s , c o n s id e r in g  all t r e a tm e n ts ,  th e  p o u c h e d  
p r o d u c t  e x h ib i te d  a h ig h e r  b in d in g  s t r e n g th ,  b u t  a lo w e r  
c o o k  y ie ld , f a t  a n d  m o is tu r e  c o n te n t  th a n  th e  c a n n e d  p r o d 
u c t .  S in ce  th e  p o u c h  h a s  a  th in n e r  p ro f i le  t h a n  th e  c a n , i t  
ta k e s  less t im e  to  r e a c h  c o m m e rc ia l s te r i l i ty ,  p ro d u c in g  an  
im p r o v e m e n t  in  b in d in g  s tr e n g th . T h e  lo w e r  c o o k  y ie ld  c a n  
b e  e x p la in e d  b y  th e  f a c t  t h a t  p r o d u c t  in  th e  th in ly  p ro f i le d  
p o u c h  h a s  a la rg e r  s u r fa c e  a re a  a n d  sm a lle r  v o lu m e  re la t iv e  
to  th e  c a n n e d  p ro d u c t .  T h is  la rg e  r a t io  o f  s u r fa c e  a re a  to  
v o lu m e  w o u ld  m in im iz e  th e  e n t r a p m e n t  o f  f a t  a n d  w a te r  
w ith in  th e  p r o d u c t  a n d  m a x im iz e  re lea se  o f  th e s e  su b 
s ta n ces .

CONCLUSIONS
T H E  F O L L O W IN G  C O N C L U S IO N S  c a n  b e  d ra w n  f ro m  
th is  s tu d y :

( 1) v a c u u m  m ix in g  o f  c a n n e d  a n d  p o u c h e d  p r o d u c t  
r e s u lte d  in  a lo w e r  c o o k  y ie ld  a n d  n o  s ig n if ic a n t e n h a n c e 
m e n t  o f  b in d in g .

( 2) p ro c e s s in g  p o u c h e d  p r o d u c t  to  c o m m e rc ia l s te r i l i ty  
a t  121 C as o p p o s e d  to  1 1 0  C r e s u l te d  in  an  in c re a s e d  
b in d in g  s t r e n g th  a n d  c o o k  y ie ld .

(3 )  p ro c e ss in g  te m p e ra tu re  u se d  d id  n o t  s ig n if ic a n tly  
in f lu e n c e  th e  b in d in g  s t r e n g th  a n d  c o o k  y ie ld  o f  th e  c a n n e d  
p ro d u c t .

(4 )  p re c o o k in g  th e  p o u c h e d  p r o d u c t  r e s u lte d  in  a h ig h e r  
b in d in g  s t r e n g th , b u t  a lo w e r  c o o k  y ie ld .

( 5 )  p re c o o k in g  h a d  n o  s ig n if ic a n t in f lu e n c e  o n  th e  b in d 
in g  s t r e n g th  a n d  c o o k  y ie ld  o f  th e  c a n n e d  p ro d u c t .

T h is  s tu d y  su g g es ts  t h a t  in  sh e lf-s ta b le  m e a t  p ro d u c ts ,  
c h a n g e s  in d u c e d  b y  th e r m a l  p ro c e s s in g  d o m in a te  a n y  e f 
f e c ts  w h ic h  m a y  b e  d u e  to  v a c u u m  p r e t r e a tm e n t .  H o w e v e r, 
th e r e  m a y  b e  b e n e f i ts  g a in e d  f ro m  v a c u u m  p ro c e ss in g  
w h ic h  a re  b e y o n d  th e  sc o p e  o f  th is  s tu d y .

Table 6 —Overall e ffec t o f  precooking on the physical and chemical 
properties o f  shelf-stable sectioned and form ed roast beefa,b’c

P re co o k in g  tre a tm e n t

R a w P re co o ke d

Pouch
B in d in g  s tren g th  (g /cm 2 ) 91.9 108.2*
C o o k  y ie ld  (% ) 67.9 66.1 *
M o istu re  (% ) 63.6 64 .2*
F a t  (% ) 3.3 3.0*

CAN
B in d in g  stren g th  (g /cm 2 ) 68.4 70.9
C o o k  y ie ld  (% ) 75.2 75.5
M o istu re  (% ) 66.6 66.8
F a t  (%) 3.5 3.5

a E a c h  va lu e  is th e  m ean o f  3 re p lic a te s  averaged  o ve r p ro cessing
.t e m p e r a t u r e  and m ix in g  tre a tm e n ts , w ith  6 sam p les per re p lic a te .

M eans o f th e  sam e lin e w ith o u t  a s te r isk s w e re  n o t s ig n if ic a n t ly
d iffe re n t .
M eans o f th e  sam e lin e  w ith  an a s te r isk  w e re  s ig n if ic a n t ly  d iffe re n t
(P  < 0 .0 5 ) .

T a b le  7 —O v e ra ll e f f e c t  o f  c o n ta in e r  o n  th e  p h y s ic a l  a n d  c h e m ic a l  
p r o p e r t ie s  o f  sh e lf-s ta b le  s e c t io n e d  a n d  f o r m e d  ro a s t  b e e F ' b

C o n ta in e r

P o uch Can

B in d in g  stren g th  (g /cm 2 ) 100.0 69.7*
C o o k  y ie ld  (%) 67.0 75.3*
M o istu re  (%) 63.9 66 .7*
F a t  (% ) 3.1 3 .5*

a E a c h  va lu e  is th e  m ean o f  3 re p lic a te s  averaged  o ve r p ro cessing  
te m p e ra tu re s , m ix in g  and  p re co o k in g  t re a tm e n ts , w ith  12  sam p les 
per re p lic a te .

b  M eans o f th e  sam e lin e  w ith  an a s te r is k  w e re  s ig n if ic a n t ly  d if fe r 
ent (P  <  0 .0 5 ) .
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W a t e r - H o l d i n g  C a p a c i t y  a n d  T e x t u r a l  A c c e p t a b i l i t y  
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----------------------------ABSTRACT-----------------------------
Precooked, frozen omelets were analyzed for moisture loss, expres
sible moisture, shear force, and sensory evaluation to determine 
water-holding capacity and textural acceptability. Addition of 0.1% 
xanthan gum, application of moist heat in cooking, and cryogenic 
freezing with liquid carbon dioxide or nitrogen minimized moisture 
loss and shear force. Sodium carboxymethylcellulose (CMC), pre
gelatinized tapioca starch and sodium tripolyphosphate additives 
performed satisfactorily, but omelets containing xanthan gum were 
consistently rated highest in sensory evaluation of several treatments, 
including fresh and untreated control omelets. Steaming omelets 
for five minutes combined with cryogenic freezing produced a desir
able omelet, requiring no additives. Steamed omelets were rated 
comparable to baked omelets in most sensory parameters.

INTRODUCTION
P R E C O O K E D , F R O Z E N  O M E L E T  p r o d u c ts  h av e  r e c e n tly  
g a in e d  th e  in te r e s t  o f  th e  f a s t- fo o d  t r a d e  as h ig h ly  n u t r i t i 
o u s , c o n v e n ie n t ,  f o o d  ite m s . L im ita t io n s  to  w id e sp re a d  
in s t i tu t io n a l  a n d  c o m m e rc ia l u se  in v o lv e  m a in ly  te x tu ra l  
p ro b le m s , re s u lt in g  in  th e  lo ss  o f  w a te r -h o ld in g  c a p a c i ty  as 
w e e p a g e  o r  sy n e re s is  o c c u rs  a f te r  tw o  h e a tin g  p ro c e sse s  a n d  
f ree z in g .

T h e  t e x tu r e  o f  a d e s ira b le  o m e le t  is d e p e n d e n t  u p o n  th e  
f o r m a t io n  o f  a s ta b le  th re e -d im e n s io n a l  gel s t r u c tu r e  e n 
tr a p p in g  w a te r . G e la t io n  r e s u lts  f ro m  h e a t  a p p l ic a t io n  to  
th e  n a tiv e  egg p ro te in s  w h ic h  a re  s u b s e q u e n t ly  d e n a tu re d ,  
p ro d u c in g  lo n g  c h a in  m o le c u le s  o f  p r o te in  w h ic h  a re  n o  
lo n g e r  in  th e i r  n a tiv e  h e lic a l c o n f o rm a t io n  (G o ld in g , 1 9 6 3 ). 
S e g m e n ts  o f  th e  m o le c u le s  a ss o c ia te  to  fo rm  a th re e -d i
m e n s io n a l  n e tw o r k  h e ld  to g e th e r  b y  th e  c o r r e c t  b a la n c e  o f  
a t t r a c t iv e  a n d  re p u ls iv e  fo rc e s  ( F e r ry ,  1 9 4 8 ) . T h e  f o r m a t io n  
o f  c ro ss lin k s  in c re a se s  th e  r ig id i ty  o f  th e  gel a n d  th e  a m o u n t  
o f  f re e  a n d  b o u n d  w a te r  in  th e  gel (G o ld in g , 1 9 6 3 ). P h y s i
ca l f a c to r s  su c h  as f re e z in g  a n d  re h e a tin g  m a y  a l te r  th e  p r o 
te in  g e l b y  d is ru p t io n  a n d  re a s s o c ia t io n  o f  th e  n e c e ssa ry  
a t t r a c t iv e  fo rc e s . A s th e  gel s t r u c tu r e  is a l te r e d , w a te r  m a y  
b e  f re e d  f ro m  w ith in  th e  p ro te in  n e tw o r k ,  re s u lt in g  in  a 
m o re  a s s o c ia te d , le ss  te n d e r  t e x tu r e  a f te r  f re e z in g  a n d  re 
h e a tin g .

T a b o rs k y  ( 1 9 7 0 )  d id  e x te n s iv e  re s e a rc h  o f  th e  f re e z in g  
a n d  th a w in g  e f fe c ts  o n  th e  c o n f o rm a t io n  o f  p h o s v itin , 
a n  egg y o lk  p ro te in .  U p o n  su p p re s s io n  o f  io n iz a t io n  o f  its  
p h o s p h o m o n e s te r  g ro u p s , p h o s v i t in ’s c o n f o rm a t io n  c h a n g e d  
f ro m  a d is o rd e re d  c o m p le x  to  a h ig h ly  o rd e re d , b e ta -  
p le a te d ,  p ro te in  la y e r . T h is  m a y  a c c o u n t  fo r  a n u m b e r  o f  
p r o t e in  d e n a tu ra t io n s  a n d  s u b s e q u e n tly  r e s t r ic t  p ro te in -  
w a te r  in te r a c t io n s  in  th e  f ro z e n  egg gel s t r u c tu r e .  D o w e ll 
e t  a l. ( 1 9 6 2 )  fo u n d  th a t  ra p id  f re e z in g  r a te s  m in im iz e d  ice  
c ry s ta l  g ro w th  a n d  f o r m a t io n  an d , th e r e f o re ,  c e llu la r  
r u p tu r e .

A d d itiv e s  w h ic h  m a y  in c re a se  th e  w a te r -h o ld in g  cap a-

Authors O'Brien and Baker are affiliated with the Dept, o f  Poultry 
and Avian Sciences and Authors H ood and L iboff are affiliated with  
the Dept, and Institute o f  F ood Science, Cornell Univ., Ithaca, N Y  
1 4 8 5 3 .

c i ty  o f  f ro z e n , re h e a te d  o m e le ts  in c lu d e  m o d if ie d  s ta rc h e s , 
g u m s, a n d  p o ly p h o s p h a te s .  T h e  c o llo id a l p ro p e r t i e s  a n d  
p o ly m e r ic  m o le c u la r  w e ig h t o f  g u m s  r e s u lt  in  th e i r  w a te r 
b in d in g  c a p a c i ty ,  f re e z in g  r a te  a l te r a t io n ,  a n d  m o d if ic a t io n  
o f  ice  c ry s ta l  size (D in z is  e t  a l., 1 9 7 0 )  th r o u g h  c o n f o rm a 
tio n a l  ch a n g e . X a n th a n  g u m  c o n s is ts  o f  o rd e re d  h e lic e s  
w h ic h  u n w in d  in to  r a n d o m  co ils , in c re a s in g  e f fe c tiv e  h y d ro -  
d y n a m ic  v o lu m e  a n d  v isc o s ity  (R e e s , 1 9 7 2 ). S h e m w e ll a n d  
S ta d e lm a n  ( 1 9 7 6 )  d e m o n s tr a te d  t h a t  b e n e fic ia l  e f fe c ts  o f  
a d d in g  1% s o d iu m  c a rb o x y m e th y lc e l lu lo s e  (C M C ) to  re d u c e  
w e e p a g e  o f  f ro z e n , b a k e d  sp in a c h  s o u ff le ;  b u t  f o u n d  th a t  
ra p id  f re e z in g  w ith  l iq u id  n i t ro g e n  o r  d ic h lo ro d if lu o ro -  
m e th a n e  ( F r e o n  12) d id  n o t  re d u c e  w e e p a g e  m o re  th a n  
c o n v e n t io n a l  free z in g .

U p o n  h e a t  a p p l ic a t io n , n a tiv e  s ta rc h  m o le c u le s  im b ib e  
w a te r , fo rm in g  a th re e -d im e n s io n a l  gel s t r u c tu r e .  D e p e n d in g  
o n  th e  te m p e ra tu re ,  a n d  size  a n d  sh a p e  o f  th e  s ta rc h  m o le 
cu le s , r é t r o g r a d a t io n  m a y  o c c u r  (O s m a n , 1 9 7 2 ) . R é tro g ra 
d a t io n  is th e  p ro g ress iv e  a s s o c ia t io n  o f  th e  gel s t r u c tu r e  to  a 
m o re  o rd e r ly ,  p a r t ia l ly  c ry s ta l l in e  s ta te ,  r e s u lt in g  in  s y n e re 
sis. I n c o rp o r a t io n  o f  a c e ty l  o r  h y d r o x y p r o p y l  g ro u p s  in  a 
c ro ss - lin k in g  p ro c e ss  p re v e n ts  r é t r o g r a d a t io n  d u r in g  th e  
f re e z e - th a w  c y c le  ( G re e n w o o d , 1 9 7 6 ).

C a lc iu m -re d u c e d  sk im  m ilk  (C R S M ) h a s  b e e n  d e v e lo p e d  
f o r  u se  in  sau sag e  m a n u f a c tu re ,  to  p ro m o te  w a te r  b in d in g  
in  th e  e m u ls io n , in c re a s in g  th e  ju ic in e s s  o f  th e  p r o d u c t  
(W e s te rn  D a iry  P ro d u c ts ,  1 9 6 2 ).

P o ly p h o s p h a te s  a re  u se d  e x te n s iv e ly  in  m e a t ,  p o u l t r y ,  
a n d  f ish  p r o d u c ts  to  in c re a se  w a te r-h o ld in g  c a p a c i ty  a n d  
c o n t r o l  “ d r ip ”  loss. In  m u sc le  p ro te in s ,  p o ly p h o s p h a te s  
p ro m o te  th e  c o m p le te  h y d ra t io n  o f  p ro te in s  th r o u g h  th e i r  
a b il i ty  to  ca u se  d is s o c ia tio n  o f  th e  a c to m y o s in  c o m p le x  
a n d  p a r t ia l ly  c o m p le x  d iv a le n t c a t io n s  (E ll in g e r , 1 9 7 2 ).

T h e  fo llo w in g  e x p e r im e n ts  w e re  d e s ig n e d  to  e v a lu a te  th e  
e f fe c ts  o f  h e a t  a p p lic a t io n  in  c o o k in g , f re e z in g  r a te ,  a n d  th e  
u se  o f  a d d it iv e s  su c h  as s ta rc h e s , g u m s, a n d  p o ly p h o s p h a te s  
o n  th e  w a te r -h o ld in g  c a p a c i ty  a n d  te x tu r a l  a c c e p ta b i l i ty  o f  
p re c o o k e d , f ro z e n  o m e le ts .

EXPERIMENTAL
Experiment A

Several starches and gums were initially tested to determine their 
effect on the water-holding capacity and texture of omelets. They 
included pregelatinized tapioca starch (1.0%), modified waxy maize 
starch (1.0%), modified tapioca starch (1.0%), pregelatinized potato 
starch (1.0%), xanthan gum (0.1%), sodium carboxymethylcellu
lose (0.1%), and karaya gum (0.1%).

Three omelet formulations were prepared: (1) omelet with no 
additives, (2) omelet with modified starch, and (3) omelet with gum 
solution. The ingredients included 76.5-77.4% whole egg (382.5 — 
387.Og), 20% water (100g), 2% nonfat dry milk (10g), 0.5% sodium 
chloride (2.5g), and 1% starch (5.0g) or 0.1-0.2% gum (0 .5 -1 .Og).

Preparation of omelets containing starch and omelets with no 
additives consisted of blending the eggs and water a few seconds 
(Waring Blendor, model 11-183; speed two) with subsequent addi
tion of the combined dry ingredients to the blender vortex. Blend
ing time totaled 2 0 -6 0  sec. In preparing omelets with added gum, a 
slurry of 0 .5-1.0g gum and 2.0-3.5g vegetable oil was dispersed 
in 100g water, blending 7 -1 0  min on speed two to insure hydration 
of the gum. The eggs and combined dry ingredients were subse
quently added as above, blending an additional 2 0 -6 0  sec.

412-Volum e 47 ( 1982)—J0 U R N A L  OF FOOD SC IEN C E



For baking, nine aliquots of each formulation, 50g each, were 
poured into 7.6 cm circular tins presprayed with Pam release agent. 
The samples were baked at 177°C for 12 min. The omelets were 
cooled 10-20  min, refrigerated, and frozen within a few hours by
(1) conventional freezing methods, (2) partial immersion in liquid 
Freon 12, or (3) contact with sprayed liquid carbon dioxide or 
liquid nitrogen. Conventional methods involved packaging three 
omelets per polyethylene bag and freezing at -15°C  still air, -23°C  
still air, and -23°C  forced air. Cryogenic methods involved immers
ing one side of the omelet in liquid Freon 12 for 5 -7  min until 
nucleate boiling ceased, repeating on the opposite side. Liquid 
carbon dioxide and liquid nitrogen were sprayed under pressure into 
an insulated freezing chamber where three omelets were suspended 
in a wire mesh support.

Product evaluation included moisture loss and expressible mois
ture determinations, and shear force measurements. The omelets 
were reheated in aluminum containers with 11 cm Whatman #42 
filter paper beneath, and Whatman #52 paper above the sample; 
the complete assembly tightly covered with foil, heated at 177°C 
for 17-20  min, and cooled for 10 min. Weighing of the container 
assembly, with and without sample, before and after reheating, 
determined moisture loss.

Expressible moisture, or the amount of water released upon 
application of a physical force, was determined by centrifugation in 
a Sorvall RC2-B centrifuge using a SS-34 head. Triplicate samples of
1.5 —2.5g were placed in filter paper cones, three outer 4 cm What
man #3 papers and one inner 7.5 cm Whatman #50, and centrifuged 
at 8000 revolutions per min. The weight difference of the cones be
fore and after centrifugation, divided by the total moisture contents, 
as determined in a Boekel 2000 watt drying oven, was used as a 
measure of expressible moisture.

An Allo-Kramer Shear Press (model S2HE) and Varian strip 
chart recorder (model G-11A) were used at 2% of scale to deter
mine pounds force per gram sample required to shear the reheated 
and cooled omelets.

For sensory evaluation, 12.5g portions were served immediately 
after reheating to a trained panel of 8 to 12 members. They scored 
intensity of color, texture, tenderness, flavor, and overall desirabil
ity on a scale from 1 (poor quality) to 9 (excellent quality), except 
for tenderness whose optimum rating was 5, with 1 = too tough and 
9 = too tender.
Experiment B

The same formulations and procedures were followed as in 
Experiment A except for the substitution of 2% CRSM for NFDM 
in the formulation of selected omelet treatments. Starch and gum 
additions were limited to pregelatinized tapioca starch and xanthan 
gum. Moisture loss and texture evaluations were done as described 
above, with the exception of moisture loss comparisons between 
frozen and refrigerated omelets. In that comparison only frozen 
omelets were reheated, while refrigerated omelets were held at 2°C 
without reheating.

Sensory evaluation involved five treatments: (1) fresh, unfrozen 
control, (2) xanthan gum, (3) pregelatinized tapioca starch, (4) 
xanthan gum plus 2% CRSM, and (5) pregelatinized tapioca starch 
plus 2% CRSM. The samples were frozen with liquid carbon dioxide. 
Scoring was done in three replicated sessions. Analyses of variances 
were computed and least significant differences among treatments 
determined.
Experiment C

The effects of several polyphosphates on water-holding capacity 
of omelets were evaluated. Sodium tripolyphosphate, sodium 
hexametaphosphate, and Kena (a patented product combining 90% 
sodium tripolyphosphate and 10% sodium hexametaphosphate) 
were added at 0.5% by weight to omelet formulations, using the 
same procedures as described for modified starch and gum additions. 
Sensory evaluation consisted of six comparisons: 1) fresh -  un
frozen control, 2) frozen control, 3) xanthan gum -  frozen, 4) pre
gelatinized tapioca starch -  frozen, 5) sodium tripolyphosphate -  
frozen, and 6) sodium hexametaphosphate -  frozen. pH of the raw 
and baked polyphosphate omelets was monitored over a 21 day 
period with a Metrohm/Brinkman 103 pH Meter.

top, containing a few inches of water generating steam. Cooling, 
packaging, and freezing were as described previously.
Experiment E

Omelet ultrastructure was analyzed with scanning electron 
microscopy. Frozen omelets were prepared by freeze drying and 
then broken into pieces to expose interior regions. Pieces were 
mounted on stubs coated with silver paint. Stubs were placed in a 
direct current diode sputtering device and coated with gold/palla- 
dium for 2 -3  min. Materials were examined with an AMR-1000 
and micrographs were taken at 20 K.V.

RESULTS & DISCUSSION
T H E  R E S U L T S  o f  E x p e r im e n t  A  a re  s u m m a riz e d  in  
T a b le s  1 a n d  2. N o n e  o f  th e  s ta rc h  a d d it iv e s  c o n s is te n t ly  
m in im iz e d  m o is tu re  lo ss  in  p re d ic ta b le  t r e n d s ;  h o w e v e r ,

T a b le  1—P e r c e n t  m o is tu re  lo ss  o f  f ro z e n , r e h e a te d  o m e le t s  fo r m u 

la te d  w ith  m o d i f ie d  s ta rc h e s  a n d  g u m s

Moisture Loss (% by wt)

- 1 5 ° C  - 2 3 °  C - 2 3 °  C
Addition Still air Still air Forced air

Pregelatinized 
tapioca starch 

Modified waxy 
maize starch 

Modified tapioca 
starch

Pregelatinized 
waxy maize starch 

Modified potato 
starch

Pregelatinized 
potato starch 

Xanthan gum 
Na Carboxymethyl- 

cellulose 
Karaya gum 
No addition

5.3 ± 0 .58ab*

4.7  ± 0 .50ab

5.5 ± 0 .23abc

5.9 ± 0 .6 1 bcd

6.9  ± 0 .87d

4.5  ± 0 .79ae
3.3 ± 0 .06e
6.7
4.3 ± 1.13ae
6.7 ± 0 .35cd 
7.1 ± 0 .9 6 d

4.1 ± 1.66ab

4.1 ± 0 .96abc 

2.4 ± 1 ,07a

4.2  ± 1.11abc

3.2  ± 0 .10ab

4.0  ± 0 .96ab 
2.6 ± 0 .50a

5.0 ± 0 .2 3 bc
7.0 ± 1.04d
6.0 ± 0 .62cd

3.4 ± 1.37abc 

3.6 ± 1 ,63bc

3.9 ± 1 ,30c

3.5 ± 0 .8 7 bc

2.9 ± 0 .95abcd

1.9 ± 0 .66abd
1.2 ± 0 .64d

1.3 ± 0 .2 5 d
1.5 ± 0 .53ad
3.9  ± 1.25c

*  T re a tm e n t m ean and s ta n d a rd  e r ro r  o f  va lues e va lu a ted  in  t r ip l ic a te .  
a ,b ,c ,d , and  e d i f f e r  s ig n if ic a n t ly  (P < 0 .0 5 )

T a b le  2 —S h e a r  fo r c e  va lu es o f  f r o z e n , r e h e a te d  o m e le ts  fo rm u la te d  
w ith  m o d i f ie d  s ta rc h e s  a n d  g u m s

Shear force (Ib/g sample)

Addition
—15 °C  
Still air

- 2 3 °  C 
Still air

- 2 3 °  C  
Forced air

Pregelatinized 
tapioca starch 0.86 ± 0 .40a* 1.03 + 0 .20ab 0.55 ± 0.00a

Modified waxy 
maize starch 1.17 ± 0 .13b 1.21 ± 0.11 b 1.02 ± 0.02b

Modified tapioca 
starch 1.32 ± 0 .00b** 1.05 + 0 .01ab 0.99 ± 0.01b

Pregelatinized 
w axy maize starch 1.29 ± 0 .06b 0.85 ± 0 .08ac 0.88 ± 0 .05c

Modified potato 
starch 1.32 ± 0 .00b ** 1.14 ± 0 .1 6 b 1.21 ± 0.01d

Pregelatinized 
potato starch 1.22 ± 0.10b 1.05 + 0 .01ab 0.95 ± 0 .06e

Xanthan gum 1.08 ± 0 .05ab 0.75 ± 0 .1 2C 0.99 ± 0 .0 3 b
Na Carboxymethyl- 

cellulose 1.25 ± 0 .07b 1.02 ± 0 .08ab 1.08 ± 0.05*
Karaya gum 1.32 ± 0 .00b** 0.65 ± 0 .3 1 ° 1.00 ± 0.01b
No addition 1.32 ± 0 .0 0 b** 1.05 ± 0 .04ab 1.23 ± 0 .03d

Experiment D
Steaming as a means of moist heat application was evaluated. 

Raw omelets were held for 5 min, within a covered kettle on stove-

T re a tm e n t m ean and  s ta n d a rd  e r ro r  o f  va lues e va lu a ted  in  t r i p l i 
ca te . a, b , c, d , e and  f  d i f f e r  s ig n if ic a n t ly  (P < 0 .0 5 )

* *  In d ica te s  a shear fo rc e  g rea te r th a n  re co rd e d  b y  th e  chosen 
range, 2%  o f  scale.
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T a b le  3 —P e r c e n t  m o is tu re  lo ss  a n d  sh e a r  fo r c e  v a lu es  o f  f ro z e n  re h e a te d  o m e le ts  a n d  o m e le ts  h e ld  in  re fr ig e ra te d  s to ra g e  ( 2 ° C )

Addition
- 2 3 °  C  

Forced air Freon 12 Liquid C 0 2 Liquid N Refrigerated

Moisture Loss (% by weight)
Xanthan gum 3.3 ± 0.79 2.5 ± 0 .99 2.4 ± 0 .38 1.75 ± 0.54 3.0 ± 0 .4 6
Xanthan gum plus 2% CRSM 3.2 ± 1.13 4.6  ± 1 .08 2.3 ± 0.89 2.9 ±0.81 2.7 ± 0.26
Pregelatinized tapioca starch 3.8 ± 0.47 2.8 ± 1.02 2.2 ± 0 .84 2.5 ± 0.44 3.6 ± 0 .4 0
Pregelatinized tapioca starch 

plus 2% CRSM 5.2 ±0.21 2.6 ± 0 .32 3.0 ± 1 .35 3.2 ±0.61 N/A

Shear Force (Ib/g sample)
Xanthan gum 0.99 ± 0 .1 1* 0.95 ± 0.16 0.98 ± 0.17 0.74 ± 0.05 0.80 ± 0.04
Xanthan gum plus 2% CRSM 0.85 ± 0.18 1.25 ± 0.08 0.86 ± 0.11 0.86 ± 0.08 0.87 ± 0.08
Pregelatinized tapioca starch 0.70 ± 0.11 1.10 ± 0.00 1.05 ± 0.10 0.61 ± 0.03 0.63 ± 0.09
Pregelatinized tapioca starch 

plus 2% CRSM 0.87 ± 0.16 1.22 ± 0.09 1.14 ± 0.14 0.66 ± 0.09 N/A

*  T re a tm e n t m ean and  s ta n d a rd  e rro r  o f  va lues e va lu a te d  in  tr ip l ic a te .  
N /A  - n o t a va ila b le , sam ple  d e s tro ye d .

T a b le  4 —S e n s o r y  e v a lu a tio n  o f  l iq u id  C O 2 f ro z e n , r e h e a te d  o m e le ts  
p re p a re d  w ith  m o d i f ie d  s ta rc h , g u m  a n d / o r  C R S M  *

Sensory parameter**

Addition
Overall

desirability Color Texture Tenderness Flavor

Xanthan gum 7.08a 7.56a 7 .1 1a 5.07a 7.37a
Xanthan gum 

plus 1% CRSM
5.88b 7.12a 6.22b 5.48a 5 .96b

Pregelatinized 
tapioca starch

6 .1 9b 6 .96b 6 .0 7 b 4 .7 0 b 6 .4 8 b

Pregelatinized 
tapioca starch 
plus 1% CRSM

6 .3 5 b 6.88b 5 .85b 4 .7 8 b 6 .8 5 b

No addition, 
not frozen

6 .0 4 b 6 .0 7 b 5 .56b 5.96a 6 .5 2 b

* T h e  tre a tm e n t m eans g iven are fro m  th re e  re p lic a te d  sessions of 
n in e  p a n e lis ts , a and b d iffe r  s ig n if ic a n t ly  (P  <  0 .0 5 ) .

*  *  A l l  se n so ry  p aram ete rs  w ere  sco red  on an in te n s ity  sca le  o f 1 
th ro u gh  9 , w ith  9 o p t im u m ; e x c e p t  fo r  ten d e rn ess  w h e re  5 = 
o p tim u m  and 9 = to o  ten d e r and 1 = to o  to u g h .

m o s t  d id  le ssen  m o is tu re  lo ss  as c o m p a re d  to  th e  n o  a d d i
t io n  t r e a tm e n t .  H y d ro c o llo id  a d d it iv e s  w e re  m o re  e f fe c tiv e  
a n d  c o n s is te n t  in  d e c re a s in g  m o is tu re  lo ss  as i l lu s t ra te d  b y  
th e  s ig n if ic a n t d if fe re n c e s  in  T a b le  1. In  g e n e ra l, f re e z in g  
e f fe c ts  o n  m o is tu re  lo ss  w ere  o f  g re a te r  m a g n itu d e  a n d  
m o re  c o n s is te n t  th a n  a d d it iv e  e f fe c ts ,  w i th  th e  e x c e p t io n  o f  
t h e  x a n th a n  g u m  a d d it iv e .

P re g e la tin iz e d  ta p io c a  s ta rc h  a n d  x a n th a n  g u m  p e r
f o rm e d  m o s t  s a t is fa c to r i ly  in  m in im iz in g  s h e a r  fo rc e  (T a b le
2 ). P re l im in a ry  se n so ry  e v a lu a tio n  c o r re la te d  w ell w ith  
th e s e  f in d in g s , as x a n th a n  g u m  a n d  p re g e la tin iz e d  ta p io c a  
s ta rc h -c o n ta in in g  o m e le ts  w ere  r a te d  h ig h e s t as c o m p a re d  
to  a f re s h ly  b a k e d  c o n t r o l  o m e le t. X a n th a n  g u m  w as s e le c te d  
f o r  s u b s e q u e n t te s t in g  as a re s u lt  o f  i ts  p e r fo r m a n c e  in  
m o is tu r e  lo ss  d e te rm in a t io n s  a n d  se n s o ry  e v a lu a tio n . P re 
g e la tin iz e d  ta p io c a  s ta rc h  w as s e le c te d  o n  th e  basis o f  p re 
l im in a ry  s h e a r  fo rc e  v a lu e s  a n d  se n s o ry  e v a lu a tio n .

E x p e r im e n t  B is s u m m a riz e d  in  T a b le s  3 a n d  4 . R a p id  
f re e z in g  w ith  c ry o g e n ic s  re s u lte d  in  s u b s ta n t ia l ly  le ss  m o is 
tu r e  lo ss  a n d  lo w e r  sh e a r  v a lu e s , p ro d u c in g  a m o re  te n d e r  
p r o d u c t  th a n  c o u ld  b e  ac h ie v e d  w ith  c o n v e n t io n a l  f re e z in g . 
C R S M  a p p a re n t ly  in c re a s e d  m o is tu re  lo ss , as m u c h  as tw ic e  
th e  c o n t r o l  v a lu e , in  c o n v e n t io n a lly  f ro z e n  o m e le ts  w ith  a 
s lig h t in c re a se  in  s h e a r  fo rc e . A d d in g  p re g e la t in iz e d  ta p io c a  
s ta rc h  a n d  x a n th a n  g u m  im p ro v e d  w a te r -h o ld in g  c a p a c i ty  
a n d  te n d e rn e s s  o f  th e  C R S M  o m e le ts .

T a b le  3 c o m p a re s  u n f r o z e n ,  r e f r ig e ra te d  o m le ts  h e ld  
a t  2 C w ith  c o n v e n t io n a l ly  a n d  c ry o g e n ic a lly  f ro z e n  o m e 

le ts . U p o n  r e h e a tin g , th e  r a p id ly  f ro z e n  o m e le ts  d e m o n 
s t r a te d  u p  to  1 .25%  le ss  m o is tu re  lo ss  as s h o w n  b y  th e  
l iq u id  n i tro g e n  f re e z in g  t r e a tm e n t .  B u t  f re e z in g  re s u lte d  
in  a to u g h e r  p ro d u c t ,  as i l lu s t r a te d  b y  sh e a r  fo rc e  v a lu e s . 
T h e  o m e le ts  c o n ta in in g  x a n th a n  g u m  re s u lte d  in  th e  le a s t 
m o is tu re  lo ss, b u t  th e  m o s t  t e n d e r  p r o d u c t  w as p ro d u c e d  
b y  a d d i t io n  o f  p re g e la tin iz e d  ta p io c a  s ta rc h , as d e te rm in e d  
f ro m  s h e a r  fo rc e  v a lu es .

A s i l lu s t ra te d  b y  th e  p re v io u s  r e s u lts , th e  a d d i t io n  o f  
C R S M  h a s  n o  c o n s is te n t  b e n e fic ia l  e f fe c ts  o n  w a te r -h o ld in g  
c a p a c i ty .  T h is  m a y  b e  a re s u lt  o f  C R S M ’s in te n d e d  u se  as a 
m o is tu re  b in d in g  a g e n t in  e m u ls if ie d , c o m m in u te d  m e a t  
p ro d u c ts ,  su c h  as sau sag e  (W e s te rn  D a iry  P r o d u c ts ,  1 9 6 2 ) . 
I t s  a p p a re n t  f u n c t io n  in  th e s e  p r o d u c ts  is to  d is r u p t  th e  
c a lc iu m -p ro te in  m ic e lla r  in te r a c t io n s  p re s e n t  in  m ilk , re 
le as in g  th e  p ro te in s  f o r  s o lu b il iz a t io n  a n d  s u b s e q u e n t  b in d 
ing  o f  f re e  w a te r  in  th e  sy s te m . B u t, b e c a u se  a n  o m e le t  is 
n o t  an  e m u ls io n , th e  C R S M  p ro te in s  a p p a re n t ly  r e a c t  
d if f e r e n t ly  w ith  egg p ro te in s  a n d  f u n c t io n  d if f e r e n t ly  o n  
th e  o m e le ts .

O b v io u s  v a r ia t io n s  a n d  in c o n s is te n c ie s  e x is te d  in  th e  
r e p o r te d  m o is tu re  lo ss  a n d  s h e a r  fo rc e  v a lu e s  o f  E x p e r i 
m e n ts  A  a n d  B. T h e s e  v a r ia t io n s  m a y  h av e  a r ise n  f ro m  d if 
fe re n c e s  in  th e  le n g th  o f  f ro z e n  s to ra g e  tim e . S a m p le s  in  
E x p e r im e n t  A  w e re  h e ld  2 4  h r  in  f ro z e n  s to ra g e , w h ile  
th o s e  in  E x p e r im e n t  B w ere  h e ld  7 —8 d ay s . T h is  m a y  e x 
p la in  w h y  m o is tu re  lo sse s  w e re  lo w e r  in  E x p e r im e n t  A . N o  
a t t e m p t  w as m a d e  to  h o ld  f ro z e n  s to ra g e  t im e  c o n s ta n t  
a m o n g  e x p e r im e n ts ,  u n le s s  th e  re s u lts  w e re  m e a n t  to  be 
c o m p a re d  d ire c t ly .

O th e r  v a r ia b le s  su c h  as sm a ll v a r ia t io n s  in  o v e n  te m p e ra 
tu r e ,  b a k in g  o r  re h e a tin g  t im e s  o r  f ro z e n  s to ra g e  te m p e ra 
tu re s ,  w h ic h  w ere  d if f ic u lt  to  h o ld  e x a c t ly  c o n s ta n t ,  m a y  
h av e  a lso  re s u lte d  in  th e  o b se rv e d  v a r ia t io n  w ith in  d a ta  
f ro m  d if f e r e n t  e x p e r im e n ts .

S e n s o ry  e v a lu a tio n  d a ta  (T a b le  4 )  sh o w e d  x a n th a n  g u m - 
c o n ta in in g  o m e le ts  to  b e  c o n s is te n t ly  h ig h e s t in  o v e ra ll 
d e s i ra b i li ty . T h e y  d if fe re d  s ig n if ic a n tly  f ro m  o th e r  t r e a t 
m e n ts  in  c o lo r , t e x tu r e ,  f la v o r, a n d  o v e ra ll d e s i ra b i l i ty ;  
in c lu d in g  th e  f re s h ly  b a k e d , u n t r e a te d  c o n t r o l  o m e le t .  
T e n d e rn e s s  w as th e  o n ly  p a r a m e te r  w h e re  th e  fre s h  o m e le t  
d id  n o t  d if fe r  s ig n if ic a n tly  f ro m  th e  o m e le t  w i th  x a n th a n  
g u m .

R e s u lts  o f  E x p e r im e n t  C a re  p re s e n te d  in  T a b le  5 . C o m 
p a r in g  m o is tu re  lo ss  d a ta  (T a b le  5 ) o f  o m e le ts  w i th  p o ly 
p h o s p h a te s  w ith  th o s e  c o n ta in in g  m o d if ie d  s ta rc h  a n d  g u m  
(T a b le  3 ) s h o w e d  th a t  s im ila r  o r  s lig h tly  lo w e r  m o is tu re  
lo ss  re s u lte d  f ro m  th e  a d d i t io n  o f  p o ly p h o s p h a te s  c o m 
b in e d  w ith  c ry o g e n ic  f ree z in g . C o n v e n tio n a l  f re e z in g  p r o 
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d u c e d  fa ir ly  e q u iv a le n t  re s u l ts  re g a rd le s s  o f  w h ic h  a d d it iv e s  
w e re  u se d . S h e a r  fo rc e  v a lu e s  o f  p o ly p h o s p h a te  o m e le ts  
w e re  s im ila r  to  m o d if ie d  s ta rc h  a n d  g u m -c o n ta in in g  o m e le ts  
w h e n  c ry o g e n ic a lly  f ro z e n , b u t  w e re  s lig h tly  h ig h e r  w h e n  
c o n v e n t io n a l ly  f ro z e n .

I n  se n s o ry  e v a lu a tio n s  w h ic h  c o m p a re d  p o ly p h o s p h a te s  
w ith  m o d if ie d  s ta rc h  a n d  g u m  a d d it iv e s  (T a b le  6), s ig n if i
c a n t  d if fe re n c e s  w e re  f o u n d  in  te x tu r e ,  te n d e rn e s s ,  a n d  
o v e ra ll d e s i ra b i l i ty ;  w h ile  f ro z e n  c o n t r o l  o m e le ts  w ere  
r a te d  h ig h e s t in  te n d e rn e s s ,  a l th o u g h  n o t  d if fe r in g  s ig n ifi
c a n tly  f ro m  o m e le ts  w ith  x a n th a n  g u m . T h e  sc o re s  fo r  
x a n th a n  g u m -c o n ta in in g  o m e le ts  a n d  th e  f ro z e n , c o n t r o l  
o m e le ts  d id  n o t  d if fe r  s ig n if ic a n tly  in  a n y  p a ra m e te r s ,  
a l th o u g h  th e  x a n th a n  g u m  o m e le t  s c o re s  w e re  c o n s is te n t ly  
h ig h e r . T h is  m a y  in d ic a te  t h a t  w i th  c ry o g e n ic  f re e z in g , 
a d d it iv e s  m a y  n o t  b e  n e c e ssa ry .

P o ly p h o s p h a te s  p ro d u c e d  few , if  a n y , d e t r im e n ta l  e f
fe c ts  o n  c o lo r  o r  f la v o r, a l th o u g h  th e y  d id  a f f e c t  t e x tu r e  
a n d  te n d e rn e s s . B o th  p o ly p h o s p h a te  o m e le ts  w e re  f o u n d  
to  b e  t o o  te n d e r  o r  “ s lig h tly  m u s h y ”  b y  th e  ta s te  p a n e l, 
d e s p ite  th e i r  p e r fo r m a n c e  as m o is tu re -h o ld e r s  in  o b je c tiv e  
te s ts .

E x p re s s ib le  m o is tu r e  d a ta  o f  p o ly p h o s p h a te  o m e le ts , as 
c o m p a re d  to  s ta rc h  a n d  g u m  o m e le ts  (T a b le  7 ), d e m o n 
s t r a te  th e  e f fe c tiv e n e s s  o f  p o ly p h o s p h a te s  in  h o ld in g  o n to  
w a te r  w h e n  o m e le ts  a re  s u b je c te d  t o  a p h y s ic a l  f o rc e  in 
te n d e d  to  re le a se  w a te r . A l th o u g h  s ta rc h  a n d  g u m  a p p a re n t ly  
h o ld  s im ila r  a m o u n ts  o f  w a te r  w ith in  th e  p r o t e in  g e l s t r u c 
tu r e ,  th e y  a re  le ss  e f fe c tiv e  th a n  p o ly p h o s p h a te s  in  k e e p in g  
i t  th e re .  T h is  m a y  b e  a  re s u lt  o f  th e  p H  in  b o th  ra w  a n d  
b a k e d  p o ly p h o s p h a te  o m e le ts  (F ig . 1 a n d  2 ). S o d iu m  t r i 
p o ly p h o s p h a te ,  w h ic h  ra ise d  o m e le t  p H  f ro m  7 .0  to  a p 
p ro x im a te ly  8 .5  in  ra w  o m e le t ,  w as m o s t  e f fe c tiv e  in  m a in 

ta in in g  th e  w a te r -h o ld in g  c a p a c i ty  o f  o m e le ts , re g a rd le ss  o f  
w h ic h  f re e z in g  m e th o d  w as e m p lo y e d . C ry o g e n ic  f re e z in g  
r e s u lte d  in  th e  lo w e s t a m o u n t  o f  e x p re s s ib le  m o is tu re , 
lo w e r  th a n  o m e le ts  h e ld  in  r e f r ig e ra te d  s to ra g e  a t  2 C f o r  
less th a n  1 w k .

T a b le  7 i l lu s t ra te s  th e  e f fe c ts  o f  E x p e r im e n t  D , s te a m in g , 
o n  w a te r -h o ld in g  c a p a c i ty  a n d  t e x tu r a l  a c c e p ta b il i ty .  E x 
p re s s ib le  m o is tu re  d e te rm in a t io n s  o f  s te a m e d  o m e le ts , 
w h e n  c o m p a re d  to  th o s e  o f  b a k e d  o m e le ts ,  w e re  fu g h e r
a i  le a s t 10% m o re  in  o m e le ts  w i th  n o  a d d it iv e s . T h is  m ay  
h a v e  b e e n  a r e s u lt  o f  m o is t  h e a t  p ro m o t in g  g re a te r  in c o r p o 
r a t io n  o f  w a te r  in  th e  d e v e lo p in g  p r o t e in  g e l s t r u c tu r e .  
S in c e  th is  a d d i t io n a l  w a te r  w as n o t  t ig h t ly  b o u n d ,  i t  w as 
re le a se d  u p o n  c e n tr i fu g a t io n ,  in c re a s in g  e x p re s s ib le  m o is 
tu r e  v a lu es . S e n s o ry  e v a lu a tio n  o f  s te a m e d  o m e le ts  (T a b le
8)  sh o w e d  th a t  m o s t  s e n so ry  p a r a m e te r s  w e re  r a te d  c o m 
p a ra b le  to  b a k e d  o m e le ts . T h e  f ro z e n  c o n t r o l  o m e le ts  w ere

T a b le  5 —P e r c e n t  m o is tu re  lo ss  a n d  s h e a r  fo r c e  va lu es o f  f ro z e n ,  
re h e a te d  o m e le ts  w ith  p o ly p h o s p h a te s

Moisture loss (% by wt) Shear force (Ib/g sample)

- 2 3 °  C Liquid - 2 3 °  C Liquid
Addition Forced air CM

OO

Forced air C 0 2

Tripoly-
phosphate 3.6 ± 1.25* 0.9 ± 0.24 0.97 ± 0.09 0.93 ± 0.07

Kena
Hexameta-

3.9 ± 0.47 1.9 ± 0.54 1.00 ± 0.08 0.68 ± 0.10

phosphate 4.0  ± 0.63 1.8 ± 0.40 1.03 ± 0.09 0.74 ± 0.14
No addition 3.9 ± 0.65 2.4 ± 0 .50 1.10 ± 0.08 0.73 ± 0.13

♦ T rea tm en t m ean and stan d a rd  e rro r  o f e ig h t va lu e s .

T a b le  6 —S e n s o r y  ev a lu a tio n  o f  l iq u id  N 2  a n d  l iq u id  C O 2 f ro z e n , re h e a te d  o m e le ts  fo rm u la te d  w ith  m o d i f ie d  s ta rc h ,  g u m , a n d  p o ly p h o s p h a te s ;  
s t o r e d  6  w k *

Sensory Parameter____________________________________________________
Overall

Addition Color T e x tu re T e n d e rn e s s * * Flavor Desirability

Pregelatinized tapioca starch 6 .67a 5.67a 4 .42a 6 .58a 6 .17a
Xanthan gum 7.08a 5.83a 5.96bc 6 .9 2 a 5.58ab
Tripolyphosphate 7.67a 5.67a 3 .56c 7.22a 5.33bc
Hexametaphosphate 6 .04a 4 .4 2 b 3 .5 0 d 6 .2 9 a 5.08b
Not frozen, no addition 6 .79a 5.29ab 6 .6 7 c 6 .58a 4 .7 9 °
Frozen, no addition 6 .67a 5 .38ab 5 .38b 6 .46a 5.67ab

*  V a lu e s  g iven are tre a tm e n t  m ean responses o f th re e  re p lic a te d  sessions o f e igh t p a n e lis ts . L iq u id  C 0 2 fro ze n  o m ele ts  
se ssio ns, w h ile  liq u id  N 2 o m e le ts  w ere  eva lu a ted  in  the  th ird  se ss io n , a , b , c  and  d d iffe r  s ig n if ic a n t ly  (P  <  0 .0 5 )  

♦ ♦ O ptim um  ten d e rn ess  = 5 , to o  ten d e r = 9 , to o  tough  = 1.

w ere  eva lu a ted  in  tw o

Table 7—Expressible moisture as a percentage o f  to ta l moisture o f  frozen. baked and steam ed om elets
% Expressible Moisture

Addition Refrigerated —2 3 °C Forced air Liquid C 0 2 Liquid N2

Baked
Tripolyphosphate 
Hexametaphosphate 
Xanthan gum
Pregelatinized tapioca starch
CRSM
No addition

19.92 ± 3 .38*  
22.83 ± 4.34  
34.34 ± 6.37  
31.99 + 4.60  
26.67 + 4 .49  
29.76 ± 3.16

20.64 ± 3.13  
29.60 ± 2.69  
31.81 ± 2.63  
38.41 ± 2.26  
28.99 ± 2.09  
36.23 + 3.34

17.97 ± 1.14 
20.89 ± 5.66  
33.16 ± 1.17 
41.65 ± 1.36 
33.13 ± 6.85  
41.50 ± 3 .0 0

18.66 ± 2.50  
30.14 + 1.23 
30.46 ± 4.51 
29.86 ± 6.67  
35.53 ± 5.49  
26.06 ± 3.16

Steamed
Tripolyphosphate 
Hexametaphosphate 
Xanthan gum
Pregelatinized tapioca starch 
No addition

21.24 ± 5.49
27.66 + 5.28
32.67 ± 3.51 
34.09 ± 0.78  
39.22 ± 1.55

42.21 ± 4.43  
51.18 ± 1.00 
44.40 ± 2.48  
46.35 ± 1.08
52.22 ± 0.65

22.35 ± 3.03  
30.22 ± 4.46  
41.62 ± 1.53 
34.83 + 4.27  
44.39 + 5.20

27.96 ± 2.52  
30.11 ± 2.54  
42.39 ± 2.33  
31.93 ± 5.30  
36.50 ± 2.97

♦ T re a tm e n t  m ean and  stan d a rd  e rro r o f  va lu es  e va lu a te d  In t r ip lic a te .
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WA TER -H O LD IN G  C A P A C IT Y  O F  F R O Z E N  O M E L E T S . . .

r a te d  h ig h e s t in  m o s t  p a ra m e te r s ,  w ith  th e  p h o s p h a te  o m e 
le ts  in te rm e d ia te ,  a n d  th e  s ta rc h  a n d  g u m  o m e le ts  lo w e s t.

R e s u lts  o f  th e s e  e x p e r im e n ts  in d ic a te  t h a t  w a te r-h o ld in g  
c a p a c i ty  a n d  t e x tu r a l  a c c e p ta b i l i ty  o f  th e  p re c o o k e d ,  f ro z e n  
o m e le ts  im p ro v e d  w ith  th e  a d d i t io n  o f  x a n th a n  g u m , th e  
u se  o f  c ry o g e n ic  f re e z in g , o r  th e  a p p l ic a t io n  o f  m o is t  h e a t. 
W h e n  d ry  h e a t  (b a k in g )  w as u se d  to  c o o k  o m e le ts ,  a b e t t e r  
p r o d u c t  w as a c h ie v e d  w ith  th e  a d d i t io n  o f  x a n th a n  g u m , 
c o m b in e d  w ith  c ry o g e n ic  f ree z in g . H o w e v e r, w h e n  m o is t 
h e a t  ( s te a m in g )  w as u se d , a n  o m e le t  w i th o u t  a n y  a d d it iv e s  
w h e n  c ry o g e n ic a lly  f ro z e n  w as o n ly  s lig h tly  less d e s ira b le  
th a n  th e  b a k e d , x a n th a n  g u m  — c o n ta in in g  o m e le ts .

A s i l lu s t ra te d  b y  F ig . 3, c ry o g e n ic  f re e z in g  im p ro v e s  th e  
w a te r -h o ld in g  c a p a c i ty  a n d  s t r u c tu r a l  in te g r i ty  o f  th e  x a n -

i3.2 -

♦  ♦  Tripolyphosphate
%— X no addition

a £ $ S i1! PS % s?i
time <ppnrs>

F ig . 1—A lte r a t io n  o f  u n b a k e d  o m e le t  p H  b y  t r ip o ly p h o s p h a te ,  k e n a  
a n d  h e x a m e ta p h o s p h a te .

th a n  g u m  a n d  s ta rc h  o m e le ts , w ith  a n d  w i th o u t  C R S M , 
w h e n  c o m p a re d  to  c o n v e n t io n a l  f re e z in g  a t  —2 3  C. F ig . 4 
( E x p e r im e n t  E ) d e m o n s tr a te s  th e  e f fe c ts  o f  c ry o g e n ic s  o n  
a ir  ce ll s ize  o f  o m e le t  u l t r a s t r u c tu r e .  R a te  o f  f re e z in g  d ra 
m a t ic a l ly  in f lu e n c e d  o m e le t  s t r u c tu r e .  O m e le ts  f ro z e n  in  
l iq u id  n i t ro g e n  h a d  a m o re  c o m p a c t  s t r u c tu r e  th a n  th o s e  
f ro z e n  a t  h ig h e r  te m p e ra tu re s  ( —23 C ). T h e  a d d i t io n  o f  
s ta rc h , x a n th a n  g u m , o r  p h o s p h a te s  d id  n o t  a p p e a r  to  
a f fe c t  u l t r a s t r u c tu r e .  A l th o u g h  th e  e x a c t  re la t io n s h ip  
b e tw e e n  u l t r a s t r u c tu r e  a n d  w a te r -h o ld in g  c a p a c i ty  o f  
o m e le ts  h a s  n o t  b e e n  e s ta b lis h e d  b y  th is  s tu d y ,  i t  a p p e a rs  
t h a t  th e  m o re  c o m p a c t  th e  u l t r a s t r u c tu r e ,  th e  g re a te r  th e  
w a te r-h o ld in g  c a p a c i ty  a n d  t e x tu r a l  a c c e p ta b i l i ty  o f  th e  
o m e le ts .

F ig . 2 —A lte ra t io n  o f  b a k e d  o m e le t  p H  b y  t r ip o ly p h o s p h a te ,  k e n a  
a n d  h e x a m e ta p h o s p h a te .

T a b le  8 —S e n s o r y  e v a lu a tio n  o f  s te a m e d  o m e le ts , fro z e n  w ith  l iq u id  N 2  a n d  s t o r e d  o n e  w e e k  a t  —2 3 °  C  s t i l l  a i r *

_______________________________________________________ Sensory Parameter____________________________________________________

Overall
Addition Color Texture Tenderness** Flavor Desirability

Pregelatlnized tapioca starch 7.22a 5.22a 6 .33a 5.00a 4 .7 8 a
Xanthan Gum 7.56a 5 .44a 7 .44b 6 .44a 5 44a,b
Tripolyphosphate 7.67a 5.67a 3.56c 7.22a 5 .33b,c
Hexametaphosphate 7.22a 5.67a 4 .33° 6 .44a 6 1 i a ,b,c
Not frozen, no addition 6 .89a 5.44a 6.22a 6 .67a 6.1 1a,b,c
Frozen, no addition 7.00a 5.89a 5.56a 7.00a 7 .11°

* V a lu e s  g iven are  tre a tm e n t m ean responses o f n in e  p a n e lis ts , a , b and c d if fe r  s ig n if ic a n t ly  (P  <  0 .0 5 )  
" O p t im u m  ten d e rn ess  = 5 , to o  ten d e r = 9 , to o  tough  = 1 .

F ig . 3 —S tr u c t u r a l  in te g r ity  o f  f ro z e n ,  
re h e a te d  o m e le ts , (a) P re g e la t in iz e d  
ta p io c a  s ta rc h  + C R S M ,  l iq u id  C O 2 
f r o z e n ;  lb ) P re g e la t in iz e d  ta p io ca  s ta rch  
+ C R S M ,  —2 3 ° C  f o r c e d  a ir  f r o z e n ;  (c)  
P re g e la t in iz e d  ta p io ca  s ta rc h , l iq u id  C O 2 
f r o z e n ;  (d ) P re g e la t in iz e d  ta p io c a  s ta rc h ,  
—2 3 ° C  f o r c e d  a ir  f r o z e n ; (e ) X a n th a n  
g u m  + C R S M ,  l iq u id  C O  9 f r o z e n ;  If)  
X a n th a n  g u m  + C R S M ,  - 2 d  C  f o r c e d  a ir  
f r o z e n ;  (g) X a n th a n  g u m , l iq u id  C O 2 
f r o z e n ;  (h ) X a n th a n  g u m , —2 3 ° C  f o r c e d  
a ir  fro ze n .

416-Volume 47 (1982)-JOURNAL OF FOOD SCIENCE



F ig . 4 —S c a n n in g  e le c t r o n  m ic ro g ra p h s  o f  
o m e le ts  m a d e  w ith  a n d  w i t h o u t  p re g e la 
t in iz e d  ta p io ca  s ta rc h , a n d  fro z e n  at 
d if f e r e n t  ra tes, (a) w it h o u t  s ta rc h ,  fro z e n  
in  l iq u id  N 2;  (b ) w ith o u t  s ta rc h , fro ze n  
a t  —2 3 ° C (c ) w ith  s ta rc h , f ro z e n  in  
l iq u id  N 2;  (d )  w ith  s ta rc h , f r o z e n  a t  
—2 3 ° C .  M a r k e r  = 1 0 0  p m .
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P r e d i c t i o n  a n d  C h a r a c t e r i z a t i o n  o f  N o r m a l  a n d  V a t - F a i le d  C o t t a g e  C h e e s e

M .  H .  W U  a n d  D .  Y .  C .  F U N G

----------------------------ABSTRACT-----------------------------
An acidification-heat-coagulation test has been developed for pre
dicting cottage cheese vat-failure potential of milk. Milk is first 
acidified to pH 5.06 at 10°C and then heated at a slow rate (1°C 
increment per min). Poor quality acidified milk (> 104 CFU/ml) 
forms small curds at 37°C and below. Good quality acidified milk 
(< 104 CFU/ml) will form small curds at higher temperatures. By 
this procedure cottage cheese vat-failure potential of milk contain
ing different levels of psychrotrophs can be predicted. Normal and 
vat-failed cottage cheese curds are characterized by % of grit in cot
tage cheese and amount of curd fines in whey.

INTRODUCTION
M IL K  Q U A L IT Y  a n d  m a n u fa c tu r in g  p ro c e d u re s  a re  tw o  
m a jo r  f a c to r s  w h ic h  d e te rm in e  c o tta g e  ch e e se  q u a l i ty .  
P s y c h ro tr o p h ic  b a c te r ia  a re  a p r e d o m in a n t  f a c to r  in  d a m a g 
in g  m ilk  q u a l i ty  f o r  t h e  m a n u f a c tu re  o f  c o tta g e  c h e ese  
( E l l io t t  e t  a l .,  1 9 7 4 ) . C o tta g e  ch e e se  p la n ts  o f t e n  s to re  ra w  
m ilk  a t  r e f r ig e ra t io n  t e m p e ra tu re s  f o r  3 d a y s  o r  m o re  b e 
f o re  p a s te u r iz a t io n .  T h is  lo n g  s to ra g e  m a y  r e s u lt  in  p o o r  
q u a l i ty  o r  v a t- fa ile d  c o tta g e  ch e ese  d u e  t o  b io c h e m ic a l  
a n d  m ic ro b io lo g ic a l ch a n g es . A n g e v in e  ( 1 9 7 6 )  in d ic a te d  
t h a t  m ilk  s u p p ly , a n t ib io t ic s ,  r a n c id  m ilk , s ta r te r  c u ltu re s ,  
a n d  t o t a l  so lid s  c o n te n t  o f  m ilk  w e re  f a c to r s  w h ic h  ca u se d  
p ro b le m s  in  c o tta g e  c h e e se  m a k in g . M o h a m e d  a n d  B a s s e tte  
( 1 9 7 9 )  r e p o r te d  t h a t  so m e  o f  t h e  f a c to r s  w h ic h  m a y  re s u lt  
in  c o tta g e  c h e e se  v a t- fa ilu re  a re  ( 1 ) la rg e  n u m b e r s  o f  p s y 
c h r o t r o p h ic  b a c te r ia ,  ( 2 ) e x te n d e d  s to ra g e  o f  ra w  m ilk ,
( 3 )  f lu c tu a t io n  in  te m p e r a tu r e  o f  m ilk  d u r in g  t r a n s p o r t a 
t i o n ,  s to ra g e , a n d  s e p a ra t io n ,  a n d  (4 )  lo w  t o t a l  so lid s  m ilk . 
T h e  c o m b in a t io n  o f  p ro te o ly s is  b y  p s y c h r o t ro p h s  a n d  h ig h  
m ilk  s e p a ra t io n  te m p e r a tu r e  m a y  b e  t h e  m a in  f a c to r  c o n 
t r ib u t in g  t o  c o tta g e  c h e e se  v a t- fa ilu re .

In  c o tta g e  ch e e se  v a t- fa ilu re , n o rm a l  ch e e se  c u rd s  d o  
n o t  f o r m . M o h a m e d  a n d  B a s s e tte  ( 1 9 7 9 )  d e f in e d  ty p ic a l  
c o t ta g e  c h e e se  v a t- fa i lu re  as  ( 1 ) p o ro u s  a n d  s p o n g y  co ag - 
u lu m  b e f o re  c u t t in g ,  a n d  ( 2 ) e x te n s iv e  d is in te g ra t io n  o f  
c u rd s  d u r in g  c o o k in g  a n d  a g ita t io n .

T h e  o b je c tiv e  o f  th i s  s tu d y  w as t o  d e v e lo p  a q u ic k  a n d  
re lia b le  m e th o d  to  t e s t  m ilk  to  p re d ic t  c o tta g e  c h e ese  
v a t- fa ilu re  a n d  to  c h a ra c te r iz e  c o tta g e  ch e ese  v a t- fa ilu re  
b y  u s in g  t h e  g r i t  t e s t  (K o s ik o w s k i, 1 9 6 3 )  a n d  th e  c u rd  
f in e s  t e s t  (R a a b  e t  a l ., 1 9 6 4 ) .

MATERIALS & METHODS
Milk treatment

Raw milk with known protein concentrations, was obtained 
from selected cows on the Kansas State University Dairy Farm, 
and then standardized to 3.1 + 0.05% protein. After pasteurization 
(63°C for 30 min), milk was divided into three portions of 6L each; 
two portions were inoculated individually with Pseudomonas 
fluorescens MC 60 and incubated at 8°C; the third portion was 
left uninoculated as a positive control for successful cottage cheese

A u t h o r s  W u  a n d  F u n g  a re  a f f il ia te d  w ith  th e  D e p t , o f  A n im a l  S c i 
e n c e s  &  In d u s t r y ,  K a n sa s  S ta te  U n iv .,  M a n h a tta n , K S  6 6 5 0 6 .

manufacturing. After 24 hr incubation, milk samples were separated 
individually at 49° C in a farm-type cream separator (McCormick - 
Deering KS60 FSA), and then the skimmilk was made into cottage 
cheese. To study the effect of natural flora on cottage cheese vat- 
failure, raw milk samples (without inoculation) were incubated at 
4°C for 3, 5, and 7 days before separation and pasteurization, and 
then made into cottage cheese.
Source and treatment of microorganism

Pseudom onas fluorescens MC 60, a highly proteolytic strain, was 
obtained from North Carolina State University through the cour
tesy of Dr. D.M. Adams. Flasks with the test microorganisms in 
nutrient broth (Difco) were placed in a water bath shaker at 28°C 
for 14 hr before inoculating into milk. The amount o f inoculum 
added to the milk varied according to the desired level of microor
ganism in milk (ranging from 10 - 1 0 6/ml) after 24 hr incubation 
at 8°C.
Method developed to predict cottage cheese vat failure

1. One hundred forty ml of milk were measured into a 250 ml 
beaker, and acidified to pH 5.06 at 10°C by adding about 0.75 ml 
of a mixture of phosphoric acid and lactic acid (Vitex 750, Dia
mond-Shamrock, 1:1 dilution), dropwise. The milk was held be
low 8°C at the beginning o f acidification and reached 10°C at pH
5.06.

2. Milk was heated slowly (1°C per 1 min) in a reciprocating 
water-bath shaker and temperature was measured with a digital 
thermometer.

3. A 152 mm chemical scoop was dipped in the milk and per
iodically withdrawn as the temperature increased. The appearance 
of tiny flocculus curds on the scoop indicated the end point. The 
temperature to induce coagulation of chilled and acidified milk was 
termed “coagulation Temperature” (C.T.).
Cottage cheese manufacturing

Cottage cheese was made by either the culture method (Emmons 
and Tucky, 1967; Kosikowski, 1963) or by the direct-acid-set 
method (Vitex/American) with 5L of milk for each vat. The starter 
culture used was supplied by Chr. Hansen’s Laboratory. A small 
transparent plexiglass vat (internal dimension: 23.5x23.5x24.5 cm) 
was designed for this particular purpose. Specially designed vertical 
and horizontal knives with wires 0.25" apart were used to cut the curd.

One hundred sixty eight vats of cottage cheese were made from 
milk inoculated with Pseudomonas fluorescens MC 60 and 60 from 
milk with normal flora.
Curd fines measurement

We used a modification o f the curd fines measurement described 
by Raab et al. (1964). Instead of taking 1 pt of whey as they de
scribed, the total amount o f whey was collected by passing the 
cheese-whey mixture through a strainer (size of mesh, 1.98 mm2). 
The whey was stirred to obtain a homogenous suspension and two 
30 ml aliquots were transferred to 30 ml conical-bottom graduated 
centrifuge tubes. After centrifuging for 5 min at 178x£, the volume 
of curd fines in each tube was read directly, the two replicates 
averaged, and reported as ml o f curd fines per 30 ml o f whey.
Grit percentage measurement

One pound of curd was introduced into a beaker containing 2L 
of cold water and then gently stirred for 1 min with a 20-cm blade 
spatula. The mixture was poured into the topmost of a battery of 
four nested copper sieves with 1/2", 1/4”, 1/8"' and 1/16" openings 
(U.S. Standard sieve sizes, 12.7, 6.35, 3.35, and 1.70 mm) and
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shaken on a rotary sieve shaker (Tyler, Model RX-24) for 30 sec. 
Each sieve was wiped free of water droplets and weighed. Percent 
of curd on each sieve was calculated. The percentage of curd par
ticles on the smallest sieve was reported as percent grit.
Analytical methods

Skim milk samples were analyzed for total protein content by 
Udy dye-binding method (Udy, 1956), fat content by the Milk-
O-Tester (AOAC, 1975) and proteolysis by the Hull test (Hull, 
1947). The method developed by Oliveria and Parmalee (1976) 
was used for psychrotrophic counts.

Data were analyzed using Spearman’s nonlinear correlation 
coefficient (Snedecor and Cochran, 1972), Gauss’ method (Draper 
and Smith, 1966), and the Fishere Z transformation (Morrison,
1976).

RESULTS & DISCUSSIONS
A  T Y P IC A L  S U C C E S S F U L  C O T T A G E  C H E E S E  s h o u ld  
h av e  u n if o r m  c u rd  p a r t ic le s  (A n g e v in e  e t  a l ., 1 9 5 8 ) , w ith  
5%  o r  less g r i t  in  u n c re a m e d  c u rd s  (K o s ik o w s k i,  1 9 6 3 ) , 
a n d  w ith  0 .4  m l o r  less  o f  c u rd  f in e s  p e r  3 0  m l o f  w h e y  
(R a a b  e t  a l .,  1 9 6 4 ) . M o h a m e d  a n d  B a sse tte  ( 1 9 7 9 )  c o n s i
d e re d  a  ch e e se  v a t- fa ile d  w h e n  “ n o r m a l”  c h e e se  c u rd s  w e re  
n o t  o b ta in e d .  W e c o n s id e re d  c o tta g e  c h e e se  as n o rm a l  w h e n  
th e  g r i t  w as  less th a n  4 .2 0 %  a n d  c u rd  f in e s  v o lu m e  less th a n  
0 .6 0  m l in  3 0  m l o f  w h e y  f o r  d ire c t-a c id -s e t m e th o d ,  a n d  
less t h a n  4 .7 0 %  g rit a n d  le ss  th a n  0 .6 5  m l c u rd  f in e s  fo r  c u l
tu r e  m e th o d  (T a b le  1). O u r  d a ta  in d ic a te d  t h a t  v a t- fa ile d  
c o tta g e  ch e ese  h a d  g r i t  p e rc e n ta g e  o f  4 .6 0 %  o r  m o re  a n d  
c u rd  f in e s  v o lu m e  o f  0 .6 5  m l o r  m o re  in  3 0  m l o f  w h e y  
f o r  d ire c t-a c id -s e t m e th o d ,  a n d  g rit p e rc e n ta g e  o f  5 .2 0 %  
o r  m o re  a n d  c u rd  f in e s  v o lu m e  o f  0 .9 0  m l o r  m o re  f o r  
c u ltu re  m e th o d .  T h e re  w as  a lso  a n  in te rm e d ia te  g ro u p  o f  
c o tta g e  c h e e se  w ith  g r i t  p e rc e n ta g e s  a n d  c u rd  f in e s  v o lu m e s  
in  b e tw e e n  th e s e  tw o  e x tr e m e s  (T a b le  1 ). O u r  g r i t  p e r c e n t 
age  f o r  n o rm a l  c o tta g e  ch e ese  is  lo w e r  t h a n  t h a t  r e p o r te d  
b y  K o s ik o w s k i ( 1 9 6 3 )  a n d  c u rd  f in e s  v o lu m e  h ig h e r  th a n  
t h a t  r e p o r te d  b y  R a a b  e t  a l . ( 1 9 6 4 )  p ro b a b ly  b e c a u s e  th e y  
m a d e  c o tta g e  ch e ese  in  a la rg e  v a t w i th  m e c h a n ic a l  a ids . 
W e m a d e  o u rs  m a n u a lly  in  a sm a ll v a t.

T h e  te m p e r a tu r e  a t  w h ic h  th e  c h ille d  a n d  a c id if ie d  m ilk  
c o a g u la te s  ( C o a g u la t io n  T e m p e r a tu r e ,  C .T .)  p re d ic ts  v a t-  
f a ilu re . T a b le  1 in d ic a te d  t h a t  c h e e se  v a t- fa ile d  i f  th e  C .T . 
w as  b e lo w  3 3 ° C . W h e n  C .T . w as  a b o v e  3 7 °C  a ll m ilk  s a m 
p le s  m a d e  n o rm a l  c o tta g e  ch e e se . W h e n  C .T . w as  b e tw e e n

O3 3  a n d  37  C th e  m ilk  h a d  a  h ig h  p ro b a b i l i ty  o f  v a t- fa ilu re .
M ilk  in o c u la te d  w ith  P s e u d o m o n a s  f lu o r e s c e n s  M C 6 0  

a n d  w ith  f in a l  p s y c h r o t ro p h ic  c o u n t  o f  1 x lO 4 C F U /m l o r  
less p ro v id e d  n o rm a l  c u rd  b y  d ire c t-a c id -s e t a n d  c u ltu re  
m e th o d s .  W h en  th e  f in a l c o u n t  o f  in o c u la te d  m ilk  w as 
3 . 0 x l 0 4 C F U /m l o r  m o re  v a t- fa ilu re  o c c u rre d . S in ce  w e 
u se d  a h ig h ly  p r o t e o ly t i c  s tr a in  o f  P s e u d o m o n a s  f lu o r e s 
c e n s  (A d a m s  e t  a l ., 1 9 7 5 ) ,  i t  is  n o t  su rp r is in g  t h a t  3 ,0x 
1 04 C F U /m l w o u ld  in d u c e  v a t- fa ilu re . M o h a m e d  a n d  B as
s e t te  ( 1 9 7 9 )  w h o  u se d  a less  p r o t e o ly t i c  s tr a in  r e p o r te d  n o  
v a t fa ilu re  a t  2 .4 x 1 0 s C F U /m l.

T h e  m e a n  g rit p e rc e n ta g e s  o f  n o rm a l  c o t ta g e  c h e ese  
(3 .9 7 %  f o r  d ire c t-a c id -s e t a n d  4 .4 9 %  f o r  c u l tu re )  w ere  
lo w e r  th a n  th o s e  w ith  p o te n t i a l  v a t- fa ilu re  (4 .3 0 %  f o r  
d ire c t-a c id -s e t a n d  5 .0 0 %  f o r  c u l tu re )  a n d  o v e r t  v a t- fa ilu re  
(8 .8 7 %  f o r  d ire c t-a c id -s e t a n d  1 0 .1 0 %  f o r  c u l tu re )  (T a b le
2 ) . T h e  m e a n  v o lu m e  o f  c u rd  f in e s  in  w h e y  f ro m  n o rm a l 
c o tta g e  ch e ese  a lso  w as lo w e r ,  ( 0 . 5 8 - 0 . 6 2  m l /p e r  3 0  m l) 
t h a n  ch e ese  w ith  p o te n t i a l  ( 0 .6 2 —0 .7 1  m l/3 0  m l)  o r  o v e r t  
( 1 .4 3 —1 .7 3  m l/3 0  m l)  v a t- fa ilu re .

W hen  th e  C .T . o f  c h il le d  a n d  a c id if ie d  m ilk  d e c re a se d  
( i .e .  p o o r  q u a l i ty  m ilk ) ,  a  c o n c o m ita n t  in c re a s e  in  g rit 
p e rc e n ta g e  a n d  c u rd  f in e s  v o lu m e  w as  o b se rv e d  (T a b le s  
3 , 4 ,  5 a n d  6). T h e  c o r re la t io n  c o e ff ic ie n ts  b e tw e e n  m ilk
C .T . a n d  g rit p e rc e n ta g e  w e re  —0 .9 0  f o r  t h e  d ire c t-a c id -s e t 
m e th o d  a n d  —0 .9 2  f o r  t h e  c u l tu re  m e th o d ,  f o r  m ilk  in o c u 
la te d  w ith  P. f lu o r e s c e n s  M C 6 0 . T h e  c o r re la t io n  c o e ff i
c ie n t b e tw e e n  m ilk  C .T . a n d  c u rd  f in e s  v o lu m e  w as - 0 . 9 0  
f o r  b o th  m e th o d s  (T a b le  7 ) . W h e n  P. f lu o r e s c e n s  M C 6 0  
in o c u la te d  m ilk  h a d  m o re  t h a n  3 . 0 x l 0 4 C F U /m l t h e  C .T . 
w as  lo w e r  ( < 3 3  C ) th a n  fo r  m ilk  w i th  f in a l  lo w e r  lev e ls  o f
P. f lu o r e s c e n s  M C 6 0  (T a b le  1, 3 a n d  4 ) .  T h e  C .T . o f  m ilk  
in o c u la te d  w ith  P. f lu o r e s c e n s  M C 6 0  in  m ilk  a f t e r  in c u b a 
t io n  a n d  th e  n u m b e r  o f  P. f lu o r e s c e n s  M C 6 0  in  m ilk  w e re  
r e la te d  in v e rse ly  ( r  =  —0 .9 5 ,  T a b le  7 ) ,  w h ic h  in d ic a te d  th a t  
m ilk  sa m p le s  w ith  h ig h e r  b a c te r ia  c o u n t  h a d  lo w e r  C .T . 
(T a b le  3 —6 ). T h e  c o r re la t io n  c o e f f ic ie n t  b e tw e e n  P. f lu o r e s 
c e n s  M C 6 0  c o u n t  a n d  g r i t  p e rc e n ta g e  a n d  c u rd  f in e s  w as 
0 .9 1 - 0 . 9 2  f o r  b o th  d ire c t-a c id -s e t a n d  c u l tu re  m e th o d s  
(T a b le  8).

T h e  C .T . o f  m ilk  w ith  n o rm a l  f lo ra  a lso  w a s  r e la te d  to  
p o s s ib le  v a t- fa ilu re  (T a b le  5 -6 ) . C o tta g e  ch e e se  m a d e  f ro m
3 -d a y -o ld  m ilk  ( 7 .3 x 1 0 6 C F U /m l)  sh o w e d  n o rm a l  ch eese  
c u rd s  b y  b o th  d ire c t-a c id -s e t a n d  c u l tu re  m e th o d s .  H o w -

T a b le  1 —E f f e c t  o f  P se u d o m o n a s  f lu o re s c e n s  M C 6 0  o n  m ilk  c o a g u la t io n  te m p e ra tu re  a n d  th e  s ta tu s  o f  co t ta g e  c h e e s e  c u r d

Manufacturing IMo. of P. f lu o re s c e n s Milk Coagulation Grit Curd fines Status of
method Observations M C60 count/ml temperature, °C % ml cheese curd

Direct-acid-set 35 > 3.0x104 < 33 >4.60 > 0.65 failure
method 8 1 .0—3.0x104 3 3 -3 7 4 .6 0 -4 .2 0 0 .6 0 -0 .6 5 potential of failure

42 < 1 .0x 104 >37 <4.20 < 0.60 normal

Culture 33 > 3 .0x104 <33 >5.20 > 0.90 failure
method 10 1 .0—3.0x104 3 3 -3 7 5 .2 0 -4 .7 0 0 .6 5 -0 .9 0 potential of failure

40 < 1 .0x 104 >37 <4.70 <0.65 normal

T a b le  2 - - C o m p a r is o n s  o f  g r it  p e rc e n ta g e  a n d  c u r d  f in e s  v o lu m e  in  fa t-fa iled , p o t e n t ia l  o f  va t-fa iled , a n d  n o rm a l c o t ta g e  c h e e s e a

Vat-failed Potential of vat-filled Normal
cottage cheese cottage cheese cottage cheese

Direct-acid- Culture Direct-acid- Culture Direct-acid- Culture
set method method set method method set method method

n=35 n=33 n=8 n=10 n=42 n=40

Grit, % 8.87 10.10 4.30 5.00 3.97 4.49
Curd fines, ml 1.43 1.73 0.62 0.71 0.58 0.62

a n = N u m b er o f  o b se rv a tio n s .

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-419



N O R M A L & V A T -F A IL ED  C O T T A G E  C H E E S E  . . .

T a b le  3 —O b s e rv a t io n s  o n  c o t ta g e  c h e e s e  m a d e  fro m  p a s te u r iz e d  m ilk  b y  th e  d ire c t-a c id -se t  m e t h o d  in  w h ic h  m ilk  w as in o c u la te d  2 4  h r  w ith  
P s e u d o m o n a s  f lu o re s c e n s  M C 6 0  b e fo r e  se p a ra t io n a

P se u d o m o n a s
f lu o re s c e n s

Hull test 
% T

Milk coagulation 
temperature, °C

Grit
%

Curd fines 
ml

Status of 
cheese curd

MC 60 count 
Mean, per ml X SD X SD X SD X SD

2.3 X  106 
n = 14

59.7 1.43 28.2 0.52 12.51 2.13 2.10 0.23 failure

4 .6  X  105 
n = 11

60.0 2.54 29.8 0.46 7.57 1.24 1.22 0.30 failure

4.3  X  104 
n = 17

60.2 1.57 33.0 1.93 4.84 0.52 0.68 0.07 failure and po
tential of failure

6.5 X 103 
n = 15

61.1 1.11 41.2 2.53 4.03 0.11 0.59 0.02 normal

1.4 X 102 
n = 28

65.0 0.79 43.5 1.37 3.96 0.05 0.58 0.01 normal

a n = Number of observations.

T a b le  4 —O b s e rv a tio n s  o n  c o t ta g e  c h e e s e  m a d e  fro m  p a s te u r iz e d  m ilk  b y  th e  c u l t u r e  m e t h o d  in  w h ic h  m ilk  w a s in o c u la te d  2 4  h r  w ith  P se u d o 
m o n a s  f lu o re s c e n s  M C 6 0  b e fo r e  s e p a ra t io n a

P se u d o m o n a s  
f lu o re s c e n s  
MC 60 count 
Mean, per ml

Hull test 
% T

Milk coagulation 
temperature, °C

Grit
%

Curd fines 
ml

Status of 
cheese curdX SD X SD X SD X SD

3.7 X  106 
n = 12

58.7 1.51 27.8 0.62 14.88 1.93 2.39 0.19 failure

4.7 X  105 
n = 12

60.0 1.24 29.6 0.54 8.74 1.78 1.63 0.29 failure

4.1 X  104 
n = 16

60.3 0.91 32.6 1.36 5.35 0.30 0.89 0.15 failure and po
tential of failure

7.1 X  103 
n = 16

60.9 1.06 40.2 2.97 4.56 0.15 0.63 0.01 normal

1.5 X  102 
n = 27

65.2 0.75 42.9 1.66 4.49 .02 0.61 0.06 normal

n = N u m b er o f  o b se rv a tio n s .

T a b le  5 —O b s e rv a tio n s  o n  c o tta g e  c h e e s e  m a d e  fro m  m ilk  b y  th e  d ire c t-a c id -se t  m e t h o d  in  w h ic h  ra w  m ilk  w as s t o r e d  a t  4 ° C  f o r  3 , 5 , a n d  7  
d a y s  b e fo r e  se p a ra tio n  a n d  p a s te u r iz a t io n

Days of 
raw milk 
storage at

4 °C

Hull test 
% T

Milk coagulation 
temperature, °C

Grit
%

Curd fines 
ml

Status of 
cheese curdX SD X SD X SD X SD

3
n=10

62.3 0.98 39.1 . 1.49 3.98 0.15 0.60 0.01 normal

5
n=10

60.6 1.06 30.8 0.83 6.02 1.12 0.88 0.26 vat-failed

o
^

 Yc 58.3 1.08 27.3 0.88 15.81 2.66 2.49 0.32 vat-failed

n = N u m b er o f  o b se rv a tio n s .

T a b le  6 - O b s e r v a t io n s  o n  c o t ta g e  c h e e s e  m a d e  fro m  m ilk  b y  th e  c u l t u r e  m e t h o d  in  w h ic h  ra w  m ilk  w as s t o r e d  a t  4 ° C  fo r  3 , 5 , a n d  7  d a y s  
b e f o r e  s e p a ra t io n  a n d  p a s te u r iz a t io n a

Days of 
raw milk 
storage at

4 °C

Hull test 
% T

Milk coagulation 
temperature, °C

Grit
%

Curd fines 
ml

Status of 
cheese curdx SD X SD X SD X SD

3
n=10

62.3 0.99 39.1 1.46 4.54 0.14 0.63 0.02 normal

5
n=10

60.7 0.94 30.8 0.77 6.34 1.15 1.17 0.23 vat-failed

7
n=10

58.4 1.18 27.2 0.89 16.29 2.03 2.57 0.25 vat-failed

n = N u m b er o f  o b se rv a tio n s .
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e v e r , 5 d a y  a n d  7 d a y -o ld  m ilk  ( 2 . 8 x l 0 7 a n d  1 . 3 x l 0 8 
C F U /m l fo r  5 a n d  7 d a y s , re s p e c tiv e ly )  c o n s is te n tly  d is 
p la y e d  v a t- fa ilu re  (T a b le  5 — 6).

A ll c o r re la t io n  c o e f f ic ie n ts  r e la t in g  C .T . o f  n a tu r a l  f lo ra  
m ilk  to  g rit p e rc e n ta g e  o r  c u rd  f in e s  v o lu m e , b y  th e  d ire c t-  
a c id -se t o r  c u ltu re  m e th o d  ra n g e d  f ro m  0 .9 4  t o  0 .9 6  
(T a b le  7 ).

T h e  c o r re la t io n  c o e ff ic ie n t b e tw e e n  m ilk  C .T . a n d  b a c 
te r ia l  c o u n t  w as h ig h , (r  = —0 .9 5 )  f o r  m ilk  in o c u la te d  w ith  
P. fluorescens, b u t  th a t  f o r  m ilk  w ith  n a tu r a l  f lo ra  w as 
lo w e r ,  ( r  = —0 .8 8 ) .  T h e  d if fe re n c e  p ro b a b ly  w as b e c a u se  
n a tu r a l  m ilk  f lo ra  w as  less p r o te o ly t ic  t h a n  o u r  te s t  c u l
tu r e .  O lsen  e t  a l. ( 1 9 5 5 )  r e p o r te d  t h a t  th e  ty p e  o f  c o n ta m i
n a tin g  m ic ro o rg a n is m  w as  m o re  c r it ic a l th a n  th e  n u m b e r  
in  d e te rm in in g  m ilk  k e e p in g  q u a li ty .

H u ll te s t  v a lu e s  d e c re a s e d  ( in d ic a tin g  in c re a se d  p r o t e o 
ly s is )  as th e  n u m b e r  o f  P. florescens M C 6 0  in  m ilk  in 
c re a se d  (T a b le  3 a n d  4 ) . In  n o rm a l m ilk , H u ll te s t  v a lu es  
a lso  d e c re a s e d  w ith  s to ra g e  t im e  (T a b le  5 a n d  6). H o w e v e r, 
th e  c o r r e la t io n  c o e ff ic ie n ts  b e tw e e n  H ull te s t  a n d  g rit p e r 
c e n ta g e  a n d  c u rd  f in e s  v o lu m e  w ere  re la tiv e ly  lo w  ( r  = 
- 0 . 7 7  to  - 0 . 8 2 ;  T a b le  9 ) . T h o s e  b e tw e e n  C .T . a n d  th e  
sa m e  p a ra m e te r s  w e re  - 0 . 9 0  t o  - 0 . 9 6  (T ab le  7 ) . ,  in d ic a tin g

th a t  th e  C .T . is  a m o re  sen s itiv e  p r e d ic to r  o f  v a t- fa ilu re  th a n  
t h e  H u ll te s t .

T h e  fo llo w in g  e q u a t io n s  w e re  d e r iv e d  f ro m  e m p ir ic a l 
d a ta  u s in g  G au ss  M e th o d  (D ra p e r  a n d  S m ith , 1 9 6 6 )  a n d  
sh o w e d  th e  re la t io n s h ip  b e tw e e n  m ilk  C .T . a n d  g r i t  p e r 
c e n ta g e  a n d  c u rd  f in e s  v o lu m e s .

1. R e la t io n s h ip  b e tw e e n  C .T . (X )  a n d  m l c u rd  f in e s /  
3 0  m l(Y )

Y = 0 .5 6 8  +  2 2 5 7 e - ° 0 0 9 2 3 x 2  (D ire c t-a c id -s e t)
Y  = 0 .5 9 6  +  I 3 8 e - ° 00565X2 (C u l tu re )

2 . R e la t io n s h ip  b e tw e e n  C .T .(X )  a n d  g r i t  p e rc e n ta g e  (Y )
Y  =  3 .9 8 3  +  1 9 5 8 9 e - ° - 00974x2 (D ire c t-a c id -s e t)
Y  = 4 .4 1 9  +  4433e - 0 ° 0789X2 (C u l tu re )

B ased  o n  th e  e q u a t io n s  a b o v e , cu rv es  w e re  d ra w n  a n d  
s h o w n  in  F ig . 1 - 4 .  T h o s e  cu rv es  a re  a ll s ig n if ic a n t a t  a  = 
0 .0 1 .  T h o se  e q u a t io n s  c a n  b e  u se d  b y  th e  c o tta g e  c h e ese  
in d u s t r y  t o  p re d ic t  t h e  p ro b a b i l i ty  o f  v a t- fa ilu re  f ro m  m ilk  
C .T .

T o  u t i l iz e  th is  in f o r m a t io n  th e  e x p e r im e n ta l  c o n d i t io n s  
r e p o r te d  in  th is  s tu d y  m u s t b e  fo l lo w e d  c a re fu lly .

—Continued on next page

T a b le  7 —C o rre la t io n  c o e f f i c ie n t s  b e tw e e n  co a g u la tio n  te m p e ra u re  o f  m ilk  in o c u la te d  w ith  P se u d o m o n a s  f lu o re s c e n s  M C  6 0  a n d  o f  m i lk  s u p 
p o r t in g  th e  g ro w th  o f  n a tu ra l flo ra , a n d  g r it  p e rcen ta g e , c u r d  f in e s  v o lu m e , a n d  c o n c e n t r a t io n  o f  p s y c h r o t r o p h s 3

Coagulation tem perature o f m ilk

P . flu o resce n s  M C 60  
(1 xIO 2 —7 x 1 0 6 /m l)

Natural flora (5 .7 x 1 0 6 —3 .3 x 1 0 8 /ml) 
( 3 ,5 ,  and 7 days' incubation)

Direct-acid- 
set m ethod  

n = 8 5

C u ltu re  
m ethod  
n = 8 3

D irect-acid- C u ltu re  
set m ethod m ethod  

n = 30  n = 30

G rit  percentage —0 3 0 - 0 .9 2 - 0 9 4 - 0 9 6

C u rd  fines vo lum e —0 .9 0 - 0 .9 0 - 0 9 5 - 0 .9 5

B acteria l co u nt —0 .9 5 ° —0 .9 5 b —0 .8 8 c —0 3 7 b

3 n = n u m b er o f  o b se rv a tio n s .
a »b ,c  S ig n if ic a n t  d iffe re n c e  a t oi = 0 .0 5  in  va lu es w ith  saine le tte r .

T a b le  8 —C o rre la t io n  c o e f f ic ie n t s  b etw een  p s y c h r o t r o p h ic  c o u n t ,  a n d  g r i t  p e rc e n ta g e  a n d  c u r d  f in e s  v o lu m e 3

P. flu o rescen s  M C 6 0 N atural flora
(1 x 1 0 2-7 x 1 0 6 /ml) 5 .7 x 1 0 6 —3 .3 x 1 0 8 /ml)

Direct-acid- C u ltu re Direct-acid- C u ltu re
set m ethod m ethod set m ethod m ethod

n = 8 5 n = 8 3 n = 30

oCOIIc

G r it  percentage 0.92® 0 .9 2 b 0 8 1 e 0 3 0 b

C u rd  fines vo lum e 0 9 1 c 0 9 2 d 0 .7 9 c 0 3 1 d

3 n -  n u m b er o f  o b se rv a tio n s .
a ,b ,c ,d ,e  s ig n if ic a n t  d iffe re n c e  at ol = 0 .0 5  in va lu e s  w ith  sam e letter.

T a b le  9 —C o rre la t io n  c o e f f ic ie n t s  b e tw e e n  H u l l  te s t  v a lu e  o f  m ilk in o c u la te d  w ith  P se u d o m o n a s  f lu o re s c e n s  M C  6 0  a n d  o f  m ilk  s u p p o r t in g  th e
g r o w th  o f  n o rm a l flo ra , a n d  g r i t  p e rc e n ta g e  a n d  c u r d  f in e s  vo lu m e3

H ull test value

P. f lu o re s c e n s  MC 60 N atural flo ra  (5 .7 X 1 0 6 - 3 .3 X 1 0 8 /m l)
(1 x 1 0 2 —7 x 1 0 6 /ml) (3 , 5 , and 7 d ays’ incubation)

Direct-acid- Cu ltu re D irect-acid- Cu ltu re
set m ethod m ethod set m ethod m ethod

n = 8 5 n = 8 3 n = 30 n = 30

G rit  percentage —0 .7 7 —0 3 0 - 0 3 1 - 0 3 1

Cu rd  fines volum e —0 .7 7 - 0 .8 1 - 0 3 1 - 0 3 2

n = n u m b er o f  o b se rv a tio n s .

Volume 47 (1982)-JOURNAL OF FOOD SC! EN CE-421



N O R M A L & VA T -FA ILED  C O T T A G E  C H E E S E . . .

COAGULATION TEMPERATURE OF ACI0IFIE0 MILK, C
2 9  31 3 3  3 5  3 ?  3 9  m

COAGULATION TEMPERATURE OF ACIDIFIED MILK,»C

Fig. 1—Effect o f milk coagulation temperature on curd fines in Fig. 2—Effect o f milk coagulation temperature on curd fines in
cottage cheese whey (direct-acid-set method). cottage cheese whey Iculture method).

2 5  ' ' 2>  ' ' 2 9  ' '  T P  ' ’  3 3  ' ' ' 3 5  ' ' '  37 ' ' 3 9  ' ' ' 7 1  ' ' 1 7 ” ' ' 4 5
COAGULATION TEMPERATURE OF ACIDIFIED MILK,°C

2 5  ' ' 2> 2 9  31 3 3  3 5  3> 3 9  91 9 3  4 5
COAGULATION TEMPERATURE OF ACIDIFIED MILK,°C

Fig. 3—Effect o f milk coagulation temperature on grit o f cottage Fig. 4-Effect of milk coagulation temperature on grit o f cottage 
cheese (direct-acid-set method). cheese (culture method).

In  c o n c lu s io n , w e  h av e  d e v e lo p e d  a l a b o r a to r y  m e th o d  
f o r  p re d ic t in g  su c c e ss  in  c o tta g e  ch e e se  m a n u fa c tu r in g  an d  
h a v e  c h a ra c te r iz e d  v a t- fa ile d  c o tta g e  ch e ese  in  te rm s  o f  g rit 
p e rc e n ta g e  a n d  c u rd  f in e s  v o lu m e . N o w , th is  “ c o a g u la t io n  
t e m p e r a tu r e ”  p ro c e d u r e  n e e d s  to  b e  f ie ld - te s te d .

REFERENCES
Adam s, D.M ., Barach, J.T., and Speck, M.L. 19 75 . Heat resistant proteases produced in  milk by psychro trophic bacteria o f  dairy origin. J. Dairy Sci. 58: 828.Angevine, N .C ., Harmon, L.H., O lson, H.C., Tuckey, S.L., and Irvin,D.M. 1 9 5 8 . Score-card and guide for cottage cheese. J. Dairy Sci. 41: 214.Angevine, N.C. 19 76 . Cures for som e cottage cheese problem s.Cultured Dairy Products J. 11 (3): 14.
AOAC. 19 75 . “ O fficial M ethods o f A nalysis,’’ 12th  ed., p. 260 . Association o f  O fficial Analytical Chemists, 12th  ed. Washington, DC.Draper, N .R . and Sm ith, H.S. 19 66 . “ Applied Regression Analysis,” p. 26 9 . John Wiley & Sons, Inc., New York.E lliott, J.A ., Em m ons, D .B ., and Yates, A .R . 19 74 . The influence  of the bacterial quality o f  milk on the properties of dairy products. A review. Can. Inst. F ood  Tech. J. 7: 32.Em m ons, D.B. and T uckey, S.L. 1 9 6 7 . “ Cottage Cheese and Other Cultured Milk Products,” p. 18 . Chas. Pfizer & Co., Inc., New  York, N .Y .

Hull, M.E. 1947 . Colorim etric determ ination o f the partial hydrolysis of the proteins in milk. J. Dairy Sci. 30: 881 .Kosikowski, F .V . 1963 . Som e distribution patterns o f cottage cheese particles and conditions conditions contributing to  curd shattering. J. Dairy Sci. 46: 391 .Mohamed, F.O. and Bassette, R . 1 9 7 9 . Quality and yield o f  cottage cheese influenced b y  psychro trop hie microorganism m ilk. J. Dairy Sci. 62: 222.Morrison, D .F. 19 76 . “Multivariate Statistical M ethods,” p. 104. McGraw-Hill Book Co., New York, N.Y.Oliveria, J.S. and Parmelee, C.E. 19 76 . Rapid enum eration o f  psychro trophic bacteria in raw and pasteurized m ilk. J. Milk & Food  Technol. 29: 26 9 .Olson, J.C. Jr., Parker, R .B ., and M ueller, W.S. 1 9 5 5 . The nature, significance and control o f  psychrophilic bacteria in dairy products. J. Milk & F ood  Technol. 18: 200 .Raab, J.A ., Liska, B.J., and Parmelee, C.E. 1 9 6 4 . A sim ple m ethod  for estim ating curd fines in cottage cheese w hey. J. Dairy Sci. 47: 92.Snedecor, G.W. and Cochran, W.G. 1 9 7 2 . “Statistical M ethods,” p. 19 4 . Iowa State University Press, Am es, IA.Udy, D.C. 1956 . A rapid m ethod for estim ating tota l protein in milk. Nature 178: 314.Vit ex/Am erican-Inline Cottage Cheese A cidification System  Instruction . Diamond-Shamrock Corp., St. Louis, MO.Ms received 6 /2 2 /8 1  ; revised 9 /1 8 /8 1  ; accepted 9 /2 1 /8 1 .
Contribution N o. 81-470-J, Kansas Agricultural Experim ent Station, Manhattan, KS 66 5 0 6 .

422-Volume 47 (1982)-JOURNAL OF FOOD SCIENCE



S t a b i l i z a t i o n  o f  F r o z e n  G o a t  M i l k  C o n c e n t r a t e s  

b y  E n z y m a t i c  L a c t o s e  H y d r o l y s i s

E.J. GUY

-----------------------------ABSTRACT-----------------------------
Frozen 3:1 and 4:1 whole goat’s milk concentrates were stored at 
— 14°C for up to 10 months with minimal changes in physical stability 
and no loss of flavor quality when reconstituted. The processing 
sequence required HTST pasteurization, lactose hydrolysis by lactase 
enzyme (36% hydrolysis for 3:1 concentrates and 52% hydrolysis for 4:1 concentrates), repasteurization, condensing in vacuo, post 
heating at 71°C for 30 min, addition of Tenox 6 (O.Olg/lOOg fat), 
canning, sealing, and freezing. Post heating of the concentrates was 
necessary for their stability but slightly lowered their hedonic 
flavor ratings. These stored concentrates resist freeze-thaw cycling 
up to 3 times without any physical destabilization or further change 
in flavor scores.

INTRODUCTION
G O A T  M IL K  is c o n s u m e d  p r im a r i ly  b y  in f a n ts  o r  c h ild re n  
w h o  a re  a lle rg ic  t o  c o w ’s m ilk . B e c a u se  t h e  m ilk  is  u s u a lly  
d is t r ib u te d  in  sm a ll  a m o u n ts ,  i t  in c u rs  h ig h  t r a n s p o r t a t io n  
a n d  h a n d lin g  co s ts . C o n s e q u e n t ly ,  f re s h  g o a t  m ilk  is f re 
q u e n t ly  so ld  a t  a p r ic e  th r e e  t o  f o u r  t im e s  h ig h e r  t h a n  th e  
p r ic e  o f  c o w ’s m ilk .

C o n s id e ra b le  a m o u n ts  o f  g o a t  m ilk  so ld  c o m m e rc ia l ly  
a re  o f  p o o r  f la v o r  q u a l i ty .  T h e  p re s e n c e  o f  so -c a lle d  “ g o a ty ”  
f la v o r  in  th e  m ilk  h a s  b e e n  a  b a r r ie r  t o  m o re  w id e -sp re a d  
u se  b y  c o n s u m e rs  in  t h e  U n ite d  S ta te s .  O u r  in v e s t ig a tio n s  
w ith  g o a t  m ilk  sh o w e d  i t  t o  b e  o f  g o o d  f la v o r  q u a l i ty  if  
p ro p e r ly  h a n d le d  a n d  o b ta in e d  fre s h .

T h e  a v a ila b il i ty  o f  g o a t  m ilk  is  h ig h ly  se a so n a l;  m u c h  
m o re  is  p ro d u c e d  d u r in g  th e  s u m m e r  m o n th s  th a n  in  th e  
la te  fa ll  a n d  w in te r .  T o  in c re a s e  i ts  d i s t r ib u t io n  a n d  m a k e  
g o a t  m ilk  a v a ila b le  th r o u g h o u t  th e  y e a r ,  i t  w o u ld  b e  d e s ira b le  
t o  p ro c e ss  th e  s u rp lu s  a n d  d is t r ib u te  i t  t h r o u g h o u t  th e  
c o u n t r y .  I t  w as th o u g h t  t h a t  f ro z e n  c o n c e n t r a te s  w o u ld  
p e rm it  d i s t r ib u to n  f o r  sa le  in  f re e z e r  ca ses  o f  h e a l th  f o o d  
s to re s , d ru g s to re s ,  o r  s u p e rm a rk e ts .  P ro c e ss in g  a n d  d is tr i
b u t io n  c o s ts  c o u ld  b e  o f f s e t  in  p a r t  b y  sav ing s f ro m  th e  
r e d u c e d  b u lk  a n d  th e  p o te n t i a l  d e m a n d  fo r  g o o d  q u a l i ty  
g o a t ’s m ilk  c o n c e n tr a te s .

T h e  o b je c tiv e  o f  th e  p re s e n t  w o rk  w as to  in v e s t ig a te  th e  
f a c to r s  o f  p ro c e ss in g , c o n c e n tr a t in g ,  f re e z in g , a n d  s to r in g  o f  
g o a t ’s m ilk  w h ic h  w o u ld  p ro d u c e  a  c o n c e n t r a te  o f  g o o d  
s to ra g e  s ta b i l i ty  a n d  o f  a c c e p ta b le  f la v o r  w h e n  r e c o n s t i tu te d .

N o  in f o r m a t io n  is  a v a ila b le  o n  f ro z e n  c o n d e n s e d  g o a t ’s 
m ilk , b u t  n u m e r o u s  p u b l ic a t io n s  a re  av a ilab le  o n  f ro z e n  
c o n d e n s e d  c o w ’s m ilk . S e v e ra l p ro b le m s  a re  a s s o c ia te d  w ith  
f ro z e n  c o n c e n t r a te d  c o w ’s m ilk . I t  la c k s  s ta b i l i ty  a t  h o m e  
f re e z e r  t e m p e ra tu re s  ( —12 to  — 1 4 °C )  d u e  t o  la c to s e  c ry s ta l
l iz a t io n  w h ic h  c a u ses  a n  in c re a s e  in  v is c o s ity  a n d  p ro te in  
d e s ta b il iz a t io n . O x id iz e d  f lav o rs  m a y  a lso  d e v e lo p  in  th e  
s to r e d  p r o d u c t .  P h y s ic a l s ta b i l i ty  c a n  b e  im p ro v e d  b y  
s to r in g  a t  lo w e r  te m p e ra tu re s  ( —23 to  —2 9  C ) (B e ll  a n d  
M u c h a , 1 9 5 2 ) , b y  p o s t  h e a tin g  th e  c o n c e n t r a te  to  68° C  fo r  
25  m in  (B ra tz  a n d  W in d e r, 1 9 5 9 ) ,  p a r t ia l ly  h y d ro ly z in g  th e
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la c to s e  (G u y  e t  a l ., 1 9 7 4 ; T u rm e rm a n  e t  a l ., 1 9 5 4 ) ,  a n d  b y  
a d d i t io n  o f  p o ly p h o s p h a te s  (D o a n  a n d  W a rre n , 1 9 4 7 ) . 
O x id iz e d  f la v o r  is m in im iz e d  b y  ju d ic io u s  u se  o f  h e a t  
t r e a t m e n t  (B e ll , 1 9 3 9 ; B e ll a n d  M u c h a , 1 9 5 1 )  a n d  u se  o f  
T e n o x  6 ( J o h n s o n ,  1 9 7 0 ) . J o h n s o n  s ta te d  s tu d ie s  o n  th e  
e f fe c t  o f  v a r io u s  f re e z in g  r a te s  a n d  h a n d lin g  o f  m ilk  c o n 
c e n tr a te s  h a v e  p ro d u c e d  c o n f l ic t in g  r e s u l ts  p ro b a b ly  b e c a u se  
th e  in f lu e n c e  o f  la c to s e  n u c le a t io n  a n d  c r y s ta l l iz a t io n  o n  
p ro te in  s ta b i l i ty  w e re  n o t  r e c o g n iz e d . H e re c o m m e n d s  
c o o lin g  m ilk  c o n c e n t r a te s  in  a n  ic e  w a te r  b a th  f o r  3 0  m in  a t  
0 °C  p r io r  to  f re e z in g  a t  - 1 2 ° C  in  2 —3 h r .

MATERIALS & METHODS
Milk

Fresh pooled goat’s milk was obtained from a single source of 
mixed breed herd. All milk scored good to excellent in initial taste 
and exhibited minimal goaty flavor.
Miscellaneous materials

Food grade “Maxilact” lactase (Enzyme Development Co.) of 
40,000 ONPG g/g (lot #101) (actual 18,000 ONPG gig) was used. 
Eastman Tenox 6 antioxidant preparation and JT Baker sodium 
hexametaphosphate (P2O5 66.8-68%) were also used.
Processing

Fresh raw goat milk was pasteurized at 76°C for 15 sec (HTST); 
one lot was pasteurized at 63°C for 30 min. All lots except a portion 
of lot 1 were homogenized at 105.5/35.2 kg/cm2. Milks were treated 
with 0.01-0.0175% lactase at 30°C for 2 hr to hydrolyze 36% or 
52% of the lactose present. Hydrolyzed lactose milks (LH) were 
promptly HTST pasteurized to stop the enzymatic reaction. 3:1 or 
4:1 concentrates were prepared by condensing in a Wiegand falling film evaporator. For one test evaluating sodium hexametaphosphate, 
4g/L were added to the concentrate before post heating. The con
centrates were post heated in open 1-gal stainless steel containers at 
63, 66 or 71°C for 30 min. To obtain 26% LH concentrates, 50/50 
blends of 52% LH and an untreated control were made up. Tenox 6 
(0.01 g/lOOg fat) in a 10% suspension of 95% ethanol was added to 
the concentrates after post heating. The concentrates were sealed in 
enameled 8 oz cans at 45-50°C, the cans promptly cooled for 30 
min in ice water and then frozen by holding in spaced positions at 
-14°C.
Milk Composition

Total protein (total N X 6.38) was determined by the micro- 
Kjeldahl procedure (AOAC, 1970b), ash by the standard method for 
milk (AOAC, 1970a), and total solids and fat by the Mojonnier 
procedures (Milk Industry Foundation, 1959a, b). Lactose was 
determined colorimetrically in untreated milk (Folin and Wu, 
1919), by reduction of copper salts in alkaline Fehling’s solution 
using USP lactose hydrate for the standard curve.
Extent of hydrolysis

The Tauber Kleiner method (Tauber and Kleiner, 1932) based 
upon the reduction of copper salts in acid solution was used to 
determine monosaccharides in the presence of lactose. A standard 
curve was made with a 50/50 mixture of glucose and galactose.
Viscosity

Viscosities were determined on freshly thawed concentrates at 
23°C using the Brookfield Synchroelectric Viscosimeter. Viscosities
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of samples below 100 centipoise were obtained using the mean of 
duplicate readings each at 12 and 30 rpm with the UL adapter and 
#1 spindle. Viscosities above 100 centipoises were obtained em
ploying higher numbered spindles. Comparative viscosities were 
obtained within a sample series using the same spindle and rpm as 
much as possible.
Lactose crystallization

The fraction of lactose crystallized was determined on weighed 
portions of frozen milk concentrate according to the technique of 
Tumerman et al. (1954) using the Sharp and Doob (1941) proce
dure. Samples weighing lOg were placed in 200 ml beakers, held 
frozen at — 14°C and analyzed within 8 hr for extent of lactose 
crystallization.
Sedimentation

Solubility indices were determined on 11% total solids milks 
reconstituted from their concentrates (ADMI1947) and are expressed 
as milliliters sediment per 50 ml reconstituted milk.
Organoleptic evaluation

Samples of freshly thawed concentrate were reconstituted with 
tap water, held overnight at 2°C, warmed to room temperature, and 
evaluated on a 9-point hedonic preference scale (Peryam and Pil
grim, 1957) in a panel room equipped with subdued lighting and 
individual booths by a group of 8 — 12 laboratory personnel. About 
half of the tasters were experienced dairy product judges. Goatiness 
and off flavors were judged on a 5-point scale, with 0 as none, 1 
questionable, 2 slight, 3 moderate, and 4 excessive. (Note: Goatiness 
can be described as typical goat-like taste and smell of goat’s milk 
which is generally objectionable. Some describe it as mutton-like or 
buck-like.) Samples were withdrawn from storage for evaluation at 
intervals of 1, 1.5, or 2 months over a 10-month period. Upon 
completion of each panel, the 9-point hedonic data were analyzed 
for significance by analysis of variance and Duncan’s multiple range 
test.
Freeze-thawing

To simulate abuse in transit, storage, or home use, samples of 
concentrate were thawed in unopened cans 2—2Vi hr at room tem
perature to the point of being ice-free but yet cold. They were then 
refrozen at -14°C. Thawings were conducted at weekly intervals 
during the first month of storage.

T a b le  1—C o m p o s it io n  o f  g o a t 's  m i l k

L o t
no.

Pe rcen t

T o ta l
so lid s fa t La c to se P ro te in A sh

1 14 .76 5.31 4 .1 2 3 .9 8 .79
2 1 2 .0 0 3 .50 4 .26 3 .1 8 .71
3 10.91 3 .00 4 .20 2 .66 .64
4 1 3 .0 0 4 .2 8 4 .3 2 - -

RESULTS
T H E  T O T A L  S O L ID S , fa t , p ro te in ,  a n d  ash  c o n te n t  o f  
g o a t ’s m ilk s  v a ry  c o n s id e ra b ly , a l th o u g h  th e  la c to s e  c o n te n t  
is m o re  c o n s ta n t  (T a b le  1). A  3 :1  c o n c e n t r a te  o f  L o t  N o . 1 
h a d  4 2 .5 %  to t a l  so lid s , h ig h e r  th a n  th e  u s u s a l ra n g e  o f  3 3  — 
36% .

T o  d e te rm in e  th e  e f f e c t  o f  th e  te m p e r a tu r e  o f  p o s t  
h e a tin g  o n  th e  p h y s ic a l s ta b i l i ty  o f  a 3 :1  c o n c e n t r a te  d u rin g  
s to ra g e , sa m p le s  o f  th e  sam e lo t  ( lo t  2) w ere  p o s t  h e a te d  a t  
6 3 , 66, o r  71 C a n d  c o m p a re d  t o  a n  u n h e a te d  c o n t r o l .  T h e  
r a te s  o f  la c to s e  c ry s ta l l iz a t io n , v is c o s ity  in c re a se , a n d  p r o t e in  
s e d im e n ta t io n  d u rin g  4 .5  m o n th s  o f  s to ra g e  w e re  p ro g re s 
s ive ly  d e c re a se d  as th e  te m p e ra tu re  o f  p o s t  h e a tin g  in c re a s e d  
to  7 1 °C  (T a b le  2 ). B e c a u se  p h y s ic a l s ta b i l i ty  in  te rm s  o f  
th e s e  th re e  p a ra m e te r s  w as b e s t  a t  71 C, th is  te m p e r a tu r e  
w as u s e d  f o r  p o s t  h e a tin g  in  a ll s u b s e q u e n t  p ro c e s s in g  ru n s .

T h e  in te n s i ty  o f  g o a ty  f la v o r  in  a ll p o s t  h e a te d  sa m p le s  
w as in c re a s e d  o v e r  t h a t  o f  th e  u n h e a te d  c o n tr o ls  (T a b le  2 ). 
H o w e v e r, th e r e  w ere  n o  s ig n if ic a n t d if fe re n c e s  in  g o a ty  
f la v o r  in te n s i ty  a t t r ib u ta b le  to  p o s t  h e a t in g  t e m p e ra tu re s  o r  
s to ra g e  tim e s .

A s l i t t l e  as 26%  la c to s e  h y d ro ly s is  o f  g o a t ’s m ilk  im p ro v e d  
th e  p h y s ic a l s ta b i l i ty  o f  i t s  f ro z e n  3 :1  c o n c e n t r a te s  (4 2 .5 %  
to ta l  so lid s)  (T a b le  3 ). W ith  la c ta s e - t re a te d  c o n c e n tr a te s ,  
p o s t  h e a tin g  w as n o t  n e c e ssa ry  to  p re v e n t  la c to s e  or. su g a r 
c ry s ta l l iz a t io n  a n d  e x te n s iv e  s e d im e n ta t io n  d u r in g  th e  
s to ra g e  p e r io d , b u t  w as n e c e ssa ry  to  p re v e n t  v is c o s ity  in 
c re a se s  in  th e  s to r e d  m a te r ia l . P o s t  h e a t in g  d e la y e d , b u t  d id  
n o t  p re v e n t ,  la c to s e  c r y s ta l l iz a t io n  a n d  p r o te in  s e d im e n 
ta t io n  o f  th e  s to r e d  c o n tro l .  T h e  v is c o s iti te s  o f  th e  c o n c e n 
t r a te s  o f  th e  u n h e a te d  c o n t r o l  a n d  h y d ro ly z e d  la c to s e  c o n 
c e n tr a te s  w ere  h ig h  a n d  c o m p a ra b le  b u t  th e  c o n s is te n c ie s  o f  
th e  h ig h  v isc o s ity  sa m p le s  w e re  d i f f e r e n t ;  th o s e  o f  th e  
h y d ro ly z e d  c o n c e n tr a te s  w e re  s m o o th  w h e re a s  t h a t  o f  th e  
c o n t r o l  w as lu m p y  a n d  c o a g u la te d . E x te n s iv e  f a t  s e p a ra t io n  
w as a lso  o b se rv e d  u p o n  r e c o n s t i tu t io n  o f  th e  u n h e a te d  
sa m p le s  a f te r  6 o r  m o re  m o n th s  o f  f ro z e n  s to ra g e , p ro b a b ly  
b e c a u se  th e s e  sa m p le s  w ere  n o t  h o m o g e n iz e d .

L a c to s e  h y d ro ly s is  c o n fe rs  s ta b il i ty  o n  a 4 :1  f ro z e n  
c o n c e n t r a te  ( T a b le  4 ). W h ile  26%  la c to s e  h y d ro ly s is  w as 
n o t  s u f f ic ie n t  to  s ta b iliz e  th e  c o n c e n t r a te  c o m p le te ly  b e 
ca u se  la c to s e  c ry s ta l l iz e d  o u t  a f te r  4  m o n th s  o f  s to ra g e , 
52%  h y d ro ly s is  p re v e n te d  c r y s ta l l iz a t io n  f o r  u p  to  10 
m o n th s .  V is c o s ity  s lo w ly  in c re a se d  in  b o th  s a m p le  s e ts  o v e r  
th e  s to ra g e  p e r io d ;  v isc o s itie s  w e re  h ig h e r  in  th e  sa m p le  
c o n ta in in g  26%  h y d ro ly z e d  la c to s e . N o  u n h y d ro ly z e d  4 :1  
c o n t r o l  c o n c e n t r a te  w as p re p a re d  b e c a u se  p o s t  h e a te d  3 :1  
c o n t r o l  c o n c e n tr a te s  sh o w e d  s h a rp  v isc o s ity  in c re a se s  a f te r  
o n ly  3 m o n th s  o f  s to ra g e  (T a b le  3 ). A lth o u g h  h ig h e r  f o r  
th e  26%  la c to s e  h y d ro ly s is ,  th e  s e d im e n ta t io n  in  b o th  
sa m p le  se ts  d id  n o t  v a ry  m u c h  o v e r  th e  s to ra g e  p e r io d .

A lth o u g h  p o s t  h e a tin g  o f  th e  g o a t m ilk  c o n c e n t r a te s  
p r o m o te d  p h y s ic a l s ta b i l i ty ,  i t  a lso  a p p e a re d  t o  p ro m o te  
g o a ty  f la v o r  d e v e lo p m e n t (T a b le  2 ). T o  in v e s t ig a te  th is

T a b le  2 —E f f e c t  o f  p o s t  h e a t in g  te m p e r a tu r e  o f  a 3 : 1  g o a t 's  m i l k  c o n c e n tr a te  ( L o t  2 )  o n  s to ra g e  s ta b i l i t y  a t  —1 4 ° C  (S a m p le s  p a s t e u r i z e d  a t  
63f  C  3 0  m in ,  h o m o g e n i z e d  a t  1 0 5 .5 /3 5 .2  k g / c m 2, p o s t  h e a te d  3 0  m in )

P o s t hea tin g  fo r  3 0  m in  in  °C

C e n t ip o is e  M i l l i l i t e r s
% La c to se  c r y s ta ll iz e d  v is c o s ity  a t 2 3 ° C  se d im e n ta t io n  G o a tin e ss  sco re

storage U nhea ted 63 66 71 U n hea ted 63 66 71 U nhea ted 63 6 6 71 U n hea ted 6 3 66 71

0 0 — — — 10.8 10.8 12 12.5 0.1 _ 1.4 1.7 2 .6 2 .7
1.5 54 0 0 0 14 .2 11.7 11 .9 12.8 0.1 0 .2 0.1 0.1 1.5 1.7 2.1 1 .8
3 .0 8 1 .5 27 .5 20 0 8 7 .4 13.9 14.6 13 .0 3 .5 0 .7 0 .5 0 .5 1.8 2 .4 2 .7 2 .5
4 .5 9 0 .0 75 .5 73 .5 64 1 3 7 5 a 44 3 9 30 4 .5 0 .9 0 .8 0 .6 1.5 2 .4 2 .7 1.6

co a g u la te d .
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Table 3—Effect of partial lactose hydrolysis (LH) and post heating at 71°C  for 30 min on storage stability at - 1 4 °  C of 3:1 goat milk concen
trates compared to an unhydrolyzed control concentrate (c) (lot 1) (unheated samples not homogenized; heated samples homogenized 105.5/
35.2 kg /cm2)

Months
storage

% Lactose crystallized V iscosity 23°C  (centipoise) M illiliters sedimentation

Unheated Post heated Unheated Post heated Unheated Post heated

C

26% LH  
and

52% LH c
26% LH  

and
52% LH c 26% LH 52% LH C 26% LH 52% LH C 26% LH 52% LH C 26% LH 52% LH

0 0 _ _ _ 27 30 30 93 _ 83 0.1 _ _ _ _ _

1.5 — - — — 136 98 192 101 105 110 - — - — — -

3 .0 70.4 0 3 .5 0 21a 2 4 .8a 2 6 .8a 395 130 115 5 .0 0.1 0.1 0.1 0.1 0.1
4 .5 83 .5 0 4 .0 0 24a 20a 50a 865 172 150 8.0 0 .4 0 .5 2 .2 0.1 0.1
6 .0 _ 0 73.5 0 — 27a 45a 16a 220 165 - 0.4 0 .5 4 .5 0 .2 0 .2
7 .5 - 0 - 0 - 21 .5a 5 4 .5a 28a 231 178 - 0.3 0 .4 6 .0 0.3 0 .3

a x i o 3

o b s e rv a tio n  f u r th e r ,  s a m p le s  f ro m  e a c h  s ta g e  o f  p ro c e ss in g  
o f  a n  u n t r e a te d  c o n t r o l  a n d  a la c ta s e  t r e a t e d  3 :1  c o n c e n 
t r a te  w e re  e v a lu a te d  f o r  o v e ra ll a c c e p ta b i l i ty  a n d  f o r  g o a ty  
a n d  o x id iz e d  a n d  b i t t e r  o ff - f la v o rs  ( T a b le  5 ). N u b ia n  g o a ts  
m ilk , o b ta in e d  fre s h  f ro m  o n e  s u p p lie r , w as u se d  in  th e s e  
s tu d ie s  b e c a u se  its  m ild  f la v o r  m a k e s  i t  s u i ta b le  to  e v a lu a te  
th e  e f fe c ts  o f  h e a t  o n  f la v o r  d e v e lo p m e n t.  B e c a u se  o f  ta s te  
p a n e l  l im i ta t io n s ,  i t  w as n o t  p o ss ib le  t o  ta s te  a ll s a m p le s  o n  
th e  sa m e  d ay .

T h e  p o s t  h e a tin g  o f  g o a t  m ilk  c o n c e n t r a te s  s ig n if ic a n tly  
lo w e re d  th e  in i t ia l  h e d o n ic  r a t in g  th r e e  o u t  o f  f o u r  t im e s . 
A lth o u g h  n o t  s ig n if ic a n tly  d if fe re n t ,  p o s t  h e a t in g  a lso  in 
c re a se d  g o a ty  a n d  o x id iz e d  a n d  b i t t e r  o ff-f la v o rs . T h e  p o s t  
h e a tin g  te m p e ra tu re  o f  71 C w as e v id e n tly  n o t  sev ere  
e n o u g h  to  p ro d u c e  a n y  n o tic e a b le  in c re a se  in  c o o k e d  
flav o r. T h e  c o n c e n t r a t io n  s te p  h a d  n o  s ig n if ic a n t e f fe c t  o n  
p a n e l a c c e p ta b i l i ty  o f  th e  m ilk s  a n d  th e  r e s u lts  su g g es t th a t  
la c ta s e  t r e a tm e n t  d id  n o t  c h a n g e  a c c e p ta b il i ty .  I t  is im p o r 
t a n t  to  n o te  t h a t  in  s p ite  o f  th e  d e c re a se  in  h e d o n ic  ra tin g s  
b ro u g h t  a b o u t  b y  p o s t  h e a tin g , th e  sc o re s  s ti l l  fe ll w ith in  
th e  a c c e p ta b le  ran g e  o f  th e  ra t in g  sca le  u se d .

B e cau se  i t  w as k n o w n  th a t  th e  d e v e lo p m e n t  o f  o x id iz e d  
o ff-f la v o rs  in  f ro z e n  c o w ’s m ilk  c o n c e n t r a te s  c o u ld  be 
m in im iz e d  b y  a d d i t io n  o f  a n t io x id a n ts  ( J o h n s o n ,  1 9 7 0 ), 
T e n o x  6, a c o m m o n  a n t io x id a n t ,  w as te s te d  fo r  its  e f fe c t  
o n  th e  f la v o r  s ta b il i ty  o f  3 :1  a n d  4 :1  g o a t m ilk  c o n c e n t r a te s  
d u rin g  s to ra g e .

T e n o x  6, a d d e d  a t  a leve l o f  O .O lg /lO O g fa t ,  m a in ta in e d  
th e  h e d o n ic  f la v o r  ra tin g s  o f  s ta b le  3 :1 c o n d e n s e d  26%  lac
to se  h y d ro ly z e d  g o a t m ilk  c o n c e n tr a te s  a f te r  4  m o n th s  
s to ra g e , w h ile  th o s e  o f  th e  u n t r e a te d  c o n tr o ls  d e c lin e d  
s o m e w h a t a n d  le v e led  o f f  (F ig . 1). T h e  T e n o x  6 t r e a te d  
c o n c e n tr a te s  a lso  h a d  lo w e r  levels o f  o x id iz e d  a n d  b i t te r  
f lav o rs  th a n  th o s e  o f  th e  u n t r e a te d  c o n c e n tr a te s .  O v e ra ll 
g o a tin e s s  o f  th e  c o n c e n t r a te s  r e m a in e d  re la t iv e ly  c o n s ta n t  
w ith  t im e .

T h e  4 :1  la c ta s e  t r e a te d  c o n c e n t r a te s  w ith  T e n o x  6 a lso  
h a d  h ig h e r  h e d o n ic  ra t in g s  w h e n  r e c o n s t i tu te d  a n d  c o n 
ta in e d  less o x id iz e d  a n d  b i t t e r  f la v o rs  th a n  th o s e  o f  th e i r  
c o n tr o ls  a f te r  4  m o n th s  s to ra g e  a n d  w e re  s im ila r  in  g o a ti
ness.

S in ce  th e  d if fe re n c e s  in  h e d o n ic  ra t in g s  b e tw e e n  th e  
c o n t r o l  a n d  a n t io x id a n t  t r e a te d  sa m p le s  w e re  n o t  as m a rk e d  
in  m o s t in s ta n c e s  as w ith  th e  3 :1 c o n c e n tr a te s ,  th e  d a ta  are  
n o t  sh o w n . T h e  d e g re e  o f  la c to s e  h y d ro ly s is  ( 2 6  o r  52% ) 
d id  n o t  a f f e c t  a c c e p ta b i l i ty .  A lso  f la v o r  sc o re s  f o r  re c o n s t i 
tu te d  u n h y d ro ly z e d  3 :1  c o n c e n t r a te s  s to re d  u p  to  4 m o n th s  
p a ra lle le d  th o s e  o f  b o th  th e  h y d ro ly z e d  3 :1  an d  4 :1  c o n 
c e n tra te s  th a t  d id  n o t  c o n ta in  a d d e d  a n t io x id a n ts  d u rin g  
th e  e a r ly  s ta g es  o f  s to ra g e . T h e  u n h y d ro ly z e d  sa m p le s  
th ic k e n e d  a n d  c o a g u la te d  a s  s to ra g e  tim e  p ro g re s se d  so  th e y  
w ere  n o t  ta s te d .

T a b le  4 —E f f e c t  o f  p a r t ia l  la c to s e  h y d r o ly s is  (L H )  o n  s to ra g e  s ta b i l i t y  
a t  — 1 4 °C  o f  4 :1  (48%  to ta l  so lid s )  g o a t  m i l k  c o n c e n tr a te s  ( L o t  4 )  
(S a m p le s  h o m o g e n i z e d  1 0 5 .5 /3 5 .2  k g / c m 2, p o s t  h e a te d  a t  7 1 ° C  3 0  
m in )

M o n th s
storage

% La c to se  
c ry s ta ll iz e d

V is c o s ity  23° C  
(cen t ipo ise )

M il l i l i t e r s
s e d im e n ta t io n

26%  L H 52%  L H 26%  L H 52%  L H 26%  L H 52%  L H

0 0 0 2 74 2 15 _ _

2 0 0 2 95 225 0 .2 <0.1
4 0 0 3 20 2 80 0 .6 <0.1
6 9 .5 0 4 8 0 3 58 0 .4 <0.1
8 3 2 .6 0 7 10 3 6 5 0 .5 <0.1

10 3 3 .0 0 2 2 0 0 4 8 0 0 .6 0.1

A b u s e  o f  f ro z e n  p r o d u c ts  o n c e  th e y  h a v e  b e e n  s h ip p e d  
b y  th e  m a n u f a c tu re r  is b e c o m in g  in c re a s in g ly  c o m m o n . 
T h e re fo re ,  th e  e f fe c ts  o f  f re e z e - th a w  c y c lin g  o n  th e  p h y s ic a l 
s ta b il i ty  o f  3 :1  (3 5 %  to ta l  so lid s )  f ro z e n  g o a t  m ilk  c o n c e n 
t r a te s  w ere  d e te rm in e d . A b u s in g  3 :1  c o n t r o l  c o n c e n t r a te s  
b y  th a w in g  a n d  re f re e z in g  u p  to  th r e e  t im e s  r e s u lte d  in  
a c c e le ra te d  d e s ta b il iz a t io n  a f t e r  to ta l  e la p se d  s to ra g e  t im e s  
o f  1.5 a n d  3 m o n th s  (T a b le  6). A s th e  sa m p le s  w ere  re 
p e a te d ly  th a w e d  a n d  r e f ro z e n , v is c o s ity , la c to s e  c ry s ta l l i
z a t io n ,  a n d  s e d im e n ta t io n  all in c re a s e d . A f te r  3 m o n th s  o f  
s to ra g e , f re e z e - th a w in g  ev en  o n c e  c o m p le te ly  d e s ta b iliz e d  
th e  s to r e d  c o n c e n tr a te .

W h e n  3 :1  c o n c e n tr a te s  w ith  26%  h y d ro ly z e d  la c to se  
w ere  a b u se d  b y  f re e z in g  a n d  th a w in g  ( F T )  th r e e  tim e s , 
v isc o s ity  a n d  “ a p p a r e n t”  la c to s e  c r y s ta l l iz a t io n  in c re a se d  
s lig h tly  a f te r  o n ly  2 m o n th s  o f  s to ra g e  a n d  r a p id ly  a f te r  4 
m o n th s  (F ig . 2 ). H o w e v e r, 36%  a n d  52%  la c to s e  h y d ro ly s is , 
re sp e c tiv e ly , s ta b iliz e d  th e i r  3 :1  a n d  4 :1  c o n c e n t r a te s  a g a in s t 
th r e e  f re e z e - th a w  a b u se  cy c le s . T h e s e  s a m p le s  s to r e d  u p  to  
10 m o n th s  sh o w e d  o n ly  sm a ll v isc o s ity  in c re a se s  a n d  n o  
la c to s e  c r y s ta l l iz a t io n  a n d  m a in ta in e d  s e d im e n ta t io n  v a lu e s  
o f  0 .1 cc  o r  less. V isc o s it ie s  o f  36%  la c to s e  h y d ro ly z e d  3 :1  
c o n c e n tr a te s  in c re a s e d  fro m  1 0 .9  a n d  1 5 .2  c e n tip o is e s ;  F T  
c e n c e n t r a te  v isc o s ity  in c re a se d  to  1 6 .8  c e n tip o is e s . V is
c o s i tie s  o f  52%  la c to s e  h y d ro ly z e d  4 :1  c o n c e n t r a te s  in 
c re a se d  f ro m  2 2 5  to  3 9 5  c e n tip o is e s ;  th o s e  o f  th e  F T  c o n 
c e n tra te s  in c re a s e d  to  5 9 0  c e n tip o ise s .

F T  o f  b o th  3 :1  a n d  4 :1  s to r e d  f ro z e n  c o n c e n t r a te s  h ad  
n o  s ta t is t ic a l ly  s ig n if ic a n t e f f e c t  o n  th e  o v e ra ll p a n e l  a c c e p t
a b il i ty  o f  th e i r  r e c o n s t i tu te d  m ilk s  ( T a b le  7 ), b u t  in  sev en  
o u t  o f  e ig h t tr ia ls , h e d o n ic  s c o re s  o f  th e s e  s a m p le s  w ere  a t  
le a s t  e q u a l to  o r  s lig h tly  h ig h e r  th a n  th e i r  c o n tro ls .  H o w 
ev e r, th e  e f fe c ts  o f  F T  o n  o x id iz e d  a n d  b i t t e r  as w ell as 
g o a ty  sc o re s  w ere  n o t  c o n s is te n t ly  d if fe re n t .

P o ly p h o s p h a te s  a re  f r e q u e n t ly  a d d e d  to  c o n c e n tr a te d  
m ilk s  to  p re v e n t  th ic k e n in g  a n d  c o a g u la t io n  o n  s to rag e .

—Continued on next page 
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F R O Z E N  GOA T  M I L K  CO N CEN TRA  T E S . .  .

T a b le  5 —E f f e c t  o f  p r o c e s s in g  s te p s  in  h e d o n ic  r a t in g  a n d  g o a ty  a n d  o x id i z e d  o f f - f la v o r  d e v e lo p m e n t  d u r in g  3 : 1  c o n c e n tr a te  p r o c e s s in g

H e d o n ic  ra tin g3 G oa tin e ss
O x id iz e d  and  

b it te r

9 -P o in t  sca le 5 -P o in t  sca le

S am p le Fresh d a y  o ld Fresh da y  o ld Fresh d ay  o ld

R a w 6 .5 5 bc - 0 .55 - 0.11 -

P as teu rized  7 7 ° C  15 sec 
H o m o ge n ized  1 0 5 .5 /3 5 .2  k g /cm 2 6 .8 8 c

C o n tro l

6 .5 0 bc 0 .4 4 0 .80 0 .3 3 0

C o n de n sed  3:1
R e co n s t itu te d  to  11.8%  to ta l so lid s 6 .5 5 bc _ 0 .67 _ 0 .33 _

C o n de n sed  3:1
Post heated 71 ° C  30  m in  R e co n s t itu te d 5 .4 4 b 6 .4 0 bc 1 .22 0 .80 0 .55 0 .2 0

P a s te u r ize d , H o m o g e n ize d  L H

L a c to se  tre a ted  (L H )  —33%  h y d ro ly z e d  la c to se  

7 .2 0 c 0 .5 0 0 .2 0

L H  co nd en se d  3:1 R e co n s t itu te d - 7 .2 0 c - 0 .5 0 - 0 .2 0

L H  co nd en se d  3:1 Post heated 
R e co n s t itu te d 5 .4 4 b 5 .8 0 b 1 .33 1 .10 0 .22 0 .60

k  c 5 .0  N e ith e r lik e  n o r d is l ik e : 6 .0  L ik e  s l ig h t ly ; 7 .0  L ik e  m o d e ra te ly .
' M eans in  th e  sam e lin e  b earing  d iffe re n t  su p e rs c r ip t  le tte rs  d if fe r , p <  0 .0 5 .

LU

Fig. 1—E f f e c t  o f  T e n o x  6  o n  th e  f la v o r  s c o re s  o f  m i l k s  r e c o n s t i t u t e d  
f r o m  3 : 1  (3 6 %  s o l id s ) h y d r o l y z e d  la c to s e  (L H )  g o a t  m i l k  c o n c e n 
tra te s :  0 -------0  2 6 %  L H  u n tr e a te d ;  D------- □  2 6 %  L H  w i th  T e n o x  6
(0 .0 1  g /IO O g  fa t)  ( L o t  4 ).

T a b le  6 —E f f e c t  o f  r e p e a te d  th a w in g  o f  3 : 1  (3 5 %  to ta l  so lid s )  c o n 
c e n tr a te s  ( L o t  3 )  2  h r  a t  2 3 °  C, th e n  r e fr e e z in g  a n d  s to r in g  a t  — 14° C  
o n  p h y s ic a l  s ta b i l i t y

A ge  in  w eeks 
w h en  th aw ed

V is c o s ity  
a t 23° C  

(cen t ipo ise )
% La c to se  

c ry s ta ll iz e d
M il l i l i t e r s

s e d im e n ta t io n

S to re d  1 .5 m on th s

(N o t th aw ed ) 12 0 0.1
1 4 12 6 9 .5 0.1
1 ,2 750 9 1 .5 0 .2
1 , 2 , 4 1 ,40 0 1 01 .0 1 .0

S to re d  3 m on th s

(N o t th aw ed ) 24 7.1 7 .7
1 725 9 0 .5 1 0 .0

A d d i t io n  o f  0 .4%  s o d iu m  h e x a m e ta p h o s p h a te  to  m ilk s  
n o t  t r e a te d  w ith  la c ta s e  r e s u lte d  in  c o n c e n t r a te s  o f  in c re a s e d  
p h y s ic a l s ta b i l i ty  ( a l th o u g h  th e y  c o n ta in e d  h ig h  leve ls  o f  
c ry s ta l l iz e d  la c to s e )  b u t  o f  p o o r  f la v o r  q u a l i ty  o n  e x te n d e d  
s to ra g e  (T a b le  8). B e c a u se  th e  a d d i t io n  o f  s o d iu m  h e x a 
m e ta p h o s p h a te  to  g o a t  m ilk  c o n c e n t r a te s  lo w e re d  h e d o n ic  
ra tin g s  a n d  in c re a s e d  o x id iz e d  a n d  b i t t e r  f la v o rs , i t s  u se  is 
n o t  r e c o m m e n d e d  ev e n  th o u g h  p h y s ic a l s ta b i l i ty  w as 
e n h a n c e d .

D IS C U S S IO N
A V A IL A B IL IT Y  o f  f re s h  g o a t  m ilk  to  th e  c o n s u m e r  is 
h ig h ly  s e a so n a l a n d  o f te n  l im ite d . T h e re fo re ,  a n  im p o r ta n t  
s te p  in  m a r k e t  e x p a n s io n  a n d  d e v e lo p m e n t o f  n e w  m a r k e ts  
f o r  g o a t m ilk  is to  p re se rv e  th e  m ilk  f o r  d is t r ib u t io n  y e a r  
r o u n d .  F re e z in g  h a s  a lw a y s  b e e n  c o n s id e re d  to  b e  a d e s ira b le  
w a y  o f  p re se rv in g  c o w ’s m ilk  b e c a u se  m in im a l f la v o r  
c h a n g e s  a re  c a u se d  b y  th e  f re e z in g  p ro c e ss .

I n  th e  w o rk  r e p o r te d  h e re , i t  h a s  b e e n  d e m o n s t r a te d  t h a t  
3 :1  a n d  4 :1  c o n c e n tr a te s  o f  w h o le  g o a t ’s m ilk  m a y  b e  
s to re d  f ro z e n  fo r  u p  to  10 m o n th s  w ith  m in im a l c h a n g e s  in
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p h y s ic a l s ta b i l i ty  p ro v id e d  th e  la c to s e  is s u f f ic ie n t ly  h y d ro 
ly z e d  a n d  th e  c o n c e n t r a te s  a re  p o s t  h e a te d  b e fo re  ca n n in g . 
A lth o u g h  i t  w as o b se rv e d  th a t  s to r e d  la c ta s e  t r e a te d  3 :1  
c o n c e n tr a te s  ( n o t  p o s t  h e a te d  a n d  n o t  h o m o g e n iz e d )  sh o w e d  
m a rk e d  v isc o s ity  in c re a se s  o v e r  th e  s to ra g e  p e r io d  (T a b le
3 ), n o  s ig n if ic a n t s e d im e n ta t io n  a n d  “ a p p a r e n t”  la c to s e  
c r y s ta l l iz a t io n  to o k  p la c e . T h e se  r e s u lts  w e re  in  c o n t r a s t  to  
th o s e  r e p o r te d  f o r  c o w ’s m ilk  (G u y , 1 9 7 4 )  w h e re  h ea v y  
c o a g u la t io n  o c c u r re d  in  c o n c e n t r a te s  c o n ta in in g  89%  
h y d ro ly z e d  la c to s e . T h e  c o w ’s m ilk  sa m p le s  h a d  b e e n  
h o m o g e n iz e d  b u t  n o t  p o s t  h e a te d .

T h e  v a lu e s  o f  c ry s ta l l iz e d  la c to s e  r e p o r te d  in  sa m p le s  
c o n ta in in g  p a r t ia l ly  h y d ro ly z e d  la c to s e  s h o u ld  b e  c o n 
s id e re d  o n ly  as “ a p p a r e n t”  v a lu e s . T h e  a n a ly tic a l  p ro c e d u r e  
u se d  to  m e a s u re  c ry s ta l l in e  la c to s e  is  a p o la r im e tr ie  o n e  
(S h a rp  a n d  D o o b , 1 9 4 1 ) ;  th e  g lu c o se  a n d  g a la c to s e  p re s e n t  
in  th e  sa m p le s  as a r e s u lt  o f  la c to s e  h y d ro ly s is  c o u ld  a lso  
c ry s ta l l iz e  o u t  d u r in g  s to ra g e  a n d  c o n t r ib u te  to  th e  ch a n g e s  
in  o p tic a l  r o t a t i o n  m e a su re d .

B i t te r  a n d  o x id iz e d  f la v o r  sc o re s  w e re  a d d e d  to g e th e r  
b e c a u se  th e y  c o n s t i tu te d  th e  m a in  c r it ic is m s  o f  th e  m ilk  
w h ic h  c o u ld  a d v e rse ly  a f fe c t  f lav o r. A lso  av e rag e  sc o re s  o f

STORAGE AT -14 C, MONTHS
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Fig. 2 —E f f e c t  o f  s to ra g e  t im e  o n  th e  v is c o s ity  a n d  la c to s e  c r y s ta l 
l iz a t io n  o f  g o a t  m i l k  c o n c e n tr a te s  s u b je c t e d  to  f r e e z e - th a w  a b u se
(3 X 1 : 0 ------ 0  3 :1 ,  (36%  to ta l  so l id s ) ,  2 6 %  h y d r o l y z e d  la c to se  (L H );
□ ------- □  f r e e z e - th a w e d  2 6 %  L H .

o x id iz e d  a n d  b i t t e r  f la v o r  m a y  b e  s lig h tly  lo w  b e c a u se  
sev e ra l m e m b e rs  o f  th e  ta s te  p a n e l  h a d  d if f ic u l ty  d e te c tin g  
th e m  o r  d e sc r ib in g  th e m  d u e  to  th e i r  in e x p e r ie n c e  a n d  
p re s e n c e  o f  o th e r  flav o rs . B e c a u se  th e  to ta l  n u m b e r  o f  
p a n e lis ts  w as l im i te d , in  p a r t  d u e  to  ad v e rse  b ias  a g a in s t th e  
p r o d u c t ,  rig id  p a n e l  s e le c t io n  w as n o t  p ra c tic a l. S ev era l 
m e m b e rs , h o w e v e r , w e re  e x p e r ie n c e d  d a iry  p r o d u c t  ju d g es . 
F o r  th e s e  re a so n s  a n d  th e  l im i ta t io n  o f  t im e  a n d  sam p les  
f o r  r e p e a t  te s tin g , n o  a t t e m p t  w as m a d e  to  a n a ly z e  s ta tis 
t ic a lly  th e s e  sco re s . H o w e v e r, b e c a u se  T e n o x  6 a n t io x id a n t  
c o n s is te n t ly  lo w e re d  o x id iz e d  a n d  b i t t e r  s c o re s  in  c o n c e n 
t r a te s  s to r e d  b e y o n d  4  m o n th s ,  i t  w as b e lie v e d  th e  av e rag e  
sco re s  w ere  a m e a n in g fu l  in d ic a t io n  o f  d if fe re n c e s . W ith  th e  
e x c e p t io n  o f  o n e  o r  tw o  p a n e lis ts , g o a ty  f la v o r  w as c o n sis 
te n t ly  d e te c te d  a n d  s c o re d  b y  th e  p a n e l. A l th o u g h  th e s e  
sco re s  w e re  s ta t is t ic a l ly  a n a ly z e d , b e c a u se  o f  th e  ra n g e  o f  
sco re s  o b ta in e d  a n d  l im i te d  p a n e l m e m b e rs , n o  s ig n if ic a n t 
d if fe re n c e s  in  sc o re s  w ere  o b ta in e d  fo r  a n y  o n e  te s tin g .

—Continued on next page

T a b le  7 —E f f e c t  o f  fr e e z e - th a w in g  (F T )  o n  th e  p a n e l  a c c e p ta b il i ty  
o f  g o a t  m i l k  r e c o n s t i t u t e d  f r o m  f r o z e n  la c to s e  h y d r o l y z e d  (L H )  3 :1  
a n d  4 : 1  c o n c e n tr a te s  s to r e d  a t  — 1 4 1 C

C o n c e n tra te
M o n th s
s to rage

g -P o in t
h e d o n ic

score

3:1 26%  L H

C o n tro l 6 5 .37
F T -3 X 6 5 .75

C o n tro l 8 5 .4 2
F T -3 X 8 5 .4 2

3:1 36%  L H a

C o n tro l 7 .5 4 .6 2
F T -3 X 7 .5 5 .3 7

C o n t ro l 9 4 .7 0
F T -3 X 9 5 .3 0

4:1 26%  L H

C o n t ro l (T -6 )b 6 5 .5 5
F T -1 X 6 5.go
C o n t ro l 8 6 .28
F T -1 X 8 6 .28

4:1 52%  L H

C o n tro l 8 5 .7 3
F T -3 X 8 5 .87

C o n t ro l (T-6) 10 6 .7 5
F T -2 X 10 6 .2 0

?  L o t  3 ;  re m a in d e r lo t 4  
T -6  = T e n o x  6 , 0 .0 1  g /1 0 0  g fa t

T a b le  8 —E f f e c t  o f  0 .4 %  s o d iu m  h e x a m e ta p h o s p h a te  (N a H P ) o n  th e  s to ra g e  c h a ra c te r is t ic s  o f  3 : 1  c o n c e n tr a t e d  g o a t 's  m i l k  ( L o t  4 )

M o n th s
storage

V is c o s ity  
a t 23° C  

(cen t ipo ise )
% La c to se  

c ry s ta ll iz e d
M il l i l i t e r s

s e d im e n ta t io n
g P o in t  

h e d o n ic  sco re
O x id iz e d  
and  b it te r G o a tin e ss

C o n tro l N a H P C o n tro l N a H P C o n t ro l N a H P C o n tro l N a H P C o n t ro l N a H P C o n t ro l N a H P

0 18 .8 2 2 .6 0 0 _ 6 .25 5 .8 6 0.11 0 .5 5 1 .56 1 .77
2 145 28 57 0 0 .4 0 .2 5 .4 2 5 .85 0 .1 2 0 .62 1 .6 1 .6
4 3 18 2 0 0 5 1 .5 71 2 .5 <0.1 5 .3 3 4 .58 0.41 0 .75 1.5 1 .6

6 1 7 2 0 a 2 57 80 81 10 <0.1 5 .8 5 4 .4 2 0 .8 5 0 .85 1.1 1 .4

8 2 1 0 0 a 4 3 5 05 7 0 .5 11 .5 0.1 4 .2 5 4 .1 2 0 .6 6 1 .86 0 .4 4 1 .00

10 — 6 88 — 8 6 - 0.1 - 3 .50 - 1 .88 - 0 .75

C o ag u la te d .
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A n  in te rm e d ia te  leve l o f  T e n o x  6, ( 0 .0 0 5 g /1 0 0 g  f a t) , 
w as a lso  t e s te d  in  so m e  c o n c e n tr a te s .  H e d o n ic  f la v o r  ra tin g s  
w e re  f o u n d  to  b e  in te rm e d ia te  b e tw e e n  th o s e  re c e iv e d  b y  
r e c o n s t i tu te d  sa m p le s  c o n ta in in g  0. 01% a n t io x id a n t  a n d  
th e i r  c o n tro ls .  I t  m ig h t  b e  n o te d  t h a t  th e  e f f e c t  o f  a n t i 
o x id a n t  is im p o r ta n t  in  sa m p le s  s to r e d  b e y o n d  4  m o n th s ’ 
t im e ;  o m iss io n  o f  i t  h a d  n o  e f f e c t  o n  h e d o n ic  ra tin g s  o f  
c o n c e n t r a te s  s to r e d  fo r  s h o r t  p e r io d s  o f  t im e . T h e  o v e ra ll 
d a ta  a g re e  in  sh o w in g  t h a t  th e  c o n c e n t r a te s  c o n ta in in g  
T e n o x  6 (O .O lg /lO O g  f a t )  s to r e d  b e y o n d  4  m o n th ’s t im e  
c o n s is te n t ly  re c e iv e d  h ig h e r  f la v o r  ra t in g s  th a n  th e  u n t r e a te d  
c o n tro ls .

S w e e tn e ss  o f  2 6  a n d  52%  h y d ro ly z e d  la c to s e  r e c o n s ti
t u te d  c o n c e n t r a te s  w as o f te n t im e s  d e te c te d  b y  p a n e lis ts  
b u t  d id  n o t  s ig n if ic a n tly  a l te r  th e  h e d o n ic  p a n e l  s c o re s  f ro m  
th o s e  o f  th e  u n h y d ro ly z e d  c o n tro ls .  T h is  is in  a g re e m e n t 
w ith  th e  f in d in g s  t h a t  3 0 - 6 0 %  la c to s e  h y d ro ly s is  o f  c o w ’s 
m ilk  d o e s  n o t  s ig n if ic a n tly  a f fe c t  th e  h e d o n ic  p a n e l  sco res . 
A b o v e  6 0%  h y d ro ly s is , c o w ’s m ilk  re c e iv e d  a lo w e r  p a n e l 
r a t in g  ( G u y  e t  a l., 1 9 7 4 ).

CONCLUSIONS
T H E  O V E R A L L  R E S U L T S  o f  th e  s tu d y  sh o w  th e  p ro c 
ess in g  c o n d i t io n s  w h ic h  s ta b iliz e  c o w ’s m ilk  c o n c e n tr a te s  
d u rin g  f ro z e n  s to ra g e  a lso  a re  u s e fu l  f o r  g o a t ’s m ilk . In  
a d d i t io n , r e p e a te d  th a w in g  a n d  re f re e z in g  m a y  ev e n  in c re a se  
th e  f la v o r  sc o re s  o f  f ro z e n  g o a t ’s m ilk  c o n c e n t r a te s  w h e n  
p a r t  o f  th e  la c to s e  p re s e n t  h a s  b e e n  h y d ro ly z e d .

C o m m e rc ia l a d o p t io n  o f  th e  p ro c e s s in g  s e q u e n c e  [H T S T  
p a s te u r iz a t io n ,  p a r t ia l  la c to s e  h y d ro ly s is  w ith  la c to s e  
e n z y m e  (3 6 %  h y d ro ly s is  fo r  3 :1  c o n c e n tr a te s  a n d  52%  
h y d ro ly s is  f o r  4 :1  c o n c e n tr a te s ) ,  r e p a s te u r iz a t io n ,  c o n 
d e n s in g  in  v a c u o , p o s t  h e a t in g  th e  c o n c e n t r a te  a t  7 1 °C  f o r  
3 0  m in , a d d i t io n  o f  T e n o x  6 (O .O lg /lO O g  fa t) ,  c a n n in g , 
sea lin g , a n d  f re e z in g ]  c a n  h e lp  e n su re  a y e a r  r o u n d  s u p p ly  
o f  a c c e p ta b le  w h o le  g o a t ’s m ilk  to  th e  c o n s u m e r , th e r e b y  
im p ro v in g  e c o n o m ic  b e n e f i ts  t o  th e  d a iry  g o a t  fa rm e r. 
R e d u c t io n  o f  la c to s e  c o n te n t  o f  g o a t ’s m ilk  b y  t r e a tm e n t  
w i th  la c ta s e  e n z y m e  c o u ld  p ro v id e  a n  a d d i t io n a l  b e n e f i t  to

th o s e  c o n s u m e rs  w h o  a re  o t  o n ly  a lle rg ic  t o  c o w ’s m ilk  
p r o t e in  b u t  a re  a lso  la c to s e  in to le ra n t .
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----------------------------ABSTRACT------------------------------
Orange juice concentrates were packaged aseptically by a “Dole” 
aseptic canning machine using 6 oz metal cans. The final juice 
products (11°, 34°, 44°, 58° Brix) were stored between -18° 
and 36°C and tested periodically for nonenzymatic browning, 
ascorbic acid destruction, furfural and sensory changes. Nonen
zymatic browning, the main deterioration phenomena in these 
products, was satisfactorily retarded at 12°C or lower. Ascorbic 
acid destruction rate constant was dependent on temperatures 
between 5 and 25°C, and was affected by degree of juice concen
tration. Furfural accumulation in juice was higher than that in 
58° Brix concentrate. Orange juice concentrate of 58° Brix did 
not show flavor changes after storage at 5°C or 12°C for 17 or 10 
months, respectively, when evaluated after reconstitution to 11° 
Brix.

INTRODUCTION
T H E  A S E P T IC  P R O C E S S IN G  o f  f o o d  p r o d u c ts  is a  te c h 
n iq u e  w h ic h  is n o w  a p p lie d  in  se v e ra l f o o d  in d u s tr ie s .  
T h e  ty p e s  o f  p r o d u c ts  p ro c e s s e d  b y  th is  m e th o d  in c lu d e :  
m ilk  p ro d u c ts ,  p u d d in g s , b a n a n a  p u re e , a n d  o ra n g e , a p p le  
a n d  g u av a  ju ic e s . B u lk  a s e p t ic  s to ra g e  o f  to m a to  p r o d u c ts  
is  n o  lo n g e r  n e w  (G re e n , 1 9 7 8 ; A n o n . ,  1 9 7 8 ) .

T h e  a s e p tic  b u lk  s to ra g e  s y s te m  f o r  ac id  f lu id  p ro d u c ts  
( to m a to e s ,  a p p le s  a n d  g ra p e s )  w e re  d e v e lo p e d  b y  u t i l i z a 
t io n  o f  a  r e la t iv e ly  n e w  a n d  a d v a n c e d  te c h n o lo g y  f o r  a s e p 
t i c  c a n n in g  o f  fo o d s . T h e  p ro c e s s  in v o lv e s  p u lp in g  c o n c e n 
t r a t io n ,  p re -h e a tin g , d e -a e ra t io n , h e a t in g  t o  ac h iev e  m ic ro 
b io lo g ic a l a n d  e n z y m a tic  s ta b i l iz a t io n ,  a n d  c o o lin g  p r io r  to  
s to ra g e . S to ra g e  o f  th e  s te r i l iz e d  p r o d u c t  c a n  b e  d o n e  in  
d ru m s  o r  in  v e ry  la rg e  s ilo s  o r  ta n k s  ( 20—100 to n s )  w h ic h  
h a v e  b e e n  p re v io u s ly  s te r il iz e d  b y  s te a m  a n d /o r  c h e m ic a ls  
(L a w le r , 1 9 7 4 ; S c o t t ,  1 9 7 4 ;R o th e r ,  1 9 7 7 ).

T h e  b u lk  s to ra g e  s y s te m  re d u c e d  th e  p ro b le m s  a sso 
c ia te d  w ith  s e a so n a l p ro c e ss in g , a n d  w ith  w a re h o u s e  a n d  r e 
h a n d lin g  c o s ts . T ra n s fe r r in g  th e  p r o d u c t  to  p o r ta b le  u n its ,  
su c h  as ra ilc a rs  o r  t r u c k  ta n k e r s  w h ic h  a re  c a p a b le  o f  m a in 
ta in in g  a s e p tic  c o n d i t io n s  f o r  s h ip m e n t  p u rp o s e s ,  r e d u c e d  
th e  c o s t  o f  p a c k a g in g  a n d  t r a n s p o r t a t io n  ( R o th e r ,  1 9 7 7 ; 
A n o n .,  1 9 7 8 ) .

A  sav ing  o f  3 0%  e n e rg y  w as  o b ta in e d  b y  a s e p tic -p a c k a g 
in g  a n d  re f r ig e ra te d  s to ra g e  o f  f ru i t-b a s e d  p r o d u c ts  w h e n  
c o m p a re d  w i th  f ro z e n  s to ra g e  ( R o b e ,  1 9 8 1 ) .

T h e  l i t e r a tu r e  o n  c i tru s  p ro d u c ts ,  e sp e c ia lly  c o n c e n 
t r a te s ,  p ro c e s s e d  a s e p tic a l ly  is  v e ry  l im ite d . L a w le r  ( 1 9 7 4 )  
a n d  S c o t t  ( 1 9 7 4 )  d e s c r ib e d  a p ro c e s s  f o r  s te r ile -c o ld -f il l in g  
o f  c i tru s  ju ic e  in  g lass c o n ta in e r s .  B o th  th e s e  w o rk e rs  
r e p o r te d  a b e t t e r  f la v o r  in  th e  a s e p tic  th a n  in  th e  “ h o t  
p a c k ” p ro c e sse d  p ro d u c t .

F o r  sev e ra l y e a rs , a s e p tic a lly  p ro c e s s e d  s in g le -s tre n g th  
o ra n g e  ju ic e  h a s  b e e n  m a r k e te d  su c c e s fu lly  in  T e tr a P a k  
a n d  P u re P a k  p a c k a g e s  a n d  in  r e c e n t  y e a rs  a lso  as a co n -

A u th o r s  K a n n e r , F is h b e in , S h a lo m ,  H are! a n d  B en -G e ra  a re  a f f i l i 
a t e d  w i th  th e  D e p t, o f  F o o d  T e c h n o lo g y , A g r ic u l tu r a l  R e sea rch  
O r g a n iz a tio n , T h e  V o ic a n i C e n te r , B e t-D a g a n , Israel. Dr. K a n n e r 's  
c u r r e n t  a d d re s s  is: c /o  Dr. J .E . K in se lla , C o rn e ll  U n iv e r s i ty ,  D e p t, o f  
F o o d  S c ie n c e ,  S to c k in g  H all, I th a ca , N Y  1 4 8 5 3 .

c e n t r a te  (A n o n .,  1 9 7 5 ; A n o n . ,  1 9 7 8 ) .  J o h n s o n  a n d  T o le d o
( 1 9 7 5 )  r e p o r te d  t h a t  o ra n g e  c o n c e n t r a te  a s e p tic a l ly  p a c k 
ag ed  in  g lass c o n ta in e r s  c o u ld  b e  s to r e d  a t  15 C f o r  n o t  
m o re  th a n  2 m o n th s  w i th o u t  s ig n if ic a n t f la v o r  c h a n g es .

T h e  p u rp o s e  o f  th is  re s e a rc h  w as  t o  id e n t i f y  c o n d i t io n s  
t h a t  w o u ld  a llo w  th e  u se  o f  a s e p tic  p a c k a g in g  te c h n o lo g y  as 
a n  a l te rn a tiv e  to  f ro z e n  s to ra g e  a n d  b u lk  t r a n s p o r t a t io n  o f  
c i t ru s  p ro d u c ts .

MATERIALS & METHODS
SINGLE-STRENGTH ORANGE (var. Valencia) JUICE and concen
trates of 34°, 45° and 58° Brix were produced from the same batch, 
in a line which comprised the following units in the order of the 
processed material flow: an EMC juice extractor industrial plate 
evaporator (A.P.V., three effects were used at temperatures of 78, 
65 and 50°C with flash cooling to 15°C); product preheater; vacu
um de-aerator; pasteurizer; product cooler; and aseptic filling and 
seaming machine (Dole, model 1302, James Dole Corporation, 
U.S.A.). All heat exchangers were of the plate type. Aseptic condi
tions during filling and seaming were achieved in the Dole machine 
by superheated steam.

The following condition existed along the material flow line: 
juice and concentrates were fed at 20°C; preheated and piped at 
60°C to deaerator; de-aerated at 40 mm mercury (absolute pressure); 
pasteurized at 92-94°C for 30 sec; cooled and filled at 35°C; 
sealed under positive steam pressure and water cooled to 20°C. 
All products were packed in 6-oz cans, which were tin plated and 
coated inside with epoxy-phenolic resin. Cans were stored at -18, 
5, 12, 17, 25, and 36°C, and tested over a period of 18 months. 
Essence recovery and add-back systems were not employed. One 
hundred twenty cans were prepared for each storage temperature 
and six of these cans were opened after each storage period.

Ascorbic acid was determined by titration with 2,6-dichloro- 
phenol indophenol (AOAC, 1970). If the color of the juice was too 
dark the concentrates were diluted to 5° Brix. Furfural was deter
mined using an improved method of Dinsmore and Nagy (1973), 
based on the well-known aniline acetic acid reaction with furfural. 
The color of juice and concentrates was determined directly by a 
Gardner Tristimulus Colorimeter, model KL 10. The instrument 
was calibrated against a white plate, L = 91.6, a = -1.8, b = + 1.8.

The flavor of samples adjusted to 11° Brix was evaluated at 
various times during storage by at least 25 test panelists from among 
department personnel; the same assessors participated in all the 
tests. At each session, the tasters compared two sets of the three 
samples by the triangle test (Kramer and Twigg, 1970). The samples 
were presented as reconstituted orange juice, without the addition 
of cut-back flavors and coded by two-digit random numbers. The 
panel was not trained. Instructions to the tasters were to find the 
different samples, the samples were tested in a room with day
light, (the caramel off-flavor appear before significant browning 
could be detected). The reference sample, stored at —18°C, was 
aseptically canned and of the same concentration as the test sample. 
All the results are presented on the basis of 11° Brix except those 
results on nonenzymatic browning. The cloud of reconstituted juice 
was stable during the test. The stability of the cloud on reconsti
tuted juice was tested by “settling” in a conus tube fore 3 hr at 
room temperature. We don’t evaluate the stability of the cloud for a 
longer period of time.

RESULTS & DISCUSSION
Nonenzymatic browning

C o lo r  d e te r io r a t io n  o f  o ra n g e  c o n c e n t r a te s  d u r in g  s to r 
age a t  h ig h  te m p e ra tu re s  w as in v e s t ig a te d . B ro w n in g  ex -
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p re sse d  as an  in c re a s e  in  th e  tr is t im u lu s  a t t r i b u t e  L  sh o w e d  
s ig n if ic a n t  c h a n g e s  in  5 8 °  B rix  c o n c e n t r a te  s to r e d  a t  
2 5 ° C  f o r  a t  le a s t  2 0 0  d a y s  (F ig . 1 ). T h e  5 8 °  B rix  c o n c e n 
t r a t e  w a s  s ta b le  a t  5 a n d  12  C f o r  18 a n d  12 m o n th s ,  
re s p e c tiv e ly . P r o d u c ts  o f  lo w e r  c o n c e n t r a t io n ,  su c h  as 
4 5  B r ix , c o u ld  b e  s to r e d  a t  th o s e  te m p e ra tu re s  f o r  2 4  a n d  
18 m o n th s ,  re s p e c tiv e ly , w i th o u t  s ig n if ic a n t c o lo r  d e te r io r a 
t i o n  ( K a n n e r  e t  a l., 1 9 7 8 ) . T a b le  1 sh o w s  th e  e f f e c t  o f  ju ic e  
c o n c e n t r a t io n  o n  n o n e n z y m a tic  b ro w n in g  a t  17 C . I t  is 
w e ll k n o w n  th a t  in c re a s in g  th e  c o n c e n t r a t io n  o f  fo o d s  sig
n i f ic a n t ly  e n h a n c e s  b ro w n in g  r e a c t io n s  ( L a b u z a e t  a l., 1 9 7 0 ) .

A sc o rb ic  ac id  d e g ra d a t io n
A s c o rb ic  ac id  d e s t ru c t io n  in  c i tru s  p r o d u c ts  h a s  b e e n  

r e p o r te d  u n d e r  a e ro b ic  o r  a n a e ro b ic  c o n d i t io n s  (B o y d  a n d  
P e te r s o n , 1 9 4 5 ; K e f fo rd  e t  a l., 1 9 5 9 , N a g y  a n d  S m o o t ,  
1 9 7 7 , N a g y , 1 9 8 0 ) . M o st o f  th e  e x p e r im e n ts  w e re  d o n e  
w ith  ju ic e s ,  a n d  a few  o n  c o n c e n tr a te s .  (C u r l, 1 9 4 7 ; D u B o is  
a n d  K e w , 1 9 5 1 ; B isse t a n d  B e rry , 1 9 7 5 ) . I t  w as f o u n d  
th a t  in  c o n c e n tr a te s  th e  lo ss  in  a s c o rb ic  ac id  w as  v e ry  l im 
i t e d  a t  —1 8 ° , 5 a n d  12 C b u t  in c re a s e d  m a rk e d ly  a t  25

T a b le  1—N o n e n z y m a t ic  b r o w n in g  a n d  fu r fu r a l  a c c u m u la t io n  a f 
f e c t e d  b y  j u ic e  c o n c e n tr a t io n s to r e d  a t  1 7 °  C  fo r  2 0 0  d a y s a

Juice cone 
(° Brix)

Nonenzymatic browning13 
( - A  L)

Furfural0
(ppb)

11 0.3 590
34 3.8 305
44 4.3 260
58 5.2 196

a V a lu e s  a re  th e  m ean o f  th re e  re p lic a t io n s . T h e  chang e  In L  w as 
m easured  on  th e  co n ce n tra te s  ta k e n  o u t o f  th e  can  a fte r  m ix in g . 
—A l  = L  (ze ro  t im e ) — L  (2 0 0  d a y s ) .

D S ig n if ic a n t  d iffe re n c e s  at a leve l o f  0 .0 5  = 1 .2  
c S ig n if ic a n t  d iffe re n c e s  at a level o f  0 .0 5  = 2 7  ppb

Fig. 1—N o n e n z y m a t ic  b r o w n in g  o f  o ra n g e  ju ic e  c o n c e n tr a te  5 8 °  
B r ix  a s a f f e c t e d  b y  s to ra g e  te m p e r a tu r e :  — 1 8 ° C  ( • )  5 ° C  (*■ ); 1 2 ° C  
(o );  1 7 ° C  ( X ) ;  2 5 ° C  ( o ) ;  3 7 ° C  ( c-i. (V a lu e s  a re  th e  m e a n  o f  th r e e  
r e p l ic a t io n s ;  s ig n i f ic a n t  d i f f e r e n c e s  a t  a  le v e l  o f  0 .0 5  = 1 .2 ).

a n d  3 6 ° C. F ig . 2  d e sc r ib e s  th e  re s u lts  o b ta in e d  f ro m  th e  
d e g ra d a t io n  o f  a  5 8  B rix  c o n c e n tr a te .  R e s u lts  sh o w  th a t  
d e g ra d a t io n  o f  a s c o rb ic  ac id  fo l lo w s  f i r s t - o rd e r  r e a c t io n  
k in e t ic s  a t  te m p e r a tu r e  o f  25 C a n d  b e lo w . A t 3 6  C th e  
d e g ra d a t io n  o f  a s c o rb ic  ac id  d id  n o t  d e s c r ib e  a  f i r s t  o r d e r  
r e a c t io n .

D a ta  (F ig . 2 )  o n  5 8 °  B rix  c o n c e n t r a te  a n d  o th e r  c o n 
c e n t r a te s  ( K a n n e r  e t  a l ., 1 9 7 8 )  a re  in  g o o d  a g re e m e n t  w ith  
th e  re s u lts  o f  N ag y  a n d  S m o o t  ( 1 9 7 7 )  o n  a s c o rb ic  a c id  
d e g ra d a t io n  in  s to re d  c a n n e d  s in g le -s tre n g th  o ra n g e  ju ic e ,  
a n d  d if fe r  f ro m  th o s e  o f  o th e r s  (B re n n e r  e t  a l ., 1 9 4 8 ; 
H u e lin , 1 9 5 3 ) , w h o  f o u n d  a f i r s t -o rd e r  r e a c t io n  o f  a s c o rb ic  
a c id  d e g ra d a t io n  u n t i l  4 0 ° C  o r  h ig h e r  t e m p e ra tu re s  b u t  f o r a  
fe w  m in u te s  o n ly  (S a g u y  e t  a l., 1 9 7 8 ) . A p p a re n t ly ,  r e s u lts , 
(F ig . 2 )  d i f f e r  f ro m  th e  o th e r s  b e c a u se  o f  th e  lo n g  s to ra g e  
t im e . D u rin g  th is  p e r io d  m a n y  b re a k d o w n  p r o d u c ts  d e v e lo p  
f ro m  ju ic e  c o n s t i tu e n ts ,  w h ic h  see m  t o  a f fe c t  a n d  a c c e le ra te  
th e  d e g ra d a t io n  o f  a s c o rb ic  ac id  (C legg , 1 9 6 4 ; 1 9 6 6 ) .  T h e  
d e s t ru c t io n  o f  a s c o rb ic  a c id  w as  f o u n d  to  b e  a f f e c te d  b y  
t h e  d e g re e  o f  ju ic e  c o n c e n t r a t io n  (F ig . 3 ) . S im ila r  r e s u lts  
w e re  f o u n d  b y  C u rl ( 1 9 4 7 )  a n d  S a g u y  e t  a l. ( 1 9 7 8 ) .  T h e  
r a te  c o n s ta n ts  d e g ra d a t io n  o f  a s c o rb ic  a c id  f o r  th e  f irs t  
1 0 0  d a y s  a re  1 .2 7  a n d  3 .7 1  m g /w k /lO O g  o f  5 8 °  B rix  c o n 
c e n t r a te  s to r e d  a t  17 a n d  2 5 ° C , re s p e c tiv e ly . T h e  sam e  
re s u lts  c a lc u la te d  to  11° B rix  a re  0 .2 4  a n d  0 .7 0  m g /w k  
re s p e c tiv e ly , w h ic h  is a b o u t  2 .6- fo ld  h ig h e r  th a n  th o s e  in  
s to r e d  o ra n g e  ju ic e  (F ig . 3 )  a n d  3- t o  4 - fo ld  h ig h e r  th a n  
th o s e  r e p o r te d  b y  N ag y  a n d  S m o o t  ( 1 9 7 7 ) .

J o h n s o n  a n d  T o le d o  ( 1 9 7 5 )  f o u n d  a  h ig h  le v e l o f  d e g ra 
d a t io n  (6 4 % ) o f  a s c o rb ic  ac id  in  o ra n g e  c o n c e n t r a te  (5 5  
B r ix )  f ille d  a s e p tic a l ly  in  g lass c o n ta in e r s ,  a f t e r  1 5 0  d a y s  a t  
15 C . W ith  a  s im ila r  p r o d u c t ,  s to r e d  f o r  th e  sa m e  p e r io d  o f  
t im e  a n d  te m p e r a tu r e ,  r e s u lts  o f  th e  p re s e n t  s tu d y  sh o w e d  
a s c o rb ic  a c id  d e g ra d a t io n  o f  le ss  t h a n  10%.

F u r fu r a l  a c c u m u la t io n
B la ir  ( 1 9 6 4 )  w as o n e  o f  th e  f i r s t  r e s e a rc h e rs  t o  sh o w  

t h a t  fu r f u r a l  a c c u m u la te s  d u r in g  s to ra g e  o f  c i tru s  p r o d 
u c ts . R e c e n t  r e p o r ts  p o in te d  o u t  t h a t  f u r f u r a l  d o e s  n o t  
d i r e c t ly  c o n t r ib u te  to  th e  f la v o r  c h a n g e s  b u t  i ts  a c c u m u la 
t io n  p a ra lle ls  t h a t  o f  o th e r  c o m p o u n d s  t h a t  a l te r  f la v o r  
(M a ra u lja  e t  a l., 1 9 7 3 ;  N ag y  a n d  R a n d a ll ,  1 9 7 3 ; N a g y  a n d

Fig. 2 — R e te n t io n  o f  a sc o rb ic  a c id  in  o ra n g e  c o n c e n tr a te  ( 5 8 ° C  
B r ix ) .  (V a lu e s  a re  th e  m e a n  o f  th r e e  r e p l ic a t io n s ;  s ig n i f ic a n t  d i f f e r 
e n c e s  a t  a le v e l o f  0 .0 5  = 5 .8 % ).
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S m o o t ,  1 9 7 7 ) .  T h e re  a p p e a rs  to  b e  a  c r i t ic a l  te m p e r a tu r e  
a b o v e  w h ic h  f u r f u r a l  a c c u m u la t io n  is  e x tr e m e ly  ra p id  
(F ig . 4 ).

I n  o ra n g e  ju ic e  o f  11 B r ix , t h e  a c c u m u la t io n  o f  fu r f u r a l  
w as  g re a te r  t h a n  in  ju ic e  c o n c e n t r a te  o f  5 8 °  B rix  (T a b le  1). 
A s f u r f u r a l  is  a b re a k d o w n  p r o d u c t  o f  a s c o rb ic  ac id  ( T a tu m  
e t  a l., 1 9 6 9 )  a n d  th e  d e s t ru c t io n  o f  a s c o rb ic  ac id  d e p e n d s  
o n  te m p e r a tu r e  a n d  c o n c e n t r a t io n ,  th e  a c c u m u la t io n  in  th e  
5 8 °  B rix  c o n c e n t r a te  s h o u ld  h a v e  b e e n  g re a te r  t h a n  in  th e  
ju ic e .  A n o th e r  re a s o n  f o r  e x p e c t in g  a  h ig h e r  a c c u m u la t io n  
o f  f u r f u r a l  in  t h e  5 8 °  B rix  c o n c e n t r a te  w as  a  d e c re a se  in  p H  
w h ic h  w as  s h o w n  b y  H u e lin  e t  a l. ( 1 9 5 3 )  t o  in c re a s e  f u r f u r a l  
p r o d u c t io n  in  a  m o d e l s y s te m . F u r f u r a l  is  k n o w n  as  a  re a c 
tiv e  c o m p o u n d  ( D u n lo p  a n d  P e te rs ,  1 9 5 3 ) ;  in  th e  p re s e n c e  
o f  a c id s  i t  t e n d s  t o  o v e r  c o n d e n s a t io n  w ith  a ld e h y d e s , k e 
to n e s  a n d  a m in o  a c id s  (R iz z i ,  1 9 7 4 ) .

R e s u lts  o f  th e  p re s e n t  s tu d y  in d ic a te  t h a t  f u r th e r  r e a c 
t io n  o f  f u r f u r a l  w ith  o th e r  c o m p o u n d s  see m s  t o  h a v e  o c 
c u r re d  a t  in c re a s in g ly  h ig h  r a te s  w i th  in c re a s in g  p r o d u c t  
( c o m p o u n d s )  c o n c e n t r a t io n ,  a n d  f o r  th is  re a s o n  th e  a c c u 
m u la t io n  o f  f u r f u r a l  w as  less  in  c o n c e n t r a te s  th a n  in  ju ic e  
(T a b le  l ) ; a n d  K a n n e r  e t  a l., 1 9 8 1 ) .

In  ju ic e ,  i t  a p p e a rs  t h a t  f u r f u r a l  c a n  se rv e  as a q u a l i ty  
d e te r io r a t io n  in d e x ,  a s  h a s  b e e n  r e c o m m e n d e d  b y  sev e ra l 
re s e a rc h e rs  (M a ra u lja  e t  a l., 1 9 7 3 ; N ag y  a n d  R a n d a ll , 
1 9 7 3 ; N ag y  a n d  S m o o t ,  1 9 7 7 ) ;  h o w e v e r , f o r  c o n c e n tr a te s  
th is  in d e x  n e e d s  f u r th e r  s tu d y .

S e n s o ry  q u a l i ty
T h e  c o n c u r r e n t  c h a n g e s  in  th e  f la v o r  q u a l i ty  o f  o ra n g e  

c o n c e n t r a te s  f ille d  a s e p tic a l ly  a n d  s to r e d  a t  h ig h  te m 
p e r a tu r e  w e re  in v e s t ig a te d . In  c o n t r a s t  w i th  J o h n s o n  a n d  
T o le d o ’s ( 1 9 7 5 )  f in d in g s , re s u lts  (F ig . 5 )  s h o w  n o  s ta t is 
t ic a l ly  s ig n if ic a n t d if fe re n c e s  b e tw e e n  5 8 °  B rix  c o n c e n 
t r a te  s to r e d  a t  - 1 8 ° C  a n d  th o s e  s to r e d  a t  5 ° ,  12° a n d  
17 C f o r  1 7 , 1 0 , a n d  8 m o n th s ,  re s p e c tiv e ly . A f te r  th is  
p e r io d ,  o f f - f la v o r  w as  d e v e lo p e d  w h ic h  w as  a s s o c ia te d  
m a in ly  w i th  a c a ra m e l- lik e  ta s te .  D e a e ra t io n  o f  th e  c o n c e n 
t r a te s  c o u ld  a c c o u n t  f o r  t h e  d if fe re n c e  in  th e  re s u l ts  o f  th is  
s tu d y  a n d  th a t  o f  J o h n s o n  a n d  T o le d o  ( 1 9 7 5 ) .

O u r  re s u lts  s h o w  t h a t  t h e  a s e p tic  p ro c e s s  a n d  s to ra g e  a t  
a  r e f r ig e ra te d  t e m p e r a tu r e  c o u ld  b e  r e c o m m e n d e d  to  r e 

Fig. 3 —D e s tr u c t io n  o f  a sc o rb ic  a c id  in  o ra n g e  ju ic e s  a s a f f e c t e d  b y  
d e g re e  o f  c o n c e n tr a t io n  a f t e r  s to ra g e  o f  2 0 0  d a y s  a t  2 5 °  C.

p la c e  th e  p re s e n t  f re e z in g  p ro c e s s  o f  c i tru s  c o n c e n tr a te s  as a 
m e a n s  o f  re d u c in g  e n e rg y  c o n s u m p tio n  ( R o b e ,  1 9 8 1 )  
d u r in g  p ro d u c t io n ,  s to ra g e , a n d  b u lk  t r a n s p o r ta t io n .
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Fig. 4 — F u r fu ra l a c c u m u la t io n  in  o ra n g e  j u ic e  c o n c e n tr a te  ( 5 8 ° C  
B r ix )  as a f f e c t e d  b y  s to ra g e  te m p e r a tu r e .  ( V a lu e  a re  th e  m e a n  o f  
th r e e  r e p l ic a t io n s ;  s ig n i fic a n t  d i f f e r e n c e  a t  a  le v e l  o f  0 .0 5  = 2 7  p p b ) .

F ig . 5 —C o n c u r r e n t  c h a n g e s  in  th e  f la v o r  q u a l i t y  o f  o ra n g e  ju ic e  
c o n c e n tr a te  (5 8 °  B r ix )  a s a f f e c t e d  b y  t e m p e r a tu r e .  N o  (—);  Y e s  (+) 
s ta t is t i c a l ly  s ig n i f ic a n t  d i f f e r e n c e  a t  a  le v e l  o f  0 .0 5  b e tw e e n  s a m p le s  
a n d  th e  s a m e  o ra n g e  ju ic e  c o n c e n tr a te  s to r e d  a t  — 1 8 ° C . (T im e  m  = 
m o n th s ) .
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C o n t r o l l e d  A t m o s p h e r e  a n d  E t h y l e n e  E f f e c t s  o n  Q u a l i t y  o f  

C a l i f o r n i a  C a n n i n g  A p r i c o t s  a n d  C l i n g s t o n e  P e a c h e s

J E F F R E Y  K .  B R E C H T ,  A D E L  A .  K A D E R ,  C H R I S T I  M .  H E I N T Z ,  a n d  R O B E R T  C .  N O R O N A

---------------------------------------A B S T R A C T ---------------------------------------
Storage at 2% O2 plus 5% CO2 at 1.1°C maintained higher flesh 
firmness and lower pH and retarded decay more effectively than air 
storage of immature (Ml) and over-mature (M3) Patterson and 
Tilton apricot fruits. CA storage of fruits picked at the optimum 
maturity stage (M2) produced little benefit over air storage, however. 
Treatment with 100 ppm ethylene for 48 hours accelerated softening 
and color change at 20°C compared to ripening in air and may 
potentially be used to prepare immature apricot fruits for canning in 
the shortest possible time. Large differences in storageability and 
canned quality following storage were found among the five cling
stone peach cultivars tested. Loadel and Carolyn peaches, if in 
sound condition at harvest, can be stored for up to 4 wk under 2% 
0 2 + 5% CO2 at 1.1°C. Andross, Klamt and Halford peaches should be stored for shorter storage periods only. Fruits ripened at 20°C 
with ethylene (100 ppm for 48 hr) were similar to those ripened 
without it in appearance, texture, and flavor.

IN T R O D U C T IO N
C A L IF O R N IA  A P R IC O T S  a n d  c l in g s to n e  p e a c h e s  a re  
h a rv e s te d  f o r  c a n n in g  o n  t h e  b as is  o f  th e i r  sk in  a n d  f le sh  
c o lo r ,  r e s p e c tiv e ly , a n d  a re  n o rm a l ly  p ro c e s s e d  w ith in  o n e  
d a y  o f  h a rv e s t. C u r re n t ly ,  w h e n  c a n n in g  c a p a c i ty  is  e x c e e d e d  
b y  d a ily  h a rv e s te d  to n n a g e ,  p ro c e s s o rs  m a y  s to r e  th e  f r u i t  a 
fe w  d a y s  ( a p r ic o ts )  o r  u p  t o  2 w k  (c lin g  p e a c h e s )  a t  0 —2 C 
in  a ir. A s m o re  r e s t r ic t io n s  o n  w a te r  u se  a n d  w a s te  d isp o sa l 
a re  im p o s e d , lo n g e r  s to ra g e  m a y  b e c o m e  n e c e ssa ry  to  
r e g u la te  p ro c e s s e d  q u a n t i t y  p e r  d a y . In  a d d i t io n ,  in c re a s e d  
u se  o f  m e c h a n ic a l  h a rv e s tin g  m a y  r e s u lt  in  a w id e  ra n g e  o f  
m a tu r i t ie s  a t  h a rv e s t, in c lu d in g  m in im a lly  m a tu re  f ru i t  
w h ic h  re q u ire  r ip e n in g  b e fo re  c a n n in g .

P re v io u s  w o rk  ( S a lu n k h e  e t  a l., 1 9 6 6 ; W a n k ie r  e t  a l., 
1 9 7 0 ; C la y p o o l a n d  P a n g b o m , 1 9 7 2 )  h a s  s h o w n  th a t  c a n n in g  
q u a l i ty  o f  a p r ic o ts  c a n  b e  a f fe c te d  b y  c u lt iv a r ,  m a tu r i ty ,  
a n d  le n g th  a n d  ty p e  o f  s to ra g e . C la y p o o l a n d  P a n g b o m
( 1 9 7 2 )  te s te d  B le n h e im  a n d  T i l to n  a p r ic o ts  a n d  ju d g e d  
T i l to n  to  h av e  l im ite d  s to ra g e  p o te n t i a l  c o m p a re d  to  
B le n h e im . In  th is  s tu d y  w e  c o m p a re  T i l to n  t o  P a t te r s o n ,  a 
r e c e n t ly  in t r o d u c e d  c u lt iv a r  in  C a lifo rn ia .

A n d e rs o n  e t  al. ( 1 9 6 9 )  r e c o m m e n d e d  a c o n tro l le d  
a tm o s p h e re  (C A ) o f  1% O 2 p lu s  5%  C 0 2 f o r  s to ra g e  o f  
f re s h  m a r k e t  p e a c h e s  f o r  lo n g e r  th a n  th r e e  w e e k s  d u ra t io n .  
C la y p o o l a n d  D av is ( 1 9 5 9 )  f o u n d  n o  b e n e fic ia l  e f f e c t  o f  
1 o r  2 .5%  0 2 a n d  o b se rv e d  th a t  f la v o r  ra tin g s  o f  c a n n e d  
p e a c h e s  d e c re a se d  as th e  C 0 2 c o n c e n t r a t io n  in c re a se d  
ab o v e  5% . M o s t p re v io u s  s tu d ie s  o n  th e  e f fe c t  o f  m a tu r i ty  
o r  r ip e n e s s  o n  c a n n in g  q u a l i ty  ( S a lu n k h e  e t  al., 1 9 6 6 ; 
B o g g ess  e t  a l., 1 9 7 4 )  h av e  b e e n  l im i te d  to  a ir  s to ra g e  w ith 
o u t  a d d e d  e th y le n e .

T h e  o b je c tiv e s  o f  th is  s tu d y  w e re  (1 )  to  e x p lo re  th e  
p o s s ib il i ty  o f  m a in ta in in g  g o o d  q u a l i ty  in  s to ra g e  th r o u g h  
u se  o f  c o n tr o l le d  a tm o s p h e re s  (C A ), a n d  (2 )  to  e v a lu a te  th e  
p o ss ib le  u se  o f  e th y le n e  (C 2 H 4 ) t r e a tm e n ts  t o  r ip e n  g re e n  
f ru i ts  b e fo re  c a n n in g  in  o rd e r  to  a c h ie v e  f a s te r  a n d  m o re  
u n if o r m  r ip e n in g .

A u th o r s  B r e c h t ,  K a d e r  a n d  H e in tz  a re  w i th  th e  D e p t , o f  P o m o lo g y ,  
U n iv . o f  C a lifo rn ia , D av is, C A  9 5 6 1 6 . A u th o r  N o r o n a  is w i th  th e  
T r i/V a lle y  G ro w ers , M o d e s to ,  C A  9 5 3 5 3 .

M A T E R IA L S  &  M E T H O D S

Source of fruit and sorting by maturity
Apricots (Patterson and Tilton) and clingstone peaches (Loadel, 

Andross, Klamt, Carolyn, and Halford) were obtained from Tri- 
Valley Growers (Modesto, CA). The fruits were hand harvested and 
sorted in the orchard into three maturities, designated Ml, M2 and 
M3. These were defined as follows: (Ml) hard fruit with overall 
green color, (M2) firm fruit with yellow to yellow-orange ground 
color on the cheeks and little or no green on the suture or ends, 
(M3) moderately soft fruit with an overall yellow-orange ground 
color. The initial color and firmness measurements corresponding to 
these maturity stages are shown in Table 1 (apricots) and Table 3 
(cling peaches).
Handling

Fruits were transported to Davis within 24 hr of harvest and 
stored at 0°C in air if overnight holding was required. Peaches were 
dipped in 20°C fungicidal suspension of benomyl and 2,6-dichloro-
4-nitroaniline, a treatment which Wells (1972) has shown to be very 
effective in controling decay caused by Monilinia and Rhizopus 
fungi. All fruits were sorted for freedom from bruising and decay, 
and for uniformity of size range and maturity stage among replicates 
before being placed in 9.5-liter jars fitted with rubber stoppers with 
inlet and outlet tubes. Three replicates of each treatment were 
prepared for both the storage and ripening experiments.
Storage experiment

The effects of CA on storage life at 1.1°C, ripening of Ml fruit 
at 20°C after storage, and canning quality were compared to air 
storage using three maturities of each cultivar. Individual lots of 
fruits were exposed to one of four different atmospheres: air 
control, 2% 0 2 in N2, 5% CO2 in air, and 2% 0 2 plus 5% CO2 in 
N2. The gases were mixed in a flow-through system using needle 
valve type flowmeters and the total flow rates delivered to each jar 
adjusted so that CO2 accumulation from respiration remained below 
0.2%. Gas mixtures were monitored by gas chromatography. The 
relative humidity in the jars was maintained at 95 — 100% by bubbling 
the gases through water before entering the sample chamber. Storage 
times were 1, 2, and 3 wk for apricots and 2 and 4 wk for cling 
peaches at 1.1°C.
Ripening experiment

Ripening responses at 20°C in air, and in air containing 100 ppm 
ethylene for the initial 48 hr of ripening, were compared using Ml 
and M2 fruits. Samples to be ripened were held at 20°C until color 
and hand-held firmness were judged indicative of optimum stage for 
immediate canning, i.e., M3. Gas mixing, flow rate adjustment, 
monitoring of mixes and attainment of desired relative humidity were as mentioned above.
Evaluation and canning of samples

Samples of ten fresh fruits per replicate were evaluated initially 
and after the various treatments. Initial and post-treatment samples 
were also sent to Tri-Valley Growers for canning. A syrup consisting 
of one-third sucrose, one-third high fructose corn syrup, and one- 
third corn syrup was used. Fruits were cooked in continuous rotary 
cookers at 100°C for 14 min. Evaluations of canned fruits from 
the ripening experiment and from the CA storage treatments were 
performed after about 10 months storage at 20°C.
Color

The skin color of fresh and canned fruits was measured with a 
Gardner XL-23 Color Difference Meter. The instrument was cali
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brated with a standard white reference plate (X = 81.7, Y = 84.1, 
Z = 97.9). One reading was taken of each cheek on a fruit.
Firmness

With flesh exposed by peeling a small area of skin on each cheek, 
a UC Firmness Tester with a 0.79-cm tip was used to measure the 
fruit flesh firmness.
Chemical analysis

Fruit samples were homogenized in a Waring Blendor, centrifuged 
for 20 min at 13,200 x g and the supernatant juice decanted. Soluble 
solids content (SSC) of juice and syrup was measured with an Abbe 
refractometer. The pH of the juice was measured directly with a 
Corning pH Meter 130. Total titratable acidity (TTA) was deter
mined by diluting a 6.00 g aliquot of juice with 50 ml deionized 
water and titrating to pH 8.2 with 0.1N NaOH. Results were ex
pressed as percent malic acid. All samples of canned fruit were 
rinsed for one minute in deionized water and drained for two min
utes to remove the canning syrup before chemical analyses were 
performed.
Discarded fruits

Percent discard is the average of three replicates and includes 
fruit which were unsuitable for canning due to either physiological 
or pathological deterioration.
Sensory evaluation by a taste panel

A taste panel of 11 individuals scored canned fruit samples for firmness, sweetness, sourness, and flavor intensity by marking an 
unsealed 10-cm line labeled at opposite ends with ‘none’ or ‘extreme.’ 
The judges were trained prior to testing by being given fruit samples 
representative of the ranges of the various attributes as well as 
definitions of the terms. These were as follows: “firmness,” the 
force required to penetrate the fruit with the back molars; “sweet
ness,” the taste associated with sucrose; “sourness,” the taste 
associated with acids; “flavor intensity,” the relative intensity of the 
flavor associated with a fresh apricot or cling peach.

Judges were given three pieces of each sample placed under red 
light to minimize color bias and labeled with random three-digit 
numbers. A maximum of ten samples were tasted per day. Judges 
were instructed to expectorate samples and to rinse with water 
between samples.
Statistical analysis

Data were treated by analysis of variance (ANOVAR) with least 
significant difference (LSD) between treatment means determined 
at the 5% level.

RESULTS & DISCUSSION
A p ric o ts

T h e  ‘a ’ c o lo r  v a lu e , w h ic h  in d ic a te s  th e  re la t iv e  g re en e ss  
o r  re d n e s s  o f  a  s a m p le , gave th e  b e s t  c o r r e la t io n  w ith  
f irm n e ss  re a d in g s  a n d  c h a n g e d  to  a  g re a te r  d e g re e  d u r in g  
r ip e n in g  th a n  e i th e r  ‘R d ’ o r  ‘b ’ v a lu e s , w h ic h  m e a s u re  
re la t iv e  w h ite n e s s /b la c k n e s s  a n d  y e llo w n e s s /b lu e n e s s ,  
r e s p e c tiv e ly . T h u s , ‘a ’ v a lu e s  se e m  a b e t t e r  m e a s u re  o f  r ip e 
n e ss  a n d  a re  in c lu d e d  in  th e  d a ta  p re s e n te d  h e re  w h ile  ‘R d ’ 
a n d  ‘b ’ v a lu e s  a re  n o t .

T h e  2%  0 2 p lu s  5%  C 0 2 C A  s to ra g e  t r e a tm e n t  w as th e  
m o s t  c o n s is te n t ly  e f fe c t iv e  in  r e ta in in g  th e  q u a l i ty  a t t r ib u te s  
o f  f re s h  a p r ic o ts  a n d  w as th e r e f o r e  c h o s e n  f o r  f u r th e r  
e v a lu a tio n  o f  c a n n e d  sa m p le s . F o r  th is  re a s o n  d a ta  a re  
p re s e n te d  f o r  th is  C A  t r e a tm e n t  o n ly .

E ffe c t  o f  c o n tr o l le d  a tm o s p h e re .  C A  s to ra g e  w as m o re  
e f fe c tiv e  t h a n  a i r  s to ra g e  in  r e ta r d in g  th e  lo ss  o f  g re e n e ss  b y  
f re s h  M l a n d  M 2 f ru i ts  (T a b le  1 ). C A  s to ra g e  h a d  n o  e f f e c t  
o n  th e  SS C  o f  f re s h  a p r ic o ts ,  b u t  d id  r e s u l t  in  g re a te r  
f irm n e ss , lo w e r  p H , a n d  h ig h e r  T T A , as w e ll as lo w e r  d e c a y  
th a n  a ir  s to ra g e .

W h e n  o b je c tiv e  e v a lu a tio n s  o f  th e  c a n n e d  f r u i t s  w e re  
p e r fo r m e d  th e s e  d if fe re n c e s  b e tw e e n  a ir- a n d  C A -s to re d

Table 1—Compositional and quality attributes o f fresh apricots as 
related to storage treatment at 1.1°C

Patterson Tilton
Treat- -------------------------  ------------------

Variable ment Days M1a M2 M3 M1a M2 M3

Color
('a' value) 0 7.3 17.6 2 6 3 - 4 9 17.3 26.2

Air 7 6.3 24.4 27.1 - 2.1 18.0 24.8
14 21.7 25.5 27.3 16.4 19.4 25.3
21 14.0 25.6 28.1 8.6 21.5 24.7

CA 7 7.3 21.5 2 8 8 - 4 .2 18.1 26.0
14 16.5 23 8 27.2 11.1 19.9 26.6
21 11.4 24.0 28.6 10.6 18.3 25.6

LSD  @ 5% 2.1 1.5 1.2 2.2 1.5 NS

Firmness
(kg) 0 5.6 3.6 0.9 7.9 4.0 1.3

Air 7 4.1 1.5 0.4 5.7 2.3 0.7
14 0.6 1.5 0.7 1.0 2.0 0.7
21 1.5 1.5 0.7 1.4 2.1 0.8

CA 7 4.7 2.7 1.0 6.4 3.3 0.8
14 1.8 2.0 1.0 2.5 2.5 0.9
21 3.2 2.3 0 3 2.7 2.7 1.1

LSD  @ 5% 0.6 0.4 0.2 0.6 0.6 0.2

SSC (%) 0 10.4 12.6 16.7 88 12.0 14.6
A ir 7 10.7 14.0 16.3 4.2 12.4 9.8

14 10.6 14.2 15.7 88 12.5 15.3
21 10.4 1 3 8 15.4 8 9 12.3 14.8

CA 7 10.2 13.6 1 5 8 7.0 12.5 1 4 9
14 10.6 14.3 1 5 3 8.7 12.5 15.3
21 10.5 13.5 15.3 9.0 12.4 15.3

LSD  @ 5% NS 0.6 0 8 0.9 NS 0.9

pH 0 3.74 3 8 8 428 3 8 9 4.17 4.37
A ir 7 3.69 3 9 8 4.26 4.01 4.20 4.28

14 3 9 6 4.09 4.36 4.04 4.21 4.35
21 3.79 4.22 4.43 4.02 4.34 4.50

CA 7 3.79 3 9 9 4.14 3.93 4.11 4.29
14 3.85 4.02 4.18 4 .04 4.17 4.31
21 3.73 4.06 4.24 3 8 5 4.21 4.38

LS D  @ 5% 0.04 0.07 0.11 0.06 0.07 0.10

Titratable
Acid ity  (%) 0 1.34 1.09 0.60 1.45 0.84 0.54

Air 7 1.46 0.89 0.62 0.81 0.49 0.45
14 120 0.78 0.56 1.05 0.65 0.46
21 1.37 0.69 0.55 1.05 0.67 0.45

CA 7 1.50 1.00 0.72 1.07 0.62 0.50
14 1.39 o so 0.69 1.10 0.66 0.48
21 1.43 0 8 7 0.65 1.11 0.78 0.55

LSD  @ 5% 0.08 0.08 0.06 0.20 0.06 0.09

Discard (%) 0 — — - — - —

Air 7 0 0 0 8 0 0 0
14 0 0 5.3 20.0 0 6.7
21 3.3 0 1 6 9 4.2 0 14.2

CA 7 0 0 0.4 0 0 0
14 0 0 0 9 0 0 1.0
21 O S 0 3.4 4.2 0 6.7

LSD  @ 5% NS NS 6.0 NS NS 3.8

a R ip e n e d  fo r  0 , 4 ,  and 2 o r 0 , 5 , and  4  d ays at 2 0 ° C  a fte r  rem ova l 
fro m  a ir storage o r C A  s to rage , re sp e c t iv e ly .
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A P R IC O T  & C LIN G  P EA C H  S T O R A G E  & Q U A L I T Y . . .

f r u i t s  r e m a in e d  g e n e ra lly  s im ila r . C A -s to re d  f r u i t s  w ere  
lo w e r  in  ‘a ’ v a lu e s  a t  M l a n d  M 2 s ta g es  w i th  n o  s ig n if ic a n t 
d if fe re n c e s  a m o n g  M 3 f ru i ts  ( d a ta  n o t  s h o w n ) . T h e  p H  o f  
C A -s to re d  f r u i t s  w as  s lig h tly  lo w e r  a n d  th e  a c id i ty  h ig h e r  
t h a n  a i r - s to re d  f ru i ts .  T h e  ta s te  p a n e l ju d g e s  f o u n d  C A - 
s to r e d  M l  f ru i ts  f i rm e r  th a n  a i r - s to re d  f ru i ts ,  b u t  th e  
f irm n e s s  d if fe re n c e s  b e tw e e n  a ir-  a n d  C A -s to re d  M 2 a n d  M 3 
f re s h  f r u i t s  w e re  e s s e n tia lly  lo s t  a f t e r  c a n n in g . T h e  ta s te  
p a n e l  d e te c te d  l i t t l e  o r  n o  d if fe re n c e s  in  sw e e tn e s s , s o u r 
n e ss , o r  f la v o r  in te n s i ty  b e tw e e n  th e  tw o  t r e a tm e n ts ,  b u t  
o ff - f la v o rs  w e re  m o re  f r e q u e n t ly  n o te d  in  a i r  t h a n  in  C A  
f ru i ts .  T h e s e  d a ta  a re  in  a g re e m e n t w i th  th e  re s u l ts  o f  
C la y p o o l a n d  P a n g b o m  ( 1 9 7 2 )  in d ic a tin g  t h a t  C A  r e ta r d s  
d e v e lo p m e n t o f  o ff-f la v o rs .

T h e  p o te n t i a l  a p p lic a b il i ty  o f  C A  to  s to ra g e  o f  c a n n in g  
a p r ic o ts  a p p e a rs  to  d e p e n d  o n  th e  c o n d i t io n  o f  th e  f ru i t  
to  b e  s to re d .  F o r  f r u i t  o f  th e  M 2 m a tu r i ty  s ta g e , C A  h a s  
l i t t l e  b e n e f ic ia l  e f fe c t  o v e r  a ir  s to ra g e , b u t  f ru i t s  p ic k e d  a t  
th e  M l a n d  M 3 s ta g es  m a y  b e n e f i t  f ro m  C A  s to ra g e . C A  
s to ra g e  re s u lts  in  a  f irm e r  M l c a n n e d  p r o d u c t  w i th  n o  
p e rc e p t ib le  d e t r im e n ta l  e f fe c t  o n  f la v o r. In  a d d i t io n ,  
w h e re a s  d e c a y  m a y  b e  a p ro b le m  in  a i r - s to re d  M l a n d  M3 
f ru i ts ,  i t  is  e f fe c t iv e ly  r e ta r d e d  b y  C A  s to ra g e .

A  p o te n t i a l ly  im p o r ta n t  e f f e c t  o f  C A  s to ra g e  c o n c e rn s  
th e  r e te n t io n  o f  lo w  p H  v a lu e s  c o m p a re d  t o  a ir  s to ra g e . 
T h is  is  e sp e c ia lly  a p p a r e n t  a f t e r  lo n g e r  s to ra g e  o f  t h e  h ig h e r  
m a t u r i ty  f ru i ts .  T h e  h ig h  p H  v a lu e s  r e c o r d e d  in  c a n n e d  M 3 
a p r ic o ts  f ro m  th e  3 -w k  s to ra g e  t r e a tm e n t  ( 4 .3 )  a re  a p 
p ro a c h in g  th e  u p p e r  l im i t  f o r  sa fe  c a n n in g  ( 4 .5 ) .  C A  s to ra g e  
m a y  a llo w  th e  u se  o f  lo w e r  c o o k in g  t im e s  a n d /o r  te m p e r a 
tu r e s  th a n  w o u ld  o th e rw is e  b e  n e c e s s a ry  to  sa fe g u a rd  
a g a in s t p o ss ib le  c o n ta m in a t io n ,  th e r e b y  re s u lt in g  in  b e t t e r  
t e x tu r a l  a n d  n u tr i t iv e  q u a li ty .
T a b le  2 —C o m p o s it io n a l  a n d  q u a l i t y  a t t r ib u te s  o f  fre sh  a p r ic o ts  
r ip e n e d  in  a ir  o r  a ir  p lu s  1 0 0  p p m  e th y l e n e  f o r  4 8  h r  a t  2 0 °  C

E ffe c t  o f  e th y le n e  t r e a tm e n ts .  F r e s h  a p r ic o ts  w e re  
s ig n if ic a n tly  s o f te r  a n d  less g re e n  a f t e r  t r e a t m e n t  w ith  
e th y le n e  ev en  th o u g h  r ip e n e d  f o r  o n e  d a y  le ss  th a n  air- 
r ip e n e d  f ru i t s  (T a b le  2 ) . T h e re  w e re  n o  d if fe re n c e s  in  SSC , 
T T A , o r  p e r c e n t  d isc a rd  b e tw e e n  th e  tw o  r ip e n in g  t r e a t 
m e n ts ;  d if fe re n c e s  in  p H  w e re  sm a ll.

A f te r  c a n n in g , th e  e th y le n e - t r e a te d  f ru i ts  w e re  s till 
h ig h e r  in  ‘a ’ v a lu e , b u t  n o  s ig n if ic a n t d if fe re n c e s  w e re  
o b se rv e d  in  SSC  o r  T T A . W hile  C 2H 4 - tre a te d  f r u i t s  h a d  a 
h ig h e r  ( b y  a b o u t  0 .2  u n i ts )  p H  th a n  a ir  c o n t r o l  M l f ru i ts ,  
n o  d if fe re n c e s  in  p H  w e re  n o te d  in  th e  M 2 f ru i ts .  T h e  ta s te  
p a n e l  fo u n d  e th y le n e - t r e a te d  M l f ru i ts  s o f te r  t h a n  th o s e  
f ro m  a ir  w h ile  th e  f irm n e s s  d if fe re n c e s  se e n  in  f re s h  M 2 
f ru i ts  w e re  n o  lo n g e r  d e te c ta b le .  In  a d d i t io n ,  c a n n e d  M l 
f ru i ts  w e re  ju d g e d  less s o u r  w h e n  r ip e n e d  w ith  e th y le n e .  
C o n s e q u e n tly ,  th e  e th y le n e - t r e a te d  M l f ru i ts  w e re  a lso  
ju d g e d  to  h a v e  less f la v o r  in te n s i ty  th a n  a i r - r ip e n e d  f ru i t .  
P a n e l m e m b e rs  f o u n d  n o  d if fe re n c e s  a m o n g  M 2 f ru i ts  
c a n n e d  a f te r  th e  tw o  r ip e n in g  t r e a tm e n ts  ( d a ta  n o t  s h o w n ) .

T h e  re s u lts  o f  th e  r ip e n in g  e x p e r im e n t  in d ic a te  t h a t  
e th y le n e  t r e a t m e n t  ( 1 0 0  p p m  f o r  4 8  h r  a t  2 0  C) a c c e le ra te s  
th e  r ip e n in g  p ro c e s s  c o m p a re d  to  a i r  s to ra g e . E v en  th o u g h  
th e  e th y le n e - t r e a te d  f ru i t  w e re  h e ld  f o r  o n e  d a y  less  a t  2 0  C 
th a n  th e  a i r- r ip e n e d  f r u i t ,  th e y  w e re  s o f te r  a n d  s h o w e d  less 
g re e n  c o lo r . I t  see m s  p o ss ib le  t h a t  m a n ip u la t io n  o f  h o ld in g  
t im e ,  te m p e r a tu r e ,  a n d /o r  e th y le n e  c o n c e n t r a t io n  c a n  b e  
u s e d  t o  d e v e lo p  r ip e n in g  s c h e d u le s  w h ic h  c o u ld  b e  a p p lie d  
t o  ac h ie v e  f a s te r  a n d  m o re  u n if o r m  r ip e n in g  o f  c a n n in g  
a p r ic o ts .
C lin g s to n e  p e a c h e s

T h e  ‘a ’ c o lo r  v a lu e , w h ic h  in d ic a te s  th e  re la t iv e  g re e n e ss  
o r  re d n e s s  o f  a  s a m p le , gave th e  b e s t  c o r r e la t io n  w ith  
f irm n e s s  re a d in g s  a n d  h a s  b e e n  s h o w n  to  c o r re la te  w ell 
w i th  f la v o r  a n d  v isu a l q u a l i ty  b y  L e o n a rd  e t  a l. ( 1 9 6 1 ) .  
I t  th u s  se e m s  to  b e  a  b e t t e r  m e a s u re  o f  r ip e n e s s  t h a n  e i th e r

P a tte rso n T i lt o n ‘R d ’ o r  ‘b ’ v a lu e s , a n d  th e r e f o re ,  o n ly  ‘a ’ v a lu e s  a re  p re s e n te d  
h e re .

V a r ia b le T re a tm e n t M1 M 2 M1 M 2 T h e  2%  0 2 p lu s  5%  C 0 2 s to ra g e  t r e a t m e n t  w as  th e  m o s t  
e f fe c t iv e  in  r e ta r d in g  c o lo r  c h a n g e  a n d  d e v e lo p m e n t  o f  
d e c a y  in  f re s h  p e a c h e s  a n d  w as th e r e f o r e  c h o s e n  f o r  f u r th e r  
e v a lu a tio n  o f  c a n n e d  sa m p le s . D a ta  a re  p re s e n te d  f o r  th is  
C A  t r e a tm e n t  a n d  fo r  C a ro ly n  a n d  H a lfo rd  p e a c h e s  o n ly . 
T h e  re la t iv e  r e s p o n s e s  o f  th e  o th e r  th r e e  c u lt iv a rs  w ill b e

R ip e n in g  t im e  (days) A ir
C 2 H 4

8
7

6
5

8
7

6
5

L S D  @ 5% N S N S N S N S

C o lo r  ( 'a ' va lue) In it ia l
A ir
c 2 h 4

5 .0
16 .0
2 0 .3

22 .0
2 8 .6
2 8 .0

- 0.2
14 .5
16 .5

8.8
18 .4
2 0 .4

d isc u ssed .
E f fe c t  o f  c o n tr o l le d  a tm o s p h e re .  T h e re  w e re  sm a ll  o r  n o  

s ig n if ic a n t d if fe re n c e s  b e tw e e n  a ir- a n d  C A -s to re d  f r u i t  in  
te rm s  o f  c o lo r ,  f irm n e s s , S S C , p H  a n d  T T A  f o r  e a c h  s to ra g e  
d u r a t io n  (T a b le  3 ) . H o w e v e r, C A  s to ra g e  w as  m o re  e f fe c t iv e  
th a n  a ir  s to ra g e , in  so m e  cases , in  lo w e r in g  th e  in c id e n c e  o f  
d e c a y  o b se rv e d  a f t e r  4  w k  a t  1 .1 °C .

C a n n e d  M 3 H a lfo rd  p e a c h e s  f ro m  C A  s to ra g e  sh o w e d  
h ig h e r  ‘a ’ v a lu e s  t h a n  a i r- s to re d  f ru i ts .  C a n n e d  M l f ru i ts

L S D  @ 5% 2 .5 1.2 2 .9 1.1

F irm n ess  (kg) In it ia l
A ir
C 2 H 4

4 .9
2 .9  
1.0

3 .0
1.0 
0 .5

5 .4
1.0
0 .5

3 .6
1.3
0 .5

L S D  @ 5% 0.2 0 .3 0.2 0 .0 5 w h ic h  w e re  h e ld  in  C A  h a d  a  s lig h tly  h ig h e r  p H  th a n  a ir- 
s to r e d  f ru i ts .  O th e rw is e , t h e  o b je c tiv e  e v a lu a t io n  re v e a le d  
n o  s ta t is t ic a l ly  s ig n if ic a n t d if fe re n c e s  b e tw e e n  th e  tw o  
s to ra g e  t r e a tm e n ts .  T h e  ta s te  p a n e l  ju d g e s  a lso  d e te c te d  n o  
s ig n if ic a n t d if fe re n c e s  b e tw e e n  f ru i ts  f ro m  th e  tw o  s to ra g e  
t r e a tm e n ts  e x c e p t  t h a t  C A -s to re d  M 3 p e a c h e s  w e re  sc o re d  
f i rm e r  th a n  a i r - s to re d  f ru its .

S S C  (%) In it ia l
A ir
C 2 H 4

8.8
9 .6
9 .3

11.6
12.8
12.6

10.6
9 .9
9 .8

11.5
11.1
11.3

L S D  @ 5% N S 0 .5 0.6 N S

pH In it ia l
A ir
C 2 H 4

3 .72
3 .78
3 .9 4

3 .95
4 .21
4 .1 2

4 .0 3
4 .2 0
4 .31

4 .1 4
4 .2 8
4 .2 4

A n  e x p e r t  p a n e l f ro m  T ri-V a lle y  G ro w e rs  s u b je c tiv e ly  
r a te d  c a n n e d  C a ro ly n  p e a c h e s  g o o d  to  v e ry  g o o d  in  f la v o r  
a n d  a p p e a ra n c e  w ith  M l f ru i t s  f ro m  C A  s to ra g e  ju d g e d  to  
b e  o f  s ig n if ic a n tly  b e t t e r  o v e ra ll  a p p e a ra n c e  t h a n  a i r- s to re d  
f ru i ts  ( d a ta  n o t  s h o w n ) . C a n n e d  L o a d e l  p e a c h e s  w e re  r a te d  
g o o d  w h ile  H a lfo rd  a n d  K la m t p e a c h e s  s c o re d  lo w  a n d  
A n d ro s s  p e a c h e s  w e re  in te rm e d ia te  in  a p p e a ra n c e  a n d  
f la v o r  q u a l i ty  a t t r ib u te s .

A n  im p o r ta n t  r e s u lt  o f  th is  s tu d y  is  t h e  o b s e rv e d  v a r ia t io n

L S D  @ 5% 0 .1 4 0 .0 6 0 .05 0 .0 5

T it ra ta b le  a c id it y  (%) In it ia l
A ir
C 2 H 4

0 .82
0.66
0 .73

0 .58
0 .47
0 .4 5

0.66
0 .58
0 .5 5

0 .5 7
0 .5 2
0 .5 3

L S D  @ 5% 0 .1 0 0 .03 0 .0 5 0.02
in  r e s p o n s e s  to  s to ra g e  a m o n g  th e  c u lt iv a rs  t e s te d .  I t  see m s
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t h a t  th e  m o s t  im p o r ta n t  f a c to r  in  th e  su c c e ss fu l s to ra g e  o f  
c lin g  p e a c h e s  m a y  b e  th e  c u lt iv a r  t h a t  is  c h o s e n . L arg e  
d if fe re n c e s  w e re  f o u n d  w ith  r e s p e c t  to  o ff- f la v o rs , f le sh  
b ro w n in g , a n d  b ru is in g . B o th  W a n k ie r  e t  a l. ( 1 9 7 0 )  a n d  
W a ta d a  e t  al. ( 1 9 7 9 )  c i te d  d e v e lo p m e n t o f  o ff - f la v o rs  as a 
m a jo r  f a c to r  l im itin g  C A  s to ra g e  o f  f re s h  m a r k e t  p e a c h e s . 
W e o b se rv e d  n o  s ig n if ic a n t in c re a s e  in  o ff - f la v o rs  in  C A - 
s to re d  c a n n in g  c lin g  p e a c h e s  c o m p a re d  to  a ir. A m o n g  th e  
five c u lt iv a rs , H a lfo rd  a n d  K la m t w e re  b a d ly  d is c o lo re d  a n d  
e x h ib i te d  o ff - f la v o rs  d e s c r ib e d  as “ f is h y ”  a n d  “ c a ra m e liz e d ”

T a b le  3 —C o m p o s it io n a l  a n d  q u a l i t y  a t t r ib u te s  o f  fre sh  p e a c h e s  as 
r e la te d  to  s to ra g e  t r e a tm e n t  a t  1 .1 °C

V a r ia b le
T  reat- 
m en t D ays

C a ro ly n H a lfo rd

M 1 a M 2 M 3 M 1 a M 2 M 3

C o lo r
('a ' va lue) 0 4 .8 18 .7 24 .8 1.5 10.5 2 1 .4

A ir 14 8 .9 12.3 20 .4 8.0 10.0 18.3
28 7 .6 13.4 18.6 9 .4 10.8 18.1

C A 14 10.4 13.8 19.1 8 .4 8.6 16.8
28 8 .9 11.4 17.9 7 .9 8.8 16.2

L S D  <a 5% 2.0 0 .9 1.9 2.2 1.8 1.6

F irm ness
(kg) 0 4 .8 4 .2 3 .4 4 .0 3 .2 3 .5

A ir 14 2 .7 4 .3 3 .4 2.2 3 .3 3 .2
28 3 .8 4.1 2 9 3 .2 3.1 2 .7

C A 14 2 .5 4.1 3 .6 2 .4 3 .2 3 .4
28 3 .3 4.1 2.8 3 .0 3 .3 3 .0

L S D  @ 5% 0 .4 N S N S 0 .3 N S 0 .5

S S C  (%) 0 9 .6 11.1 10.7 9 .3 9 9 14.1

A ir 14 8 .9 9 .9 10.3 9.1 9 .8 12 .5
28 8.6 10.4 9 .8 9 .6 9 .3 12.1

C A 14 8 .5 9 9 10.3 9 .3 9 .7 12 .4
28 8 .9 9 .9 10.2 8 .9 9 .6 12.2

L S D  <s> 5% N S 0 .3 0.8 N S N S 0 .7

pH 0 3 .7 6 3 9 8 3 .9 9 3.91 4.01 4 .0 3

A ir 14 3 .9 9 3 .93 4 .2 4 4.21 4 .1 6 4 .2 8
28 4 .03 4 .1 4 4 .4 4 4 .25 4 .29 4 .5 8

C A 14 3 .98 3 .99 4 .27 4 .19 4 .2 0 4 .31
28 3 .97 4 .19 4 .6 5 4 .3 2 4 .41 4 .5 3

L S D  @ 5% 0.02 0 .0 8 0 .1 5 0 .07 0 .06 0 .0 7

T itra ta b le
a c id ity  (%) 0 0 .8 2 0 .58 0 .5 0 0.66 0 .57 0 .5 0

A ir 14 0 .6 7 0 .57 0 .42 0 .60 0.51 0 .4 2
28 0 .63 0 .4 4 0 .29 0.51 0 .45 0 .3 0

C A 14 0 .62 0.51 0.41 0 .5 9 0 .52 0 .4 2
28 0 .65 0 .4 4 0 .2 6 0 .52 0 .45 0 .2 9

L S D  @ 5% 0 .05 0 .07 0 .05 0 .04 0 .0 5 0.02

D isca rd  (%) 0 - - - - - -

A ir 14 0 0 0 0 0 0
28 6 .7 1.4 18.1 22 .7 1.4 0

C A 14 0 0 0 0 0 0
28 6 .7 0 4 .2 8.0 2.8 0

L S D  @ 5% N S N S N S 10.1 N S N S

R ip e n e d  fo r  3 or 4  and 3 d a ys  at 2 0 ° C  a fte r  rem o va l fro m  a ir 
sto rage  o r C A  storage (1 4  and  28  d a y s ) , re sp e c t iv e ly .

b y  th e  ju d g e s . A n d ro ss , L o a d e l, a n d  C a ro ly n  f ru i ts  ran g e d  
f ro m  g o o d  to  e x c e lle n t  in  b o th  a p p e a ra n c e  a n d  f la v o r  a f te r  
f o u r  w e e k s  s to ra g e  fo l lo w e d  b y  c a n n in g , re g a rd le s  o f  th e  
s to ra g e  a tm o s p h e re .

T h e re  w as a lso  a w id e  ra n g e  o f  s u s c e p tib i l i ty  to  d e c a y  
a m o n g  th e  c u lt iv a rs  w h ic h  w as m o s t  se r io u s  in  M l f ru i ts  
r ip e n e d  a f t e r  s to ra g e . Alternaría w as m o s t  c o m m o n  o n  
th e s e  f ru i ts ,  w h ile  Monilinia w as  m o re  c o m m o n  o n  f ru i ts  
a f fe c te d  d u r in g  s to ra g e  o r  th e  r ip e n in g  e x p e r im e n t .  W hile 
A n d ro s s , C a ro ly n , a n d  H a lfo rd  p e a c h e s  w e re  re la t iv e ly  
u n a f f e c te d  b y  d e c a y , K la m t p e a c h e s  w e re  h e a v ily  in f e c te d ,  
a n d  L o a d e l p e a c h e s  w e re  s u b je c t  t o  s u c h  h e a v y  d e c a y  th a t  
n o n e  o f  th e  M 1 f ru i ts  t r a n s f e r re d  to  2 0 °  C a f te r  4  w k  s to ra g e  
w e re  sa lv ag ea b le  a f te r  a few  d a y s  a t  r o o m  te m p e ra tu re .

W h e n  M l f ru i ts  w ere  r ip e n e d  im m e d ia te ly  a f t e r  h a rv e s t, 
d e c a y  w as n o t  a s ig n if ic a n t p ro b le m . T h e r e fo r e ,  th e  m u c h  
g re a te r  a m o u n ts  o f  d e c a y  o b se rv e d  in  M l f ru i ts  r ip e n e d  
a f t e r  s to ra g e  c o m p a re d  to  im m e d ia te  r ip e n in g  in d ic a te s  t h a t  
w h e n  lo n g - te rm  s to ra g e  o f  c lin g  p e a c h e s  is  n e c e s s a ry , g re e n  
f ru i ts  s h o u ld  p ro b a b ly  b e  r ip e n e d  b e fo re  s to ra g e  r a th e r  th a n  
a f te r .  A lth o u g h  C A  s to ra g e  p ro v e d  to  o f f e r  o n ly  sm a ll 
b e n e f i t  o v e r  a ir s to ra g e  in  te rm s  o f  c a n n in g  q u a l i ty ,  i t  
w o u ld  te n d  to  re d u c e  d e c a y  c o m p a re d  t o  a ir  s to ra g e  if  
in i t ia l  so r t in g  a n d  r ip e n in g  o f  g re e n  f ru i ts  is n o t  fea s ib le .

I t  is k n o w n  t h a t  s u s c e p t ib i l i ty  o f  f ru i ts  t o  c h illin g  in ju ry  
is le s se n e d  w ith  in c re a s in g  m a tu r i ty  (F id le r ,  1 9 6 8 ; L y o n s , 
1 9 7 3 ) a n d  a c c e le ra te d  d e c a y  in c id e n c e  is a c o m m o n  s y m p to m  
o f  ch illin g  in ju r y  in  o th e r  c o m m o d it ie s  u p o n  t r a n s f e r  to  
ro o m  te m p e r a tu r e  ( L y o n s , 1 9 7 3 ; R y a ll  a n d  P e n tz e r ,  1 9 7 4 ). 
T h e re fo re ,  th e  d e c a y  o b se rv e d  in  th is  s tu d y  m a y  h a v e  b e e n  
a s y m p to m  o f  ch illin g  in ju ry  to  th e  M l p e a c h e s .

—Continued on next page

T a b le  4 —C o m p o s it io n a l  a n d  q u a l i t y  a t t r ib u te s  o f  fre sh  p e a c h e s  
r ip e n e d  in  a ir  o r  a ir  p lu s  1 0 0  p p m  e th l y e n e  f o r  4 8  h r  a t  2 0 °  C

C a ro ly n H a lfo rd

V a r ia b le T re a tm e n t M1 M 2 M1 M 2

R ip e n in g  t im e  (days) A ir 8 6 8 5
c 2 h 4 8 5 8 5

L S D  @ 5% N S N S N S N S

C o lo r  ( 'a ' va lue) In it ia l 4 .8 18.7 1.5 10.5
A ir 12.2 19.3 10.1 15 .0
C 2 H 4 11.1 22.2 10.6 13.5

L S D  @ 5% 3.8 1.3 2 .3 N S

F irm n ess  (kg) In it ia l 4 .8 4 .2 3 .9 3 .2
A ir 2 .9 2.8 2 .9 2.6
c 2 h 4 2 .7 3 .0 2 .9 2 .7

L S D  @ 5% 0 .4 0 .4 0.1 0.2

S S C  (%) In it ia l 9 .6 11.1 9 .3 9 .9
A ir 8 .7 9 .8 9 .0 10.1
C 2 H 4 8.2 9 .4 8 .4 9 .9

L S D  @ 5% 1.0 0 .4 0 .3 N S

p H In it ia l 3 .7 6 3 .88 3.91 4.01
A ir 3 .9 3 4 .0 8 4 .1 3 4 .1 6
C 2 H 4 3 .9 2 4 .1 0 4 .0 9 4 .08

L S D  @ 5% 0 .0 5 0 .0 6 0 .0 5 0 .08

T it ra ta b le  a c id ity  (%) In it ia l 1 .17 0 .7 5 1 .07 0 .97
A i r 1 .25 0.68 0 .9 4 0 .77
C 2 H 4 1 .07 0 .6 2 0 .8 5 0 .7 0

L S D  @ 5% 0 .0 6 0 .0 6 0.12 0 .05
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E ff e c t  o f  e th y le n e  t r e a tm e n t .  O n ly  sm a ll d if fe re n c e s  
w e re  f o u n d  in  r a te  o r  u n i f o r m i ty  o f  r ip e n in g  b e tw e e n  th e  
e th y le n e -  a n d  a ir- r ip e n in g  t r e a tm e n ts .  H o w e v e r, e th y le n e -  
r ip e n e d  f r u i t s  w e re  s o m e w h a t lo w e r  in  S S C , p H , a n d  
s ig n if ic a n tly  lo w e r  in  a c id i ty  t h a n  a i r- r ip e n e d  f r u i t  (T a b le
4 ) . D e c a y  w a s  n o t  a  p ro b le m  in  th is  e x p e r im e n t  in  c o n tr a s t  
t o  t h e  M l f r u i t  r ip e n e d  a f t e r  s to ra g e  (T a b le  3 ).

O b je c t iv e  e v a lu a tio n  o f  th e  c a n n e d  H a lfo rd  p e a c h e s  
s h o w e d  n o  s ig n if ic a n t d if fe re n c e s  b e tw e e n  a ir- a n d  e th y le n e -  
r ip e n e d  f ru i ts .  T h e  ta s te  p a n e l, h o w e v e r , ju d g e d  M l f ru i t s  
b o t h  f irm e r  a n d  m o re  s o u r  w h e n  t r e a t e d  w ith  e th y le n e ,  
w h ile  e th y le n e - t r e a te d  M 2 f ru i t s  w e re  s c o re d  as s o f te r  a n d  
le ss  s o u r  t h a n  a i r- r ip e n e d  f ru i t .

T h e  T ri-V a lle y  G ro w e rs  p a n e l  f o u n d  n o  s ig n if ic a n t 
d if fe re n c e s  b e tw e e n  f ru i t s  f ro m  th e  tw o  r ip e n in g  t r e a tm e n ts  
b u t  r a te d  M l a n d  M 2 C a ro ly n  f ru i ts  g o o d  a n d  v e ry  g o o d , 
re s p e c tiv e ly , in  f la v o r  a n d  r a te d  b o th  m a tu r i t i e s  e x c e lle n t  
in  o v e ra ll a p p e a ra n c e .

W h e n  r ip e n in g  o f  c lin g  p e a c h e s  is  d e s ire d  b e f o re  c a n n in g , 
th e r e  is a p p a re n t ly  l i t t l e  t o  b e  g a in e d  f ro m  e th y le n e  t r e a t 
m e n t .  F r u i t s  r ip e n e d  in  a ir , a n d  in  a ir  a f te r  a  2 -d a y  e th y le n e  
t r e a tm e n t  a t  2 0  C , w e re  e s s e n tia lly  e q u a l  in  a p p e a ra n c e  
( in c lu d in g  d e c a y )  a n d  f la v o r  q u a l i ty .  A l th o u g h  th e  e th y le n e  
t r e a tm e n t  u s e d  in  th is  s tu d y  d id  n o t  a c c e le ra te  t h e  r ip e n in g  
p ro c e s s , u se  o f  a lo n g e r  d u ra t io n  a n d /o r  a  h ig h e r  e th y le n e  
c o n c e n t r a t io n  m a y  p o te n t i a l ly  e x h ib i t  th is  e f fe c t .  O th e r 
w ise , i t  w o u ld  see m  t h a t  s im p ly  h o ld in g  t h e  f ru i ts  in  a i r  a t  
2 0  C w ill su f f ic e  t o  a llo w  r ip e n in g  w h ic h  p ro d u c e s  p e a c h e s  
o f  g o o d  f la v o r  a n d  a p p e a ra n c e  w h e n  c a n n e d .
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E s t i m a t i o n  o f  F u n g a l  C o n t a m i n a t i o n  i n  T o m a t o  P r o d u c t s  b y  a  C h e m i c a l

A s s a y  f o r  C h i t i n

R .  H .  B I S H O P ,  C .  L .  D U N C A N ,  G .  M .  E V A N C H O ,  a n d  H .  Y O U N G

----------------------------ABSTRACT------------------------------
A chemical method for the quantitative measurement of fungal chit
in was used to estimate the level of mold contamination in tomato 
products. The alkaline degradation of chitin results in a polygluco
samine which is measured colorimetrically and the results expressed 
as jug of fungal glucosamine. Addition of fungal mycelium to tomato 
products gave recoveries of 97 ± 3% of the expected level of glucosa
mine. Analysis of various types of tomato products showed a signifi
cant correlation (P < 0.01) between fungal glucosamine content and 
the Howard mold count.

INTRODUCTION
T H E  H O W A R D  M O L D  C O U N T  (H M C ) is  a m ic ro s c o p ic  
m e th o d  f o r  t h e  d e te rm in a t io n  o f  fu n g a l  c o n ta m in a t io n  in  
to m a to  p ro d u c ts .  I t  is  su b je c tiv e  a n d  o f t e n  im p re c ise . W h e n  
“ m ille d ”  p r o d u c ts  a re  e x a m in e d , t h e  in a c c u ra c y  is  f u r th e r  
c o m p o u n d e d  b e c a u se  c o m m in u t io n  b re a k s  u p  th e  m y c e l
iu m  y ie ld in g  h ig h e r  H M C ’s f o r  th e  sam e  in i t ia l  le v e l o f  c o n 
ta m in a t io n .  A  c h e m ic a l m e th o d  f o r  th e  d e te r m in a t io n  o f  
m o ld  s h o u ld  b e  m o re  a c c u r a te  a n d  re lia b le .

C h it in  is a m a jo r  c o n s t i tu e n t  o f  fu n g a l ce ll w a lls  b u t  
l i t t l e  o r  n o  c h it in - l ik e  m a te r ia ls  o c c u r  in  h ig h e r  p la n ts ,  
s u c h  as to m a to e s .  T h e r e fo r e ,  th e  c h i t in  c o n te n t  o f  to m a to  
p r o d u c ts  s h o u ld  b e  a g o o d  m e a s u re  o f  m o ld  c o n ta m in a t io n .

P re v io u s  m e th o d s  f o r  th e  c h e m ic a l assay  f o r  c h i t in  u t i l iz 
in g  ac id , w i th  o r  w i th o u t  s u b s e q u e n t  e n z y m a tic  h y d ro ly s is ,  
w e re  le n g th y  a n d  s u b je c t  t o  in te r f e r e n c e  f ro m  p la n t  m a te r 
ia ls  (R id e  a n d  D ry s d a le , 1 9 7 1 ) . R id e  a n d  D ry s d a le  ( 1 9 7 2 )  
d e s c r ib e d  a m e th o d  in  w h ic h  fu n g a l c h i t in  is d e a c e ty la te d  
b y  a lk a lin e  h y d ro ly s is  t o  p ro d u c e  a g ro u p  o f  c o m p o u n d s  
c a lle d  c h ito s a n . T h e  c h i to s a n  is  t r e a t e d  f u r th e r  w i th  n i t r o u s  
a c id  to  y ie ld  a n  a ld e h y d e  w h ic h  is  m e a s u re d  c o lo r im e tr ic a l ly  
(T s u ji  e t  a l ., 1 9 6 9 ) .  T h e  a d v a n ta g e s  o f  th is  m e th o d  a re  t h a t  
v ig o ro u s  a lk a lin e  t r e a t m e n t  r e d u c e s  th e  p o s s ib il i ty  o f  a r t i 
f a c ts  f ro m  p la n t  m a te r ia ls ,  sp e c if ic  e n z y m e s  a re  u n n e c e s s a ry , 
a n d  th e  t im e  f o r  th e  assay  is  re d u c e d  ( R id e  a n d  D ry sd a le ,
1 9 7 2 ). J a r v i s ( 1 9 7 7 )  u se d  th e  a lk a lin e  h y d ro ly s is  m e th o d  to  
assess th e  leve l o f  fu n g a l c o n ta m in a t io n  o f  to m a to  ju ic e s  
a n d  p u re e s . R e s u l ts  w ith  sp ik e d  sa m p le s  sh o w e d  m o re  
t h a n  9 5%  re c o v e ry  o f  th e  a d d e d  fu n g a l g lu c o s a m in e . C o m 
p a r is o n  w ith  th e  H o w a rd  M o ld  C o u n t  s h o w e d  a h ig h  c o r re 
la t io n  c o e f f ic ie n t  f o r  n o n h o m o g e n iz e d  ju ic e s  a n d  p u re e s , 
b u t  a lo w  c o r re la t io n  f o r  h o m o g e n iz e d  ju ic e s .

L ik e w ise , D o n a ld  a n d  M iro c h a  ( 1 9 7 7 )  u s e d  c h i t in  a n a ly 
s is  to  m e a s u re  th e  d e g re e  o f  fu n g a l in v a s io n  o f  s to re d  c o rn  
a n d  s o y b e a n  see d . T h e  m e th o d  h a d  a n  a d v a n ta g e  o v e r  s t a n d 
a rd  p la t in g  m e th o d s  in  t h a t  re s u lts  c o u ld  b e  o b ta in e d  in  
h o u r s  r a th e r  th a n  d a y s  a n d  th e  r e s u lts  r e f le c te d  th e  to t a l  
a m o u n t  o f  m y c e liu m  p re s e n t  (v ia b le  a n d  n o n v ia b le ) .

B e c a u se  o f  a  la c k  o f  in f o rm a t io n  in  t h e  l i t e r a tu re ,  f u r 
t h e r  w o rk  o n  th e  m e th o d  is  re q u ire d  b e fo re  c h i t in  c o n te n t  
o f  a to m a to  p r o d u c t  c a n  b e  u s e d  to  e s ta b lis h  a c c e p ta b le  o r  
u n a c c e p ta b le  leve ls  o f  m o ld . I n f o r m a t io n  a lso  is  la c k in g  o n  
.w h e th e r  th e  c h i t in  c o n te n t  o f  m o ld s  d if fe rs  a n d  to  w h a t

A l l  a u th o r s  a re  a f f i l ia t e d  w i th  t h e  C a m p b e ll  I n s t i t u t e  f o r  R e s e a r c h  & 
T e c h n o lo g y ,  C a m p b e ll  P lace , C a m d e n , N J  0 8 1 0 1 .

e x te n t  th e  c h i t in  c o n te n t  is  a f fe c te d  b y  s u b s tr a te ,  age  a n d  
g ro w th  c o n d it io n s .  A n d , a s  t h e  e x o s k e le to n  o f  m a tu r e  in 
s e c ts  a lso  c o n ta in s  c h i t in ,  w o rk  w a s  a lso  n e e d e d  to  assess 
th e  a f fe c t  o f  in s e c t  c o n ta m in a t io n .

T h is  s tu d y  w as  c o n d u c te d  t o  e v a lu a te  a c h e m ic a l m e th o d  
f o r  th e  a s s e s sm e n t o f  fu n g a l c o n ta m in a t io n  in  to m a to  p r o d 
u c ts  b a se d  o n  th e  e s t im a t io n  o f  c h i t in ,  a c o n s t i tu e n t  o f  th e  
fu n g a l ce ll w all.

MATERIALS & METHODS
Fungi

Cultures of the fungi Alternaría tenuis, Colletotrichum phomo- 
ides, Fusarium oxysporium, and Geotrichum candidum, previously 
isolated from tomatoes, were used in the study.

Glucosamine content of fungi
All fungal cultures were grown in 250 ml Erlenmeyer flasks con

taining 50 ml of a semi-synthetic liquid medium. The medium con
sisted of glucose, lOg; yeast extract, lg; KH2PO4, lg; MgS04, 
0.5g; tomato juice, 400 ml; distilled water 600 mL The medium was 
autoclaved for 15 min at 121°C. Each flask was inoculated with 
three agar disks (5 mm diam) of the appropriate fungus which had 
been grown on Potato Dextrose Agar for 5 days at 22°C. Broth cul
tures were incubated at 22°C for up to 21 days, either statically 
or on a rotary shaker (160 rpm). Mycelium was harvested, washed 
with distilled water and homogenized in an Omnimixer for 1 min 
(lg wet wt/10 ml H2O). The dry weight of the fungal suspensions 
was determined by drying duplicate 1 ml samples of blended mycel
ium in fared aluminum weighing cups to constant weight at 100°C. 
Portions of the suspensions of disrupted mycelia of pure cultures 
were added to tomato product samples to determine the rate of 
recovery.

Tomato studies
Tomato puree, paste, and ketchup samples were purchased from 

local markets or were obtained from regular factory production.

Howard mold count
The standard method (44.001) described in the official Methods 

o f Analysis AOAC (1980) was used throughout the study. Pastes 
and purees were diluted to 8.3% soluble solids while ketchup was 
diluted 1:1 before testing.

Detection of insect fragments
Drosophila fly eggs (1, 2, and 4) and maggots (1 and 2) were 

added to two gram samples of tomato paste with moderate (24%) 
and low (5%) Howard mold counts. These egg and maggot levels 
equal or exceed the proposed, more stringent defect action levels 
(DAL) of one fly egg or two maggots/100g of tomato paste. The above contamination levels were considered to be the worst condi
tions which could be encountered in a 2 gram sample of acceptable 
tomato paste. In addition, fragments of mature insects (Family 
Cucujidae) were added to a sample of tomato paste naturally con
taminated with fragments of tomato pinworm (Gnorimoschema 
lycopersicella) and thoroughly blended. This level (600 fragments/ 
100g paste) was diluted with quantities of insect-free paste to 
provide levels of 6 and 60 fragments/100g. Each sample was an
alyzed by the standard AOAC method (44.096) to ensure proper 
distribution of the insect fragments. —Continued on next page
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C H EM IC A L  A SSA  Y F O R  F U N G A L  C H IT IN . . .

Fungal chitin assay
Fungal chitin, expressed as glucosamine, was determined by a 

modified procedure adopted from methods of Ride and Drysdale 
(1971, 1972), Tsuji et aL (1969), and Jarvis (1977). The method is 
based on the alkaline deacetylation of chitin to chitosan, the gluco
samine residues of which are deaminated with nitrous acid to an 
aldehyde which is measured colorimetrically.

Portions of fungal mycelial suspensions in water or tomato sam
ples (2g) and unadulterated tomato samples (2g) were diluted with 
9 ml of acetone in a 15 ml graduated centrifuge tube. The samples 
were centrifuged at 1500 x g for 2 min, resuspended in 9 ml acetone 
and recentrifuged. The dried pellet was suspended in 4 ml concen
trated KOH (120g KOH/100 ml) and placed in a 130°C oven for 1 
hr or autoclaved for 15 min at 121°C. After cooling, 8 ml of ice 
cold 75% ethanol were added and the mixture allowed to stand in 
an ice-bath for 15 min. A celite suspension (0.9 ml), prepared by 
mixing lg of celite “545” in 20 ml of 75% ethanol and allowing to 
stand for 2 min, was layered on top of the ethanol suspension and 
centrifuged at 1500 x g for 10 min at 2°C. The pellet was resus
pended in 8 ml of ice cold 40% ethanol, stirred thoroughly, and 
recentrifuged at 1500 x g for 10 min at 2°C. The pellet was washed 
and centrifuged twice with cold distilled water.The residue was adjusted to 1.5 ml with water, and 1.5 ml each 
of 5% KHSO4 and 5% NaN02 were added. The mixture was stirred 
for 15 min and centrifuged at 1500 x g for 2 min at 2°C. A 1.5 ml 
portion of the supernatant was mixed with 0.5 ml of 12%NH4SC>4- 
NH2, and the mixture was shaken for 5 min, and 0.5 ml of 0.5%
3-methyl-2-benzothiozolone hydrazone (MBTH) added and mixed. 
The mixture was heated in a boiling water bath for 3 min, cooled, 
and 0.5 ml of 0.5% FeCl3 added. After standing at room tempera
ture for 30 min, the absorbance was read at 650 nm. Results, 
expressed as jug glucosamine/sample, were determined from the 
standard curve prepared with known concentrations of glucosamine 
HC1. The standard solutions prepared in 1.5 ml water were treated 
with 1.5 ml each of 5% KHSO4 and 5% NaN02 and the pro
cedure contined as described above. The standard curve was linear 
over the range 0-50 Mg- Standard solutions of glucosamine-HCl 
(20, 30, 40 Mg in 1.5 ml water) and water blanks were run con
currently with each assay.

RESULTS & DISCUSSION
T H E  C H IT IN  C O N T E N T  (e x p re s s e d  as p g  o f  fu n g a l g lu c o 
sa m in e  p e r  m g  d ry  w t)  o f  f o u r  fu n g i c o m m o n ly  is o la te d  
f ro m  d ise a se d  to m a to e s  v a r ie d  w ith  th e  fu n g u s , th e  c u ltu ra l  
c o n d i t io n s  ( a e r a t io n  a n d  a v a ila b il i ty  o f  n u t r ie n ts ) ,  a n d  th e  
age o f  th e  c u l tu re  (T a b le  1). M y c e liu m  g ro w n  in  sh a k e  c u l
tu r e s  r e a c h e d  a m a x im u m  c h i t in  leve l in  3 - 4  d a y s  an d  th e n  
r e m a in e d  c o n s ta n t  th r o u g h  10  d a y s  o f  in c u b a t io n .  H o w e v e r, 
th e  g lu c o s a m in e  leve l r e a c h e d  in  sh a k e  c u l tu re s  n e v e r  w as 
h ig h e r  th a n  t h a t  re a c h e d  b y  m a tu re  s ta t io n a r y  c u ltu re s . 
S ta t ic  c u l tu re s  r e q u ire d  a t  le a s t 7 d a y s  to  re a c h  th e  c h it in  
le v e l ac h ie v e d  in  th e  3 -d a y  sh a k e  c u ltu re s ,  a f te r  w h ic h  th e  
lev e l c o n t in u e d  to  in c re a s e  s lig h tly  th r o u g h  14 d ay s . T h e  
d if fe re n c e s  in  c h it in  c o n te n t  o f  th e  c u l tu re s  o b se rv e d  a t  ea rly  
s ta g e s  o f  g ro w th  a p p a re n t ly  re f le c t  th e  in f lu e n c e  o f  g ro w th  
ra te . T h e  m e a n  g lu c o s a m in e  leve l o f  th e  s ta t ic  c u l tu re s  o f  
th e  f o u r  fu n g i w as 2 9  p g /m g  d ry  w t o f  m y c e liu m . T h is

f ig u re  c o m p a re s  fa v o ra b ly  w ith  a m e a n  o f  3 2  fig  f o r  10 s im i
la r  fu n g i r e p o r te d  b y  J a rv is  ( 1 9 7 7 ) .  M o ld  c o n ta m in a t io n  o f  
to m a to e s  in  n a tu r e  o b v io u s ly  w ill c o n s is t  o f  a v a r ie ty  o f  
fu n g i a t  d i f f e r e n t  s ta g es  o f  g ro w th . T h e  r e s u l ts  o f  th is  s tu d y  
in d ic a te  t h a t  a m e a n  v a lu e  o f  2 9 —3 0  fig o f  g lu c o s a m in e /m g  
d ry  w t o f  th is  d iv e rse  fu n g a l p o p u la t io n  m a y  b e  a s ta t is t ic a l 
ly  v a lid  f ig u re .

A d d i t io n  o f  k n o w n  a m o u n ts  o f  fu n g a l m y c e liu m  (m g  
d ry  w t)  o r  g lu c o s a m in e  t o  to m a to  p r o d u c ts  p r io r  t o  h y 
d ro ly s is  gave  re c o v e rie s  o f  9 4 —103%  o f  th e  e x p e c te d  leve l 
(T a b le  2 ). T h e  ty p e  o f  to m a to  sa m p le , ty p e  o f  m o ld  o r  th e  
a m o u n t  o f  m o ld  m y c e liu m  a d d e d  d id  n o t  a f fe c t  th e  re 
co v e ry .

I n s e c ts  c o n ta in  c h it in  in  th e i r  e x o s k e le to n  a n d  c o n ta m i
n a t io n  o f  to m a to  p r o d u c ts  w ith  in s e c ts  p o s s ib ly  w o u ld  in 
c re a se  th e  g lu c o s a m in e  leve l o f  th e  c o n ta m in a te d  p ro d u c ts .  
T h e  m o s t  c o m m o n  fo rm  o f  in s e c t  c o n ta m in a t io n  f o u n d  in  
to m a to  p a s te  is  D ro s o p h ila  f ly  eggs a n d  m ag g o ts . T h e  p r o 
p o s e d  n e w  F D A  g u id e lin e  f o r  to m a to  p a s te  l is ts  th e  D A L  as 
1 f ly  egg /lO O g, o r  0 .5  f ly  egg a n d  1 m a g g o t/ lO O g , o r  2 
m ag g o ts /lO O g . T o  s im u la te  th e  w o rs t  c o n d i t io n  w h ic h  
m ig h t o c c u r  in  a c c e p ta b le  p a s te ,  u p  to  f o u r  f ly  eggs o r  tw o  
m a g g o ts  w e re  a d d e d  to  th e  2g sa m p le s  e m p lo y e d  in  th e  
c h i t in  p ro c e d u re . T h e  g lu c o s a m in e  leve l o f  a to m a to  p a s te  
sa m p le  w ith  a m o d e r a te  b u t  a c c e p ta b le  H M C  o f  24%  d id  
n o t  in c re a se  a f te r  th e  a d d i t io n  o f  th e  f ly  eggs o r  m ag 
g o ts . H o w e v e r, th e  a d d i t io n  o f  o n e  o r  tw o  m a g g o ts  t o  a  2g 
sa m p le  o f  re la t iv e ly  m o ld - fre e  p a s te  d id  p ro d u c e  a n o tic a b le  
in c re a se  in  th e  lo w  in i t ia l  g lu c o s a m in e  leve l, b u t  th is  in 
c re a se  n e v e r  e le v a te d  th e  g lu c o s a m in e  v a lu e  to  a leve l 
w h ic h  su g g es te d  a n  u n a c c e p ta b le  H M C . T h e re  a lso  is  a n  
F D A  g u id e lin e  f o r  o th e r  in s e c t  f ra g m e n ts  in  to m a to  p r o d 
u c ts . T h e  p re s e n t  u n o f f ic ia l  s ta n d a rd  f o r  to m a to  p a s te  is 
25 in s e c t  f ra g m e n ts /lO O g . R e s u lts  in  T a b le  3 sh o w  th a t  a 
p a s te  sa m p le  c o n ta in in g  6 0  in s e c t  f ra g m e n ts /lO O g  h a d  a 
g lu c o s a m in e  c o n te n t  s im ila r  to  th e  c le a n  c o n t r o l  s am p le . 
A n  e x a g g e ra te d  leve l o f  6 0 0  in s e c t  f ra g m e n ts /lO O g  ( 2 0  
t im e s  th e  a c c e p ta b le  leve l) ra ise d  th e  g lu c o s a m in e  le v e l o n ly  
s lig h tly . T h e  sm a ll n u m b e r  o f  in s e c t  f ra g m e n ts  n o rm a lly  
p re s e n t  in  a c c e p ta b le  to m a to  p r o d u c ts  w o u ld  a p p e a r  to  
h a v e  n o  s ig n if ic a n t e f fe c t  o n  th e  t o t a l  g lu c o s a m in e  level. 
S in c e  in s e c t f ra g m e n ts  a re  r e p o r te d  as n u m b e rs /lO O g  o f  
sa m p le  i t  is u n lik e ly  th e r e  w o u ld  b e  a s ig n if ic a n t n u m b e r  
in  th e  2g sa m p le  u se d  in  th e  c h it in  assay .

T o  d e te rm in e  w h e th e r  su g a rs  in  to m a to  p r o d u c ts  a f fe c t  
th e  re s u lts  b y  a d d in g  to  th e  g lu c o sa m in e  v a lu e s , sa m p le s  
o f  th e  d if f e r e n t  to m a to  p r o d u c ts  w e re  a n a ly z e d  u n h y 
d ro ly z e d . I t  w as fe l t  t h a t  th is  v a lu e  w o u ld  p ro v id e  a z e ro  
c o r r e c t io n  f a c to r  o r  b a se lin e  to  c o r r e c t  fo r  th e  p re s e n c e  o f  
n a tu r a l ly  o c c u rr in g  su g ars . L i t t le  g lu c o s a m in e  ( 1 0 - 2 0  p g /g  
so lid s )  w as d e te c te d  in  m o s t  u n h y d ro ly z e d  sa m p le s .

M ea n  v a lu e s  f ro m  d u p l ic a te  c h it in  a n a ly se s  o f  2 0  to m a to  
p a s te  sa m p le s  w ere  p lo t te d  (F ig . 1) to  o b ta in  th e  r e la t io n 
sh ip  b e tw e e n  th e  H M C  a n d  fu n g a l g lu c o sa m in e . T h e  l in e a r

T a b le  1 —G lu c o s a m in e  c o n t e n t  o f  fu n g a l m y c e l iu m  g r o w n  in  a g lu c o s e -y e a s t  e x t r a c t  b r o th  c o n ta in in g  to m a to  ju ic e

Mg Fun g a l g lu co sam in e /m g  d r y  w t

D ays

Fungu s C u ltu re 3 3 4 7 10 14

A lte r n a r la  te n u is S ta t ic 5 .7 b _ 20 .5 21 .7 2 9 .5
S hake 22 .7 23 25 23 ___

C o lle to tr ic h u m  p h o m o id e s S ta t ic 9 .2 — 27.7 36 40
S h ake 30 .7 — 3 0 .3 28 ___

G e o tr ic h u m  c a n d id u m S ta t ic 11.2 — 21 28 _

S hake 28 .7 _ 28 26
F u sa r iu m  o x y s p o r iu m S ta t ic - 20 38 40 4 3

?  C u ltu re s  g ro w n  in 5 0  m l b ro th  in  a 2 5 0  m l E r le n m e y e r  f la s k  at 2 2 ° C . 
D R e su lts  rep o rted  are th e  m ean  o f  d u p lic a te  sam p les .
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re g re s s io n  e q u a t io n  r e la t in g  H M C  a n d  g lu c o s a m in e  is: fig 
g lu c o sa m in e  = 3 .7 3  H M C  +  6 5 .9 9 . T h e  cu rv e  in d ic a te s  t h a t  
a g lu c o sa m in e  le v e l o f  a p p r o x im a te ly  2 1 9  jag/g so lid s  fo r  
p a s te  sa m p le s  w o u ld  b e  e q u iv a le n t  t o  th e  H M C  d e fe c t  
a c t io n  leve l o f  41% . W ith  o n e  e x c e p t io n ,  s a m p le s  w ith  a 
H M C  less  th a n  th e  d e f e c t  a c t io n  leve l o f  4 1%  also  h a d  
g lu c o sa m in e  leve ls  less th a n  th e  c a lc u la te d  v a lu e  o f  2 1 9  
jug. T h e  c o r re la t io n  c o e f f ic ie n t  o f  0 .9 0 2  in d ic a te s  a s ig n ifi
c a n t  c o r re la t io n  b e tw e e n  H M C  a n d  th e  fu n g a l g lu c o sa m in e  
level.

F ig . 2 sh o w s  th e  p lo t t e d  re s u lts  o f  th e  c h i t in  a n a ly s is  o f  
2 5  k e tc h u p  sam p les . A g a in , th e  re g re s s io n  e q u a t io n  re la t in g  
H M C  a n d  g lu c o s a m in e  le v e l (G lu c o s a m in e  =  2 .9 2  H M C  + 
7 1 .9 2 )  sh o w s  th a t  a ll sa m p le s  w ith  H M C  v a lu e s  o f  le ss  th a n  
th e  31%  d e f e c t  a c t io n  le v e l a lso  h a d  g lu c o s a m in e  leve ls  
lo w e r  th a n  th e  e x p e c te d  v a lu e  o f  1 6 2 .5  jug. H o w e v e r, tw o  
sa m p le s  w ith  g re a te r  th a n  a 31%  H M C  d id  h av e  g lu c o sa m in e  
leve ls  less  t h a n  1 6 2 .5  jug. T h e  f a c t  t h a t  th e  sa m p le s  r e p re 
s e n t  sev e ra l b ra n d s  o f  k e tc h u p ,  e a c h  rece iv in g  d if f e r e n t  
d eg ree s  o f  m illin g , m a y  e x p la in  th e  h ig h e r  t h a n  e x p e c te d  
H M C ’s.

T h e  re la t io n s h ip  o f  th e  g lu c o s a m in e  leve l o f  13 to m a to  
p u re e  sa m p le s  t o  th e  H M C  is s h o w n  in  F ig . 3. A ll sa m p le s  
w ith  a H M C  o f  le ss  t h a n  th e  4 1%  d e fe c t  a c t io n  le v e l a lso  
h a d  a g lu c o sa m in e  le v e l b e lo w  th e  p ro je c te d  v a lu e  o f  2 5 7  
jug/g so lid s . S a m p le s  w ith  u n a c c e p ta b le  H M C  leve ls  (> 4 1 % )  
c o n ta in e d  g lu c o s a m in e  in  th e  ra n g e  2 7 5 —4 2 5  jug. A ll u n 
a c c e p ta b le  sa m p le s  w o u ld  h a v e  b e e n  r e je c te d  u s in g  e i th e r  
m e th o d .

R e s u lts  p ro v e d  to  b e  h ig h ly  r e p ro d u c ib le ;  d u p l ic a te  sam 
p le s  n e v e r  v a r ie d  b y  m o re  t h a n  5%  a n d  g e n e ra lly  w e re  w ith 
in  2% . T h is  w as t r u e  n o t  o n ly  o f  d u p l ic a te  sa m p le s  r u n  
s im u lta n e o u s ly , b u t  a lso  f o r  id e n t ic a l  s a m p le s  r u n  a t  d if fe r 
e n t  tim e s .

T a b le  2 —R e c o v e r y  o f  g lu c o s a m in e  f r o m  s p i k e d  to m a to  p r o d u c t s

/ug Glucosamine/g solids

Sample Added Expected Observed3 Recovery
Puree None — 20 —

0.5 mg dry wt, moldb 40 38 95
1.0 mg dry wt, mold 60 58.6 97.6
1.5 mg dry wt, mold 80 81.2 101.5
Glucosamine (30 jug.) 50 47 94

Paste None — 22 —
0.5 mg dry wt, mold0 36.5 34.2 93.6
1.0 mg dry wt, mold 51 52.8 103.5
1.5 mg dry wt, mold 65.6 63.5 96.8
Glucosamine (30 p g .) 52 50.5 97.2

Ketchup None — 28 -
0.5 mg dry wt, moldb 48 45.5 94.8
1.0 mg dry wt, mold 68 66.8 98.2
1.5 mg dry wt, mold 88 84.2 95.7
Glucosamine (25 /ug.) 53 54 101.8

*  R esu lts  are th e  m ean o f  d u p lic a te  analyses.
°  1 .0  m g d ry  w t  o f  F . o x y s p o r iu m  = 4 0  /ug g lu co sa m in e . c l .o  m g d ry  w t  o f  C. p h o m o id e s  = 2 9  M9 g lu co sa m in e .

T a b le  3 —G lu c o s a m in e  le v e l  o f  t o m a to  p a s te  s p i k e d  w i th  in s e c t  frag 
m e n t s

Sample
Insect fragments 

per 100ga
Howard 

mold count ugGlucosamine/g
1 <1 26% 153
2 6 26% 160
3 60 26% 145
4 600 26% 180

3 F ra g m en ts  o f  a d u lt insects  add e d  to  c lean paste and  th o ro u g h ly  
b le n d e d .

T h e  p ro c e d u r e  re q u ire s  a p p r o x im a te ly  f o u r  h o u rs  t o  
c o m p le te ,  b u t  20 sa m p le s  c a n  ea s ily  b e  a n a ly z e d  s im u lta n e 
o u s ly . A lth o u g h  th e  t im e  f a c to r  m a k e s  th e  p ro c e d u re  
u n s u i ta b le  f o r  o n -l in e  q u a l i ty  c o n t r o l ,  i t  is w e ll s u ite d  as a 
c o n f i rm a to r y  m e th o d  to  e v a lu a te  th e  q u a l i ty  o f  p r o d u c ts  
w ith  q u e s t io n a b le  H o w a rd  m o ld  c o u n ts .  T h e  r e s u lts  o f  th is  
s tu d y  sh o w  th a t  th e  c h e m ic a l a ssay  f o r  fu n g a l c h i t in  c o u ld  
b e  u s e d  a s  a v a lu a b le  a d ju n c t  t o  th e  H M C  in  assessing  th e  
q u a l i ty  o f  to m a to  p ro d u c ts .  —Continued on page 444

Fig. 1—C o rre la tio n  o f  H o w a r d  m o l d  c o u n t s  w i th  fu n g a l  g lu c o s a m in e  
le v e ls  o f  2 0  to m a to  p a s t e  sa m p le s .

F ig. 2 —C o rre la tio n  o f  H o w a r d  m o l d  c o u n ts  w i th  fu n g a l  g lu c o s a m in e  
le v e ls  o f  2 5  k e t c h u p  sa m p le s .

F ig , 3 —C o rr e la tio n  o f  H o w a r d  m o l d  c o u n t s  w i th  fu n g a l  g lu c o s a m in e  
le v e ls  o f  1 3 p u r e e  sa m p le s .
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E f f e c t  o f  T e m p e r a t u r e  o n  F i r m n e s s  o f  R a w  F r u i t s  a n d  V e g e t a b l e s

M A L C O L M  C .  B O U R N E

---------------------------- ABSTRACT-----------------------------
The firmness of a number of fruits and vegetables was measured by 
deformation, extrusion and puncture tests over the temperature 
range 0-45°C. Most commodities showed decreasing firmness with 
increasing temperature but there were several exceptions to this gen
eral rule. For the majority of the commodities tested the firmness- 
temperature relationship was approximately linear. The firmness- 
temperature coefficient is defined as [(firmness at T2 -  firmness at 
T^/(firmness at Tj • (T2 -  Tj)] x 100 (percent change in firmness 
per degree temperature change) where T j = lowest temperature and 
T2 = highest temperature at which firmness is measured. The firm
ness-temperature coefficient ranged from -1.65 for apricot to 
+0.12 for carrot using the puncture principle, from -0.97 for Baby 
Gold peach to +7.7 for large Canoga strawberries tested between 
30-45°C using the deformation principle, and from -0.04 for 
Golden Delicious apple stored 7 months to -1.34 for NK199 sweet 
corn using the extrusion principle.

INTRODUCTION
F IR M N E S S  is a n  im p o r ta n t  q u a l i ty  f a c to r  in  m a n y  f ru its  
a n d  v e g e ta b le s . F o r  e x a m p le , a p p le s  a n d  p e a rs  a re  o f te n  
h a rv e s te d  a t  a g iv en  f irm n e ss  le v e l; th e  m a tu r i ty  o f  g re e n  
p e a s  is u s u a lly  d e te rm in e d  b y  a n  o b je c tiv e  f irm n e ss  m e a 
s u r e m e n t  w h ic h  is u s e d  to  e s ta b lis h  a q u a l i ty  g ra d e  a n d  
p ric e .

I t  h a s  lo n g  b e e n  r e c o g n iz e d  t h a t  th e  te m p e r a tu r e  o f  th e  
c o m m o d i ty  a t  th e  t im e  o f  te s t in g  c a n  a f fe c t  th e  n u m e r ic a l  
v a lu e  o f  th e  o b je c tiv e  f irm n e ss  m e a s u re m e n t.  F r u i t s  th a t  
h av e  b e e n  h e ld  in  c o ld  s to ra g e  f o r  sev e ra l h o u rs  u s u a lly  
give a h ig h e r  f irm n e ss  re a d in g  th a n  w h e n  te s te d  a t  f ie ld  te m 
p e ra tu re .  A  n u m b e r  o f  re s e a rc h e rs  h a v e  p u b lis h e d  d a ta  o n  
th e  e f fe c t  o f  te m p e r a tu r e  o n  o b je c tiv e  f irm n e s s  m e a s u re 
m e n ts  o f  ra w  f ru i ts  a n d  v e g e ta b le s . S o m e  o f  th e s e  d a ta  are  
s u m m a riz e d  in  T a b le  1. M u c h  o f  th e s e  d a ta  w e re  p u b lis h e d  
4 0 —6 0  y r  ag o  u s in g  n o n s ta n d a rd iz e d  p u n c tu r e  te s te r s . D a ta  
p u b lis h e d  d u r in g  th e  la s t  4 0  y e a rs  u s u a lly  u se d  w ell e s ta b 
l ish e d  te s ts  su c h  as th e  M agness T a y lo r  te s te r  ( p u n c tu r e )  o r  
a c o m p re s s io n -e x tru s io n  te s t  su c h  as th e  T e n d e r o m e te r ,  
S h e a r  P re ss  o r  O t ta w a  P e a  T e n d e r o m e te r .

W e th o u g h t  i t  w as t im e  to  e x p a n d  th e  l is t o f  c o m m o d i
tie s  a n d  th e i r  c o n d i t io n  f o r  w h ic h  f irm n e s s - te m p e ra tu re  
d a ta  w e re  av a ilab le . I t  is n o w  re c o g n iz e d  t h a t  th e  th re e  
p r in c ip le s  t h a t  a re  m o s t  w id e ly  u se d  f o r  m e a su rin g  th e  f irm 
n ess  o f  f re s h  h o r t ic u l tu r a l  c ro p s  a re  p u n c tu r e ,  d e f o rm a t io n  
a n d  e x tr u s io n  (B o u rn e , 1 9 7 6 ). T h e re fo re ,  w e g e n e ra te d  
d a ta  u s in g  a ll th r e e  m e th o d s  o f  f irm n e ss  m e a s u re m e n ts  a n d  
m o d e r n  in s t r u m e n ta t io n .

EXPERIMENTAL
A NUMBER OF commodities were harvested from the Experiment 
Station farms at the usual harvest time. Unless noted otherwise, 
firmness measurements were made within 1 or 2 days of harvest. 
Snap beans, peas and sweet corn were always tested on the day of 
harvest. Apples were stored at 0°C and 90% RH except for the Mac
intosh cultivar which was stored at 2°C and 90% RH.

A u t h o r  B o u r n e  is w i th  th e  N e w  Y o r k  S ta te  A g r ic u l tu r a l  E x p e r im e n t  
S ta t io n  a n d  I n s t i tu t e  o f  F o o d  S c ie n c e , C o rn e ll  U n iv ., G e n e v a , N Y  
1 4 4 5 6 .

Each commodity was immersed in a flaked ice-water slush for a 
minimum of 15-45 min (the time depending on the size of the 
commodity) to bring it to equilibrium with the temperature bath. 
After draining, the firmness was measured promptly before any 
appreciable change in temperature could occur. The commodity 
was then immersed in a water bath held at 15 ± 1°C until tempera
ture equilibrium was reached and the firmness measured again. 
This procedure was repeated using 30 ± 1°C and 45 ± 1°C water 
baths. A temperature of 45° C was the highest temperature used 
because preliminary experiments indicated that some thermal 
damage to the tissue may have occurred at 60°C.

Several kinds of firmness measurements were performed. 
Shear Press measurements were performed in a Food Technology 
Corporation Texture Test System using the standard shear-com
pression cell. All other tests were performed in the Instron (Model 
TTCM) by mounting the appropriate fixture in the working space 
(Bourne et al., 1966). Puncture tests were performed at a crosshead 
speed of 20 cm/min (Bourne, 1965). Back extrusion tests were 
performed at 30 cm/min in a cell 10.2 cm ID x 12 cm high with an 
annulus width of 4 mm and a clearance of 6 mm between the base 
of the extrusion cell and the compression plunger (Bourne and 
Moyer, 1968). Potato firmness was measured under a 7.7 mm diam
eter plunger at a speed of 0.2 cm/min with the potato embedded in 
packed sand (Bourne and Mondy, 1967). Deformation tests on 
other commodities were performed at a speed of 0.5-2 cm/min 
using a 14.8 cm diam compression plate. In all deformation tests 
the deformation was measured between 5% and 105% of the stated 
deformation force in order to eliminate errors that arise from the 
initial uneven contact of the compression plate with the commod
ity (Bourne, 1967). Each puncture and deformation test was repli
cated a minimum of 25 times. Back extrusion and Shear Press tests 
were replicated five times. The mean values were used for calculat
ing the firmness-temperature coefficient.

The firmness-temperature (FT) coefficient is defined as the 
percent change in firmness per degree temperature increase over 
the temperature range studied and it is obtained from the formula

firmness at T9 -  firmness at T 1 --------------------------------------- • 100% per degree
firmness at Tj - (T2— T 1)

where Tj = lowest temperature and T2 = highest temperature at 
which the firmness was measured. For most of the work reported 
here Tj was 0°C and T2 was 45°C.

RESULTS & DISCUSSION
T H E  R E S U L T S  a re  s u m m a riz e d  in  T a b le  2. M o s t o f  th e  
c o m m o d it ie s  h av e  a n e g a tiv e  te m p e r a tu r e  c o e f f ic ie n t  f o r  
p u n c tu r e  te s t  a n d  c o m p re s s io n -e x tru s io n  te s ts  in d ic a tin g  
t h a t  th e  f irm n e ss  d e c re a se s  as th e  te m p e r a tu r e  in c re a se s . 
T h e  n u m e r ic a l  v a lu e  o f  th e s e  f irm n e s s - te m p e ra tu re  c o e ff i
c ie n ts  lie  in  a p p r o x im a te ly  th e  sam e  ra n g e  as th e  l i t e r a tu r e  
v a lu e s  l is te d  in  T a b le  1.

D e f o r m a t io n  s h o u ld  b e  c o n s id e re d  as a s o f tn e s s  m e a s u re 
m e n t  r a th e r  th a n  a f irm n e ss  m e a s u re m e n t  b e c a u se , f ro m  th e  
n a tu r e  o f  th e  te s t ,  a h ig h e r  f ig u re  in d ic a te s  d e c re a se d  
f irm n e ss . F o r  th is  re a so n , th e  p o s itiv e  sig n  o n  th e  F T  c o e f 
f ic ie n ts  in  T a b le  2 f o r  th e  d e f o rm a t io n  te s ts  in d ic a te  t h a t  
th e  d e f o rm a t io n  in c re a se s  w ith  in c re a s in g  te m p e r a tu r e  
i.e . f irm n e s s  d e c re a se s  as te m p e r a tu r e  in c re a se s .

W ith  a  fe w  e x c e p t io n s , w h ic h  a re  n o te d  b e lo w , th e  f irm 
n ess  d e c re a se s  w ith  in c re a s in g  te m p e r a tu r e  f o r  a ll c o m m o d i
tie s  a n d  f o r  e v e ry  ty p e  o f  f irm n e s s  m e a s u re m e n t .  T h e re  is a 
w id e  ra n g e  o f  f i rm n e s s - te m p e ra tu re  se n s i t iv i ty  f ro m  c o m 
m o d ity  to  c o m m o d ity .  T h e  s to r e d  G o ld e n  D e lic io u s  a p p le s
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te s te d  w ith  th e  S h e a r  P ress  a n d  th e  S H A -4 7  b re e d in g  lin e  o f  
a p r ic o ts  h a d  a F T  c o e f f ic ie n t  o f  z e ro  w h ile  th e  c h e r ry , th e  
3 0 - 4 0 —126  b re e d in g  l in e  o f  p lu m , a n d  th e  S h e a r  P ress  te s t  
o n  th re e  c u lt iv a rs  o f  sw e e t c o m  h a d  c o e ff ic ie n ts  n u m e r 
ic a lly  g re a te r  th a n  1% p e r  d eg ree . M o st o f  th e  d a ta  s h o w n  in  
T a b le  2 h av e  a F T  c o e f f ic ie n t  b e tw e e n  0 .1%  a n d  1% p e r  
d eg ree .

O n e  w o u ld  e x p e c t  to  f in d  th e  w id e  v a r ia t io n s  f ro m  o n e  
c o m m o d ity  to  a n o th e r  in  th e  F T  c o e f f ic ie n t  s h o w n  in  T a b le  
2, b u t  i t  is in te r e s t in g  to  see  t h a t  th e  c o e f f ic ie n t  c a n  v a ry  
w id e ly  w ith in  th e  sam e  c o m m o d ity .  T h e  F T  c o e f f ic ie n t  
ra n g e s  f ro m  0 to  - 0 . 7 3  f o r  a p p le s  a n d  f ro m  - 0 . 0 7  to  
—0 .6 2  f o r  g re e n  p ea s . F o r  th r e e  c u lt iv a rs  o f  s w e e t c o rn , th e  
c o e f f ic ie n t  m e a s u re d  b y  th e  S h e a r  P re ss  is h ig h e r  th a n  th e  
c o e f f ic ie n t  d e te rm in e d  b y  b a c k  e x tr u s io n ,  w h ile  f o r  m o s t  
a p p le  c u lt iv a rs  te s te d  th e  S h e a r  P ress  c o e f f ic ie n t  is lo w e r  
th a n  f o r  th e  b a c k  e x tr u s io n  c o e ff ic ie n t .

T h e  N ew  Y o rk e r  to m a to  c u lt iv a r  h a s  a s q u a t  sh a p e  w ith  
a s m o o th  c o n to u r  a c ro ss  th e  b lo s so m  e n d  th a t  le n d s  i ts e lf  
t o  d e f o rm a t io n  w ith  th e  s te m -b lo s s o m  a x is  in  th e  v e r t ic a l  
p o s i t io n . N o v a  c u lt iv a r  to m a to  f ru i ts  u s u a lly  h av e  a p ro 

n o u n c e d  n ip p le - lik e  p r o tu b e r a n c e  a t  th e  b lo sso m  en d  
w h ic h  r e n d e r s  i t  u n s u i ta b le  f o r  te s t in g  in  a v e r t ic a l  p o s i t io n . 
T h e r e fo r e ,  th is  c u lt iv a r  w as te s te d  w ith  th e  s te m -b lo sso m  
ax is  in  a h o r iz o n ta l  p o s i t io n  in  o rd e r  to  a v o id  th e  h ig h  re a d 
in g  th a t  w o u ld  h av e  b e e n  o b ta in e d  b y  c o m p re ss in g  th e  
sm a ll d ia m e te r  n ip p le  a t  th e  b lo s so m  en d . P re v io u s  w o rk  
h a s  s h o w n  th a t  th e  d e f o rm a b i l i ty  o f  to m a to e s  is u s u a lly  a 
l i t t l e  h ig h e r  w h e n  te s te d  in  th e  h o r iz o n ta l  p o s i t io n  th a n  in  
th e  v e r t ic a l  p o s i t io n .

S n a p  b e a n s , c a r ro ts ,  c u c u m b e rs ,  o n io n s , c lin g s to n e  
p e a c h e s , a n d  p o ta to e s  a re  e x c e p t io n a l  in  t h a t  th e y  so m e 
tim e s  sh o w  a sm a ll p o s itiv e  F T  c o e f f ic ie n t  in d ic a tin g  th a t  
th e y  b e c o m e  f irm e r  w ith  in c re a s in g  te m p e ra tu re .  T h e  
re a s o n  f o r  th is  a n o m a lo u s  b e h a v io r  is n o t  k n o w n .

P lo ts  o f  so m e  o f  th e  F T  d a ta  a re  sh o w n  in  F ig . 1. T h e  
d e f o rm a t io n  te s t  ( c u rv e s  n o . 1, 2 ) h av e  a p o s itiv e  s lo p e  in d i
c a tin g  th e  in c re a se  in  d e f o rm a t io n  as th e  c o m m o d ity  w a rm s  
a n d  b e c o m e s  less f irm . T h e  o th e r  f irm n e ss  m e a s u re m e n ts  
h av e  a n e g a tiv e  s lo p e  in d ic a tin g  d e c re a s in g  f irm n e ss  w ith  
in c re a s in g  te m p e ra tu re .  A ll th e  c u rv e s  in  F ig . 1 e x c e p t  n o . 
5 a re  e s s e n tia lly  l in e a r  w h ic h  ju s t i f ie s  th e  a s s u m p t io n  o f

T a b le  1- E f f e c t  o f  te m p e r a tu r e  o n  f ir m n e s s  o f  ra w  fr u i ts  a n d  v e g e ta b le s—L ite r a tu r e  va lu es

C om m odity T yp e  o f m easurem ent
Tem p range 

°C Change per 1 °C  Increases Reference

A p p le , Idared puncture 7 /1 6 " diam tip 2 -2 1 force  —0 .42% Blanpied et a l. (1978 )
A p p le , R . i .  Greening puncture 7 /1 6 " diam tip 2 -2 1 force —0 .39% Blanpied et a l. (1978 )
A p p le , Rom e puncture 7 /1 6 " diam  tip 2 -2 1 force —0.61 % Blanpied et a l. (1978 )
A pp le , Ba ldw in puncture 1 /4 ”  diam  tip 2 - 3 3 rupture stress —0 .44%  

rupture stra in  +0.58%  
rupture energy —0 .27%

F letche r (1975 )

B lackb erry , E rie puncture 0 .0 6 0  m m  diam  tip 1 3 - 2 6 force —0 .92% H aw kins and Sando (1920 )
B lackb e rry , E rie puncture 0 .0 6 0  mm diam tip 1 3 - 2 7 fo rce  —0 .83% H aw kins and Sando (1920)
B lackb e rry , Law ton puncture 0 .0 6 0  mm diam tip 1 3 - 2 8 force —1.07% H aw kins and Sando (1920)
B lackb e rry , Law ton puncture 0 .0 6 0  mm diam tip 1 3 - 2 5 force  —1.52% H aw kins and Sando (1920)
B lackb erry , Wachuset puncture 0 .0 6 0  mm diam  tip 1 6 - 2 6 force  —2.30% H aw kins and Sando (1920)
B lackb e rry , unkno w n variety puncture 0 .0 6 0  mm diam  tip 1 3 - 2 6 force —2.01% H aw kins and Sando (1920)
B lackb e rry , unknow n varie ty puncture 0 .0 6 0  mm diam  tip 1 2 - 2 7 force  — .90% H aw kins and Sando (1920 )
C h e rry , Napoleon puncture 2 m m  diam  tip 0 - 3 2 .2 force -0 .9 3 % Hartm an and B u llis  (1929)
C h e rry , M ontm erency puncture 0 .0 6 8  m m  diam tip 1 6 - 2 7 force  —1.95% H aw kins and Sando (1920)
C h e rry , M ontm erency puncture 0 .0 6 8  mm diam tip 1 3 - 2 9 fo r c e - 1 .1 2 % H aw kins and Sando (1920 )
Pears, Bartle tt puncture 1 /2”  diam  tip 0 .6 - 3 6 .1 force —0 .38% Hartm an (1924 )
Peas, Adm ira l size 2 FM C  Tenderom eter 2 - 4 9 —0 .3 0  Tenderom eter units M artin et a l. (1938)
Peas, Adm ira l size 4 FM C  Tenderom eter 2 - 4 9 —0.31 Tenderom eter units M artin et a l. (1938)
Peas, A laska size 2 FM C  Tenderom eter 2 - 4 9 —0 .46  Tenderom eter units M artin et a l . (1938)
Peas, A laska size 4 FM C  Tenderom eter 2 - 4 9 - 0 .4 8  Tenderom eter units M artin  et a l . (1938 )
Peas, T a ll A lderm an FM C  Tenderom eter 2 - 4 5 —0 .4 8  Tenderom eter u n its , early season Cam pbell (1942 )
Peas, Ta ll A lderm an FM C  Tenderom eter 2 - 4 5 —0 .40  Tenderom eter u n its , late season Cam pbell (1942 )
Peas, 4 varieties FM C  Tenderom eter not stated —0 .5  Tenderom eter units M akower et a l. (1953 )
P eas,test 1 O ttaw a Pea Tenderom eter 1 8 - 3 2 —0 .2 7  kg force V o isey  and N onnecke (1972 )
Peas, test 2 O ttaw a Pea Tenderom eter 1 8 - 3 2 —0 .16  kg force V o isey and Nonnecke (1972)
R aspb erry , b lack puncture 0 .121  m m  diam  tip 1 4 - 2 5 force  —2.60% H aw kins and Sando (1920 )
R aspb erry , red puncture 0 .3 1 3  m m  diam  tip 1 6 - 2 7 force  —2.20% H aw kins and Sando (1920)
R aspb erry , red puncture 0 .3 1 3  m m  diam  tip 1 6 - 2 8 force  —2.16% H aw kins and Sando (1920 )
S tra w b e rry , Cooney puncture 0 .6 3 6  mm diam  tip 1 6 - 2 9 force  —1.08% H aw kins and Sando (1920 )
S tra w b e rry , Cooney puncture 0 .6 3 6  mm diam  tip 1 3 - 2 4 force  —2.54% H aw kins and Sando (1920 )
S tra w b e rry , Cooney puncture 0 .6 3 6  m m  diam  tip 1 6 - 2 6 force  —3 .21% H aw kins and Sando (1920)
S traw b e rry , Cooney puncture 0 .6 3 6  m m  diam  tip 1 6 - 2 3 force  —3 .14% H aw kins and Sando (1920)
S traw b erry , N o. 29-5 puncture 0 .6 3 6  m m  diam  tip 1 6 - 2 9 force  —2 .92% H aw kins and Sando (1920)
S tra w b e rry , unnamed variety puncture 0 .6 3 6  mm diam  tip 1 3 - 2 3 force  —2.53% H aw kins and Sando (1920)
S traw b e rry , unnamed variety puncture 0 .6 3 6  mm diam  tip 1 6 - 3 0 force  —1.93% H aw kins and Sando (1920)

S traw b e rry , F le tcher puncture , D unk ley p itte r 2 - 4 3 .5 force  —1.06% O urecky and Bourne (1968 )
S traw b erry , Fortune p uncture , D unk ley p itte r 2 - 4 3 .5 force  —1.00% O urecky and Bourne (1968)
S traw b e rry , F rontenac puncture , D unk ley p itte r 2 - 4 3 .5 force  —1.19% O urecky and Bourne (1968)
S traw b erry , N Y  844 p uncture , D unk ley  p itte r 2 - 4 3 .5 force  —0.67% O urecky and Bourne (1968)

S traw berry  1928 puncture 1 /4 ”  diam  tip 0 - 2 1 .1 force  —1.36% Rose et a l . (1934)
S traw berry  1933 defo rm ation3 0 .21 .1 force  —0 .29% Rose et a l. (1934)
S traw berry  1934 defo rm ation3 0 .21 .1 force  —0 .32% Rose et a l. (1934)

a This test measured the fo rce  in grams to  give a com bined defo rm a tio n  o f 7 /8 "  in the f r u it  and spring scale.
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T E M P E R A T U R E -F IR M N E S S  O F  F R U IT S .  . .

T a b le  2 —E f f e c t  o f  t e m p e r a tu r e  o n  f ir m n e s s  o f  r a w  fr u i ts  a n d  v e g e ta b le s— T h is  s t u d y

Commodity Description
Type of 

measurement

Firmness-temp coeffi. 
(% change in firmness 

per 1 °C  increase

apple Golden Delicious, 1972 crop, stored 9 months back extrusion - 0 .5 5
apple Golden Delicious, 1972 crop, stored 9 months Shear Press - 0 .4 3
apple Golden Delicious, 1972 crop, stored 9 months puncture, 118"  tip - 0 .7 3

apple Golden Delicious, 1977 crop, stored 7 months Magness Taylor 7/16” tip - 0 .4 5
apple Golden Delicious, 1977 crop, stored 7 months back extrusion - 0 .1 9
apple Golden Delicious, 1977 crop, stored 7 months Shear Press - 0 .0 4

apple Idared, stored 7 months Magness Taylor 7/16" tip - 0 .3 2
apple Idared, stored 7 months Magness Taylor 7/16" tip yield point - 0 .4 2
apple Idared, stored 7 months back extrusion - 0 .9 0
apple Idared, stored 7 months Shear Press - 0 .5 7

apple Red Delicious, stored 1 week back extrusion - 0 .2 3
apple Red Delicious, stored 1 week Shear Press - 0 .3 3

apple Red Delicious, stored 7 months Magness Taylor 7/16" tip - 0 .2 0
apple Red Delicious, stored 7 months Magness Taylor 7/16" tip yield piont - 0 .3 0
apple Red Delicous, stored 7 months back extrusion - 0 .4 8
apple Red Delicious, stored 7 months Shear Press - 0 .1 6

apple McIntosh, stored 2 weeks Magness Taylor 7/16" tip - 0 .3 9
apple McIntosh, stored 2 weeks Magness Taylor 7/16" tip yield point - 0 .4 2
apple McIntosh, stored 2 weeks back extrusion - 0 .5 8
apple M cIntosh, stored 2 weeks Shear Press -0 .6 1

apple Rom e, stored 1 week Magness Taylor 7/16" tip - 0 .0 8
apple Rom e, stored 1 week Magness Taylor 7/16" tip yield point - 0 .1 2
apple Rom e, stored 1 week back extrusion - 0 .2 2
apple Rom e, stored 1 week Shear Press - 0 .0 7

apricot Morepark, firm ripe 0 —3 0 °C Magness Taylor 5/16" tip - 0 .6 6
apricot Morepark, firm ripe 30—4 5 °C Magness Taylor 5/16" tip - 1 .6 5
apricot Morepark, soft ripe Magness Taylor 5/16" tip - 0 .7 2

apricot SHA-47 deformation to 0.3 Newton +0.15*
apricot Vineland 60081 deformation to 0.3  Newton - 0 .2 9 *
apricot Vineland 60081 back extrusion - 0 .4 4

beans,snap Early Wax, sieve size 3 puncture, 11 8 "  tip - 0 .0 9
beans, snap Early Wax, sieve size 4 puncture, 1/8" tip - 0 .1 0
beans,snap Early Wax, sieve size 5 puncture, 11 8 "  tip - 0 .1 8
beans, snap Slim Green, sieve size 4 puncture, 11 8 "  tip +0.11
beans, snap Slim Green, sieve size 5 puncture, 11 8 "  tip +0.06

beets Detroit Dark Red 2%—3" diam deformation to 1 Newton +0.28*
beets Detroit Dark Red 2%—3 " diam puncture, 1/8" tip - 0 .0 9
carrot Chantenary, phloem tissue puncture, 3/32" tip +0.12
corn, sweet N K199 10—3 5 °C Shear Press - 1 .3 4
corn, sweet N K199 10—3 5 °C back extrusion - 0 .4 4
corn, sweet Jubilee 1 0 -3 5 °C Shear Press -1 .3 1
corn, sweet Jubilee 1 0 -3 5 °C back extrusion —0.82
corn, sweet Deep Gold 1 0 -3 5 °C Shear Press - 1 .0 8
corn, sweet Deep Gold 1 0 -3 5 °C back extrusion - 0 .3 5
cucumber Marketor deformation to 0.5  Newton -0 .2 7 *
cucumber Marketor 0 - 3 0 ° C puncture, 11 8 "  tip +0.04
cucumber Marketor 30—45° C puncture, 11 8 "  tip - 0 .6 5
cherry Emperor Francis Dunkley pitter -1 .1 1
onion Autumn Keeper 1% "—2" diam deformation to 4 Newtons - 0 .5 8 *
onion Autumn Keeper 1% "—2" diam puncture, Magness Taylor 5/16" tip - 0 .1 8
peach Baby Gold (clingstone) 9/5/80 deformation to 1 Newton - 0 .9 7 *
peach Baby Gold (clingstone) 9/8/80 deformation to 1 Newton - 0 .2 2 *
peach Hale Haven (freestone) deformation to 1 Newton +3.37*
peach Sun Cling (clingstone) Magness Taylor 7/16" tip - 0 .7 4
peach Bisco (freestone) Magness Taylor 7/16" tip - 0 .7 5
peas, green Early Sweet 11, sieve size 3 , A IS  11.6% Shear Press - 0 .3 2
peas, green Early Sweet 11, sieve size 3 , A IS  11.6% Maturometer - 0 .5 2
peas, green Early Sweet 11, sieve size 3 , A IS  11.6% back extrusion - 0 .6 2
peas, green Early Sweet 11, sieve size 4 , A IS  16.0% Shear Press - 0 .3 5
peas, green Early Sweet 11, sieve size 4 , A IS  16.0% Maturometer - 0 .3 0
peas, green Early Sweet 11, sieve size 4 , A IS  16.0% back extrusion - 0 .1 2

c o n t in u e d
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Table 2 —c o n tin u e d
Firmness-temp coeffi. 

Type of (% change in firmness
Commodity Description measurement per 1°C Ine.)

peas, green Early Sweet 11, sieve size 5, A IS  18.3% Shear Press -0 .22
peas, green Early Sweet 11, sieve size 5 , A IS  18.3% Maturometer -0 .27
peas, green Early Sweet 11, sieve size 5 , A IS  18.3% back extruslon -0 .20
peas, green Target, sieve size 3, A IS  11.0% Shear Press -0 .37
peas, green Target, sieve size 3, A IS  11.0% Matu rometer -0 .2 8
peas, green Target, sieve size 3 , A IS  11.0% back extrusion -0 .26
peas, green Target, sieve size 4 , A IS  16.9% Shear Press -0 .1 6
peas, green Target, sieve size 4 , A IS 16.9% Maturometer -0 .1 5
peas, green Target, sieve size 4 , A IS 16.9% back extruslon -0 .07
plum Stanley, firm ripe puncture, 1/8" tlp -0 .6 6
plums Stanley, firm ripe back extruslon -0 .75
plum Stanley, firm ripe deformation to 1 Newton +0.42*
plus Severn Cross deformatlon to 1 Newton +0.11*
plum Italian prune deformation to 1 Newton +0.61*
plum 30-4-126 deformatlon to 1 Newton +0.12*
pear Bartlett Magness Taylor 5'16" tlp -0 .47
pear Bartlett deformatlon to 1.5 Newton +0.12*
potato Katahdln, stored 1 month Magness Taylor 5/16" tlp -0 .0 2
potato Katahdln, stored 7 months Magness Taylor 5/16" tlp +0.06
potato Katahdln, stored 1 month deformatlon to 0.25 Newton +0.28*
potato Katahdln, stored 7 months deformation to 0.25 Newton +0.12*
potato Monona, stored 1 month Magness Taylor 5/16" tlp -0 .10
potato Monona, stored 7 months Magness Taylor 5/16”  tlp +0.06
potato Monona, stored 1 month deformation to 0.25 Newton +0.28*
potato Monona, stored 7 months deforamtion to 0.25 Newton +0.35*
potato Russet Burbank, stored 1 month Magness Taylor 5/16" tip +0.06
potato Russet Burbank, stored 7 months Magness Taylor 5/16" tlp +0.04
potato Russet Burbank, stored 1 month deformatlon to 0.25 Newton +0.14*
potato Russet Brubank, stored 7 months deformation to 0.25 Newton +0.09*
tomato New Yorker, stem end down, 1973 deformation to 1 Newton +0.87*
tomato New Yorker, stem end down, 1978 deformation to 1 Newton +0.20*
tomato Nova (plum type), sideways, 1973 deformatlon to 1 Newton +0.58*
tomato Nova (plum type), sideways, 1978 deformatlon to 1 Newton +0.17*
strawberry Honeoye, mean size 6.0 g 0—30°C deformatlon to 1 Newton +0.46*
strawberry Honeoye, mean size 6.0 g 30—45°C deformatlon to 1 Newton +3.09*
strawberry Canoga, mean size 6.1 g 0—30°C deformatlon to 1 Newton 0 *
strawberry Canoga, mean size 6.1 g 30—45°C deformatlon to 1 Newton +3.48*
strawberry Canoga, mean size 12.9 g 0—30°C deformatlon to 1 Newton +0.09*
strawberry Canoga, mean size 12.9 g 30—45°C deformatlon to 1 Newton +7.72*
‘ S in c e  d e fo rm a t io n  is a so ftn e ss  m e asu rem e n t a + sign in d ica te s  th e  p ro d u c t decreases in  f irm n e ss  as th e  te m p e ra tu re  r ise s .

l i n e a r i t y  i n  t h e  f o r m u l a  t h a t  is  u s e d  t o  c a l c u l a t e  t h e  F T  
c o e f f i c i e n t .  T h e  p u n c t u r e  t e s t  o n  t h e  a p r i c o t  ( c u r v e  n o .  5 )  
h a s  a  s t e e p  s lo p e  i n d i c a t i n g  a  h ig h  s e n s i t i v i t y  t o  t e m p e r a t u r e  
c h a n g e ;  i t  a l s o  h a s  a  d e f i n i t e  c h a n g e  o f  s l o p e  a t  3 0  C . T h i s  
d e v i a t i o n  f r o m  a p p r o x i m a t e  l i n e a r i t y  w a s  i n f r e q u e n t .  I n  
s u c h  c a s e s  w e  c a l c u l a t e d  t w o  F T  c o e f f i c i e n t s ,  ( 1 )  f r o m
0 —3 0 ° C  a n d  ( 2 )  f r o m  3 0 - 4 5 ° C .

S U M M A R Y

W I T H  A  F E W  E X C E P T I O N S  w h i c h  s h o w e d  a  s l ig h t  f i r m in g  
e f f e c t ,  m o s t  f r u i t s  a n d  v e g e t a b l e s  t e s t e d  s h o w e d  d e c r e a s in g  
f i r m n e s s  w i t h  i n c r e a s in g  t e m p e r a t u r e  o v e r  t h e  r a n g e  0 — 
4 5  C . T h e  F T  r e l a t i o n s h i p  w a s  a p p r o x i m a t e l y  l i n e a r  f o r  
m o s t  c o m m o d i t i e s .  T h e  F T  c o e f f i c i e n t  is  h ig h l y  v a r i a b le .  
I t  v a r i e s  f r o m  c o m m o d i t y  t o  c o m m o d i t y ,  f r o m  c u l t i v a r  t o  
c u l t i v a r  w i t h i n  t h e  s a m e  c o m m o d i t y ,  f r o m  t e s t  p r i n c i p l e  t o  
a n o t h e r  o n  t h e  s a m e  c o m m o d i t y ,  o n  t h e  s a m e  c o m m o d i t y  
d u r in g  s t o r a g e  a n d  f r o m  y e a r  t o  y e a r .  A  s u r v e y  o f  t h e  d a t a  
in  T a b l e  2  s h o w s  t h a t  o n e  c a n n o t  p r e d i c t  i n  a d v a n c e  w h e t h e r  
a  p a r t i c u l a r  c o m m o d i t y  w il l  h a v e  a  l o w ,  m e d i u m  o r  h ig h  F T  
c o e f f i c i e n t .  A  s m a l l  c h a n g e  i n  t e m p e r a t u r e  is  u n l i k e l y  t o  b e  
d e t e c t e d  i n  f i r m n e s s  r e a d in g s  o f  m o s t  h o r i z o n t a l  c r o p s  b e 
c a u s e  t h e  F T  c o e f f i c i e n t  is  s m a l l  a n d  t h e  v a r i a t i o n  f r o m  u n i t

t o  u n i t  i n  h o r t i c u l t u r a l  c r o p s  is  g r e a t .  H o w e v e r ,  a  la rg e  
c h a n g e  in  t e m p e r a t u r e  w o u ld  b e  s u f f i c i e n t  t o  c a u s e  d e t e c t 
a b l e  d i f f e r e n c e s  i n  f i r m n e s s .  O t h e r  t h in g s  b e in g  e q u a l ,  t h e  
h ig h e r  t h e  F T  c o e f f i c i e n t ,  t h e  l o w e r  t h e  t e m p e r a t u r e  c h a n g e  
n e e d e d  t o  d e t e c t  t e m p e r a t u r e  e f f e c t s .  F o r  a  p r o d u c t  w i t h  a  
F T  c o e f f i c i e n t  o f  0 .3 %  p e r  d e g r e e  a  c h a n g e  o f  1 0  C  in  t e m 
p e r a t u r e  w o u ld  c h a n g e  t h e  f i r m n e s s  m e a s u r e m e n t  b y  3 % , 
a n  a m o u n t  t h a t  p r o b a b l y  w o u l d  n o t  b e  d e t e c t e d  b e c a u s e  o f  
t h e  h ig h  c o e f f i c i e n t  o f  v a r i a t i o n  t h a t  is  u s u a l l y  e n c o u n t e r e d  
i n  f i r m n e s s  m e a s u r e m e n t s  o f  h o r t i c u l t u r a l  c r o p s .  A  c h a n g e  
o f  3 5 ° C  in  a  p r o d u c t  w i t h  a  F T  c o e f f i c i e n t  o f  0 .3 %  p e r  d e 
g r e e  w o u ld  c a u s e  a  c h a n g e  i n  f i r m n e s s  o f  1 0 .5 % , a n  a m o u n t  
t h a t  w o u ld  p r o b a b l y  b e  e a s i ly  d e t e c t e d .  A  p r o d u c t  w i t h  a  
F T  c o e f f i c i e n t  o f  1 .0 %  p e r  d e g r e e  w o u ld  s h o w  a  c h a n g e  in  
f i r m n e s s  o f  1 0 %  w i t h  a  1 0  C  t e m p e r a t u r e  c h a n g e ,  a n  
a m o u n t  t h a t  p r o b a b l y  w o u ld  b e  d e t e c t e d .

F o r  t h o s e  c o m m o d i t i e s  t h a t  a r e  g r a d e d  o n  a  f i r m n e s s  
m e a s u r e m e n t ,  i t  is  p o s s i b l e  t o  c h a n g e  t h e  a p p a r e n t  g r a d e  b y  
a d j u s t i n g  t h e  t e m p e r a t u r e  b y  a  s u f f i c i e n t  a m o u n t  i n  t h e  
r i g h t  d i r e c t i o n .  T h e  t e m p e r a t u r e  c h a n g e  n e e d  n o t  b e  la rg e  
i f  t h e  c o m m o d i t y  is  c l o s e  t o  t h e  b o u n d a r y  b e t w e e n  g ra d e s .  
R e s e a r c h e r s  a n d  m a r k e t e r s  o f  t h e  p r o d u c t s  s h o u l d  b e  a w a r e  
o f  t h e  p o s s i b i l i t y  o f  t e m p e r a t u r e  c h a n g e s  c a u s in g  a p p a r e n t
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Fig. 1—Firmness o f  som e horticultural crops as a function o f  the 
temperature a t which the firmness measurement was made. The 
units in which each firmness measurement was made are shown  
alongside the com m odity  description.

s ig n i f i c a n t  d i f f e r e n c e s  in  f i r m n e s s  r e a d in g s  o n  h o r t i c u l t u r a l  
c r o p s  a n d  s h o u l d  e n d e a v o r  t o  m a k e  f i r m n e s s  m e a s u r e m e n t s  
w i t h i n  a  n a r r o w  t e m p e r a t u r e  r a n g e  u n l e s s  p r e l i m i n a r y  
s t u d i e s  h a v e  s h o w n  t h a t  t h e  F T  c o e f f i c i e n t  f o r  t h a t  c o m 
m o d i t y  is  s m a ll .
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D e h y d r a t e d  B l u e b e r r i e s  b y  t h e  C o n t i n u o u s  E x p l o s i o n - P u f f i n g  P r o c e s s

J. F. SULLIVAN, J. C. CRAIG Jr., E. D. DEKAZOS, S. M. LEIBY, 
and R. P. KONSTANCE

-------------------------------- ABSTRACT---------------------------------
A  b lu e b e rry  d e h y d ra tio n  p ro cess  w h ich  in c lu d e s  th e  u n iq u e  c o n tin 
u o u s  ex p lo s io n -p u ffin g  sy s tem  (C E P S) is d e sc rib e d . A  d ry in g  s tu d y  
in c lu d in g  a l te rn a te  d ry in g  p re t re a tm e n ts  fa ile d  to  in c rea se  th e  
d e h y d ra tio n  ra te . I t  w as fo u n d  t h a t  ca re  d u rin g  p ro cessin g  w as 
n ecessa ry  to  p re v e n t r u p tu re  o f  th e  b e rr ie s  as  ru p tu re  cau sed  b lee d in g  
d u r in g  d ry in g  w h ic h  re d u c e d  th e  d ry in g  r a te .  O p tim u m  o p e ra tin g  
c o n d itio n s  fo r  C EPS w ere  e s ta b lish e d  fo r  b lu e b e rr ie s . M e asu re m en ts  
o f  d rie d  b lu e b e rry  p ro p e r tie s  su ch  as b u lk  d e n s ity , c o lo r, r e h y d ra t io n , 
a n d  d is in te g ra tio n  w ere  u se d  to  d e te rm in e  o p t im u m  o p e ra tin g  
c o n d itio n s  fo r  p re s su re  (1 0 3  k P a ), te m p e ra tu re  ( 1 9 0 ° Q ,  a n d  fe e d  
m o is tu re  (1 8 .5 % ) fo r  C E PS.

INTRODUCTION
T H E  F I R S T  H I G H B U S H  c u l t i v a r  w a s  r e l e a s e d  i n  1 9 2 0  
( D r a p e r ,  1 9 7 9 ) ;  s in c e  t h e n  b lu e b e r r i e s  h a v e  b e c o m e  a  m a j o r  
f r u i t  c r o p  i n  t h e  U n i t e d  S t a t e s .  B lu e b e r r i e s  a r e  h ig h  i n  i r o n  
a n d  m a n g a n e s e  ( H o p e ,  1 9 6 5 )  a n d  t h e i r  v i t a m i n  c o n t e n t  
e q u a l s  o r  e x c e e d s  t h a t  o f  m o s t  f r u i t s  ( U S D  A  H a n d b o o k  # 8 ,
1 9 6 3 ) .  Q u a l i t i e s  s u c h  a s  d is e a s e  r e s i s t a n c e ,  p l a n t  v ig o r ,  h ig h  
p r o d u c t i o n ,  a n d  s u i t a b i l i t y  t o  m a c h i n e  h a r v e s t  h a v e  e n c o u r 
a g e d  g r o w e r s  t o  p r o c e s s  b lu e b e r r i e s .

T h e  t e c h n o l o g y  o f  b l u e b e r r y  p r o c e s s i n g  is  l i m i t e d .  M o s t  
o f  t h e  c r o p  is  f r e e z e - p a c k e d .  E x c e p t i n g  a  m in u s c u l e  p o r t i o n  
w h i c h  is  d r i e d .  I n  a n  e a r l y  d r y in g  s t u d y ,  b e r r i e s  t o o k  1 3  h r  
t o  d r y  ( F r i a r  a n d  M r a k ,  1 9 4 3 ) .  E i d t  a p p a r e n t l y  r e d u c e d  t h e  
d r y in g  t i m e  t o  4  h r  b y  u s in g  a  h o t  l y e  d ip  ( E i d t  e t  a l . ,  1 9 4 4 ) .  
B a t c h  e x p l o s i o n - p u f f i n g  o f  h ig h  b u s h  b lu e b e r r i e s  c r e a t e d  
r a p i d  d r y i n g  a n d  q u i c k  r e h y d r a t i n g  b l u e b e r r i e s  ( E i s e n h a r d t  
e t  a l . ,  1 9 6 4 ;  1 9 6 7 ) .  B e c a u s e  b a t c h  p r o c e s s i n g  w a s  c o s t l y  
a n d  l a b o r  i n t e n s e ,  t h e  c o n t i n u o u s  e x p lo s io n - p u f f i n g  s y s t e m  
( C E P S )  w a s  d e v e lo p e d  ( H e i l a n d  e t  a l . ,  1 9 7 7 ) .  P o t a t o e s ,  
c a r r o t s ,  a n d  a p p l e s  h a v e  b e e n  s u c c e s s f u l ly  p r o c e s s e d  i n  
C E P S  ( S u l l i v a n  e t  a l . ,  1 9 7 7 ,  1 9 8 0 ,  1 9 8 1 ) .

T h e  b l u e b e r r y  c r o p  o f  1 9 8 0  w a s  a b o u t  4 5 , 0 0 0  m e t r i c  
t o n s ,  o f  w h i c h  1 /3  w a s  f r o z e n  f o r  l a t e j  u s e  i n  p ie s ,  t a r t s ,  o r  
o t h e r  b a k e d  g o o d s  a n d  d e s s e r t s .  F r o z e n  s t o r a g e  l i f e  is  l i m i t e d  
t o  6  m o n t h s  o r  le s s  b e c a u s e  o f  a  t e x t u r a l  p r o b l e m ,  t h a t  o f  
w o o d in e s s  o r  g r i t t i n e s s  w h i c h  h a s  p l a g u e d  g r o w e r s  a n d  
p r o c e s s o r s .  O n e  o f  t h e  a u t h o r s  ( D r .  D e k a z o s )  t e s t i n g  
e x p l o s i o n - p u f f e d  d r i e d  b l u e b e r r i e s ,  f o u n d  t h a t  t h i s  p r o b l e m  
d id  n o t  d e v e lo p  w h e n  t h e s e  b e r r i e s  w e r e  p u t  i n  s to r a g e  
( D e k a z o s ,  1 9 8 0 ) .  O t h e r  f a v o r a b l e  c h a r a c t e r i s t i c s  o f  t h e  
e x p l o s i o n - p u f f e d  p r o d u c t  a r e  e x c e l l e n t  f l a v o r  a n d  c o lo r ,  
f a s t  r e h y d r a t i o n ,  a m b i e n t  t e m p e r a t u r e  s t o r a g e ,  m in im a l  
s t o r a g e  a n d  t r a n s p o r t a t i o n  c o s t s ,  a n d  d u r a b i l i t y .

T h e  p u r p o s e  o f  o u r  e x p e r i m e n t s  w a s  t o  a d a p t  t h e  
e x p l o s i o n - p u f f i n g  p r o c e s s  t o  t h e  “ R a b b i t e y e ”  b l u e b e r r y  
s p e c ie s ,  p a r t i c u l a r l y  t h e  T i f b l u e  v a r i e t y ,  a n d  t o  o p t i m i z e  t h e  
c o n t i n u o u s  e x p l o s i o n - p u f f i n g  s y s t e m  ( C E P S )  f o r  b l u e b e r r y  
p r o c e s s i n g .

A u th o rs  Sullivan, Craig, a n d  K onstance are w ith  th e  U SD A  Eastern  
Regional Research C enter, A gricu ltura l Research Service, 6 0 0  E. 
M erm aid Lane, P hiladelphia, PA 19118. A u th o r  L e ib y  Is a S tu d e n t  
Co-op from  D rexel U niversity , Philadelphia, P A . A u th o r  D ekazos Is 
w ith  th e  U S D A -S E A -A R  R ichard  B. R ussell Research C enter, A th e n s , 
G A 3 0604 .

T h e  R a b b i t e y e  b l u e b e r r y  is  a  s p e c ie s  n a t i v e  t o  t h e  
S o u t h e a s t  a n d  is  h ig h  i n  f l a v o r  a n d  p a l a t a b i l i t y .  T h e  c r o p  
h a s  n o t  b e e n  f i r m ly  e s t a b l i s h e d  f o r  f r e e z in g  o r  c a n n in g .  
B r e e d in g  e x p e r t s  b e l i e v e  t h a t  t h e  R a b b i t e y e  o f f e r s  t h e  
g r e a t e s t  p o t e n t i a l  f o r  f u t u r e  e x p a n s i o n  o f  t h e  b l u e b e r r y  
i n d u s t r y  ( E c k  a n d  C h i ld e r s ,  1 9 6 7 ) .  E x p l o s i o n - p u f f i n g  w a s  
a p p l i e d  t o  R a b b i t e y e  b l u e b e r r i e s  t o  e n h a n c e  t h e  e c o n o m i c  
v a lu e  o f  t h e  c r o p  b y  a d d in g  a n o t h e r  a n d  b e t t e r  p r o c e s s i n g  
p o s s i b i l i t y .  T h e  T i f b l u e  v a r i e t y ,  w h i c h  w e  s t u d i e d ,  w a s  
i n t r o d u c e d  i n  1 9 5 5  a n d  is  a  m e d i u m  la r g e  b e r r y  w i t h  h ig h  
d e s s e r t  q u a l i t y .

EXPERIMENTAL
T IF B L U E , R a b b ite y e  b lu e b e rr ie s  (a  c o m m erc ia l v a r ie ty )  g ro w n  in  
G eo rg ia  (1 9 7 8  c ro p , m o is tu re  8 2 .4 %  (w e t b as is)) w e re  u se d  in  a ll 
ex p e rim e n ts . T h e  b lu e b e rr ie s  w e re  w ash e d  a n d  f o r  m o re  u n ifo rm  
d ry in g  w ere  size se p a ra te d  w ith  a  p n e u m a tic  w in n o w er . N o  o th e r  
p rep ro ce ss in g  w as re q u ire d . In  a d d it io n , u n lik e  m o s t f r u i t  p ro cessin g , 
su lf itin g  w as n o t  n e e d e d , as  n o n e n z y m a tic  b ro w n in g  re m a in e d  
m in im a l d u rin g  d e h y d ra tio n . T h e  ra w  a n d  p ro cesse d  b e rr ie s  w ere  
ev a lu a te d  fo r  m o is tu re  c o n te n t ,  b u lk  d e n s i ty , co lo r  d iffe re n c e , an d  
se le c ted  m in era ls .

D ry in g  s tu d ie s
A n  e f fo r t  w as m ad e  to  in c rea se  th e  d ry in g  ra te  o f  b lu eb e rr ie s . 

E x p e r im e n ts  w ere  m ad e  in  w h ich  th e  b lu e b e rr ie s  re ce iv ed  th e  
fo llo w in g  p re d ry in g  tr e a tm e n ts :  ( 1 ) tw o  se p a ra te  0 .2 % ly e  d ip s  a t 
9 3 .3 °C  w ere  m ad e , o n e  a t 4  an d  o n e  a t  8  sec , re sp ec tiv e ly ; (2 ) a  
m ild  d e te rg e n t  w ash  a t 2 4 °C ; (3 ) a  s tea m  b la n c h ; an d  (4 ) n o  t r e a t 
m e n t. A f te r  th e  p re tre a tm e n ts , e a ch  te s t  lo t  w as  d r ie d  in  th e  c o n tin 
u o u s  b e lt  d ry e r  (A n o n ., 1 9 6 3 ) . T h e  d ry in g  c o n d itio n s  fo r  th e se  
e x p e rim e n ts  w ere : air v e lo c ity  2 .4  m /s ; d ire c t io n  o f  a ir  f l o w - d o w n 
w ard  th ro u g h  th e  b e d ; d ry  b u lb  te m p e ra tu re  8 2 °C ; w e t b u lb  te m p e r 
a tu re  3 3 °C ; b e lt  speed  1 .4 4  m /h r ;  b e d  d e p th  en te r in g  d ry e r  5 cm ; 
a n d  a fe ed  ra te  o f  33  k g /h r  to  a  0 .6  m -w id e  d ry e r  b e lt .

In  th e  s tu d y , th e  ra te  o f  s team  re q u ire d  to  d ry  b lu e b e rr ie s  f ro m  
a b o u t  85%  to  19%  m o is tu re  in  a  c o n tin u o u s  d ry e r  w as  d e te rm in e d  
a n d  th e s e  d r ie d  b e rr ie s  w ere  la te r  u se d  fo r  th e  o p t im iz a tio n  s tu d y . 
F o r  th e  d ry in g  s tu d y , th e  s team  c o n d e n s a te  fro m  th e  a ir  h ea tin g  
co ils  w as p assed  th ro u g h  a  ch illed  e x c h a n g e r an d  w e ig h ed . T h e  d ry in g  
c o n d itio n s  w e re  th e  sam e w ith  o n e  e x c e p tio n ;  a ir  v e lo c ity  w as 
in c rea se d  f ro m  2 .4  to  3 .0  m /sec . F iv e  h u n d re d  tw e n ty -f iv e  kg  o f  
b lu e b e rr ie s  w ere  d r ie d  in  th re e  b a tc h e s  o f  a b o u t  175  k g  each .

O p t im iz a t io n  o f  th e  c o n tin u o u s  e x p lo s io n -p u ff in g  sy s tem  (C E P S)
O p tim iz a t io n  o f  C E PS  w as ach iev ed  b y  d e te rm in in g  th e  e f fe c t o f  

fe ed  m o is tu re , in te rn a l  p re s su re , a n d  te m p e ra tu re  o n  th e  p u ff in g  o f  
p a r t ia lly  d r ie d  b e rr ie s , re f le c te d  in  th e  f in a l p ro d u c t . T h e se  b lu e 
b e rr ie s  w ere  p a rt ia lly  d rie d  to  f o u r  e x p e r im e n ta l m o is tu re s , a p p ro x i
m a te ly  120  p o u n d s  a t e a c h  m o is tu re  (T ab le  1). A n  e x p e rim e n ta l 
d es ig n  o f  36 co n d itio n s , in c lu d in g  fo u r  m o is tu re  levels (1 2 .5  -2 4 .0 % ) , 
th re e  p re ssu re  levels ( 1 0 3 - 1 7 2  k P a ) , a n d  th re e  te m p e ra tu re  levels

Table 1—E xp erim en ta l c o n d itio n s  fo r  o p tim iza tio n  tests

Moisture
(%)

Pressure
(kPa)

Temp
(°C)

12.4 103 149.0
17.5 138 165.5
21.2 172 188.0
23.7
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( 1 4 5 - 1 9 2 ° C ) ,  w ere  u se d  (T ab le  1). T h e  design  w as d u p lic a te d . T h e  
e q u ip m e n t u se d  w as d e sc rib e d  b y  H e ilan d  e t  a l ., (1 9 7 7 ) .

T h e  p a r t ia lly  d r ie d  b lu e b e rr ie s  w ere  fe d  to  C E PS  a t  th e  ra te  o f  
125 k g /h r  fo r  e a ch  te s t .  A f te r  b e in g  e x p lo s io n -p u f fe d , th e  b e rr ie s  
w ere  r e tu rn e d  to  a  h o t  a ir t r a y  d ry e r  an d  d rie d  to  4-5%  m o is tu re . 
B ecau se  o f  th e  lim ite d  a m o u n ts  o f  b lu e b e rr ie s , th e  d ry in g  s tu d y  w as 
n o t  c o n tin u e d  th ro u g h  f in a l d ry in g . T h e  p h y sica l a t t r ib u te s  e v a lu a te d  
w e re : b u lk  d e n s ity , r e h y d ra t io n , d is in te g ra tio n , a n d  co lo r. T h e se  
p ro p e r t ie s  w e re  ch o se n  b ecau se  th e y  re f le c t  th e  q u a lity  o f  th e

TIME, HOURS
Fig. 1—D rying curves o f  trea ted  vs u n trea ted  blueberries.

Fig. 2 —D rying  curves o f  ru p tu re d  a n d  u n ru p tu re d  blueberries.

ex p lo s io n -p u ffe d  b lu e b e rry . F a s t  re h y d ra t io n  o r  w a te r  p ic k u p  is  a 
d es ired  c h a ra c te r is tic . T h e  g re a te r  th e  p u f f , th e  m o re  p o ro u s  th e  
p ro d u c t , a n d  th e  m o re  re ad ily  th e  w a te r  is p ic k e d  u p  as m e a su re d  b y  
re h y d ra t io n . B u lk  d e n s ity  is d ec rea se d  b ec au se  o f  ex p lo s io n -p u ffin g . 
A n  in a d e q u a te  p u f f  is in d ic a te d  b y  a  b u lk  d e n s ity  n e a r  th a t  o f  th e  
p a rt ia lly  d r ie d  b e rr ie s . T o  th e  o th e r  e x tre m e , o v e rp u ff in g  is u n d e s ir 
ab le  b ecau se  i t  re su lts  in  excessive d is in te g ra tio n . M in im a l d is in te 
g ra t io n  is d es ired . C o lo r  v a lu es  re la te  to  e y e  a p p e a l a n d  flav o r. 
H u n te r  scales (H u n te r , 1 9 4 2 ) w ere  u sed  fo r  c o lo r  d e te rm in a tio n s .

A n a ly tic a l p ro c e d u re s
C o lo r  w as d e te rm in e d  o n  r e c o n s ti tu te d  b lu e b e rr ie s  a t  ro o m  

te m p e ra tu re . M o is tu re  c o n te n t , b u lk  d e n s ity , r e h y d ra t io n ,  a n d  
d is in te g ra tio n , w ere  d e te rm in e d  o n  th e  d e h y d ra te d  b lu eb e rr ie s .

M o is tu re
M o is tu re  c o n te n t  w as d e te rm in e d  b y  th e  s ta n d a rd  v a c u u m  o v en  

m e th o d . A ll sam ples w ere  d rie d  a t  7 0 °C  u n d e r  v ac u u m  fo r  16 h r. 
R esu lts  a re  ex p resse d  o n  a  w e t basis.

C o lo r m e a su re m e n t
A  G a rd n e r  A u to m a tic  C o lo r  D if fe ren ce  M e te r  w as  u se d  fo r  all 

co lo r m e a su re m e n ts  (H u n te r , 1 9 4 2 ) . H ow ev e r, th e  c o lo r  o f  th e  
in ta c t  r e c o n s ti tu te d  b e rr ie s  (f re sh  a n d  p ro cesse d ) w as n o t  m ea su re d  
d ire c t ly  b ec au se  th e y  w ere  to o  d a rk . T o  in su re  c o n s is te n c y  o f  re su lts  
fo r  c o m p a ra tiv e  p u rp o se s , a  c a lc u la te d  v o lu m e  o f  w a te r  w as  ad d e d  
to  a  w e ig h ed  a m o u n t o f  d e h y d ra te d  b e rr ie s  so th a t  th e  f in a l m o is tu re  
c o n te n t  o f  th e  r e h y d ra te d  b e rr ie s  w as a lw ay s 8 7 .5%  (w e t bas is) . 
R e c o n s t i tu t io n  w as  ca rr ied  o u t  b y  b o ilin g  th e  b e rr ie s  f o r  4  m in , 
a f te r  w h ich  th e  liq u id  w as f i l te re d  th ro u g h  c h e e se c lo th  an d  th e  
co lo re d  w a te r  w as  c o lle c te d  fo r  co lo r  m e a su re m e n t. T o  im p ro v e  
re f le c ta n c e  o f  th e  c o lo re d  so lu tio n , th re e  la y e rs  o f  W a h tm a n  # 1  
f i l te r  p a p e r  w ere  p lac ed  in  th e  b o t to m  o f  th e  cells b e fo re  th e  co lo re d  
s o lu tio n  w as a d d ed . O n ce  a d d e d , th e  so lu tio n  an d  f i l te r  d iscs w ere  
a llo w ed  to  soak  fo r  1 0  m in  b e fo re  m e a su re m e n ts  w ere  m ad e  o f  th e  
co lo r  o f  th e  f i l te r  d iscs  a n d  co lo r so lu tio n  to g e th e r . S m all b e a k e rs  
(5 0  m l) w ere  u sed  as w e ig h ts  to  p re v e n t th e  f i l te r  d iscs f ro m  f lo a tin g . 
C o lo r  v a lu es  fo r  each  sam p le w ere  o b ta in e d  in  th is  m a n n e r  an d  a re  
re p o r te d  as  H u n te r  A E , a, b , an d  R d u n its . T h e  in s t ru m e n t w as 
s ta n d a rd iz e d  each  tim e  w ith  a  s ta n d a rd  co lo r t i le  # C D R  0 0 IB  
(R d = 5 .9 ;  a  = + 2 1 .7 ;  b  = + 6 .0 ) .

D is in teg ra tio n
D is in teg ra tio n  w as d e te rm in e d  b y  m an u a lly  sep a ra tin g  d is in te 

g ra te d  p ieces  in  1 OOg sam ple an d  w eig h in g  th is  p o r t io n .

R e h y d ra tio n
A  25g  sam p le  w as b o iled  in  w a te r  3 m in , th e n  d ra in e d  a n d  

w eigh ed . T h e  a m o u n t o f  w a te r  p ick ed  u p  p e r g ram  o f  d ry  so lid s  w as 
d e te rm in e d  b y  su b tra c tin g  th e  o rig in a l sam p le w e ig h t (2 5 g ) fro m  th e  
w e ig h t o f  th e  re h y d ra te d  sam p le an d  d iv id ing  th is  w e ig h t b y  th e  
so lid s  in  th e  25g  sam ple.

B u lk  d e n s ity
B u lk  d e n s ity  w as d e te rm in e d  b y  filling  a ta re d  cry s ta lliz in g  d ish  

o f  k n o w n  v o lu m e  w ith  d rie d  b lu eb e rr ie s  th e n  w eigh in g  th e  b lu e b e rr ie s  
an d  ca lcu la tin g  th e  w e ig h t p e r  v o lum e .

RESULTS & DISCUSSION
D r y in g  s t u d y

T h e  i n i t i a l  d r y in g  o f  b l u e b e r r i e s  w a s  f r o m  8 5 %  t o  a b o u t  
2 0 %  m o i s t u r e  ( w e t  b a s is ) .  F ig .  1 s h o w s  o n e  d r y in g  c u r v e — 
f o r  f r e s h  u n t r e a t e d  b lu e b e r r i e s  a n d  b e r r i e s  d i p p e d  in  a  0 . 2 % 
N a O H  s o l u t i o n  a t  9 3  C  f o r  4  s e c . T h e  c u r v e s  a r e  c o i n c i d e n t a l  
a n d  t h e  d r y in g  r a t e s  a r e  t h e  s a m e .  T h e  o t h e r  e x p e r i m e n t s ,  
w h i c h  i n c l u d e d  t h e  m i ld  d e t e r g e n t  w a s h  ( t o  r e m o v e  n a t u r a l  
o c c u r r i n g  w a x )  a n d  t h e  s t e a m  b l a n c h e d ,  d r i e d  a t  t h e  s a m e  
r a t e  a s  t h e  u n t r e a t e d  b e r r ie s .

T e m p e r a t u r e  h a d  a  p r o f o u n d  e f f e c t  b e c a u s e  t h e  h e a t  a n d  
e l e v a t e d  i n t e r n a l  p r e s s u r e  w i t h i n  t h e  b e r r i e s  l e d  t o  e a s y  
r u p t u r e  a s  t h e y  d r i e d .  R u p t u r e d  b e r r i e s  t e n d e d  t o  b l e e d ,  
w h i c h  s lo w e d  d r y in g  ( F ig .  2 ) .  S e a s o n a l  a n d  a r e a  v a r i a t i o n s
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y ie l d e d  s o m e  h e a t  s e n s i t iv e  b e r r i e s  t h a t  h a d  t o  b e  d r i e d  a t  a  
l o w e r  p r o c e s s i n g  t e m p e r a t u r e  t o  a v o id  r u p t u r e .  D u r in g  t h e  
f i r s t  d r y in g  r u n ,  t e m p e r a t u r e  h a d  t o  b e  r e d u c e d  g r a d u a l l y  
f r o m  9 3 ° C  ( a  n o r m a l  d r y in g  t e m p e r a t u r e )  t o  8 2  C  w h e r e  
t h e  i n c i d e n c e  o f  r u p t u r e  w a s  r e d u c e d  a n d  t h e  d r y in g  r a t e  
i n c r e a s e d .  F iv e  h u n d r e d  t w e n t y - f i v e  k g  o f  b e r r i e s  w e r e  
d r i e d  a t  8 2  C  t o  a  m o i s t u r e  o f  a b o u t  3 0 %  ( w e t  b a s i s ) .  A t  
a  b e d  l o a d in g  o f  3 6 .5  k g / m 2  a n d  in c r e a s e d  a i r  v e l o c i t y  (3  
m / s e c ) ,  1 7 5  k g  o f  b e r r i e s  r e q u i r e d  s l ig h t ly  o v e r  3 h r  t o  d r y  
t o  3 0 % . E ig h t  h u n d r e d  p o u n d s  o f  s t e a m  p e r  h r  w e r e  u s e d  in  
d r y in g  1 7 5  k g  o f  b e r r i e s  f r o m  8 2 .4 %  t o  3 0 %  m o i s t u r e .  
A f t e r  e q u i l i b r a t i o n ,  t h e  b e r r i e s  w e r e  s a m p le d  f o r  m o i s t u r e .  
L a t e r  t h e y  w e r e  f u r t h e r  d r i e d  f r o m  3 0 %  t o  s e l e c t e d  m o i s 
t u r e s  ( T a b l e  1 ) f o r  t h e  o p t i m i z a t i o n  o f  C E P S .

O p t i m i z a t i o n  s t u d y
T h e  r e s u l t s  ( r e s p o n s e s )  o f  t h e s e  e x p e r i m e n t s  w e r e  

r e l a t e d  t o  t h e  t h r e e  c o n t r o l l e d  v a r i a b le s  b y  s im p le  q u a d r a t i c  
e q u a t i o n s .  T h e  c o n t r o l l e d  o r  i n d e p e n d e n t  v a r i a b le s  w e r e  
p r e s s u r e ,  t e m p e r a t u r e ,  a n d  m o i s t u r e .  T h e  r e s p o n s e s  c h o s e n  
a s  d e p e n d e n t  v a r i a b le s  w e r e  b u l k  d e n s i t y ,  r e h y d r a t i o n ,  p e r 
c e n t  d i s i n t e g r a t i o n  a n d  c o l o r  m e a s u r e m e n t s .

A  s e c o n d - o r d e r  r e g r e s s io n  e q u a t i o n  i n  t e r m s  o f  t h e  
i n d e p e n d e n t  v a r i a b le s  w a s  f i t t e d  t o  t h e  d a t a  o f  e a c h  r e s p o n s e .  
T h e s e  e m p i r i c a l  e q u a t i o n s  w e r e  u s e d  a s  m o d e l s  o f  t h e  
e x p lo s io n - p u f f i n g  p r o c e s s .  F ig .  3 s h o w s  a  t y p i c a l  r e s p o n s e  
s u r f a c e .

A  c o m p u t e r  p r o g r a m  s o lv in g  c o n s t r a i n e d  n o n l i n e a r  
o p t i m i z a t i o n  p r o b l e m s  w a s  a p p l i e d  t o  t h e s e  m o d e l s .  T a b le  2 
l i s t s  t h e  m o d e l s  a n d  l i m i t s  i m p o s e d  o n  t h e  o p t i m a l  s o l u t i o n .  
T h e  l i m i t s  a r e  m a x i m u m  a n d  m i n i m u m  a c c e p t a b l e  le v e ls  f o r  
a  g iv e n  r e s p o n s e .  T h e s e  q u a l i t y  E m i t s  a r e  c h o s e n  b y  t h e  
e x p e r i m e n t e r ,  e x t e r n a l  t o  t h e  o p t i m i z a t i o n .  A  l i n e  o f  
o p t i m a  w a s  g e n e r a t e d  a s  a  f u n c t i o n  o f  t h e  m o d e l ’s r a d i u s  
( d  P 2  +  M 2  +  T 2 ) . F ig .  4  d i s p la y s  a n  o p t i m a l  r i d g e  f o r  
p e r c e n t  d i s i n t e g r a t i o n .  I t  is  e v id e n t  t h a t  s l ig h t  im p r o v e 
m e n t s  i n  p e r c e n t  d i s i n t e g r a t i o n  c a n  b e  r e a l i z e d  w i t h o u t  
o t h e r  h a r m  b y  e x t r a p o l a t i n g  t o  h ig h e r  f e e d  m o i s t u r e .  A n  
i m p o r t a n t  c o n s i d e r a t i o n  is  t h a t  e x p l o s i o n - p u f f i n g  a t  h ig h e r  
m o i s t u r e s  a l lo w s  t h e  m o r e  d i f f i c u l t  d r y in g ,  t h a t  is  d r y in g  in  
t h e  f a l l in g  r a t e  p e r i o d ,  t o  b e  d o n e  i n  t h e  f a s t e r  p o r o u s  s t a t e  
( E i s e n h a r d t  e t  a l . ,  1 9 6 7 ;  S u l l iv a n  e t  a l . ,  1 9 7 7 ,  1 9 8 0 ) .  T a b le  
3  l i s t s  t h e  o p t i m a l  ( r e c o m m e n d e d )  o p e r a t i n g  c o n d i t i o n s  a t  
t h e  h ig h e s t  m o i s t u r e  t h a t  c o u ld  b e  s e l e c t e d  w i t h  c o n f i d e n c e .

F in a l  d r y in g
T h e  b lu b e r r i e s  w e r e  d r i e d  f r o m  a b o u t  1 5 —2 6 %  m o i s t u r e

( t h e r e  is  a b o u t  3 %  m o i s t u r e  p i c k u p  d u r in g  e x p lo s io n - p u f f i n g )  
t o  1 0 %  m o i s t u r e  ( d r y  b a s is ) .  E a r l i e r  s t u d i e s  ( E i s e n h a r d t  e t  
a l . ,  1 9 6 7 )  s h o w e d  t h a t  b l u e b e r r i e s  n e e d  o n l y  b e  d r i e d  t o  
1 0 %  a l t h o u g h  e x p l o s i o n - p u f f e d  b e r r i e s  c a n  r e a d i l y  b e  
d e h y d r a t e d  t o  4 %  m o i s t u r e  o r  l o w e r .  T h e y  w e r e  d r i e d  in  a  
t r a y  d r i e r  a t  7 7  C . M o i s tu r e  a b s o r p t i o n  i s o t h e r m  d e v e lo p e d  
f r o m  t h e  d r i e d  b l u e b e r r y  p r o d u c t  s h o w e d  a w  =  0 .4 5  a t  1 0 % .

C o m p a r i s o n  o f  r a w  a n d  p r o c e s s e d  b l u e b e r r i e s
N u t r i e n t  lo s s e s  a n d  c o l o r  c h a n g e s  o c c u r r e d  d u r in g  p r o c 

e s s in g .  D i f f e r e n c e s  f r o m  t h e  f r e s h  b e r r i e s  i n d i c a t e d  t h e  
e f f e c t s  o f  d e h y d r a t i o n .  S o m e  o f  t h e  m i n e r a l  v a lu e s  ( D e k a z o s ,
1 9 7 8 )  a r e  s h o w n  ( T a b l e  4 )  f o r  r a w  h i g h b u s h  b e r r i e s  f r o m  
N o r t h  C a r o l in a  a n d  R a b b i t e y e  ( T i f b l u e )  f r o m  G e o r g ia ,  b o t h  
f r o m  t h e  1 9 7 5  s e a s o n .  A ls o  l i s t e d  a r e  v a lu e s  f o r  p r o c e s s e d  
T i f b lu e  v a r i e t y  f r o m  t h e  1 9 7 8  s e a s o n  ( r e h y d r a t e d  t o  f r e s h  
b a s is ) .  A l t h o u g h  a  c o m p a r i s o n  w i t h  t h e  f r e s h  b e r r i e s  c a n n o t  
b e  m a d e  d i r e c t l y  b e c a u s e  o f  t h e  d i f f e r e n t  c r o p  y e a r s ,  m in e r a l  
lo s s e s  a p p e a r  t o  b e  b e t w e e n  1 0  a n d  2 0 % . T h e r e  is  n o  o t h e r  
a p p a r e n t  r e a s o n  w h y  t h e  N a  v a lu e  is  h ig h  in  t h e  p r o c e s s e d  
b e r r i e s .

C o l o r  c h a n g e s  w e r e  s l ig h t  ( o n  a  r e l a t i v e  b a s i s )  w h e n  t h e  
R d ,  a  a n d  b  v a lu e s  f o r  p r o c e s s e d  s a m p le s  w e r e  c o m p a r e d  
w i t h  t h o s e  o f  f r e s h  b e r r i e s .  T a b l e  5 s h o w s  v a r i a b i l i t y  b e t w e e n  
t h e  f r e s h  a n d  p r o c e s s e d  b e r r i e s  a t  o p t i m u m  c o n d i t i o n s .  
P r o c e s s in g  c h a n g e s ,  w i t h  p r e s s u r e  d e c r e a s i n g  in  C E P S  a n d  
t h e  f e e d  m o i s t u r e  i n c r e a s in g ,  c a u s e  t h e  p r o c e s s e d  b e r r y  t o  
b e c o m e  l i g h t e r  i n  c o lo r ,  t h a t  i s ,  g o in g  f r o m  a  d a r k  b l u e  t o  a  
p u r p l i s h  h u e .  T h e  o p t i m u m  v a lu e  ( T a b l e  3 )  i n c l u d e s  c o lo r

Fig. 3 —Response surface o f  % disintegration a t 103.4 kPa, % m ois
ture vs temperature.

Table 2 —M ultiple correlations and coefficients o f  blueberry modeI for optim um  stu dy
Model form: Y  = bD + b j P + b2 T  + b3 M + b4 P2 + b5 T 2 + b6 M2 + b7 PT + b8 PM + b9 TM

Y Bulk density % Disintegration Rehydration AE
R 2 0.89 0.93 0.89 0.64

Upper limit 435 kg/m3 5.0 2.0g H20/g d solid 14.0
Lower limit 365 kg/m3 0.0 0.60 H20/g d solid 1.0

Intercept, bna -711.759 115.613 7.8842 -124 .210
bl -22.447 -4 .243 0.01192 -6.07091
b2 20.877 -0 .469 -0 .09770 2.7384
bs -27.650 -5 .317 0.02123 -1.7062
b4 0.2307 0.07473 0.000718 0.04386
bs -0.06658 0.001797 0.002881 -0.009358
be 0.44028 0.081638 -0.000165 0.01508
by 0.01996 -0.005510 0.0000273 0.01661
b 8

b9
0.15474 0.18081 -0.000166 0.01883
0.02329 0.00193 0.0000661 0.002861

S u f f i c i e n t  s i g n i f i c a n t  p l a c e s  a r e  p r o v i d e d  s o  t h a t  t h e  r e a d e r  c a n  r e c a l c u l a t e  t h e  r e s p o n s e  s u r f a c e .  N o  u n e x p e c t e d  p r e c i s i o n  s h o u l d  b e  I n f e r r e d .
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CONTINUOUS EXPLOSION-PUFFING O F  B L U E B E R R IE S . . .

Fig. 4 —O ptim a l ridge genera ted  from  m o d e l's  radius, % d isintegration  
vs % m oisture.

Table 3 —CEPS o p tim u m  p o in t  fo r  R a b b iteye  b lueberries using  
d e p e n d e n t variables as constra in ts

Independent
variables Dependent variables

Pressure 103 kPa p (bulk density) 393 kg/m3
Temp 190°C % disintegration 1.80
Moisture 18.5% Rehydration 0645g H20/g dry

solids
AE (color difference) 14

Table 4 —M inerai levels in h ighbush  and R a b b ite ye  blueberries
(m g/iO O g fresh fru it)

Raw3 Raw3 Dried
highbush Rabbiteye explosion-puffedb

Mineral (IMO (GA) Rabbiteye (GA)

Ca 5.20 5.60 5.15
P 10.70 7.95 6.81
K 84.00 84.60 67.78
Na 0.32 0.95 1.96
Fe 0.14 0.24 Trace

j* D e k a zo s  (1 9 7 8 ) ;  1 9 7 5  c ro p s
w 197 8  crop

Table 5 —Color values o f  fresh a n d  p ro cessed  b lueberries

Raw Dried explosion-puffed
Moisture 82.4% (wet basis) moisture 5.75% (Aw 0.2)

AE _ 14
a +28.50 +20.88
b + 0.09 -  7.86
Rd 3.30 10.96
b/a + 0.0032 -  0.376

AE — C o lo r  d iffe re n c e  AE = •J Al_2 + Aa^ + Ab^
A L  — is l in e a r ly  re la ted  to  R ^ . B y  m u lt ip ly in g  b y  a f a c to r , R^ can  

be co n ve rte d  to  L
a — S ig n if ie s  red ness i f  p o s it ive  and  g reenness i f  n eg a tive , 
b — S ig n if ie s  y e llo w n e ss  if  p o s it ive  and b lu en ess if  n egative .
R d — M easure o f th e  re f le c ta n ce  o f  th e  sam p le .

v a lu e s  ( R ( j ,  a  a n d  b )  w h i c h  h a v e  g o n e  t o w a r d  t h e  p u r p l e ,  
b u t  t h e s e  b e r r i e s  w h e n  r e c o n s t i t u t e d  a p p e a r  d a r k  b l u e  a n d  
w h e n  m a d e  i n t o  a  p ie  o r  t a r t  a r e  i n d i s t i n g u i s h a b l e  in  c o l o r  
f r o m  t h o s e  in  a  f r e s h - b e r r y  p ie .

CONCLUSIONS
V A R I O U S  P R E D R Y I N G  t r e a t m e n t s  w e r e  t r i e d  b u t  f a i l e d  
t o  a f f e c t  t h e  d r y i n g  r a t e .  D r y in g  t e m p e r a t u r e  h a d  a  p r o 
n o u n c e d  e f f e c t  o n  t h e  d r y in g .  T h e  d r y in g  t e m p e r a t u r e  w a s  
r e d u c e d  f r o m  9 3 °  t o  8 2 ° C  w h i c h  r e d u c e d  b l e e d i n g  a n d  
le s s e n e d  t h e  i n c i d e n c e  o f  r u p t u r e .  T h i s  i n d i r e c t l y  i n c r e a s e d  
t h e  d r y in g  r a t e .  C E P S  w a s  o p t i m i z e d  f o r  b lu e b e r r i e s .  T h e  
o p t i m i z a t i o n  i n d i c a t e d  t h a t  b l u e b e r r i e s  s h o u l d  b e  d r i e d  t o  
1 8 .5 %  m o i s t u r e  a n d  p r o c e s s e d  w i t h  C E P S  i n t e r n a l  p r e s s u r e  
a n d  t e m p e r a t u r e  a t  1 0 3  k P a  a n d  1 9 0  C . A  f i n a l  m o i s t u r e  o f  
1 0 %  is  s u f f i c i e n t  a l t h o u g h  l o w e r  m o i s t u r e s  a r e  r e a d i l y  
o b t a i n a b l e .
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Q u a l i t y  o f  S a l t - S t o c k  P i c k l e s

J. P. LEE, M. A. UEBERSAX, and R. C. HERNER

--------------------------------ABSTRACT---------------------------------
Quality changes of green- and salt-stock cucumbers held at 5, 20, 
and 30°C up to 6 days prior to brining were evaluated. Cucumbers 
held at 5°C showed firm texture, low respiration rates, minimum 
weight loss, and good quality stock after fermentation. Increasing 
postharvest holding temperatures and times prior to brining re
sulted in loss of firmness, high respiration rates, increased weight 
loss, and a decrease in salt-stock quality. Salt-stock pickle defects 
increased dramatically under high temperature long time holding 
periods due to textural degradation and internal softening. Brining 
directly after harvest yielded the highest quality salt-stock. Cucum
bers held 2 days at 20°C or 6 days at 5°C resulted in good salt- 
stock quality.

INTRODUCTION
T H E  A C R E A G E  O F  C U C U M B E R S  g r o w n  f o r  p i c k l e  m a n u 
f a c t u r e  is  o n e  o f  t h e  l a r g e s t  o f  t h e  n a t i o n a l  t r u c k  c r o p s  
g r o w n  f o r  p r o c e s s in g .  M ic h ig a n  is  t h e  l e a d in g  s t a t e  i n  p i c k l 
i n g  c u c u m b e r  p r o d u c t i o n ,  w i t h  o v e r  1 0 0 , 0 0 0  t o n s  a n n u a l l y  
v a lu e d  a t  o v e r  t e n  m i l l i o n  d o l l a r s .  A t  p r e s e n t  a p p r o x i m a t e l y  
h a l f  o f  t h e  t o t a l  c r o p  i s  u t i l i z e d  i n  t h e  m a n u f a c t u r e  o f  
f r e s h  o r  u n c u r e d  s t o c k  w h i c h  is  p a c k e d  f r o m  t h e  f r e s h  
s t a t e  a n d  is  p a s t e u r i z e d  i n  s u i t a b l e  s p ic e d  b r i n e s  o r  l i g h t  
s y r u p  f o r  p r e s e r v a t i o n .  T h e  r e m a i n i n g  c r o p  is  b r i n e d  a t  t i m e  
o f  h a r v e s t ,  c u r e d  b y  f e r m e n t a t i o n ,  a n d  s t o r e d  u n t i l  n e e d e d  
f o r  f u r t h e r  p r o c e s s i n g  a n d  m a n u f a c t u r e  i n t o  f i n i s h e d  p i c k l e  
p r o d u c t s .

C u c u m b e r  p i c k l e s  a r e  n o t  k n o w n  f o r  n u t r i t i o n a l  c h a r a c 
t e r i s t i c s ,  b u t  r a t h e r  a r e  c o n s u m e d  f o r  t h e i r  d e s i r a b l e  c r i s p  
t e x t u r e  a n d  f i n e  f l a v o r .  D u e  t o  t h e  r a p i d  i n c r e a s e d  c o n 
s u m p t i o n  o f  p ic k le s  t h r o u g h o u t  t h e  w o r l d ,  c o n s i d e r a b l e  
r e s e a r c h  e f f o r t  h a s  b e e n  d e v o t e d  t o  c o m p o s i t i o n a l ,  g e n e t i c ,  
h a n d l i n g ,  a n d  p r o c e s s i n g  f a c t o r s  a f f e c t i n g  p i c k l e  q u a l i t y .

D a m a g e  d u e  t o  i m p a c t s  d u r in g  h a r v e s t i n g  a n d  h a n d l i n g  
is  a  m a j o r  p r o b l e m  e n c o u n t e r e d  w i t h  f r e s h  c u c u m b e r s  a n d  
t h i s  m a y  l e a d  t o  in c r e a s e d  b l o a t i n g  i n  s a l t - s t o c k  p ic k le s  
( M a r s h a l l  e t  a l . ,  1 9 7 2 ;  H e l d m a n  e t  a l . ,  1 9 7 6 ) .  T h e  m o s t  
i m p o r t a n t  o f  lo s s e s  d u r i n g  h o l d i n g  a n d  t r a n s p o r t  o f  c u c u m 
b e r s  a r e  w e i g h t  lo s s  a n d  s o f t e n i n g  c a u s e d  b y  u n f a v o r a b l e  
t e m p e r a t u r e  a n d  c o m p o s i t i o n  o f  t h e  s u r r o u n d i n g  a t m o s 
p h e r e .  F e l l e r s  a n d  P f lu g  ( 1 9 6 7 )  r e c o m m e n d e d  a  h o l d i n g  
t e m p e r a t u r e  a s  lo w  a s  1 .1 ° C  a t  5 %  0 2  a n d  5 %  C 0 2  c o n 
t r o l l e d  a t m o s p h e r e .  H o w e v e r ,  g e n e r a l  r e c o m m e n d a t i o n s  f o r  
h o l d i n g  a n d  t r a n s i t  c o n d i t i o n s  o f  p i c k l i n g  c u c u m b e r  v a r i e 
t i e s  h a v e  c o m m o n l y  b e e n  1 0  ±  2  C  a t  a  r e l a t i v e  h u m i d i t y  o f  
8 0 - 8 5 %  o r  h ig h e r  ( L u t z  a n d  H a r d e n b u r g ,  1 9 7 7 ;  R y a l l  
a n d  L i p t o n ,  1 9 7 9 ) .  C u c u m b e r s  h a v e  a  m o i s t u r e  c o n t e n t  o f  
a b o u t  9 5 %  a n d  a r e  v e r y  s u s c e p t i b l e  t o  r a p i d  w e i g h t  lo s s  
a c c o m p a n i e d  b y  v is ib le  s h r iv e l in g .  A p e l a n d  ( 1 9 6 1 )  a n d  
E t c h e l l s  e t  a l .  ( 1 9 7 3 )  f o u n d  t h a t  h ig h  t e m p e r a t u r e s  a n d  l o w  
r e l a t i v e  h u m i d i t i e s  h a d  a  s i g n i f i c a n t  e f f e c t  o n  w e i g h t  lo s s  
a n d  s e v e r e  s h r iv e l i n g  o f  c u c u m b e r s  d u r i n g  h o l d i n g .  P r o -

A u th o rs  L ee a n d  U ebersax are w ith  th e  D ept, o f  F o o d  Science  & 
H um an N u tr itio n , M ichigan S ta te  U niversity , E ast Lansing, M l 
488 24 . A u th o r  H erner is w ith  th e  D ept, o f  H orticu ltu re , M ichigan  
S ta te  Univ., E ast Lansing, M l 4 8824 .

l o n g e d  h o l d i n g  t i m e  a s  w e l l  a s  i m p r o p e r  h o l d i n g  c o n d i t i o n s  
w e r e  a l s o  s h o w n  t o  r e s u l t  i n  u n d e s i r a b l e  s o f t e n i n g  o f  c u c u m 
b e r s  ( F e l l e r s  a n d  P f lu g ,  1 9 6 7 ) .  E a k s  a n d  M o r r i s  ( 1 9 5 6 )  
a n d  H i r o s e  ( 1 9 7 6 )  i n d i c a t e d  t h a t  a t  n o n c h i l l i n g  t e m p e r a 
t u r e s  ( 1 0 —3 0 ° C ) t h e  r a t e  o f  C 0 2  p r o d u c t i o n  d e c r e a s e d  
w i t h  d u r a t i o n  o f  s t o r a g e ,  w h e r e a s  a t  c h i l l in g  t e m p e r a t u r e s  
( 0 — 1 0  C ) t h e  r a t e  in c r e a s e d  w i t h  t i m e  t o  a  p l a t e a u  ( a t  
5 — 1 0  d a y s )  t h a t  w a s  f o l l o w e d  b y  a  d e c l i n e .  I n  a d d i t i o n ,  
l e s s e r  a m o u n t s  o f  C 0 2  w e r e  p r o d u c e d  a t  c h i l l in g  t e m 
p e r a t u r e s .

B l o a t e r  d a m a g e  a n d  s o f t e n i n g  i n  c o m m e r c i a l l y  b r i n e d  
c u c u m b e r s ,  p a r t i c u l a r l y  i n  t h e  l a r g e r  s iz e s ,  a r e  s o u r c e s  o f  
s e r i o u s  e c o n o m i c  lo s s  t o  t h e  p i c k l e  i n d u s t r y .  T h e  p r i m a r y  
c a u s e  f o r  b l o a t e r  d a m a g e  h a s  b e e n  s h o w n  t o  b e  d u e  t o  t h e  
p r o d u c t i o n  o f  g a s e s ,  p r i m a r i l y  C 0 2 , i n  t h e  f e r m e n t a t i o n  
b r i n e s  ( E t c h e L s  e t  a l . ,  1 9 6 8 ) .  C a r b o n  d i o x i d e  i n  t h e  b r i n e  
o r i g in a t e s  f r o m  t h e  c u c u m b e r  t i s s u e  a n d  f r o m  m i c r o b i a l  
a c t i v i t y  i n  t h e  b r i n e  ( E t c h e l l s  e t  a l . ,  1 9 6 8 ;  F l e m i n g  e t  a l . ,  
1 9 7 3 a ,  b ) .  C u c u m b e r  s o f t e n i n g  is  c o n s i d e r e d  t o  b e  t h e  
r e s u l t  o f  a c t i o n  b y  p e c t i c  e n z y m e s  o n  p e c t i c  s u b s t a n c e s  in  
t h e  m id d l e  l a m e l l a  o f  c u c u m b e r  t i s s u e  d u r i n g  t h e  a c t i v e  
f e r m e n t a t i o n  p e r i o d  ( B e l l  e t  a l . ,  1 9 5 0 ,  1 9 5 1 ) .  N i t r o g e n 
p u r g i n g  s y s t e m s  d e v e lo p e d  b y  C o s t i l o w  e t  a l .  ( 1 9 7 7 )  
e f f i c i e n t l y  m a i n t a i n  lo w  C 0 2  c o n c e n t r a t i o n  i n  n a t u r a l  
s a l t - s t o c k  p i c k l e  f e r m e n t a t i o n s  a n d  d r a m a t i c a l l y  r e d u c e  t h e  
i n c i d e n c e  o f  s e v e r e  b l o a t e r s ;  h o w e v e r ,  t h e  p r o b l e m  o f  
s o f t e n i n g  i n  la r g e  c u c u m b e r s  i s  n o t  e l i m i n a t e d  b y  t h i s  
p r o c e s s .

T h e  M a g n e s s - T a y lo r  f r u i t  p r e s s u r e  t e s t e r  ( F P T )  ( M a g n e s s  
a n d  T a y l o r ,  1 9 2 5 )  h a s  c o m m o n l y  b e e n  u s e d  t o  o b j e c t i v e l y  
e v a lu a t e  t h e  t e x t u r a l  q u a l i t y  o f  c u c u m b e r  p r o d u c t s .  T h e  
F P T  t i p  m o u n t e d  i n  t h e  I n s t r o n  w a s  a l s o  u s e d  t o  s t u d y  t h e  
t e x t u r e  o f  r a w  c u c u m b e r s  ( B r e e n e  e t  a l . ,  1 9 7 4 ) .  T h e  a p p l i 
c a t i o n  o f  T e x t u r e  P r o f i l e  A n a ly s i s  ( T P A )  u s in g  t h e  I n s t r o n  
t o  d e m o n s t r a t e  t e x t u r a l  d i f f e r e n c e s  i n  c u c u m b e r s  w a s  i n 
t r o d u c e d  b y  B r e e n e  e t  a l .  ( 1 9 7 2 ) .  T h e y  s u g g e s t e d  t h a t  
c u c u m b e r  t e x t u r e  m ig h t  b e  a d e q u a t e l y  a s s e s s e d  b y  m e a s u r 
in g  o n e  o r  m o r e  o f  t h e  t h r e e  p a r a m e t e r s :  ( 1 ) b r i t t l e n e s s ,
( 2 )  h a r d n e s s ,  a n d  ( 3 )  t o t a l  w o r k .  T h e y  a l s o  i n d i c a t e d  t h a t  
t e x t u r e  n e a r e r  t h e  c u c u m b e r  s t e m  e n d s  w a s  f i r m e r .  J e o n  
e t  a l . ( 1 9 7 3 ,  1 9 7 5 )  s h o w e d  t h a t  t h e  a b o v e  t h r e e  T P A  
p a r a m e t e r s  w e r e  w e l l  c o r r e l a t e d  w i t h  t h e  c o n v e n t i o n a l  
F P T  f i r m n e s s  v a lu e s  i n  t h e  s t u d y  o f  r a w  c u c u m b e r s  a n d  
s a l t - s t o c k  p ic k le s .

T h e  p r e s e n t  w o r k  w a s  u n d e r t a k e n  t o  e v a lu a t e  t h e  e f f e c t s  
o f  p o s t h a r v e s t  h o l d i n g  c o n d i t i o n s  o n  t h e  c h a n g e  o f  g r e e n -  
s t o c k  a n d  s u b s e q u e n t  s a l t - s t o c k  q u a l i t y .

MATERIALS & METHODS
Postharvest holding o f cucumbers

Size 3B (1-3/4-2  in. diameter) cucumbers harvested at Michi
gan State University were received in the laboratory the same day 
as harvested and were carefully selected for uniformity of shape and 
freedom from visible disease and mechanical damage prior to use. 
Twenty pounds of the randomly selected cucumbers were filled into 
each of 26 5-gallon plastic pails. A sub-sample of about 2-lb to be 
used for postharvest green-stock analyses was placed on top of each 
pail. Two pails of cucumbers were brined immediately (controls) 
and the remaining pails were held open in duplicate in tempera-
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ture controlled cabinets (5, 20, and 30°C) with constant RH of 
90% for 1, 2, 4, and 6 days, prior to salt brining and natural fermen
tation. All samples were brined at approximately the same time of 
day following the assigned postharvest holding treatments.

The respiration rate of the fresh cucumbers held at different 
temperatures was determined daily by gas chromatography (as 
described later) throughout the holding period. Percent cucumber 
weight loss for each storage treatment condition was calculated 
from weight loss prior to brining.

Cucumbers in the sub-sample represented the green-stock of 
the same pail in each treatment. At the end of each holding time, 
the sub-sample was removed and cucumbers in the pail were brined. 
Five cucumbers were taken from each sub-sample and measured 
individually for length, width, specific gravity, and texture.

Following those measurements the cucumber samples were 
packed individually in plastic bags and stored at -20°C. These 
frozen cucumber samples were then analyzed for pH, soluble solids, 
and total acidity.
Brining and fermentation

The fermentation pails and the brining procedures used in this 
experiment were in accordance with those described and illustrated 
for laboratory use by Costilow and Uebersax (1978). The system 
employed a large number of 5-gallon plastic pails which were 
designed to facilitate the nitrogen gas purging during the natural 
fermentation process. All treatments were replicated in duplicate 
pails.

Cucumbers in each pail were covered with a 40° salometer brine 
(10.6% w/w NaCl) containing 0 .0 5 %  acetic acid. Sufficient dry salt 
was added to the brine to equilibrate at about 25° salometer. The 
equilibrated brine strength was maintained until a 0.6% lactic acid 
concentration was attained at which time the brine strength was 
increased by 3° salometer weekly to a holding strength of 45° 
salometer. Brine strength or salt concentration was determined 
using a standardized hydrometer calibrated in degrees Salometer 
(Thomas Co., Philadelphia, PA). Brine pH and total acidity (calcu
lated as % lactic acid) were determined periodically by methods 
described by Etchells et al. (1964).

Nitrogen gas purging was started immediately after brining and 
the brine was then purged on schedule (15 min in mornings and 
15 min in evenings) to accelerate salt circulation and to reduce 
CO2 accumulation in the brine. The brine fermentation and storage 
of cucumbers required about two months, after which salt-stock 
pickles were assessed for the quality by visual evaluation and instru
mental textural analyses.
Green-stock cucumber analyses

Ten cucumbers from each treatment were measured for length, 
width, and specific gravity. Length and width (cm) of cucumbers 
were determined by direct measurement using a plexiglass jig. 
Specific gravity, defined as weight (g)/volume (ml), was calculated 
for each cucumber. The weight was simply measured on a top-load
ing balance. Volume was determined by submerging each cucumber 
in a 1000 ml graduated cylinder filled with 500 ml water and re
cording the volume displaced.

After the above measurements the cucumbers were prepared for 
texture evaluation as follows: two cross-sectional pieces 5/8 inch 
thick were cut from each cucumber tested, one from near the 
stem end and the other from near the blossom end. Two parallel 
sharp knives of fixed distance were designed to cut the pieces. Four 
consecutive cross-sectional slices 1/4 inch thick were cut from the 
central region of the cucumber. The device used to obtain cucumber 
slices of uniform thickness was essentially the same as that illus
trated by Marshall et al. (1975). Two pieces and four slices obtained 
from each cucumber were used for piece crush (side crush) and slice 
punch (center punch) measurements, respectively.

The Instron Universal Testing Machine (Model TTBM, Instron 
Corp., Canton, MA) equipped with a FPT tip (7/16" diameter) was 
used as the force detecting device (Breene et al., 1974). The cross
head speed was set at 10 cm/min and the chart speed was 20 cm/ 
min. The chart full scale reading was 1 kg for slice punching and 
10 kg for piece crushing. Peak force (kg) indicating the force re
quired to cause carpel suture separation of a slice punched or flesh 
breakage of a piece crushed, was calculated for slice punching and 
piece crushing. Work expressed in kg-cm was calculated for the 
piece crushing test. Areas under peak force curves were determined 
on an Instron Integrator (Model Dl-53, Instron Corp., Canton, MA).

Percent deformation expressing the cripsness and firmness of the 
cucumber was also calculated for the piece crushing test as follows:

% Deformation =

Crosshead traveling distance 
needed to cause a sharp crack

(rupture) of cucumber flesh (cm)----------------------------------------------------- >
Diameter of cucumber piece (cm)

Piece crush deformation was calculated to express tissue com
pression to rupture point as a percent of cucumber diameter. This 
measure was indicative of the degree of cucumber firmness such that 
a firm cucumber had a smaller percent deformation due to its crisp
ness. Conversely, a soft cucumber needed a longer distance to cause 
a breakage or rupture due to its limpness. Increased percent defor
mation therefore indicated a reduction in firmness. Fig. 1 shows the 
typical force distance curves for textural evaluation of green-stock 
cucumbers.

The tested pieces and slices from individual cucumbers were 
collected, packed in polyethylene bags, and held at — 20°C for 
analyses of pH, soluble solids and total acidity. Weighed frozen 
cucumber samples ranging from 50-150g were placed in a Waring 
Blendor, and blended 1:2 with distilled water for three minutes. 
pH was measured with a Beckman pH meter by inserting the glass 
electrode directly into the blended slurry. A small portion of the 
slurry was filtered through a #2 Whatman filter paper and soluble 
solids content of the filtrate was determined as degrees Brix (°B) 
using a Bausch and Lomb refractometer. Degrees Brix for the 
slurry was then multiplied by 3 to correct for dilution.

Total acidity was measured by titration of lOg slurry with 0.1N 
NaOH to a pH 8.1 endpoint using a Beckman glass electrode pH 
meter. Percent acid expressed as malic was calculated as follows:

(ml of NaOH) (N of NaOH) (0.06703 g/meq malic acid)%TA -------------------------------------------------------------------------- x 100(lOg slurry x 1/3 dilution factor) 
fresh sample weight

Respiration rate (carbon dioxide production) of the cucumbers 
was monitored in a continuous air flow-through system. Fresh
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Fig. 1—T y p ic a l  fo r c e -d is ta n c e  c u rv e s  fo r  t e x tu r a l  e v a lu a t io n  o f  
g r e e n - s to c k  c u c u m b e r s  in  r e la tio n s h ip  to  th e  In s tr o n  c r o s s h e a d  
p o s i t io n  a n d  c u c u m b e r  f irm n e ss .

450- Volume 47 (1982)-JOURNAL OF FOOD SCIENCE



cu c u m b ers  w ere  p lac ed  in  d u p lic a te  2 -q t M ason  ja rs  an d  m a in ta in e d  
in  d a rk  te m p e ra tu re  c o n tro lle d  ca b in e ts . A  c o n s ta n t  f lo w  ra te  o f  th e  
a ir  w as  m a in ta in e d  b y  ca p illa ry  re g u la to rs . O n e  m l gas sam ples 
w ere  ta k e n  a t  e n tra n c e  an d  e x it  p o r ts  o f  th e  sealed  ja r s  an d  an a ly z ed  
using  a  C arle  G C -8 7 0 0  gas c h ro m a to g ra p h  e q u ip p e d  w ith  a  th e rm a l 
c o n d u c tiv ity  d e te c to r  (C a rle  In s t ru m e n ts , In c . ,  F u l le r to n , C A ). 
R e s p ira tio n  ra te s  w ere  c a lc u la te d  in  th e  u n i t  o f  m l C 0 2 /k g /h r  as 
fo llow s:

% C 0 2  F lo w  ra te  (m l/m in )  6 0  (m in /h r )  
m lC 0 2 /k g /h r  j q q  x  cu c u m ^ er w t (g ) x  0 . 0 0 1  (kg /g )

S a lt-s to ck  p ic k le  an a lyses
T h ir ty  b rin e -s to c k  cu c u m b ers  o u t  o f  each  p a il w ere  c u t  lo n g i

tu d in a lly  a n d  ev a lu a te d  fo r  b lo a te r  d am ag e  a n d  s o f t  c e n te r  dev el
o p m e n t . T h e  c u t  s to c k  w as c a te g o rize d  as n o  d am ag e , h o n e y c o m b , 
len s , b a llo o n , an d  s o f t c e n te r . T y p e s  o f  b lo a te r s  w ere  d e te rm in e d  
ac co rd in g  to  th e  “ B lo a te r  C h a r t”  o f  E tch e lls  e t  al. (1 9 7 4 ) . A  ta lly  
o f  to ta l  s o f t p ick le s  am o n g  a ll classes w as also  re co rd ed .

T h e  F P T  f i t te d  w ith  7 /1 6  in ch  d ia m e te r  t ip  (D . B a llau f M fg. 
C o ., W ash in g to n , D C ) w as e m p lo y e d  to  ev a lu a te  sa lt-s to c k  firm n ess  
(B ell e t  a l., 1 9 5 5 ) . F irm n ess  w as m ea su re d  as th e  fo rc e  (lb s) re q u ire d  
to  p u n c tu re  th e  u p p e r  ca rp e l w all o f  a  p ick le . T e n  p ick le s  w ere  
te s te d  o u t  o f  each  p a il. A ll th e  F P T  m e a su re m e n ts  w ere  m ad e  b y  th e  
sam e o p e ra to r .

T h e  In s t ro n  w as also u sed  to  ev a lu a te  sa lt-s to c k  firm n ess . T e n  
p ick le s  fro m  each  p a il w ere  m ea su re d  an d  ea ch  w as p u n c tu re d  o n ce  
th ro u g h  th e  side w all in  th e  c e n te r  o f  th e  p ick le .

RESULTS & DISCUSSION
G r e e n - s to c k  c u c u m b e r  a n a ly s e s

M e a n  v a lu e s  f o r  c h e m i c a l  c o m p o s i t i o n  o f  g r e e n - s t o c k  
c u c u m b e r s  h e ld  a t  v a r i o u s  t e m p e r a t u r e s  f o r  u p  t o  s ix  d a y s  
p r i o r  t o  b r i n in g  a r e  p r e s e n t e d  in  T a b l e  1 . S iz e  3 B  c u c u m 
b e r s  w i t h  a v e r a g e  l e n g t h  o f  1 1 .2  ±  0 .9  c m  a n d  w i d t h  o f
4 .8  ±  0 .3  c m  w e r e  u s e d  f o r  a n a ly s e s .

S ig n i f i c a n t  m a i n  e f f e c t  d i f f e r e n c e s  i n  s p e c i f i c  g r a v i t y  
w e r e  d e t e c t e d  b y  a n a ly s i s  o f  v a r i a n c e  f o r  h o l d i n g  t e m p e r -  
t u r e  a n d  t i m e .  I n  g e n e r a l ,  c u c u m b e r s  h e ld  a t  h ig h e r  t e m 
p e r a t u r e s  h a d  s i g n i f i c a n t l y  l o w e r  s p e c i f i c  g r a v i t i e s  t h a n  
t h o s e  h e ld  a t  l o w e r  t e m p e r a t u r e s .  T h e  s p e c i f i c  g r a v i t i e s  o f  
c u c u m b e r s  h e ld  a t  d i f f e r e n t  t e m p e r a t u r e s  s i g n i f i c a n t l y  d e 
c r e a s e d  i n  a  l i n e a r  m a n n e r  w i t h  in c r e a s in g  h o l d i n g  t i m e .  
T h i s  m a y  b e  a s s o c i a t e d  w i t h  t h e  i n c r e a s e d  m o i s t u r e  lo s s  o f  
c u c u m b e r s  d u r in g  in c r e a s e d  h o l d i n g  t e m p e r a t u r e  a n d  t i m e  
w i t h o u t  c o n c o m i t a n t  lo s s  o f  t i s s u e  v o l u m e .  T u k e y  m e a n  
s e p a r a t i o n  i n d i c a t e d  t h a t  t h e  s p e c i f i c  g r a v i t i e s  o f  c u c u m b e r s  
h e ld  a t  5 ° C  f o r  u p  t o  6  d a y s ,  2 0 ° C  f o r  u p  t o  2  d a y s ,  a n d

3 0 ° C  f o r  1 d a y  s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  f r o m  s p e 
c i f i c  g r a v i t y  m e a s u r e d  i m m e d i a t e l y  a f t e r  h a r v e s t i n g .  N o  
s ig n i f i c a n t  d i f f e r e n c e s  w e r e  s h o w n  f o r  c u c u m b e r s  h e ld  a t  
2 0  a n d  3 0 ° C  f o r  4  a n d  6  d a y s .  M a r s h a l l  ( 1 9 7 5 )  r e p o r t e d  
t h a t  s p e c i f i c  g r a v i t y  o f  c u c u m b e r s  w a s  a n  i m p o r t a n t  f a c t o r  
in  d e t e r m i n i n g  p o t e n t i a l  s a l t - s t o c k  d a m a g e .  R e s u l t s  i n d i 
c a t e d  t h a t  c u c u m b e r s  w i t h  d e c r e a s e d  s p e c i f i c  g r a v i t y  p r o 
d u c e d  m o r e  b l o a t e r  d a m a g e d  s t o c k .

C u c u m b e r s  h e ld  a t  5 C  h a d  s i g n i f i c a n t l y  l o w e r  p H  v a lu e s  
t h a n  t h o s e  h e ld  a t  2 0  a n d  3 0  C ; h o w e v e r ,  n o  s ig n i f i c a n t  
d i f f e r e n c e s  w e r e  f o u n d  b e t w e e n  c u c u m b e r s  h e ld  a t  2 0  a n d  
3 0 ° C .

N o  s ig n i f i c a n t  d i f f e r e n c e s  w e r e  s h o w n  i n  t h e  s o lu b le  
s o l i d s  c o n t e n t  o f  c u c u m b e r s  a m o n g  t h e  c o n t r o l  a n d  a l l  
t r e a t m e n t s ;  h o w e v e r ,  a  s ig n i f i c a n t  d e c r e a s i n g  l i n e a r  t r e n d  
w a s  d e t e c t e d  f o r  h o l d i n g  t i m e .

S ig n i f i c a n t  d i f f e r e n c e s  i n  t h e  t o t a l  a c i d i t y  o f  c u c u m b e r s  
w e r e  d e t e c t e d  f o r  h o l d i n g  t e m p e r a t u r e  a n d  t i m e .  C u c u m 
b e r s  h e ld  a t  5 C  h a d  s i g n i f i c a n t l y  h ig h e r  p e r c e n t  t o t a l  a c id 
i t y  t h a n  t h o s e  h e ld  a t  2 0  C . N o  s ig n i f i c a n t  d i f f e r e n c e s  w e r e  
d e t e c t e d  b e t w e e n  c o n t r o l  a n d  h o l d i n g  t e m p e r a t u r e  t r e a t 
m e n t s .  T o t a l  a c i d i t y  o f  c u c u m b e r s  f o r  5 a n d  2 0  C  e a c h  
d id  n o t  s i g n i f i c a n t l y  d i f f e r  a m o n g  h o l d i n g  d a y s ;  h o w e v e r ,  
a  l i n e a r  d e c r e a s in g  r e s p o n s e  t o  h o l d i n g  t i m e  w a s  s h o w n  
w h e n  c u c u m b e r s  w e r e  h e ld  a t  3 0 ° C .

T e x t u r a l  m e a s u r e m e n t s  o f  t h e  g r e e n  s t o c k  c u c u m b e r s  
a r e  s h o w n  in  T a b l e  2 . T h e  a v e r a g e  v a lu e s  o f  s l ic e  p u n c h  
f o r c e s  o b t a i n e d  f r o m  f o u r  c o n s e c u t i v e  s l ic e s  f r o m  t h e  c e n 
t r a l  r e g io n  s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  a m o n g  t r e a t 
m e n t s .

E a c h  o f  t h e  p i e c e  c r u s h  m e a s u r e s  ( T a b l e  2 )  w a s  o b t a i n e d  
b y  t a k i n g  t h e  m e a n  v a lu e  f o r  t h e  t w o  p ie c e s  f r o m  e a c h  
c u c u m b e r  t e s t e d .  T h e s e  m e a n  v a lu e s  w e r e  u s e d  t o  c o m p a r e  
t e x t u r a l  c h a r a c t e r i s t i c s  a m o n g  e n v i r o n m e n t a l  h o l d i n g  
t r e a t m e n t s .

F i r m  c u c u m b e r s  r e q u i r e d  h ig h e r  f o r c e s  t o  c a u s e  f l e s h  
c r a c k i n g  o r  b r e a k a g e  t h a n  d id  s o f t  c u c u m b e r s .  S ig n i f i c a n t  
m a i n  e f f e c t  d i f f e r e n c e s  i n  p i e c e  c r u s h  f o r c e s  w e r e  d e t e c t e d  
f o r  h o l d i n g  t e m p e r a t u r e  a n d  t i m e  a n d  t h e i r  i n t e r a c t i o n s .  N o  
s ig n i f i c a n t  d i f f e r e n c e s  i n  p ie c e  c r u s h  f o r c e s  w e r e  d e t e c t e d  
b e t w e e n  t h e  c o n t r o l  a n d  5 C , o r  b e t w e e n  2 0  a n d  3 0  C . 
C u c u m b e r s  h e ld  a t  2 0  a n d  3 0  C  h a d  s i g n i f i c a n t l y  l o w e r  
p i e c e  c r u s h  f o r c e s  w h i c h  d e c r e a s e d  l i n e a r l y  w i t h  t i m e .  N o  
s ig n i f i c a n t  d i f f e r e n c e s  w e r e  s h o w n  f o r  p i e c e  c r u s h  w o r k  
a m o n g  a l l  t r e a t m e n t s .

S ig n i f i c a n t  d i f f e r e n c e s  w e r e  d e t e c t e d  i n  p i e c e  c r u s h  
d e f o r m a t i o n  f o r  b o t h  h o l d i n g  t e m p e r a t u r e  a n d  t i m e .

Table 1—C hem ical co m p o sitio n  o f  green-stock cu cum b ers  h e ld  a t  5 , 2 0 , a n d  3 0 °  C fo r  up  to  s ix  d ays  p rio r  to  b rin inga'b

Treatment 
temp, time 
(°C, day) Specific gravity pH

Soluble solids 
(°B)

Total acidity 
<%)

Control 0.984 ± 0.013def 5.9 ± 0 .1 ab 3.9 ±0.5a 0.06 ± 0 .0 1 ab

5 1 0.986 ± 0.006ef 5.8 ± 0 .1 a 4.2 ± 0.4a 0.07 ± 0 .0 1 b
2 0.966 ± 0.024cdef 5.9 ± 0 .1 ab 4.4 ± 0 .2 a 0.07 ± 0 .0 1 b
4 0.969 ± 0.007cdef 5.9 ± 0 .1 ab 4.1 ± 0 .2 a 0.06 ± 0 .0 1 ab
6 0.963 ± 0.014cd 5.9 ± 0 .1 ab 3.8 ± 0 .2 a 0.07 ± 0 .0 1 b

2 0  1 0.987 ± 0.008f 5.9 ± 0 .1 ab 4.2 ± 0.4a 0.06 ± 0 .0 1 ab
2 0.965 ± 0 .0 1 1 cde 5.9 ± 0 . 1 ab 4.4 ± 0 .2 a 0.07 ± 0 .0 1 b
4 0.931 ± 0.016ab 6 . 1 ± 0 .2 ab 3.7 ± 0.4a 0.06 ± 0 .0 1 ab
6 0.915 ± 0.0303 6 . 6 ± 0.5° 3.7 ± 0 .2 a 0.05 ± 0 .0 2 a

30 1 0.983 ± 0 .0 1 0 def 5.9 ± 0 .1 ab 4.3 ± 0 .1 a 0.07 ± 0 .0 1 b
2 0.952 ± 0.013bc 6 . 0 + 0 .1 ab 4.2 ± 0.3a 0.07 ± 0 .0 1 b
4 0.913 ± 0.038a 6.3 ± 0.3bc 3.7 ± 0.3a 0.06 ± 0 .0 1 ab
6 0.910 ±0.044a 6 . 1 ± 0.3ab 3.8 ± 0.5a 0.06 ± 0 .0 1 ab

a M ean va lu es and stan d a rd  d e v ia t io n s  ( l ik e  le tte rs  w ith in  
t lo n ) .

D n = 10  (2  re p llc a te s / tre a tm e n t x  5 c u c u m b e rs / re p llc a te ) .

each co lu m n  In d ica te  no s ig n if ic a n t  d iffe re n c e s  at P  > 0 .0 5  b y  T u k e y  m ean separa-
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P O S T H A R V E S T  H O LD IN G  O F  C U C U M B E R S . . .

P ie c e  c r u s h  d e f o r m a t i o n  o f  c u c u m b e r s  d id  n o t  s ig n i f i c a n t l y  
d i f f e r  b e t w e e n  c o n t r o l  a n d  5 C , o r  b e t w e e n  2 0  a n d  3 0  C ; 
h o w e v e r ,  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  d e t e c t e d  b e t w e e n  
t h e s e  t w o  g r o u p s .  P e r c e n t  d e f o r m a t i o n  i n c r e a s e d  ( i n d i c a t i n g  
c u c u m b e r  s o f t e n i n g )  in  a  s i g n i f i c a n t l y  l i n e a r  t r e n d  f o r  a l l  
t e m p e r a t u r e s  a s  t h e  h o l d i n g  t i m e  i n c r e a s e d  f r o m  o n e  
t h r o u g h  6  d a y s .

E f f e c t  o f  l o c a t i o n  w i t h i n  t h e  c u c u m b e r  o n  t e x t u r a l  
e v a l u a t i o n s  ( o v e r  t e m p e r a t u r e  a n d  t i m e )  b y  I n s t r o n  p u n c h  
a n d  c r u s h  is  s h o w n  in  F ig .  2 . S l ic e s  2  a n d  4  w e r e  s h o w n  
t o  h a v e  s ig n i f i c a n t l y  h ig h e r  s l ic e  p u n c h  f o r c e s  t h a n  d id  s l ic e  
1 . T h e  s t e m  e n d  h a d  a  h ig h e r  p ie c e  c r u s h  f o r c e  t h a n  d id  t h e  
b lo s s o m  e n d ,  t h o u g h  n o t  s i g n i f i c a n t ,  i n d i c a t i n g  t h a t  t h e

s t e m  e n d  m a y  b e  f i r m e r  t h a n  t h e  b lo s s o m  e n d  r e g a r d le s s  
o f  t h e  t r e a t m e n t s .  P ie c e  c r u s h  w o r k  s h o w e d  t h a t  t h e  s t e m  
e n d  w a s  s ig n i f i c a n t l y  f i r m e r  in  t e x t u r e  t h a n  t h e  b lo s s o m  
e n d .  T h i s  r e s u l t  is  i n  a g r e e m e n t  w i t h  t h a t  o b t a i n e d  b y  
B r e e n e  e t  a l .  ( 1 9 7 2 )  w h o  e x p l a i n e d  t h a t  t h e r e  is  a n  i n 
c r e a s e d  s k in  t h i c k n e s s  t o w a r d  t h e  s t e m  e n d  a n d  a  g r e a t e r  
p r o p o r t i o n  o f  f l e s h  r e l a t i v e  t o  s e e d  c a v i ty  t i s s u e ;  h o w e v e r ,  
n o  s i g n i f i c a n t  d i f f e r e n c e  in  p e r c e n t  d e f o r m a t i o n  w a s  s h o w n  
b e t w e e n  e n d s .

G e n e r a l l y ,  s l ic e  p u n c h  f o r c e  w a s  p o o r l y  c o r r e l a t e d  t o  
a n y  o f  t h e  p i e c e  c r u s h  m e a s u r e m e n t s  in  t h e  e v a l u a t i o n  o f  
c u c u m b e r  t e x t u r e ;  h o w e v e r ,  p i e c e  c r u s h  f o r c e  w a s  s ig n i f i 
c a n t l y  c o r r e l a t e d  t o  p ie c e  c r u s h  w o r k  ( r  =  0 .5 3 * * )  a n d

Table 2 —T extura l characteristics o f  green -stock cucum bers h e ld  a t  5 , 2 0 , a n d  3 0 °  C fo r  up  to  6  d ays  p rio r  to  b rin inga

Treatment 
temp, time 
(°C, day)

Slice punchb 
Force 
(kg)

Piece crush0

Force
(kg)

Work
(kg-cm)

Deformation
(%)

Control 0.5 ± 0.1a 6.3 ± 1.4° 4.7 ± 1.4a 31.3 ± 6.9a
5 1 0.4 ± 0.1a 6.1 ± 1.7° 4.8 ± 1,7a 29.0 ± 5.7a

2 0.4 ± 0.1a 6.5 ± 1.2° 5.3 ± 1.1a 29.8 ± 5.9a
4 0.4 ± 0.1a 5.7 ± 0.9bc 6.4 ± 2.4a 34.2 ± 4.5ab
6 0.4 ± 0.1a 6 . 0  ± 1 .2 ° 6 . 1  ± 1 ,5a 34.2 ± 6.9ab

2 0  1 0.4 ± 0.1a 6.1 ± 1.7C 5.7 ± 1,9a 32.8 ± 7.4a
2 0.4 ± 0.1a 6 . 0  ± 1 ,5C 5.9 ± 1.7a 33.6 ± 8.4a
4 0.4 ± 0.1a 5.8 ± 1,3bc 6.3 + 2.2a 35.5 ± 8.3ab
6 0.4 ± 0.3a 3.2 ± 1.7a 4.0 ± 3.5a 43.2 ± 6.5bc

30 1 0.3 ± 0.1a 5.2 ± 0.9bc 5.5 ± 1 ,2a 32 S  ± 6.4a
2 0.4 ± 0.1a 5.7 ± 1.1bc 5.9 ± 1.8a 36.3 ± 7.8abc
4 0.4 ± 0.1a 4.7 ± 1,9abc 4.5 ± 2.1a 36.5 ± 7.5abc
6 0.4 ± 0.2a 4.0 ± 1,7ab 4.8 ± 2.4a 45.1 ± 5.7C

M ean va lu e  and s tan dard  d e v ia t io n s  ( l ik e  le tte rs  w ith in  each co lu m n  in d ica te  no s ig n ific a n t  d iffe re n c e s  at P >  0 .0 5  b y  T u k e y  m ean se p a ra t io n ). 
b n = 4 0  (2  re p lic a te s / tre a tm e n t x  5 c u c u m b e rs / re p lic a te  x  4  s ilc e s /c u c u m b e r). 
c n = 20  (2  re p lic a te s / tre a tm e n t x  5 c u c u m b e rs / re p lic a te  x  2 p ie c e s/c u cu m b e r).

B :  B L O S S O M  E N D S= S T E M  E N D

Fig. 2 —E ffe c t  o f  cu c u m b er  slice a n d  p iece  loca tions on  m ean  te x tu ra l m easure values (over tem pera ture  a n d  tim e) fo r  cu cum b ers  h e ld  a t 5, 
2 0 , a n d  3 0  C fo r  up  to  s ix  days p rio r  to  brin ing (like le tters  w ith in  each gro up  ind ica te no  s ign ifican t d ifferen ces  a t  P > 0 .0 5  b y  T u k e y  m ean  
separation).
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p ie c e  c r u s h  d e f o r m a t i o n  ( r  =  - 0 : 7 6 * * ) .  C u c u m b e r  s l ic e  
p u n c h  m e a s u r e  w a s  i n d i c a t i v e  o f  c a r p e l  s t r e n g t h  w h ic h  
m a y  b e  a s s o c i a t e d  w i t h  b l o a t e r  d e f e c t s ;  h o w e v e r ,  i t  d id  n o t  
c o r r e l a t e  w e l l  w i t h  o t h e r  f i r m n e s s  m e a s u r e s .  I t  w a s  j u d g e d  
t h a t  s id e  c r u s h in g  o f  p ie c e s  w a s  a  m e a n i n g f u l  m e a s u r e  o f  
c u c u m b e r  f i r m n e s s  a n d  p e r c e n t  d e f o r m a t i o n  w a s  a s s e s s e d  
t o  b e  a  v a lu a b le  p a r a m e t e r .

R e s p i r a t i o n  r a t e s  o f  g r e e n - s t o c k  c u c u m b e r s  d u r in g  p o s t 
h a r v e s t  h o l d i n g s  a r e  s h o w n  in  F ig .  3 . C u c u m b e r s  h e ld  a t  
5 C  e x h i b i t e d  a n  i n c r e a s in g  l i n e a r  a n d  q u a d r a t i c  r e s p o n s e  t o  
in c r e a s e d  h o l d i n g  t i m e ;  h o w e v e r ,  a t  2 0  a n d  3 0  C  r e s p i r a t i o n  
r a t e s  i n c r e a s e d  r a p i d l y  d u r in g  t h e  f i r s t  f e w  h o l d i n g  d a y s  a n d  
t h e n  d e c l i n e d .  A n  i n c r e a s e d  r e s p i r a t i o n  r a t e  o f  c u c u m b e r s  
d u r in g  h o l d i n g  r e s u l t s  i n  a  h ig h e r  c o n s u m p t i o n  o f  t h e  s u g a r ,  
t h u s ,  s u g a r  m a y  b e  l i m i t e d  f o r  t h e  c u r i n g  p r o c e s s  d u r in g  f e r 
m e n t a t i o n .  T h e r e f o r e ,  c u c u m b e r s  w i t h  h i g h e r  r e s p i r a t i o n  
r a t e s  w e r e  e x p e c t e d  t o  y i e l d  s a l t - s t o c k  o f  p o o r  q u a l i t y .

T h e  e f f e c t  o f  t h e  h o l d i n g  t i m e  a n d  t e m p e r a t u r e  t r e a t -

Fig. 3 —R espira tion  rates o f  green-stock cu cum b ers  h e ld  a t 5 , 20 , 
a n d  3 0 ° C fo r  u p  to 6  d ays p rio r  to  brining.

m e n t  o n  w e i g h t  lo s s e s  o f  g r e e n - s t o c k  c u c u m b e r s  is  s h o w n  
i n  F ig .  4 .  S ig n i f i c a n t  d i f f e r e n c e s  i n  m a i n  e f f e c t s  f o r  w e ig h t  
lo s s  w e r e  d e t e c t e d  f o r  b o t h  h o l d i n g  t e m p e r a t u r e  a n d  t i m e .  
D a t a  i n d i c a t e d  t h a t  h ig h e r  t e m p e r a t u r e s  c a u s e d  c o n s i s t e n t l y  
h ig h e r  w e i g h t  lo s s e s  t h a n  d id  l o w e r  t e m p e r a t u r e s  d u r in g  
h o l d i n g  p e r i o d s .  I n  a d d i t i o n ,  c u c u m b e r s  h e ld  a t  2 0  a n d  
3 0  C  h a d  s i g n i f i c a n t l y  l i n e a r  i n c r e a s e s  w i t h  in c r e a s e s  i n  
h o l d i n g  t i m e .  A n  in c r e a s e  in  w e i g h t  lo s s  i n d i c a t e s  a  d e 
c r e a s e  in  m o i s t u r e  c o n t e n t  w h i c h  m a y  c a u s e  s h r iv e l i n g  o f  
c u c u m b e r s  a n d  r e s u l t  i n  p o o r  s a l t - s t o c k  q u a l i t y .  V is u a l  
e x a m i n a t i o n  o f  g r e e n - s t o c k  f o l l o w in g  h o l d i n g  a t  2 0  a n d  
3 0  C  a f t e r  4  d a y s  s h o w e d  s e v e r e  m o ld  g r o w t h  a n d  d e 
c r e a s e d  s u r f a c e  q u a l i t y .

S a l t - s t o c k  p i c k l e  a n a ly s e s
M e a n  v a lu e s  f o r  s e v e r a l  v is u a l  d e f e c t  c la s s e s  o f  s a l t - s t o c k  

p i c k l e s  a r e  o u t l i n e d  in  T a b l e  3 . P ic k l e s  f e r m e n t e d  f r o m  
c u c u m b e r s  h e ld  a t  5 C  s h o w e d  n o  s ig n i f i c a n t  d i f f e r e n c e s  i n  
a n y  c la s s  f o r  h o l d i n g  t i m e .

G e n e r a l l y ,  t h e  c o n t r o l ,  i m m e d i a t e l y  b r i n e d ,  y i e l d e d  t h e  
h ig h e s t  p e r c e n t a g e  o f  g o o d  q u a l i t y  p i c k l e s  w h i le  v e r y  s ig 
n i f i c a n t  r e d u c t i o n s  i n  t h e  p e r c e n t a g e  o f  g o o d  p i c k l e s  w e r e  
s h o w n  w i t h  in c r e a s e s  i n  h o l d i n g  t e m p e r a t u r e .  S ig n i f i c a n t  
l i n e a r  d e c r e a s e s  in  t h e  p e r c e n t a g e  o f  g o o d  p i c k l e s  w e r e  
s h o w n  w i t h  in c r e a s e s  i n  h o l d i n g  t i m e  f o r  2 0  a n d  3 0  C .

Fig. 4—P ercent w eigh t loss (ca lculated  on  fresh w eigh t basis) o f  
green-stock cu cum b ers  h e ld  a t  5 , 2 0 , a n d  3 0 °  C fo r  up  to  6  days  
p rio r  to  brining.

Table 3 —Visual d e fe c t classification  o f  sa lt-stock  p ick le s  fe rm e n ted  fro m  cu cum b ers  h e ld  a t  5 , 2 0 , a n d  3 0 °  C fo r  u p  to  6  d ays p rio r  to  brin inga

Defect class (%)b Total soft
Treatment among all
temp, time 
(°C,day) No damage Honeycomb Lens Balloon Soft center

defect classe: 
(%)

C o n t r o l 4 7  ± 1 9 b 3 7  ± 5 d 12 ± 16 a 5 ± 3 a 0  ± 0 a 0  ± 0 a

5 1 O i+ 1 8 ab 2 5  ± 3 t.cd 25  ± 2 1 a 10  ± 4 a 0  ± o a 4  ± 5 a

2 4 0  ± 4 a b 4 2  ± 7 d 13  ± 0 a 5 ± 3 a 0  ± o a 0  ± 0 a

4 3 5  ± y a b 2 5  ± -j 1 bed 3 2  ± 7 a 9 ± 1 2 a 0  ± o a 2  ± 2 a

6 4 2  ± 2 ab 2 4  ± gabed 17 ± 5 a 19  ± 2 a 0  ± o a 7 ± 0 a

20 1 3 9  ± 1 2 ab 2 7  ± 5 cd 1 4  + 5 a 21 ± 2 a 0  ± o a 5  ± 3 a

2 32  ± -¡at> 27  ± 9 cd 2 4  ± 5 a 19 ± 2 a 0  ± o a 10  ± 10a

4 11 ± 2 ab 10  ± 4 abc 13  ± 0 a 6 2  ± 1 2 bc 4  ± 5a 37  ± 1 0 b

6 0  ± 0 a 4  ± 5 ab 15 ± 7a 3 2  ± 12abc 5 2  ± 1 6 b 1 0 0  ± 0 d

30 1 3 4  ± 2 3 a b 3 7  ± 5d 2 0  ± T 4 a 10  ± 4 a 0  ± 0 a 9  ± 1 2 a

2 3 4  + gab 2 3  ± gabed 17 ± 5a 2 7  ± 5 ab 0  ± 0 a 10 ± 4 a
4 0  ± 0 a 12 ± 2 abc 12 ± 2 a 6 4  ± 2 3 bc 14 ± 1 9 a 6 4  ± 5C
6 0  ± 0 a 2 ± 2 a 5 ± 7a 5 ± 3 a 8 8  ± 7C 1 00  ± 0 d

a M ean va lu es and  stan dard  d e v ia t io n s  ( l ik e  le tte rs  w ith in  each co lu m n  in d ica te  no s ig n ific a n t  d iffe re n c e s  a t P >  0 .0 5  b y  T u k e y  m ean se p a ra t io n ). 
b Pe rcen t o f  each  d e fe c t c la ss o u t o f  60  c u c u m b e rs  (2  re p llc a te s / tre a tm e n t x  30  cu c u m b e rs / re p lic a te , n = 6 0 ) .
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H o n e y c o m b  a n d  b a l l o o n  d e f e c t s  s h o w e d  s im i la r  r e s u l t s  
f r o m  a l l  t r e a t m e n t s  ( T a b l e  3 ) .  P e r c e n t a g e  h o n e y c o m b  a n d  
b a l l o o n  d id  n o t  d i f f e r  s i g n i f i c a n t l y  b e t w e e n  c o n t r o l  a n d  
5 C , o r  b e t w e e n  2 0  a n d  3 0  C ;  h o w e v e r ,  s i g n i f i c a n t  d i f f e r 
e n c e s  w e r e  s h o w n  b e t w e e n  t h e s e  g r o u p s .  A t  2 0  a n d  3 0 ° C  
p e r c e n t  h o n e y c o m b  d e f e c t  s h o w e d  a  l i n e a r  d e c r e a s i n g  r e 
s p o n s e  t o  t h e  d a y s  o f  h o l d i n g .  T h i s  c o u ld  b e  d u e  t o  t h e  o b 
s e r v e d  p e r c e n t  in c r e a s e s  in  t h e  s u m  o f  b a l l o o n  a n d  s o f t  
c e n t e r  w i t h  in c r e a s e d  h o l d i n g  t i m e .  A t  3 0 ° C  p e r c e n t  b a l 
l o o n  d e f e c t  s h o w e d  a  q u a d r a t i c  r e s p o n s e  t o  t h e  h o l d i n g  
t i m e .

I n  g e n e r a l ,  t o t a l  b l o a t e r  f o r m a t i o n  w a s  f o u n d  t o  i n 
c r e a s e  w i t h  i n c r e a s e d  h o l d i n g  t e m p e r a t u r e  a n d  t i m e .  P r e 
v io u s  d i s c u s s io n  s h o w e d  t h a t  h o l d i n g  c u c u m b e r s  a t  h ig h  
t e m p e r a t u r e s  f o r  l o n g  p e r i o d s  r e s u l t e d  i n  d e c r e a s e d  s p e c i f i c  
g r a v i t y .  T h e r e f o r e  t h e r e  m a y  b e  a n  a s s o c i a t i o n  b e t w e e n  
b l o a t e r  d e f e c t s  a n d  s p e c i f i c  g r a v i t y  o f  c u c u m b e r s .  F u r t h e r  
w o r k  i n  t h i s  a r e a  a p p e a r s  w a r r a n t e d .  T h e s e  d a t a  s u p p o r t  
t h a t  r e p o r t e d  b y  M a r s h a l l  ( 1 9 7 5 )  w h o  c o n c l u d e d  t h a t  t o t a l  
b l o a t e r  f o r m a t i o n  g e n e r a l l y  h a d  a n  in v e r s e  r e l a t i o n s h i p  w i t h  
s p e c i f i c  g r a v i t y  o f  c u c u m b e r s .

P e r c e n t a g e  o f  s o f t  c e n t e r s  a n d  t o t a l  s o f t e n i n g  o f  s a l t -  
s t o c k  p i c k l e s  is  s h o w n  in  T a b l e  3 . T h e  m o s t  s ig n i f i c a n t  
e f f e c t  o b s e r v e d  w a s  t h e  s e v e re  s o f t e n i n g  o f  s a l t - s t o c k  
p i c k l e s  f e r m e n t e d  f r o m  c u c u m b e r s  h e ld  f o r  s e v e r a l  d a y s  a t  
2 0  a n d  3 0  C . I n  a d d i t i o n ,  p e r c e n t  t o t a l  s o f t e n i n g  w a s  
h ig h l y  s i g n i f i c a n t l y  c o r r e l a t e d  t o  p e r c e n t  s o f t  c e n t e r  ( r  =  
0 .9 0 * * * ) .

D a t a  s h o w e d  t h a t  c u c u m b e r s  h e l d  a t  2 0  a n d  3 0 ° C  f o r  u p  
t o  4  o r  6  d a y s  r e s u l t e d  i n  t h e  g r e a t e s t  d e f e c t s  f o r  s a l t - s t o c k .  
I t  w a s  a p p a r e n t  t h a t  t h e  o c c u r r e n c e  o f  s o f t e n i n g  i n  s a l t -  
s t o c k  p i c k l e s  w a s  c a u s e d  b y  e x t e n d e d  h o l d i n g  t i m e  a t  h ig h  
t e m p e r a t u r e s .

T e x t u r a l  e v a l u a t i o n  d a t a  o f  s a l t - s t o c k  p i c k l e s  b y  t h e  F P T  
a n d  I n s t r o n  a r e  p r e s e n t e d  i n  F ig .  5 . S ig n i f i c a n t  r e d u c t i o n s  
i n  t h e  t e x t u r e  o f  c u c u m b e r s  w e r e  f o u n d  w i t h  in c r e a s e d  
h o l d i n g  t e m p e r a t u r e .  T e x t u r e  o f  p i c k l e s  s i g n i f i c a n t l y  d e 
c r e a s e d  w i t h  i n c r e a s e d  h o l d i n g  t i m e  a t  2 0  a n d  3 0 ° C ;  h o w 
e v e r ,  n o  s i g n i f i c a n t  d i f f e r e n c e s  f o r  h o l d i n g  t i m e  w e r e  d e 
t e c t e d  a t  5 C . P ic k l e s  f e r m e n t e d  f r o m  c u c u m b e r s  h e l d  a t  
2 0  a n d  3 0  C  f o r  6  d a y s  w e r e  n o t  e v a lu a t e d  d u e  t o  e x c e s s iv e  
s o f t n e s s .  A  h ig h l y  s i g n i f i c a n t  c o r r e l a t i o n  ( r  =  0 . 9 8 * * * )  
w a s  s h o w n  b e t w e e n  t e x t u r a l  e v a l u a t i o n s  o f  p i c k l e s  b y  F P T  
a n d  I n s t r o n  p u n c t u r e  t e s t s .  E i t h e r  m e t h o d  w i l l  p r o v i d e  
s u i t a b l e  m e a s u r e m e n t  o f  r e s i s t a n c e  t o  p u n c t u r e ;  h o w e v e r ,  
t h e  I n s t r o n  s h o w e d  le s s  v a r i a b i l i t y .

R e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a t  p o s t h a r v e s t  h o l d i n g  
c o n d i t i o n s  a f f e c t  t h e  c h e m i c a l  a n d  p h y s i c a l  c o m p o s i t i o n  
o f  g r e e n - s t o c k  a n d  s u b s e q u e n t  s a l t - s t o c k  q u a l i t y .  C u c u m 
b e r s  h e ld  a t  5 C  f o r  u p  t o  6  d a y s  s h o w e d  f i r m  t e x t u r e ,  lo w

Fig. 5 —C enter p u n c tu re  forces o f  sa lt-stock p ick le s  fe rm e n te d  from  
cu cum b rers  h e ld  a t  5 , 2 0 , a n d  3 0 °  C fo r  up  to 6  days p rio r  to  brining.

r e s p i r a t i o n  r a t e s ,  m i n i m u m  w e i g h t  lo s s ,  a n d  g o o d  q u a l i t y  
s t o c k  a f t e r  f e r m e n t a t i o n .  I n c r e a s in g  p o s t h a r v e s t  h o l d i n g  
t e m p e r a t u r e s  a n d  h o l d i n g  t i m e s  p r i o r  t o  b r i n i n g  r e s u l t e d  
in  lo s s  o f  f i r m n e s s ,  h ig h  r e s p i r a t i o n  r a t e s ,  in c r e a s e d  w e i g h t  
lo s s ,  a n d  a  d e c r e a s e  i n  s a l t - s t o c k  q u a l i t y .  V a l u e s  e x p r e s s i n g  
c u c u m b e r  t e x t u r e  w e r e  g e n e r a l l y  h ig h e r  a t  t h e  s t e m  e n d  
t h a n  a t  t h e  b lo s s o m  e n d .  S a l t - s t o c k  p i c k l e  s o f t e n i n g  i n 
c r e a s e d  d r a m a t i c a l l y  u n d e r  h ig h  t e m p e r a t u r e / l o n g  t i m e  
h o l d i n g  p e r i o d s .  P o s t h a r v e s t  h o l d i n g  o f  c u c u m b e r s  b e f o r e  
b r i n in g  is  v e r y  d e t r i m e n t a l  t o  f i n a l  s a l t - s t o c k  p i c k l e  q u a l i t y .  
Q u a l i t y  lo s s  is  a c c e l e r a t e d  a t  t e m p e r a t u r e s  r a n g in g  f r o m  
2 0 —3 0  C  d u e  p r i m a r i l y  t o  t e x t u r a l  d e g r a d a t i o n  a n d  i n t e r n a l  
s o f t e n i n g .  C u c u m b e r s  c a n  b e  h e ld  a t  5 C  f o r  u p  t o  6  d a y s  
o r  a t  2 0  C  f o r  a t  l e a s t  2  d a y s  b e f o r e  q u a l i t y  o f  e i t h e r  g r e e n -  
s t o c k  o r  s a l t - s t o c k  u n d e r g o e s  s i g n i f i c a n t  d e t e r i o r a t i o n .
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C h a n g e s  i n  R o a s t e d  P e a n u t  F l a v o r  a n d  O t h e r  Q u a l i t y  F a c t o r s  
w i t h  S e e d  S i z e  a n d  S t o r a g e  T i m e

HAROLD E. PATTEE. JACK L. PEARSON, CLYDE T. YOUNG, and FRANCIS G. GIESBRECHT

--------------------------------ABSTRACT----------------------------------
P e a n u t seed  size an d  tim e  in  s to rag e  have b e e n  in v es tig a ted  as to  
th e ir  in flu e n c e  o n  ro a s te d  flav o r, p e a n u t b u t te r  c o lo r , b la n c h a b ility  
o f  ro a s te d  p e a n u ts , o x id a tiv e  s tab il i ty  an d  io d in e  v a lu e  o f  raw  
p ea n u ts . S eed  size h ad  a  s ig n if ic an t e f fe c t o n  ro a s te d  flav o r an d  p e a 
n u t  b u t te r  c o lo r  w ith  c o n s ta n t  ro a s tin g  tim e  an d  w ith  ro a s tin g  to  a 
u n ifo rm  p e a n u t b u t t e r  c o lo r . B la n c h a b ility  o f  th e  seed  a f te r  ro a s tin g  
w as also  s ig n if ic an tly  a f fe c te d  b y  seed  size as w ell as s to rag e  tim e. 
O x id a tiv e  s ta b il i ty  o f  th e  raw  p e a n u ts  sh o w ed  a g en era l te n d e n c y  to  
d ec rea se  w ith  seed size an d  s to rag e  tim e . Io d in e  v a lu es  w ere  sign ifi
c a n tly  h ig h e r in  th e  sm alles t seed size b u t  s to rag e  tim e  d id  n o t  
a f fe c t io d in e  values. T h e  d a ta  suggest th a t  in fe r io r  q u a li ty  is b e in g  
in tro d u c e d  in to  m a rk e tin g  ch a n n e ls  th ro u g h  u se  o f  a  5 .9 5  m m  
sc reen  size as a m in im u m  fo r  g rad in g  U .S . N o . 1 V irg in ia -ty p e  
p ea n u ts .

INTRODUCTION
T H E  M A R K E T  G R A D E S  o f  p e a n u t s  a n d ,  t h u s ,  t h e i r  m a r 
k e t  v a lu e  a r e  b a s e d  t o  a  la r g e  d e g r e e  u p o n  s c r e e n  s iz e ,  i . e . ,  
w h e t h e r  t h e  k e r n e l  r i d e s  o r  f a l l s  t h r o u g h  s c r è e n s  o f  c e r t a i n  
s iz e s . T h e  s c r e e n  s iz e  d e m a r c a t i o n s  b e t w e e n  m a r k e t  g r a d e s  
s e e m  t o  h a v e  b e e n  b a s e d  m o r e  o n  e c o n o m i c  c o n s i d e r a t i o n s  
t h a n  o n  q u a l i t y .  I t  h a s  b e e n  i n d i c a t e d  t h a t  m a n y  c u r r e n t  
g r a d e s  a n d  s t a n d a r d s  d o  n o t  a d e q u a t e l y  r e f l e c t  t h e  c h a r a c 
t e r i s t i c s  o f  t h e  d e s i r e d  p r o d u c t  ( H i n d s  a n d  K r o m e r ,  1 9 7 3 ) .  
T h u s ,  a  n e e d  e x i s t s  t o  u n d e r s t a n d  t h e  r e l a t i o n s h i p s  b e t w e e n  
p e a n u t  s iz e  a n d  q u a l i t y .  A  s e a r c h  o f  t h e  l i t e r a t u r e  s u g g e s t s  
a  p a u c i t y  o f  i n f o r m a t i o n  r e l a t i n g  p e a n u t  s iz e  t o  q u a l i t y .  
H o w e v e r ,  r e c e n t  p a p e r s  ( P a t t e e  e t  a l . ,  1 9 8 1 a ,  b )  h a v e  r e 
l a t e d  c o n c e n t r a t i o n  o f  f r e e  s u g a r s  a n d  f r e e  a m i n o  a c id s  
t o  s e e d  s iz e .

R e s e a r c h  i n t o  c o ld  s t o r a g e  e f f e c t s  o n  p e a n u t  q u a l i t y  
h a s  b e e n  c o n d u c t e d  i n t e r m i t t e n t l y  o v e r  t h e  p a s t  5 0  y e a r s  
( B e a t t i e ,  1 9 3 2 ;  M a r z k e  e t  a l . ,  1 9 7 6 ;  T h o m p s o n  e t  a l . ,  1 9 4 1 ;  
W o o d r o o f ,  1 9 4 5 ;  W o o d r o o f  e t  a l . ,  1 9 4 7 ,  1 9 4 9 ) .  T h e s e  
s t u d i e s  h a v e  d o c u m e n t e d  t h e  c o n t r i b u t i o n s  c o ld  s t o r a g e  
c a n  m a k e  i n  d e la y in g  q u a l i t y  d e t e r i o r a t i o n  o f  p e a n u t s .  
H o w e v e r ,  l i t t l e  i f  a n y  i n f o r m a t i o n  is  a v a i la b l e  r e g a r d in g  
t h e  d e g r e e  o f  q u a l i t y  c h a n g e  w h i c h  m a y  b e  o c c u r r i n g  d u r in g  
s t o r a g e  a n d  w i t h i n  w h i c h  s e e d  s iz e s  t h e  g r e a t e s t  c h a n g e s  
m a y  b e  o c c u r r i n g .  T h e  o b j e c t i v e  o f  t h i s  s t u d y  w a s  t o  d e 
t e r m i n e  i f  d i f f e r e n t  q u a l i t y  c h a n g e s  w e r e  t a k i n g  p la c e  
w i t h i n  s e l e c t e d  s e e d  s iz e s  o f  V i r g in i a - t y p e  p e a n u t s  o v e r  
s t o r a g e  t im e .

MATERIALS & METHODS
P E A N U T S  fro m  th e  1 9 7 8  c ro p  w e re  o b ta in e d  fro m  a c o m m erc ia l 
she lle r, p reg ra d e d  in to  U .S . N o . 1, M ed iu m , an d  E x tra  L arge V ir
g in ias. T h e  p e a n u ts  w e re  fro m  N o r th  C a ro lin a  fa rm s. T h e  she lled  
p e a n u ts  w ere  s ep a ra te d  o v e r s lo t te d  screen s  in to  fo u r  seed  sizes 
( s h o r t  d ia m e te r  d im en s io n s  in  m m ): 5 .9 5  (r id e  a  5 .9 5  sc reen , p ass a 
6 .3 5  sc reen ), 7 .1 4  (r id e  a  7 .1 4  sc reen , p ass  a  7 .4 4  sc re en ), 7 .9 4

A u th o r  P attee is w ith  th e  U S D A S E A -A R  a n d  D ep t, o f  B o ta n y , 
A u th o r  Y ou n g  is w ith  th e  D ept, o f  F o o d  Science , a n d  A u th o r  Gies- 
b re c h t is w ith  th e  D ept, o f  S ta tis tic s, N o r th  Carolina S ta te  Unit/., 
P.O. B o x  5906 , Raleigh, N C  276 50 . A u th o r  Pearson is w ith  the  
U SD A -S E A -A R , N ationa l P eanu t R esearch L ab o ra to ry , D aw son, GA.

(r id e  a  7 .9 4  sc reen , pass an  8 .3 4  sc re en ), 8 .7 3  (r id e  an  8 .7 3  sc reen , 
p ass a  9 .1 3  sc reen ). T h e  5 .9 5 , 7 .1 4 , an d  7 .9 4  m m  size d e s ig n a tio n s  
a re  th e  m in im u m  seed size in  each  o f  th e  th re e  m a rk e t  g rad es  o f  
V irg in ia -ty p e  p e a n u ts . In  m ee tin g  seed  c o u n t  s ta n d a rd s  fo r  m a rk e t
in g  V irg in ia -ty p e  p e a n u ts , i t  is o f te n  n ecessa ry  to  c o m b in e  th e  n e x t  
la rg er size o f  p e a n u ts  in to  th e  g rad e . T h e  7 .1 4  m m  an d  7 .9 4  m m  size 
seed allo w ed  u s  to  ev a lu a te  th e  la rg es t seed  size g en era lly  fo u n d  in  
th e  U .S . N o . 1 an d  M ed ium  g rades. A ll sp lits  w ere  h a n d  p ick ed  from  
th e  U .S . N o . 1 g rad e  an d  u sed  as a  s ize ca te g o ry .

A lth o u g h  th e  p e a n u ts  w ere  p u rc h a s e d  a t  8 % (w e t basis) m o is 
tu re  c o n te n t , th e y  w ere  sc reen ed  a t 6 .3% .

P e a n u ts  p ack ag ed  in  c lo th  bag s  (5 k g  p e r  b ag ), w ere  s to re d  in  
c o n tro lle d  en v iro n m e n t ro o m s  se t a t  4 ° C  an d  65%  R .H . to  s im u la te  
c o m m erc ia l p e a n u t s to rag e  co n d itio n s . A t p re -se t tim es , th re e  re p li
c a te  5 kg  sam ples w ere  ta k e n  fro m  ea ch  o f  th e  five size ca teg o ries , 
an d  im m e d ia te ly  sh ip p ed  b y  p r io r i ty  m ail to  th e  N a tio n a l P e a n u t 
R esea rch  L a b o ra to ry  (N P R L ), A R , S E A , U S D A , D aw so n , G A . A t 
N P R L  th e y  w ere  d rie d  to  5%  m o is tu re  an d  k e p t  a t  1°C  u n t i l  p ro c 
essing o r  an a lysis  w as p e rfo rm e d  o n  th e  sam ples.

O x id a tiv e  s ta b il i ty  o f  raw  p e a n u ts  w as d e te rm in e d  as o x y g e n  
b o m b  tim es  b y  th e  m e th o d  o f  B la n k en sh ip  e t  al. (1 9 7 3 ) . Io d in e  
v a lu es  (re f ra c to m e tr ic  m e th o d )  o f  raw  p e a n u ts  w ere  d e te rm in e d  
b y  te n ta t iv e  m e th o d s  o f  th e  A m erica n  P e a n u t R esea rch  an d  E d u c a 
tio n  A sso c ia tio n  (1 9 7 1 ) .

P e a n u ts  m ad e  in to  p e a n u t b u t t e r  fo r  sen so ry  an d  o b jec tiv e  c o lo r  
m e a su re m e n ts  w ere  ro a s te d  in  a  fo u r -c o m p a r tm e n t c y lin d e r  in  a 
B lue M “ P ow er-O -M atic  6 0 ”  la b o ra to ry  o v en  w h ich  h ad  b e e n  m o d i
fied  to  ro ta te  th e  c y lin d e r  d u r in g  ro a s tin g . T w o  d if f e re n t  ro a s tin g  
reg im es w ere  u sed  as tre a tm e n ts . T h e se  t r e a tm e n ts  w ere  te rm e d  
“ U n ifo rm  T im e ”  (U T ) an d  “ V ariab le  T im e  (V T ). T h e  U T  reg im e 
w as se t b y  th e  tim e  re q u ire d  to  ro a s t a  o ne-k g  sam p le  b a tc h , co n 
ta in in g  an  e q u a l w e ig h t o f  e a ch  seed  size c a te g o ry , to  m ed iu m  ro a s t 
(H u n te r  L = ca . 4 9 ) . T h e  c o n d i t io n s  es ta b lish e d  w ere  1 67 °C  fo r  22 
m in . T h is  ro a s tin g  reg im e w as th e n  used  o n  all seed  s ize -sto rage 
tim e  co m b in a tio n s . T h e  “ sp lits”  c a te g o ry  w as n o t  u sed  in  th is  ro a s t
ing  reg im e. F o r  each  s to rag e  p e rio d  each  re p lic a tio n  o f  th e  fo u r  
seed  size ca te g o rie s  w as  su b d iv id ed  in to  fo u r  su b sam p les . T h e  
su b sam p les  fro m  each  size ca te g o ry  w e re  s im u lta n e o u s ly  ro a s te d  
in  fo u r  se p a ra te  c o m p a r tm e n t ro a s tin g  cy lin d e rs . A f te r  ro a s tin g  th e  
su b sam p les  w ere  q u ic k ly  c o o led  b y  fo rc ed  a m b ie n t air. T h e  fo u r  
su b sam p les  fro m  each  sam p le  w ere  th e n  re c o m b in e d . T h e  V T  
reg im e  a llo w ed  d if f e re n t  ro a s tin g  tim es  a t  167 °C  fo r  e a ch  seed 
size in c lu d in g  sp lits . T h is  V T  reg im e p ro d u c e d  fro m  all s ize c a te 
go ries  a p e a n u t  b u t te r  o f  a  re la tiv e  u n ifo rm  m e d iu m -ro a s t c o lo r  as 
ju d g e d  b y  H u n te r  L , a , an d  b  c o lo r  m ea su re m en ts .

B la n c h a b ility  p e rc en ta g e s  fo r  th e  ro a s te d  p e a n u ts  w ere  d e te r 
m in ed  b y  th e  m e th o d  o f  B arn es  e t  al. (1 9 7 1 ) . C o lo r m e a su re m e n ts  
w e re  m ad e  w ith  a  H u n te r  L ab  C o lo r /d if fe re n c e  M e te r , M odel 
D 2 5 D 2 L  o n  fin e ly  g ro u n d  b u t t e r  o f  100%  p e a n u ts  (n o  ad d itiv e s), 
w h ich  h ad  b e e n  ro a s te d , b la n c h e d  an d  d eg e rm e d . T h e  p e a n u t  b u t te r  
w as p ro d u c e d  in  lOOOg lo ts  u sin g  a  B au e r B ro s, h o r iz o n ta l  a t t r i 
t io n  m ill w ith  3 5 0 0  rp m , 3 h p , 3 -p hase , G .E . m o to r ,  h a n d - tu rn e d  
w o rm -g ea r feed , an d  8  in . d iam  m e ta l  g r in d in g  p la te s  a d ju s te d  to  ca  
0 .5  m m  c lea ran c e  b e tw e e n  th e  p la te s . T h e  n ew ly  g ro u n d  b u t te r  w as 
sealed  in  p la s tic  bags an d  re fr ig e ra te d  o v e rn ig h t o r  lo n g e r b e fo re  it 
w as  b ro u g h t to  ro o m  te m p e ra tu re  an d  e m p tie d  in to  1 0  cm  sq u are  
c o n ta in e rs  w ith  fro s te d  p la s tic  sides an d  c lea r b o t to m s , th ro u g h  
w h ic h  th e  th re e  co lo r- re f le c ta n c e  p a ra m e te rs  w ere  read .

S en so ry  ev a lu a tio n
P e a n u t b u t te r  flav o r sco res  w e re  o b ta in e d  u sing  a 1 0 -m em b er 

e x p e rie n c e d  flav o r p an e l. P an e lis ts  are  g iven  a  p re l im in a ry  o r ie n ta 
t io n  o n  flav o r e v a lu a tio n  an d  th e n  ev a lu a te d  o ver six te s t  sessions. 
T h e  se lec ted  p an e lis ts  are  ab le  to  d is tin g u ish  sm all flav o r d iffe r
en ces  c o n s is te n tly . T h e y  rece iv e  a d d itio n a l tra in in g  co n sis tin g  o f

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-455



CHANGES IN ROASTED PEAN UT FLA  VOR . . .

two 1-hr sessions on physiological and pyschological principles of 
flavor response and major causes of variation in flavor and appear
ance of peanuts-raw, roasted and ground. Sample testing is con
ducted using individual booths with red and blue masking lights. 
Presentation of the sample is made on individual plastic spoons. The 
number of samples presented per sitting depends on the design of 
the experiment but may not exceed 12. In evaluating the flavor of 
the peanut butter samples, panelists tasted the samples in order of 
their randomized code numbers listed on an evaluation ballot and 
rated the sample on a 5-category scale (excellent-1, good-2, fair- 
3, poor-4, or very poor-5.
Statistical analysis

Data were analyzed using the Statistical Analysis System of Barr 
and Goodnight (1972) and the least significant difference test de
scribed by Steel and Torrie 1960).

RESULTS & DISCUSSION
T H E  R E L A T I O N S H I P  b e t w e e n  r o a s t e d  p r o d u c t  f l a v o r  a n d  
s e l e c t e d  V i r g in i a - t y p e  p e a n u t  s e e d  s iz e s  w a s  o f  m a j o r  i n t e r 
e s t  in  t h i s  s t u d y .  T h e  r e s u l t s  i n  T a b l e  1 e v id e n c e  t h e  s ig n i f i 
c a n t  d i f f e r e n c e s  f o u n d  i n  b o t h  f l a v o r  a n d  c o l o r  o f  p e a n u t  
b u t t e r  f r o m  t h e  5 .9 6  m m  a n d  t h e  7 .1 4  m m  a n d  la r g e r  s iz e  
s e e d s  o f  V i r g in i a - t y p e  p e a n u t s  w h e n  a l l  s e e d  s iz e s  a r e  s u b 
j e c t e d  t o  t h e  s a m e  r o a s t i n g  c o n d i t i o n s  ( U T ) .  T h e  m a g n i t u d e  
a n d  d i r e c t i o n  o f  t h e s e  d i f f e r e n c e s  s u g g e s t  t h a t  t h e  5 .9 5  m m  
s e e d s  h a v e  d i s t i n c t l y  d i f f e r e n t  r o a s t i n g  c h a r a c t e r i s t i c s  a n d  
t h a t  t h e  f l a v o r  o f  t h e  p e a n u t  b u t t e r  p r o d u c e d  f r o m  t h e s e  
s e e d s  is  le s s  d e s i r a b l e  t h a n  t h e  f l a v o r  o f  o t h e r  s e e d  s iz e s . 
S in c e  t h i s  d i f f e r e n c e  in  f l a v o r  e x i s t e d  w h e n  a l l  s e e d  s iz e s  
w e r e  r o a s t e d  t o  t h e  s a m e  c o l o r  ( V T ) ,  i n f e r i o r  f l a v o r  q u a l i t y  
w a s  n o t  s im p l y  t h e  r e s u l t  o f  o v e r - r o a s t i n g  t h e  s m a l l e r  s e e d s  
b u t  m u s t  b e  c a u s e d  b y  d i f f e r e n t  i n h e r e n t  f l a v o r  p r e c u r s o r  
c o m p o s i t i o n  o f  t h e  5 .9 5  m m  s e e d s  ( T a b l e  1 ).

T h e  p o t e n t i a l  o f  c h e m i c a l  c o m p o s i t i o n  t o  i n f l u e n c e  
r o a s t e d  f l a v o r  m a y  b e  e v a lu a t e d  b y  c o m p a r i n g  t h e  r e 
p o r t e d  c o n c e n t r a t i o n s  o f  f r e e  a m i n o  a c id s  a n d  s u g a r s  
( P a t t e e  e t  a l . ,  1 9 8 1 a ,  b )  i n  t h e s e  p e a n u t s .  A l t h o u g h  t h e

Table 1—Flavor scores a n d  H un ter  L co lo r  values o f  p e a n u t b u t te r  
from  p ea n u ts  o f  varying se e d  size

Seed size 
(mm)

Flavor score3  

(UT)a
Color3

(UT)
Flavor score3  

(VT)C
Color3

(VT)

5.95 4.0 44.4 4.0 49.3
7.14 2.5 50.9 3.0 49.4
7.94 2.7 52.8 2 . 8 49.1
8.74 2.5 54.3 2.4 49.1
splits - - 3.0 47.5

L.S .D . 9 5 0 . 6 0 . 6 0.7 0.4

3 V a lu e s  are  an average acro ss  th e  0 , 3 , 6, and 9 m o n th  storage t im e s  
fo r  each seed size  

°  U n ifo rm  ro asting  t im e s  
c  V a r ia b le  ro asting  t im e s

a v e ra g e  c o n c e n t r a t i o n  o f  t h e  f r e e  a m i n o  a c id s  r e l a t e d  t o  
t y p i c a l  r o a s t e d  f l a v o r  ( a s p a r t i c  a c id ,  g l u t a m i c  a c id ,  h i s t i 
d in e ,  a n d  p h e n y l a l a n i n e )  w a s  3 2 .3 %  l o w e r  f o r  7 .1 4  m m  
t h a n  t h e  5 .1 4  m m  s iz e  s e e d s  t h e  a v e r a g e  c o n c e n t r a t i o n  o f  
t h o s e  r e l a t e d  t o  a t y p i c a l  r o a s t e d  f l a v o r  ( t h r e o n i n e ,  t y r o 
s in e ,  ly s in e ,  a n d  a r g i n i n e )  w a s  5 9 .8 %  lo w e r .  G lu c o s e ,  t h e  
c a r b o n  s o u r c e  p r e c u r s o r  f o r  r o a s t e d  f l a v o r  ( K o e h l e r  e t  a l . ,
1 9 6 9 ) ,  d id  n o t  c h a n g e  w i t h  s e e d  s iz e . S u c r o s e ,  a  s o u r c e  f o r  
g lu c o s e ,  is  t h e  p r e d o m i n a n t  s u g a r  p r e s e n t  in  p e a n u t s  a n d  is  
h ig h e s t  i n  t h e  5 .9 5  m m  s e e d s .  T h i s  h ig h  s u c r o s e  le v e l  m a y  
b e  in v o lv e d  in  t h e  d a r k e r  r o a s t  c o l o r  f o r m a t i o n  o f  t h e s e  
s m a l l  s e e d  v ia  t h e  c a r a m e l i z a t i o n  r e a c t i o n .  H o w e v e r ,  e l im i 
n a t i o n  o f  t h i s  d a r k e r  r o a s t  e f f e c t  t h r o u g h  t h e  V T  t r e a t m e n t  
d id  n o t  i m p r o v e  t h e  f l a v o r  r a t i n g  f o r  t h e  p e a n u t  b u t t e r  
p r o d u c e d  f r o m  t h e s e  p e a n u t s  ( T a b l e  1 ). F u t u r e  s t u d i e s  t o  
d e l i n e a t e  p o s s ib l e  o f f - f l a v o r  f a c t o r s  in  t h e  5 .9 5  m m  s e e d  
w il l  in v o lv e  t h e  u s e  o f  a n  e x p a n d e d  s c o r in g  s y s t e m  a n d  a  
p r o f e s s i o n a l  f l a v o r  p r o f i l i n g  p a n e l .

S to r a g e  t i m e  s h o w e d  n o  s i g n i f i c a n t  e f f e c t  o n  t h e  r o a s t e d  
f l a v o r  o r  c o l o r  o f  t h e  p e a n u t  b u t t e r  f r o m  a n y  o f  t h e  s iz e  
c a te g o r i e s .  H o w e v e r ,  d e la y  t i m e s  o f  u p  t o  9  m o n t h s  b e y o n d  
t h e  o r ig in a l  s t o r a g e  p e r i o d s  f o r  c o n d u c t i n g  t h e  f l a v o r  a n 
a ly s e s  m a y  h a v e  a l lo w e d  a d d i t i o n a l  c h a n g e s  t o  o c c u r  in  t h e  
s a m p le s  w h i c h  n e g a t e d  a n y  d i f f e r e n c e s  r e s u l t i n g  f r o m  t h e  
i n i t i a l  s t o r a g e  p e r i o d s  e v e n  t h r o u g h  t h e  s a m p le s  w e r e  s t o r e d  
a t  5 %  m o i s t u r e  c o n t e n t  a n d  1 C.

S to r a g e  h a d  a n  e f f e c t  o n  o x i d a t i v e  s t a b i l i t y  a n d  io d in e  
v a lu e s  o f  r a w  p e a n u t s  a n d  b l a n c h a b i l i t y  p e r c e n t a g e s  o f  
r o a s t e d  p e a n u t s .  I n  g e n e r a l ,  t h e r e  w a s  a  d e c r e a s e  in  o x i d a 
t i v e  s t a b i l i t y  o f  t h e  p e a n u t s  w i t h  s t o r a g e  t i m e  b u t  n o t  i n  a  
u n i f o r m  m a n n e r  a c r o s s  a l l  s e e d  s iz e s  ( T a b l e  2 ) .  A  s ig n i f i 
c a n t l y  b e t t e r  o x i d a t i v e  s t a b i l i t y  w a s  o b s e r v e d  f o r  5 .9 5  m m  
s e e d s  t h a n  f o r  t h e  l a r g e r  s iz e  s e e d s .  T h e  g r e a t e r  lo s s  in  o x i 
d a t i v e  s t a b i l i t y  w i t h  s t o r a g e  t i m e  o f  t h e s e  s e e d s  m i g h t  b e  
r e l a t e d  t o  t h e i r  s ig n i f i c a n t l y  h ig h e r  le v e l  o f  u n s a t u r a t e d  
f a t t y  a c id s  a s  i n d i c a t e d  b y  t h e i r  io d in e  v a lu e s .  A m o n g  t h e  
l a r g e r  s e e d  s iz e s  t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  in  
i o d i n e  v a lu e ,  n o r  d id  s t o r a g e  t i m e  h a v e  a n y  e f f e c t  o n  t h e i r  
io d in e  v a lu e s .

T h e  l a s t  q u a l i t y  f a c t o r ,  b l a n c h a b i l i t y  o f  r o a s t e d  s e e d s ,  
a l s o  p o i n t e d  t o  t h e  5 .9 5  m m  s e e d s  a s  a n  i n f e r i o r  p r o d u c t  
s o u r c e ,  w h i c h  m a y  r e s u l t  i n  a n  u n d e s i r a b l y  s k in - f l e c k e d  
b u t t e r  w i t h o u t  r i g o r o u s  a f t e r - b l a n c h  h a n d  p i c k in g .  T h e  
f i r s t  t e s t s  f o r  b l a n c h a b i l i t y  w e r e  c o n d u c t e d  s ix  m o n t h s  a f t e r  
i n i t i a t i o n  o f  s t o r a g e  a n d  t h e  u n b l a n c h e d  s e e d s  a v e r a g e d  
7 .7 %  in  t h e  5 .9 5  m m  s e e d s .  T w e lv e  m o n t h s  a f t e r  i n i t i a l  
s t o r a g e  c o m m e n c e d  t h e  u n b l a n c h e d  v a lu e  h a d  d r o p p e d  t o  
3 .9 % . T h i s  v a lu e  w a s  s t i l l  s i g n i f i c a n t l y  h ig h e r  t h a n  t h e  
m e a n  v a lu e s  f o r  7 .1 4  m m ,  7 .9 4  m m , o r  8 .7 4  m m  s e e d s  
w h i c h  w e r e  1 .1 ,  0 .5 ,  a n d  0 .4 % , r e s p e c t i v e ly .  T h e  l e a s t  
s i g n i f i c a n t  d i f f e r e n c e  is  0 .6  f o r  t h e s e  v a lu e s  a t  P  =  0 .0 5 .  
S to r a g e  p e r i o d  h a d  n o  s i g n i f i c a n t  e f f e c t  o n  t h e  b l a n c h 
a b i l i t y  o f  t h e s e  la r g e r  s iz e  s e e d s .

—Continued on page 460

Table 2 —O xida tive s ta b ility  a n d  io d in e  values o f  raw  p ea n u ts  o f  varying se e d  s ize  a n d  storage tim e

Seed size 
(mm)

Oxidative stability3  (min) Iodine value0

Storage Time (months)

Mean

Storage time 
(months)

Mean0 3 6 9 0 9

5.95 135.5 110.3 117.5 115.8 119.8 98.4 98.2 98.3
7.14 109.7 105.0 1 1 0 . 2 98.8 105.9 96.7 97.2 97.0
7.94 114.0 1 0 2 . 2 106.3 105.3 107.0 96.5 97.4 97.0
8.74 107.7 108.5 1 0 2 . 2 97.5 104.0 95.7 96.3 96.0
splits 114.0 98.8 99.8 101.5 103.5 — —
m eans 116.2 105.0 107.2 103.8 96.8 97.3

3 S .D .  (M ean s) = 8. 8 ; L . S .D .95 (Seed  s ize ) = 5 .1 ;  L . S .D .95 (T im e )  = 4 .6 . 
“ S .D . M eans) = 0 .7 5 ; L . S .D .95 (Seed  s ize ) = 0 .6 ;  L . S .D .95 (T im e )  = 0 .4 .
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E v a l u a t i o n  o f  S e s a m e  F l o u r  a s  a  C o m p l e m e n t a r y  P r o t e i n  
S o u r c e  f o r  C o m b i n a t i o n s  w i t h  S o y  a n d  C o r n  F l o u r s

ODOARDO J. BRITO and NERLEY NÜfoEZ

---------------------------------ABSTRACT---------------------------------
Sesame products in combination with soy flour, were evaluated as a 
protein source. Proximate analyses, microbiological examination, 
determination of vitamins, minerals, selenium content, and nutri
tional evaluation were carried out. Monagas Aceitera variety flours 
are similar to other sesame proteins in composition but are higher in 
lysine and methioine. Enrichment with soy increased PER value for 
all sesame products. At commonly used fortification levels, sesame- 

soy blends may be as useful as soy alone for addition to corn-based 
foods. Some sesame flours and isolates might contain toxic amounts 
of selenium.

INTRODUCTION
“ A J O N J O L I , ”  t h e  S p a n i s h  n a m e  f o r  s e s a m e  ( S e s a m u n  
i n d i c u m  L . )  is  o n e  o f  t h e  f i r s t ,  i f  n o t  t h e  e a r l i e s t ,  c o n d i m e n t s  
u s e d ,  a n d  is  t h e  o l d e s t  o i l s e e d  k n o w n  t o  m a n .  S e s a m e  is 
c u l t i v a t e d  b e c a u s e  o f  i t s  o i l  a n d  i t  h a s  b e e n  n a m e d  th e  
“ Q u e e n  o f  t h e  o i l s e e d s  c r o p s ”  b e c a u s e  o f  i t s  h ig h  o i l  y i e l d ,  
m i ld n e s s  a n d  p l e a s a n t  t a s t e  ( J o h n s o n  e t  a l . ,  1 9 7 9 ) .

S e s a m e  is  g r o w n  m a i n l y  in  t h e  d e v e lo p in g  t r o p i c a l  a n d  
s u b t r o p i c a l  a r e a s  o f  A s ia ,  A f r i c a ,  S o u t h  a n d  C e n t r a l  A m e r ic a .  
I t  h a s  b e e n  a d a p t e d  a l s o  t o  g r o w  in  s e m ia r id  r e g i o n s .  T h e  
i n c r e a s in g  d e m a n d  f o r  i n e x p e n s i v e  s o u r c e s  o f  p r o t e i n  in  
u n d e r - d e v e l o p e d  c o u n t r i e s  h a s  g iv e n  i m p o r t a n c e  t o  g r o w in g  
s e s a m e .

S e s a m e  f l o u r  h a s  b e e n  u s e d  t r a d i t i o n a l l y  f o r  a n im a l  f e e d .  
I t s  u s e  a s  f o o d  f o r  h u m a n s  h a s  b e e n  r e s t r i c t e d  t o  s w e e t m e a t s ,  
s e s a m e  b u t t e r ,  c a n d i e s ,  h a lv a ,  g a r n i s h  o n  s p e c i a l t y  b r e a d s  
a n d  t r o p i c a l  r e f r e s h m e n t s  ( J o h n s o n  e t  a l . ,  1 9 7 9 ) .  T h i s  
r e s t r i c t i o n  is  d u e  t o  t h e  h ig h  c o n t e n t  o f  o x a l a t e s  a n d  f i b e r  
in  t h e  h u l l s  a n d  t h e  p r e s e n c e  o f  s e l e n i u m .

S e s a m e  f l o u r  is  i m p o r t a n t  a s  a  s o u r c e  o f  p r o t e i n s  b e c a u s e  
i t  is  r i c h  in  s u l f u r  a m i n o  a c id s ,  e s p e c i a l ly  m e t h i o n i n e ,  a 
f a c t  w h i c h  s e p a r a t e s  t h i s  s e e d  f r o m  o t h e r  o i l  s e e d s  ( L y m a n  
e t  a l . ,  1 9 5 6 ;  B lo c k  a n d  W e is s , 1 9 5 7 ;  E v a n s  a n d  B a n d e r m e n ,  
1 9 6 7 ) .  I t  is  a l s o  r i c h  in  t r y p t o p h a n  a n d  d e f i c i e n t  o n l y  in  
l y s i n e  a n d  i s o l e u c i n e  ( L y o n ,  1 9 7 2 ;  J o h n s o n  e t  a l . ,  1 9 7 9 )  a s  
s h o w n  in  T a b le  1.

T h i s  in v e s t i g a t i o n  w a s  u n d e r t a k e n  t o  e v a lu a t e  s e s a m e  
p r o d u c t s  a s  a  p o t e n t i a l  s o u r c e  o f  p r o t e i n s  f o r  le s s  d e v e lo p e d  
c o u n t r i e s .

EXPERIMENTAL
SAMPLES of commercial sesame cake and flour were furnished by 
BRANCA, a Venezuelan edible oil company. Cake refers to the 
residue from the expeller oil extracting process while flour is defined 
as solvent-extracted cake.

In order to assess possible damage to sesame proteins during the 
industrial oil extraction process, a control flour was prepared from 
commercial dehulled sesame seeds, variety Monagas aceitera obtained 
from a commercial distributor in Maturin, Monagas, Venezuela, 
were mechanically dehulled by the “Fundación Centro de Investigaciones del Estado para la Producción Agroindustrial (CIEPE) San 
Felipe, Edo. Yaracuy, Venezuela. The dehulled seeds were cracked

A u th o rs  B rito  and  N ú ñ e z  are a ffilia te d  w ith  the U niversidad S im ón  
Bolivar, D ep a rtam en to  de Tecnología de Procesos, B iológicos y  
B ioqu ím icos, Caracas, Venezuela.

and ground using a Wiley mill in order to increase their surface area 
and to facilitate the oil extraction. The resulting paste was extracted 
with hexane in a Soxlet apparatus at room temperature for 10 hr. 
The meal was dried in a vacuum oven at 25° C for 12 hr and an 18 
mesh sieve was used to separate any remaining whole seeds from the 
resulting flour.

Sesame protein isolate was prepared from the hexane-extracted 
flour by the procedure shown in Fig. 1. Defatted flour was mixed

Table 1 - A m in o  acid  co m p o sitio n  o f  p ro te in  in  se le c ted  flours: 
Sesam e (Monagas aceitera variety), corn , so y , a n d  a b le n d  o f  5 0 :5 0  
sesam e-soy

Amino acid3

Sesame
(Monagas) Corn Soy Blend F AO reference

Methionine 3.7 1.5 1.3 2 . 8 2 . 2

Cystine 2 . 2 1 . 0 1 . 2 1 . 6 2 . 0

Lysine 3.8 2 . 1 6.7 5.5 4.2
Threonine 4.0 2.5 3.7 3.9 2 . 6

Leucine 7.1 9.8 7.8 7.0 4.8
Isoleucine 4.1 2.7 4.9 4.5 4.2
Valine 4.7 4.0 5.1 4.8 4.2
Phenylalanine 6 . 0 3.5 5.2 6 . 1 2 . 8

Histidine 2.3 1.7 2 . 6 2.7 2.4
Arginine 9.3 2 . 8 8 . 0 8.4 2 . 0

Alanine 5.1 5.0 4.3 4.9 —
Glutamic Acid 14.0 14.6 19.5 15.0 —
Glycine 7.3 2.4 4.1 6 . 1 —
Serine 4.0 3.6 4.5 4.5 —
Tyrosine 5.1 2.7 3.6 4.0 —
Aspartic acid 7.3 4.5 12.7 9.1 -

3 V a lu e s  are  g iven in  g ram s per 16  g o f N itro g e n .

Fig. 1—S ch em e  fo r  sesam e p ro te in  isolation.
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w ith  2 0  v o lu m e s  o f  0 .0 4 8 N  N aO H  a t  55° C fo r  4 5  m in  w ith  m o d e ra te  
a g ita t io n . A f te r  c e n tr i fu g a tio n , th e  aq u e o u s  a lk a lin e  e x tr a c t  w as 
a d ju s te d  to  p H  4 .5  b y  a d d it io n  o f  IN  HC1 an d  th e  p re c ip ita te  co l
le c te d  b y  c e n tr i fu g a tio n  a n d  d rie d  a t  ro o m  te m p e ra tu re  in  a  v acu u m  
oven .

S o y b e a n  a n d  c o m  flo u rs  w ere  b o u g h t lo ca lly  f ro m  c o m m erc ia l 
d is t r ib u to rs . 2 ,3 -D iam in o  n a p h th a le n e  w as o b ta in e d  f ro m  C o. 
“ P h o tr e x ”  g rad e  c y c lo h e x a n e  w as o b ta in e d  f ro m  J .T . B ak e r C h e m i
ca l C o . C h em ica ls  u se d  in  th is  s tu d y  w ere  re a g e n t g rad e  o r  b e t te r .

C h e m ic a l a n d  m ic ro b io lo g ic a l an a ly s is
M o is tu re  c o n te n t  o f  sam p les  w as d e te rm in e d  ac co rd in g  to  A O A C

(1 9 7 5 ) . C ru d e  f a t  w as  m ea su re d  b y  h e x a n e  e x tr a c t io n  a c c o rd in g  to  
A O A C  (1 9 7 5 ) . C ru d e  p ro te in  w as d e te rm in e d  b y  th e  K je ld ah l 
m e th o d  (A O A C , 1 9 7 5 ) , u sin g  % N  x  6 .2 5  fo r  a ll sam p les . A sh  an d  
c ru d e  f ib e r  w ere  a lso  d e te rm in e d  ac co rd in g  to  A O A C  (1 9 7 5 ) . I ro n , 
c a lc iu m  a n d  p h o s p h o ro u s  w ere  d e te rm in e d  fo llo w in g  s ta n d a rd  
m e th o d s  fo r  ce re a l fo o d s  o f  th e  A O A C  (1 9 7 5 )  d e sc rib e d  in  m e th o d  
1 4 .0 1 1 , 1 4 .0 1 4  a n d  1 4 .0 1 5 , re sp ec tiv e ly . O x a lic  ac id  w as d e te rm in e d  
u sin g  p e rm a n g a n a te  t i t r a t io n  (A O A C  m e th o d  3 2 .0 3 2 ) . T h ia m in  an d  
rib o flav in  w ere  d e te rm in e d  f lu o ro m e tr ic a l ly  (A O A C  m e th o d  4 3 .0 2 4  
a n d  4 3 .0 3 9 , re sp ec tiv e ly ) w h ile  n iac in  w as d e te rm in e d  c o lo ro m e t-  
rica lly  (A O A C  m e th o d  4 3 .0 4 4 ) .

M ic ro b io lo g ica l e x a m in a tio n  o f  sesam e p ro d u c ts  w ere  ca rr ied  o u t  
ac co rd in g  to  th e  m e th o d s  d e sc rib e d  b y  th e  In te rn a tio n a l  C o m 
m issio n  o n  M ic ro b io lo g ica l S p e c if ic a tio n s  fo r  F o o d s  (IC M S F , 1 9 7 8 ) . 
T h e  te s t  o f  M ack en zie  e t  al. (1 9 4 8 )  w as u sed  to  d e te rm in e  th e  
p re sen ce  o f  fe ca l co lifo rm s.

D e te rm in a tio n  o f  S e len iu m
T h e  m e th o d  u sed  w as th a t  o f  M ich ie  e t  al. ( 1 9 7 8 ) , w h ich  involves 

th e  to ta l  d e s tru c t io n  o f  o rg an ic  m a t te r  in  th e  p re sen ce  o f  a  m ix tu re  
o f  c o n c e n tra te d  n itr ic  a n d  p e rc lo r ic  ac id s. F o llo w in g  th is  t r e a tm e n t 
a  c o m p le x  b e tw e e n  se len iu m  (IV ) a n d  2 ,3 -d iam in o  n a p th a le n e  is 
fo rm e d . T h is  c o m p le x  is e x tr a c te d  w ith  cy c lo h e x a n e  a n d  th e  se len ium  
c o n te n t  o f  th e  e x tr a c ts  is m ea su re d  f lu o ro m e tr ic a l ly .

Table 2 —Gross co m p o sitio n  o f  corn  flour, s o y  flour, a n d  a b le n d  o f  
sesam e a n d  so y  flours (percen t)3

Crude Nonpro-
Item Protein fiber Fat Ash Moisture teinb

Commercial 
press cake 

Commercial
35.7 1 2 . 1 2 . 0 5.0 8 . 0 37.2

flour
Control

43.7 8.3 1 . 2 7.8 7.9 31.1

flour 51.3 7.9 5.2 6.5 7.6 21.5
Sesame flour, 

(Monagas) 
Sesame (Mona-

45.6 13.1 1.7 9.9 8.4 21.3

gas) - Soy Flour 
(50:50) 43.0 6.9 1 . 0 7.0 8 . 8 33.3

Corn flour 7.4 0.4 0 . 8 0 . 2 1 0 . 6 80.6
S o y  f lo u r 41.6 2.9 1 . 0 5.4 8 . 1 41.0

j* M eans o f t r ip lic a te s  
b E s tim a te d  b y  d iffe re n ce

Table 3 — V itam ins, m inerals a n d  oxa lic a cid  c o n te n ts  o f  M onagas 
aceitera variety  sesam e seed

Component
Seed

Dehulled
seed

.......(mg/1 0 0 g)........
Flour

Iron 21.9 2 2 . 0 47.3
Calcium 1 , 1 2 1 . 0 204.0 401.0
Phosphorous 611.5 613.0 1,287.3
Oxalic acid 1,822.0 80.0 176.0
Thiamin 1.5 — 2.7
Riboflavin 0.25 — 0.42
Niacin 6 . 0 - 1 0 . 1

N u tr i t io n a l  ev a lu a tio n
W h ite , 28  d ay  o ld , S p rag u e  D aw ley  ra ts , o b ta in e d  f ro m  th e  

V en ez u e la n  N a tio n a l I n s t i tu te  o f  N u t r i t io n , w ere  u sed . S ix  ra ts  
( th re e  m ales  a n d  th re e  fem ales) o f  5 0 g  average w e ig h t w ere  u se d  in  
each  e x p e rim e n t. T h e  ra ts  w ere  k e p t  in  in d iv id u a l g a lv an ized  s tee l 
cages w ith  re m o v ab le , 5 cm  d ee p , s ta in less  s te e l p an s . T h e  d ie ts  
c o n s is te d  o f  10%  p ro te in , 3 .5%  U .S .P . X IX  sa lt m ix tu re , 1% v ita m in  
m ix tu re  (A O A C , 1 9 7 5 ) , 6 % o f  a  m ix tu re  co n sis tin g  o f  83  p a rts  
c o m m erc ia l c o rn  o il a n d  17 p a rts  o f  c o m m erc ia l co d fish  o il, an d  
c o m  s ta rc h  to  100% . C ase in , o b ta in e d  f ro m  M erck  C o fa sa  (a  lo ca l 
su p p lie r ) , w as u sed  fo r  th e  c o n tro l  d ie ts . T h e  r a ts  w ere  fe d  fo o d  an d  
w a te r  a d  l ib i tu m  d u rin g  a  3 d ay  ac c lim a tio n  p e rio d  an d  d u r in g  th e  
assay  p e rio d .

In  o rd e r  to  ev a lu a te  th e  c o m p le m e n ta ry  e f fe c t  o f  sesam e an d  
p ro te in s , p ro te in  c o n te n t  o f  th e  d ie ts  w as k e p t  c o n s ta n t  a t  1 0 % 
w h ile  m ix in g  sesam e a n d  soy  in  d if f e re n t  p ro p o r t io n s  (B ressan i,
1 9 7 5 ).

A m in o  ac id  an a lysis
A m in o  ac id  an a ly s is  w as ca rr ied  o u t  b y  th e  m e th o d  o f  S p a c k m a n  

e t  a l. ( 1 9 5 8 ) , u sing  a  B ec k m a n  m o d e l 1 2 0  B a m in o  ac id  a n a ly z e r .

RESULTS & DISCUSSION
T A B L E  2  s h o w s  t h e  a n a l y t i c a l  d a t a  o f  v a r i o u s  p r o d u c t s  
u s e d  in  t h i s  s t u d y .  T h e  r e s u l t s  a r e  g e n e r a l l y  c o m p a r a b l e  
w i t h  t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e .  M o n a g a s  a c e i t e r a  
v a r i e t y  f l o u r  h a s  a  p r o t e i n  c o n c e n t r a t i o n  s im i la r  t o  t h e  
o t h e r  s e s a m e  f l o u r s  u s e d  i n  t h i s  s t u d y  a n d  a  c o m p o s i t i o n  
s im i la r  t o  t h a t  r e p o r t e d  b y  o t h e r  a u t h o r s  f o r  s e s a m e  f l o u r  
( L a u g h m a n  a n d  R o d r i g u e z ,  1 9 4 5 ;  C a r t e r  e t  a l . ,  1 9 6 1 ;  J a f f e  
a n d  C h a v e z ,  1 9 7 1 ;  Y e r m a n o s  e t  a l . ,  1 9 7 1 . )

T h e  e x p e r i m e n t a l  s e s a m e - s o y  f l o u r  c o n t a i n e d  4 3 %  
p r o t e i n ,  w h i c h  is  c o m p a r a b l e  t o  t h a t  o f  e i t h e r  s o y  o r  s e s a m e  
f l o u r .  I t s  c r u d e  f i b e r  c o n t e n t ,  6 .9 % , w a s  h ig h e r  t h a n  s o y  
f l o u r  a n d  l o w e r  t h a n  s e s a m e  f l o u r .  T h e  o t h e r  c o n s t i t u e n t s  
o f  t h e  b le n d  ( f a t ,  a s h ,  m o i s t u r e ,  a n d  n o n p r o t e i n  m a t e r i a l )  
w e r e  s im i la r  t o  t h e  c o m p o n e n t  f l o u r s .

T h e  v i t a m i n  a n d  m i n e r a l  c o m p o s i t i o n  o f  s e s a m e ,  M o n a g a s  
a c e i t e r a  v a r i e t y ,  is  s h o w n  in  T a b l e  3 .  T h i s  v a r i e t y  c o n t a i n s  
m o r e  t h i a m i n  a n d  n ia c in  t h a n  m o s t  o t h e r  o i l  s e e d s ,  w h e r e a s  
t h e  r i b o f l a v in  c o n t e n t  is  a b o u t  t h e  s a m e  a s  t h e  o t h e r  s e e d s .  
T h e  i r o n  a n d  p h o s p h o r o u s  c o n t e n t s  a r e  s im i la r  t o  t h o s e  o f  
o t h e r  o i l s e e d s .

O x a l i c  a c id  a n d  c a lc iu m  o c c u r  a s  c a l c iu m  o x a l a t e  i n  t h e  
o u t e r  e p id e r m i s  o f  t h e  s e e d  r e m o v e d  d u r in g  d e h u l l i n g ,  t h u s  
t h e i r  c o n t e n t  is  g r e a t l y  r e d u c e d  d u r in g  t h i s  s t e p  ( T a b l e  3 ) .  
D a t a  in  T a b l e  4  s h o w  t h a t  t h e  m e s o p h i l e ,  e n t e r o b a c t e r i a c e a e ,  
y e a s t  a n d  m o l d  c o u n t s  o f  s e s a m e  p r o d u c t s  a r e  c o m p a r a b l e  
t o  t h o s e  o f  c o m m e r c i a l  c o r n  f l o u r .  I t  s h o u l d  b e  r e m e m b e r e d  
t h a t  t h e s e  s e s a m e  f l o u r s  a s  w e l l  a s  t h e  c o r n  f l o u r  r e c e iv e  
a d d i t i o n a l  h e a t  t r e a t m e n t  b e f o r e  u s e .  T h e  a m i n o  a c id  
c o m p o s i t i o n s  o f  s e s a m e  ( M o n a g a s  a c e i t e r a )  f l o u r s ,  c o r n  
f l o u r ,  s o y  f l o u r  a n d  5 0 : 5 0  s e s a m e - s o y  b l e n d  a r e  s h o w n  in  
T a b l e  1 . A s  i n  c o r n ,  ly s i n e  a p p e a r s  t o  b e  t h e  l i m i t i n g  a m i n o  
a c id  o f  s e s a m e  p r o t e i n ,  w h i le  m e t h i o n i n e  is  t h e  l i m i t i n g  
a m i n o  a c id  f o r  s o y b e a n  p r o t e i n .  M o n a g a s  a c e i t e r a  v a r i e t y  
f l o u r  h a s  a  b e t t e r  a m i n o  a c id  p a t t e r n  t h a n  o t h e r  s e s a m e

Table 4 —M esophiles, enterobacteriaceae, ye a s t a n d  m o ld  c o u n ts  o f  
sesam e p ro d u c ts  a n d  corn  flou r

Sesame
products

Mesophiles
counts/g

Enterobacteriaceae
counts/g

Yeast 8 i mold 
counts/g

Commençai
cake 2 .2 x 1 0 3 5.7x103 6.5x10 3

Commençai
flour 1,4x 103 4.5x10 2 3.3x103

Monagas 
variety flour 1 ,6 x 1 0 3 5.0x10 3 4.8x103

Corn flour 1 ,0 x 1 0 4 2.5x103 5.5x103
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v a r i e t i e s .  I t  is  h ig h e r  i n  l y s i n e ,  3 .8 g / 1 6 g  N , t h a n  t h e  r e p o r t e d  
a v e r a g e  l i t e r a t u r e  v a lu e s  o f  2 .5  — 3 . 0 g / 1 6 g  N . ( L y m a n  e t  a l . ,  
1 9 5 6 ;  J o h n s o n  e t  a l . ,  1 9 7 9 )  f o r  o t h e r  s e s a m e  f l o u r s .  T h i s  
v a r i e t y  is  a l s o  r i c h e r  in  m e t h i o n i n e  ( 3 .7 g / 1 6 g  N ) ,  w h ic h  
m ig h t  b e  i m p o r t a n t  w h e n  s e s a m e  is  u s e d  in  c o m b i n a t i o n  
w i t h  s o y  b e a n .

A  b le n d  o f  f l o u r s  c o n s i s t i n g  o f  e q u a l  a m o u n t s  o f  s e s a m e  
a n d  s o y  p r o t e i n  s h o u l d  p r o v i d e  s u f f i c i e n t  a m o u n t s  o f  th e s e  
t w o  a m i n o  a c id s ,  s in c e  b o t h  a m i n o  a c id s  a r e  p r e s e n t  in  
h ig h e r  c o n c e n t r a t i o n s  in  a  5 0 : 5 0  m i x t u r e  t h a n  in  F o o d  
a n d  A g r i c u l t u r e  O r g a n i z a t i o n  o f  t h e  U n i t e d  N a t i o n s  ( F A O )  
r e f e r e n c e  p r o t e i n .  A s  s h o w n  in  F ig .  2 ,  c o m m e r c i a l  f l o u r  a n d  
c o m m e r c i a l  c a k e  h a d  l o w e r  P E R  v a lu e s  t h a n  t h o s e  o f  f l o u r s  
p r e p a r e d  in  t h e  l a b o r a t o r y  w h e n  t h e s e  p r o d u c t s  w e r e  t h e  
o n l y  p r o t e i n  in  t h e  d i e t .  T h e  c o n t r o l  f l o u r  h a s  a  P E R  
a p p r o x i m a t e l y  0 .3  g r e a t e r  t h a n  t h a t  o f  t h e  c o m m e r c i a l  
f l o u r .  A v o id in g  h ig h  t e m p e r a t u r e s  d u r i n g  p r o c e s s i n g  p r o b 
a b ly  a c c o u n t s  f o r  t h e  h i g h e r  P E R  v a lu e s  o f  t h e  p r o d u c t s  
p r e p a r e d  i n  t h e  l a b o r a t o r y .  C o m m e r c i a l  f l o u r s  a r e  p r e p a r e d  
b y  p r e s s i n g  t h e  s e e d s  a t  t e m p e r a t u r e s  a b o v e  1 1 0 ° C ;  t e m p e r 
a t u r e s  d u r in g  t h e  l a b o r a t o r y  p r o c e s s  n e v e r  e x c e e d e d  5 5 ° C .

T h e  M o n a g a s  a c e i t e r a  v a r i e t y  f l o u r  h a d  t h e  h ig h e s t  P E R  
v a lu e  ( 1 . 4 0 ) ;  a d d i t i o n  o f  0 .2 %  L - L y s in e  H C 1 t o  t h e  M o n a g a s  
a c i t e r a  v a r i e t y  f l o u r  i n c r e a s e d  i t s  P E R  v a lu e  t o  t h a t  o f  
c a s e in  ( 2 . 5 ) .  T h i s  s u g g e s t s  t h a t  s e s a m e  p r o t e i n  is  d e f i c i e n t  
i n  l y s i n e  a n d  t h a t  l y s i n e - f o r t i f i e d  f l o u r  c o u ld  b e  u s e d  a s  a  
p r o t e i n  s u p p l e m e n t .

T h e  P E R  v a lu e s  o f  d i e t s  c o n t a i n i n g  b o t h  s e s a m e  a n d  s o y  
a r e  a l s o  s h o w n  in  F ig .  2 .  I n c r e a s in g  t h e  a m o u n t  o f  s o y  
p r o t e i n  i n  t h e  d i e t  r a i s e d  t h e  P E R  o f  a l l  t h e  s e s a m e  p r o d 
u c t s .  A n  o p t i m a l  c o m b i n a t i o n  w a s  r e a c h e d  a t  t h e  5 0 : 5 0  
le v e l .  C o m b i n a t i o n s  w i t h  h ig h e r  s o y  p r o t e i n  d id  n o t  i n c r e a s e  
t h e  P E R  v a lu e s  s i g n i f i c a n t l y  a n d ,  in  t h e  c a s e  o f  f l o u r  
p r e p a r e d  i n  t h e  l a b o r a t o r y ,  f u r t h e r  i n c r e a s e s  in  s o y  c o n t e n t  
m a y  d e c r e a s e  P E R  v a lu e s .

A l t h o u g h  s e s a m e  a n d  s o y  d o  n o t  h a v e  a m i n o  a c id  p r o 
f i le s  a s  c o m p l e m e n t a r y  a s  s o y  a n d  c o r n  ( B r e s s a n i ,  1 9 7 5 )  
t w o  s e s a m e  p r o d u c t s  ( M o n a g a s  a n d  c o n t r o l  f l o u r s ) ,  w h e n  
c o m b i n e d  w i t h  e q u a l  p a r t s  o f  s o y  f l o u r ,  h a v e  P E R  v a lu e s  o f  
2 .4 5  a n d  2 .3 8 ,  r e s p e c t i v e l y ,  w h i c h  a r e  n o t  s ig n i f i c a n t l y  
d i f f e r e n t  f r o m  t h a t  o f  c a s e in ,  ( 2 . 5 0 ) .  A l l  P E R  v a lu e s  w e r e  
a d j u s t e d  o n  t h e  b a s is  o f  2 .5  f o r  t h e  c a s e in  r e f e r e n c e .

F ig .  3  s h o w s  t h e  P E R  v a lu e s  f o r  d i e t s  i n  w h i c h  p r o t e i n  
w a s  d e r iv e d  f r o m  d i f f e r e n t  c o m b i n a t i o n s  o f  c o r n  f l o u r  a n d  
a  5 0 : 5 0  b l e n d  o f  s e s a m e  ( M o n a g a s  a c e i t e r a )  f l o u r  a n d  s o y  
f l o u r .  I n c r e a s in g  t h e  p r o t e i n  o f  t h e  s e s a m e - s o y  b l e n d  r a i s e d  
t h e  P E R  t o  a  m a x i m u m  o f  2 .3  a t  4 0 %  c o m  p lu s  6 0 %  
b l e n d .  T h e  P E R  o f  c o m b i n a t i o n  in c r e a s e d  t o  2 .6  w i t h  t h e  
a d d i t i o n  o f  0 .2 %  L - L y s in e  H C 1. T h i s  s u g g e s t s  t h a t  t h e  4 0 %  
c o m : 6 0 %  s e s a m e - s o y  c o m b i n a t i o n  o f  f l o u r s  is  d e f i c i e n t  in  
ly s i n e ,  w h i c h  is  t o  b e  e x p e c t e d  a s  b o t h  c o r n  a n d  s e s a m e  
p r o t e i n  a r e  l o w  in  l y s i n e .  W h ile  c o m b i n a t i o n s  o f  c o m  a n d  
s o y  c a n  g iv e  P E R  v a lu e s  h i g h e r  t h a n  c o m b i n a t i o n s  o f  c o r n  
p lu s  s e s a m e  s o y - b l e n d  ( C r a v io to  a n d  C e r v a n t e s ,  1 9 6 5 ;  
B r e s s a n i ,  1 9 7 5 ) ,  is  s e e m s  l i k e ly  t h a t  a t  t h e  le v e ls  o f  f o r t i f i 
c a t i o n  c o m m o n l y  u s e d  ( 8 — 1 0 % ) s e s a m e  — s o y  b l e n d s  m a y  
b e  u s e f u l  a s  s o y  a l o n e  f o r  a d d i t i o n  t o  c o m - b a s e d  f o o d s .  
T h i s  w o u ld  b e  p a r t i c u l a r l y  t r u e  i f  t h e r e  a r e  a n y  s i g n i f i c a n t  
e c o n o m i c  o r  s o c io lo g ic a l  a d v a n t a g e  t o  u s in g  s e s a m e  r a t h e r  
t h a n  s o y .

S e l e n iu m  is  u s u a l l y  f o u n d  i n  p l a n t  m a t e r i a l s  i n  a s s o c i a t i o n  
w i t h  p r o t e i n  a s  s e l e n a m in o  a c id s  ( O l s o n  e t  a l . ,  1 9 7 0 ) .  T h i s  
is  o f  i m p o r t a n c e  f o r  t h e  p r e p a r a t i o n  o f  p r o t e i n  i s o l a t e s  a n d  
c o n c e n t r a t e s  f r o m  s e s a m e .  A s  c a n  b e  s e e n  i n  T a b l e  5 t h e  
c u r r e n t  c o m m e r c i a l  m a n u f a c t u r i n g  p r o c e s s  l e a d s  t o  a  f in a l  
p r o d u c t  w i t h  h ig h  s e l e n i u m  c o n t e n t .  O n  t h e  b a s is  t h a t  
c h r o n i c  s e l e n i u m  t o x i c i t y  is  o b s e r v e d  i n  a n im a ls  a f t e r  
w e e k s ,  o r  p e r h a p s  m o n t h s ,  o f  i n g e s t in g  p l a n t s  w i t h  5 p p m  
o f  t h e  m in e r a l ,  s e l e n i u m  i n t o x i c a t i o n  w o u ld  b e  e x p e c t e d  
i n  h u m a n  b e in g s  a f t e r  l o n g - t e r m  c o n s u m p t i o n  o f  5 p p m  
d a i l y  ( N a t i o n a l  A c a d e m y  o f  S c i e n c e s ,  1 9 7 6 ) .  T h e  s e l e n i u m
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PERCENTAGE OF EACH COMPONENT
Fig. 2 —Protein  e ffic ie n c y  ratio o f  co m b in a tio n s  o f  various sesam e  
p ro d u c ts  w ith  soybean  flour.

S E S A M E -0  8 0  4 0  6 0  6 0  IOO
SOYBEAN

PERCENTAGE OF EACH COMPONENT
Fig. 3 —Protein  e f fic ie n c y  ratio o f  co m b in a tio n  o f  c o m  flo u r  w ith  a 
5 0 :5 0  b len d  o f  sesam e (Monagas aceitera variety) flo u r  a n d  soy  
flour.

Table 5 -S e le n iu m  a n d  p ro te in  c o n te n t  o f  sesam e p ro d u c ts

Commercial seed Commercial flour
Monagas Aceitera 

seed
Selenium

(ppm)
Protein

(%)
Selenium

(ppm)
Protein

(%)
Selenium

(ppm)
Protein

(%)

Whole
seed 5.3 25.6 N.D. N.D. 0 . 6 23.6

Hulls N.D.* 28.6 N.D. N.D. N.D. 27.1
Dehulled

seed 5.9 25.9 N.D. N.D. 0 . 6 25.6
Flour 11.9 51.3 9.9 43.7 1.3 45.6
Residue

fiber N.D. 0.5 N.D. N.D. N.D. 0 . 8

Isolates 36.1 87.2 25.3 81.0 3.0 86.4
Whey N.D. 1.3 N.D. 1 . 8 N.D. 1.5

* N .D . = none d etected
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EVA LU A TIO N  OF S E S A M E . . .

c o n t e n t  o f  c o m m e r c i a l  s e e d s  is  5 .3  p p m  a n d  t h e  p r o t e i n  
c o n t e n t  is  2 5 .6 % .  A s  t h e  s e e d s  a r e  p r o c e s s e d  t o  m a k e  f l o u r  
t h e  p r o t e i n  c o n t e n t  in c r e a s e s  t o  5 1 .3 % , a n d  t h e  s e le n i u m  
c o n t e n t  i n c r e a s e s  t o  1 1 .9  p p m .  F u r t h e r  p r o c e s s i n g  p r o d u c e s  
i s o l a t e s  w i t h  a  p r o t e i n  c o n t e n t  o f  8 7 .2 %  a n d  a  s e le n iu m  
c o n t e n t  o f  3 6  p p m .  T h e  b y - p r o d u c t s  o f  t h i s  p r o c e s s  ( h u l l s ,  
o i l ,  r e s i d u e  a n d  w h e y )  c o n t a i n  n o  a p p r e c i a b l e  s e le n iu m .  
C o m m e r c i a l  f l o u r s  f o l l o w  t h e  s a m e  p a t t e r n  b e g in n i n g  w i t h
9 .9  p p m  s e l e n i u m  a n d  4 3 .7 %  p r o t e i n  a n d  e n d in g  w i t h  2 5 .3  
p p m  s e l e n i u m  a n d  8 1 .0 %  p r o t e i n  a t  t h e  i s o l a t e  le v e l ,  w i t h  
n o  a p p r e c i a b l e  a m o u n t s  o f  s e l e n i u m  in  t h e  o i l ,  r e s i d u e  a n d  
w h e y .

I t  is  c l e a r  t h a t  u s in g  s e e d s  w i t h  h ig h  s e l e n i u m  c o n t e n t  t o  
p r e p a r e  p r o t e i n  c o n c e n t r a t e s  o r  i s o l a t e s  w il l  r e s u l t  in  a  
f i n a l  p r o d u c t  w i t h  u n a c c e p t a b l e  h ig h  le v e ls  o f  t h e  m in e r a l .  
S e s a m e  g r o w n  in  V e n e z u e l a  in  t h e  s t a t e  o f  M o n a g a s  s h o u l d  
p r e s e n t  n o  p r o b l e m  in  t h i s  r e s p e c t ,  s in c e  s o i l  s e l e n i u m  le v e l  
h a v e  b e e n  r e p o r t e d  t o  b e  q u i t e  l o w  ( M o n d r a g o n  a n d  J a f f é ,  
1 9 7 1 ) .

O u r  r e s u l t s  w i t h  M o n a g a s  a c e i t e r a  v a r i e t y  s e s a m e  s e e d  
a r e  c o n s i s t e n t  w i t h  t h i s  o b s e r v a t i o n .  T h e  s e e d  s a m p le  u s e d  
i n  t h e s e  e x p e r i m e n t s  h a d  a  l o w  s e l e n i u m  c o n t e n t  ( 0 . 6  p p m ) ,  
t h e  f l o u r  c o n t a i n e d  o n l y  1 .3  p p m  a n d  t h e  i s o l a t e  c o n t a i n e d
3 .0  p p m .
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T h e  d a t a  p r e s e n t e d  h e r e  h a v e  s h o w n  r e l a t i o n s h i p s  
b e t w e e n  s e e d  s iz e  a n d  q u a l i t y  w h ic h  s u g g e s t s  t h a t  s e e d s  o f  
i n f e r i o r  q u a l i t y  a r e  b e in g  b r o u g h t  i n t o  m a r k e t  c h a n n e l s  
t h r o u g h  u s e  o f  a  5 .9 5  m m  s c r e e n  s iz e  a s  t h e  m i m i n u m  f o r  
g r a d in g  U .S . N o . 1 V i r g in i a - t y p e  p e a n u t s .  T h e  c o n s i s t e n t l y  
i n f e r i o r  n a t u r e ,  e x c e p t  f o r  o x i d a t i v e  s t a b i l i t y ,  o f  t h e  5 .9 5  
m m  s e e d  p o i n t s  t o  t h e  n e e d  f o r  a  c o o p e r a t i v e  t y p e  s t u d y  
a c r o s s  s e v e r a l  l o c a t i o n s  t o  a s c e r t a in  t h e  m in i m u m  s c r e e n  
s iz e  a l l o w a b le  i n  V i r g in i a - t y p e  p e a n u t s  t o  a s s u r e  t h e  c o n 
s u m e r  t h e  h ig h e s t  p o s s ib l e  q u a l i t y  w i t h i n  r e a s o n a b l e  e c o 
n o m i c  l i m i t s .  A l t h o u g h  s ig n i f i c a n t  d i f f e r e n c e s  in  i m p o r t a n t  
q u a l i t y  p a r a m e t e r s  w e r e  o b s e r v e d  i n  t h e  s a m p le s  a n a ly z e d ,  
t h e  l i m i t e d  n a t u r e  o f  t h e  s a m p le s  d o e s  n o t  y e t  a l lo w  b r o a d  
g e n e r a l  c o n c lu s io n s  t o  b e  d r a w n .
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D e v e l o p m e n t ,  U t i l i z a t i o n  a n d  P r o t e i n  Q u a l i t y  
o f  P o t a t o : S o y : E g g  F l a k e s

C. A. HARGETT, A. I. NELSON, K. E. WEINGARTNER, and J. W. ERDMAN JR.

-------------------------------- A BSTR ACT---------------------------------
Various ratios of potato:full-fat soy:whole egg (P:S:E) were com
bined and drum dried to yield flakes which were rehydrated and 
formed into baked or fried patties. Methods were developed to 
utilize either fresh or dehydrated potatoes for flake production. 
Sensory evaluations showed 60:34:6 P:S:E fried patties to be more 
generally accepted than baked patties. Freezing of the uncooked 
dough prior to frying or baking was shown to be a good storage 
method. P:S:E flakes (60:34:6) were also substituted for 12% of 
patent wheat flour in bread. P:S:E supplementation improved the 
protein efficiency ratio (PER) of patent flour wheat bread. PER’s 
for60:34:6P:S:Eflakes and baked patties were equivalent to casein.

INTRODUCTION
M A R A S M U S  A N D  K W A S H I O R K O R  a r e  p r e v a l e n t  i n  d e v e l 
o p i n g  c o u n t r i e s  w h e r e  f o o d  p r o d u c t i o n  is  n o t  k e e p in g  p a c e  
w i t h  p o p u l a t i o n  g r o w t h .  T h e  d i e t s  c o n s u m e d  in  t h e s e  
n a t i o n s  a r e  f r e q u e n t l y  c e r e a l  b a s e d  a n d  t h e r e f o r e  lo w  in  
q u a n t i t y  a n d  q u a l i t y  o f  p r o t e i n  a s  w e l l  a s  c a lo r i e s .

P o t a t o e s ,  b e c a u s e  o f  t h e i r  h ig h  y i e l d  o f  p r o t e i n  a n d  c a l 
o r i e s  p e r  h e c t a r e ,  h a v e  d e f i n i t e  p o t e n t i a l  i n  a l l e v i a t i n g  f o o d  
s h o r t a g e s ,  e s p e c i a l ly  i n  t h e  d e v e lo p in g  c o u n t r i e s  ( B e n n e t t ,
1 9 7 5 ) .  P o t a t o  p r o t e i n ,  t h o u g h  lo w  in  q u a n t i t y  is  o f  h ig h  
n u t r i t i o n a l  q u a l i t y  c o m p a r e d  t o  m o s t  p l a n t  p r o t e i n s  b e 
c a u s e  o f  i t s  o v e r a l l  s u p e r i o r  a m i n o  a c id  b a l a n c e .  I t  is  r i c h  
i n  l y s i n e  a n d  t h e r e f o r e  a n  e x c e l l e n t  s u p p l e m e n t  f o r  ly s in e -  
p o o r  p r o t e i n  s o u r c e s  s u c h  a s  c e r e a l .

S o y b e a n  p r o t e i n  is  a l s o  c o n s i d e r e d  a n  i d e a l  s u p p l e m e n t  
f o r  c e r e a l s  b e c a u s e  o f  i t s  h ig h  p r o t e i n  c o n t e n t  a n d  f a v o r a b l e  
a m i n o  a c id  p a t t e r n .  S o y b e a n s  c o n t a i n  a p p r o x i m a t e l y  2 0 %  
o i l  w h i c h  s e rv e s  a s  a  g o o d  s o u r c e  o f  c a lo r i e s ,  a n d  l i k e  p o 
t a t o e s ,  s o y b e a n s  a r e  w id e ly  a v a i la b l e  a n d  e c o n o m ic a l .

L i t t l e  r e s e a r c h  h a s  b e e n  r e p o r t e d  c o n c e r n in g  t h e  e f f e c t  
o f  c o m b in in g  s o y  p r o t e i n  w i t h  p o t a t o e s .  A  c o m b i n a t i o n  o f  
s o y b e a n s  a n d  p o t a t o e s  m a y  p r o v i d e  a  b e t t e r  b a l a n c e  o f  
n u t r i e n t s  t h a n  e i t h e r  a l o n e .  T h e  a d d i t i o n  o f  w h o le  eg g  t o  a  
p o t a t o  s o y  c o m b i n a t i o n  s h o u l d  f u r t h e r  r o u n d  o u t  t h e  
a m i n o  a c id  b a l a n c e  a n d  in c r e a s e  t h e  le v e l  o f  f a t  s o lu b le  
v i t a m in s ,  a n d  o t h e r  m i c r o n u t r i e n t s .

T h e  o b j e c t i v e  o f  t h i s  w o r k  w a s  t o  d e v e lo p  a  f l a k e  c o n 
t a in in g  p o t a t o ,  f u l l - f a t  s o y ,  a n d  w h o le  e g g , t o  i n c o r p o r a t e  
t h i s  m a t e r i a l  i n t o  d i f f e r e n t  f o o d  s y s t e m s ,  a n d  t o  e v a lu a t e  
t h e  n u t r i t i o n a l  q u a l i t y  o f  t h e s e  f o o d  p r o d u c t s .

EXPERIMENTAL
Preparation of flakes

Three flake materials were produced by varying the ratio (dry 
basis) of potato, soy, and egg, and by utilizing different potato 
products and processing methods. In all three methods whole soy
beans (Bonus Variety) were heated for 20 min at 98.9°C (210°F) 
in an air dryer (Proctor and Swartz, Inc., Philadelphia, PA). A spin-

A u th o rs  N elson, W eingartner, a n d  E rdm an are w ith  th e  D ept, o f  
F oo d  Science, 5 6 7  B evier Hall, 9 0 5  S . G oodw in  A ve ., U niversity  o f  
Illinois, Urbana, IL 618 01 . A u th o r  H argett, fo rm e rly  w ith  th e  Univ. 
o f  Illinois, is n o w  w ith  General M ills, Inc., W ashington  & Tow n  
R oad, W est Chicago, IL 60185 .

ning drum plate apparatus was used to split the cotyledons, thus 
loosening the hulls. Hulls and split cotyledons were separated by 
running them twice through a forced air conveyor belt system. 
The resulting cotyledons were blanched in tap water at a rolling boil 
for 20 min. After blanching the beans were drained, cooled with tap 
water, and twice passed through a Rietz Desintegrator (Rietz Com
pany, Westchester, PA) using a 0.023 inch mesh screen. For all 
products large Grade A eggs were beaten to homogeneity and added 
to the soy slurry.

Method I (Fig. 1) utilized French’s Big Tate dehydrated potato 
flakes which were milled at medium speed for 5 min in a Waring 
Commercial Blendor (Model 31 BL 79, Dynamics Corp. of Ameri
ca, New Hartford, CT) and added to the soy egg slurry. The slurry 
was mixed for 5 min using a Hobart mixer (Hobart Mfg. Co., Troy, 
OH). Water was added during mixing until the proper consistency 
was reached, and the slurries were drum dried on a double drum 
dryer (Mathis Machine Corp., South Bend, IN) with a space setting 
of 0.01 inch between drums and a steam pressure of 40 psig. The 
material came off the drum dryer as rather fine flakes. However, the 
occasional clumps were broken up by passing the flake material 
through a 1/8 inch mesh screen. This was accomplished by gentle rubbing of the material through the screen.

(Method I)
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Fig. 1 —Preparation o f  p ro d u c t con ta in in g  d e h y d ra te d  p o ta to  flakes. 

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-461



P R O T E IN  Q U A L IT Y  O F  P O T A T O :S O Y :E G G  F L A K E S .  . .

M e th o d  I I  (F ig . 2 ) u til iz e d  w h o le , p ee led  R u sse t B u rb a n k  p o ta 
to e s  w h ich  w e re  s liced  in to  5 /8  in c h  slabs, w ash e d , an d  p re -co o k e d  
in  7 3 .9 °C  (1 6 5 ° F )  w a te r  fo r  30  m in . T h e  p re -co o k e d  slabs w ere  
co o led  b y  im m ers in g  in  ic e  w a te r  fo r  16 m in  an d  c o o k e d  in  s team  a t 
a tm o s p h e r ic  p re ssu re  fo r  30  m in . Im m e d ia te ly  a f te r  co o k in g  th e  
h o t  p o ta to  slabs w ere  m a sh ed , a d d e d  to  th e  soy-egg s lu r ry , m ix ed  in  
th e  H o b a r t  m ix e r fo r  5 m in  an d  d ru m  d rie d  (0 .0 1  in ch  spacing , 4 0  
psig ). T h is  p ro c e d u re  w as fo llo w e d  to  give m in im a l s tic k y  s ta rch  
c h a ra c te r is tic s  to  th e  p o ta to  (C o rd in g  e t  al., 1 9 5 7 ).

M e th o d  III  (F ig . 3 ) w as th e  sam e as M e th o d  II  w ith o u t th e  p re 
c o o k in g  an d  p re-co o lin g  stages. A ll d ru m  d rie d  p ro d u c ts  w ere  p assed  
th ro u g h  th e  1 / 8  in ch  screen  p r io r  to  u se .

A ll m a te r ia ls  u sed  in  P E R  an d  s to rag e  s tu d ie s  w ere  p ro cesse d  b y  
M e th o d  I I I . P ro te in , fa t ,  a n d  m o is tu re  w ere  d e te rm in e d  fo r  flak es  
a c c o rd in g  to  s ta n d a rd  A O A C  (1 9 7 5 )  m e th o d o lo g y .

D e te rm in a tio n  o f  p o ta to :s o y :e g g  (P :S :E )  ra tio
T h re e  P :S :E  ra tio s  (6 0 :3 4 :6 ,  4 0 :4 8 :1 2 , an d  3 4 :6 0 :6  [d .b .] )  

w ere  p re p a re d  b y  M e th o d  I. F r ie d  p a tt ie s  w ere  fo rm e d  b y  m ix in g

(METHOD X I )

CLEAN DRY SOYBEANS
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PRE-COOKED

l
PRE-COOLED

I
30KI

I
\SHI

I
tf in

i

COOKED

MASHED

MIXED WITH HOBART

WHOLE EXTRA LARGE

BEATEN

DRUM DRIED

a variab le  a m o u n t o f  N aC l ( fo r  ta s te )  w ith  30g o f  d ry  f la k e s  an d  
re h y d ra tin g  w ith  34 m l o f  w a te r  to  a f irm  d o u g h . T h e  d o u g h  w as 
sca led  to  8 3g  a n d  sh a p e d  in to  p a t ty  fo rm  usin g  a  h a m b u rg e r  p ress  
(H e u c k  C o ., C in c in n a ti, O H ). E ac h  p a t ty  w as fr ie d  5 m in  o n  each  
side  in  10  m l o f  C risco  p u re  v eg e ta b le  o il a t  2 1 5 .5 °C  (4 2 0 ° F )  (M o
d el R C  33 F ry in g  p a n , S u n b eam  C o rp ., C h icag o , IL ). T h e  p a tt ie s  
w ere  th e n  e v a lu a te d  fo r  flav o r a n d  te x tu r e  b y  a  ta s te  p a n e l m a d e  u p  
o f  g ra d u a te  s tu d e n ts  an d  s ta ff.

A  h e d o n ic  scale rang in g  fro m  1—9 w as u sed  to  d e te c t  d iffe re n c e s  
b e tw e e n  fr ie d  p a tt ie s  m ad e  w ith  flak es  co n ta in in g  v a rio u s  ra tio s  o f  
p o t a to :s o y :egg p ro cesse d  b y  M e th o d  III  a n d  to  d e te c t  d iffe re n c es  
b e tw e e n  fr ied  p a tt ie s  m ad e  fro m  6 0 :3 4 :6  P :S :E  m a te r ia l p ro cesse d  
b y  M e th o d s  II  a n d  H I. T h e  p a n e l c o n s is te d  o f  th e  sam e te n  m e m b e rs  
w ith  ea ch  te s t  b e in g  re p e a te d  tw ice .

Storage
F o rm e d  p a tt ie s  w ere  d iv id ed  in to  th re e  g ro u p s . G ro u p  I w as 

b a k e d , g ro u p  II  w as fr ie d , an d  g ro u p  III  w as n o t  c o o k e d . T h e  p a t
ties  w ere  th e n  v ac u u m  sea led  (C y ro v ac  C o ., C am b rid g e , M A ) in  
p o ly e th y le n e  bags a n d  s to re d  a t  - 1 8 ° C .  A fte r  1 o r 2 m o n th s ’ 
s to rag e , f ro z e n  b a k e d , f r ie d , an d  u n c o o k e d  d o u g h  p a tt ie s  w ere  
re m o v e d  f ro m  th e  free ze r . T h e  u n c o o k e d  f ro z e n  d o u g h  p a tt ie s  w ere  
d iv id ed  in to  tw o  g ro u p s , o n e  w h ich  w as b a k e d  an d  th e  o th e r  fr ied . 
P a ttie s  w h ic h  h ad  b ee n  f r ie d  o r  b a k e d  p r io r  to  free z in g  w e re  b a k e d . 
T h e  fro z e n  p a tt ie s  w ere  n o t  a llo w ed  to  th a w  p r io r  to  co o k in g . 
T h e  p a tt ie s  w h ich  h a d  b e e n  f ro z e n  th e n  b a k e d  o r  f r ie d  a n d  th o se  
w h ic h  h a d  b e e n  b a k e d  o r f r ie d  p r io r  to  freez in g  an d  th e n  re h e a te d , 
w ere  each  h e d o n ic a lly  ra n k e d  fo r  g en e ra l a c c e p ta b il ity  a f te r  30  o r  
6 0  d ay s’ s to rag e . F re sh  b a k e d  a n d  fr ied  p a tt ie s  w ere  h e d o n ic a lly  
ra n k e d  fo r  g en era l a c c e p ta b il ity  a t  0  days. T h e  ta s te  p an e ls  w ere  
re p e a te d  th re e  tim es  o n  d if fe re n t d ay s  w ith  th e  sam e n in e  p a n e l 
m em b ers .

B read  p re p a ra t io n
E n r ic h e d  p a te n t  w h e a t f lo u r  (c o m p lim e n ts  o f  P u r ity  S u n b ea m  

B ak in g  C o ., C h a m p a ig n , IL ) w as s u p p le m e n te d  w ith  12%  o f  6 0 : 
3 4 :6  P :S :E  flak es . A  m o d if ic a tio n  o f  th e  K an sas-S ta te  p ro cess  fo r 
m ak in g  h ig h  p ro te in  b rea d  (T sen  a n d  T an g , 1 9 7 1 ) w as fo llo w e d .

W h ite  f lo u r , P :S :E  m a te r ia l, s h o rte n in g , a n d  sa lt w ere  th o ro u g h ly  
m ix ed  (T ab le  1). C o m p ressed  y ea s t an d  sugar w ere  d isso lved  in  
w arm  w a te r  (4 0 °C ) an d  a d d e d  to  th e  ab o v e  m ix tu re . W ater w as 
a d d e d  a n d  th e  d o u g h  k n e a d e d  a t  lo w  speed  fo r  1 m in  in  a  H o b a r t  
K itc h e n  A id  m o d e l K 5-A  m ix e r  (T ro y , O H ) fo llo w e d  b y  m e d iu m  
speed  fo r  4  m in . T h e  d o u g h  w as scaled  in to  5 10 g  p iec es  an d  a llo w ed  
to  fe rm e n t a t  3 0 °C  ( 8 6 ° F )  a n d  80%  R .H . in  a  f e rm e n ta t io n  ch a m b e r 
(N a tio n a l M a n u fa c tu rin g  C o m p a n y , L in c o ln , N E ). T h e  d o u g h s  w ere 
th e n  m o u ld e d , p a n n e d , an d  p ro o fe d  u n d e r  th e  sam e c o n d i tio n s  u n t i l  
th e  to p  o f  th e  d o u g h  w as 1.5 cm  ab o v e  th e  to p  o f  th e  p an . B ak ing  
w as a t 2 2 0 °C  (4 2 8 ° F )  fo r  25  m in .

Fig. 2 —P reparation o f  p ro d u c t u tilizing  p re -co o ke d  a nd  pre-coo led  
R u sse t B urbank po ta toes.

(METHOD I I I )

CLEAN DRY SOYBEANS
I

WHOLE POTATO
I

RUSSET
lHEAT
l

lPEEL
1 CENTRIFUGALDEHULL SLICE SLICER

l
BLANCH 1COOK STEAM,

1 l
30 MIN.

MILL BEATEN MASH

MIXED WITH HOBART *
IDRUM DRIED
l

SCKEEN

Fig. 3 —P reparation o f  p ro d u c t u tiliz ing  R usse t B urbank p o ta to e s  
th a t w ere n o t  p re -co o ke d  or pre-cooled.

P ro te in  ev a lu a tio n
P ro te in  e f fic ie n c y  ra t io  s tu d ie s  w ere  c o n d u c te d  to  d e te rm in e  th e  

p ro te in  q u a lity  o f  flak es , p a tt ie s , a n d  b re a d  m ad e  usin g  6 0 :3 4 :6  
P :S :E . A ll f lo u rs  w ere  p ro d u c e d  u sing  M e th o d  I I I . D ie ts  w e re  p re 
p a re d  ac co rd in g  to  A O A C  (1 9 7 5 )  re c o m m e n d a tio n s  fo r  P E R  s tu d ie s . 
F if ty  m ale  w ean lin g  S p rag u e  D aw ley  ra ts  (H a rlan  In d u s tr ie s , In d ia n 
ap o lis , IN ) w e re  in d iv id u a lly  h o u se d  in  sta in less  s tee l cages in  a  te m 
p e ra tu re  c o n tro lle d  ro o m . A  r a t  ch o w  d ie t  w as  fe d  to  a ll an im a ls  fo r  
a  th re e  d ay  a d a p ta t io n  p e rio d  a f te r  w h ich  th e y  w ere  w e ig h t av e r
aged  in to  five  g ro u p s. E ach  g ro u p  rece iv ed  a 10%  p ro te in  d ie t  co n 
tr ib u te d  b y  e i th e r  case in , P :S :E , g ro u n d  b re a d  o r g ro u n d  p a tt ie s .

Table 1—Bread form ula

Ingredient Amount (g) % of Patent flour

Patent flour 700 1 0 0

(14% HzO Basis)
Substituted flake 91 1 2

(d.b)
Yeast 35 5
Salt 14 2

Sugar 35 5
Shortening Variable Variable
Water Variable Variable
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F ee d  c o n su m p tio n  a n d  w e ig h t g ain  w ere  re c o rd e d  w h ile  an im a ls  
co n su m ed  d ie t an d  w a te r  ad  lib i tu m . A fte r  28 d ay s  P E R ’s w ere 
ca lc u la te d  fo r  each  an im a l.

Table 2 —P ro xim a te  analysis o f  various ratios o f  p o ta to -so y:eg g  
(P:S:E) flake

Ratio of
potato :soy:egg % Protein0 % Lipid3

(djb.) % Moisture3 (d.b.) (d.b.)

60:34:6 6.1 23.6 10.3
34:60:6 5.6 33.7 17.0
40:48:12 6.3 31.1 178

3 Calculated as the mean of three samples 
D Calculated as the mean of two samples

Table 3 —E ffe c t  o f  various p o ta to :so y :e g g  ratios upo n th e  accep t-
a b ility  o f  fr ied  p a ttie sa

Potato:soy:egg
(d.b.) Texture Flavor Crust

60:34:6 Smooth Good Browned
pasty potato

flavor
nicely

40:48:12 Granular Soy Browned
pasty flavor nicely

(Not as pasty 
as 60 :34 :6)

34:60:6 Granular Distinct Browned
pasty soy

flavor
nicely

3  A l l  p a t t i e s  c o n t a i n e d  3 0 g  P : S : E  f l a k e ,  3 4  m l  w a t e r ,  7 5 0  m g  s a l t .

Table 4 —E ffe c t  o f  m illing  p o ta to  flakes u p o n  th e  a ccep ta b ility  o f  6 0  
p o ta to :3 4  s o y :6  egg, fr ied  p a ttie sa

Potato flake 
% Milled

Properties of 
dough

Properties of 
patty

25 Cohesive, firm Light & flaky 
appearance, 

not pasty, 
crust separation

50 Not very cohesive 
and sticky

Not as flaky as 
25% milled, 

pasty,
crust separation

75 Less cohesive than 
50% milled, 

very sticky and 
hard to handle

Pasty,
crust separation

100 Less cohesive than 
50% milled, 

very sticky and 
hard to handle

Pasty,
crust separation

a  A l l  p a t t i e s  c o n t a i n e d  3 0 g  P : S : E  f l a k e ,  4 0  m l  w a t e r ,  8 8 0  m g  s a l t .

S ta tis tic a l an a lysis
A ll P E R  an d  sen so ry  d a ta  w ere  su b je c te d  to  a n  an a ly s is  o f  v ari

an ce  an d  th e  leas t s ig n ific an t d iffe re n c e  te s t  w as ap p lie d  w h en  
a p p ro p r ia te  (S te e l a n d  T o r r ie , 1 9 6 0 ).

RESULTS & DISCUSSION
T h e  p r o x i m a t e  c o m p o s i t i o n  o f  s e l e c t e d  t e s t  m a t e r i a l  

a p p e a r s  in  T a b l e  2 . A s  e x p e c t e d  t h e  6 0 : 3 4 : 6  P :S :E  r a t i o  
c o n t a i n e d  t h e  l o w e s t  p e r c e n t  p r o t e i n  ( 2 3 .6 % )  w h i le  t h e  
3 4 : 6 0 : 6  r a t i o  w a s  t h e  h ig h e s t  w i t h  3 3 .7 %  p r o t e i n .  T h e  p e r 
c e n t  f a t  v a r i e d  w i t h  t h e  a m o u n t  o f  s o y  a n d  e g g  a d d e d .

F r i e d  p a t t i e s  m a d e  f r o m  v a r i o u s  r a t i o s  o f  P : S : E  p r e p a r e d  
b y  M e th o d  I w e r e  e v a lu a t e d  b y  t h e  t a s t e  p a n e l  o n  t h e  b a s is  
o f  t e x t u r e  a n d  f l a v o r  ( T a b l e  3 ) .  T h e  4 0 : 4 8 : 1 2  a n d  3 4 : 6 0 : 6  
P : S : E  p a t t i e s  w e r e  d e s c r i b e d  a s  g r a n u l a r  in  t e x t u r e  w i t h  a  
s o y  f l a v o r ,  w h i l e  t h e  6 0 : 3 4 : 6  P : S : E  p a t t y  w a s  d e s c r i b e d  a s  
s m o o t h  i n  t e x t u r e  w i t h  a  g o o d  p o t a t o  f l a v o r .  T h e  p o t a t o  
f l a v o r  w a s  m o r e  a c c e p t a b l e  t h a n  t h e  s o y  t o  t h e s e  p a n e l i s t s .  
T h e  g r a n u l a r i t y  a n d  s o y  f l a v o r  p r e s e n t  i n  t h e  f i r s t  t w o  s a m 
p le s  m a y  b e  a t t r i b u t e d  t o  t h e i r  c o n t a i n i n g  a  g r e a t e r  p e r c e n t 
a g e  o f  s o y .  A l l  p a t t i e s  w e r e  d e s c r i b e d  a s  p a s t y ,  a n d  h a d  
c r u s t s  w h i c h  b r o w n e d  n ic e ly .

I n  o r d e r  t o  e l i m i n a t e  t h e  p a s t i n e s s  o f  t h e  f r i e d  p a t t i e s ,  
m a t e r i a l s  c o n t a i n i n g  6 0 : 3 4 : 6  P : S : E  w e r e  p r e p a r e d  b y  v a r y 
in g  t h e  r a t i o  o f  m i l le d  t o  u n m i l l e d  p o t a t o  f l a k e s  ( T a b l e  4 ) .  
T h e  6 0 : 3 4 : 6  P : S : E  r a t i o  w a s  u s e d  b e c a u s e  o f  t h e  s m o o t h  
t e x t u r e  a n d  p o t a t o  f l a v o r  o f  f r i e d  p a t t i e s  i n  t h e  p r e v io u s  
s t u d y .  T h e  t a s t e  p a n e l  j u d g e d  t h e  f r i e d  p a t t i e s  t o  b e  m o r e  
p a s t y  a n d  n o t  a s  f l a k y  a n d  l i g h t  in  t e x t u r e  a s  t h e  p e r c e n t  
m i l l e d  t o  u n m i l l e d  p o t a t o  f l a k e s  i n c r e a s e d .  T h e  r a t i o  o f  
2 5 %  m i l l e d  t o  7 5 %  u n m i l l e d  w a s  t h e  o n l y  c o m b i n a t i o n  t h a t  
y i e l d e d  a  c o h e s iv e  f i r m  d o u g h  a n d  a  f r i e d  p a t t y  t h a t  w a s  
n o t  p a s ty .

I t  w a s  c o n c l u d e d  f r o m  t h e  a b o v e  s t u d i e s  t h a t  a  d r u m  
d r i e d  P : S : E  m a t e r i a l  c o u ld  b e  p r o d u c e d  u t i l i z i n g  d e h y d r a t e d  
p o t a t o  f l a k e s .  T h e  f l o u r  c o u ld  b e  r e h y d r a t e d  a n d  t h e  d o u g h  
f r i e d  t o  f o r m  a  p a t t y  w i t h  a c c e p t a b l e  t a s t e  a n d  t e x t u r e .

T h e  n e x t  a r e a  i n v e s t i g a t e d  w a s  t h e  p r o d u c t i o n  o f  f l o u r  
a n d  p a t t i e s  u s in g  w h o le  f r e s h  p o t a t o e s  i n s t e a d  o f  d e h y 
d r a t e d  p o t a t o  f l a k e s .  T a b l e  5 s h o w s  t h e  r e s u l t s  o f  p a n e l  
e v a l u a t o n  f o r  f l a v o r ,  g e n e r a l  a c c e p t a b i l i t y ,  a n d  o f f - f l a v o r  
w h e n  s a m p le s  o f  f r i e d  p a t t i e s  w e r e  p r e p a r e d  f r o m  m a t e r i a l s  
p r o c e s s e d  b y  M e th o d s  I I  a n d  I I I .  T h e r e  w e r e  n o  s ig n i f i c a n t  
d i f f e r e n c e s  b e t w e e n  m e t h o d s  a s  r e g a r d s  f l a v o r  o r  o f f - f l a v o r .  
T h e  4 0 : 4 8 : 1 2  p r o d u c t  p r e p a r e d  b y  M e th o d  I I I  s c o r e d  
s ig n i f i c a n t l y  l o w e r  i n  g e n e r a l  a c c e p t a n c e  w i t h  a  m e a n  s c o r e  
o f  6 .2 0 .  A l l  s c o r e s  w e r e  c o n s i d e r e d  a c c e p t a b l e .  T h e  t w o  
6 0 %  p o t a t o  p r o d u c t s  s c o r e d  h ig h e s t .  T h i s  m a y  b e  e x p l a i n e d  
b e c a u s e  t h e  p a n e l i s t s  p r e f e r r e d  p o t a t o  o v e r  s o y  f l a v o r .  T h i s  
is  s u p p o r t e d  b y  e x a m i n i n g  t h e  h e d o n i c  m e a n s  f o r  f l a v o r  
e v a lu a t i o n .

S e n s o r y  r e s u l t s  f o r  o f f - f l a v o r  s h o w e d  n o  d i f f e r e n c e  
a m o n g  s a m p le s .  A l l  s a m p le s  w e r e  c o n s i d e r e d  t o  b e  g o o d  
r e g a r d in g  t h e  a b s e n c e  o f  o f f - f l a v o r .

M e th o d  I I I  ( p o t a t o e s  n o t  p r e - c o o k e d  a n d  p r e - c o o l e d )  
w a s  le s s  t i m e  c o n s u m in g  t h a n  M e th o d  I I .  P a n e l i s t s  d id  n o t  
p r e f e r  p a t t i e s  m a d e  f r o m  p r o d u c t  p r o c e s s e d  b y  o n e  m e t h o d

Table 5 — S en so ry  analysis o f  fr ied  p o ta to : s o y : egg p a ttie s 3

Sample

60 :34 :6
Method

II

60:34:6
Method

III

34:60:6
Method

III

40:48:12
Method

III

Flavor15
General

7.00 ± 0.57 7.20 ± 0.28 6.55 ± 0.35 6.20 ± 0.57

acceptability15 6.95 ± 0.07a 7.15 ± 0.21a 6.70 ± 0.14a 6.20 ± 0.14b
Off-flavorb 7.65 ±0.07 7.50 ±0.42 7.70 ± 0.42 78 5  ± 0.35

3 D a t a  p o i n t s  r e p r e s e n t  m e a n  ± S . D .  M e a n s  n o t  s h a r i n g  a  c o m m o n  l e t t e r  a r e  d i f f e r e n t  a t  P  <  0 . 0 5 .
b  P : S : E  h e d o n i c  m e a n s .  F l a v o r  a n d  G e n e r a l  A c c e p t a b i l i t y :  9  =  l i k e  e x t r e m e l y ;  5  =  n e i t h e r  l i k e  n o r  d i s l i k e ;  1  -  d i s l i k e .  O f f - f l a v o r :  9  -  l a c k  o f  

o f f - f l a v o r ;  1  =  o f f - f l a v o r .
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P R O T E IN  Q U A L IT Y  O F P O T A T O :S O Y :E G G  F L A K E S .  . .

o v e r  t h e  o t h e r .  T h e r e f o r e ,  m e t h o d  I I I  w a s  c o n s i d e r e d  t h e  
p r o c e s s  o f  c h o i c e  w h e n  f r e s h  p o t a t o e s  w e r e  u t i l i z e d .

R e s u l t s  f o r  t h e  s t o r a g e  s t u d y  c a n  b e  f o u n d  i n  T a b l e  6 . 
P a t t i e s  f r i e d  p r i o r  t o  a n d / o r  a f t e r  f r e e z in g  w e r e  c o n s i d e r e d  
g e n e r a l l y  m o r e  a c c e p t a b l e  t h a n  p a t t i e s  w h i c h  h a d  b e e n  
b a k e d .  R e s u l t s  o f  t h e  s t a t i s t i c a l  a n a ly s i s  c o n f i r m e d  t h a t  
t h e r e  w a s  a  s ig n i f i c a n t  d i f f e r e n c e  in  g e n e r a l  a c c e p t a b i l i t y  
b e t w e e n  b a k e d  a n d  f r i e d  p a t t i e s  a t  P  <  0 .0 5 .  A  s ig n i f i c a n t  
d i f f e r e n c e  w a s  a l s o  f o u n d  b e t w e e n  f r e s h  a n d  f r o z e n  p a t t i e s  
f r i e d  o n  t h e  d a y  o f  t h e  e v a l u a t i o n  a n d  t h o s e  w h i c h  h a d  
b e e n  f r i e d  p r i o r  t o  f r e e z in g .  P a t t i e s  f r i e d  t h e  d a y  o f  t h e  
e v a l u a t i o n  h a d  t h e  h ig h e s t  h e d o n i c  m e a n s  a n d  w e r e  p r e f e r r e d  
o v e r  t h o s e  w h i c h  h a d  b e e n  f r i e d  p r i o r  t o  f r e e z in g .

N o  s ig n i f i c a n t  d i f f e r e n c e s  in  g e n e r a l  a c c e p t a b i l i t y  w e r e  
f o u n d  b e t w e e n  s a m p le s  f r o z e n  f o r  3 0  o r  6 0  d a y s  i n d i c a t i n g  
n o  a d v e r s e  e f f e c t s  d u e  t o  s t o r a g e  f o r  t h i s  p e r i o d .  F r e s h  f r i e d  
p a t t i e s  m a d e  o n  d a y  0  w e r e  s h o w n  t o  b e  s t a t i s t i c a l l y  e q u iv a 
l e n t  i n  g e n e r a l  a c c e p t a b i l i t y  t o  p a t t i e s  in  w h i c h  t h e  d o u g h  
h a d  b e e n  f r o z e n  3 0  o r  6 0  d a y s  t h e n  f r i e d ,  i n d i c a t i n g  t h a t  
f r e e z in g  t h e  u n c o o k e d  d o u g h  w a s  a  g o o d  s t o r a g e  m e t h o d .

T h e  r e s u l t s  o f  f e e d in g  s t u d i e s  c o n d u c t e d  t o  e v a lu a t e  
p r o d u c t s  m a d e  f r o m  6 0 : 3 4 : 6  P : S : E  ( M e t h o d  I I I )  a p p e a r  in  
T a b l e  7 . T h e  g r o u n d  p a t t y  a n d  f l a k e  d i e t s  r e s u l t e d  i n  g r o w t h  
s t a t i s t i c a l l y  e q u i v a l e n t  t o  e a c h  o t h e r  a n d  t o  t h a t  o f  t h e  
c a s e in  g r o u p .  T h e  g r o u n d  p a t t y  d i e t s  m a d e  f r o m  6 0 : 3 4 : 6  
f l a k e s  s h o w e d  t h a t  b a k in g  d id  n o t  s i g n i f i c a n t l y  r e d u c e  
p r o t e i n  q u a l i t y .  N e i t h e r  o f  t h e  b r e a d  d i e t s  w e r e  a b l e  t o  
s u p p o r t  g r o w t h  e q u a l  t o  t h a t  o f  t h e  c a s e in  g r o u p .  O t h e r  
s t u d i e s  h a v e  s h o w n  t h a t  a v a i la b le  ly s i n e  d e c r e a s e s  w i t h  
b a k in g  t i m e  a s  d o e s  a  b r e a d ’s a b i l i t y  t o  s u p p o r t  g r o w t h  
( J a n s e n  e t  a l . ,  1 9 6 4 a ,  b ) .  T h e  1 0 0 %  w h e a t  b r e a d  d i e t  w a s  
s i g n i f i c a n t l y  i n f e r i o r  t o  a l l  d i e t s  i n  g r o w t h  s u p p o r t i n g  a b i l 
i t y .  T h e  P E R  ( 0 . 4 8 )  o b t a i n e d  w a s  s l ig h t ly  h ig h e r  t h a n  r e 
s u l t s  o b t a i n e d  b y  s o m e  r e s e a r c h e r s  a n d  l o w e r  t h a n  r e s u l t s  
o b t a i n e d  b y  o t h e r s .  R e p o r t e d  P E R ’s f o r  w h i t e  b r e a d  w e r e

Table 6 —S en so ry  results fo r  general a ccep ta b ility  in th e  tw o  m o n th  
fro zen  storage s tu d y

Sample Day Hedonic Meana,b

Fresh fried 0 7.63 ± 0.17a
Frozen dough fried 30 7.78 ± 0.00a
Frozen dough fried 60 7.51 ± 0.13a
Fresh baked 0 5.55 ± 0.30c
Fried frozen baked 30 6.04 ± 0.64bc
Fried frozen baked 60 6.29 ± 0.42b

!* M ean ± S .D . o f  d a ily  panel averages (N  = 3 ) .
b M eans no t sharing  co m m o n  le tte rs  are  s ig n if ic a n t ly  d iffe re n t  at 

P «  0 .0 5 .

0 .3 0  ( O ’C o n n o r  e t  a l . ,  1 9 7 9 ) ,  0 .7 9  ( T s e n  e t  a l . ,  1 9 7 7 )  
a n d  a p p r o x i m a t e l y  1 .0  ( H o o v e r ,  1 9 7 4 ) .  T h e  d i s c r e p a n c i e s  
m a y  h a v e  b e e n  d u e  t o  r e s e a r c h e r s  e m p l o y i n g  d i f f e r e n t  
b a k in g  t i m e s  a n d  t e m p e r a t u r e s .  T h e  P E R  f o r  b r e a d  f o r t i 
f i e d  w i t h  1 2 %  P : S : E  w a s  s ig n i f i c a n t l y  b e t t e r  t h a n  t h e  1 0 0 %  
w h e a t  b r e a d .  T s e n  e t  a l .  ( 1 9 7 7 )  a n d  H o o v e r  ( 1 9 7 4 )  o b 
t a i n e d  s im i la r  i m p r o v e m e n t s  w i t h  s o y  f o r t i f i e d  b r e a d .  T h e  
c o r r e c t e d  P E R  o f  1 2 %  s u p p l e m e n t e d  P : S : E  b r e a d  ( 1 . 0 8 )  in  
t h i s  s t u d y  w a s  s im i la r  t o  t h e  P E R  ( 1 .0 3 )  o b t a i n e d  f r o m  1 2 %  
s u p p l e m e n t e d  s o y ,  w h o le  eg g  b r e a d  ( O ’C o n n o r  e t  a l . ,  1 9 7 9 ) .

CONCLUSIONS
P O T A T O :S O Y : E G G  d r u m  d r i e d  p r o d u c t s  w e r e  p r o d u c e d  
f r o m  b o t h  f r e s h  a n d  d e h y d r a t e d  p o t a t o e s .  T h e  6 0 : 3 4 : 6  
p o t a t o : s o y : e g g  c o m b i n a t i o n  f r o m  d e h y d r a t e d  p o t a t o e s  w a s  
i n c o r p o r a t e d  i n t o  f r i e d  o r  b a k e d  p a t t i e s  a n d  b r e a d .  S tu d i e s  
s h o w e d  t h a t  f r i e d  p a t t i e s  w e r e  g e n e r a l l y  m o r e  a c c e p t a b l e  
t h a n  b a k e d  p a t t i e s  a n d  t h a t  f r e e z in g  o f  u n c o o k e d  d o u g h  
p r i o r  t o  b a k in g  o r  f r e e z in g  w a s  a  g o o d  s to r a g e  m e t h o d .  
P r o t e i n  e f f i c i e n c y  r a t i o s  r e v e a l e d  t h a t  t h e  f l a k e s ,  b a k e d  
p a t t i e s  a n d  1 2 %  s u p p l e m e n t e d  p o t a t o : s o y : e g g  b r e a d  w e r e  
o f  g o o d  p r o t e i n  q u a l i t y .
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Table 7 —P rotein  e ffic ie n c y  ratios o f  flake, b a k e d  p a t ty , a n d  breadsa,b

Protein source

Food 
consu med 

(g)
Weight

gain
(g)

Corrected0

PER

100% Wheat Bread 338.4 ± 74.5 20.1 ± 4.6 0.48 ± 0.11a
8 8 % Wheat, 12% 

60:34:6 PSE Bread 334.1 ± 48.8 47.1 ±11.8 1.08 ± 0.18b
Patty (60:34:6 626.6 ± 40.2 187.7 ± 17.3 2.23 ± 0.09c
Flake (60:34:6) 605.0 ± 53.8 182.9 ± 26.2 2.38 ± 0.21c
Casein 519.6 ±88.9 168.6 ± 29.1 2.50 ± 0.16c

j* F ig u re  rep resen ts  average o f  10 a n im a ls .
D M ean ± S .D .
c  M eans n o t sh a rin g  co m m o n  le tte rs  are  s ig n if ic a n t ly  d if fe re n t  a t P <  0 .0 1 .
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P u r i f i c a t i o n  a n d  C o n c e n t r a t i o n  o f  B e t a i a i n e s  b y  
U l t r a f i l t r a t i o n  a n d  R e v e r s e  O s m o s i s

Y. N. LEE, R. C. WILEY, M. J. SHEU, and D. V. SCHLIMME

-------------------------------- ABSTRACT---------------------------------
B ee t ju ic e s  p re p a re d  b y  so lid -liq u id  e x tr a c t io n s  w ere  p ro cesse d  b y  
u ltr a f i l t r a t io n  (U F ) an d  reverse  o sm o sis  (R O ) to  3 0 °B rix  a t  2 0°C . 
D e D an sk e  S u k k e rfa b r ik k e r  (D D S ) U F /R O  L ab  M o d u le -2 0  p la te -  
an d -fram e  sy s tem  w as u sed  h av ing  a  0 .7 2 -m 2 e ffe c tiv e  m e m b ra n e  
a rea  an d  p ressu re s  fro m  5 - 4 0  b a r. A f te r  p re f ilte r in g , p e c tin a se  
tre a te d  ju ic e s  w ere  s eq u e n tia lly  p ro cesse d  th ro u g h  2 0 , 0 0 0  an d
6 ,0 0 0  (U F ) m o le c u la r  w e ig h t (MW ) c u t-o f f  m em b ra n e s . T h e  U F  
p u r if ied  p ro d u c ts  w ere  th e n  c o n c e n tra te d  b y  R O  p ro cesse s  o n  sever
al ty p es  o f  ce llu lose  a c e ta te  (C A ) m em b ra n e s , o n e  w ith  a  5 0 0  MW 
c u t-o f f  an d  70%  N aC I p e rm e a b il ity  p ro v id e d  c o lo ra n ts  th a t  w ere  
sep a ra te d  fro m  a m a jo r ity  o f  so lu b le  so lids. A d d it io n  o f  in v ertase  
to  p e c tin a s e - tre a te d  ju ic e s  d ec rea se d  flu x  b u t  y ie ld e d  a th re e -fo ld  
in c rea se  in  b e ta la in e  c o n c e n tra t io n  o n  a d ry  w e ig h t basis. B e ta la in e  
c o n c e n tra t io n  b y  U F  an d  R O  p ro cesse s  also  h a lv ed  n i t r a te  leve l an d  
g rea tly  re d u c e d  flavor.

INTRODUCTION
V E R S A T I L E  U N I T  O P E R A T I O N S  s u c h  a s  u l t r a f i l t r a t i o n  
( U F )  a n d  r e v e r s e  o s m o s i s  ( R O )  h a v e  a t t r a c t e d  t h e  f o o d  
i n d u s t r y  t o  a p p l y  t h e s e  t e c h n i q u e s  f o r  c o n c e n t r a t i n g  l i q u id  
f o o d  p r o d u c t s .  T h e s e  p r o c e s s e s  a r e  e s p e c i a l ly  b e n e f i c i a l  f o r  
p r o d u c t s  w h i c h  w o u ld  b e  a d v e r s e ly  a f f e c t e d  b y  e l e v a t e d  
t e m p e r a t u r e s .  I n  a d d i t i o n ,  t h e  U F  a n d  R O  p r o c e s s e s  a r e  
e n e r g y  s a v in g . B r e n n a n  e t  a l .  ( 1 9 7 6 )  e s t i m a t e d  t h e  e l e c t r i c 
i t y  c o s t  f o r  r e m o v in g  w a t e r  b y  R O  w a s  o n l y  a b o u t  o n e  
t e n t h  o f  t h a t  u s e d  b y  c o n v e n t i o n a l  e v a p o r a t i o n  t e c h n i q u e s .  
A p p l i c a t i o n s  o f  U F  a n d  R O  f o r  c o n c e n t r a t i n g  l i q u i d  f o o d  
p r o d u c t s  w e r e  i n i t i a t e d  a n d  g e n e r a l i z e d  i n  t h e  d a i r y  i n d u s 
t r y  i n  t h e  1 9 6 0 s  a f t e r  B r e t o n  a n d  R e id  ( 1 9 5 7 )  p r o p o s e d  
R O  f o r  d e s a l i n a t i o n  o f  s e a  w a t e r .  M a r s h a l l  e t  a l . ( 1 9 6 8 )  
s t u d i e d  c o n c e n t r a t i o n  o f  c o t t a g e  c h e e s e  w h e y  s o l i d s  b y  R O  
a s  a n  a l t e r n a t e  m e t h o d  f o r  w h e y  d i s p o s a l ,  w h i le  M a d s e n
( 1 9 7 4 )  r e p o r t e d  i n d u s t r i a l  s c a le  a p p l i c a t i o n s  o f  U F  a n d  R O  
t o  c o n c e n t r a t e  w h e y  s o l i d s  a n d  s k im  m i l k  i n  s e v e r a l  E u r o 
p e a n  c o u n t r i e s .  O t h e r  s t u d i e s  u s in g  U F  a n d  R O  c o n c e n 
t r a t i n g  t e c h n i q u e s  o n  v a r i o u s  l i q u i d  f o o d s  s u c h  a s  m a p le  
s y r u p ,  e g g  w h i t e ,  f r u i t  a n d  v e g e t a b l e  j u i c e s ,  a n d  o n  p l a n t  
p ig m e n t s  s u c h  a s  a n t h o c y a n i n ,  h a v e  b e e n  r e p o r t e d  (W ill i ts  
e t  a l . ,  1 9 6 7 ;  L o w e  e t  a l . ,  1 9 6 9 ;  M e r s o n  a n d  M o r g a n ,  1 9 6 8 ;  
M a t s u u r a  e t  a l . ,  1 9 7 3 ;  W o o  e t  a l . ,  1 9 8 0 ) .  A ll  r e s e a r c h e r s  
c o n c l u d e d  t h a t  t h e i r  t e c h n i q u e s ,  w h e n  m o d i f i e d ,  c o u ld  b e  
a p p l i e d  t o  t h e  f o o d  i n d u s t r y .

B e t a ia in e s ,  c o n s i s t i n g  o f  b e t a c y a n i n e s  a n d  b e t a x a n t h i n e s ,  
t h e  p i g m e n t s  f o u n d  i n  r e d  t a b l e  b e e t  t i s s u e  ( B e t a  v u lg a r is
L .) ,  a r e  i m p o r t a n t  f o o d  c o l o r a n t s  w h i c h  h a v e  p o t e n t i a l  t o  
s e r v e  a s  s u b s t i t u t e s  f o r  s y n t h e t i c  o r g a n i c  d y e s .  A b o u t  7 5  — 
9 5 %  o f  t h e  b e t a c y a n i n e s  a r e  b e t a n i n e  a n d  t h e  m a j o r i t y  o f  
t h e  b e t a x a n t h i n e s  a r e  v u l g a x a n t h i n e - I .  B o t h  b e t a n i n e  a n d  
v u l g a x a n t h i n e - I  a r e  h e a t - l a b i l e  p l a n t  p i g m e n t s  h a v in g  r e l a 
t i v e ly  s h o r t  h a l f - l i f e  v a lu e  ( v o n  E lb e  e t  a l . ,  1 9 7 4 ;  S a g u y ,  
1 9 7 9 ;  S in g e r  a n d  v o n  E lb e ,  1 9 8 0 ) .

A u th o rs  W iley, S heu , a n d  S ch lim m e  are w ith  th e  F o o d  Science  P ro
gram , D ept, o f  H orticu ltu re , Univ. o f  M aryland, College Park, 
M D  207 42 . A u th o r  Lee, fo rm erly  a ffilia te d  w ith  th e  Univ. o f  M ary
land, is n o w  w ith  Research C entre, B orden  Inc., 6 0 0  N. Franklin  
S t.,  Syracuse, N Y  13204.

C o m m e r c i a l  m a n u f a c t u r e  o f  b e e t  p ig m e n t s ,  i . e . ,  b e t a 
ia in e s ,  d e p e n d s  t o  a  g r e a t  e x t e n t  o n  t h e  c o n t i n u o u s  a v a i l 
a b i l i t y  o f  h ig h ly  p i g m e n t e d  c u l t i v a r s ,  e f f i c i e n t  p r o c e s s i n g  
p r o c e d u r e s ,  c o n c e n t r a t i n g  t e c h n i q u e s  a n d / o r  s p r a y  d r y in g  
p r o c e s s e s .  W ile y  e t  a l .  ( 1 9 7 9 )  s h o w e d  a n  e f f i c i e n t  m e t h o d  
o f  r e c o v e r i n g  t h e  b e t a i a in e s  f r o m  r a w  b e e t  t i s s u e  b y  u s in g  a  
s o l i d - l i q u id  e x t r a c t i o n  p r o c e d u r e .  A l t h o u g h  h ig h e r  r e c o v e r i e s  
w e r e  f o u n d  b y  u s in g  t h i s  m e t h o d  a s  c o m p a r e d  w i t h  c o n 
v e n t i o n a l  h y d r a u l i c  e x p r e s s i o n  t e c h n i q u e s ,  t h e  r e s u l t a n t  
j u i c e s  w e r e  s o m e w h a t  d i l u t e d  w i t h  a  w a t e r - c i t r i c  a c id  s o lv 
e n t .  I t  w a s  o b s e r v e d  t h a t  o n l y  0 .5  —1 .0 %  o f  t h e  e x t r a c t e d  
b e e t  j u i c e  s o l i d s  w e r e  b e t a i a i n e s ,  t h e  r e s t  b e in g  s u c r o s e ,  
p r o t e i n ,  m in e r a l s ,  f l a v o r  c o m p o n e n t s ,  e t c .  I n  o t h e r  r e 
s e a r c h  r e l a t e d  t o  b e e t  c o l o r a n t s ,  A d a m s  e t  a l .  ( 1 9 7 6 )  
r e p o r t e d  t h a t  t h e  f e r m e n t a t i o n  o f  u l t r a f i l t e r e d  b e e t  ju i c e s  
b y  y e a s t ,  C a n d i d a  u t i l i s ,  u n d e r  p a r t i a l  a n a e r o b i c  c o n d i t i o n s  
w a s  a b le  t o  s u b s t a n t i a l l y  r e d u c e  n o n - p i g m e n t  m o ie t i e s  a n d  
r e s u l t e d  i n  a  f iv e -  t o  s e v e n f o ld  in c r e a s e  i n  t h e  b e t a c y a n i n e  
c o n t e n t  o n  a  s o l i d s  b a s is .  H o w e v e r ,  t h e  r e s u l t a n t  a q u e o u s  
f e r m e n t e d  m i x t u r e  w a s  d i l u t e d  a n d  n e e d e d  c o n c e n t r a t i o n .

I t  a p p e a r e d  t h a t  e f f i c i e n t  c o n c e n t r a t i n g  t e c h n i q u e s  m u s t  
b e  d e v e lo p e d  t o  r e m o v e  a  s u b s t a n t i a l  p o r t i o n  o f  w a t e r  p r e s 
e n t  in  b e t a l a i n e  c o n t a i n i n g  b e e t  j u i c e s  w h i c h  m a y  b e  p r o 
d u c e d  f r o m  s o l i d - l iq u id  e x t r a c t i o n s ,  h y d r a u l i c  e x p r e s s i o n s  
a n d / o r  f e r m e n t a t i o n  p r o c e s s e s .  T h e  o b j e c t i v e s  o f  t h i s  s t u d y  
w e r e  t o  d e t e r m i n e  t h e  f e a s ib i l i t y  o f  u s in g  U F  a n d  R O  a t  
c o m p a r a t i v e l y  l o w  t e m p e r a t u r e s  t o  p u r i f y  a n d  c o n c e n t r a t e  
b e e t  s o lu b l e  s o l i d s  i n  l i q u i d  s y s t e m s ,  t o  s e p a r a t e  n o n 
p i g m e n t  s o l i d s  f r o m  b e e t  c o l o r a n t s  a s  a n  a p p r o a c h  t o  i n 
c r e a s in g  t h e  p i g m e n t / s o l i d s  r a t i o ,  a n d  t o  r e d u c e  s o m e  o f  t h e  
o b j e c t i o n a b l e  c o m p o n e n t s  in  b e e t  e x t r a c t s  s u c h  a s  n a t u r a l  
b e e t  f l a v o r s  a n d  n i t r a t e s .

EXPERIMENTAL
P re p a ra t io n  o f  b e e t  ju ic e s

T h e  b e e t  ju ic e s  fo r  U F  an d  R O  p ro cesse s  w ere  p re p a re d  b y  usin g  
a so lid -liq u id  e x tr a c t io n  p ro c e d u re . T h e  e x tr a c t io n  p ro c e d u re s  
w ere  s im ila r to  th o se  d ev e lo p ed  b y  W iley  an d  L ee  (1 9 7 8 )  an d  la te r  
m o d if ie d  b y  W iley e t  al. (1 9 7 9 ) . R aw  b e e ts , B e ta  v u lg a ris  L . cv. 
R u b y  Q u e en  g ro w n  in  N ew  Y o rk  S ta te , w ere  w ash e d , tr im m e d , an d  
crin k le-s liced  a t 3 m m  th ic k n ess  fo r  e x tr a c t io n  p ro cess . T h e  a c id ity  
o f  th e  liq u id  p h a se  in  th e  d iffu s e r  w as  c o n tro lle d  a t p H  5 .2  b y  in t r o 
d u c in g  an  ac id  so lv en t (0 .5 %  c itr ic  ac id  so lu tio n )  in to  th e  feed  
h o p p e r . T h e  in it ia l  d iffu s e r  fill te m p e ra tu re  w as c o n tro lle d  a t 8 5°C ; 
th e  sliced  b e e ts  w ere  h e ld  fo r  1 0  m in  a t th is  in itia l te m p e ra tu re , an d  
th e n  th e  te m p e ra tu re  w as re d u ce d  to  7 5 °C  u n t i l  th e  en d  o f  th e  e x 
tr a c tio n  p ro cess.

T h e  c o lle c te d  b e e t ju ic e s  w ere  im m e d ia te ly  tre a te d  w ith  p e c ti
nase (C la rex , M iles L a b o ra to ry , In c ., E lk h a r t ,  IN ; o r  K le rzy m e , GB 
F e rm e n ta t io n , In c ., D es P la in es, IL ) o r  w ith  in v ertase  (M ax in v e rt, 
G B F e rm e n ta t io n , In c ., D es P la ines, IL ) in  a d d it io n  to  th e  p ec tin a se . 
T h e  p e c tin a se  w as a d d e d  a t  a 0 .5  m l/L  ju ic e  level an d  th e  in v ertase  
w as ad d e d  a t  a  1 .25  m l/L  ju ic e  level. T h e  e n z y m e  t r e a te d  ju ic e s  w ere  
h e ld  a t ro o m  te m p e ra tu re  (2 5 °C ) fo r  6  h r  an d  th e n  s to re d  a t  1°C  fo r  
4 2  h r.

T h e  ju ic e s  w ere  th e n  p re f ilte re d  th ro u g h  a s ta in less-s tee l S e itz  
p ressu re  f i l te r  (R e p u b lic  S e itz  F ilte r  C o ., M ildale , C T ) a t  2 .5  k g /c m 2  

a n d  5 °C  u sing  C e lite  5 3 5  (J o h n s  M anville , N .Y ., N Y ) as a filte rin g  
a id . A t le as t 85%  o f  th e  C e lite  5 35  p a rt ic le s  h ad  a d ia m e te r  less 
th a n  3 5 p . —Continued on next page
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B  E T A L A !  N  E  C O N C E N T R A T IO N  B Y  U  F  A N D  R O . . .

A p p a ra tu s
T h e  D e D an sk e  S u k k e rfa b r ik k e r  (D D S ) L ab  M o d u le -2 0  (C o p e n 

h ag en , D e n m a rk )  w as  u sed  to  c o n d u c t  th e  U F  an d  R O  p ro cesses. 
T h e  m o d u le  ca n  b e  u sed  e i th e r  in  th e  U F  o r  R O  m o d e  d ep en d in g  
o n  th e  ty p e s  o f  m e m b ra n e s  in s ta lled . A  s ch em a tic  d iag ram  o f  th e  
U F /R O  sy s tem  an d  c ro ss-sec tio n  v iew  o f  th e  p la te -an d -fra m e  o f  
th e  D D S e q u ip m e n t is sh o w n  in  F ig. 1. T h e  m o d u le  (A ) is co n 
s tru c te d  as a  p la te -an d -fra m e  sy s tem  an d  is g en era lly  u sed  w ith  0 .3 6  
o r  0 .7 2  m 2  e f fe c tiv e  m e m b ra n e  areas. T h e  m e m b ra n e  s u p p o r t  p la te s  
(L ) an d  m e m b ra n e  spacers (M ) are assem bled  an d  c o m p resse d  b y  a 
h y d ra u l ic  p u m p  (C ). T h e  liq u id  to  b e  c o n c e n tra e d  flo w s  ra d ia lly  
th ro u g h  a  th in  c h a n n e l ( 0 .3 - 0 .5  m m ) in  a  r a th e r  s h o r t  pass (5 0 m m ).

T h e  ju ic e  s to re d  in  th e  re se rv o ir is p u m p e d  b y  su c tio n  p res 
su re  (D ) in to  th e  p o s itiv e  p u m p  (B ) an d  th e n  b ec o m e s  a  h igh  p re s 
sure s tream  (E ) an d  e n te rs  th e  m o d u le . T h e  p o s itiv e  p u m p  has a 
c a p a c ity  u p  to  1 2  1 /m in  an d  th e  ra te  is c o n tro lle d  b y  a v a ria to r
(J ) . T h e  fe ed in g  flu id  flow s u p w a rd s  th ro u g h  th e  0 .3 - 0 .5  m m  c h a n 
n e l ex itin g  fro m  th e  o u t le t  (G ) w h e re  a  p re ssu re  re g u la to r  (I) is 
lo c a te d . T h e  p re ssu re  in sid e  th e  m o d u le  is c o n tro lle d  b y  th e  p re s 
su re  re g u la to r  an d  ca n  b e  o p e ra te d  u p  to  1 00  b a r. T h e  m a x im u m

p ressu re  th e  U F  an d  R O  m e m b ra n e s  w ill to le ra te  is d e te rm in e d  b y  
th e  c h a ra c te r is tic s  o f  th e  sp ec ific  m em b ra n e s . T h e  flu id  p e rm e a te d  
th ro u g h  th e  m e m b ra n e s  (N ) flow s in s id e  th e  th in  c h a n n e ls  o f  th e  
m e m b ra n e  sp acers  (L ) an d  passes o u t  fro m  th e  p e rm e a te  tu b e s  (K ).

M e m b ra n es  a n d  o p e ra t in g  c o n d itio n s
T h e  sp e c if ic a tio n s  o f  U F  an d  R O  m e m b ra n e s  (G e n e ra l D airy  

E q u ip m e n t C o ., M in n eapo lis , M N ) an d  th e  o p e ra t in g  c o n d i tio n s  
u sed  in  th is  s tu d y  are  lis ted  in  T ab le  1. S y n th e t ic  g rea t re s is ta n t 
(G R ) m e m b ra n e s  re s is ta n t to  acid  an d  b ase  w ere  u se d  in  th e  U F  
p ro cesse s  an d  ce llu lo se  a c e ta te  (C A ) m e m b ra n e s  w ere  u se d  in  th e  
R O  p ro cesses. T h e  c lean ing  p ro c e d u re s  fo r  U F  p ro cess  a f te r  each  
o p e ra t io n  w ere  fo llo w e d  b y  ac id -and -b ase  C IP  (C lean -in -p lace), 
w h ile  th o se  fo r  R O  p ro cess  w ere  fo llo w ed  b y  e n z y m a tic  so lu tio n s  
(1%  T erg -a -zym e so lu tio n , D e D an sk e  S u k k e rfa b r ik k e r , C o p e n h ag en , 
D en m ark ) .

A n a ly tic a l
B e tac y a n in e s  an d  b e ta x a n th in e s . T h e  U F  an d  R O  e x p e r im e n ts  

w ere  c o n d u c te d  a t  2 0 °C  d u rin g  p ro cess in g ; th e  re la tiv e  b e ta c y a n in e

IB )
(C)
ID )
IE )
IF ) 
(G ) 
IH )
(I)
(J)

Fig. 1—A  sch em atic  diagram o f  m o d u le  and  cross-section  view  o f  th e  
pla te-and-fram e U F /R O  system  
(A ) D D S Lab M odule-20

R ann ie  p u m p  16.50, p u m p in g  ca p a c ity  up  to  1 2 L /m in  
C onnec tion  to  a h ydraulic  p u m p  
In le t o f  feed  m ateria l tow ards p u m p  
In le t o f  th e  high pressure stream  in to  th e  m o d u le  
In le t pressure ind ica tor  
O u tle t o f  co n ce n tra ted  flu id  
O u tle t pressure ind ica to r  
Pressure regulator  
F low  rate variator

IK) P erm eate tu b e
IL) M em brane su p p o r t p la te  
(M i M em brane spacer
IN) M em brane

Table 1—S pecifica tio ns  o f  U F a n d  R O  m em branes a n d  opera ting  co n d itio n s

Type Permeability
Approx, cut-off 

MW value

Recommended 
operating conditions

Experimental 
operating conditions

pH °C bar pH °C bar effect, area (m2)

Ultrafiltration % Lactose
GR-61P 98 2 0 , 0 0 0 0 -1 4 0 -8 0 0 -1 5 5.0 15 5 0.72
GR-81P 95 6 , 0 0 0 0 -1 4 0 -8 0 0 -1 5 5.0 15 5 0.72

Reverse osmosis %NaCI
CA-865 70 500 2 - 8 0 -3 0 0 -4 0 5.0 2 0 3 0-40 0.36
CA-975 25 500 2 - 8 0 -3 0 0 -4 0 5.0 2 0 3 0-40 0.36
CA-990 1 0 350 2 - 8 0 -3 0 0 -5 0 5.0 2 0 3 0-40 0.36
CA-995 4 180 2 - 8 0 -3 0 0 -6 0 5.0 2 0 40 0.36
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an d  b e ta x a n th in e  c o n c e n tra t io n s  in  th e  in it ia l  fe ed s  an d  in  th e  fina l 
c o n c e n tra te s  w ere  d e te rm in e d  b y  th e  s p e c tro p h o to m e tr ic  m e th o d  
d ev e lo p ed  b y  N ilsson  (1 9 7 0 )  an d  la te r  m o d if ie d  b y  W iley  e t al.
(1 9 7 9 )  u sing  th e  M c llv a in e ’s b u f fe r  so lu tio n s  a t  a p p ro p r ia te  pH . 
T h is  m e th o d  p ro v id e d  a q u ic k  scan n in g  an d  d e te rm in a tio n  o f  c o lo r
a n ts  in  th e  sam ples. A b so rb an ce s  a t  4 7 6 , 5 3 7 , an d  6 0 0  n m  w ere  
m ea su re d  in  a  B ec k m a n  M o d e l 25 s p e c tro p h o to m e te r .

P e rc e n t to ta l  so lid s  an d  p e rc e n t  so lu b le  so lids. T h e  p e rc e n t  o f  
to ta l  so lids w as d e te rm in e d  b y  w eigh ing  2 0 g ju ic e  sam p les  an d  d ry 
in g  in  a  7 0 °C  v acu u m  o ven  u n t i l  a  c o n s ta n t  w e ig h t w as o b ta in e d . 
T h e  p e rc e n t  o f  so lu b le  so lid s  w as d e te rm in e d  b y  u sin g  a  B au sch  & 
L o m b  A b b e  3L  (R o c h e s te r , N Y ) re f ra c to m e te r  (sen s itiv ity  0 .1% ) a t 
2 0 °C  c a lib ra te d  w ith  d is tilled  w a te r  as  0 °B rix . T h e  d if fe re n c e  b e 
tw e en  % to ta l  so lid s  an d  % so lu b le  so lid s  w as reg a rd ed  as % in so lu b le  
solids.

S ug ar c o m p o s itio n  an a lysis . M ajo r sugar c o m p o s itio n , i.e ., g lu 
cose, f ru c to se , a n d  su c ro se , w as  d e te rm in e d  b y  h igh  p e rfo rm a n c e  
liq u id  c h ro m a to g ra p h y  (H P L C ) ac co rd in g  to  th e  p ro c e d u re s  o f  S o lo 
m o s  an d  W arm an  (1 9 8 2 ) . A  c a rb o h y d ra te  co lu m n  (W ate r A sso c ia te s, 
M ilfo rd , M A ) w as u se d  fo r  sug ar s e p a ra tio n , an d  an  a c e to n it r ile /  
w a te r  (8 2 /1 8 )  m ix tu re  w as u se d  as th e  e lu te  so lv en t.

N itra te s . T h e  n i t r a te  level in  th e  sam p les  w as  d e te rm in e d  b y  fo l
lo w in g  th e  m e th o d  o f  C a ta ld o  e t  al. (1 9 7 5 ) . B e ta la in e s  p re s e n t  in  
th e  ju ic e  sam p les  w ere  re m o v ed  b y  a c tiv a te d  ch a rco a l. A n  a l iq u o t 
sam p le , 0 . 2  m l co n ta in in g  fro m  1 .0 - 2 0 0  p g  n i t r a te ,  w as m ix ed  w ith  
0 .8  m l o f  5 .0%  (w /v ) sa licy clic  ac id  in  c o n c e n tra te d  s u lfu r ic  acid  
(H 2 S O 4 ). A f te r  2 0  m in , 19 m l o f  2 .ON N aO H  w ere  a d d e d , an d  th e  
ab so rb a n c e  a t 4 1 0  n m  w as m ea su re d . A b so rb an ce s  w ere  c o rre la te d  
to  a  s ta n d a rd  cu rv e  w h ic h  w as p re p a re d  fro m  re a g e n t g rad e  so d iu m  
n itra te .

P ro cess  an d  d a ta  co lle c tio n
A s ch em a tic  d iag ram  o f  c o m p le te  p ro cess  p ro c e d u re s  is sh o w n  in  

F ig . 2.
In  th e  U F  p ro cesses, 1 0 0 - 1 2 0 L  o f  p re f ilte re d  b e e t  ju ic e  w ere  

p ro cessed  in  ea ch  o p e ra t io n . T h e  reco v e ries  o f  s o lu te  (x ) , i.e ., b e ta - 
cy an in es , b e ta x a n th in e s , an d  so lu b le  so lids, th ro u g h  th e  o p e ra t io n  
w ere  m ea su re d  as a fu n c tio n  o f  v o lu m e  ra tio , w h ic h  w as c o m p u te d  
as fo llow s:

T h ro u g h p u t vo l. o f  U F  p u r if ie d  ju ic e s  (V t )
V o l. r a t io  = ---------------------------------------------------------------------

In it ia l  vo l. o f  p re f ilte re d  b e e t  ju ic e s  (V ¡)
In  th e  R O  p ro cesse s , 5 0 - 6 0 L  o f  U F  p u r if ie d  ju ic e  w e re  co n c e n 

t r a te d  in  each  o p e ra t io n . T h e  ju ic e s  w e re  c o n c e n tra te d  u p  to  2 8 -  
3 0 °B rix  o n  C A -865  m e m b ra n e s , o r  u n t i l  f lu x  w as d ec rea se d  to  5 .0  
L /m 2 -hr o n  C A -9 75  a n d  C A -9 9 0  m em b ra n e s . S p e c if ic a tio n  fo r  th ese  
m e m b ra n e s  are  p re s e n te d  in  T ab le  1. T h e  c o n c e n t ra t io n  ra t io  in  th e  
f in a l c o n c e n tra te  w as c o m p u te d  as fo llow s:

C o n e  o f  s o lu te  (x ) in  th e  f in a l c o n c e n tra te  (C f)
C o n e  ra tio  = ------------------------------------------------------------------------------

C o n e  o f  s o lu te  (x ) in  th e  in it ia l  fe ed  (Cj)
T h e  p e rc e n t  s o lu te  (x )  re te n t io n  as a  f u n c t io n  o f  p ro cess in g  tim e  

( t)  o r  fe ed  c o n c e n tra t io n  (°B r ix ) d u r in g  R O  p ro cesse s  w as a lso  d e 
te rm in e d  to  ev a lu a te  s o lu te  t r a n s p o r t  c h a ra c te r is tic s  o n  th e  C A  
m em b ra n e s .

% s o lu te  (x ,t )  in  th e  feed  -  % so lu te  
(x ,t )  in  th e  p e rm e a te

% S o lu te  (x ) R e te n t io n  ________________________________________
a t  t im e  ( t )  % s o lu te  (x ,t )  in  th e  feed
F lu x  w as u sed  to  d e n o te  th e  p e rm e a te  th ro u g h p u t a t  a  spec ific  

p ro cess in g  tim e  ( t )  d u r in g  th e  o p e ra t io n , w h e reas  th e  th ro u g h p u t o r 
p ro cess in g  c a p a c ity  w as u se d  to  d e n o te  th e  to ta l  f i l t r a te  o r  p e rm e a te  
o b ta in e d  in  ea ch  b a tc h . B o th  te rm s  h av e  a  u n i t  o f  L /m 2 -hr.

F la v o r e v a lu a tio n
S en so ry  ev a lu a tio n . T o  av o id  th e  p o ss ib ili ty  o f  v isu a l d isc rim in a 

t io n  o f  c o n c e n tra te  sam p les  o n  th e  basis  o f  c o lo r  in te n s ity , i t  w as 
n ecessa ry  to  d i lu te  th e  f in a l c o n c e n tra te  to  th e  e q u iv a le n t b e ta c y a -  
n in e  s tre n g h t as  t h a t  o f  th e  in it ia l  fe ed  (h e re a f te r , re fe r re d  to  as “ d i
lu te d  fin a l c o n c e n t r a te ” ). B o th  th e  in i ta l  fe ed  a n d  th e  d ilu te d  f in a l 
c o n c e n tra te  o f  th e  sam e m a te r ia l w ere  ev a lu a te d  in  p a irs , w h e re a s  th e  
p e rm e a te s  fro m  all th e  R O  p ro cesse s  w e re  ev a lu a te d  in  a  co m p le te ly  
ra n d o m iz e d  o rd e r.

S ix  tra in e d  p an e lis ts  w e re  ask ed  to  ra n k  th e  in te n s i ty  o f  b e e t
lik e  flav o r an d  o d o r  in  th e  sam p les , u sin g  th e  fo llo w in g  six p o in t

scale: 6  = v e ry  b e e ty , 5 = b e e ty , 4  = m o d e ra te ly  b e e ty , 3 = sligh tly  
b e e ty , 2 = b la n d , an d  1 = v e ry  b la n d . A  sam p le  o f  fre sh ly  p rep a red  
so lid -liq u id  e x tr a c t io n  m a te r ia l (w i th o u t  e n z y m a tic  tr e a tm e n ts  
an d  U F  p u r ify in g  p ro cesses) w as u sed  as a  re fe re n c e  s tan d a rd  sam 
p le  to  aid  d e te c t io n  o f  d iffe re n c e s  am o n g  th e  in it ia l  feeds. T h e  
s ta n d a rd  re fe re n c e  w as a rb itra r i ly  assigned  a  scale va lu e  o f  4 .0 .

G as c h ro m a to g ra p h y . T h e  to ta l  v o la tile  c o n te n t  in  th e  h ead sp ace  
o f  th e  sam ples, in c lu d in g  in it ia l  fe ed , d ilu te d  f in a l c o n c e n tra te , 
an d  p e rm e a te , w as an a ly z ed  b y  gas c h ro m a to g ra p h y  u sing  p ro c e 
d u re s  s im ila r to  th o se  o f  D ig nan  an d  W iley  (1 9 7 6 ) . A b o u t  25 m l o f  
sam p le  w ere  p lac ed  in  a  5 0  m l v o lu m e tr ic  f lask , sealed  an d  in c u b a te d  
in  a  7 0 °C  w a te r  b a th .

A f te r  a 30  m in  e q u ilib ra tio n  tim e , a 1 m l h e a d sp a c e  sam p le 
w as in je c te d  in to  a  2 .4  m  x  3 .2  m m  (o .d .)  s ta in less-s tee l co lu m n  
p ac k e d  w ith  10% C arb o w ax  20M  o n  c h ro m o so rb  W AW  ( 6 0 - 8 0  
m esh ) a t  6 0 °C  is o th e rm a lly  in  a  H e w le tt  P ac k a rd  M o d e l 5 8 3 0 A  
G C (P alo  A lto , C A ) eq u ip p e d  w ith  a f lam e  io n iz a tio n  d e te c to r  
(F ID ) an d  a  M o de l 1 8 8 5 0 A  c o m p u te r iz e d  te rm in a l re c o rd e r . O th e r  
in s t ru m e n ta l c o n d itio n s  w ere : in je c to r  1 1 0 °C , d e te c to r  (F ID ) 
2 5 0 °C , a n d  h e liu m  w as u se d  as a  c a rr ie r  gas a t  3 0  m l/m in  v e lo c ity .

T h e  to ta l  v o la tile  c o n te n t  (v o la t il i ty )  in  th e  sam p le  w as d e te r 
m in ed  b y  su m m a tio n  o f  th e  in te g ra te d  a rea  fro m  each  v o la tile  
c o m p o n e n t p eak . V o la t il i ty  v a lu es  am o n g  sam p les  w ere  c o m 
p a re d  b y  th e ir  re sp ec tiv e  v o la ti l i ty  ra tio s :

V o la t il i ty  in  th e  in it ia l  feed
V o la til i ty  ra tio  = -----------------------------------------------------

V o la t il i ty  in  th e  d i lu te  f in a l co n e

DISCARD

F ig. 2 —A  s c h e m a t ic  d ia g ra m  o f  U F  a n d  R O  p ro c e sse s .
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B E T A L A / N E  C O N C E N T R A T IO N  B Y  U F  A N D  RO

S t a t i s t i c a l  a n a l y s i s
S t a t i s t i c a l  a n a l y s i s  o f  v a r i a n c e  a n d  t h e  S t u d e n t - N e w m a n - K e u l ’ s 

( S N K )  m u l t i p l e  r a n g e  t e s t  f o r  s i g n i f i c a n c e  w a s  c o n d u c t e d  b y  u s i n g  
U N I V A C  1 1 0 0 / 4 0  c o m p u t e r  a t  t h e  C o m p u t e r  S c i e n c e  C e n t e r ,  U n i 
v e r s i t y  o f  M a r y la n d .

RESULTS & DISCUSSION
P r e f i l t r a t i o n  a n d  U F  p r o c e s s e s

T h e  p r e f i l t e r i n g  o f  b e e t  ju i c e s  in  a  p r e s s u r e  f i l t e r  t h r o u g h  
d i a t o m a c e o u s  e a r t h  p r i o r  t o  t h e  U F  p r o c e s s  w a s  d i f f i c u l t  
d u e  t o  t h e  p r e s e n c e  o f  p e c t i c  s u b s t a n c e s .  P e c t i c  s u b s t a n c e s  
f o r m e d  a  c o l l o i d a l  n e t w o r k  s u r r o u n d i n g  t h e  s u s p e n d e d  
p a r t i c l e s  a n d  in c r e a s e d  j u i c e  v i s c o s i t y .  V i s c o s i t y  is  a n  
i m p o r t a n t  f a c t o r  d e t e r m i n i n g  f l u x  a n d  m a s s  t r a n s f e r  c h a r a c 
t e r i s t i c s  o f  s o lu t e s  i n  t h e  h ig h  p r e s s u r e  s t r e a m  in  b o t h  U F  
a n d  R O  p r o c e s s e s  ( P e r e i r a  e t  a l . ,  1 9 7 6 ) .  I t  w a s  f o u n d  t h a t  
t h e  a d d i t i o n  o f  p e c t i n a s e  w a s  a n  e s s e n t i a l  s t e p  f o r  i n c r e a s in g  
t h r o u g h p u t  c a p a c i t y  a n d  e f f i c i e n c y  in  t h e  p r e f i l t e r i n g  p r o c 
e s s . U n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  t h i s  s t u d y ,  i t  
w a s  o b s e r v e d  t h a t  n o  p e c t i c  s u b s t a n c e s  r e m a i n e d  in  t h e  
e x t r a c t e d  ju i c e s  a f t e r  t r e a t m e n t  w i t h  c o m m e r c i a l ,  f o o d  
g r a d e  p e c t i n a s e  f o r  6  h r  a t  2 5  C . T h e  m e t h o d  u s e d  t o  
d e t e c t  t h e  p r e s e n c e  o f  p e c t i c  s u b s t a n c e s  i n  t h e  e n z y m e  
t r e a t e d  j u i c e  w a s  a n  i s o p r o p y l  a l c o h o l  p r e c i p i t a t i o n  t e s t .  
U n d e r  t h e s e  c o n d i t i o n s ,  w h e n  i n v e r t a s e  w a s  a d d e d  t o  p e c t i 
n a s e  t r e a t e d  j u i c e s ,  t h e  s u c r o s e  p r e s e n t  in  t h e  b e e t  s o lu b l e  
s o l i d s  w a s  c o m p l e t e l y  i n v e r t e d  t o  g lu c o s e  a n d  f r u c t o s e  as 
a n a ly z e d  b y  H P L C .

L e e  ( 1 9 7 8 )  o b s e r v e d  a n  i n c r e a s e d  c h r o m a  in  t h e  b e ta -  
c y a n i n e s  in  s o l i d - l iq u id  e x t r a c t e d  b e e t  j u i c e s  d u r in g  1 °C  
c o ld  s t o r a g e  a n d  p o s t u l a t e d  t h a t  a  m o l e c u l a r  r e a r r a n g e 
m e n t  m ig h t  o c c u r  in  t h e  r e d  p ig m e n t s  a f t e r  a  h e a t  p r o c e s s  
a n d  d u r in g  c o ld  s t o r a g e .  F o r  t h e  p u r p o s e  o f  a l lo w in g  th i s  
c h r o m a  d e v e l o p m e n t  in  t h e  b e t a c y a n i n e s ,  t h e  e n z y m e  
t r e a t e d  j u i c e s  w e r e  h e ld  a t  1 C  f o r  4 2  h r  b e f o r e  i n i t i a t i n g  
t h e  p r e f i l t e r i n g  p r o c e s s .

1 0 0

Lv/---------- ■------- ■------- .------- .------- .------- -------- .------- .------- .------- -—  ,
0 .8  0 .9  1.0  1.1 1.2

Volume Ratio, V^/Vj

Fig. 3 —P ercent recovery  o f  b etacyanines, b e ta xa n th in es  a n d  so l
u b le  solids as a fu n c tio n  o f  th e  vo lum e ratio o f  th e  th ro u g h p u t UF  
p ro d u c t to  th a t o f  th e  p re filte red  ju ice, using 2 0 ,0 0 0  M W  c u t-o f f  
(G R -61P ) m em branes; — •  — B etacyanines; — *  — B eta xan th in es , 
— •  — S o lu b le  solids.

T w o  t y p e s  o f  U F  m e m b r a n e s  w i t h  m o l e c u l a r  w e i g h t  
(M W ) c u t - o f f  o f  2 0 , 0 0 0  ( G R - 6 1 P )  a n d  6 , 0 0 0  ( G R - 8 1 P )  
w e r e  u s e d  in  a  d u a l  s ta g e  U F  p r o c e s s .  F ig .  3  s h o w s  t h e  
r e c o v e r i e s  o f  b e t a c y a n i n e s ,  b e t a x a n t h i n e s ,  a n d  s o lu b l e  
s o l i d s  f r o m  t h e  f i r s t  s ta g e  U F  p r o c e s s  a s  a  f u n c t i o n  o f  t h e  
v o l u m e  r a t i o  o f  t h e  t h r o u g h p u t  U F  j u i c e  ( V t ) t o  t h a t  o f  
t h e  i n i t i a l  v o l u m e  ( V ; )  u s in g  G R - 6 1 P  m e m b r a n e s .  T h i s  
i n i t i a l  s t a g e  o f  t h e  U F  p r o c e s s  u s e d  1 0 0  L  o f  p r e f i l t e r e d  
j u i c e  ( V j ) .  A f t e r  6 — 8  h r  o f  r e c i r c u l a t i o n ,  9 6 L  ( V t ) o f  U F  
p u r i f i e d  j u i c e  a n d  4 L  o f  r e t e n t a t e  w e r e  o b t a i n e d .  O n ly  7 1 ,  
6 9 ,  a n d  8 9 %  o f  t h e  b e t a c y a n i n e s ,  b e t a x a n t h i n e s ,  a n d  s o l 
u b l e  s o l i d s ,  r e s p e c t i v e ly ,  w e r e  r e c o v e r e d  in  t h e  9 6 L  o f  U F  
j u i c e .  In  o r d e r  t o  i n c r e a s e  t h e  r e c o v e r y  o f  b e t a l a i n e s ,  t h e  
r e t e n t a t e  w a s  w a s h e d  f iv e  c o n s e c u t i v e  t i m e s  w i t h  4 L  o f  
d i s t i l l e d  w a t e r  a t  e a c h  w a s h in g .  A ll  w a s h  w a t e r  w a s  a d d e d  
t o  t h e  9 6 L  o f  U F  p u r i f i e d  j u i c e  t o  p r o v i d e  a  t o t a l  o f  1 1 6 L . 
A b o u t  8 4 ,  7 9 ,  a n d  9 6 %  o f  t h e  b e t a c y a n i n e s ,  b e t a x a n t h i n e s ,  
a n d  s o lu b l e  s o l i d s ,  r e s p e c t i v e ly ,  w e r e  r e c o v e r e d  i n  t h e  
1 1 6 L .  T h e  w a s h e d  r e t e n t a t e  w a s  v is c o u s  a n d  c o n s i s t e d  
m a i n l y  o f  in s o lu b l e  s o l i d s  s u c h  a s  s o i l  a n d  i n t e r c e l l u l a r  p u l p .

T h e  s e c o n d  s t a g e  o f  t h e  U F  p r o c e s s  u s e d  G R - 8 1 P  m e m 
b r a n e s  a n d  w a s  c o n d u c t e d  w i t h  t h e  1 1 6 L  o b t a i n e d  f r o m  t h e  
f i r s t  s t a g e  p r o c e s s .  B e t a c y a n i n e s ,  b e t a x a n t h i n e s ,  a n d  s o lu b l e  
s o l i d s  o f  6 6 , 6 0 ,  a n d  8 3 % , r e s p e c t i v e ly ,  w e r e  r e c o v e r e d  in
1 1 1 .4 L  o f  U F  f i l t e r e d  j u i c e  f r o m  t h e  s e c o n d  s t a g e ;  4 .6 L  
o f  r e t e n t a t e  w e r e  o b t a i n e d .  L e v e ls  o f  b e t a c y a n i n e ,  b e t a x a n -  
t h i n e ,  a n d  s o lu b l e  s o l i d s  w e r e  in c r e a s e d  t o  7 8 ,  6 8 , a n d  9 2 % , 
r e s p e c t i v e ly ,  b y  a  w a s h in g  p r o c e s s  s im i la r  t o  t h a t  u s e d  f o r  
f i r s t  s t a g e  U F  p r o c e s s .  T h e  f i n a l  v o l u m e  o f  t h e  s e c o n d  s t a g e  
U F  p u r i f i e d  p r o d u c t  a n d  w a s h  w a t e r  w a s  1 3 5 L .

T h e  t h r o u g h p u t  c a p a c i t y  o f  t h e  f i r s t  s t a g e  U F  p r o c e s s  
u s in g  6 —7 B r ix  p r e f i l t e r e d  j u i c e s  a n d  G R - 6 1 P  m e m b r a n e s  
d e c r e a s e d  f r o m  31  to  2 5  L / m 2  - h r  a f t e r  f o u r  8 - h r  o p e r a t i o n s .  
T h e  t h r o u g h p u t  c a p a c i t y  o f  t h e  s e c o n d  s t a g e  U F  p r o c e s s  
u s in g  U F  p u r i f i e d  p r o d u c t  a n d  w a s h  w a t e r  f r o m  t h e  f i r s t  
s t a g e  p r o c e s s  a n d  G R - 8 1 P  m e m b r a n e s  d e c r e a s e d  f r o m  3 8  
t o  2 5  L / m 2 -h r  a f t e r  f o u r  8 - h r  o p e r a t i o n s .  I f  t h e  p r e f i l t e r e d  
j u i c e s  w e r e  U F  p r o c e s s e d  d i r e c t l y  o n  t h e  G R - 8 1 P  m e m 
b r a n e s ,  r a p i d  c lo g g in g  a n d  f o u l i n g  o f  t h e  m e m b r a n e s  w a s  
o b s e r v e d .  M o r e o v e r ,  t h e  t h r o u g h p u t  c a p a c i t y  w a s  d e c r e a s e d  
f r o m  1 7  t o  1 2  L / m 2 -h r  a f t e r  t w o  8 - h r  o p e r a t i o n s .  T h e  
j u i c e s  f r o m  t h e  s e c o n d  s t a g e  U F  p r o c e s s  s h o w e d  h ig h  c l a r i t y  
a n d  v e r y  l o w  in s o lu b l e  s o l id s  c o n t e n t .

T h e  a b s e n c e  o f  i n s o lu b l e  s o l i d s  in  t h e  U F  p u r i f i e d  j u i c e s  
w a s  a  s i g n i f i c a n t  b e n e f i t  d u r in g  s u b s e q u e n t  R O  p r o c e s s e s .  
A c c o r d i n g  t o  M a t s u r r a  a n d  S o u r i r a j a n  ( 1 9 7 1 ) ,  i n s o l u b l e  
s o l id s  s u s p e n d e d  in  a q u e o u s  s o l u t i o n s  c o n s t i t u t e  a n  i m m o 
b i le  p h a s e  w h i c h  b lo c k s  t h e  e x t r e m e l y  s m a l l  p o r e s  o f  t h e  
C A  m e m b r a n e s  u s e d  in  t h e  R O  p r o c e s s .  I t  a p p e a r s  t h a t  i t  
is  n e c e s s a r y  f o r  U F  p r o c e s s e s  t o  b e  c o n d u c t e d  in  a t  l e a s t  
t w o  c o n s e c u t i v e  s t e p s  t o  p r o m o t e  e f f i c i e n t  t h r o u g h p u t  
c a p a c i t y  a n d  U F  p u r i f i e d  j u i c e s  o f  h ig h  c l a r i t y .  A  s u b s t a n 
t i a l  r e d u c t i o n  in  m e m b r a n e  p o r e - o p e n i n g  s iz e  is  a  n e c e s s a r y  
f e a t u r e  o f  t h e  s e c o n d  s t e p  U F  p r o c e s s .

S e p a r a t i o n  a n d  c o n c e n t r a t i o n  o f  b e e t  s o lu b l e  s o l i d s  
in  a n  RO p r o c e s s

T h is  s t u d y  w a s  c o n d u c t e d  in  a n  e f f o r t  t o  c o n c e n t r a t e  
b e t a l a in e s  a n d  r e d u c e  s u g a r  s o lu b l e  s o l i d s  i n  t h e  f i n a l  c o n 
c e n t r a t e  b y  m a n i p u l a t i n g  p h y s i c o c h e m i c a l  R O  p r o c e s s i n g  
p a r a m e t e r s .

E f f e c t s  o f  a d d in g  c h e l a t i n g  a g e n t s  in  t h e  i n i t i a l  f e e d s .
F e e d  j u i c e s  t r e a t e d  w i t h  E D T A  a n d  c i t r i c  a c id  y i e l d e d  o n l y  
s m a l l  d i f f e r e n c e s  in  b e t a c y a n i n e  a n d  s o l u b l e  s o l i d s  r e t e n 
t i o n  i n  t h e  h ig h  p r e s s u r e  s t r e a m  as  c o m p a r e d  w i t h  c o n t r o l .  
E D T A  a n d  c i t r i c  a c id  in  t h e  f e e d  w e r e  c o n s i d e r e d  t o  i n 
c r e a s e  e l e c t r o s t a t i c  r e p u l s io n  a n d  h e n c e  in c r e a s e  r e t e n t i o n  
o f  s o lu t e s .

E f f e c t s  o f  t r e a t i n g  f e e d  j u i c e s  w i t h  i n v e r t a s e .  S u c r o s e ,  
g lu c o s e  a n d  f r u c t o s e  a r e  n o n i o n i z e d  s p e c ie s  o f  o r g a n ic
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s o lu t e s  in  a n  a q u e o u s  s o l u t i o n .  T h e  r e t e n t i o n  i n t e n s i t y  o f  
t h e s e  s o lu t e s  in  t h e  h ig h  p r e s s u r e  s t r e a m  is  p r e d o m i n a n t l y  
g o v e r n e d  b y  t h e  n u m b e r  o f  p o l y h y d r o x y l i c  g r o u p s ,  a n d  b y  
t h e  r e l a t iv e  p o l a r i t y  a n d  T a f t  n u m b e r  a n d  t h e  e f f e c t i v e n e s s  
o f  v a n  d e r  W a a ls  f o r c e s  a m o n g  m o le c u l e s .  T h e  m a j o r i t y  o f  
t h e  b e e t  s o l u b l e  s o l i d s  in  t h e  e x t r a c t e d  j u i c e s  w a s  f o u n d  
t o  b e  s u c r o s e  a n d  v a r i e d  f r o m  5 0 —7 0 %  a s  a n a l y z e d  b y  
H P L C . S u c r o s e  h a s  a  m o r e  n e g a t i v e  T a f t  n u m b e r  t h a n  t h a t  
o f  g lu c o s e  a n d  f r u c t o s e .  I n  g e n e r a l ,  a  m o r e  n e g a t i v e  T a f t  
n u m b e r  c o r r e s p o n d s  t o  m o r e  r e t e n t i o n  i n t e n s i t y  o n  t h e  
t h e  h ig h  p r e s s u r e  s id e  o f  t h e  m e m b r a n e s .  F u r t h e r m o r e ,  g lu 
c o s e  a n d  f r u c t o s e  i n  a q u e o u s  s o l u t i o n  h a v e  g r e a t e r  m a s s  
t r a n s f e r  a n d  s o l u t e  t r a n s p o r t  c h a r a c t e r i s t i c s  t h a n  t h a t  o f  
s u c r o s e  ( P e r e i r a  e t  a l . ,  1 9 7 6 ) .

A s  i n d i c a t e d  in  T a b le  2 ,  t h e  s e p a r a t i o n  o f  b e t a c y a n i n e s  
f r o m  s o lu b l e  s o l i d s  b e n e f i t e d  f r o m  t h e  a d d i t i o n  o f  i n v e r t a s e  
t o  p e c t i n a s e  t r e a t e d  j u i c e s .  T h e  R O  f i n a l  c o n c e n t r a t e  f r o m  
p e c t i n a s e  a n d  i n v e r t a s e  t r e a t e d  f e e d  j u i c e s  c o n t a i n e d  3 1 .9 %  
o f  t h e  s o lu b l e  s o l i d s  p r e s e n t  i n  t h e  f e e d  j u i c e ,  w h e r e a s  t h e  
f e e d  j u i c e s  t r e a t e d  o n l y  w i t h  p e c t i n a s e  c o n t a i n e d  4 1 .6 %  
o f  t h e  s o lu b l e  s o l i d s  i n  t h e  f i n a l  c o n c e n t r a t e .  T h e  d a t a  in  
T a b le  3 a l s o  s h o w  t h a t  i n v e r t a s e  t r e a t m e n t  o f  t h e  f e e d  j u i c e  
i n c r e a s e d  t h e  b e t a c y a n i n e  le v e l  in  t h e  f i n a l  c o n c e n t r a t e  f r o m  
8 5 .8 %  t o  8 7 .9 % . T h u s ,  i n v e r t a s e  t r e a t m e n t  o f  R O  f e e d  j u i c e  
r e s u l t e d  in  a  2 3 .4 %  r e d u c t i o n  o f  s o l u a b l e  s o l i d s  a n d  a  
2 .4 %  in c r e a s e  o f  b e t a c y a n i n e s  i n  t h e  f i n a l  c o n c e n t r a t e  a n d  
t h r e e f o l d  in c r e a s e  o f  b e t a c y a n i n e  c o n c e n t r a t i o n  o n  t h e  d r y  
w e i g h t  b a s is .

F lu x  a n d  p r o c e s s i n g  c a p a c i t y .  F ig .  4  s h o w s  t h e  f l u x  a s  a 
f u n c t i o n  o f  f e e d  c o n c e n t r a t i o n  d u r i n g  R O  p r o c e s s e s  a t  4 0  
b a r  o p e r a t i n g  p r e s s u r e .  T h e  a d d i t i o n  o f  i n v e r t a s e  t o  p e c t i 
n a s e  t r e a t e d  j u i c e s  c a u s e d  a  s l ig h t  d e c r e a s e  i n  f l u x  a s  c o m 
p a r e d  w i t h  t h o s e  o f  p e c t i n a s e  t r e a t e d  j u i c e s  r e g a r d le s s  o f  
t h e  t y p e  o f  C A  m e m b r a n e  u s e d .  T h e  p r o c e s s i n g  c a p a c i t y  
o f  R O  p r o c e s s  v a r i e d  f r o m  a  h ig h  o f  5 8 .2  L / m 2 -h r  u s in g  
C A - 8 6 5  m e m b r a n e s  a n d  p e c t i n a s e  t r e a t e d  i n i t i a l  f e e d  c o n -

Feed Concentration, °Brix

F ig . 4 —F l u x  as a f u n c t io n  o f  fe e d  c o n c e n t r a t io n ,  u s in g  C A - 8 6 5 ,  
C A - 9 7 5  a n d  C A - 9 9 0  m e m b ra n e s  a n d  o p e ra te d  a t  4 0  b a r  p re s s u re  in  
th e  R O  p r o c e s s :  — ■ — C A - 8 6 5  m e m b ra n e s , p e c t in a s e  t re a te d  U F  
p r o d u c t ;  — □ — C A - 8 6 5  m e m b ra n e s , in v e rta se  a n d  p e c t in a s e  tre a te d  
U F  p r o d u c t ;  — •  — C A - 9 7 5  m e m b ra n e s , p e c t in a s e  tre a te d  U  F  p r o d 
u c t ;  — o — C A - 9 7 5  m e m b ra n e s , in v e rta se  a n d  p e c t in a s e  t re a te d  U F  
p r o d u c t ;  — *  — C A - 9 9 0  m e m b ra n e s , p e c t in a s e  tre a te d  U F  p r o d u c t ;  
—  a  — C A - 9 9 0  m e m b ra n e s , in v e rta se  a n d  p e c t in a s e  t re a te d  U F  
p r o d u c t .

T a b le  2 —P e r c e n t  o f  to ta l b e ta c y a n in e s  a n d  s o lu b le  s o lid s  in  th e  fin a l c o n c e n t r a te  as in f lu e n c e d  b y  th e  d i f f e r e n t  e n z y m a t ic  t re a tm e n ts  o n  th e  
in it ia l f e e d  u sin g  C A - 8 6 5  m e m b ra n e s  in  th e  R O  p r o c e s s a

E n z y m a t ic  t re a tm e n t P ectin ase In ve rta se  & P e ctin a se

O p e ra tin g  p re ssu re  (b a r) 30 35 40 A v g . 30 35 40 A v g .

B e ta c y a n in e s 82,2b 86.1 89.2 85.8 84.2 88.9 90.5 87.9
S o lu b le  S o lid s 39.0b 41.8 44.2 41.6 30.1 31.7 33.9 31.9
^ O p e ra tin g  c o n d it io n s : 0 .3 6  m 2 e ffe c t iv e  m em b ran e  a re a , 2 0 ° C  and f lo w  ra te  8 .0  L / m in .
D Pe rcen t o f to ta l b e ta cy a n in e s and so lu b le so lid s  in  the  f in a l c o n c e n tra te , w h en  the a m o u n t p resen t in th e  R O  feed  is co n isd e red as 100% .

T h e se  va lues rep resen t th e  p ercentage o f b e ta cy a n in e s  and so lu b le  so lid s  th a t  can be reco vered  in  th e  R O  c o n c e n tra te  fro m  th e  R O  fee d .

T a b le  3 —B e ta c y a n in e , b e ta x a n th in e  a n d  s o lu b le  s o lid s  c o n t e n t  in  th e  in it ia l  fe e d  a n d  fin a l c o n c e n t r a te  a n d  th e ir  c o n c e n t r a t io n  ra t io  u sin g  C A -

8 6 5  m e m b ra n e s  in  th e  R O  p r o c e s s a

E n z y m a t ic  tre a tm e n t P e ctin ase P e ctin a se  & In ve rta se

O p e ra tin g  p re ssu re  (b ar) 30 35 40 30 35 40
Initial feed

B e ta c y a n in e s15 460 468 483 455 458 463
B e ta x a n th in e s 15 230 256 252 260 248 246
% S o lu b le  so lid s 6.1 6.5 6.2 6.3 6.5 6.4

Final concentrate
B e ta c y a n in e s15 972 962 930 1390 1354 1305
Cf/Cjc 2.11 2.06 1.93 3.05 2.96 2.82
B e ta x a n th in e s 15 550 570 572 794 757 725
Cf/Cic 2.39 2.23 2.27 3.05 3.05 2.96
% S o lu b le  so lid s 28.4 29.3 31.0 28.1 28.9 30.2
Cf/Cjc 4.66 4.51 5.00 4.46 4.45 4.72

a O p e ra tin g  c o n d it io n s : 0 .3 6  m 2 e ffe c t iv e  m e m b ran e  a rea , 20  C  and  f lo w  ra te  8 .0  L / m in .
b C o n c e n tra t io n  o f b e ta cy a n in e s  and  b e ta x a n th in e s  are  exp ressed  as mg o f b e ta cy a n in e s  o r b e ta x a n th in e s  per 100g  o f so lu b le  so lid s . 
c  C o n c e n tra t io n  o f b e ta cy a n in e s , b e ta x a n th in e s  o r so lu b le  so lid s  in  th e  f in a l c o n c e n tra te  o ve r th a t  in  th e  in it ia l feed  (C f / C p .
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B E T A L A IN E  C O N C E N T R A T IO N  B Y  U  F  A N D  R O . . .

c e n t r a t e d  a t  4 0  b a r  o p e r a t i n g  p r e s s u r e  f r o m  6 .2  t o  3 1 ° B r ix  
t o  a  l o w  o f  1 0 .5  L / m 2  h r  u s in g  C A - 9 9 0  m e m b r a n e s  a n d  in -  
v e r t a s e  a n d  p e c t i n a s e  t r e a t e d  i n i t i a l  f e e d  c o n c e n t r a t e d  a t  
3 0  b a r  o p e r a t i n g  p r e s s u r e  f r o m  7 .1  t o  1 6 .0  B r ix .

E f f e c t s  o f  v a r i o u s  t y p e s  o f  C A  m e m b r a n e s .  T a b le s  3 , 4 ,  
a n d  5 s h o w  t h e  e f f e c t s  o f  t h e  R O  p r o c e s s  u p o n  t h e  b e t a c y -  
a n i n e ,  b e t a x a n t h i n e ,  a n d  s o lu b l e  s o l i d s  c o n t e n t  o f  i n i t i a l  
f e e d  v e r s u s  f i n a l  c o n c e n t r a t e  o n  a  d r y  w e i g h t  b a s is  a s  i n f l u 
e n c e d  b y  t y p e  o f  m e m b r a n e  u s e d .  T h e  C A  m e m b r a n e s  
w i t h  c h a r a c t e r i s t i c s  o f  5 0 0  M W  c u t - o f f  a n d  7 0 %  N a C l 
p e r m e a b i l i t y  ( C A - 8 6 5 )  s h o w e d  b e s t  r e s u l t s  o f  s e p a r a t i n g  
b e t a l a in e s  f r o m  s u b s t a n t i a l  a m o u n t s  o f  s o lu b l e  s o l i d s  a s  
i n d i c a t e d  b y  t h e  c o n c e n t r a t i o n  r a t i o s  o f  t h e  b e t a c y a n i n e s  
a n d  b e t a x a n t h i n e s  i n  t h e  f i n a l  c o n c e n t r a t e .  A l t h o u g h  t h e  
o t h e r  t w o  t y p e s  o f  C A  m e m b r a n e s  ( C A - 9 7 5  a n d  C A - 9 9 0 )  
s h o w e d  h ig h  r e t e n t i o n  o f  a l l  t h e  b e e t  s o lu b l e  s o l i d s ,  i . e . ,  
b e t a l a in e s  a n d  o t h e r  s o lu b l e  s o l i d s ,  s e p a r a t i o n  o f  b e t a l a in e s  
f r o m  n o n p i g m e n t  s o lu b l e  s o l i d s  c o u ld  n o t  b e  a c h ie v e d  w i t h  
t h e s e  t w o  m e m b r a n e s .

Table 4 —B etacyanine , b e ta xa n th in e  a n d  so lu b le  so lids c o n te n t in 
th e  in itia l fe e d  a n d  fina l co n cen tra te  a n d  th eir  co n cen tra tio n  ratio  
using C A -97 5  m em branes in  th e  R O  processa

Enzymatic treatment Pectinase
Pectinase & 

Invertase
Operating pressure (bar) 30 40 30 40

Initial feed
Betacyanines*3 404 387 430 408
Betaxanthines*3 227 231 233 2 2 1

% Soluble Solids 7.0 7.0 6.9 7.2

Final concentrate
Betacyanines*3 457 416 490 444
Cf/C*C 1.13 1.07 1.14 1.09
Betaxanthines*3 286 272 277 257
c f / c ,c 1.25 1.18 1.19 1.16
% Soluble solids 19.0 23.8 17.2 21.9
Ci/C¡c 2.71 3.40 2.49 3.04

a O p e ra tin g  c o n d it io n s : 0 .3 6  m 2 e ffe c t iv e  m e m b ran e  a re a , 20  C 
and  f lo w  ra te  8 .0  L / m in .

"  C o n c e n tra t io n  o f b e ta cy a n in e s  and  b e ta x a n th in e s  a re  e xp re ssed  as 
mg o f b e ta cy a n in e s  o r b e ta x a n th in e s  per 100g  o f  so lu b le  so lid s . 

c C o n c e n tra t io n  o f b e ta cy a n in e s , b e ta x a n th in e s  o r so lu b le  so lid s  In 
th e  f in a l c o n c e n tra te  over th a t  in  th e  In it ia l feed  (C f / C | ) .

Table 5 —B etacyanlne , b e ta xa n th in e  a n d  so lu b le  solids c o n te n t in 
th e  in itia l fe e d  a n d  fina l co n cen tra te  a n d  th eir  co n cen tra tio n  ratio  
using C A -99 0  m em b ra nes In th e  R O  processa

Pectinase &
Enzymatic treatment Pectinase Invertase
Operating pressure (bar) 30 40 30 40

Initial feed
Betacyanines*3 430 423 485 445
Betaxanthines*3 240 236 261 250
% Soluble Solids 6 . 8 7.1 7.1 6 . 6

Final concentrate
Betacyanines*3 469 463 517 461
C,/C ic 1.09 1.09 1.06 1.04
Betaxanthines*3 291 281 294 264
Cf/C,c 1 . 2 1 1.19 1.13 1.06
% Soluble solids 19.8 22.4 16.0 2 0 . 0
q /C ic 2.91 3.15 2.25 3.03

a O p e ra tin g  c o n d it io n s : 0 .3 6  m 2 e ffe c t iv e  m em b ran e  a re a , 2 0 ° C  
an d  f lo w  ra te  8 .0  L / m in .

D C o n c e n tra t io n  o f  b e ta cy a n in e s  and  b e ta x a n th in e s  a re  exp re ssed  as 
m g o f b e ta cy a n in e s  o r b e ta x a n th in e s  per 100g  o f  so lu b le  so lid s . 

c  C o n c e n tra t io n  o f  b e ta c y a n in e s , b e ta x a n th in e s  o r so lu b le  so lid s  in  
th e  f in a l c o n c e n tra te  o ve r th a t  in  th e  in it ia l feed  (C f / C p .

T h e  U F  p u r i f i e d  b e e t  j u i c e s  t r e a t e d  b y  p e c t i n a s e  a n d  
c o n c e n t r a t e d  o n  t h e  C A - 8 6 5  m e m b r a n e s  f r o m  a b o u t  6 .5  
t o  3 0  B r ix  s h o w e d  a p p r o x i m a t e l y  a  n i n e f o l d  i n c r e a s e  in  
t h e  b e t a c y a n i n e  a n d  b e t a x a n t h i n e  c o n c e n t r a t i o n  o n  a  f r e s h  
w e ig h t  b a s is ,  i . e . ,  a  n e t  t w o f o l d  i n c r e a s e  o n  a  d r y  w e ig h t  
b a s is .  T h e  a d d i t i o n  o f  i n v e r t a s e  t o  p e c t i n a s e  t r e a t e d  j u i c e s  
e f f e c t e d  a n  a p p r o x i m a t e l y  1 4 - f o ld  in c r e a s e  o f  b e t a c y a n i n e  
a n d  b e t a x a n t h i n e  c o n c e n t r a t i o n  o n  a  f r e s h  w e i g h t  b a s is .  
T h i s  is  e q u iv a l e n t  t o  a  t h r e e f o l d  i n c r e a s e  o n  a  d r y  w e ig h t  
b a s is .

I n  o n e  e x p e r i m e n t ,  u s in g  i n v e r t a s e  a n d  p e c t i n a s e  t r e a t e d  
U F  p u r i f i e d  j u i c e  a s  i n i t i a l  f e e d  m a t e r i a l ,  a n  o p e r a t i n g  p r e s 
s u r e  o f  4 0  b a r  w a s  u s e d  w i t h  C A - 8 6 5  m e m b r a n e s .  I n i t i a l  
f e e d  m a t e r i a l  o f  5 4 L  a t  6 .4  B r ix  w a s  u s e d ;  3 .5 L  o f  f i n a l  
c o n c e n t r a t e d  p r o d u c t  a t  3 0 . 2  B r ix  a n d  4 9 . 6 L  o f  c u m u l a t e d  
p e r m e a t e  a t  4 .6  B r ix  w e r e  o b t a i n e d  in  a  p r o c e s s i n g  p e r i o d  
o f  3 .1  h r .  A p p r o x i m a t e l y  9 2 %  o f  t h e  w a t e r  p r e s e n t  in  t h e  
i n i t i a l  f e e d  w a s  e l i m i n a t e d  f r o m  t h e  f i n a l  c o n c e n t r a t e  b y  
t h e  R O  p r o c e s s .  A  t o t a l  o f  9 1 ,  8 3 ,  a n d  3 4 %  o f  t h e  b e t a c y a 
n in e s ,  b e t a x a n t h i n e s ,  a n d  s o lu b l e  s o l i d s ,  r e s p e c t i v e l y ,  w h i c h  
w e r e  p r e s e n t  i n  t h e  i n i t i a l  f e e d  w e r e  r e t a i n e d  i n  t h e  3 .5 L  
o f  f i n a l  c o n c e n t r a t e .

F ig . 5 b e s t  e x e m p l i f i e s  R O  p r o c e s s i n g  d a t a  o f  t h i s  e x 
p e r i m e n t .  T h e  h ig h  r e t e n t i o n  o f  t h e  b e t a l a in e s  a s  c o m p a r e d  
w i t h  s o lu b l e  s o l i d s  o r  s u g a r  s o l i d s  w a s  p r o b a b l y  d u e  t o  t h e i r  
s t r o n g  e l e c t r o s t a t i c  r e p u l s i o n  w i t h  C A  m e m b r a n e s ,  w h e r e a s  
t h e  s o lu b l e  s o l i d s ,  p r im a r i l y  g lu c o s e  a n d  f r u c t o s e ,  w e r e  t o  a  
g r e a t  e x t e n t  p r e f e r e n t i a l l y  s o r b e d  a t  t h e  m e m b r a n e - s o l u t i o n  
i n t e r f a c e .  T h e  s l ig h t  i n c r e a s e  in  s o l u t e  r e t e n t i o n  a t  B r ix  
le v e ls  o f  6 — 1 8  is  a t t r i b u t e d  t o  m o l e c u l a r  a t t r a c t i o n s  
a m o n g  s o l u t e s  d u e  t o  v a n  d e r  W a a ls  f o r c e s .  T h e  m a r k e d  
d e c r e a s e  in  t h e  r e t e n t i o n  o f  s o l u b l e  s o l i d s  a n d  s u g a r  s o l i d s  
w h e n  t h e  f e e d  m a t e r i a l  B r ix  w a s  h ig h e r  t h a n  1 8 °  w a s  
a t t r i b u t e d  t o  v e r y  h ig h  o s m o t i c  p r e s s u r e  a n d  t h e r e f o r e  a  
s u b s t a n t i a l l y  d e c r e a s e d  e f f e c t i v e  p r e s s u r e  ( S o u r i r a j a n ,  
1 9 6 7 ) .  T h e  d e c r e a s e d  e f f e c t i v e  p r e s s u r e  c a u s e d  a n  in c r e a s e  
i n  s o l u t e  t r a n s p o r t  c h a r a c t e r i s t i c s  a n d / o r  p e r h a p s  a  g r e a t e r  
e f f e c t  o f  t h e  c o n c e n t r a t i o n  p o l a r i z a t i o n  p h e n o m e n o n  w h ic h  
o c c u r s  a c r o s s  t h e  m e m b r a n e  p h a s e  ( K i m u r a  a n d  S o u r i r a j a n ,  
1 9 6 8 a ,  b ) .

Tim e, h rs.
0  1.0 2 0  3 0

Feed  C o n cen tra tio n , "Brix

Fig. 5 -P ro cess in g  data on th e  re ten tio n  o f  so lu tes  a n d  flu x  as a 
fu n c tio n  o f  fe e d  co n cen tra tio n  a n d  processing  tim e, using invertase  
a n d  p ec tinase  trea ted  UF p ro d u c t, C A -86 5  m em b ra nes, a n d  o p er
a te d  a t  4 0  bar pressure in th e  R O  process: —■ -  B etacyanines; 
—A— B eta xan th in es; S o lu b le  so lids; — o — G lucose or fruc
to s e ;—a — F lux.
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Flavor evaluations
S e n s o r y  e v a l u a t i o n  o f  f l a v o r  a n d  o d o r  s h o w e d  t h a t  

t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  R O  p r o c e s s  
i n i t i a l  f e e d s  a n d  a  r e f e r e n c e  s t a n d a r d  o f  f r e s h l y  e x t r a c t e d  
j u i c e .  T h e  e n z y m e  t r e a t m e n t s ,  p r e f i l t e r  t r e a t m e n t  a n d / o r  
U F  p r o c e s s e s  d id  n o t  a l t e r  o r  r e d u c e  b e e t - l i k e  f l a v o r  a n d  
o d o r  c h a r a c t e r i s t i c s .  H o w e v e r ,  r e s u l t s  f r o m  s e n s o r y  e v a lu a 
t i o n  b y  s ix  t r a i n e d  p a n e l i s t s  i n d i c a t e d  t h a t  t h e r e  w a s  a  
s ig n i f i c a n t  r e d u c t i o n  (P  <  0 . 0 1 )  o f  b e e t - l i k e  f l a v o r  a n d  
o d o r  c o n s t i t u e n t s  i n  t h e  f i n a l  c o n c e n t r a t e  v is -a -v is  t h e  i n i t i a l  
f e e d  w h e n  C A - 8 6 5  m e m b r a n e s  w e r e  u s e d  i n  t h e  R O  p r o c e s s  
( T a b l e  6 ). A l t h o u g h  t h e  o t h e r  t w o  t y p e s  o f  m e m b r a n e s  
( C A - 9 7 5  a n d  C A - 9 9 0 )  s h o w e d  a  s l ig h t  r e d u c t i o n  o f  t h e  
b e e t - l i k e  f l a v o r  a n d  o d o r  c h a r a c t e r i s t i c s ,  s t a t i s t i c a l  a n a ly s is  
i n d i c a t e d  t h i s  r e d u c t i o n  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
f r o m  t h e  f l a v o r - o d o r  c h a r a c t e r i s t i c s  o f  t h e  i n i t i a l  f e e d  
m a t e r i a l .

S e n s o r y  e x a m i n a t i o n  o f  t h e  p e r m e a t e s  f r o m  e a c h  R O  
p r o c e s s  s h o w e d  t h a t  t h e  b e e t - l i k e  f l a v o r  a n d  o d o r  c h a r a c 
t e r i s t i c s  f r o m  t h e  C A - 8 6 5  m e m b r a n e  p e r m e a t e  w e r e  s ig n i f i 
c a n t l y  g r e a t e r  ( P  <  0 . 0 1 )  t h a n  p e r m e a t e s  f r o m  t h e  C A - 9 7 5  
a n d  C A - 9 9 0  m e m b r a n e s .

T h e  t o t a l  v o l a t i l i t y  o f  i n i t i a l  f e e d  a n d  f i n a l  c o n c e n t r a t e  
s a m p le s  u s e d  f o r  s e n s o r y  e v a lu a t i o n  w a s  a l s o  a n a l y z e d  b y  
g a s  c h r o m a t o g r a p h y .  T w e lv e  i n d iv id u a l  v o l a t i l e  c o m p o n e n t s  
w e r e  d e t e c t e d  i n  e a c h  s a m p le  t e s t e d .  A m o n g  t h e s e ,  e t h a n o l ,  
d i m e t h y l  s u l f i d e  a n d  i s o v a l e r a l d e h y d e  c o n s t i t u t e d  6 0 —7 0 % ,
1 5 —2 0 % , a n d  5 — 1 0 % , r e s p e c t i v e ly ,  o f  t h e  t o t a l  v o l a t i l i t y .  
M in o r  v o l a t i l e  c o n s t i t u e n t s  i n c l u d e d  d i a c e t y l  a n d  i s o b u t a n o l .  
T h e  v o l a t i l i t y  r a t i o  v a r i e d  f r o m  a  h ig h  o f  1 0 .7  w i t h  a n  R O  
p r o c e s s  o f  4 0  b a r ,  a  C A - 8 6 5  m e m b r a n e ,  a n d  p e c t i n a s e  a n d  
i n v e r t a s e  t r e a t e d  i n i t i a l  f e e d  t o  a  l o w  o f  3 .1  w i t h  a n  R O  
p r o c e s s  o f  4 0  b a r ,  a  C A - 9 7 5  m e m b r a n e  a n d  p e c t i n a s e  
t r e a t e d  i n i t i a l  f e e d .  I n  g e n e r a l ,  a  h ig h  v o l a t i l i t y  r a t i o  w a s  
o b t a i n e d  w h e n  C A - 8 6 5  m e m b r a n e s  w e r e  u s e d  in  t h e  R O  
p r o c e s s .  A n a ly s i s  o f  d a t a  s h o w e d  a  h ig h  p o s i t i v e  c o r r e l a t i o n  
( r  =  0 .8 6 ) b e t w e e n  n o n - p i g m e n t  s o lu b l e  s o l i d s  a n d  t o t a l  
v o l a t i l i t y  o f  b o t h  i n i t i a l  f e e d  a n d  f i n a l  c o n c e n t r a t e .

Nitrate reduction in concentrates
C o n c e r n s  r e g a r d in g  t h e  a m o u n t  o f  n i t r a t e  in  p r o c e s s e d  

f o o d s  h a v e  b e e n  i n c r e a s in g  i n  r e c e n t  y e a r s  d u e  t o  t h e  p o s 
s ib l e  c a r c in o g e n i c  e f f e c t  o f  n i t r o s a m i n e s  w h i c h  c a n  a r is e  
f r o m  i n t e r a c t i o n s  o f  n i t r a t e s  a n d  n i t r i t e s  w i t h  c e l l u l a r  c o n -

Table 6 —M ean score o f  sen so ry  eva lua tion  b y  s ix  tra ined  panelists  
o f  th e  d ilu te d  final co n cen tra te  a n d  th e  vo la tility  ratio  o f  th e  in itia l 
feed  b y  GC analyses

Sensory evaluation® GC analyses13
Enzymatic treatment Pectin- Invert- Pectin- Invert

ase ase ase ase

Operating
Membrane pressure
type (bar)
CA-865 30 1.6 a 1.7 a 7.0 xy 8.4 x

40 1.6 a 1.8 a 9.5 x 10.7 x
CA-975 30 4.0 b 4.0 b 3.2 z 4.8 yz

40 3.6 b 3.2 b 3.1z 4.3 z
CA-990 30 3.3 b 3.5 b 3.4z 4.1 z

40 3.5 b 3.3 b 3.4z 3.3 z
Initial Feed 4.0 b 4.1 b -

P < 0.01 P < 0.01

a M ean sco re  o f  s ix  t ra in e d  p a n e lis ts , n u m b ers  fo llo w e d  b y  d iffe re n t  
le tte rs  are  s ig n if ic a n t ly  d iffe re n t  (P  <  0 .0 1 ) ,  b y  S N K  m u lt ip le  
range te s t .

“ V o la t i l i t y  ra t io  = (V o la t i l i t y  in  th e  in it ia l fe e d /V o la t l l l t y  in  the  
d ilu te d  f in a l co n e , n u m b ers  fo llo w e d  b y  d iffe re n t  le tte rs  are  
s ig n if ic a n t ly  d if fe re n t  (P  <  0 .0 1 ) ,  by S N K  m u lt ip le  range te s t .

s t i t u e n t s  s u c h  as  p r o t e i n s  ( B i n k e r d  a n d  K o l a r i ,  1 9 7 5 ) .  
N i t r a t e s  a r e  a l s o  w id e ly  f o u n d  i n  v e g e ta b le s  a n d  r o o t  c r o p s ,  
i . e . ,  i t  h a s  b e e n  r e p o r t e d  t h a t  t h e r e  a r e  0 . 4 - 1 . 4 g  o f  n i t r a t e s  
p e r  lO O g  o f  r e d  b e e t  t o t a l  s o l i d s  ( P e c k  e t  a l . ,  1 9 7 4 ) .  T h e  
n i t r a t e  le v e l  o f  e x t r a c t e d  b e e t  j u i c e s  i n  t h i s  s t u d y  v a r i e d  
f r o m  0 . 6 —0 .9 g  p e r  lO O g  s o lu b l e  s o l i d s .  A f t e r  c o n c e n t r a t i n g  
t o  2 8 —3 0 ° B r i x  i n  t h e  R O  p r o c e s s  o n  C A - 8 6 5  m e m b r a n e s ,  
t h e s e  le v e ls  w e r e  r e d u c e d  t o  0 . 3 —0 .5 g  p e r  lO O g  o f  s o lu b le  
s o l id s .

Utilization of permeate containing sugar solids
T h e  p e r m e a t e  f l u id  f r o m  t h e  C A - 8 6 5  m e m b r a n e  R O  

p r o c e s s  u s u a l l y  h a d  a  s o lu b l e  s o l i d s  c o n t e n t  o f  4 —5 B r ix  
a n d  c o n t a i n e d  a  s u b s t a n t i a l  a m o u n t  o f  n o n p i g m e n t ,  b e e t  
s o lu b l e  s o l id s .  W h e n  t h i s  p e r m e a t e  f l u i d  w a s  c o n c e n t r a t e d  
u p  t o  2 0 ° B r ix  a t  4 0  b a r  o p e r a t i n g  p r e s s u r e  u s in g  a  C A  
m e m b r a n e  w i t h  c h a r a c t e r i s t i c s  o f  1 8 0  M W  c u t - o f f  a n d  4 %  
N a C l p e r m e a b i l i t y  ( C A - 9 9 5 ,  s e e  T a b l e  1 ) , 9 5 %  r e c o v e r y  o f  
s o lu b l e  s o l id s  w a s  o b t a i n e d  w i t h  a n  R O  p r o c e s s i n g  c a p a c i t y  
o f  1 6 .7  L / m 2 -h r .  T h i s  C A - 9 9 5  m e m b r a n e ,  R O  p r o c e s s e d  
l i g h t - s u g a r  s y r u p  c o n t a i n e d  v e r y  n e g l ig ib le  b e t a l a i n e  le v e ls .  
T h e s e  b e t a l a in e s  c o u ld  b e  r e m o v e d  b y  f i l t r a t i o n  t h r o u g h  
a c t i v a t e d  c h a r c o a l  t o  p r o d u c e  a  c l e a r  s u g a r  s y r u p ,  o r  i t  
c o u ld  b e  u t i l i z e d  a s  a  s u b s t r a t e  f o r  a l c o h o l  p r o d u c t i o n  b y  
f e r m e n t a t i o n .

CONCLUSIONS
T h e s e  e x p e r i m e n t s  h a v e  s h o w n  t h a t  t h e  U F  a n d  R O  p r o c 
e s s e s  a r e  a c c e p t a b l e  m e t h o d s  t o  o b t a i n  h ig h l y  p u r i f i e d  a n d  
c o n c e n t r a t e d  b e t a l a in e s .  P e c t i n a s e  t r e a t m e n t  r e d u c e d  v is 
c o s i t y  o f  e x t r a c t e d  j u i c e s  a n d  i n c r e a s e d  e f f i c i e n c y  o f  t h e  
p r e f i l t r a t i o n  p r o c e s s  t h r o u g h  d i a t o m a c e o u s  e a r t h  a n d  l a t e r  
b e n e f i t e d  U F  a n d  R O  p r o c e s s e s .  P u r i f i c a t i o n  b y  U F  in  tw o  
c o n s e c u t i v e  s t e p s ,  u s in g  f i r s t  2 0 , 0 0 0 ,  a n d  t h e n  6 ,0 0 0  M W  
c u t - o f f  m e m b r a n e s  p r o v i d e d  m a t e r i a l  w i t h  c l a r i t y  a n d  n e g 
l ig ib le  in s o lu b l e  s o l i d s  c o n t e n t .  T h e  u s e  o f  R O  t o  c o n c e n 
t r a t e  p e c t i n a s e  t r e a t e d  U F  p u r i f i e d  p r o d u c t s  f r o m  a b o u t  6 .5  
t o  3 0  B r ix  o n  5 0 0  M W  c u t - o f f  a n d  7 0 %  N a C l p e r m e a b i l i t y  
C A  m e m b r a n e s  r e d u c e d  t h e  i n i t i a l  w a t e r  v o l u m e  b y  9 2 %  
a n d  g a v e  a  tw o - f o l d  in c r e a s e  i n  b e t a l a i n e  c o n t e n t  o n  a  d r y  
w e ig h t  b a s is .  T h i s  p r o c e s s  p r o v i d e d  a  p r o c e s s i n g  c a p a c i t y  
o f  5 8 . 2 L / m 2 -h r . H o w e v e r ,  t h e  a d d i t i o n  o f  i n v e r t a s e  t o  t h e  
p e c t i n a s e  t r e a t e d  U F  p r o d u c t s  s l i g h t l y  d e c r e a s e d  f l u x  w h i le  
i n c r e a s in g  c o n c e n t r a t i o n  o f  b e t a l a i n e s  t h r e e f o l d  o n  a  d r y  
w e ig h t  b a s is .  A p p r o x i m a t e l y  7 0 - 7 5 %  o f  t h e  b e t a c y a n i n e s  
i n t r o d u c e d  i n t o  t h e  U F  p r o c e s s e s  w e r e  r e c o v e r e d  i n  t h e  R O  
c o n c e n t r a t e s .  T h e  f i n a l  c o n c e n t r a t e  w a s  r e d u c e d  in  n i t r a t e s  
a n d  l a c k e d  b e e t - l i k e  f l a v o r  a n d  o d o r  c h a r a c t e r i s t i c s  a s  e v a l 
u a t e d  b y  t r a i n e d  p a n e l i s t s  a n d  a n a l y z e d  b y  g a s  c h r o m a 
t o g r a p h y .
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C h a r a c t e r i s t i c s  o f  F r o z e n  D e s s e r t s  S w e e t e n e d  
w i t h  X y l i t o l  a n d  F r u c t o s e

J. RUBEN ABRIL, J. WARREN STULL, RALPH R. TAYLOR, ROBERT C. ANGUS, and TERRY C. DANIEL

-------------------------------- ABSTRACT---------------------------------
C o m b in a tio n s  o f  x y lito l, f ru c to se  an d  24  D E  c o rn  sy ru p  solids 
(C SS) w ere  th e  sw ee ten in g  ag e n ts  in  ice  c rea m -ty p e  fro z e n  d esse rts . 
A  2  ̂  fa c to r ia l  e x p e r im e n ta l design  ev a lu a te d  th e  m o s t a c c e p ta b le  
c o m b in a tio n s  o f  x y lito l (4%  o r  6 % ), f ru c to se  (4%  a n d  6 %) an d  CSS 
(10%  an d  12% ). B ased  o n  ch em ica l, p h y s ic a l an d  sen so ry  an a ly ses  o f  
th e  e ig h t e x p e r im e n ta l co m b in a tio n s  i t  w as  d e m o n s tra te d  th a t  a 
fo rm u la tio n  involving  6 % x y lito l, 6 % fru c to s e  a n d  10%  C SS gave 
p ro d u c t  a c c e p ta b il ity  sim ilar to  t h a t  o f  an  ice  c ream  w ith  co n v en 
t io n a l  in g re d ie n t a rra y  a n d  c o m p o s itio n .

INTRODUCTION
W H I L E  S U C R O S E  h a s  b e e n  t h e  m a j o r  s w e e t e n e r  u s e d  in  
f o o d  p r o d u c t s ,  t h e  i n t r o d u c t i o n  o f  h i g h - f r u c t o s e  c o r n  
s y r u p s  ( H F C S )  h a s  c a u s e d  s h i f t s  i n  u t i l i z a t i o n  a n d  f o o d  
f o r m u l a t i o n s .  I n t e r e s t  i n  n o n n u t r i t i v e  a n d  o t h e r  n e w  
s w e e t e n e r s  r e m a i n s  a c t i v e .

O n e  o f  t h e  p r o b l e m s  w i t h  s o m e  n o n n u t r i t i v e  a n d  o t h e r  
s w e e t e n e r s  is  t h e i r  t e n d e n c y  f o r  a n  a f t e r i m a g e  c h a r a c t e r i s t i c .  
T h e  o b j e c t i v e  o f  t h e  p r e s e n t  r e s e a r c h  w a s  t o  u s e  a  c o m b i n a 
t i o n  o f  m a t e r i a l s  w h i c h  m ig h t  i m p a r t  t h e  s a m e  c o m b i n e d  
s w e e t n e s s  c h a r a c t e r i s t i c  a s  p r o v i d e d  b y  s u c r o s e  a n d  a t  
t h e  s a m e  t i m e  t o  i n c l u d e  a n  i n g r e d i e n t  a r r a y  i n  f r o z e n  d e s 
s e r t s  t h a t  m a y  b e  s u i t a b l e  f o r  u s e  b y  m a n y  d i a b e t i c s .

X y l i t o l  is  a  p o l y a l c o h o l  w i t h  a  r e l i t i v e  s w e e t n e s s  ( R S )  
a p p r o x i m a t e l y  t h e  s a m e  a s  s u c r o s e  ( R S  =  1 0 0 ) .  A s  c o m 
p a r e d  t o  s u c r o s e ,  i t  d o e s  n o t  c a u s e  b l o o d  g lu c o s e  e l e v a t i o n  
d u r in g  m e t a b o l i s m .  M a jo r  s t u d i e s  h a v e  s h o w n  t h a t  s o m e  
d i a b e t i c s  c a n  u t i l i z e  f r u c t o s e  a n d  s t a r c h  r e a d i l y  ( B r u n z e l l ,
1 9 7 8 ) .

C u r r e n t  s t a n d a r d s  o f  i d e n t i t y  f o r  ic e  c r e a m  d o  n o t  
p r o v i d e  f o r  t h e  u s e  o f  x y l i t o l  a s  a  s w e e t e n e r .  R e g u l a t o r y  
p r o v i s io n s  ( F D A ,  1 9 8 0 )  i n d i c a t e  t h a t  x y l i t o l  m a y  b e  s a f e ly  
u s e d  i n  f o o d s ,  h o w e v e r ,  f o r  s p e c ia l  d i e t a r y  u s e s  p r o v i d e d  
t h e  a m o u n t  u s e d  is  n o t  g r e a t e r  t h a n  t h a t  r e q u i r e d  t o  p r o 
d u c e  i t s  i n t e n d e d  e f f e c t s .  T h e  a n n u a l  w o r l d  p r o d u c t i o n  o f  
x y l i t o l  is  a b o u t  6 0 0 0  t o n s  c o m p a r e d  t o  8 0  m i l l i o n  o f  s u c 
r o s e  ( C o u n s e l l ,  1 9 7 8 ) .  I m p r o v e d  t e c h n o l o g y  m a y  in c r e a s e  
t h e  a v a i l a b i l i t y  a n d  r e d u c e  t h e  c o s t  o f  x y l i t o l .

I n  t h i s  s t u d y ,  s o m e  c o n v e n t i o n a l  n o n f a t  d a i r y  i n g r e 
d i e n t s  n o r m a l l y  u s e d  i n  ic e  c r e a m  w e r e  r e p l a c e d  b y  c o m 
p a r a t i v e l y  i n e x p e n s i v e  m a t e r i a l s  s u c h  a s  c o r n s t a r c h ,  C S S  
a n d  s o d iu m  c a s e in a t e .  T h i s  a c c o u n t s  f o r  t h e  u s e  o f  ic e  
c r e a m - t y p e  f r o z e n  d e s s e r t  t e r m i n o l o g y  i n  r e f e r e n c e  t o  t h e  
e x p e r i m e n t a l  p r o d u c t s .

MATERIALS & METHODS
S IN C E  N O  R E P O R T S  w ere  fo u n d  in  th e  l i te r a tu re  invo lv ing  th e  use  
o f  x y l i to l  as a  s w e e ten e r in  d a iry  f ro z e n  d e sse rts , v a rio u s  p re lim i
n a ry  tr ia ls  w ere  m ad e  to  assist in  id en tify in g  th e  c o m p o s itio n  p a ra m 
e te rs  to  b e  s tu d ie d  in  th e  f in a l e x p e r im e n ta l fo rm u la tio n s . A  15% 
su c ro se  e q u iv a le n t w as u sed  fo r  c o m p a riso n  in  th e  p re lim in a ry  fo rm -

A u th o rs  A bril, S tu ll a n d  Taylor are w ith  th e  D ept, o f  N u tr itio n  & 
F o o d  S cience; A u th o r  A n g u s  Is w ith  th e  D ept, o f  A gricu ltura l E co
n om ics; a n d  A u th o r  Daniel Is w ith  th e  P sychology D ep t., Univ. o f  
A rizo n a , T ucson , A Z  85721 .

u la t io n s , th e  o th e r  in g re d ie n ts  b e in g  1 0 % m ilk  fa t ,  1 1 % m ilk  so lid s  
n o n fa t  (M S N F ), an d  0 .3%  s tab iliz e r/em u ls ifie r . A t f irs t, o n e -th ird  
(5% ) o f  th e  su c ro se  w as re p lac ed  w ith  x y lito l. T h is  gave a p ro d u c t  
c o m p ara b le  to  th e  c o n tro l. C e r ta in  o th e r  fo rm u la tio n  m o d if ic a tio n s  
w ere  m ad e  in  o rd e r  to  lo w er th e  n e t  p ric e  p e r  p o u n d  o f  th e  m ix es . 
C o rn s ta rc h  a n d  w h e a t f lo u r  w ere  co n s id e red  a t  a  level o f  2% e a ch , 
b u t  th e  re s u lta n t  d e sse r t h a d  a  d e te c ta b le  ce re a l flav o r . N e x t, M S N F  
w as p a rt ia lly  re p lac ed  b y  lo w  D E  CSS (2 4 D E ). S u c ro se  w as to ta l ly  
re p la c e d  b y  x y l i to l  an d  fru c to se . E v e n tu a lly  th e  2% f lo u r  w as 
re p lac ed  b y  so d iu m  ca se in a te  a t an  eq u iv a le n t level. F in a lly , th e  
in g re d ie n ts  u sed  in  th e  e x p e rim e n ta l d e sse r ts  w e re  as fo llo w s: 
f ro z e n  c rea m , n o n fa t  d ry  m ilk  (N F D M ), x y lito l, f ru c to s e , c o rn 
s ta rc h , so d iu m  ca se in a te , c o rn  sy ru p  so lid s  (C SS) (2 4 D E ) a n d  s ta 
b iliz e r/e m u ls if ie r .

A  2 3  fa c to r ia l d es ig n  w as u se d  w ith  fru c to s e , x y l i to l  a n d  C SS 
b e in g  th e  variab le  in g red ie n ts  e a ch  a t  tw o  c o n c e n tra t io n s  (T a b le  
1). T h e  fo llo w in g  in g re d ie n ts  a n d  c o n c e n tra t io n s  p ro v id e d  th e  
re s t o f  th e  fo rm u la : 10%  m ilk  fa t ,  2% M S N F , 2%  so d iu m  c a se in a te , 
2% c o rn s ta rc h  an d  0 .3%  s tab iliz e r /em u ls if ie r  (T a b le  2).

I t  sh o u ld  b e  n o te d  th a t  several d ay s  a f te r  m ix  p ro cess in g , an  
e r ro r  in  w eigh in g  d ry  in g red ie n ts  fo r  sam p le  B (T a b le  1) w as  d is 
co v ered . In s u ff ic ie n t in g re d ie n t su p p ly  p re v e n te d  c o rr e c tio n  an d  
re fo rm u la t io n . T h is  re su lte d  in  a  m o d if ie d  fo rm u la tio n  fo r  S am p le  
B ; n a m e ly , 6 % fru c to s e  a n d  10%  C SS o n ly . A ll c a lc u la tio n s  c o n c e rn 
ing  s ta t is t ic s  an d  sen so ry  e v a lu a tio n  w ere  m a d e  o n  th e  b a s is  th a t  
S am p le  B w as fo rm u a l te d  as  in te n d e d  in  th e  o rig in a l in g re d ie n t c o m 
b in a tio n s .

M ix p re p a ra t io n . A p p ro x im a te ly  4 0 L  o f  e a ch  m ix  w ere  p re p a re d . 
T h e  d ry  in g re d ie n ts  w ere  d isp e rse d  in  th e  liq u id  m a te r ia ls  b y  c irc u la 
tio n  th ro u g h  a h ig h -v e lo c ity  c e n tr ifu g a l p u m p . M ixes w ere  h e a te d  
b y  a  v a t p ro cess  in  4 0 L  m ilk  can s to  60° C , h o m o g e n iz e d  w ith  a 
M a n to n -G au lin , tw o -s tag e  h o m o g e n ize r , ( f ir s t  s tage a t  1 4 0  k g /c m 2  

an d  th e  seco n d  a t  35 k g /c m 2 ), p a s te u riz e d  a t  8 5 °C /1 5  sec a n d  
c o o le d  to  4 °C .

F re ez in g . In  p re p a ra t io n  fo r  free z in g , co lo rin g  a n d  flav o rin g  
(van illa) w ere  a d d e d . T h e  m ix es  w ere  fro z e n  w ith  a  c o m m erc ia l 
C h e rry -B u rre ll c o n tin u o u s  freeze r (3 2 0 L /h r )  to  a p p ro x im a te ly  
9 0 - 1 0 0 %  o v e rru n . T h e  fro z e n  p ro d u c ts  w ere  p ac k a g e d  in  6 0  m l 
in d iv id u a l p las tic  co n ta in e rs  fo r  p an e l te s tin g , o r in  0 .4 7 L  p a p e r  
ice  c ream  c o n ta in e rs  fo r  o th e r  o b se rv a tio n s .

S en so ry  e v a lu a tio n . A n  e ig h te en -m e m b e r, u n tra in e d  sen so ry  
p an e l (9  m a les , 9 fem ales) o f  th e  U n iv e rs ity  f a c u lty , s ta f f  a n d  s tu 
d e n ts  ev a lu a te d  th e  a c c e p ta b il ity  o f  th e  p ro d u c ts . T h e ir  ages ra n g e d  
f ro m  1 8 —5 0  y r. T h e  p an e lis ts  w e re  in s t ru c te d  a b o u t te s t in g  a n d  
re c o rd in g  d e ta ils  a t  e a ch  session . P an e lis ts  w e re  s ea ted  in  in d iv id u a l 
b o o th s  an d  each  p a n e lis t w as p re s e n te d  n in e  sam p les  ea ch  d ay .

Table 1—T rea tm en t variables in frozen  dessert m ix es

Mix Xylitol Fructose CSS
Glucose 

(mg/ 1 0 0  ml)a

A 6 4 1 0 0.7
B 4 4 1 0 0.7
C 6 6 1 0 0.7
D 4 6 1 0 0.7
E 6 4 1 2 0.84
F 4 4 1 2 0.84
G 6 6 1 2 0.84
H
I

4 6

—  Control........
1 2 0.84

a C a lc u la te d  on  th e  b asis  o f  7%  g lu co se  in  2 4  D E  C S S  (M a c A ll is te r , 
1 9 7 9 ) .
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E ac h  p an e lis t ta s te d  a  to ta l  o f  27  sam p les  b y  th e  e n d  o f  th e  s tu d y . 
C o n ta in e rs  w ere  la b e le d  w ith  th re e -d ig it ra n d o m  n u m b e rs  fo r  each  
re p lic a tio n . T h e  p re s e n ta t io n  o rd e r  w as  also  ra n d o m iz e d  a t  each  
session . T h e  sam ples w ere  te m p e re d  a t  - 1 8  ± 1°C  fo r  2 4  h r  p r io r  to  
e v a lu a tio n  a n d  w ere  p re s e n te d  a t  a  ra te  o f  o n e  a b o u t ev ery  2  m in . 
P an e lis ts  u sed  an  u n s tru c tu re d , h e d o n ic  ra tin g  scale w h e re  9 = “ lik e ” 
an d  0  = “ d o  n o t  lik e .”  A na ly sis  o f  d a ta  w as b y  th e  th e o ry  o f  signal 
d e te c t io n  (T S D ) m e th o d  (A n gu s an d  D an ie l, 1 9 7 4 ; S tu ll  e t  al., 
1 9 7 4 ; Y o u n g  e t  a l., 1 9 8 0 ) .

A  p an e l o f  five tra in e d , e x p e rie n c e d  ice  c ream  ju d g e s  e x a m in e d  
h a lf-g a llo n  co n ta in e rs  o f  e a ch  f ro z e n  d e sse rt a f te r  1  w k  an d  th e n  
o n c e  a m o n th  fo r  an  a d d it io n a l  4  m o n th s . T h e  A m erica n  D airy  S ci
en c e  A sso c ia tio n  D airy  P ro d u c ts  Ju d g in g  G u id e lin e s  w ere  used  to  
sco re  flav o r an d  b o d y / te x tu r e .  T h e  sam p les  w ere  s to re d  in  a  co m 
m erc ia l fre e ze r a t  —18 ± 1°C .

C h em ica l a n d  p h y sica l te s ts . F a t  in  th e  f in a l p ro d u c ts  a n d  in  th e  
fro z e n  cream  w as d e te rm in e d  b y  th e  B ab co ck  m e th o d . A  cross 
re fe re n c e  te s t  w as  m a d e  in  th e  d e sse r t b y  th e  M o jo n n ie r M e th o d  
(G oss, 1 9 5 3 ) . S o lid s  w ere  d e te rm in e d  w ith  th e  M o jo n n ie r m ilk  
te s te r . P ro te in  w as d e te rm in e d  in  d u p lic a te  b y  th e  s ta n d a rd  Kjel- 
d a h l m e th o d . G lu co se  v alues w ere  c a lc u la te d  o n  th e  b asis  th a t  2 4D E  
CSS co n ta in s  1%  o f  th a t  m a te r ia l (M acA llis te r, 1 9 7 9 ) . T h e  vis
co sities  o f  th e  m ix es  w ere  d e te rm in e d  b y  th e  use  o f  a  B ro o k fie ld  
v isco sim e te r. S h rin k a g e  w as m ea su re d  using  th e  m e th o d  d esc rib ed  
b y  Y o u n g  (1 9 8 0 ) . M easu re m en ts  w e re  ta k e n  ev ery  w eek  fo r  several 
w eeks.

M e ltd o w n  d e te rm in a tio n s  w e re  m ad e  a f te r  1 m o n th  s to rag e  in  a  
co m m erc ia l fre e z e r  a t  - 1 8  ± 1°C . T h e  m e th o d  w as th a t  o f  Y o u n g
(1 9 7 8 )  an d  N ic k e rso n  a n d  P an g b o rn  (1 9 6 1 ) , u sin g  a 6  m m  m esh  
w ire . T h e  sh a p e  o f  th e  f ro z e n  d e sse rt sam p le  w as cy lin d rica l, 36  m m  
in  d ia m e te r  a n d  7 0 - 9 5  m m  lo n g , g iving an  average w e ig h t o f  47g . 
T h e  average ro o m  te m p e ra tu re  w as 28° C.

C a lo r im e try  w as  p e rfo rm e d  b y  f irs t  m e ltin g  th e  f ro z e n  d esse rt 
an d  th e n  d e h y d ra tio n  a t  1 00 °C  in  v acu o . M o is tu re  w as d e te rm in e d

an d  an  average o f  5%  w as c a lc u la te d  fo r  th e  five sam ples. C alo ric  
v alu e w as d e te rm in e d  o n  o n e  g ram  a liq u o ts , u sing  a P a rr B om b  
C a lo r im e te r .

RESULTS & DISCUSSION
C E R T A I N  C H A R A C T E R I S T I C S  o f  t h e  d e s s e r t s  a r e  g iv e n  
i n  T a b l e  3 . F a t ,  t o t a l  s o l i d s ,  s o l i d s - n o t - f a t ,  a n d  c a lo r i c  
v a lu e s  a r e  n o t  i n c l u d e d  b u t  t h e y  w e r e  w i t h i n  c a lc u l a te d  
r a n g e s .

V is c o s i t i e s  o f  t h e  e x p e r i m e n t a l  d e s s e r t s  w e r e  m u c h  
h ig h e r  t h a n  t h e  n o r m a l  r a n g e  o f  3 0 —3 0 0  c p  f o r  i c e  c r e a m  
m ix e s  ( A r b u c k l e ,  1 9 7 7 ) .  T h e  m o s t  p r o b a b l e  c a u s e  w a s  t h e  
c o m b i n e d  h y d r o p h i l i c  e f f e c t  o f  C S S  t o g e t h e r  w i t h  t h a t  o f  
s t a r c h  a n d  s t a b i l i z e r .  V i s c o s i t y  v a lu e s  c o u ld  b e  l o w e r e d  b y  
s t a b i l i z e r  e l i m i n a t i o n  a n d  s u b s t i t u t i o n  o f  a  m o d i f i e d ,  lo w -  
h y d r o p h i l i c  s t a r c h  f o r  t h e  r e g u l a r  p r o d u c t .

T h e  p r o t e i n  c o n c e n t r a t i o n  o f  t h e  e x p e r i m e n t a l  m ix e s  
r a n g e d  f r o m  2 . 3 8 —2 .5 0 % . T h e  c o n t r o l  i c e  c r e a m  h a d  4 .1 7 %  
p r o t e i n .  F o r  e x a m p le ,  K r i s t o f f e r s e n  a n d  M il le r  ( 1 9 7 6 )  
c h e c k e d  f i f t e e n  b r a n d s  o f  c o m m e r c i a l  i c e  c r e a m  a n d  f o u n d  
p r o t e i n  v a lu e s  r a n g in g  f r o m  2 . 4 9 - 4 . 3 8 %  ( m e a n  3 .4 1 % ) .  
N o r m a l l y  a  6 .2 5  c o n v e r s io n  f a c t o r  is  u s e d  f o r  p r o t e i n  c o n 
t e n t  c a l c u l a t i o n  f o r  m a n y  f o o d s ,  b u t  f o r  i c e  c r e a m  a  6 .3 8  
f a c t o r  s h o u l d  b e  u s e d  ( J o n e s ,  1 9 3 1 ) .

T h e  e x p e c t e d  f r e e z in g  p o i n t  d e p r e s s i o n  e f f e c t  r e l a t e d  t o  
t h e  l o w e r  m o l e c u l a r  w e i g h t  o f  x y l i t o l ,  f r u c t o s e  a n d  g lu c o s e  
( i n  C S S )  w a s  n o t  r e a d i l y  a p p a r e n t  i n  m e l t - d o w n  v a lu e s .  T h i s  
w a s  p r o b a b l y  d u e  t o  t h e  e f f e c t  o f  t h e  C S S , s t a r c h  a n d  
s t a b i l i z e r .  S a m p le  ( C ) ,  w i t h  t h e  h i g h e s t  m e l t - d o w n  ( 2 6  m l ) ,  
h a d  1 2 %  c o m b i n e d  x y l i t o l / f r u c t o s e  a n d  1 0 %  C S S . T h e  
s im i la r  p r o d u c t  ( G )  w i t h  i d e n t i c a l  s w e e t e n e r s  e x c e p t  f o r

Table 2 —Ingredien ts u sed  in m ix  fo rm u la tion

Ingredients
A B C D

Sample
E F G H I

Fructose 4.0 4.0 6.0 6.0 4.0 4.0 6.0 6.0 —

Xylitol 6.0 4.0 6.0 4.0 6.0 4.0 6.0 4.0 -
CSS 10.0 10.0 10.0 10.0 12.0 12.0 12.0 12.0 —
Cream* 24.3 24.3 24.3 24.3 24.3 24.3 24.3 24.3 24.3
MFDMb 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 11.0
Starch 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 -
Caseinate 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 —

Water 50.7 52.7 48.7 50.7 48.7 50.7 46.7 48.7 49.37
Stabilizer/Emulsifier 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.33
Sucrose - — - — — — — — 15.0

Total solids (TS) 36.0 34.0 38.0 36.0 38.0 36.0 40.0 38.0 37.3

* 4 1 %  f a t ,  5 .4 %  M S N F  
D 9 5 %  M S N F , 5 %  H 2 0

Table 3 —R ep resen ta tive  data  on  fin ish ed  frozen  desserts: p ro te in ; m e ltd o w n ; shrinkage; flavor a n d  b o d y - te x tu re  scores b y  e x p e r t p an el; m ean  
d m  ratings b y  u n tra in ed  sen so ry  pane!

Shrinkage Body &
9 wk 13 wk Flavor texture

Melt-down -------------------------------- scores scores Mean
Frozen
dessert

Protein
(%)

(ml/50 ± 9g 
/45 min)

Edges Top 
(mm)

Edges Top 
(mm)

— (week after freezing)—
1 13 1 13

dm
ratings

A 2.47 0 3 0 3 2 8 8 3 3 48
B 2.57 0 1 0 2 2 8 8 4 3 9
C 2.38 26 2 0 3 3 8 9 4 4 58
D 2.46 1 2 1 2 3 9 8 3 3 54
E 2.53 <1 1 1 2 2 8 8 3 3 5
F 2.45 7 1 0 2 1 8 8 4 3 11
G 2.46 6 1 3 4 3 8 8 2 3 31
H 2.50 13 3 1 5 5 8 8 3 4 48
I 4.17 18 1 2 2 4 9 8 4 4 —
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X Y L IT O L  AND FR U C TO SE  IN FR O ZEN  D E S S E R T S . . .

1 2 %  C S S , h o w e v e r ,  h a d  o n l y  6  m l  m e l t - d o w n .  E x p e r i m e n t a l  
d e s s e r t  ( H )  h a d  a  m e l t - d o w n  ( 1 3  m l )  t h a t  w a s  m o s t  s im i la r  
t o  t h e  c o n t r o l  i c e  c r e a m  ( 1 8  m l ) .  I n  a d d i t i o n  t o  t h e  s t a b i l 
i z in g  e f f e c t  o f  v a r i o u s  i n g r e d i e n t s ,  p r o c e s s i n g  m e t h o d s  
m a y  a l s o  h a v e  a n  e f f e c t  o n  m e l t - d o w n  ( S p e r r y ,  1 9 8 0 ) .

E a c h  p r o d u c t ,  in c l u d in g  t h e  r e g u l a r  i c e  c r e a m ,  d e m o n 
s t r a t e d  a  s l ig h t  t e n d e n c y  f o r  s h r i n k a g e  d e v e l o p m e n t  a t  t h e  
e n d  o f  1 3  w k  s to r a g e .  S h r in k a g e  p r e d i s p o s i t i o n  f a c t o r s  a r e  
c o m p l e x  ( N i c k e r s o n  a n d  T a r a s s u k ,  1 9 5 5 )  a n d  a r e  n o t  r e a d 
i l y  e v i d e n t  i n  t h e  i n g r e d i e n t  a r r a y  v a r i a t i o n s  i n  t h i s  w o r k .  
S a m p le  ( H )  w i t h  a  s l i g h t l y  g r e a t e r  t e n d e n c y  f o r  s h r i n k a g e ,  
f o r  e x a m p le ,  h a d  g e n e r a l l y  s a t i s f a c t o r y  c h a r a c t e r i s t i c s  in  
m e l t - d o w n ,  f l a v o r ,  b o d y  a n d  t e x t u r e .

T h e  m o s t  e v i d e n t  f l a v o r  d e f e c t  w a s  c o o k e d  w h i c h  p r o b 
a b l y  o r i g i n a t e d  w i t h  t h e  h e a t  t r e a t m e n t  m e t h o d  a n d  c a s e in 
a t e  u s e d .  T h i s  c o u ld  b e  r e d u c e d  b y  a  c o m b i n a t i o n  o f  h ig h -  
t e m p e r a t u r e - s h o r t - t i m e  ( H T S T )  p a s t e u r i z a t i o n ,  h i g h e r  q u a l 
i t y  c a s e in a t e  a n d  a  m o r e  i n t e n s e  f l a v o r  m a s k in g  e f f e c t  
p r o v i d e d  b y  m a t e r i a l s  s u c h  a s  c h o c o l a t e .

B o d y  a n d  t e x t u r e  o f  t h e  e x p e r i m e n t a l  d e s s e r t s  h a d  a  
t e n d e n c y  f o r  s l ig h t  g u m m in e s s .  T h i s  w a s  p r o b a b l y  d u e  t o  
t h e  C S S  a n d  s t a r c h  i n g r e d i e n t s .  S o m e  c o a r s e n e s s  a n d  w e a k  
b o d y  c h a r a c t e r i s t i c s  w e r e  e v id e n t .  N o  s a n d i n e s s  w a s  d e t e c t e d  
b e c a u s e  o f  t h e  l o w  o r  i n s i g n i f i c a n t  l a c t o s e  c o n t e n t  i n  t h e  
e x p e r i m e n t a l  d e s s e r t s .

T h e  v a r i a b le  u s e d  t o  m e a s u r e  t h e  d e g r e e  o f  p r e f e r e n c e  
o r  d i s c r i m i n a t i o n  b y  t h e  u n t r a i n e d  p a n e l  w a s  t h e  d m  v a lu e  
( d i s t a n c e  m e t r i c )  ( A n g u s  a n d  D a n ie l ,  1 9 7 4 ;  S t u l l  e t  a l . ,
1 9 7 4 ) .  A  h ig h e r  d m  i n d i c a t e s  t h a t  t h e  o b s e r v e r  c a n  d i s 
t i n g u i s h  m o r e  c l e a r ly  b e t w e e n  t h e  c o n t r o l  a n d  t h e  e x p e r i 
m e n t a l  s a m p le  ( Y o u n g  e t  a l . ,  1 9 8 0 ) .  I n  t h e  e x p e r i m e n t ,  
t h e  m o s t  p r e f e r r e d  s a m p le  w a s  ( C )  ( d m  =  5 8 )  w i t h  6 %  x y l i -  
t o l ,  6 %  f r u c t o s e  a n d  1 0 %  C S S . P r o d u c t  ( E )  ( d m  =  5 ;  6 % 
x y l i t o l ,  4 %  f r u c t o s e ,  1 2 %  C S S )  w a s  l e a s t  p r e f e r r e d .  D e s s e r t s  
w i t h  6 %  f r u c t o s e  ( C ,  D , G ,  H )  w e r e  p r e f e r r e d  t o  t h o s e  w i t h  
4 %  f r u c t o s e  ( A ,  B , E ,  F ) .  T h o s e  w i t h  1 0 %  C S S  ( A ,  B , C , D )  
w e r e  u s u a l l y  r a t e d  h i g h e r  t h a n  o n e s  w i t h  1 2 %  C S S  ( E ,  F ,  
G ,  H )  b u t  t h e  t r e n d  w a s  n o t  a s  c o n s i s t e n t  a s  w i t h  t h e

C S S  ( % )

Fig. 1—Meart p re feren ce ratings (in dm ) fo r  fro zen  desserts c o n ta in 
ing  4% fru c to se  as a fu n c tio n  o f  x y li to l  a n d  C SS  co n ten ts . A , B, E, 
F  re fe r  to  sam ples id en ti fie d  in  Table 1.

f r u c t o s e  v a r i a b le .  T h e  d e s s e r t  c o n t a i n i n g  6 %  x y l i t o l ,  4 %  
f r u c t o s e  a n d  1 0 %  C S S  ( S a m p le  A )  a n d  t h e  o n e  w i t h  4 %  
x y l i t o l ,  6 %  f r u c t o s e  a n d  1 2 %  C S S  ( S a m p l e  H )  h a d  i d e n t i c a l  
p r e f e r e n c e  r a t i n g s  ( d m  =  4 8 ) .

T h e  c o m p a r a t i v e  d m  r e s u l t s  m a y  b e  m o r e  c l e a r l y  s e e n  a s  
p l o t s  o f  t h e  d a t a  ( F ig .  1 a n d  2 ) .

I n  d e s s e r t s  w i t h  4 %  f r u c t o s e  ( F ig .  1 )  a n d  4 %  x y l i t o l ,  
i n c r e a s in g  C S S  f r o m  1 0 %  t o  1 2 %  h a d  n o  e f f e c t  o n  p r e f e r 
e n c e  ( S a m p le  B  v s  F ) .  B y  c o m p a r i s o n ,  i n  d e s s e r t  f o r m u l a 
t i o n s  i n v o lv in g  4 %  f r u c t o s e  a n d  6 %  x y l i t o l  i n c r e a s in g  t h e  
%  C S S  ( S a m p le  A )  h a d  a  d m  v a lu e  ( 4 8 )  s l i g h t l y  l o w e r  t h a n  
in  t h e  p r o d u c t  w i t h  6 %  f r u c t o s e  a n d  w i t h  e q u a l  a m o u n t s  
o f  t h e  o t h e r  s w e e t e n e r s  ( S a m p l e  C , F ig .  2 ) .  I n  d e s s e r t s  w i t h  
6 %  f r u c t o s e  a n d  4 %  x y l i t o l  ( F ig .  2 ) ,  i n c r e a s in g  C S S  f r o m  
1 0 %  t o  1 2 %  ( S a m p le  D  v s  H )  r e s u l t e d  i n  a  m i n o r  c h a n g e  
i n  d m  v a lu e s .  B y  c o m p a r i s o n ,  s a m p le  C  v s  G  h a d  a  m a r k e d  
d e c r e a s e  i n  p r e f e r e n c e  w h e n  C S S  w a s  in c r e a s e d  f r o m  1 0 %  
t o  1 2 % . I n  t h e  c a s e  o f  d e s s e r t s  w i t h  4 %  x y l i t o l ,  h o w e v e r ,  
i n c r e a s in g  C S S  f r o m  1 0 %  t o  1 2 %  d id  n o t  l o w e r  t h e  d m  
v a lu e s .  I n  g e n e r a l ,  t h e  r e s u l t s  o f  t h e  t a s t e  p a n e l  a g r e e  w e l l  
w i t h  t h e  f i n d in g s  o f  t h e  e x p e r t  o b s e r v e r s .  T h e  e f f e c t  o f  
f r u c t o s e  a s  a  p o s s i b l e  m a s k in g  a g e n t  f o r  a f t e r i m a g e s  m a y  b e  
e v id e n t  i n  s e v e r a l  s a m p le s  w h e r e  t h e  f r u c t o s e  c o n c e n t r a t i o n  
w a s  i n c r e a s e d  f r o m  4 %  t o  6 %  ( S a m p l e  H  v s  E )  ( D o t y  a n d  
V a n n i n e n ,  1 9 7 5 ) .

I t  h a s  b e e n  p o i n t e d  o u t  t h a t  a  s w e e t  i c e  c r e a m  i s  g e n e r 
a l ly  p r e f e r r e d  ( A r b u c k l e ,  1 9 7 7 ) .  C e r t a i n  c o m p a r i s o n s  a r e  
o f  i n t e r e s t ,  t h e r e f o r e ,  r e g a r d in g  s w e e t n e s s  i n t e n s i t y  ( S I )  
a n d  p r e f e r e n c e  ( d m ) ( F ig .  3 ) .  [ S I  =  ( R S j )  (%  c o n c e n t r a 
t i o n )  +  ( R S 2 ) (%  c o n c e n t r a t i o n )  +  e t c .  ] T h e  m o s t  p r e f e r r e d  
s a m p le  ( C )  h a d  a  d m  o f  5 8  a n d  a  S I  o f  1 7 1 7 .  T h i s  w a s  
s l ig h t ly  e x c e e d e d  i n  S I  b y  t h a t  o f  s a m p le  ( G )  ( 1 7 2 6 )  w h i c h  
h a d  a  d m  o f  o n l y  3 1 .  I n  g e n e r a l ,  i n c r e a s in g  d m  v a lu e s  o r  
p r e f e r e n c e  a r e  in  d i r e c t  p r o p o r t i o n  t o  i n c r e a s in g  s w e e t 
n e s s  ( F ig .  3 ) .  T h e  s l ig h t  d e c r e a s e  i n  d m  i n  s a m p le  ( E )  w i t h  
a  h ig h e r  S I  t h a n  i n  p r o d u c t  ( F ) ,  h o w e v e r ,  i s  n o t  w e l l  u n d e r 
s t o o d  a n d  is  a n  e x c e p t i o n .

A s  d i s c u s s e d  e a r l i e r ,  s a m p le  ( B )  a c t u a l l y  c o n t a i n e d  6 %

C S S  ( % )

Fig. 2 —M ean p re feren ce  ratings (in d m ) fo r  fro zen  desserts  c o n ta in 
ing 6% fruc to se  as a fu n c tio n  o f  x y li to l  a n d  C SS  co n ten ts . C, D , G, 
H  refer  to  sam ples id e n tifie d  in  Table 1.
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Fig. 3—Preference (dm ) for frozen desserts related to sweetness 
intensity (SI). Letters refer to samples identified in Table 1.

fructose and no xy lito l. Based on  SI on ly , it m ight be ex
pected that there w ould be no marked difference in the dm  
value w ith the intended 4% fructose and 4% xy lito l since 
the SI is alm ost identical (Fig. 3; 1126 vs 1161).

The low er protein values in the experim ental m ixes are 
due principally to  the replacem ent o f  MSNF w ith starch 
and CSS. The protein concentration could be raised 0 .2 — 
0.3% to  m eet standards (F D A , 1977) by the addition o f  
materials such as caseinates or w hey solids.

This study has dem onstrated that xy lito l, fructose and 
CSS can be used as the major sweeteners in a frozen dairy 
dessert having properties similar to  those o f  an ice cream  
w ith conventional ingredient array and com position . Minor 
adjustm ents in the experim ental ingredient com bination

can be expected to  reduce the observed high viscosity. 
Similarly, a need for a comparatively slight increase in pro
tein  is indicated and can be accom plished readily by various 
options in the selection  o f  nonfat materials.
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H e a t  T r a n s f e r  R a t e s  t o  L i q u i d  F o o d s  
D u r i n g  F l a m e - S t e r i l i z a t i o n

R .  O .  T E I X E I R A  N E T O

---------------------------- ABSTRACT-----------------------------
The influences of headspace, rotational speed of the can, and prod
uct viscosity on the rates of heat transfer during flame-sterilization 
of carboxy-methyl-cellulose (CMC) model solutions, were studied. 
It  was observed that more than 90% of the heat transfer resistance 
was external, and so the headspace volume and product viscosity 
had almost no effect on the rates of heat transfer, whilst the can 
rotational speed was the important parameter that needed to be 
controlled. An empirical correlation between the Nusselt, Reynolds 
and Prandtl dimensionless numbers for the external and internal 
conditions was obtained, in order to describe the heat transfer as a 
function of the hot air and product thermophysical properties, the 
can r.p.m. and the diameter. The results w ill be useful for improving 
flame-sterilizer utilization.

INTRODUCTION
FLAME-STERILIZATION is a process that achieves sterili
zation o f  canned food s by heating the cans through direct 
contact w ith a gas flam e. Som e forced convection in the  
food  can be induced through rotation o f  the cans. This 
process is generally four to  five tim es faster than the con
ventional retort sterilization and is recom m ended for liquid 
products, even for those o f  high viscosities, and for sliced 
products suspended in brines, syrups or fruit juices.

Flam e-sterilization is know n to  present advantages w ith  
respect to  texture, color, and vitam in and flavor retention  
when compared to  the conventional processes (Kieseker, 
1972; K lepetko and Longworth, 1972; Leonard, 1975; 
Leonard et al„ 1975 a,b,c,d; Leonard et al., 1976). These 
results support the com m on observation that from  th e qual
ity  standpoint, fast heating fo llow ed by fast cooling is gen
erally desirable, since it will minim ize the product exposure 
to  interm ediate tem peratures that are not so effective for 
the destruction o f  microrganisms, but nevertheless contrib
ute, to  a significant extent, to  the overcooking o f  the  
product. This is possible because the rate o f microrganism  
destruction has a m uch higher activation energy than most 
o f  the heat induced reactions w hich result in loss o f  desir
able nutrients, flavors and colors. Leonard et al. (1975 a)  
reported other technical advantages o f  the flame-sterilizer 
as compared to  the conventional ones.

One im portant restriction o f  the flame-sterilizer is its 
lim itation in on ly  adequately handling cans up to  a m axi
mum size o f  (7 4  x 110)m m , i.e ., 1 /2kg cans. Mechanical 
damage can occur when working w ith the larger can sizes 
due to  excessive internal pressure developed during proc
essing.

In flam e-sterilization cans are heated in contact w ith a 
gas flam e at about 1000°C . The optim ization o f  the opera
tion  results in a com prom ise betw een high heat transfer 
rates to  th e product and minim um  burn problems. Paulus 
and Ojo (1 9 7 4 ), studying the heat transfer properties o f  
ben ton ite solutions at different concentrations, concluded  
that the m ost important variables affecting th e performance

A u tho r Teixeira Neto is affiliated with the Dept, o f  Food Engi
neering, Instituto de Tecnologia de A lim entos Campinas, SP  Brazil 
13110.

o f  a flam e-sterilizer were product viscosity, burner arrange
m ent, flam e tem perature, can rotation speed and headspace 
volum e.

A system atic study o f  the effect o f  som e o f  these var
iables has been done for other continuous cookers. Quast 
and Siozawa (1 9 7 4 ), for instance, presented data on  the  
heat treatm ent o f  fluid products in a pilot plant spin- 
cooker-cooler. They worked w ith  water, sucrose solutions 
and CMC solutions, and th ey  obtained overall heat transfer 
coefficients (U ) in the range 1 3 7 0 —2 2 7 0 , 1 8 0—1910 and 
1 8 0 -2 5 6 0  Kcal/hr-m2 -°C, respectively. They also reported  
“ U ” values found by other authors using conventional re
torting and hydrostatic cooking o f  different products, and 
these values generally ranged from  180—360 Kcal/hr-m 2 - C. 
They derived empirical correlations among the Nusselt, 
R eynolds and Prandtl num bers, for the sucrose and CMC 
solutions. These correlations were then  used to  predict the  
“ U ” values o f  food  products w ith  physical properties sim i
lar to  these solutions.

It is know n that the “ U ” values for the flame-sterilizer 
are far lower than for the conventional sterilizers using 
saturated steam as the heating m edium , this difference  
being ascribed alm ost entirely to  the superiority o f  the heat 
transfer coefficient o f the saturated steam  compared to  the  
hot gases o f  the flam e. Apart from  this, in the flam e-sterili
zation process, since the flam e heats on ly  the lower part o f  
the can and the upper part is in  contact w ith gases at lower 
tem peratures (Paulus and Ojo, 1974), a cooling effect 
w ould be expected as a function  o f  th e rotation speed o f  
the can. This effect was dem onstrated by Sherwood et al.
(1 97 5 ). H owever, despite the small “ U ” values and heat 
transfer area, the flam e-sterilization process presents a 
faster heating cycle when compared to  conventional sterili
zation , due to  the very high tem perature differences be
tw een  the flame and th e product.

The main objective o f  this work was to  investigate the  
influence o f  som e parameters that were thought to  be 
im portant in the heat transfer mechanism  during flam e- 
sterilization, and also to  attem pt to  correlate the data 
obtained using dim ensionless numbers.

MATERIALS & METHODS
Flame-sterilizer

A pilot scale flame-sterilizer was used to heat only one can at a 
time. The sterilizer consisted of a metallic chamber with inter
changeable top and bottom modules necessary for steam preheating, 
flame heating and water cooling. The can was supported in the 
middle of the chamber by two sets of two rollers each (Fig . 1). 
The rollers could be rotated at different speeds through a varidrive. 
The flame intensity could be adjusted through a pressure reducing 
valve and a needle valve in the gas line, coupled to a pressure gauge 
and a rotameter, respectively.

Viscosity measurement
The viscosity of the solutions was determined with an EPPRECH T 

viscometer, model T V B , always using spindle no. 2 at 240 r.p .m ., 
to provide apparent viscosity data at the same shear rate. Viscosity 
data were obtained at four different concentrations and tempera
tures.
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Density measurement
A previously calibrated graduated cylinder was filled with differ

ent CMC solutions at 20°C and weighed in order to determine the 
density of the solution. Care was taken to avoid aeration of the 
solution. Every determination was done in duplicate.
Temperature measurement

Copper-constantan thermocouples were passed through the cen
ter of one flat end of the can, and then connected to a special rotary 
joint that was wired to an automatic temperature recorder. The 
measurement point inside the can was the geometric center of the 
same.
Experimental procedure

CMC solutions at four different concentrations were prepared 
and poured into the cans at 25°C to different headspace volumes. 
The thermocouples were mounted and the cans were sealed under a 
vacuum of 640mmHg in order to avoid excessive internal pressure 
build up during heating. The cans used were 1/2 kg in capacity.

The thermocouples were connected to the temperature recorder 
and the can was placed in the heating chamber. The desired rota
tion speed was set and the preheating step was started using satur
ated steam injection through the top of the chamber. When the 
can temperature reached 90-95°C  the steam was purged from the 
chamber and a flame, previously adjusted, was positioned under
neath the rotating can. After the can temperature rose to 121°C, 
the burner was removed, and three water spray nozzles positioned 
at the upper part of the chamber were employed to cool the can 
rapidly. Hot water was drained from the bottom of the chamber 
through an appropriate outlet.

Fig. 1—Schematic view of the can and burner in a pilot flame- 
sterilizer.

The temperatures in the cans were registered every 15 sec. 
Only the temperatures corresponding to the flame heating step 
were used to calculate the heat transfer parameters. The flame 
condition was maintained constant in all the experiments: The gas 
pressure was 8psi, the gas flow rate 60g/hr, and the distance from 
the burner to the can surface 10 mm.

Some extra tests were done in which, besides the thermocouple 
at the geometrical center of the can, another flexible thermocouple 
was soldered at the internal wall of the can. The temperatures at 
these two points were registered every 15 sec, as in the other tests.
Determination of the overall heat transfer coefficient

The equation derived by Leonard et al. (1975a), especially de
veloped for the flame-sterilizer, was used in calculating the heat 
transfer coefficients. _ mC (T -  Tj)

UA(Tf-Tj) (1)
Where, 6 = time of heating (hr); m = mass of can plus contents (kg); 
C = average specific heat o f can and contents (Kcal/kg-°C); U = 
overall heat transfer coefficient (kcal/hr-m2-°C); A = heat transfer 
area of the can (m2); T = temperature of product at time “a” 
(°C); Tj = initial temperature of product (°C); Tf = average flame 
temperature (°C).

According to this equation, the “U” values can be obtained 
from the time-temperature data, since the slope of a straight line 
drawn through the recorded points is given by mC/UA(Tf -  Tj).

The average specific heat of can and contents was calculated 
using the following “C” values: Can = 0.115Kcal/kg-°C, CMC = 
0.32 Kcal/kg-°C, and water = 1.0Kcal/kg-°C. The mass of can and 
contents are given in Tables 1, 2, 3 and 4. The temperatures Tj and Tf were 90 and 900°C, respectively. As the flame does not com
pletely envelop the can and the temperature is not uniform, the 
heat transfer area has to be estimated, and we used a value of 46.5 
cm2 for this area (half of the lateral area of a cylinder of h=4.0 cm 
and 0=7.4cm). The “ U ”  values obtained using these assumptions are 
average “ U ” values for the system, because in reality it varies from 
point to point in the can.
Photographs of the internal agitation of the product

In order to assist the data analysis, photographs were taken using 
a glass flask with similar dimensions to the 1/2 kg can. The flask 
was not heated and was filled with a 2.5% CMC solution at ambient 
temperature. The headspace volume was measured with a headspace 
rule and the can rotation speed was controlled using the speed var
iator of the equipment. We used the same four headspace volumes 
and can rotation speeds as used in the 70 tests presented in Tables
1 ,2 , 3, and 4.
Dimensionless correlations

We used the same equations used by Quast and Siozawa (1974) 
for the Nusselt, Prandtl and Reynolds numbers. These authors used 
the overall heat transfer coefficient (U) in the place of the film 
coefficient (h), because in their study they were quite similar. This 
is not true in our case. However, as it was easier to obtain “U” 
values instead of “h” values, and since we were attempting to corre
late factors influencing the overall heat transfer, we used the same 
substitution as mentioned above. The Nusselt number thus becomes 
a modified Nusselt number (Num). Besides this, Quast and Siozawa 
used an average specific heat of the can and its contents to calculate 
the Prandtl number, whereas we used the specific heat of the con
tents alone.

Num U.D
k (2)

where U = overall heat transfer coefficient; D = can diameter; and 
k = thermal conductivity of can contents.

D.v.pRe = -------- (3)M
where v = velocity of the can wall (ir.D.rotational speed); p = 
density of air or of can contents; and p = viscosity of air or of can 
contents.

M.CPr : (4)
where C = specific heat of can contents.

—Continued on next page
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Besides the “ U ”  values, we needed the magnitudes of thermal 
conductivity, density, specific heat and viscosity for the CMC 
solutions and air at defined temperatures, in order to use the dimen
sionless equations. For the CMC solutions the temperature was 
defined as the average arithmetic temperature between 90 and 
120 C , this being the range of temperatures registered at the geo
metrical center o f the cans during the flame heating cycle. We 
avoided using the film temperature because we registered the tem
perature at the internal wall of the can for only a few experiments, 
but enough to see that it has a very complex behavior as a function 
of the can rotational speed and the other variables of the process. 
For the air, by looking at the temperature distribution outside the 
can presented by Paulus and Ojo (1974) for a flame of about 
1100°C, we estimated an average temperature o f 150°C.

RESULTS & DISCUSSION
THREE VARIABLES were studied in this work: headspace 
volum e, can rotation speed, and product viscosity. The data 
are summarized in Tables 1 , 2 , 3  and 4 . In these tables the  
values o f  “ U ” were obtained from  the slopes o f  straight 
lines drawn through 20  to  30 points in plots o f  “T” versus 
“ 0 .” The low er correlation coefficient (r) found for these 
lines was 0 .9 8 9 , but from  th e 70 tests done on ly  tw o  
gave values o f  “r ” low er than 0 .9 9 5 , and these were tests  
done at 50 r.p.m. (no. 43  and 61) and higher viscosities, 
indicating som e problem s o f  hom ogenization o f  the can 
contents.

Influence o f the headspace volum e in heat transfer
Looking at Tables 1 , 2 , 3  and 4  on e can see that the “ U ” 

values at the same r.p.m ., for different headspaces, are not 
to o  different. At m ost th ey  differ from  each other by about 
10%, which is w ithin the experim ental error o f  this study. 
Thus, even though the photographs taken indicated more 
intense agitation for the larger headspaces (Teixeira N eto ,
1 9 8 0 ), w e were not able to  detect any increase in “ U ” 
values for the CMC solutions used in th e present investiga
tion .
Influence o f  can rotation speed in heat transfer

Tables 1, 2 , 3 and 4  show that the “ U” values usually  
decrease w ith  an increase in th e can rotation speed. The 
observed trend was significant and in  contrast to  the results 
obtained by Quast and Siozawa (1 9 7 4 )  using steam  as the  
heating m edium . However, th is may be explained b y  the  
fact that in the case o f  the flame-sterilizer there is som e  
heat escape from  the can wall to  the am bient, and this 
loss increases as the rotation speed o f  the can increases, 
since the drag o f  am bient air betw een th e flam e and th e can 
wall and probably the turbulence as w ell, also increase.

The interpretation o f  the photographs w ith  respect to  
the internal agitation is com plex. On one hand it could be 
seen that for the 2.5% CMC solution , faster speeds had the

Table 1—Data from flame-sterilization o f  1.0% CMC solutions
Head- Mass of Mass of Can rota- Heating U Rej Pfi Ree Num

Assay space CMC soin can + lid tion speed rate (Kcal/
no. (mm) (kg) (kg) (r.p.m.) (°C/hr) /hr-m2-°C) (x10 3) (x10 3)

1 6 0.408 0.101 50a 323 35.8 4.78 18.2 0.50 4.49
2 6 0.408 0.101 100 296 32.8 9.57 18.2 1.00 4.11
3 6 0.408 0.101 150 266 29.4 14.35 18.2 1.50 3.69
4 6 0.408 0.101 200 236 26.1 19.13 18.2 2.00 3.27
5 10 0.402 0.100 50 308 33.6 4.78 18.2 0.50 4.21
6 10 0.402 0.100 100 296 32.3 9.57 18.2 1.00 4.05
7 10 0.402 0.100 150 289 31.5 14.35 18.2 1.50 3.95
8 10 0.402 0.100 200 263 28.7 19.13 18.2 2.00 3.60
9 14 0.380 0.103 50 334 36.4 4.78 18.2 0.50 4.57

10 14 0.380 0.103 100 315 34.3 9.57 18.2 1.00 4.30
11 14 0.380 0.103 150 285 31.1 14.35 18.2 1.50 3.90
12 14 0.380 0.103 200 278 30.3 19.13 18.2 2.00 3.80
13 18 0.364 0.099 50 338 33.5 4.78 18.2 0.50 4.20
14 18 0.364 0.099 100 315 31.2 9.57 18.2 1.00 3.91
15 18 0.364 0.099 150 296 29.3 14.35 18.2 1.50 3.67
16 18 0.364 0.099 200 274 27.1 19.13 18.2 2.00 3.40

a B u c k le d  can

Table 2--Data from flame-sterilization o f 1.5% CMC solutions
Head- Mass of Mass of Can rota- Heating U Re| Pfi Ree Num

Assay space CMC soin can + lid tion speed rate (Kcal/
no. (mm) (kg) (kg) (r.p.m.) (°C/hr) /hr-m2-°C) (x10- 3 ) ( x 10 3 )

17 6 0.412 0.096 50 353 39.3 0.56 154 0.50 4.93
18 6 0.412 0.096 100 323 35.9 1.13 154 1.00 4.50
19 6 0.412 0.096 150 319 35.5 1.69 154 1.50 4.45
20 6 0.412 0.096 200 304 33.8 2.26 154 2.00 4.24
21 10 0.394 0.097 50 349 37.2 0.56 154 0.50 4.67
22 10 0.394 0.097 100 311 33.1 1.13 154 1.00 4.15
23 10 0.394 0.097 150 323 34.4 1.69 154 1.50 4.31
24 10 0.394 0.097 200 326 34.7 2.26 154 2.00 4.35
25 14 0.378 0.097 50 375 38.4 0.56 154 0.50 4.82
26 14 0.378 0.097 100 345 35.3 1.13 154 1.00 4.43
27 14 0.378 0.097 150 326 33.3 1.69 154 1.50 4.18
28 14 0.378 0.097 200 338 34.6 2.26 154 2.00 4.34
29 18 0.363 0.096 50 368 36.2 0.56 154 0.50 4.54
30 18 0.363 0.096 100 368 36.2 1.13 154 1.00 4.54
31 18 0.363 0.096 150 345 33.9 1.69 154 1.50 4.25
32 18 0.363 0.096 150 356 35.0 1.69 154 1.50 4.39
33 18 0.363 0.096 200 364 35.8 2.26 154 2.00 4.49
34 18 0.363 0.096 200 356 35.0 2.26 154 2.00 4.39
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tendency to  direct the air bubbles to  the axis o f  th e flask 
and to  its ends, not favoring good agitation. On the other  
hand these faster speeds favored a more frequent renova
tion  o f  the material in contact w ith th e bubbles, allowing  
better agitation. Which m echanism  prevails is difficult to  
say, and w ill depend on  the rotational speed. However, 
from  a global point o f  v iew , this effect w ould be nullified  
i f  th e external resistances were greater as compared to  the  
internal ones.

It is also im portant to  m ention that o f  the 70 tests done, 
three presented problem s o f  m echanical deform ation o f  the  
can, and these were all tests done at 50  r.p.m . This defor
m ation is evidently due to  problem s o f  internal agitation  
at this rotation speed, generating cold and hot spots inside 
th e can that were responsible for the high pressure devel
oped. Kato (1 9 7 5 )  observed a similar phenom enon.
Influence o f  product viscosity on  heat transfer

The data in Tables 1, 2 , 3 and 4  do not show m uch  
variation in “ U ” values am ongst th e CMC solutions at d if
ferent concentrations (viscosities), w hen compared under 
th e same conditions o f  headspace volum e and can rota

tion  speed. This observation does not agree w ith  th e data 
presented by Quast and Siozawa (1 9 7 4 ), when th ey  used 
steam  as the heating m edium . A lso, we worked w ith CMC 
solutions in the range o f  viscosities from  20 to  440  cP at 
25 C, while Quast and Siozawa worked in th e range o f  zero 
to 100 cP at 27° C.

Table 5 shows data obtained in seven tests in which the  
tem perature at the internal wall o f  th e can was measured. 
Som e calculations w ith  these data gave us values o f  external 
resistances about 50 to  9 0 0  tim es larger than th e internal. 
The values o f  these resistances are also presented in  Table 5. 
This fact is responsible for the lack o f  influence o f  the  
headspace volum e and the viscosity in  th e “ U ” values o f  all 
tests. A lso, it explains w hy the values o f  “ U ” presented by  
Quast and Siozawa (1 9 7 4 ), for steam  heating, were about 
5 to  90  tim es larger than the values obtained in  our tests  
w ith  the flame-sterilizer.

It must be said that although in th e calculations above 
w e too k  into account the resistance to  heat conduction  
through th e can wall, it was very small and so neglected in  
th e approach o f  th e dim ensionless correlations to  be pre
sented. -Continued on next page

Table 3 —Data from flame-sterilization o f  2.0% CMC solutions
Head- Mass of Mass of Can rota- Heating U Re| Pr-j Ree Num

Assay space CMC soin can + lid tion speed rate (Kcal/
no. (mm) (kg) (kg) (r.p.m.) (°C/hr) /hr-m2'°C) (x10 3) ( x 10 3 )

35 6 0.407 0.097 50a 308 33.8 0.48 181 0.50 4.24
36 6 0.407 0.097 100 308 33.8 0.96 181 1.00 4.24
37 6 0.407 0.097 150 285 31.2 1.43 181 1.50 3.91
38 6 0.407 0.097 200 251 27.5 1.91 181 2.00 3.45
39 10 0.395 0.096 50 371 39.5 0.48 181 0.50 4.95
40 10 0.395 0.096 100 334 35.5 0.96 181 1.00 4.45
41 10 0.395 0.096 150 300 31.9 1.43 181 1.50 4.00
42 10 0.395 0.096 200 296 31.5 1.91 181 2.00 3.95
43 14 0.381 0.098 50 315 32.4 0.48 181 0.50 4.06
44 14 0.381 0.098 100 338 34.7 0.96 181 1.00 4.35
45 14 0.381 0.098 150 293 30.1 1.43 181 1.50 3.78
46 14 0.381 0.098 200 289 29.7 1.91 181 2.00 3.73
47 18 0.365 0.097 50 383 37.8 0.48 181 0.50 4.74
48 18 0.365 0.097 100 356 35.1 0.96 181 1.00 4.40
49 18 0.365 0.097 150 319 31.5 1.43 181 1.50 3.95
50 18 0.365 0.097 200 308 30.4 1.91 181 2.00 3.81

a Buckled can

Table 4--Data from flame-sterilization o f  2.5% CMC solutions
Head- Mass of Mass of Can rota- Heating U Re| Pn Ree Num

Assay space CMC soin can + lid tion speed rate (Kcal/
no. (mm) (kg) (kg) (r.p.m.) (° C/hr) /hpm 2 °C) (x10— 3) ( x 10 3 )

51 6 0.409 0.096 50 323 35.4 0.29 300 0.50 4.44
52 6 0.409 0.096 100 330 36.2 0.58 300 1.00 4.54
53 6 0.409 0.096 100 349 38.3 0.58 300 1.00 4.80
54 6 0.409 0.096 150 323 35.4 0.86 300 1.50 4.44
55 6 0.409 0.096 150 281 30.8 0.86 300 1.50 3.86
56 6 0.409 0.096 200 300 32.9 1.15 300 2.00 4.13
57 10 0.395 0.097 50a 360 38.2 0.29 300 0.50 4.79
58 10 0.395 0.097 100 338 35.9 0.58 300 1.00 4.50
59 10 0.395 0.097 150 323 34.3 0.86 300 1.50 4.30
60 10 0.395 0.097 200 300 31.8 1.15 300 2.00 3.99
61 14 0.377 0.097 50 375 38.0 0.29 300 0.50 4.77
62 14 0.377 0.097 100 323 32.8 0.58 300 1.00 4.11
63 14 0.377 0.097 100 338 34.3 0.58 300 1.00 4.30
64 14 0.377 0.097 150 304 30.8 0.86 300 1.50 3.86
65 14 0.377 0.097 200 278 28.2 1.15 300 2.00 3.54
66 18 0.362 0.097 50 461 44.9 0.29 300 0.50 5.63
67 18 0.362 0.097 100 341 33.2 0.58 300 1.00 4.16
68 18 0.362 0.097 150 323 31.5 0.86 300 1.50 3.95
69 18 0.362 0.097 150 304 29.6 0.86 300 1.50 3.71
70 18 0.362 0.097 200 308 30.0 1.15 300 2.00 3.76

a B u c k le d  can
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H E A T  T R A N S F E R  R A T E S - F  L A M E  S T E R IL IZ A T IO N . . .

Dim ensionless correlations
An empirical general dim ensionless equation was written  

in order to  correlate data describing the fluid flow  charac
teristics and physical properties o f  the fluids inside and ou t
side the can,

Num = k Ref Prf Re“ Prd (5)
The subscripts “ i” and “ e” mean internal (product) and

Fig. 2 —Viscosity o f  CMC solutions a t d ifferent concentrations as a 
function o f  the temperature.

external (air), respectively. Since the Prandtl num ber for air 
is practically a constant (0 .6 8 ), we sim plified the above 
equation to:

Num = k ,  Ref Prf Rece (6 )
To substitute for the values o f  Rei( Pr; and Ree we used  

the equations already given, in which the m agnitudes o f  p, 
k, p and C were used according to  the follow ing considera
tions: O f the properties referred above, for CMC solutions, 
viscosity is the most tem perature dependent, follow ed by  
therm al conductivity, and their m agnitudes at 105 C were 
used. As our CMC solutions were o f  low  concentration, we 
used th e thermal conductivity o f  water (Silva, 1 97 1) as 
“ k” for all CMC solutions, The viscosities o f  all CMC solu
tions obtained experim entally at different tem peratures 
were plotted on  a logarithm ic scale against the reciprocal 
o f  the tem peratures in degrees Kelvin (Fig. 2 ), and th e mag
nitudes at 105°C were calculated by extrapolation o f  the  
straight lines. These magnitudes are apparent viscosities 
measured at a fixed shear rate. As we know n, CMC solu
tions behave as pseudoplastic fluids w hose apparent viscosi
ties decrease with increase in th e shear rate. It is very d iffi
cult to  assess accurately the shear rate inside th e can as a 
function  o f  th e rotational speed. For this reason, th e magni
tudes o f  viscosity are on ly  approxim ate. As density and 
specific heat are less tem perature dependent, we used their 
data at 20 C. Table 6 presents the density at this tem pera
ture for CMC solutions at different concentrations. The 
therm ophysical properties o f  air at 150 C were taken from  
Silva (1 9 7 1 ), and the values o f  “ U” were determ ined from  
the tim e-tem perature records obtained from each test, as 
described previously.

In order to  get the best values o f  k ! , a, b and c in Eq 6 , 
we performed several trial and error calculations using d if
ferent values o f  “ b” and “ c” and plotting the data as in 
Fig. 3. A fter these trials we obtained a plot o f  points 
(intervals) that showed good alignm ent, with a correlation  
coefficient o f  0 .9 9 5 . The high correlation coefficient shows 
that the equation found represents the heat transfer charac
teristics o f  the system  studied very well. The values o f  “kj ” 
and “ a” were taken from  Fig. 3 as the intercept and the

Table 6 —Density o f  CMC solutions a t d ifferent concentrations
CIVIC solution Density3

(%) (g/cc)

1.0 1.001
1.5 1.003
2.0 1.004
2.5 1.004

3 A ve rag e  fro m  tw o  sam p les m easured  at 2 0 ° C

Table 5 —Data from  flame-sterilization o f  CMC solutions with temperature measured at the internal wall o f  the can3
Cone, of Head- Can rota- Heating13 Heating“ ln itia ld External Internal E.R.

CMC soin space tion speed rate rate temp resistance resistance /
<%) (mm) (r.p.m.) (°C/hr) (°C/hr) (°C) (hr-m2 °C/Kcal) (h rm 2-°C/Kcal) I.R.

1.5 18 50 295 202 110 0.033 0.00063 52
1.5 18 100 302 284 95 0.032 0.00016 198
1.5 18 150 284 241 95 0.035 0.00012 293
1.5 18 200 274 252 92 0.036 0.00004 882
2.5 10 100 288 169 109 0.031 0.00051 62
2.5 10 150 245 223 101 0.037 0.00046 79
2.5 10 200 234 94 115 0.038 0.00077 50

? T e s ts  w ith  som e changes in  th e  c o n d it io n s  o f f la m e  co m b u st io n  co m p ared  w ith  th e  o th e r tests 
°  H eating  ra te  m easu red  at th e  g eo m e trica l ce n te r o f  th e  can 
“  H eatin g  ra te  m easu red  at th e  in te rn a l w a ll o f  th e  can
“ T e m p e ra tu re  at the  In te rn a l w a ll o f  th e  can w h en  w e sta rted  to  fo llo w  th e  heating  up  o f  th e  c o n te n ts ; a t th is  t im e  th e  te m p e ra tu re  at th e  geo

m e tr ic a l ce n te r o f  th e  can  w as a lw a y s  9 0  C .
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slope, respectively. The final form  o f  th e correlation equa
tion  thus becom es:

Num = 0 .4 3 3  R e ° 56 Pr?'60 R e“ 0 68 (7 )

CONCLUSIONS
WE CAN SAY that th e overall heat transfer to  food s ster
ilized by a high tem perature flam e, has som e differences 
from  the heat transfer in food s sterilized by steam . The 
main characteristic o f  flam e-sterilization is the m uch higher 
external resistance to  heat transfer, w hich is not the case 
with steam  sterilization. Thus, for products sterilized by  
flam e the headspace volum e and product viscosity are o f  
minim um  interest, since th ey  do not affect the external 
resistances. The influence o f  rotational speed is more im 
portant and com p lex, since it affects b oth  th e internal and 
external resistances.

The empirical correlation found in  this work w ill help  
in  understanding the heat transfer phenom enon for foods  
sterilized by this mean. H owever, it holds on ly  for the 
flam e conditions fixed here. In order to  optim ize the design 
o f  a real sterilizer m uch m ore work is needed, m ainly w ith  
respect to  the influence o f  th e gas flow  rate and th e dis
tance from  the burner to  the can wall in the heat transfer 
rates to  the product being sterilized.
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----------------------------ABSTRACT-----------------------------
Various lipids were reacted with H 0 36C1 and 36C102 in an aqueous 
medium, and the extent of incorporation of 36C1 into the lipids was 
determined. Cl incorporation into lipids treated with HOC1 was 
greater than lipids treated with C102. Free fatty acids incorporated 
more Cl than their corresponding esters. The degree of Cl incorpora
tion was directly correlated with number of double bonds in the 
lipid. Triglycerides behaved as esters o f their component fatty acids. 
High Performance Liquid Chromatography (HPLC) studies indicated 
at least two chlorinated products were formed from the reaction of 
H 0 36C1 with oleic acid.

INTRODUCTION
AQ UEOUS CHLORINE and chlorine dioxide are used in 
the food  industry as antim icrobial and bleaching agents. 
Both o f  these com pounds are poten t oxidizers and under 
the proper conditions are effective chlorinating agents. 
Since the safety o f  som e chlorinated com pounds is an issue 
o f  som e concern (Kraybill, 1978; Sim on and Tardiff, 1980), 
it is im portant to study the possible form ation o f  chloro- 
organics in com pounds o f  biological origin.

Lipids constitute a class o f  organic com pounds in foods 
w hich readily react w ith chlorine (W hite, 1972; Ghanbari 
et al., 1980). The double bonds in the fatty  acid m oiety  o f  
lipids can undergo oxidation  and addition in the presence 
o f  electrophiles such as HOC1 and C102 (NRC, 1979). 
Cunningham and Lawrence (1 9 7 6 ) have show n that when  
a thin  layer o f  m ethyl oleate is treated w ith Cl2 (g), 85% 
o f  the m ethyl oleate is chlorinated. Leopold and M utton
(1 9 5 9 )  reacted Cl2 (g) and C102 (g) w ith triolein in CHC13 
and CC14 and have reported form ation o f  chlorine contain
ing lipids. Cunningham (1980 ) prepared chlorinated lipids 
by reacting chlorine gas w ith lipids in the neat form  and has 
show n that these chlorinated lipids in the diet o f  rats 
reduce w eight gain and increase the size o f  liver, k idney and 
heart.

In an attem pt to  simulate aqueous condition in food  
system s, this study exam ines the extent o f  incorporation o f  
chlorine into free fatty  acids, their esters, and triglycerides 
when reacted w ith HOC1 and C102 under aqueous condi
tions.

EXPERIMENTAL
Materials

Lipids were obtained from Applied Science (State College, PA) 
and Supelco (Supelco Park, Bellefonte, PA). (^Cll-Hydrochloric 
acid was purchased from New England Nuclear, All other chemicals 
were reagent or analytical grade.
Preparation of chlorine demand free water

Distilled water was first deionized using a Barnstead (Sybron 
Corporation) water deionizer system and passed through a column

Authors Ghanbari, Wheeler and Kirk are affiliated with the Dept, o f  
Food Science & Human Nutrition, Institute o f  Food & Agricultural 
Sciences, Univ. o f  Florida, Gainesville, FL 32611.

of Porapak Q (Waters Associates). Chlorine demand free water was 
used in preparing all solutions.
Chlorine generation

In order to prepare H 036C1, H36C1 was first neutralized with 
NaOH and then added in microliter amounts to potassium per- 
managante in the reaction flask to generate Cl2 (g). The amount o f  
Na36Cl used was determined by the specific activity (cpm/mg/L) 
desired in the final solution.

Chlorine gas was generated by the dropwise addition o f 2 ml of 
3M HC1 solution to lg  potassium permanganate in a gas generation 
apparatus (Ghanbari et al., 1981). The system was closed and 
under vacuum. Chlorine gas was trapped in 50 ml of 0.02M NaOH 
solution to yield a final pH of 6 -7 . Using this sytem, the gas is 
efficiently trapped predominately as HOC1.
Chlorine dioxide generation

Nonradioactive and radioactive C102 were prepared using two 
different schemes. Nonradioactive C102 was generated by slowly 
adding a 2N H2 S0 4  to lg  of NaC102 in 1 ml H20  in the gas gener
ating apparatus. The generated chlorine dioxide gas (greenish-yellow 
color) was passed through a NaC102 clean-up column and collected 
in 40 ml of cold H20 .

Radioactive C102 was prepared from H36C1 as described by 
Ghanbari et al. (1981). Following neutralization with KOH, K36C1 
was converted to K36C103 by electrolysis and disproportionation. 
The K36C103 solution was then reduced to 36C102 using oxalic 
acid in concentrated H2SC>4 in the same gas generation apparatus 
used to generate HOC1. C102 was purified by passage through a 
Na2C 03 column. Contaminants such as C 02 and Cl2 are absorbed 
by the Na2C 03.
Chloramine preparation

Chloramine was formed by mixing ammonium hydroxide and 
hypochlorous acid in a 2:1 molar ratio. The major product of this 
mixture when incubated at room temperature (pH 7.6) is NH2C1 
(Eaton et al., 1973).
Dispersion of lipids in aqueous medium

All lipids were dispersed in chlorine demand free H20  using a 
Polytron homogenizer equipped with an anaerobic probe generator.
Reaction mixtures

Reaction mixtures contained 3.4 mM lipid (1000 mg/L oleate 
equivalent) and 5.07 mM (180 mg/L) available chlorine equivalent 
of H 0 36C1 or 36C102 in phosphate buffer solution, pH 6.0. The 
mixtures were incubated at 25°C in a shaking water bath. The reac
tions were carried out in glass stoppered flasks with about 30% 
head space; the reaction flasks were wrapped with foil to exclude 
light. Samples were taken after 0, 5, 15, 30, and 60 min o f incuba
tion for extraction of lipids and scintillation counting. For 0 min 
incubation time, available chlorine was quenched with 10% excess 
sodium thiosulfate prior to mixing with lipids. All other samples 
were quenched with sodium thiosulfate at the time o f sampling.
Extraction of lipids from the aqueous phase

Preliminary experiments showed that 10-40% of the original 
radioactivity of HO-^Cl was extracted by chloroform from an aque
ous mixture of the reagent and the lipids, depending on pH and 
relative volume of the two phases. It was also noted that chlorine 
in the chloroform would react readily with lipids if they were pres
ent. To eliminate possible reaction between chlorine and lipid 
during extraction, unreacted HO^Cl in the aliquots of the reaction
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mixture was quenched with 10% excess sodium thiosulfate imme
diately after sampling. Hydrochloric acid was added to adjust pH to 
approximately 2.0 to assure completion of quenching and facilitate 
chloroform extraction o f the fatty acids. The Cl-  in HC1 diluted 
36C1 and minimized 36C1 contamination of chloroform extracts 
and acetonitrile eluates. A zero time sample was achieved by quench
ing the H 0 36C1 in the reaction mixture with sodium thiosulfate 
before adding any lipids to the reaction mixture.

A 5 ml aliquot of the reaction mixture (quenched with sodium 
thiosulfate and acidified to pH 2) was extracted with 10 ml of chlor
oform. The chloroform fractions were pooled and evaporated to 
dryness at 60°C under a stream of N2 . The organic compounds re
maining in the aqueous phase after chlorform: methanol extraction 
were recovered using a C18 Sep-Pak column (Waters Associates). 
The aqueous phase was first made to a volume o f 10 ml with water 
and a 5 ml aliquot of the mixture was passed through a conditioned Sep-Pak column and the column was then rinsed with 5 ml 0.1N 
NaCl. Organic compounds absorbed to the column were subsequent
ly eluted with 5 ml acetonitrile. The acetonitrile fraction was eva
porated to dryness at 60°C under a stream of N2 . Both chloroform 
and acetonitrile extractions were dissolved in Aquasol (New England 
Nuclear) for scintillation counting.
High performance liquid chromatography

Following incubation of oleic acid and H 0 36C1, unreacted oleic 
acid and reaction products were derivatized to UV absorbing phen- 
acyl esters according to the procedure of Borch (1975). Separation 
and quantitation were carried out using Hewlett Packard model 
1284A High Performance Liquid Chromatograph equipped with 
automatic sampler, solvent programmer, and variable wavelength 
UV detector. Absorbance was monitored at 240 nm. Separation was 
accomplished on a 30 cm x 3.9 mm i.d. Bondapak Clg reverse 
phase column (Waters Associates). Elution was accomplished with 
an acetonitrile: water gradient programmed for 80:20 (v/v) to 100:0 
(v/v) at a flow rate of 1.0 ml/min. Eluent fractions were collected 
using a Gilson Micro-Fractionator model FC-100.
Available chlorine

Available chlorine was measured by iodiometric titration (Fran- 
son, 1976;Masschelein, 1979).
Liquid scintillation counting

Radioactivity was quantified using liquid scintillation counting 
of samples in Aquasol (New England Nuclear) using a Searle Ana
lytic 92 Liquid scintillation system with windows set at 50-800. 
Counting efficiency was determined by quench curve, and counter 
reliability was monitored by including standards with each run.

RESULTS & DISCUSSION
Incorporation o f  chlorine into lipids 
treated with hypochlorous acid

Data describing chlorine incorporation into lipids 
reacted with H 0 36C1 in aqueous suspension are shown in 
Table 1. The am ount o f  radioactivity per m l o f  reaction  
m ixture was adjusted to  yield a m inim um  o f  1000 counts 
per min for each 1% 36C1 incorporation. Free fatty  acids 
showed greater incorporation o f  chlorine than their cor
responding m ethyl esters (o leic  acid 10.4%, m ethyl oleate
1.67). Chlorine incorporation was observed to  be directly  
proportional to  the num ber o f  double bonds in both  free 
fatty  acids and their m ethyl esters (o leic  acid 10.4%, arachi- 
donic acid 2 9 .1 ), and incorporation o f  chlorine into trigly
cerides was predictable from  average number o f  double  
bonds in the esterified fatty  acids. These trends were con
sistent with the rate o f  destruction o f  available chlorine 
from HOC1 reacted with free fatty  acids, their m ethyl 
esters and various triglycerides.

Exam ination o f  the data in Table 1 reveals that the per
cent chlorine incorporation appeared to  decline after 30  
min o f  incubation o f  the suspensions o f  free fatty  acids 
containing tw o or more double bonds. The results for the 
organics remaining in the aqueous phase after chloroform - 
m ethanol extraction are shown in Table 2. These data 
indicate chlorine was incorporated into water soluble 
organics produced from  lipids treated w ith  H 0 36C1. The 
oleic acid-HOCl reaction m ixture data showed less than 
0.1% incorporation o f  chlorine in to  water soluble reaction  
products after 60 min o f  incubation (in  contrast to  10.4% 
incorporation into chloroform : m ethanol extract). Chlorine 
incorporation in to  water soluble organics sharply increased 
in linolenic acid and arachedonic acid experim ents. Thus, 
polyunsaturated fatty acids appear to  favor the form a
tion o f  chlorinated water soluble reaction products. The 
water soluble organics containing 36C1 were m ore hydro
philic chlorine derivatives o f  the fa tty  acids and/or smaller 
organic m olecules produced b y  oxidation-chlorination- 
cleavage o f  the polyunsaturated fatty  acids.

Under the experim ental conditions stated in Table 1, 
no residual active chlorine could be measured after 60  
min. o f  incubation o f  the HOCl-oleic acid reaction mix-

Table 1—Chlorine incorporation into chloroform -.methanol (2:1) extracts o f  lipids treated with hypochlorous acid. Lipids were suspended in 
0.1 M phosphate buffer, pH  6.0. Hypochlorous acid (as HO^^CD initial concentration was 5.07 mM  (180 m g/L available chlorine) and lipid 
concentration was 3.4 m M  (1000 m g/L oleate equivalent)

Lipids

Total counts in 5 ml 
aliquot o f the reaction 

mixture (dpm)a

Percent chlorine incorporated into chloroform: 
methanol (2:1) extracts after reaction timeb Moles chlorine incorporated 

per mole o f lipid after 
60 min incubation110 minc 5 min 15 min 30 min 60 min

Oleic acid 1.57 x 105 0 3.22 6.23 8.31 10.4 0.155
Methyl oleate 2.05 x 105 0 0.78 1.03 1.32 1.67 0.0249
Linoleic acid 2.22 x 105 0 9.21 14.2 18.0 16.6 0.247
Methyl linoleate 1.42 x 105 0 2.11 2.62 3.1 3.60 0.0536
Linolenic acid 1.62 x 105 0 18.1 26.1 26.9 26.0 0.387
Methyl linolenate 1.02 x 105 0 3.31 4.54 5.62 6.10 0.0909
Arachidonic acid 1.25 x 105 0 20.2 29.8 31.1 29.1 0.434
Methyl arachidonate 1.00 x 105 0 5.61 7.22 9.11 9.20 0.137
Triolein 1.25 x 105 0 0.61 0.74 1.21 1.56 0.0232
Triglycerides (Olive oil) 1.00 x 105 0 0.30 0.52 0.75 1.31 0.0195
Triglycerides (Wheat germ) 1.58 x 105 0 3.41 3.62 4.06 4.06 0.0605

® A m o u n t  o f  ra d io a c t iv ity  w a s  d e te rm in e d  b y  s c in t il la t io n  c o u n tin g  o f  a 0 .5  m l a liq u o t  o f th e  re a c t io n  m ix tu re  fo r  t im e  0 m in . 
b A ve rag e  o f  tw o  to  th re e  va lu e s  each  ca lc u la te d  using  th e  fo llo w in g  fo rm u la : P e rce n t In c o rp o ra t io n  = [(d p iT q —d p m 0)/dpm -j-] x  1 0 0  

W here d p m 0 Is co u n ts  fo r  to ta l c h lo ro fo rm -m e th a n o l e x t ra c t  a t t im e  0 ; d p m t Is co u n ts  fo r  to ta l c h lo ro fo rm -m e th a n o l e x t ra c t  a t t im e  t  ( 5 ,  1 5 , 
3 0 , and 6 0  m in ) ;  d p m T  is to ta l co u n ts  In th e  5 m l a liq u o t o f th e  re a c t io n  m ix tu re .

“  C h lo r in e  d io x id e  w as q u en ch ed  w ith  e xce ss  so d iu m  th io s u lfa te  b e fo re  ad d ing  th e  lip id s , h ence  a t ru e  t im e  z e ro .
“ T h e se  va lu es w e re  c a lcu la te d  using th e  fo llo w in g  fo rm u la : P e rce n t c h lo r in e  ln c o rp o ra te d /1 0 0  x  m o la r c o n c e n tra t io n  o f  H O C I/m o la r  c o n c e n 

t ra t io n  o f lip id s .
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ture. A lthough all o f H 0 36C1 was destroyed, on ly  10.4%  
o f  the chlorine as 36C1 was incorporated into oleic acid and 
only  15.5% o f  the o leic acid m olecules were calculated to  
contain chlorine (based on 1 Cl per m olecule o f  fa tty  acid). 
These data appear to  suggest that the reaction o f  HOC1 
w ith lipids results in chlorination and possible oxidation  o f  
the fatty  acid. Similar results were observed w ith the other 
lipids used in this study. Com pounds in the chloroform - 
m ethanol extract o f  o leic ac id -H 036Cl reaction were sepa
rated by reverse phase HPLC. Five major peaks were 
observed by m onitoring absorbance at 2 40  nm , tw o o f  
w hich were show n to  contain 36 Cl by scintillation counting.

Incorporation o f  chlorine in to  lipids can best be ex 
pressed in terms o f  m oles o f  chlorine per m ole o f  free fatty  
acids, m ethyl ester, or fatty acid residue equivalent o f  tri
glycerides. Data represented by the solid line in Fig. 1 
show s the relationship betw een num ber o f  double bonds in 
the free fatty  acids and total chlorine incorporation, while 
the broken line represents the number o f  double bonds and 
chlorine incorporation per double bond in fatty  acid m ethyl 
esters. T otal chlorine incorporated (m oles chlorine per m ole 
ester) was directly proportional to  the number o f  double 
bonds. Chlorine incorporation per double bond (m ole  
equivalent) also increased slow ly w ith number o f  double  
bonds in the m olecule, indicating a synergistic effect for 
the double bonds in the fatty  acids. This is supported by  
chlorine incorporation data for m ethyl arachidonate w ith  
four double bonds which incorporated chlorine at a level o f  
greater than 4x  compared to  m ethyl oleate w ith one double 
bond.
Incorporation o f chlorine into lipids 
treated w ith chlorine dioxide

Experim ents involving lipids and H 0 36C1 and discussed  
in the previous section were repeated using 36C102 . Experi
m ental conditions and protocols were identical and data 
were analyzed in the same manner. The data showing  
chlorine incorporation into chloroform -m ethanol (2 :1 )  
extracted lipids which had been treated w ith 36C102 
are summarized in Table 3. Chlorine incorporation into  
lipids treated with 36C102 follow ed the same general 
trends observed for reactions involving H O 36 Cl. As shown  
by the data in Table 3 , the percent radioactivity incorpo
rated into lipids treated w ith 36C102 was significantly  
smaller. Comparison o f  the m oles o f  Cl incorporated per 
m ole lipid (Tables 1 and 3) shows that, under identical con
ditions, less chlorinated lipid was form ed w hen C102 
was used as the chlorinating agent than HOC1.

Lipids are generally less reactive w ith C102 as compared  
to  HOC1 (Ghanbari et al., 1980); however, this lower reac
tivity does not fully explain the reduced 36C1 incorporation  
in to  lipids treated w ith  36C102 . Data reported by Ghanbari

Number of Double Bonds

Fig. 1 -Relationship between number o f  double bonds and total 
chlorine incorporation and num ber o f  double bonds and chlorine 
incorporation per double bond  in fa tty  acid m eth y l ester treated 
with H O ^C I: Conditions as in Table 1.

et al. (1 9 8 0 ) showed that arachidonic acid reacted w ith  
70% o f  C102 and 100% o f  HOC1 after 60 min incubation, 
but percent radioactivity incorporated into arachidonic 
acid after 60 m in is 7 .61 and 29.1 for 36C102 in H 0 36C1, 
respectively (Tables 1 and 3). These data indicate that C102 
m ay favor oxid ation  rather than chlorination o f  lipids to  
a greater extent than chlorine.

Experim ental data showed no chlorine incorporation  
when oleic acid was reacted w ith chloram ine. Similarly 
there was no chlorine incorporated in to  o leic acid when  
NH4 OH was added to the reaction m ixture containing  
36C102 . One explanation for these latter observations is that 
the m echanism  o f  chlorination w ith  C102 involves the for
m ation o f  HOC1 which results in electrophilic addition to  
the double bond; however, in the presence o f  NH 4 OH 
chloram ine is m ore rapidly form ed. Gordon et al. (1 9 7 2 )

Table 2 —Chlorine incorporation into water soluble organics produced from lipids when treated with HcA^CI. Lipids were suspended in 
0.1 M phosphate buffer, pH  6.0. Hypochiorous acid (as H cA^Cij initial concentration was 5.07 m M  (180 m g/L available chlorine) and lipid  
concentration was 3.4 mM  (1000 m g/L oleate equivalent). Water soluble fractions were separated using C /g reverse phase column

Percent chlorine incorporation in water
Total counts in 5 ml aliquot of soluble organics after reaction timeb

the aqueous phase after chloroform- --------------------------------------------------------------------------------
Lipids methanol extraction (dpm)a 0 min 5 min 15 min 30 min 60 min

Oleic acid 2.58 x 105 0 0.019 0.039 0.058 0.098
Linoleic acid 3.23 x 10s 0 0.036 0.071 0.093 0.18
Linolenic acid 3.59 x 105 0 0.56 0.84 1.00 1.06
Arachidonic acid 3.39 x 105 0 1.39 1.56 1.71 1.77

a A m o u n t  ra d io a c t iv ity  w as d e te rm in e d  b y  s c in t il la t io n  c o u n tin g  o f  1 m l a liq u o t  o f  th e  aq u eo u s phase (a f te r  ch lo ro fo rm -m e th a n o l e x t ra c t io n )  
fo r  t im e  0 m in .

b T h e  fo llo w in g  fo rm u la  w as used to  c a lc u la te  th ese  va lu e s : P e rce n t in c o rp o ra t io n  = [d p irq —d p m 0)/dpm -j-] x  1 00  
w h e re  d p m 0 Is co u n ts  fo r  to ta l a c e to n it r i le  e lu e n t  using  aq u eo u s p hase  o f  t im e  0 ; d p m t Is co u n ts  fo r  to ta l a c e to n it r i le  e lu e n t u sing  aq u eo u s 
p hase  o f  t im e  t  (5 , 1 5 , 3 0  and  6 0  m in ) ;  dpm-p is to ta l co u n ts  In 5 m l a liq u o t  o f  th e  aq u eo u s p hase  a fte r  c h lo ro fo rm :m e th a n o l e x t r a c t io n .
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Table 3 —Chlorine incorporation into chloroform .-methanol (2:1) extracts o f  lipids treated with chlorine dioxide. Lipids were suspended in 
0 .1M phosphate buffer, pH  6.0. Chlorine dioxide (as 3 6 CIO2) initial concentration was 5.07  m M  (180 m g/L) available chlorine equivalent 
and lipid concentration was 3 .4  m M  (1000 m g/L oleate equivalent)

Percent chlorine incorporated into chloroform:
Total counts in 5 ml methanol (2:1) extracts after reaction time15 Moles chlorine incorporated

aliquot of the reaction -------------------------------------------------------------------------  per mole of lipid after * 30
Lipids mixture (dpm)3 0 m inc 5 min 15 min 30 min 60 min 60 min incubation'

Oleic acid 2.22 x 105 0 1.21 1.85 2.05 2.11 0.00627
Methyl oleate 1.67 x 105 0 0.21 0.82 0.81 1.31 0.00389
Linoleic acid 6.35 x 104 0 2.12 2.06 4.01 4.51 0.0134
Methyl linoleate 2.34 x 105 0 1.26 1.65 1.61 2.52 0.00748
Linolenic acid 1.65 x 10s 0 4.06 5.12 5.64 7.01 0.0208
Methyl linolenate 1.60 x 105 0 1.41 2.01 2.06 3.01 0.00940
Arachidonic acid 1.80 x 104 0 5.16 5.89 6.56 7.61 0.0226
Methyl arachidonate 1.26 x 105 0 1.52 2.71 2.61 2.71 0.00805
Triolein 3.46 x 105 0 0.52 0.51 0.65 1.06 0.00315
Triglycerides (Olive oil) 1.94 x 105 0 0.31 0.42 0.65 1.26 0.00374
Triglycerides (Wheat germ) 1.32 x 1 0 5 0 1.02 1.37 1.26 2.12 0.00630

3 A m o u n t  o f ra d io a c t iv ity  w a s  d e te rm in e d  b y  s c in t il la t io n  c o u n tin g  o f a 0 .5  m l a liq u o t  o f  th e  re a c t io n  m ix tu re  fo r  t im e  0 m in . 
h A ve rag e  o f  tw o  to  th re e  va lu es  each  c a lc u la te d  using  th e  fo llo w in g  fo rm u la : P e rce n t In c o rp o ra t io n  = [ (d p m t—d p m 0)/dpm q-] x  1 0 0  

w h e re  d p m Q Is co u n ts  fo r  to ta l ch lo ro fo rm -m e th a n o l e x t r a c t  a t t im e  O jdpm ^  Is co u n ts  fo r  to ta l c h lo ro fo rm -m e th a n o l e x t r a c t  a t  t im e  t  (5 , 1 5 ,
3 0 , and 60  m in ) ; d p m j  is to ta l co u n ts  in  th e  5 m l a liq u o t  o f  th e  re a c t io n  m ix tu re .

Jj C h lo r in e  d io x id e  w as q u en ch ed  w ith  e xce ss  so d iu m  th io s u lfa te  b e fo re  ad d in g  th e  lip id s , hence  a t ru e  t im e  z e ro .
a T h e se  va lu es w e re  c a lcu la te d  using th e  fo llo w in g  fo rm u la : P e rce n t c h lo r in e  ln c o rp o ra te d /1 0 0  x  m o la r c o n c e n tra t io n  o f a v a ila b le  ch lo r ln e /5  

x  c o n c e n tra t io n  o f  lip id s

have suggested the follow ing mechanism  for conversion o f  
C102 to HOC1:

C102 + e -> C102
2H+ + Cl-  + C102 -  -»■  2HOC1

In conclusion, there were similar trends betw een chlor
ine incorporation into lipids reacted with H 0 36C1 and 
36C102 , although HOC1 treatm ent o f  lipids results in higher 
chlorine incorporation (10.4%  and 2.4% for oleic acid). 
The lower chlorine incorporation in C102 experim ents as 
compared to  HOC1 experim ents cannot be explained by 
low er reactivity o f  C102 alone. Considering these findings 
and published reports that C102 is m ore effective than 
HOC1 in bactericidal activity in poultry processing (Lillard, 
1979, 1980), use o f C102 as an alternative biocide in food  
processing should be further studied. Data from these 
experim ents confirm  the published report (White, 1972) 
that the increased effectiveness m ay be due to the lower  
reactivity o f  C102 in the presence o f organic m olecules.
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D a i r y  a n d  V e g e t a b l e  P r o t e i n  B l e n d s  b y  
C o - E x t r a c t i o n  a n d  C o - U l t r a f i l t r a t i o n

D E B R A  J .  N I C H O L S  a n d  M U N I R  C H E R Y A N

----------------------------ABSTRACT-----------------------------
A process was developed for the manufacture of blends of dairy and 
vegetable proteins by co-extraction and co-ultrafiltration. Defatted 
soy flour proteins were extracted using either acid or sweet whey as 
the solvent. The whey/soy slurry was separated in a two stage ex
traction process using a centrifugal desludger. The proportion of 
whey protein in the blend was determined by the number of extrac
tions and the total amount of whey used. The combined extracts 
were processed by ultrafiltration to increase the protein content 
of the blends. Solubility characteristics o f the blends indicate poten
tially good functional properties.

INTRODUCTION
PROTEINS are added to  form ulated food  products to  im 
part one or m ore functional characteristics in addition to  
nutritional fortification. N onfat dry milk (NFD M ) and 
casein derivatives have provided the food  industry w ith  
exceptionally  versatile and shelf-stable food  ingredients for 
m any years. However, the increasing cost and projected  
lim ited supplies o f  both NFDM  and casein have created a 
need for functional food  ingredients that can be used as 
“ m ilk protein replacers” (Craig, 1975; Andres, 1980a; b; 
A non., 1979). Emphasis is now  being placed on designing 
blends o f  dairy and vegetable proteins that display a variety  
o f  functional properties. These blends, which com bine the 
low  cost o f  vegetable proteins and the inherent functional
ity  and nutritional value o f  milk proteins, are used in a 
variety o f  processed foods including bakery products, dry 
m ixes, sauces and gravies (Andres, 1980a; b; A n on., 1980; 
Craig, 1975).

Current com m ercial m ethods for producing blends o f  
dairy and vegetable proteins can be summarized as follows: 
cheese whey or milk (in  dry or liquid form ) is com bined  
with oilseed flour (usually defatted) and the tw o ingredi
ents are dry or wet-blended. Chemicals (e.g. salt, alkali) 
may be added to  improve the dispersibility o f  the proteins 
or to  im prove the “flow ability” and handling o f  the final 
dried product. The wet-blended system  is then dried, 
usually by spray-drying.

This m ethod can be improved when producing w h ey/soy  
blends with high protein concentrations. Cheese w hey is 
typically  10—12% protein dry basis and defatted soy flour 
is about 50% protein dry basis. A 1:1 solids ratio when wet 
blending results in a blend having approxim ately 31% 
protein dry basis, while a 1:2 m ixture o f  soy flour to  whey  
solids will result in a blend having approxim ately 25% pro
tein dry basis. Thus, while increasing the ratio o f  whey  
protein to  soy protein improves the nutritional value o f  the 
blend, the final protein content o f  the blend is lowered. 
This is not a problem  for com m ercial blends (th e bulk o f  
which contain 2 7 -3 5 %  protein) intended for use as NFDM

Authors Nichols and Cheryan are, respectively, graduate research 
assistant and associate professor o f  food  engineering. Dept, o f  Food 
Science, Dairy Manufactures Building, Univ. o f  Illinois, 1302 W. 
Pennsylvania Ave., Ubrana, IL 61801. Address all inquiries to Dr. 
Cheryan.

replacers. However, the production o f  blends having higher 
protein content requires the use o f  the isolate form o f  the  
w hey and soy protein. This not only involves the added 
expense o f  producing the isolates prior to  blending but also 
requires isoelectric or heat precipitation o f  the proteins 
which may significantly lower their functionality .

Membrane processing (ultrafiltration and reverse osm osis) 
is a viable com m ercial technique for the production o f  
w hey protein concentrates (D e Boer and Hiddink, 1980; 
G oldsm ith, 1981). Ultrafiltration (U F ) is capable o f  frac
tionating w hey to recover the protein while sim ultaneously  
removing lactose and salts w ithou t denaturing the heat sen
sitive whey proteins. Ultrafiltration or reverse osm osis 
(R O ) technology for the m anufacture o f  purified protein  
isolates from  oilseeds is also well-known (O m osaiye and 
Cheryan, 1979; N ichols and Cheryan, 1981a; Garbutt, 
1979; Frazeur and H uston, 1973; G oodnight et al., 1976; 
Olsen, 1 9 7 8 ;P o m p ei and M aletto, 1 9 7 4 ;O ’Connor, 1971). 
This paper reports on an extension  o f  membrane processing 
techn ology for the production o f  dairy/vegetable protein  
blends. T o dem onstrate this process, cheese whey was 
blended with defatted soy flour in a co-extraction process, 
follow ed by co-ultrafiltration processing.

EXPERIMENTAL
Preparation of cheese whey/defatted 
soy flour co-extracts

Fig. 1 is a flow sheet of the overall process. Sweet whey was a 
by-product of Cheddar cheese manufacturing. Acid whey, a by
product of cottage cheese manufacturing, was obtained from Mea
dow Gold, Champaign, IL. The pH of the sweet whey was 6.2 and 
that of the acid whey was 4.S-4.6. The whey was pasteurized at 
63°C for thirty minutes and then cooled to below 30°C. Food 
grade alkali (NaOH) was added to increase the pH to 9.0. One part 
by weight defatted soy flour (Nutrisoy 7B, Archer Daniels Midland 
Co., Decatur, IL) was suspended with vigorous stirring in nine parts 
by weight cheese whey. After extracting for 30 min at 30°C, the 
slurry was fed to a centrifugal desludger (Westfalia Separator-cum- 
Desludger, Model SAOH). The slurry was separated into an extract 
containing most of the soluble components (protein, low molecular 
weight sugars, and ash) and a residue containing the insolubles.

The residue from the first extraction was collected and re
suspended in ten parts by weight pasteurized cheese whey and cen
trifuged as before. The final flour to cheese whey ratio in these 
experiments was 1:19. The two extracts were pooled and used as 
feed to the ultrafiltration unit. The pH of the combined extracts 
was adjusted to 7.0 for ultrafiltration using 6N HC1.
Ultrafiltration of co-extracts

Co-ultrafiltration (co-UF) experiments were performed with a 
pilot plant size Romicon hollow fiber unit (Romicon, Inc., Woburn, 
MA). The hollow fiber module used in this study was the HF15- 
43-PM50 with 1.39m2 of surface area. The molecular weight exclu
sion limit for this membrane was 50,000. Operating conditions were 
274 kPa (25 psig) inlet pressure, 205 kPa (15 psig) outlet pressure, 
50°C and pH 7.0. Details of the process engineering characteristics 
and optimization of flux for this UF unit are available elsewhere 
(Nichols and Cheryan, 1981b). Initial water flux, at a particular 
temperature and transmembrane pressure, was recorded prior to 
each run and used to monitor cleaning efficiency. The module was 
cleaned according to the procedure of Nichols and Cheryan (1981a).
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The co-UF process combined two modes of operation. During 
continuous diafiltration (CD ), water was added to the feed tank at 
the same rate that permeate was removed, thus keeping the volume 
of feed/retentate constant. The rate of removal of permeable solutes 
was then proportional to volumes diluted (V D), defined as the 
volume of water added to the feed tank divided by initial volume of 
feed. During direct ultrafiltration (U F ), the feed was concentrated 
by volume reduction. The rate of removal of the undesirable, freely 
permeable solutes was proportional to the volume concentration 
ratio (V C R ), defined as initial feed volume divided by retentate 
volume.

Analytical methods
Ash and total solids (T .S .) were measured by gravimetric pro

cedures (AOAC, 1970). Nitrogen was determined by the Kjeldahl 
method (AOAC, 1970). Non-protein nitrogen (NPN) was measured 
as nitrogen soluble in 13.6% trichloracetic acid (TCA ) (Nichols and 
Cheryan, 1981a). Protein is expressed as either (total N - NPN) x 
6.25 or (total N - NPN) x 6.38. Carbohydrate is expressed as differ
ence. Fat content and protein dispersibility index (PDI) were mea
sured by methods described by Lah and Cheryan (1980). Table 1 
shows the composition of the raw materials used in this study.

RESULTS & DISCUSSION
Co-extraction o f w hey and soy proteins

A two-stage extraction process was used in these experi
m ents since earlier results using water as the solvent had 
indicated this to  be the optim um  (N ichols and Cheryan, 
1981a). Desludging was perform ed to rem ove those com po
nents in the w h ey/soy  slurry that were neither soluble nor 
finely suspended. These com ponents were the insoluble 
carbohydrate, fiber and insoluble protein in the soy flour

Table 1—Composition o f  raw materia! (%)

Sweet wheya Acid wheya Defatted soy flour

Total solids 5.89 5.84 91.6
Total nitrogen 0.121 0.099 8.2
NPN 0.032 0.037 0.3
Proteinb 0.57 0.40 49.4
Ash 0.56 0.52 5.8
Otherc 4.76 4.92 36.4

a A f t e r  p a s te u r iz a t io n , pH  a d ju s tm e n t and  d ec a n tin g . 
b (T o ta l N — N P N ) x  6 .3 8  fo r  w h e y ; (T o ta l N — N P N ) x  6 .2 5  fo r  

so y  f lo u r .
c  B y  d if fe re n c e : in c lu d e s  c a rb o h y d ra te , fa t  and  p ep tid es .

and the insoluble salts (such as the phosphates and lactates 
o f calcium ) in the whey. Tables 2 and 3 show the proxi
m ate analyses o f the feed (slurry) and product (extracts) 
streams during co-extraction using acid and sweet whey. 
The protein content o f the first extract was higher than 
that o f the slurry for both the acid and sweet whey extracts 
due to the removal o f insolubles during desludging. The 
protein content o f the second extracts was lower because 
m ost o f the protein was rem oved during the first extraction. 
The recovery o f total solids for a single stage process was 
7 1 -7 5 %  and recovery o f protein was 7 6 —83%, while the 
recovery o f  total solids for a tw o stage extraction process 
was 8 4 —89% and recovery o f protein was 9 1 —96%. Thus,
Table 2 —Proximate analysis o f  feed and product streams during 
coextraction o f  soy protein with cottage cheese whey at pH  9.0, 
30° C3

Composition (% dry basis)

Total solids Total N Protei nb Ash Otherc

Slurry 13.80 6.05 34.8 7.3 54.9
Extract ld 12.71 6.51 — - -
Extract l ld 6.63 3.52 - - -
Extract I + l l d 9.49 5.25 28.9 7.6 59.6

a D ata  a re  m eans c f  tw o  re p lic a te  ru n s . 
b (T o ta l N — N P N ) x  6 .2 5 .
d B y  d iffe re n c e : in c lu d e s  ca rb o h y d ra te  an d  re s id u a l fa t . 
d E x t r a c t io n  I used 1 p a rt d e fa tte d  so y  f lo u r  and  9 p a rts  w h e y . 

E x t r a c t io n  II used a n o th e r  10  p a rts  w h e y .

Table 3 —Proximate analysis o f  feed and product streams during 
coextraction o f  soy protein with Cheddar cheese whey at pH  9.0, 
30° C3

Composition (% dry basis)

Total solids Total N Proteinb Ash Otherc

Slurry 13.90 6.10 35.3 7.8 54.1
Extract ld 12.34 6.50 - - -
Extract l ld 6.77 3.22 — - -
Extract I + l ld 8.92 4.96 28.2 8.6 60.4

a D ata  a re  m eans o f  tw o  re p lic a te  ru n s . 
b (T o ta l N — N P N ) x  6 .2 5 .
d B y  d if fe re n c e : in c lu d e s  c a rb o h y d ra te  and  re s id u a l fa t . 
d E x t r a c t io n  1 used 1 p a rt d e fa tte d  so y  f lo u r  and  9 p a rts  w h e y . 

E x t r a c t io n  l i  used a n o th e r 10  p arts  w h e y .

Fig. I—F low  diagram for production o f 
whey/soy blends by co-extraction and 
co-ultrafiltration.
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includ ing the second extractio n  stage im proved protein 
recovery by 1 3 -1 5 %  and im proved the whey to soy protein 
ratio . A  sim ilar tw o stage process using water to extract the 
protein  in  the defatted soy flo u r resulted in to ta l solids and 
protein  recoveries o f 81% and 92 .5% , respectively (N icho ls  
and C heryan , 1981a). However, the protein  content (d ry  
basis) o f the whey extracts was low er than that o f the water 
extracts  due to the addition o f nonprotein  w hey solids.

T h e  proportion o f whey protein  in  the blend can be con
tro lled  during co-extraction (Ta b le  4 ). Increasing the num 
ber o f extraction  stages im proves the fina l ratio  o f whey 
protein to soy protein in addition to increasing y ie ld  o f 
protein . However, increasing the num ber o f w hey extrac
tions also decreases the fina l protein content o f the com
bined extracts w hich  increases the am ount o f U F  processing 
that the extracts m ust undergo to produce a blend w ith  a 
given protein  content.

Th e  co-extracts contained soluble or fin e ly  dispersed 
p rotein , soluble carbohydrate ( in  the form  o f lactose, suc
rose, raffinose  and stachyose), m ineral salts reported as ash 
and residual fat. Th e  pooled extracts could be evaporated 
and dried at th is po int to produce w hey/soy protein  blends 
having 2 8 -3 0 %  p rotein , 7 -9 %  ash, 0 .5 —3.0%  fat and 
5 8 —60% carbohydrate w hich  is com parable to the compo
sition  o f m any com m ercia lly  available blends. In  th is study, 
how ever, co-U F was used to fractionate  the extracts  and 
im prove the protein  content.

Co-UF o f w h ey/soy  co-extracts
The  pH  o f the co-extracts was firs t reduced to 7 .0  for

Fig. 2—Composition o f retentate during u ltrafiltration processing 
o f  acid whey /defatted soy flour co-extracts.

Table 4—Effect o f number o f extractions on protein content o f 
whey/soy co-extracts3

Number of whey Whey protein“  as per Protein“  content
extractions cent of total protein (% dry basis)

1 6.8 40.2
2 13.5 30.8
3 19.2 25.6

3 Based  on to ta l so lid s  and  p ro te in  reco verie s  o f  86 and  9 4% , 
re s p e c t iv e ly . E x t r a c t io n  I uses 1 part b y  w e ig h t so y  f lo u r  and  9 
p arts  a c id  w h e y . O th e r e x tra c t io n s  use a n o th e r 10  p arts  b y  w iegh t 
w h e y  to  resusp end  th e  resid u e  fro m  th e  p re v io u s  e x tra c t io n .

“ P ro te in  ca lc u la te d  as (T o ta l IN — N P N ) x  6 .3 8  fo r  w h e y  an d  as 
(to ta l N — N P N ) x  6 .2 5  fo r  so y  f lo u r .

U F . T h is  pH has been found to be m ost beneficia l fo r the 
rem oval o f p h ytic  acid by m em brane processing (O sm osaiye 
and C heryan , 1979). Th e  tem perature during co-U F was 
high enough to im prove flu x  ( i .e . ,  rate o f rem oval o f water 
and undesirable com ponents) and contro l m icrob ia l growth 
w ithout causing protein degradation. Operating parameters 
were adjusted to m axim ize flu x  (N icho ls  and C heryan , 
1981b).

A  com bination o f CD  and direct U F  has been deter
mined to be most suitable for the particu la r U F  u n it used in 
these experim ents (N icho ls  and Cheryan , 1981a). F ig . 2 
shows the com position o f the retentate during co-U F o f the 
acid whey/defatted soy flo u r extracts . D uring C D , the total 
solids content decreased w ith  increasing V D due to the loss 
o f permeable solids. Since most o f the carbohydrate in  the 
retentate is free ly perm eable, its concentration  decreased 
s ig n ifican tly . A sh  concentration decreased m uch less dra
m atica lly , ind icating that not all ash is free ly permeable. 
Prote in  concentration  rem ained re la tive ly  constant during 
C D . The  slight decrease was due to m em brane adsorption 
effects (N icho ls  and Cheryan , 1981a). T h e  concentration  of 
the free ly permeable NPN sig n ifican tly  decreased during 
CD  (Ta b le  5).

When three volum es had permeated ( i .e . V D 3 ), d irect 
U F  processing was begun and continued to V C R  4. Water 
was no longer added and the retentate was allowed to 
concentrate. A s  expected fo r a concentration  process, there 
was a linear corre lation  between the concentration  o f all 
solutes in  the retentate and V C R  (F ig . 2). D irect U F  served 
tw o purposes: it  continued to remove undesirable solutes 
and it concentrated the retained solids (b y  about fourfo ld  
in  these experim ents), w hich would sub stantia lly  reduce the 
load on any subsequent drying process. F u rth e r  concentra
tion could have been achieved by continuing U F . How ever, 
the degree o f concentration  achieved w ould be lim ited  by 
the high v isco sity  o f the retentate and associated pumping 
problem s resulting from  high protein  concentrations. T h is  
problem  could be alleviated by returning to the CD  mode 
o f operation.

F ig . 3 shows the com position o f the retentate on a dry 
basis during U F  processing o f the acid w hey/soy flo u r co
extracts. S ince the permeable solutes were m ain ly lactose 
and salts, the relative p roportion  o f protein  in  the retained 
solids increased throughout processing as non-protein solids 
were removed from  the system . F ig . 4 and 5 show sim ilar 
results fo r the experim ents perform ed w ith  the sweet 
w hey/defatted soy flo u r extracts.

F lu x  behavior fo r the ho llow  fiber U F  u n it and the 
w hey/soy co-extracts is shown in F ig . 6 . The  in it ia l f lu x  for 
the acid w hey system was low er than that o f the sweet 
w hey system . T h is  could be due to partia l p recip itation  o f 
calcium  salts (ac id  w hey contains alm ost tw ice as m uch cal
cium  as sweet w hey). These are inso luble at pH 7 and 
would result in  greater fouling o f the mem brane (M erin  and 
C heryan , 1980). M uller et al. (1 9 7 3 ) also observed higher 
f lu x  w ith  cheddar cheese w hey than acid w hey in it ia lly . 
In  our system , however, on a long term basis, the acid w hey

Table 5—Nitrogen distribution (%) during co-ultrafiltration

Sweet whey Acid whey

Total
N NPN Protein3

Total
N NPN Protein3

v D = o 0.497 0.046 2.82 0.443 0.052 2.44
V D -  3 0.458 0.011 2.79 0.345 0.010 2.10
Final

retentate 1.420 0.024 8.73 1.366 0.023 8.39

3 (T o ta l N — N P N ) x  6 .2 5 .
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system  gives m uch higher f lu x . (F ig . 6 ) . T h e  reasons fo r this 
difference in f lu x  behavior are not clear but are probably 
related to the physica l and chem ical properties o f the acid 
and sweet whey extracts , since operating conditions were 
otherw ise identical.

W hey/soy protein  blends
T h e  com position o f the w hey/soy protein  blends is given 

in  Tab le  6 . The  protein  content o f these blends was quite 
high and could have been fu rther increased i f  necessary by 
m o d ifica tion  o f the co -U F process. T h e  carbohydrate and 
ash content o f these blends was lo w  as a resu lt o f U F  
processing. The residual (3 —5% ) fat content in  the fina l 
d ry  product could p robably be reduced i f  necessary by 
separating the fat in  the w hey p rio r to co-extraction .

Fig. 3—Composition (% dry basis) o f  retentate solids during ultra
filtration processing o f  acid whey /defa tted  soy flour coextracts.

Fig. 5 -C om position  (% dry basis) o f  retentate solids during ultra
filtration processing o f  sweet whey /defa tted  soy flour coextract.

Prote in  blends are used to im prove or provide certain 
fu nctio na l characteristics in  food products. In  order to 
exert the ir functiona l properties, the proteins m ust gener
a lly  be in  so lu tion . The refo re , protein  so lu b ility  or dis
p e rs ib ility  and its dependence on pH  is a key functiona l 
p rop erty that can be used to evaluate a protein  in  term s o f 
other functiona l properties (L a h  and C heryan , 1980). P D I 
fo r the co -U F blends is shown in  Tab le  7 . P D I fo r a typ ica l 
com m ercia l soy isolate (P rom ine-D , Centra l Soya In c ., 
F t .  W ayne, IN ) is also shown fo r com parison . The  w hey/ 
soy protein  blends have high so lub ilities at the pH ex
trem es o f 3 .0  and 7 .0  and lo w  so lub ilities in  the pH  range
4 .0 -  5 .5 , near the ir isoelectric points. T h e  acid w hey blend 
had higher P D I values as compared to the sweet w hey blend 
at the pH  extrem es. Bo th  blends were superior to the com 
m ercial soy isolate at a ll pH  values except those in  the range
5 .0 — 6 .0 . — C o n t i n u e d  o n  n e x t  p a g e

Fig. 4 —Composition o f  retentate during ultrafiltration processing 
o f sweet whey /defa tted  soy flour co-extracts.

Fig. 6 —Permeate flux behavior during hollow fiber [PM 50 (43)1 
processing o f acid and sweet whey /defa tted  soy flour coextracts. 
Data are means o f  replicate runs. Operating conditions: 274 kPa (25 
psig) inlet pressure, 205  kPa (15 psig) ou tle t pressure, 50° C, pH  7.0.
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Table 6 —Composition o f  whey /soy protein blends (% dry basis)
Type fo whey Protein3 Ash Fat Carbohydrate0

Soy/acid whey blend 74.1 4.2 3 17.4
Soy/sweet whey blend 72.2 5.8 5 15.6

3 P ro te in  ca lc u la te d  as (T o ta l IN —  N P N ) x  6.25. 
b C a lc u la te d  as d iffe re n c e .

Table 7—Protein dispersibility index (PDI) o f  soy/w hey protein
blends3

pH
Soy/acid 

whey blend
Soy/sweet 

whey blend Soy isolate13

3.0 89.3 75.8 70.0
4.0 10.1 9.9 5.5
4.5 10.5 11.2 6.0
5.5 16.8 16.2 30.0
6.0 43.9 48.9 55.0
7.0 92.5 80.7 75.0

I* D ata  are  m eans o f tw o  re p lic a te  runs. 
b P ro m in e  D .

CONCLUSIONS
T H E S E  E X P E R IM E N T S  have shown that co-U F processing 
does o ffe r some advantages in  producing high protein  dairy/ 
vegetable blends. High protein  blends can be produced 
w itho u t p rio r iso lation  or concentration  o f w hey and soy 
protein . B lends w ith  p o tentia lly  good fu nctio na l properties 
can be produced as a resu lt o f the m ild operating conditions 
used in each stage o f co-extraction and co -U F . The  relative 
p roportion  o f w hey and soy protein can be contro lled 
during the co-extraction  process. A  fu rther advantage is the 
ab ility  to contro l the fina l protein  content o f the blend by 
adjusting the extent o f co-U F processing. T h e  w hey/soy 
protein  blends can be used in the concentrated liqu id  form  
obtained from  the U F  process, or they can be fu rther 
treated by vacuum  evaporation and/or drying to y ie ld  
a powder. These blends could be used as high protein 
supplem ents fo r the n u trition a l fo rt if ica tio n  o f foods, 
as high p rotein , low  lactose and low  salt ingredients fo r 
specia lity  food item s such as diet and health food bever
ages, and as functiona l food ingredients.
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F u n c t i o n a l  P r o p e r t i e s  o f  L u p i n  S e e d  
( L u p i n u s  m u t a b i l i s )  P r o t e i n s  a n d  P r o t e i n  C o n c e n t r a t e s

S .  K .  S A T H E ,  S .  S .  D E S H P A N D E ,  a n d  D .  K .  S A L U N K H E

-----------------------------------AB ST R A C T -------------------------------------
Functional and electrophoretic properties of the seed flour and a 
protein concentrate prepared by alkaline extraction from lupin seeds 
(L u p in u s  m u ta b ilis , cultivar H-6 ) were investigated. SDS-PAGE 
indicated presence of 13 and 12 subunits in the seed flour proteins 
and the protein concentrate, respectively. Lupin protein concentrate 
had good water and oil absorption and gelation properties. Solubil
ity  of lupin proteins was minimum at a pH of 4.0 but increased 
rapidly beyond pH 5.0. Foaming capacity of the protein concentrate 
could be improved by increasing concentration as well as by adding 
NaCl and was influenced by pH and incorporation of certain carbo
hydrates. Emulsion properties of lupin proteins were concentration 
and pH dependent. Moist heat improved the in vitro digestibility of 
the seed proteins. The seed flour as well as the protein concentrate 
did not have detectable trypsin, chymotrypsin, and a-amylase in
hibitory activities.

INTRODUCTION
ALTHOUGH PRACTICALLY UNKNOWN outside South  
America’s Andean region, lupin seeds (L u p i n u s  m u t a b i l i s )  
are one o f the highest protein containing (up to 50% pro
tein) legumes, and contain 14-24 %  oil. Details o f  protein  
com position and potential for food  processing, apparently, 
remain unexplored (N A S, 1979).

C om position and protein quality (H ove, 1974; Ballester 
et al., 1980), nutritive value (Mogghaddam et al., 1976; 
Ballester et al., 1980), hull com position and hull digesti
bility (Bailey et al., 1974), oligosaccharides (Macrae and 
Mogghaddam, 1978), oils (Grindley and Akour, 1955), and 
carotenoids (El-Difrawi and H udson, 1979) o f lupin seeds 
are studied. R ecently, Ruiz and Hove (1 9 7 6 ) reported 
studies on protein solubilization as affected by different 
processing conditions such as the particle size, pH, seed to  
solvent ratio, tem perature, and tim e o f  extraction. These 
investigators found that defatting did not improve the 
protein solubilization and that more than 90% protein  
could be solubilized at pH above 8 .0 .

Functional properties o f  several different species o f  L u 
p i n u s  have been reported in the literature. Malgarini and 
Hudson (1 9 8 0 ) reported excellent em ulsifying and solu
bility properties o f  a protein isolate prepared from L u p i n u s  
a lb u s  cv Buttercup. Sosulski et al. (1 9 7 8 ) evaluated a pro
tein  isolate o f  L u p i n u s  a n g u s t i f o l i u s  as the protein com p o
nent in im itation and blended milk products. The natural 
amber color o f  lupin ( L u p i n u s  t e r m i s )  was reported to give 
a desirable color to  m acaroni when blended w ith wheat 
flours at 2 —6% levels (Morad et al., 1980). Air-classification  
studies on  pin-milled w hite lupin ( L u p i n u s  a n g u s t i f o l i u s )  
appeared to  show no beneficial effects on  enrichm ent and 
separation o f  a protein-rich fraction and m ost o f  the pro
tein was found to be associated w ith the starch fraction

Au tho r Deshpande is with the Dept, o f  Nutrition  & Food Sciences, 
Utah State Univ., Logan, U T  84322. Au tho r Sathe, formerly with 
Utah State, is now  with the Dept, o f Nutrition  & Food Science, 
Univ. o f Arizona, Tucson, A Z  85721. A u tho r Sa/unkhe, formerly 
with Utah State, is currently Vice Chancellor, Mahatma Phule Ag ri
cultural Univ., Rahuri 413 722, Maharashtra State, India.

(Sosulski and Youngs, 1979). The same authors also reported  
that lipids in lupin markedly reduced the foam ing proper
ties o f  the flour.

In the present investigation, we report preparation o f  a 
protein concentrate from L u p i n u s  m u t a b i l i s  (cultivar H-6) 
by an alkali solubilization m ethod. The concentrate thus 
prepared was evaluated for o il and water absorption, foam 
ing, gelation, and em ulsion properties. The m olecular weight 
distribution profiles and the in vitro digestibility o f  the  
w hole seed proteins and the protein concentrate were eval
uated. Since most legum es contain several enzym e inhibi
tors; trypsin, chym otrypsin, and a-am ylase inhibitory  
activities were also assessed in both  the w hole seed flour 
and the protein concentrate. In view o f  the fact that appre
ciable am ounts o f  lipids were associated with the protein  
concentrate prepared from  the w hole seed flour, the  
effects o f defatting on certain functional properties o f the 
protein concentrate were also investigated.

MATERIALS & METHODS
LUPIN  SEEDS (L u p in u s  m u ta b ilis , cultivar H-6 ) were a gift from 
Prof. R . Gross (Lima, Peru). Unless mentioned otherwise, all chem
icals used were of reagent grade.

Preparation o f  flour
The dry seeds were ground in a Fitz Mill (The W.J. Fitzpatrick 

Co., Chicago, IL )  to 42 mesh flour.

Preparation o f  protein concentrate
The method employed for the preparation of protein concen

trate is presented in Fig. 1. The whole seed flour was extracted 
twice with dilute alkali (0.02N NaOH), centrifuged, combined 
supernatants dialyzed, and freeze-dehydrated.

Defatted protein concentrate
Since the protein concentrate prepared by above method was 

found to contain an appreciable amount of lipids, a defatted protein 
concentrate was prepared. Defatting was accomplished by extrac
tion of the protein concentrate with hexane ( 1 : 1 0 , w/v) for 1 2  

hr at room temperature (21°C) with intermittant shaking. The 
slurry was filtered through Whatman #1 filter paper under vacuum 
and the residue air-dried for 48 hr at room temperature (21°C).

Physicochemical analyses
Proximate analyses for moisture, protein (N X 6.25), fat, and ash 

were carried out in triplicate according to AOAC (1975) methods 
and the means reported on a dry weight basis.

Total sugars were extracted with 80% ethanol according to the 
method of Hymowitz et al. (1972) and determined on aliquots by 
the method of Dubois et al. (1956).

A 1-g sample was extracted with 10 ml of distilled water at room 
temperature (21°C) for 2 hr, centrifuged at 5,000 X g  for 15 min, 
and the reducing sugars were estimated on aliquots by the method 
of Sumner (1924).

Protein solubility
To determine the protein solubility profile of the protein con

centrate, 10 mg of the concentrate was dissolved in 10 ml of IN 
NaOH, pH adjusted to the desired value with IN  HC1, centrifuged 
(5,000 X g , 15 min), and the protein content of supernatants deter
mined by Lowry’s method (Lowry et al., 1951). Analyses were 
performed in triplicate and the means reported.

—Continued on next page
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Polyacrylamide gel electrophoresis (PAGE) Emulsion properties
Apparent molecular weights of protein subunits were estimated 

by the method of Weber and Osborn (1969). Thyroglobulin (330,- 
000), ferritin (18,500 and 220,000), phosphorylase b (94,000), 
albumin (67,000), catalase (60,000), ovalbumin (43,000), lactate 
dehydrogenase (36,000), carbonic anhydrase (30,000), trypsin in
hibitor (20,100), and a-lactalbumin (14,400) were used as molecular 
weight markers (Pharmacia Fine Chemicals, Piscataway, NJ). Ten 
mg of sample were dissolved in 2 ml of 0.01M sodium phosphate 
buffer (pH 7.0) containing 2% of each of sodium dodecyi sulfate 
(SDS) and /3-mercaptoethanol, incubated for 12 hr at 50°C, centri
fuged (10,000 X g , 15 min, 4°C), and the supernatant was em
ployed for electrophoresis. Gels (0.5 X 12.5 cm, 10% monomer 
concentration) were loaded with 20-30 p i of sample and electro
phoresis conducted for 10 hr with 6  mA current per gel. Staining 
and destaining were accomplished respectively by naphthol blue 
black (C l 20470) and 10% acetic acid containing methanol (10:1 , 
v/v). Phosphate buffer (0.02M, pH 7.2) served as electrode buffer 
(for both cathode and anode).

Gelation
The method of Coffmann and Garcia (1977) was employed with 

slight modifications. Appropriate sample suspensions of 2, 4, 6 , 8 , 
10, 12, 14, and 16% (w/v) were prepared in 5 ml distilled water. 
The test tubes containing these suspensions were then heated for 1 
hr in a boiling water bath followed by rapid cooling under running 
cold tap water. The test tubes were then further cooled for 2 hr 
at 4°C. The least gelation concentration was determined as that 
concentration when the sample from the inverted test tube did not 
fall down or slip.

Water and oil absorption
For oil (Crisco Vegetable Cooking oil, Procter and Gamble, 

Cincinnati, OH) and water absorption determinations, the method 
of Beuchat (1977) was followed. A 1-g sample was mixed with 10 
ml distilled water or oil for 30 sec in a mixer (Vari-Whirl, mixing 
control -  “ Fast” ). The samples were then allowed to stand at room 
temperature (21°C) for 30 min, centrifuged at 5,000 X g  for 30 
min, and the volume of the supernatant noted in a 1 0  ml graduated 
cylinder. Density of water was assumed to be 1 g/ml and that of oil 
was determined to be 0.88 g/ml. Means of triplicate determinations 
were reported on a dry weight basis.

LUPIN SLED FLOUR

X

Add 0.25 NaOH (FlourtNaOH :: 1:5 w/v) Blend in a Waring Blendor until smooth suspension, and extract for 16 h at 21°C with occasional shaking. Centrifuge at 4°C for 30 min at 10,000 X g.

RESIDUE
Add 0.2% NaOH (Residue.'NaOH :: 1:4 w/v). Extract for 12 h at 21°C with occasional shaking and centri- , fuge at 4°C for 30 min at 10,000 X g.

COMBINED
SUPERNATAOTS

RESIDUE

Dialyze against distilled water for 72 h with 6 changes of distilled water, freeze-dehydrate, powder in a Waring Blendor.
yPROTEIN 

CONCEDI RATE

Fig. 1-Schematic diagram for the preparation o f  lupin seed protein 
concentrate.

Emulsions were prepared according to the method of Beuchat 
(1977). The details have been described earlier (Sathe and Salunkhe, 
1981a).

To study the emulsion capacity and stability, 2% (w/v) emul
sions were prepared. Stability of the emulsions was evaluated for 10, 
20, 35, 60, and 120 hr at room temperature (21°C) by noting the 
separation of water in graduated cylinders.

Effects of concentration were evaluated at concentrations of 
2, 4, 6 , 8 , and 10% (w/v).

Effects of pH on emulsion capacity were evaluated on 2% (w/v) 
slurries by adjusting the pH to a desired value with IN  HC1 or IN  
NaOH prior to preparing the emulsions.

A ll experiments were conducted in duplicate at room tempera
ture (21°C) and the means reported.

Foaming properties
Foaming capacity and stability were studied according to the 

method of Coffmann and Garcia (1977). A 2-g sample was whipped 
with 100 ml distilled water for 5 min in a Waring Blendor at speed 
setting “ H I”  and was poured into a 250 ml graduated cylinder. The 
total volume at time intervals of 0.0, 0.25, 0.50, 1.0, 1.5, 2.0, 3.0, 
14.0, 25.0, and 36 hr was noted. Volume increase (%) was calcu
lated according to the following equation.

Volume after Volume before 
increase (%) = whipping (ml) ~ whipping (ml) x  1 Q 0  

Volume before whipping (ml)

Effects of concentration on foaming were evaluated by whipping 
2, 4, 6 , 8 , and 10% (w/v) slurries as described above.

To study the effects of salt (NaCl) concentration on foaming, 
2% (w/v) slurries were employed. Salt concentrations of 0.0, 0.2, 
0.4, 0.6, 0.8, 1.0, 1.5, and 2.0% (w/v) were investigated.

To study the effects of pH on foaming properties, 2% (w/v) 
slurries were employed. The pH was adjusted to a desired value with 
either IN  HC1 or IN  NaOH prior to whipping. The foaming capacity 
and stability were investigated as above.

Effects of certain carbohydrates on foaming properties were 
investigated. Galactose, sucrose, soluble potato starch (all from J .T . 
Baker Chemical Co., Phillipsburgh, N J), amylopectin (ICN Pharma
ceuticals, Inc., OH), amylose (potato, Type I I I ,  Sigma Chemical 
Co., St. Louis), gum arabic (Fisher Scientific Co., N J), and pectin 
(low methoxyl, Sunkist Growers, Inc., CA) were employed at a 
concentration of 0.25 g/g protein concentrate.

A ll experiments were conducted at room temperature (21°C) 
in duplicate and the means reported.

Enzyme inhibitory activities
Trypsin and chymotrypsin inhibitory activités were evaluated as 

described earlier (Sathe and Salunkhe, 1981b).
a-Amylase inhibitory activity was evaluated as follows. The seed 

flour or the protein concentrate (100 mg) was extracted in 3 ml of 
distilled water at 4°C for 12 hr, centrifuged at 5,000 X g  for 20 min, 
and the supernatants were tested for a-amylase inhibitory activity. 
Enzyme a-amylase (Type I-A, from porcine pancreas) was from 
Sigma Chemical Co., St. Louis, MO; and soluble potato starch (sub 
strate) was from J .T . Baker Chemical Co. (Phillipsburgh, NJ).

The enzyme assay (control) was as follows: Soluble potato 
starch (100 mg) in 9 ml sodium phosphate buffer (0.2M, pH 7.0) 
was incubated at 37°C with 1 ml enzyme solution containing 150 
units activity for 30 min and the reaction was stopped by heating in 
a boiling water bath for 5 min. The liberated reducing sugars were 
estimated by the method of Sumner (1924). For the enzyme inhibi
tor assay, soluble starch ( 1 0 0  mg) in 8  ml sodium phosphate buffer 
(0.2M, pH 7.0) was incubated with the enzyme inhibitor solution 
(1 ml enzyme solution containing 150 units activity which was 
preincubated for 5 min at 37° C with 1 ml of the sample superna
tant) at 37°C for 30 min. The reaction was stopped by heating in a 
boiling water bath for 5 min and the liberated reducing sugars esti
mated by the method of Sumner (1924). The reducing sugar con
tent of of the original sample was substracted prior to the calcula
tion of the liberated reducing sugars.

A ll assays were conducted in triplicate.
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In vitro protein digestibility
Fifty ml of aqueous suspension of sample (6.25 mg protein/ml) 

in distilled water were adjusted to pH 8.0 with 0.1N HC1 and/or 
0.1N NaOH. The slurry was then incubated for 15 min at 37°C 
(in a water bath). The multienzyme solution consisting of 1.6 mg 
trypsin, 3.1 mg chymotrypsin, and 1.3 mg peptidase/ml (peptidase 
and trypsin from Sigma Chemical Co., St. Louis, MO; chymotryp
sin from P.L. Biochemicals, Milwaukee, WI), was maintained in an 
ice bath and adjusted to pH 8.0 with 0.1N HC1 and/or 0.1N NaOH. 
Five ml of this multienzyme solution was added to the sample 
suspension with constant shaking at 37°C. The pH of the suspension 
after incubation for 10 min at 37°C was recorded and the in vitro 
digestibility was calculated according to the regression equation 
of Hsu et al. (1977);

Y = 210.464- 18.103 X

fatted lup in  flo u r among the ten legume flours investigated. 
These authors suggested that the nitrogen so lu b ility  ind ex 
o f defatted lup in  flo u r could be increased from  2 0 . 8  to 
63 .9%  by increasing the pH from  5.5 to 6 .5 . In  an earlier 
investigation on d ispersib ility  o f legume flo u r proteins, Fan  
and Sosulski (1 9 7 4 ) reported that a lka li (0 .2 %  N aO H ) is 
an e ffic ien t solvent in  so lub iliz ing  the flo u r n itrogen. The 
a lka li extracted proteins had low er so lu b ility  at pH 2—3, 
but at higher pH levels, greater d isp ers ib ility  was observed. 
A  m arked increase in  so lu b ility  at pH  6 — 8  was reported 
b y  these authors. In  the present investigation , we also 
observed a low er so lu b ility  o f  a lk a li extacted proteins at 
pH  3—4 w h ich  increased rap id ly  as the pH was raised be
yond 5 .

where, Y = In vitro digestibility (%), and X = pH of the sample 
suspension after 10 min digestion with multienzyme solution.

RESULTS & DISCUSSION
Composition

Resu lts o f the p roxim ate  com position o f the seed flo u r 
and the protein  concentrate are presented in  Tab le  1. The  
seed flo u r contained 44 .43%  prote in , 19 .12%  fa t , 13 .40%  
to ta l sugars, and 4 .92%  o f ash as the m ajor com ponents. 
The  protein concentrate had 78 .80%  protein  and 17.93%  
fat as the m ajor constituents. Wide differences in  com po
sitional characteristics o f  lup in  seeds belonging to d ifferent 
species are reported in  the lite ra tu re . Gross and Baer (1 9 7 7 ) 
reported 39 .8 and 41 .4%  protein  and 20 .9  and 20 .1%  fat 
content (on  as is basis), respective ly , fo r H - 6  and H -l 
cu ltivars o f L u p i n u s  m u t a b i l i s  w h ich  are in  agreement w ith  
our resu lts. The  same authors reported low er protein  and 
fat contents (3 5 .5 —38 .1%  and 11 .7 —12 .2% , respective ly on 
as is basis) fo r cu ltivars o f  L u p i n u s  a lb u s .  Sosu lski et al.
(1 9 7 6 ) and Sosu lski and Youngs (1 9 7 9 ) reported a protein  
content o f 45 .4%  and 47 .4%  (on  a d ry weight basis), 
respective ly , fo r cu ltiva r o f L u p i n u s  a n g u s t i fo l i u s .  These 
authors also reported fat content o f 7 .6%  and 7 .8%  fo r 
dehulled seeds o f lu p in . Such  w ide varia tion  in  com posi
tio na l characteristics o f  lup in  m ay p rim a rily  be due to 
genetic differences in  d iffe rent species.

Protein recovery
Since R u iz  and Hove (1 9 7 6 ) observed that defatting did 

not im prove the lup in  protein  so lu b iliza tio n , w hole seed 
flo u r was used in  the present investigation to prepare the 
protein  concentrate. The  protein concentrate (7 2 .8 0%  
prote in , on a d ry  weight basis) represented 40%  o f the start
ing m ateria l (w ho le  seed flo u r) and 69 .09%  orig inal protein 
reco very . These resu lts were higher than  those reported by 
R u iz  and Hove (1 9 7 6 ) who recovered 19.8%  o f starting 
m ateria l and 52%  protein  recovery from  seeds w ith  single 
extractio n  at pH 8.5 fo r 30 m in (so lvent to flo u r ratio  o f 
1 0 :1 . These investigators reported 25 .4%  recovery o f sta rt
ing m ateria l when extractio n  was perform ed tw ice  ( 1 0 : 1  

and 5 :1 , solvent to flo u r ra tio s). The  higher protein  recov
ery  in  the present investigation m ay have been due to 
longer e xtractio n  tim e (1 6  h r fo llow ed by 1 2  hr e xtractio n , 
F ig . 1), and higher extractio n  pH  (1 0 .0 )  employed in  the 
present investigation.

Protein solubility
Th e  protein so lu b ility  p rofile  (F ig . 2 ) o f the protein 

concentrate ind icated that the m in im um  protein  so lu b ility  
was at a pH o f about 4 .0  and increased w ith  increasing pH . 
These observations are in  agreement w ith  those o f R u iz  and 
Hove (1 9 7 6 ) who observed isoe lectric pH  o f 4 .5 fo r de
hulled lup in  (L u p i n u s  a n g u s t i f o l i u s )  seed proteins. Sosu lski 
et a l. (1 9 7 6 ) observed least protein  so lu b ility  fo r the de

Polyacrylamide gel electrophoresis
Sodium  dodecyl sulfate po lyacrylam ide gel electrophore

t ic  analyses o f the seed flo u r proteins (F ig . 3 A ) and protein  
concentrate (F ig . 3 B ) ind icated presence o f 13 and 12 
subunits respective ly . The  w hole seed proteins were char-

Table 1—Proximate com position o f  lupin seed flou r and protein  
concentratea

Component Flour Protein cone

Moisture (%) 6.86 1.36
Protein (N X 6.25) (%) 44.43 72.80
Crude fat (%) 19.12 17.93
Ash (%) 4.92 0.71
Total sugars (%) 13.40 2.30
Reducing sugars (%) 3.17 0.26

a Mean o f  t r ip l ic a te  d e te rm in a t io n s  on  d ry  w e ig h t basis.

pH

Fig. 2 —Protein so lub ility  p ro file  o f  lupin seed protein  concentrate.
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acterized by the predom inance o f s ix  subunits w ith  appar
ent m olecu lar weights o f 9 8 ,0 0 0 ; 8 5 ,0 0 0 ; 5 9 ,0 0 0 ; 5 1 ,0 0 0 ; 
4 3 ,5 0 0 ; and 22 ,00 0  w hile  five subunits w ith  apparent 
m o lecu lar weights o f 1 3 6 ,0 00 ; 9 0 ,0 0 0 ; 6 7 ,0 0 0 ; 5 9 ,0 0 0 ; 
and 25 ,00 0  characterized protein concentrate. The  pre
dom inance o f subunits was judged on the basis o f band 
w id th  and in ten s ity . It  appears that the m ajor protein 
subunits o f lup in  seed proteins are in  a range o f 2 0 ,0 0 0 —
150 ,000  daltons.

G elation
Least gelation concentrations fo r the seed flo u r and the 

protein  concentrate were 14 and 8 % (w /v ), respective ly .

Fig. 3 —Schem atic diagram for the molecular weight distribution  
profites o f  lupin seed proteins by  SD S-PA G E. A - L u p in  seed flour 
prote in s; B —Lupin  seed protein concentrate.

The  least gelation concentration o f 14% fo r the seed flo u r 
in  the present investigation is higher than  that fo r the G reat 
N orthern bean flo u r (1 0% , w /v) observed in  our earlier 
investigation. The  least gelation concentration  fo r protein 
concentrate ( 8 % , w /v) was, how ever, the same as that fo r 
the G reat N orthern bean protein  concentrate ( 8 % , w /v) 
in  our earlier studies (Sathe and Sa lunkhe , 1981a). Sosu lsk i 
et al. (1 9 7 6 ) also observed the G reat N orthern  bean gel to 
be firm er w hile that o f lup in  flo u r was re la tive ly  flu id  
among the ten legume flours investigated. Such  varia tion  in 
the gelling properties o f  d iffe rent legume flo u rs m ay be 
ascribed to the relative ratios o f d iffe ren t constituents— 
proteins, carbohydrates, and lip id s—suggesting that in te r
actions between such com ponents m ay also have a s ig n ifi
cant role in  functiona l properties.

W ater and o il absorption
Resu lts o f w ater and o il absorption are presented in  

Tab le  2 . W ater absorption by the seed flo u r and the protein  
concentrate was, respective ly , 1.20 and 1.37 g/g w hile  
corresponding figures fo r o il absorption were 1.67 and 2 .8 6  
g/g, respective ly . Water absorption b y  the seed flo u r and 
the protein  concentrate in  the present investigation were 
higher than  that fo r the G reat N orthern bean flo u r (1 g/g) 
(Sathe  and Sa lunkhe , 1981a) but was low er than  those o f 
soybean flo u r (2 .4  g/g), soybean concentrate (3 .6  g/g), 
sunflow er flo u r ( 1 . 8  g/g), and sunflow er protein  concen
trate (3 .9  g/g) reported by Sosu lsk i and F lem ing  (1 9 7 7 ) . 
H ydration  levels fo r soybean flo u rs , protein  concentrates, 
and protein  isolates have been noted to be 2 : 1 , 2 .5 :1 , 
and 3 - 4 :1 ,  respective ly (R a k o sk y , 1974 ). The  low er water 
absorption fo r lup in  seed flo u r and the protein  concentrate 
than fo r soy flo u rs , protein concentrates, and protein  iso
lates could be due to the presence o f fat and the low  avail
a b ility  o f polar am ino acids as the latter have been shown 
to be p rim ary sites fo r w ater in teraction  o f proteins (K u n tz , 
1971). O il absorption by the seed flo u r (1 .6 7  g/g) and the 
protein  concentrate ( 2 . 8 6  g/g) were also lo w er than  those 
fo r G reat N orthern bean album ins, g lobulins, and protein  
concentrate (3 .2 9 , 3 .2 3 , and 4 .1 2  g/g, resp ective ly ) (Sathe  
and Sa lunkhe , 1981a). O il absorption by the protein  con
centrate was higher than those fo r soy f lo u r , soy protein 
concentrate, sunflower flo u r , and sun flow er protein  con
centrate (a range o f 8 4 .4 -2 5 6 .7 %  o il absorption) reported 
by L in  et a l. (1 9 7 4 ) .

D efatting im proved the water and o il absorption o f lup in  
seed protein  concentrate by 18 and 103% , respective ly , 
compared to those o f undefatted protein  concentrate 
(Tab le  2 ). The increased water absorption o f the defatted 
protein concentrate m ay have been due to exposure o f 
water binding sites on side chain groups o f proteins previ
ously b locked in  a lip o p h ilic  environm ent. W ater binding 
by proteins is influenced by its  physicochem ical environ
ment (C hou  and M orr, 1979). Such increased water absorp
tio n  due to potentia l increase o f the num ber o f w ater 
binding sites by changing the physicochem ical environm ent 
o f proteins due to succiny lation  o f glandless cottonseed 
flo u r (C h ild s and P a rk , 1 9 76 ), and succ iny la tio n  and

Table 2 —Water and o il absorption capacity o f  lupin seed flour and 
protein concentratea

Water absorbed Oil absorbed
g/g g/g

Bean flour 1.20 1.67
Protein concentrate 1.37 2.86
Defatted protein concentrate 1.55 3.89
a M ean o f  t r ip l ic a te  d e te rm in a tio n s .
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acety la tion  o f sunflow er protein  (Cane lla  et a l., 1979) 
is also reported in  the lite ra tu re . Increased o il absorption 
o f the defatted protein  concentrate m ay suggest the lip o 
p h ilic  nature o f lup in  seed proteins. The  presence o f several 
non polar side chains m ay bind the hydrocarbon chains o f 
fa ts , thereby resu lting in  higher absorption o f o il. L in  et al.
(1 9 7 4 ) observed sun flow er proteins to be more lip op h ilic  
than soy p roteins, and concluded that sunflow er proteins 
contained more non polar side chains than soy proteins 
w h ich  retained o il by associative b ind ing.

Em uls ion  properties
Em uls ion  capacity o f  lup in  seed flo u r and the protein 

concentrate was, respective ly , 55.1 and 89 .9  g/g (Tab le
3 ). L in  et a l. (1 9 7 4 ) reported em ulsion capacity o f wheat 
f lo u r , soy f lo u r , sunflow er flo u r , and protein  concentrates 
and isolates from  soy and sun flow er flo u r to  be in  the range 
10 .1—25 .6%  w ith  the exception  o f soybean flo u r (9 5 .1 %  
o il em u lsified ). Canella et a l. (1 9 7 9 ) reported 54 ,1%  em ul
sion capacity fo r sun flow er flo u r. Zakaria  and M cFeeters
(1 9 7 8 ) observed em ulsion capacity o f  62% fo r soy protein  
isolate. The  em ulsion capacity o f  88 .9  g/g fo r lup in  seed 
protein  concentrate in  the present investigation was higher/ 
comparable to the literature  values reported fo r several o il 
seed flours and protein  concentrates/isolates (Crenwelge 
et a l., 1974 ; Cante et a l., 1979 ; K in se lla , 1 9 79 ; Sosu lski 
and Youngs, 1979 ). Th e  high em ulsion capacity o f  lup in  
seed protein concentrate m ay be usefu l fo r food app lica
tions. Prote in  concentrate em ulsion broke down after 
60 h r standing at 2 1 °C  and hence the em ulsion stab ility  
was considered to be poor.

E ffe c ts  o f  pH  and concentration  on em ulsion capacity 
o f lup in  seed protein  concentrate are sum m arized in  Tab le
4 . A  decrease in  an em ulsion capacity w ith  increased con

centration  o f protein  observed in  the present investigation 
is in  agreement w ith  the observations o f L in  et al. (1 9 7 4 ) 
on em ulsion capacities o f sun flow er and soybean flours and 
protein  concentrates/isolates. Em u ls ion  capacity was pH 
dependent and an acid pH im proved the em ulsion capacity 
more than did the a lka line  pH . A t pH  2 .0 , em ulsion capac
ity  increased 3.55 tim es compared to the em ulsion capacity 
o f 2% (w /v ) suspension in  d istilled  w ater w ithout pH ad
ju stm ent. Dependence o f em ulsion capacity on pH was e x
pected as it is kno w n  that em ulsion capacity o f soluble pro
te ins depends upon the h yd ro p h ilic- lip o p h ilic  balance 
(S o su lsk i, 1977) w h ich  is affected b y  p H . S im ila r observa
tions on pH dependence o f em ulsify ing  a b ility  o f proteins 
have been reported by several investigators (S w ift  and 
Su lzbacher, 1963 ; L in  et a l., 1 9 7 4 ; Crenwelge et a l., 1974 ; 
H utton  and Cam pbell, 1977 ; Canella et a l., 1977 ; La h  and 
C heryan , 1980).

Foam ing properties
Resu lts o f foam ing capacity and sta b ility  o f lup in  seed 

flo u r and the protein  concentrate are presented in  Tab le  5. 
A fte r  36 h r standing at room  tem perature (21 C ) the 
foam s did not collapse com p lete ly (1 0 4  and 114 m l volum e 
fo r the flo u r and the protein  concentrate, respective ly) 
ind icating good foam  s ta b ility . Defatting increased the 
foam ing capacity o f the protein  concentrate b y  8 %. H ow 
ever, the foam s were less stable than  those o f  undefatted 
protein  concentrate and the f lo u r , and collapsed w ith in  
3 h r. Foam ing capacity o f both  the flo u r and the protein 
concentrate was low er than  those reported fo r soybean 
and sunflower protein  concentrates/isolates by Sosulski 
and Flem ing (1 9 7 7 ) and mung bean protein  isolate by 
C o ffm ann  and G arcia (1 9 7 7 ) w h ich  m ay have been due to 
the d ifferences in  proteins and the concentrations em
ployed . — C o n  t i n u e d  o n  n e x t  p a g e

Table 3 —Em ulsion capacity and stab ility  o f  lupin seed proteins3

Sample

Oil
emulsified

g/g

Initial 
volume of 
emulsion 

ml

Volume (ml) of water separated at room 
temperature (21°C) after time (hr)

0 10 20 35 60 120
Bean flour 55.1 192 0 56 60 60 62 62
Protein concentrate 88.9 290 0 0 0 0 0 25
a Mean of duplicate determination.

Table 4 —E ffe c ts  o f  p H  and concentration on emulsion capacity o f  lupin protein concentrate3

Emulsion capacity Concentration Emulsion capacity
pHb g/g % w/v g/g

2 315.5 2 88.9
4 222.2 4 82.26 80.0 6 77.38 155.5 8 66.710 137.8 10 56.9

j* Mean o f  d u p lic a te  d e te rm in a t io n s .
D A  2% (w /v )  s lu r ry  w as e m p lo y e d  to  s tu d y  th e  e ffe c ts  o f  pH  on e m u ls io n  c a p a c ity .

Table 5—Foaming capacity and stab ility  o f  lupin seed proteins3

Volume
after % Volume (ml) at room temperature (21°C) after time (hr)

whipping Volume ---------------------------------------------------------------------------------------
Sample ml increase 0.25 0.5 1.0 1.5 2.0 3.0 14.0 24.0 36.0

Bean flour 132 32 128 126 124 122 122 120 112 106 104
Protein concentrate 150 50 144 142 142 140 132 130 122 120 114
Defatted protein concentrate 158 58 147 143 139 135 120 100 100 100 100
3 M ean o f  d u p lic a te  d e te rm in a t io n s  on  2% (w /v )  s lu rrie s .
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LU P IN  S E E D  P R O T E IN S . . .

Foam ing was concentration dependent and increased 
w ith  increasing concentration  o f protein  concentrate in  the 
aqueous dispersion registering 92% increase in  volum e at 
10% (w /v ) concentration  (Tab le  6 ) . These resu lts are in  
agreement w ith  our earlier observations on foam ing prop
erties o f the G reat N orthern bean proteins (Sathe  and 
Sa lu nkhe , 1981a).

A d d it io n  o f salt (N aC l) im proved foam ing capacity o f 
the p rotein  concentrate (Tab le  7 ) . Im provem ent was m ax i
m um  at a salt concentration o f 0 . 6 % (w /v ) in  the s lu rry . 
T h is  im provem ent in  foam ing m ay have been due to in 
creased protein  so lu b ility  (S o su lsk i, 1977). Increased foam 
ing o f yeast proteins on adding 3% N aC l has also been 
reported (Sch ach te l, 1981).

Foam ing properties o f lup in  seed protein  concentrate 
were pH dependent (Tab le  8 ) . The foam ing capacity o f the 
protein  concentrate was highest at pH 2 .0  and least in  the 
iso-electric region (pH  4 .0 ) . H ow ever, m axim um  foam  
sta b ility  was observed at pH  4 .0  and it progressively de
creased at a lka line  pH . Such  pH dependence o f foam ing 
characteristics was also reported fo r soy and sunflower 
proteins (L in  et a l., 1 9 74 ), succinylated and acetylated

Table 6 —E ffe c t  o f  concentration on foaming capacity o f  lupin seed 
proteins3

Concentration 
(%, w/v)

Bean flour Protein concentrate
Final foam 

volume (ml)
% volume 
increase

Final foam 
volume (ml)

% volume 
increase

2 132 32 150 50
4 160 60 170 70
6 180 80 182 82
8 184 84 186 86

10 186 86 192 92

3 M ean o f  d u p lic a te  d e te rm in a t io n s .

sunflower proteins (Cane lla  et a l., 1 9 79 ), and peanut 
protein  (C h e rry  et a l., 1979 ). The  high stab ility  o f foam s in 
the acid pH  range observed in  the present investigation m ay 
have been due to the fo rm ation  o f stable m olecular layers 
in  the air-water in terface , w h ich  im part te x tu re , s ta b ility , 
and e lastic ity  to the foam s. Such m olecular stab ilizing  
effect in  acid ic pH is also reported by R ich ert (1 9 7 9 ) .

In  food system s, foam s are o ften  very  co m p lex , in c lu d 
ing several phases such as a m ixtu re  o f gases, subdivided 
so lids, subdivided liq u id s , and m ulticom ponent so lutions 
o f w ater, po lym ers, and surfactants (R ic h e rt , 1 9 79 ). We 
investigated the effects o f certain carbohydrates on foam ing 
properties o f lup in  p rote in  concentrate (Tab le  9 ) . In c o r
poration o f potato starch , am ylopectin , sucrose, and am y- 
lose at a concentration o f 0 .25 g/g protein  concentrate , 
increased the foam ing capacity o f the p rotein  concentrate 
by 4 , 10 , 12, and 22% , respective ly . G alactose , gum arab ic , 
and pectin had depressing effects on foam ing cap ac ity , 
how ever. A l l  the carbohydrates investigated decreased 
the foam  stab ility  o f the protein  concentrate. Foam s con
tain ing gum arabic and pectin were least stable and co l
lapsed in  24 h r. In  most foam s, the liqu id  phase exists

Table 7—E ffe c t  o f  salt on foaming capacity o f  lupin seed protein  
concentrate3

Salt concentration
%

Final volume 
ml % Volume increase

0.0 150 50
0.2 152 52
0.4 158 58
0.6 174 74
0.8 166 66
1.0 160 60
1.5 156 56
2.0 152 52

3 M ean o f  d u p lic a te  d e te rm in a t io n s  on  2% (w /v )  s lu rrie s .

Table 8—E ffe c t  o f  p H  on foaming capacity and stability o f  lupin seed protein concentrate3

pHb

Volume
after

whipping
ml

%
Increase

Volume (mI) at room temperature (21°C) after time (hr)

0.25 0.5 0.75 1.0 1.5 2.0 6.0 24.0 48.0

2 158 58 156 154 152 149 145 128 100 100 100
4 128 28 121 120 118 116 114 114 110 108 103
6 140 40 132 128 126 121 116 110 104 100 100
8 132 32 126 118 116 114 110 108 100 100 100

10 140 40 106 100 100 100 100 100 100 100 100
? M ean o f  d u p lic a te  determinations.

A  2% (w /v )  s lu r ry  was e m p lo y e d  to  s tu d y  th e  e ffe c t o f  pH  on  fo a m in g  c a p a c ity  and s ta b il ity .

Table 9 - E  ffect o f  carbohydrates on foaming capacity and stab ility  o f  lupin seed protein  concentrate3

Volume
after Volume (ml) at room temperature (21° C) after time (hr)

whipping '
Carbohydrate13 ml Increase 0.25 0.5 1.0 1.5 2.0 14.0 24.0 36.0

Control 150 50 144 142 142 140 132 122 120 114
Galactose 132 32 110 108 108 108 108 108 106 106
Sucrose 162 62 134 132 128 126 124 120 116 110
Amylose 172 72 160 154 146 142 140 128 120 108
Amylopectin 160 60 146 140 134 130 128 124 108 105
Potato starch 154 54 148 140 134 132 130 116 106 102
Gum arabic 132 32 122 120 116 112 110 104 100 100
Pectin 138 38 126 126 120 118 116 104 100 100
a M ean o f  d u p lic a te  d e te rm in a tio n s .
“ A  2% (w /v )  s lu r ry  w as e m p lo y e d  to  s tu d y  th e  e ffe c t o f  c a rb o h y d ra te s  (0 .2 5  g/g p ro te in  c o n c e n tra te )  on  fo a m in g  p ro p e rtie s  o f  lu p in  seed 

p ro te in  c o n c e n tra te .
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as lam ellae between adjacent bubbles. In s ta b ility  o f foam s 
is ind icated by drainage o f liqu id  from  the lam ellae and by 
an increase and then rupture  in  the size o f bubbles (R ic h e rt ,
19 7 9 ) . Th is  is dependent on surface v isco s ity , cap illary  
fo rces, f ilm  th ickness, and o rientation  o f surface active 
solutes such as proteins and carbohydrates. The  adverse 
effects o f carbohydrates on foam  stab ility  o f lup in  proteins 
observed in  the present investigation m ay have resulted from  
th inn ing o f film s due to random  d istrib u tion  o f carbohy
drate solids and also by increased coalescence o f gas bub
bles dispersed in  the liq u id . R ich e rt (1 9 7 9 ) also reported 
the w hey protein foam  perform ance to be carbohydrate 
dependent (co ncen tra tio n ). O ur observations were in  agree
ment w ith  his find ings.

In  v itro  protein  d igestib ility
In  v itro  protein  d igestib ility  o f  the protein  concentrate 

was higher (7 5 .0 5 ) compared to that o f the flo u r (7 1 .0 7 % ). 
M oist heat (heating in  a boiling water bath fo r 30 m in ) 
im proved the in  v itro  protein  d igestib ility  o f the seed 
proteins (Tab le  10 ). Im proved d igestib ility  on heating m ay 
have been due to denaturation o f proteins facilitating  
suscep tib ility  tow ards enzym ic a ttack . Im proved in  v itro  
protein  d igestib ility  on heating observed in  the present 
investigation is in  agreement w ith  reported im provem ent in  
protein  d igestib ility  o f beans o f P h a s e o lu s  v u lg a r is  (R om ero  
and R y a n , 19 78 ; Chang and Satterlee , 1980 ; Iye r et a l.,
1980) and o f winged beans [ P s o p h o c a r p u s  t e t r a g o n o l o b u s  
( L . )  D C ] (Ekp en yo n g  and B orchers, 1980).

En zym e  in h ib ito ry  activ ities
Lu p in  seed flo u r and the protein  concentrate did not 

have detectable tryp s in , chym otryp sin , and a-am ylase 
in h ib ito ry  a c t iv ity . A n tin u tr it io n a l factors are charac
te r is tica lly  present in  legumes (L ie n e r , 1979) w h ich  par
t ia lly  account fo r the ir u nd eru tiliza tio n . The  absence o f 
enzym e (try p s in , chym o tryp sin , and a-am ylase) in h ib ito ry  
activ ities (Tab le  11) in  lup in  seeds m ay o ffe r n utrition a l 
advantage.

CONCLUSIONS
A  P R O T E IN  C O N C E N T R A T E  (7 2 .8 0 %  protein on a dry 
weight basis) from  lup in  seeds (L u p i n u s  m u t a b i l i s  cu ltivar 
H- 6 ) was prepared. P ro te in  recovery was 69 .09%  o f original 
protein  content o f seeds. S o lu b ility  o f the protein  concen
trate  was m inim um  at a pH o f about 4 .0  and increased 
rap id ly  beyond pH 5 .0 . Sodium  dodecyl su lfa te-po lyacry la
m ide gel electrophoresis (S D S -P A G E ) indicated the pres
ence o f 13 and 12 subunits in  seed flo u r proteins and pro
te in  concentrate, respective ly . Least gelation concentrations 
fo r the seed flo u r and the protein  concentrate were 14 and 
8 % (w /v ), respective ly . W ater and o il absorption capacities 
o f the seed flo u r and the protein  concentrate were 1 . 2 0  

and 1.37 g/g and 1.67 and 2 .8 6  g/g, respective ly . Defatting 
im proved the w ater and o il absorption capacities o f the pro
te in  concentrate b y  18 and 103% , respective ly . The  protein

..c - .^ a LC  had good em ulsion capacity but the stab ility  o f 
the em ulsions was poor. Em u ls io n  capacity decreased w ith  
increased concentration and ac id ic  pH  im proved the em ul
sion capacity  more than did a lka line  pH . Foam ing capacity 
o f  the protein  concentrate could be im proved by increasing 
concentration  as w e ll as by adding N aC l. M axim um  increase 
was registered at 1 0 % (w /v ) concentration  and at 0 . 6 % 
salt concentration in the s lu rry  (92%  akid 74% volum e in 
crease, respective ly ). Foam ing capacity < was m axim um  at 
pH  2 .0  whereas highest foam  sta b ility  w&s recorded at pH
4 .0 . Incorporation  o f potato starch , amyi'ose am ylopectin , 
and sucrose increased the foam ing ca p a c ity  o f the protein 
concentrate whereas galactose, gum arable^, and pectin had

\

Table 10—In vitro protein digestib ility o f  lupin seed proteins3

Sample
In vitro protein 

digestibility (%)

Bean flour (control) 71.07
Bean flour (30 min moist heat) 77.58
Protein concentrate (control) 75.05
Protein concentrate (30 min moist heat) 80.12

a Mean of duplicate determinations.

Table 11—Anti-enzym e activities in lupin seeds

Bean flour3 Protein cone3

Trypsin inhibition — —

Chym otrypsin inhibition — -
a-Amylase inhibition — -

a — = Inhibitory activity was absent.

depressing e ffects. A l l  the carbohydrates investigated de
creased the foam  stab ility  o f the protein  concentrate. Moist 
heat im proved the in  v itro  d igestib ility  o f the seed proteins. 
U n like  most o ther legumes, lup in  seeds did not have de
tectable tryp s in , chym o tryp sin , and a-am ylase in h ib ito ry  
activ ities w h ich  could be n u tr it io n a lly  advantageous.
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O l i g o s a c c h a r i d e s  i n  E l e v e n  L e g u m e s  a n d  T h e i r  
A i r - C l a s s i f i e d  P r o t e i n  a n d  S t a r c h  F r a c t i o n s

F . W .  S O S U L S K I ,  L .  E L K O W I C Z ,  a n d  R . D .  R E I C H E R T

--------------------------------ABSTRACT----------------------------------
Oligosaccharide compositions of flours from dehulled seeds of 
eleven legumes were determined by gas-liquid chromatography and 
mass spectroscopy. While soybean contained 11.7% sugars, concen
trations in lupine, cowpea, chickpea and lentil were about 8%; 
lima, navy and northern beans, field pea, mung bean and fababean 
contained about 5% of sugars. Sucrose represented 20-55% of the 
total sugars; stachyose was the principal a-galactoside in most spe
cies. In addition, high amounts of manninotriose were found in 
chickpea and lentil flours whereas verbascose was a major compo
nent in field pea, mung bean and fababean flours. The nine species 
and biotypes which contained starch were pin milled and air-classi
fied into protein-rich and starch-rich fractions. The protein fractions 
were 40-90% higher than the flours in a-galactosides, especially 
raffinose, manninotriose, stachyose and verbascose. The starch 
fractions were depleted in a-galactosides, the concentrations varied 
from 1.2-2.8% of the fraction.

INTRODUCTION
D R Y , M A T U R E  L E G U M E S  are w id ely reported to pro
m ote the fo rm ation  o f in testina l gas fo llow ing  ingestion. 
A  lim ited  num ber o f experim ents w ith  hum an subjects has 
dem onstrated that legume species, b iotypes and cu ltivars 
exh ib it wide variations in  flatus p roduction . In  general 
term s, the com parative gas-forming properties o f dry 
legumes, in  decreasing order, are reported to be the fie ld  
bean b iotypes, ch ickpea, lim a bean, soybean, pigeon pea, 
mung bean, sm ooth peas and len til (C a llo w ay  et a l., 1971 ; 
F lem ing , 1 9 8 1 ;H u lse , 1975 ; R a ck is  et a l., 1970a).

A  num ber o f investigators have dem onstrated that the 
oligosaccharides, raffinose and stachyose, are the p rincipal 
causes o f flatu lence in hum an and anim al studies (C a llo w ay 
and M urphy, 1968 ; F lem ing , 1981 ; R a ck is  et a l., 1970b, 
R ed d y et a l., 1980). N o rm a lly , the low  m olecular weight 
sugars such as sucrose are absorbed along the lin ing o f the 
sm all in testine. However, the hum an digestive system  lacks 
the enzym e, a-galactosidase, and the raffinose fam ily  o f 
oligosaccharides pass into  the large intestine where they are 
ferm ented anaerob ically to produce gas.

Stachyose and, to a lesser exten t, raffinose  are the p rin
cipal a-galactosides in  soybean (E ld rid g e  et a l., 1979), 
ch ickpea (A m a n , 1979 ; L ineb ack  and K e , 1975), fie ld  bean 
(Phaseolus vulgaris) (N a iv iku l and D ’A ppo lon ia , 1978) 
and lup ine (M acrae and Zand-Moghaddam, 1978). Species 
such as fababean, fie ld  pea, len til and mung bean contain  a 
substantial q uantity  o f the higher m olecular weight a -  
galactoside, verbascose, and proportionate ly less o f stachy
ose (Cerning-Beroard and F ih a tre , 1976 ; L in eb ack  and K e , 
1975 ; N a iv iku l and D ’Appo lon ia , 1978 ; Vose et a l., 1976). 
R ed d y et al. (1 9 8 0 ) concluded that the oligosaccharides 
in  b lack gram (Phaseolus mungo), p rim arily  verbascose, 
induced a high level o f flatus in  rats. In  a s im ilar investiga
tion , F lem ing  (1 9 8 1 ) determ ined that stachyose concentra-
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tions in  seven legumes were h ighly correlated w ith  hydro
gen production  in rats. R affin ose  gave a low er positive 
corre lation  whereas verbascose contents showed a negative 
re lation  w ith  hydrogen production .

R ece n tly , Schw eizer et al. (1 9 7 8 ) and A m an  (1 9 7 9 ) 
have reported significant quantities o f ga lactop in ito l, galac- 
tino l and m anninotriose among the oligosaccharides ex
tracted from  several legume seeds. S p e c ifica lly , ch ickpea 
and len til contained higher am ounts than soybean. Fab a
bean, fie ld  pea, com m on bean and mung bean showed 
on ly  traces o f these sugars. T h e  roles o f these a-galacto- 
sides in  flatus fo rm ation  has not been elucidated.

Aqueous or alcoho lic extraction  o f soybean flours dur
ing protein concentration  w ill reduce oligosaccharide 
am ounts quite m arked ly (E ld rid g e  et a l., 1979). F la tu s  
volum es after ingestion o f alcohol-extracted fie ld  beans 
(C a llo w ay  et a l., 1971) and soybean (R a c k is  et a l., 1970a) 
were reduced substantia lly . Prote in  concentrates can be 
prepared from  starchy legumes by dry processing tech
niques. Vose et al. (1 9 7 6 ) and E sk in  et al. (1 9 8 0 ) have 
reported that protein  concentrates obtained by a ir c lassifi
cation o f fie ld  pea and fababean flours contained greater 
concentrations o f oligosaccharides than the original flours.

T o  obtain more in fo rm ation  on potentia l problem s w ith  
flatu lence in air classified protein  fractions, a study was 
undertaken to determ ine the com position o f oligosac
charides in  flours o f eleven legumes. Th e  nine legumes w hich  
contained starch were pin m illed and air classified in to  fine 
(p ro te in ) and coarse (sta rch ) fractions to assess the d istri
bution o f oligosaccharides between the tw o fractions.

MATERIALS & METHODS
Materials

Seeds of mung bean (Vigna radiata), small fababean (Vicia faba 
minor), baby lima bean (Phaseolus lunatus), navy or pea bean and 
Great Northern bean (Phaseolus vulgaris), field pea (Pisum savitum 
arvense) and lentil (Lens culinaris) were grown on experimental 
plots at the University of Saskatchewan. Chickpea (Cicer arieti- 
mm) and cowpea (Vigna unguiculata) were obtained from com
mercial sources. These legumes were dehulled, pin-milled in an 
Alpine Pin Mill model 250 CW, and then fractionated into light and 
dense particles on an Alpine Air Classifier Type 132 MP using a 
cut point of about 800 mesh (15 p diameter). As proposed by Vose 
et al. (1976), the dense starch fractions were remilled and air classi
fied to remove additional light proteinaceous material in order to 
produce a more refined starch fraction. Analyses for oligosac
charides were conducted on the pin-milled flours, the ' ’ ‘: fractions and the final starch fractions The intermediate protein
aceous material, which was not analyzed, represented about 10-
15% of the original flour.

Commercial soybean flour (Staley F-200) and protein concentrate 
(Promosoy 100) were ir.cluded in the study for comparative pur
poses. Lupine seed, which contained essentially no starch and 
showed little protein, segregation during air classification (Sosulski 
and Youngs, 1979),/was evaluated only as a flour for comparative
purposes. Lupine (Lupinus albus) flours of the Kievsky mutant 
(Department of Fpod Science, University of Reading) and the 
cultivar Reuscher (¡Department of Plant Science, University of Mani
toba) were prepare-d for analysis by dehulling, grinding and hexane 
extraction of lipidls, followed by solvent removal from the residue 
and grinding in a jj>in mill.

>
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Extract preparation
Samples (5.0g) were refluxed with 25 ml of 80% methanol for

1 hr and centrifuged. Residues were mixed for 1 hr with 50 ml of 
80% methanol using a magnetic stirrer, and centrifuged again. 
Supernatant solutions were pooled and diluted to 100 ml with 80% 
methanol.
Sugar analyses

Based on a modification of the Vose et al. (1976) procedure, 
the sugars were quantitated by transferring 1 ml of methanol extract 
into a test tube containing 1 ml of internal standard solution (phenyl 
a-D-glucoside, 1 mg/ml methanol). Four drops of saturated lead 
acetate were used to precipitate noncarbohydrate material. Follow
ing centrifugation to remove the precipitate, the excess lead was 
removed by addition of one drop of saturated monopotassium phos
phate. The samples were dried by rotovaporation at 50°C and the 
sugars derivatized by the addition of 3 ml of pyridine, 1 ml of 
HMDS (hexamethyl disilazane) and 0.1 mlTFA (trifluoracetic acid) 
obtained from Sigma Chemical Co. Samples (1 pi) were injected 
onto a Hewlett Packard 5710A gas-liquid chromatograph (GLC) 
equipped with a flame ionization detector and twin stainless steel 
columns (0.46 m x 3 mm i.d.) packed with 3% Dexsil 300 on 80- 
100 mesh Chromosorb W treated with HMDS (AW-DMCS) from 
Chromatographic Specialties Ltd., Brockville, Ontario. Injection 
port and detector temperatures were 350° and 400°C, respectively. 
Oven temprature was programmed from 130° to 370°C at 8°/min. 
The helium carrier gas flow rate was 40 cc per min.

The response factors for glucose, sucrose, galactinol, raffinose 
and stachyose were obtained using a standard mixture of the sugars 
(1 mg sugar/ml 80% methanol). The response factors for the other 
a-galactosides were obtained by extrapolation as for verbascose in 
Fig. 1 where, in the regression equation, x represents the number 
of sugar residues. For these standards, the correlation of response 
factors with number of sugar residues was R = -0.989. Retention 
times and temperatures of the sugars are shown in Table 1. The 
repeatability of the results decreased with longer retention times.

Total sugars in the methanol extracts were measured by the 
phbnol-sulfuric acid colorimetric procedure of Dubois et al. (1956) 
using raffinose as the standard (Cerning-Beroard, 1975).

Gas chromatography-mass spectrometry (GC-MS) of the TMS- 
Merivatives of the sugars was achieved by electron impact ionization 
Using a Finnigan Model 3300 instrument interfaced with an Incos 
Model 2300 data acquisition system. The glass column (1.83 m x
2 mm i.d.) was packed with 1.5% Dexsil 300 on Chromosorb W. The 
helium carrier gas flow rate was 28 cc/min. The temperature was 
programmed from 130° to 350°C at 8°/min. Injector temperature 
was 300°C, separation oven was at 350°C. Mass spectra were taken 
at an electron energy of 70 eV and a scan time of 3.0 sec from 
mass 40 to mass 950.

Standards for galactopinitol and manninotriose were not avail
able. The MS fragments of galactopinitol were essentially identical 
to those reported by Schweizer et al. (1978). The Aman (1979) 
procedure for mild acid hydrolysis of stachyose was followed to 
produce manninotriose which gave the same retention time as 
component 6 in the GLC chromatograms of the TMS derivatives of 
oligosaccharides. The results were confirmed using acetylated deriva
tives and fragmentation by chemical ionization.

The 70 eV mass spectrum for the TMS-derivative of galactose 
had its base peak at m/e 204 and major peaks at m/e 191 and 217. 
In addition galactopinitol gave major peaks at m/e 393 and 315 
while manninotriose showed peaks at m/e 361, 451, 317, 273 and 
271.

RESULTS & DISCUSSION
Com position o f legume flours

E xc e p t fo r soybean, the legume flours had on ly  0.1 — 
0.3%  o f m onosaccharides and inosito l derivatives (T a b le  2). 
Because the G L C  co lum n tem perature was increased at 
8 ° /m in, it was not possible to distinguish between the 
various simple sugars and cyc lito ls  w h ich  appeared in  F ig . 
2  and 3.

Com pared to the low  am ounts o f sim ple sugars, sucrose 
represented 20—55% o f the total sugars determ ined by 
G L C , the highest am ounts being obtained in  soybean flour.

The  high sucrose concentration  in  soybean was a m ajor 
facto r contributing to the tota l sugar content o f 11.7% 
in this defatted flo u r. T h is  to ta l greatly exceeded the range
4 .5 —8 . 6 % fo r the other legume flours. A nalyses o f the total 
sugars by the . phenol-su lfuric acid method gave values 
slig htly  higher than the G L C  to ta l fo r most legumes.

T h e  a-galactosides constituted on ly  40% o f to ta l sugars 
in  soybean whereas the proportion  ranged up to 73% in  the 
other legume flours. Th e  concentrations o f stachyose, raf
finose and galactop in ito l isomers in  soybean flo u r were 
somewhat low er than literature  values (E ld rid g e  et a l., 
1979 ; Macrae and Zand-Moghaddam, 1978 ; Schw eizer et al.
1978). T h e  present soybean sample showed no traces o f 
verbascose w hich was present in  a ll o f the o ther flours.

Stachyose was the princ ipa l sugar com ponent in  the
lupine and cowpea flours w h ich  also contained sign ificant
quantities o f raffinose , verbascose and galactino l (T a b le  2 ).
The  high amounts o f to ta l a-galactosides (5 .4 —5.9% )
were w ith in  the ranges reported fo r lupines (M acrae and
Zand-Moghaddam, 1978) and cowpea cu ltivars (A kpa-
punam and M arkakis, 1979). One o f the lupine samples
also contained 0 . 6 % o f lupanine. n ___. ■ . _____ „ „ „ „r  —Continued on next page

F ig . 1— R e s p o n s e  fa c to r s  f o r  G L C  a n a ly s is  o f  su g a rs  in c lu d in g  th e  
e x tra p o la t io n  f o r  v e rb a sco se .

T a b le  1—R e t e n t io n  te m p e ra tu re s  a n d  r e te n t io n  t im e s  o f  th e  su g a r  
d e riv a t iv e s  o n  a 0 .4 6  m  x  3  m m  i.d . tw in  c o lu m n  w ith  3 %  D e x s i l  
3 0 0  o n  C h r o m o s o r b  W  tre a te d  w ith  H M D S  (A W - D M C S ) ,  a n d  th e  
r e p e a t ib i l i ty  o f  th e  re s u lts

Sugars

Retention
temp°c

Retention
time
min

Repeatability 
of analyses

Std Coeff. of 
dev variation

a-glucose 160 3.7 — —

/3-glucose 170 4.9 -
phenyl a-D-glucoside 200 8.6 — —
Sucrose 220 11.5 0.03 1.3
Galactopinitol isomers 230 12.6 - -
Galactinol 255 15.7 — —
Raffinose 265 17.6 0.02 2.7
Manninotriose 286 19.5 - -
Stachyose 310 22.7 0.06 3.9
Unknown 322 24.0 - —

Verbascose 345 26.7 0.22 13.4
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Ch ickpea and len til flours exh ib ited  a wide d istribution  
o f a-galactosides w ith  m anninotriose and stachyose being 
the m ajor com ponents (Ta b le  2). Lo w  concentrations of 
galactop in ito ls, galactino l, raffinose , an unknow n com po
nent ( 8 ) and verbascose were recorded on the chrom ato
grams o f the flours as shown fo r chickpea in F ig . 2. Galac- 
to p in ito l usually  appeared as three constitu tiona l isomers 
(S ch w e ize r et a l., 1978) fo llow ing the sucrose peak. A n  
unkno w n  com ponent containing galactose eluted after 
stachyose on the G L C  chrom atogram s o f both flours. Posi
tive identification  o f the complete oligosaccharide by GC- 
MS was d ifficu lt because o f its high m olecular weight.

Fig. 2—G L C  chromatograms o f TMS derivatives o f oligosaccharides 
in chickpea flour, protein fraction and starch fraction.

The  com positions o f to ta l sugars and ct-galactosides in  
lim a , navy and northern beans were low  in com parison w ith  
the chickpea and len til (Ta b le  2). Stachyose was the m ajor 
a-galactoside w ith  raffinose , galactinol and verbascose 
being m inor com ponents. N a iv iku l and D ’A ppo lon ia
(1 9 7 8 ) obtained sim ilar results w ith  navy and p into beans 
but Schw eizer et al. (1 9 7 8 ) found m uch higher values for 
stachyose and raffinose in two P h a s e o lu s  v u lg a r is  cu ltivars.

Verbascose was the predom inant a-galactoside in field 
pea, mung bean and fababean (Ta b le  2). F ie ld  pea con
tained more stachyose and raffinose than mung or fababean. 
Mung bean exh ib ited low  concentrations o f the other a-

Fig. 3 —G L C  chromatograms o f TMS derivatives o f oligosaccharides 
in mung bean flour, protein fraction and starch fraction.

Table 2—Composition o f sugars and inositols in hull-free flours o f  eleven legumes (% o f dry matter)

Legume

Monosac
charides & 
inositols3 Sucrose

Galacto-
pinitol
isomers

Galact
inol

Raffi
nose

Mannino
triose

Stachy
ose

Un
known

Verbas
cose

Total
GLC

Total
color
imetric

Total
a-gal
acto
sides

Soybean 0.74 6.35 0.59 tr 1.15 tr 2.85 _ _ 11.68 12.20 4.59
Lupineb 0.12 2.63 - 0.23 0.82 0.20 4.11 0.06 0.48 8.65 9.95 5.90
Cowpea 0.10 2.64 - 0.12 0.41 — 4.44 — 0.48 8.19 9.04 5.45
Chickpea 0.21 2.69 0.34 0.39 0.45 2.33 1.72 0.18 0.10 8.37 7.75 5.47
Lentil 0.27 3.36 0.34 tr 0.31 1.41 1.47 0.12 0.47 7.75 7.66 4.12
Lima bean 0.26 18.5 tr 0.10 0.46 0.12 2.76 — 0.31 5.86 5.82 3.75
Navy bean 0.10 2.62 - 0.15 0.37 - 2.36 — 0.05 5.65 5.84 2.93
Northern bean - 3.01 - 0.15 0.26 0.03 2.16 — 0.03 5.64 6.27 2.63
Field pea - 1.85 - 0.17 0.60 - 1.71 — 2.30 6.63 7.49 4.78
Mung bean 0.22 0.96 tr 0.19 0.23 0.12 0.95 tr 1.83 4.50 4.78 3.32
Fababean — 2.00 0.17 0.22 0.22 - 0.67 - 1.45 4.73 4.78 2.73

3 In c lu d in g  g lu co se , f ru c to s e , m yo - and  s c y llo - in o s lto ls , p in ito l. 
D A ve rag e  o f  tw o  c u lt iv a rs
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galactosides (F ig . 3 ) present in  chickpea and len til. In  con
trast, fababean flo u r contained only galactop in ito l and 
galactino l among the m inor constituents (F ig . 4 ).

C om position o f protein fractions
The  sample o f soybean protein  concentrate, obtained by 

wet processing, contained less than one-tenth the concen
tration  o f a-galactosides found in  the soybean flo u r and 
the to ta l sugar content was o n ly  0 .6 - 0 .7 %  (Ta b le  3 ). On 
the other hand, the air classified protein  fractions had from
6 .7 —12.9% o f sugars based on the co lo rim etric  procedure.
The  contents o f m onosaccharides in  the air classified pro
tein fractions were sim ilar to the flours but sucrose concen- 5! 
trations were higher fo r several species. O n the other hand, o
the tota l a-galactoside contents o f these fractions were 2

4 5 —90% higher than in  the flours.
Cowpea protein  fractio n  contained 6 . 8 % stachyose and 

1.3% o f verbascose fo r a high a-galactoside com position 
(Ta b le  3 ). Based on its  high level o f m anninotriose, ch ick 
pea protein  fractio n  contained 9.2%  o f to ta l a-galactosides.
L e n t il concentrate was high in m anninotriose, stachyose 
and verbascose but lim a , navy and northern bean protein  
fractions were m ain ly enriched in  stachyose. W hile fie ld  
pea flo u r was interm eidate in  a-galactoside content (Tab le
2 ) ,  the protein  fractio n  was very high in  verbascose as w ell 
as stachyose (Ta b le  3 ). Mung bean and fababean protein  
fractions were also enriched in these a-galactosides. I t  ap
pears that, fo r these legume species, the m ajor a-galactosides 
shifted w ith  the protein  fractio n  during air c lassification .

C om position o f starch fractions
The  concentrations o f m onosaccharides, sucrose, galac

to p in ito l and galactino l in  the starch fractions were sim ilar 
to those found in  the original flours (T a b le  4 ) . A p p aren tly , 
there was litt le  d iffe ren tia l segregation o f these sugars due 
to the air c lassifica tion  process. On the other hand, the 
concentrations o f ra ffinose , m anninotriose, stachyose and 
verbascose were substantia lly  depleted in the starch frac-

Fig. 4—G LC  chromatograms o f TMS derivatives o f oligosaccharides 
in fababean flour, protein fraction and starch fraction.

Table 3 —Composition o f  sugars and inositols in protein fractions from ten legume flours (% o f  dry matter)

Legume

Monosacch
arides and 

inositols Sucrose
Galacto
pinitol

Galact
inol

Raffi
nose

Mannino
triose

Stachy
ose

Un
known

Verbase-
cose

Total
GLC

Total
Colori
metric

Total
a-galac-
toside

Soybean — 0.28 — _ 0.09 _ 0.25 _ _ 0.62 0.68 0.34
Cowpea 0.09 2.78 - tr 0.52 — 6.85 — 1.27 11.51 11.24 8.64
Chickpea 0.24 4.03 0.44 0.23 0.70 4.01 2.98 0.45 0.35 13.43 12.93 9.16
Lentil 0.27 3.18 0.28 0.27 0.50 2.18 2.87 0.32 1.06 10.93 10.53 7.48
Lima bean 0.21 2.39 tr 0.18 0.60 0.09 5.26 — 0.36 9.09 9.56 6.49
Navy bean 0.12 3.38 tr 0.16 0.48 tr 3.84 — 0.25 8.23 8.02 4.73
Northern bean - 4.50 tr 0.21 0.36 0.11 3.56 — 0.12 8.86 8.95 4.50
Field pea - 2.83 - tr 1.24 — 3.76 — 4.64 12.47 12.94 9.64
Mung bean 0.30 1.20 tr - 0.32 0.21 1.49 — 3.13 6.65 6.73 5.15
Fababean — 1.35 0.32 - 0.33 - 1.37 - 3.96 7.33 6.95 5.98

Table 4 —Composition o f sugars and inositols in starch fractions from nine legume flours (% o f dry matter)

Legume

Monosacch
arides and 
inositols Sucrose

Galacto
pinitol

Galact
inol

Raffi
nose

Mannino
triose

Stachy
ose

Verbas
cose

Total
GLC

Total
Colori
metric

Total
a-galac-
toside

Cowpea 0.04 2.38 _ 0.11 0.29 _ 2.29 _ 5.11 5.77 2.69
Chickpea 0.21 1.85 0.32 0.14 0.28 1.32 0.79 - 4.91 4.73 2.85
Lentil 0.29 3.07 0.32 — 0.17 0.78 0.33 — 4.96 4.67 1.60
Lima bean 0.27 1.52 tr 0.13 0.34 tr 1.55 - 3.81 3.78 2.02
Navy bean — 1.85 — - 0.21 - 1.00 - 2.54 2.59 1.21
Northern bean — 2.31 - 0.21 0.19 0.10 0.92 0.01 3.74 3.75 1.43
Field pea — 1.81 — tr 0.42 - 0.78 0.59 3.60 3.43 1.79
Mung bean 0.21 0.80 tr 0.29 0.25 0.08 0.45 0.60 2.68 2.62 1.67
Fababean - 2.72 0.08 0.20 0.25 — 0.48 0.44 4.17 4.18 1.45
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tions. T o ta l sugar am ounts ranged from  2 .6 —5.8%  by the 
co lo rim etric  procedure and tota l a-galactosides ranged from
1 .2 - 2 . 8 % o f the starch fractions. G en era lly , these starchy 
fractio ns w ould have very lim ited  flatu lence-inducing prop
erties, although the a-galactoside concentrations still ex
ceeded that o f wet processed m aterial such as the soybean 
concentrate  (Ta b le  3).
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F u n c t i o n a l  P r o p e r t i e s  o f  W i n g e d  B e a n  
[ P s o p h o c a r p u s  t e t r a g o n o l o b u s  ( L . )  D C ]  P r o t e i n s

S .  K .  S A T H E ,  S .  S .  D E S H P A N D E ,  a n d  D .  K .  S A L U N K H E

ABSTRACT Preparation of protein concentrate
A protein concentrate (71.45% protein on a dry weight basis) was 
prepared from winged bean [P so p h o c a rp u s te tra g o n o lo b u s  (L.) 
DC] seeds. Solubility of the protein concentrate was minimal at a 
pH of 4.0. Sodium dodecyl sulfate-polyacrylamide gel electrophore
sis (SDS-PAGE) of the bean flour proteins and protein concentrate 
indicated 9 subunits each, with apparent molecular weight ranges of
27,000-380,000 and 14,200-143,000 daltons, respectively. Least 
gelation concentrations and water and oil absorption capacities of 
the seed flour and the protein concentrate were determined. Emul
sion and foaming properties of the protein concentrate were investi
gated. Effect of moist heat on seed protein digestibility was assessed 
in vitro. Protein concentrate had lower tannins and trypsin, Chymo
trypsin, and a-amylase inhibitory activities compared to bean flour.

INTRODUCTION
W IN G E D  B E A N  [P s o p h o c a r p u s  t e t r a g o n o l o b u s  ( L . )  D C ] ,  
a trop ica l legume, is a prom ising source o f o il and proteins 
and is listed as one o f the under-exploited legumes by N A S
(1 9 7 9 ) . I t  is unique among legum inous crops in  that several 
parts o f the plant (leaves, pods, seeds, and tubers) are 
edible. T h e  winged bean proteins have an am ino acid com
position sim ilar to that o f soybean p roteins, w ith  m ethio
nine and cystine being the lim iting  am ino acids (C e rn y  et 
a l., 1 9 7 1 ;E kp e n y o n g , 1978 ; G illesp ie  and B lagrove, 1978a). 
T h e  m ajor storage proteins o f winged bean are predom i
n an tly  w ater soluble (ap p ro x im ate ly  60% soluble at pH
6 . 6 ) and un like  soybean p roteins, have a characteristic sedi
m entation co effic ien t o f 7S (G ille sp ie  and Blagrove, 1978b ; 
G arc ia , 19 81 ). Winged bean also has less lipoxygenase activ
it y  than soybeans (V a n  Den et a l., 1981 ; de Lum en et a l.,
1981) and thus m ay be less susceptible to developm ent o f 
o ff  flavors during handling , storage, and processing.

E a r lie r  investigations from  our laboratories (Sa the  and 
Sa lu nkhe , 1981a) indicated that d ilute  a lka li soaking o f 
winged beans could sig n ifican tly  reduce their tryp sin  in h ib i
to ry  activ ity  and tann ins, and elim inate their hemaggluti- 
nating a c t iv ity . T h e  present investigation was undertaken to 
prepare and evaluate certain fu nctio na l properties o f 
winged bean protein  concentrate.

M ATERIALS & METHODS
WINGED BEAN [P so p h o c a rp u s  te tr a g o n o lo b u s  (L.) DC] seeds were 
donated by Dr. J.M. Spata, Ralston Purina Co., 900 Checkerboard 
Sq., St. Louis, MO. Unless mentioned otherwise, all chemicals used 
were of reagent grade.
Preparation of bean flour

The whole dry bean seeds were ground in a UDY Cyclone Mill 
(Tecator, Inc., Boulder, CO) to obtain a 60 mesh bean flour.

Autho r Deshpande is with the Dept, o f  Nutrition  & Food Sciences, 
Utah State Univ., Logan, U T  84322. Au tho r Sathe, formerly with 
Utah State Univ., is now with the Dept, o f  Nutrition  & Food S c i
ence, Univ. o f  Arizona, Tucson, A Z  85721. Au tho r Salunkhe, for
merly with Utah State Univ., is now Vice Chancellor, Mahatma 
Phule Agrl. Univ., R A H U R I 413 722, Maharashtra State, India.

The scheme employed for the preparation of protein concentrate 
is presented in Fig. 1. Whole beans were extracted twice with dilute 
alkali (0.2% NaOH) and centrifuged. The combined supernatants 
were dialyzed and freeze-dehydrated to obtain a protein concentrate.
Physicochemical analyses

Proximate analyses for moisture, protein (N X 6.25), fat, and ash 
were carried out according to AO AC (1975) methods.

Total sugars were extracted by the procedure of Hymowitz et 
al. (1972) and determined on aliquots according to the method of 
Dubois et al. (1956). Reducing sugars were estimated by the method 
of Sumner (1924).

Each sample (0.5g) was extracted with 10 ml absolute methanol 
for 24 hr at 4°C and its tannin content was determined by the modi
fied vanillin-hydrochloric acid method of Price et al. (1978) using 
appropriate blanks. Catechin (Sigma Chemical Co., St. Louis, MO) 
was used as a reference standard.

All analyses were conducted in triplicate and results expressed 
on a dry weight basis.
Polyacrylamide gel electrophoresis

Apparent molecular weights of protein subunits were estimated 
by the method of Weber and Osborn (1969). The details have been 
described earlier (Sathe and Salunkhe, 1981a).
Protein solubility

To determine the protein solubility profile of the protein con
centrate, 10 mg of the concentrate was dissolved in 10 ml of IN 
NaOH, pH adjusted to a desired value with IN HC1, centrifuged 
(5,000 X g , 15 min), and the protein content of supernatants deter-

W1NGED BEAN SEEDS
Add 0.21 NaOH (Seed:Na0H::1:5 w/v).Blend 1n a Waring Blendor until smooth suspension (pH a 10.0) and extract for H16 h at 21°C with occasional shaking. ' Centrifuge at 4°C for 30 min at 10,000 X g.

Add 0.2% NaOH (Residue:NaOH::1:4 w/v) Blend in a Waring Blendor for 1 min (pH a 10.0). Extract for 12 h at 21°C with occasional shaking and Vcentrifuge at 4°C for 30 m1n at 10,000 X g.
HsW
(Discard)

Dialyze against distilled water for 72 h with 6 changes of distilled water, freeze-dehydrate, and powder 1n a Waring Blendor.
V

PROTEIN

CONCENTRATE

Fig. 1-Schematic diagram for the preparation o f  winged bean pro
tein concentrate.
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mined by Lowry’s method (Lowry et al., 1951). Analyses were per
formed in triplicate and the means reported.
Water and oil absorption

For water and oil (Crisco Vegetable Cooking oil, Procter and 
Gamble, Cincinnati, OH) absorption determinations, the method 
of Beuchat (1977) was followed. A 1-g sample was mixed with
10 ml distilled water or oil for 30 sec in a mixer (Vari-Whirl, mixing 
control - “Fast”). The samples were then allowed to stand at room 
temperature (21°C) for 30 min, centrifuged at 5,000 X g for 30 
min, and the volume of the supernatant noted in a 10 ml graduated 
cylinder. Density of water was assumed to be 1 g/ml and that of
011 was determined to be 0.88 g/ml. Means of triplicate determina
tions were reported on a dry weight basis.
Gelation

The method of Coffmann and Garcia (1977) was employed with 
slight modifications. Appropriate sample suspensions o f  2, 4, 6, 8, 
10, 12, 14, 16, 18, and 20% (w/v) were prepared in 5 ml distilled 
water. The test tubes containing these suspensions were then heated 
for 1 hr in a boiling water bath followed by rapid cooling under 
running cold tap water. The test tubes were then further cooled for 
2 hr at 4°C. The least gelation concentration was determined as that 
concentration when the sample from the inverted test tube did 
not fall down or slip.
Emulsion properties

Emulsions were prepared according to the method of Beuchat
(1977). The sample (2g) was blended in a Waring Blendor with 100 
ml of distilled water for 30 sec at “HI” speed. Oil was added in 5 ml 
portions continuing blending. The drop in consistency (from a maxi
mum) judged by a decrease in resistance to blending (subjectively) 
was considered to be the point of discontinuation of oil addition. 
The amount of oil added upto this point was interpreted as the 
emulsifying capacity of the sample. The emulsion so prepared was 
then allowed to stand in a graduated cylinder and the volume of 
water separated with time was noted in each case, to study the 
emulsion stability. All experiments were conducted at room tem
perature (21°C).

Effects of concentration on emulsion capacity were evaluated 
at concentrations of 2, 4, 6, 8, and 10% (w/v).

Effects of pH on emulsion capacity were evaluated on 2% 
(w/v) slurries by adjusting the pH to a desired value with IN HC1 
or IN NaOH prior to preparing the emulsions.
Foaming properties

Foaming capacity and stability were studied according to the 
method of Coffmann and Garcia (1977). A 2-g sample was whipped 
with 100 ml distilled water for 5 min in a Waring Blendor at “HI” 
speed and was poured in a 250 ml graduated cylinder. The total 
volume at time intervals of 0.0, 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 was 
noted. Volume increase (%) was calculated according to the follow
ing equation.

Volume after Volume before 
Volume whipping (ml) _  whipping (ml) ^increase (%) = -----------------------------------------x 100

Volume before whipping (ml)
Effects of concentration on foaming capacity were evaluated 

by whipping 2, 4, 6, 8, 10% (w/v) slurries as described above.
Salt (NaCl) concentrations of 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 

and 2.0% (w/v) on 2% (w/v) slurries were employed to study the

Table ! -P rox im ate  composition o f winged bean flour and protein 
concentratea

Component (%) Flour Protein cone

Moisture 10.18 3.44
Protein (N X 6.25) 39.95 71.45
Fat 17.11 9.03
Ash 4.56 1.85
Reducing sugars 2.04 0.47
Total sugars 9.63 2.96

M ean o f t r ip lic a te  d e te rm in a t io n . R e su lts  are  exp ressed  on a d ry  
w e ig h t basis .

effects of salt on foaming capacity.
Effects of pH on foaming properties were studied on 2% (w/v) 

slurries by adjusting the pH to a desired value before whipping. 
Foam stability ratings at different pH levels were determined at 
4°C for 12 hr.Effects of certain carbohydrates on foaming properties of pro
tein concentrate were investigated. Galactose, sucrose, soluble 
potato starch (all from J.T. Baker Chemical Co., Phillipsburgh, NJ), 
amylopectin (ICN Pharmaceuticals, Inc., OH), amylose (potato, 
Type III, Sigma Chemical Co., St. Louis, MO), gum arabic (Fisher 
Scientific Co., NJ), and pectin (low methoxyl, Sunkist Growers, 
Inc., CA) were employed at a concentration of 0.25 g/g protein 
concentrate.

All experiments were conducted at room temperature (21°C) 
in duplicate and the means reported.
In Vitro protein digestibility

Fifty ml of an aqueous suspension of sample (6.25 mg protein/ 
ml) in distilled water was adjusted to pH 8.0 with 0.1N HC1 and/or 
0.1N NaOH. The slurry was then incubated for 15 min at 37°C 
in a water bath. The multienzyme solution consisting of 1.6 mg 
trypsin, 3.1 mg chymotrypsin, and 1.3 mg peptidase/ml (peptidase 
and trypsin from Sigma Chemical Co., St. Louis, MO; chymotrypsin 
from P.L. Biochemicals, Milwaukee, WI) was maintained in an ice 
bath and adjusted to pH 8.0 with 0.1N HC1 and/or 0.1N NaOH. 
Five ml of this multienzyme solution was added to the sample sus
pension with constant shaking at 37°C. The pH of the suspension 
after incubation for 10 min at 37°C was recorded and the in vitro 
digestibility was calculated according to the regression equation of 
Hsu et al. (1977):

Y = 210.464 -  18.103 X
where, Y = In vitro digestibility (%), and X = pH of the sample sus
pension after 10 min digestion with multienzyme solution.
Enzyme inhibitors

Trypsin, chymotrypsin, and a-amylase enzyme inhibitory activities of the bean flour and protein concentrate were determined as 
described by Decker (1977). Following were the sources of chemi
cals for the assays: Trypsin, a-amylase (Type I-A, from porcine 
pancreas), p-tosyl-L-arginine methyl ester (TAME) from Sigma 
Chemical Co., St. Louis, MO; a-chymotrypsin from P.L. Biochem
icals, Milwaukee, WI; and benzoyl-L-tyrosine ethyl ester (BTEE) 
from Aldrich Chemical Co., Milwaukee, WI.
Statistical analyses

Analyses of variance were conducted using STATPAC/BASIC 
and STATPAC/FCTCVR programs on a Burroughs 6800 computer. 
Least significant differences for multiple mean comparison tests 
were computed according to Ostle and Mensing (1975).

RESULTS & DISCUSSION
Com position

Resu lts o f proxim ate com position o f winged bean seeds 
and protein concentrate are presented in  Tab le  1. Th e  
proxim ate  com position o f winged bean seeds was com par
able to those reported by Ekp enyong  (1 9 7 8 ) and G arc ia  
and Palm er (1 9 8 0 ) . T h e  seed flo u r contained 39 .95%  
prote in , 17.11%  fa t , 9 .63%  to ta l sugars, and 4 .56%  ash (o n  
a d ry  weight basis) as the m ajor com ponents. T h e  protein  
and fat contents o f the protein  concentrate were 71 .45%  
and 9 .03% , respective ly . Th e  high fat content o f the protein  
concentrate suggests that an appreciable portion  o f the seed 
lip ids is protein  bound. T h e  protein  concentrate was choco
late brown in  co lor.

Prote in  recovery
Y ie ld  o f the protein  concentrate was 38% o f the starting 

m ateria l (w ho le  seeds), representing a 67 .96%  protein  
recovery . These results were com parable to those o f Es- 
cueta and T isa lona (1 9 8 1 ) , who reported recoveries o f 70% 
and 60% fo r Batangas long and Batangas short varieties o f 
winged bean at 1 : 2 0  (w /v ) meal to solvent (w a te r) ratio .

504-Volume 47 ( 1982)-JOURNAL OF FOOD SCIENCE



These authors observed an increased protein  recovery w ith  
an increasing meal to solvent ra tio , w ith  m axim um  recovery 
at 1 :20  (w /v ) d ilu tio n . T h e  recovery o f p rote in , how ever, 
levelled o f f  a fter 1 :3 0  (w /v ) meal to solvent ra tio , w h ich  
was attributed to decreased f iltra tio n  e ffic ien cy . Th e  
protein  recovery o f 67 .96%  obtained in  the present inves
tigation at low  d ilu tio n  [1 :5  fo llow ed by 1 :4  w /v , meal to 
solvent (N aO H ) ra tio ] m ay have been due to cu ltivar d iffe r
ences, higher extractio n  pH (1 0 .0 ) , and longer extractio n  
tim e (1 6  h r fo llow ed b y  12 h r e xtractio n , F ig . 1).

P ro te in  so lu b ility
The  protein  so lu b ility  p rofile  (F ig . 2) o f the protein  con

centrate ind icated m in im um  protein  so lu b ility  at a pH  o f
4 .0 , the apparent isoe lectric  pH  o f the a lkali-extracted 
winged bean proteins. T h e  so lu b ility  o f proteins increased 
rap id ly  up to about pH  7 .0  and then slo w ly  up to pH 12 .0 . 
These results are in  agreement w ith  those o f G arc ia  (1 9 8 1 ) 
and Escueta and T isa lo n a  (1 9 8 1 ) . G illesp ie  and Blagrove 
(1 9 7 8 a ) reported the so lu b ility  o f winged bean proteins to 
be 80%  from  pH  5 .0 —9.0  at lo w  io n ic  strengths (less than 
0 .1 ) . T h e y  suggested that the so lu b ility  o f w inged bean 
proteins was not o n ly  affected b y  the inherent so lu b ility  
o f the proteins but was also related to the d isruption o f 
in terna l cell mem branes.

Po lyacry lam id e  gel electrophoresis
Sodium  dodecyl su lfate-polyacrylam ide gel electrophore

tic  (S D S -P A G E ) analyses o f the seed flo u r proteins (F ig . 
3 A ) and protein  concentrate (F ig . 3 B ) ind icated the pres
ence o f nine subunits each. T h e  three m ajor subunits o f 
w hole seed p roteins, as judged on the basis o f band w id th  
and in ten s ity , had apparent m olecular weights o f 1 9 0 ,0 00 , 
8 2 ,5 0 0 , and 39 ,50 0  daltons. T h e  protein  concentrate was 
characterized by the presence o f seven m ajor subunits hav
ing apparent m olecu lar weights o f 1 4 3 ,0 0 0 , 8 2 ,5 0 0 , 5 6 ,0 0 0 ,
3 5 .0 0 0 , 2 2 ,5 0 0 , 16 ,50 0 , and 14 ,200 daltons. T h e  predom i
nance o f low er m o lecu lar weight protein  subunits in  the 
protein  concentrate m ay have been p a rtly  due to partia l 
h yd ro lys is  o f proteins during extractio n  under alkaline

Fig. 2 —Protein so lub ility  p ro file  o f  winged bean protein concentrate.

conditions. G arc ia  (1 9 8 1 ) reported that the m olecular 
weights o f the water-soluble proteins o f w inged bean (c u lt i
var T P T -2 ) were in  the range o f 2 2 ,5 0 0 —9 7 ,0 0 0  daltons as 
estimated by S D S -P A G E . He observed six  protein  subunits 
when the beans were extracted  w ith  water fo r 1 h r at pH
6 . 6 . Th e  higher num ber (9 )  o f subunits and the apparent 
m olecular weight range o f 2 7 ,0 0 0 —38 0 ,0 00  daltons fo r 
seed flo u r proteins observed in  the present investigation 
m ay have been due to cu ltivar d ifferences. Such  variab ility  
in  the SD S gel patterns due to cu ltiva r d ifferences was pre
v iously  reported by G illesp ie  and Blagrove (1 9 7 5 ) for 
cu ltivars o f L u p i n u s  a n g u s t i fo l i u s .

Gelation
Least gelation concentrations fo r seed flo u r and protein  

concentrate were 18 and 14% (w /v ) , respective ly , w h ich

143.000
96.000 
82,500

56.000

47.000

35.000

22.500

16.500 
14,200

A B

F ig , 3 —S c h e m a t ic  d iagra m  f o r  th e  m o le c u la r  w e ig h t  d is t r ib u t io n  
p r o f i le s  o f  w in g e d  b e a n  p r o t e in s  b y  S D S - P A G E .  (A )  W in g ed  b ea n  
s e e d  f lo u r  p r o t e in s ;  {B ) W in g ed  b e a n  p r o t e in  c o n c e n tra te .
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were higher than those reported fo r G reat N orthern bean 
( P h a s e o lu s  v u lg a r is  L . )  flo u r (1 0% , w /v) and protein  concen
trate (8 % , w /v) (Sathe  and Sa lunkhe , 1981b), and mung 
bean ( V ig n a  r a d ia ta  L . )  protein isolate (1 0% , w /v) (C o ff- 
m ann and G arc ia , 1977). The  low  gelling ab ility  o f winged 
bean flo u r and protein  concentrate appears to be a function  
o f seed coat fractions as w ell as the nature and type o f 
proteins. Seed coat contributes 15.9%  o f the w hole seed 
by weight o f winged bean seeds (G a rc ia  and Palm er, 1980) 
as compared to 8 -1 2 %  by weight in  several species o f P h a s 
e o lu s  genera (S ingh et a l., 1968). G ela tion  is often an aggre
gation o f denatured m olecules and contrary to coagulation 
where the aggregation is random , gelation involves the fo r
m ation o f a continuous netw ork w hich  exh ib its  a certain 
degree o f order (H erm ansson, 1979). A p p a ren tly , the seed 
coat fractions in terfere  in  the fo rm ation  o f such a contin 
uous netw ork o f m olecules to form  gels. H igher least 
gelation concentration  fo r winged bean protein  concentrate 
compared to that fo r the G reat N orthern bean protein  con
centrate and mung bean protein  isolate m ay p artia lly  be 
due to the fact that winged bean proteins are predom i
n an tly  globular in  nature (G ille sp ie  and B lagrove, 1978a, b). 
Accord ing  to Schm idt (1 9 8 1 ) , considerably higher protein 
concentration  is usually  required fo r the gelation o f globu
la r proteins. O ur observations on gelation o f winged bean 
proteins are in  agreement w ith  his findings.

Water and oil absorption
Data on water and o il absorption are sum m arized in 

Tab le  2. W ater absorption by the seed flo u r and protein 
concentrate were respective ly , 2 .28  and 3 .5 2  g/g, w h ile  the 
corresponding figures fo r o il absorption were 2 .03  and 4.01 
g/g, respective ly . W ater absorption by seed flo u r in  the 
present investigation was com parable to that o f soybean 
flo u r (2 .4  g/g) and sun flow er flo u r (1 .8  g/g) as reported by 
Sosu lsk i and F lem ing  (1 9 7 7 ) . W ater absorption o f protein 
concentrate (3 .5 2  g/g) in  the present investigation was also 
sim ilar to that o f soybean concentrate (3 .6  g/g) (So su lsk i 
and F lem ing , 1977). L in  et al. (1 9 7 4 ) reported 130% w ater

Table 2—Water and o il absorption, emulsion, and foaming capacities 
o f  winged bean proteinsa

Water Oil Oil Foaming
absorbed absorbed emulsified15 capacity15

Sample g/g g/g g/g %  voi. increase

Bean flour 2.28 2.03 71.10 16
Protein cone 3.52** 4.01** 222.20** 36**

*  M ean o f d u p lic a te  d e te rm in a t io n  
2%  (w /v ) s lu r ry  w as e m p lo y e d . 

S ig n if ic a n t ly  d if fe re n t  at p = 0 .0 1 .

Table 3 —Foam and emulsion stability o f  winged bean proteinsa

Time
(hr)

Foam stability15

Time
(hr)

Emulsion stability0

Bean
flour

Protein
cone

Bean
flour

Protein
cone

0.0 116 136 0 0 0
0.5 114 120 10 0 0
1.0 114 120 20 50 0
1.5 114 116 60 50 0
2.0 112 114 100 50 0
3.0 110 110 450 54 0
4.0 110 100 1400 NDd 2

® M ean o f  d u p lic a te  d e te rm in a t io n  
V o lu m e  (m l)  a t ro o m  tem p  (2 1 ° C )  o f  a 2%  (w /v ) s lu r ry  

S V o lu m e  (m l)  o f w a te r separated  at room  tem p  (2 1 ° C )
°  N D  = N o t d e te rm in e d .

absorption fo r soy flo u r and 227 .3  and 196 .1% , respective
ly , fo r tw o com m ercial soy protein  concentrates, Isopro 
and Prom osoy. O il absorptions by the seed flo u r (2 .0 3  
g/g) and protein  concentrate (4 .01  g/g) in the present inves
tigation were higher compared to soy flo u r (8 4 .4 % ) and 
two com m ercia l soy protein concentrates, Isopro  (1 3 3 .0 % ) 
and Prom osoy (9 2 .0 % ) as reported by L in  et a l. (1 9 7 4 ) . 
Th e  high o il absorption capacity o f the winged bean pro
teins compared to soy proteins suggests that the fo rm er 
may have more apolar am ino acids in  the ir com position.

Emulsion properties
Em uls ion  capacities o f seed flo u r and protein  concen

trate were, respective ly , 7 1 .10  g/g and 2 2 2 .2 0  g/g (Tab le
2 ). L in  et al. (1 9 7 4 ) reported em ulsion capacities o f wheat 
flo u r , soy flo u r, sunflower flo u r , and protein concentrates 
and isolates from  soy and sun flow er flours to be in  the 
range o f 10.1 to 25 .6%  w ith  the exception  o f sun flow er 
flo u r (9 5 .1 %  oil em u lsified ). T h e  em ulsion capacity o f
222.2 g/g fo r winged bean protein  concentrate in  the pres
ent investigation was higher compared to the literature  
values reported fo r several oilseed and d ry  bean flours and 
protein  concentrates/isolates (Crenw elge et a l., 1974 ; Cante 
et a l., 1979 ; K in se lla , 1979 ; Sosu lski and Young s, 1979). 
The  high em ulsion capacity o f winged bean protein  concen
trate m ay be help fu l in stab ilizing  co llo idal food system s.

Em ulsions prepared from  protein  concentrate also had 
exceptional s tab ility  (Ta b le  3 ). F ir s t  phase separation oc
curred after 1400 h r standing at room tem perature (21 C ). 
Canella et al. (1 9 7 9 ) reported im proved em ulsion stab ility  
o f sunflower protein concentrate on succ iny la tio n  and 
acety la tio n . T h e  em ulsion stab ility  o f the untreated sun
flow er protein  concentrate increased from  46%  to 56% on 
10% degree o f succinylation  and up to 60% on acety la tion . 
Lah  and Cheryan  (1 9 8 0 ) evaluated the em ulsion properties 
o f a soy isolate (P rom ine-D ) and a fu ll-fat soy protein  prod
uct produced by u ltra filtra t io n . T h e y  reported em ulsion 
stab ilities o f 86 .5%  and 83% , respective ly , fo r these tw o 
products at a pH o f 6 .7 . It  has been ind icated that em ul
sion stab ility  can be greatly increased when h ighly cohesive 
film s are form ed by the adsorption o f rigid g lobular m ole
cules such as lyso zym e , w h ich  are more resistant to m ech
anical deform ation (b o th  d ilatation  and shear), than are 
film s containing the flex ib le  /3-casein m olecules (G raham  
and P h illip s , 1980). Such  m echanical properties o f the 
adsorbed in te rfac ia l film s o f protein  are supposed to be 
responsible fo r resistance to coalescence. Th e  high em ulsion 
stab ility  o f protein concentrate m ay be due to the m ajor 
proteins o f  winged beans being globular in  nature (G ille s 
pie and B lagrove, 1978b).

E ffe c ts  o f pH  and concentration  on the em ulsion ca
pacity o f the protein  concentrate are sum m arized in  Tab le
4 . A s expected, the em ulsion capacity o f the protein  con
centrate decreased w ith  increasing concentration . These 
results are in  agreement w ith  those o f L in  et al. (1 9 7 4 ) 
on em ulsion capacities o f sun flow er and soybean flours and 
protein  concentrates/isolates. T h e  dependence o f em ulsion 
capacity on concentration o f proteins has been explained 
on the basis o f adsorption k in e tics  (P h illip s , 1981). A t  a 
low  protein concentration , the rate o f adsorption is d iffu 
sion contro lled , but at high protein concentration , there is 
an activation  barrier to adsorption. U nder the la tte r condi
tions, the ab ility  o f the protein  m olecules to create space in  
the existing film  and to penetrate and rearrange on the 
surface is rate determ ining. T h e  dependence o f em ulsion 
capacity on protein  concentration is also related to the 
in terfac ia l tension between water and fat globules ( K in 
sella, 1979). Because o f the ir m olecular size , the globular 
proteins d iffuse re la tive ly  s lo w ly , but once at the in terface , 
they in it ia lly  spread easily , though subsequent penetration
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o f  n e w l y  a r r iv in g  m o le c u l e s  i n t o  t h e  f i lm  m a y  s lo w  f u r t h e r  
s p r e a d in g .  T h i s  r e s u l t s  i n  a  d e c r e a s e d  e m u l s io n  c a p a c i t y  
o f  p r o t e i n s .

E m u l s io n  c a p a c i t y  w a s  a l s o  p H  d e p e n d e n t  ( T a b l e  4 ) .  
A lk a l i n e  p H  im p r o v e d  t h e  e m u l s io n  c a p a c i t y  m o r e  t h a n  d id  
a c id  p H . S im i l a r  p H  d e p e n d e n c e  o f  t h e  e m u l s i f y in g  a b i l i t y  
o f  p r o t e i n s  h a s  b e e n  r e p o r t e d  b y  s e v e r a l  i n v e s t i g a t o r s  
( L i n  e t  a l . ,  1 9 7 4 ;  F r a n z e n  a n d  K in s e l l a ,  1 9 7 6 ;  H u t t o n  a n d  
C a m p b e l l ,  1 9 7 7 ;  C a n e l l a  e t  a l . ,  1 9 7 9 ;  L a h  a n d  C h e r y a n ,
1 9 8 0 ) .  I t  is  w e l l  k n o w n  t h a t  e m u l s io n  c a p a c i t y  o f  s o lu b le  
p r o t e i n s  d e p e n d s  u p o n  t h e  h y d r o p h i l i c - E p o p h i l i c  b a l a n c e  
w h i c h  is  a f f e c t e d  b y  p H  ( S o s u l s k i ,  1 9 7 7 ) .  T h e  n e t  c h a r g e  
a t  t h e  i n t e r f a c e  m a y  i m p e d e  o r  f a c i l i t a t e  e m u l s i f y in g  a c 
t i v i t y  o f  p r o t e i n s .  A c c o r d i n g  t o  K a m a t  e t  a l .  ( 1 9 7 8 )  p r o 
t e i n s  n e a r  t h e i r  i s o e l e c t r i c  p o i n t s  ( I p H )  s h o u l d  p e r f o r m  
w e l l  b e c a u s e  p r o t e i n  a d s o r p t i o n  a n d  v i s c o e l a s t i c i t y  a t  a n
o i l - w a t e r  i n t e r f a c e  is  m a x im u m  n e a r  o r  a t  I p H .  A l s o ,  t h e  
p r o t e i n  is  s o lu b l e  a n d  n o t  s t r o n g l y  r e p e l l e d .  H e n c e ,  m a x i 
m u m  e m u l s i f y in g  p r o p e r t i e s  a r e  e x p e c t e d  n e a r  I p H .  H o w 
e v e r ,  K a m a t  e t  a l . ( 1 9 7 8 )  a n d  F r a n z e n  a n d  K in s e l l a  ( 1 9 7 6 )  
r e p o r t e d  t h a t  s o y  p r o t e i n  s t a b i l i z e d  e m u l s io n s  u p o n  h e a t i n g  
w e r e  m o s t  u n s t a b l e  i n  t h e  i s o e l e c t r i c  p H  r a n g e .  T h e y  c o n 
c l u d e d  t h a t  a s  n e t  c h a r g e  w a s  n e a r  m in im u m  in  t h i s  p H  
r a n g e ,  t h e  p r o t e i n  m a y  h a v e  a g g r e g a te d  a n d  d e s t a b i l i z e d  
t h e  i n t e r f a c i a l  m e m b r a n e .  O u r  o b s e r v a t i o n s  o n  i n c r e a s e d  
e m u l s io n  c a p a c i t y  o f  w in g e d  b e a n  p r o t e i n s  in  t h e  a l k a l i n e  
p H  r a n g e  a r e  i n  a g r e e m e n t  w i t h  t h e  f i n d in g s  o f  F r a n z e n  a n d  
K in s e l l a  ( 1 9 7 6 ) .

F o a m in g  p ro p e r t ie s

D a t a  o n  f o a m i n g  c a p a c i t y  ( T a b l e  2 )  a n d  s t a b i l i t y  ( T a b l e
3 )  o f  s e e d  f l o u r  a n d  p r o t e i n  c o n c e n t r a t e  s u g g e s t  t h a t  b o t h  
s e e d  f l o u r  a n d  p r o t e i n  c o n c e n t r a t e  h a d  l o w e r  f o a m i n g  c a p a 
c i t i e s  ( 1 6  a n d  3 6 %  v o l u m e  in c r e a s e ,  r e s p e c t i v e ly )  a s  c o m 
p a r e d  t o  s o y  f l o u r ,  c o n c e n t r a t e ,  a n d  i s o l a t e  ( 7 0 ,  1 7 0 ,  a n d  
2 3 5 %  v o l u m e  i n c r e a s e ,  r e s p e c t i v e ly )  ( L in  e t  a l . ,  1 9 7 4 ) .  
T h e  s t a b i l i t y  o f  t h e  f o a m  p r e p a r e d  f r o m  p r o t e i n  c o n c e n 
t r a t e  w a s  a l s o  l o w  ( c o m p l e t e  c o l l a p s e  w i t h i n  4  h r  a t  2 1 ° C ) .  
F o a m a b i l i t y  is  r e l a t e d  t o  t h e  r a t e  o f  d e c r e a s e  o f  t h e  s u r f a c e  
t e n s i o n  o f  t h e  a i r / w a t e r  i n t e r f a c e  c a u s e d  b y  a d s o r p t i o n  
o f  p r o t e i n  m o le c u l e s .  G r a h a m  a n d  P h i l l i p s  ( 1 9 7 6 )  o b s e r v e d  
t h a t  f l e x ib l e  p r o t e i n  m o le c u l e s  s u c h  a s  (3 -c a se in , w h i c h  c a n  
r a p i d l y  r e d u c e  s u r f a c e  t e n s i o n  g iv e  g o o d  f o a m a b i l i t y ,  
w h e r e a s  a  h ig h ly  o r d e r e d  g l o b u l a r  m o le c u l e ,  s u c h  a s  l y s o 
z y m e ,  w h i c h  is  r e l a t i v e l y  d i f f i c u l t  t o  s u r f a c e  d e n a t u r e ,  
g iv e s  lo w  f o a m a b i l i t y .  T h e  m a j o r  p r o t e i n s  o f  w in g e d  b e a n  
a r e  a l s o  g l o b u l a r  in  n a t u r e  ( G i l l e s p ie  a n d  B la g r o v e ,  1 9 7 8 a ,  
b )  w h i c h  m a y  b e  d i f f i c u l t  t o  s u r f a c e  d e n a t u r e ,  h e n c e ,  r e s u l t 
in g  i n  l o w e r  f o a m i n g  p r o p e r t i e s .  H o w e v e r  lo w  f o a m a b i l t y  
m a y  n o t  b e  a s s o c i a t e d  w i t h  a l l  g l o b u l a r  p r o t e i n s .  S u s h e e l -  
a m m a  a n d  R a o  ( 1 9 7 4 )  r e p o r t e d  e x c e l l e n t  f o a m i n g  a b i l i t i e s  
o f  a  s u r f a c e  a c t i v e  p r i n c i p l e  in  b la c k  g r a m  ( P h a s e o l u s  
m u n g o )  o f  t h e  n a t u r e  o f  a  g lo b u l i n .  P r o b a b l y ,  t h e  b la c k  
g r a m  g lo b u l i n  is  e a s i e r  t o  s u r f a c e  d e n a t u r e  t h a n  m o s t  o t h e r  
g l o b u l a r  p r o t e i n s ,  t h u s ,  r e s u l t i n g  in  e x c e l l e n t  f o a m i n g  p r o p 
e r t i e s .

F o a m i n g  w a s  c o n c e n t r a t i o n  d e p e n d e n t  a n d  i n c r e a s e d  w i t h  
i n c r e a s in g  c o n c e n t r a t i o n  o f  p r o t e i n  c o n c e n t r a t e  i n  a q u e o u s  
d i s p e r s i o n s  ( T a b l e  4 ) .  T h e r e  w a s  a  r a p i d  in c r e a s e  i n  v o l u m e  
u p  t o  6 %  ( w / v )  s o l i d s  c o n c e n t r a t i o n  w i t h  a  m a x im u m  a t  
1 0 %  ( w / v )  s o l i d s  c o n c e n t r a t i o n .  I m p r o v e d  f o a m i n g  p r o p e r 
t i e s  o f  u n m o d i f i e d  a n d  s u c c i n y l a t e d  s o y  p r o t e i n  i s o l a t e  
( F r a n z e n  a n d  K in s e l l a ,  1 9 7 6 )  a n d  o f  g la n d le s s  c o t t o n s e e d  
f l o u r  ( C h e r r y  a n d  M c W a t t e r s ,  1 9 8 1 )  w i t h  i n c r e a s in g  c o n c e n 
t r a t i o n  o f  f l o u r / i s o l a t e  a r e  a l s o  r e p o r t e d  s u g g e s t in g  t h a t  
in c r e a s in g  t h e  p r o t e i n  c o n c e n t r a t i o n  i n  t h e  a q u e o u s  d i s p e r 
s io n s  m a y  r e s u l t  i n  h ig h e r  f o a m  v o lu m e s .

F o a m i n g  p r o p e r t i e s  o f  p r o t e i n  c o n c e n t r a t e  w e r e  p H  
d e p e n d e n t  ( T a b l e  4 ) .  M a x i m u m  in c r e a s e  i n  v o l u m e  w a s  
o b s e r v e d  a t  p H  2 .0 ,  w i t h  a  p r o g r e s s iv e  l o w e r in g  a s  t h e  p H

in c r e a s e d .  T o  s t u d y  f o a m  s t a b i l i t y  a s  a  f u n c t i o n  o f  p H ,  t h e  
f o a m s  w e r e  s t o r e d  a t  4 ° C  f o r  1 2  h r .  F o a m s  a t  p H  4 .0  h a d  
h ig h e r  s t a b i l i t y  ( f i n a l  v o l u m e  1 1 1  m l)  c o m p a r e d  t o  a t  a l l  
t h e  o t h e r  p H  v a lu e s  w h i c h  r e a c h e d  o r ig in a l  v o l u m e  ( 1 0 0  m l)  
d u r in g  t h i s  t i m e .  S u c h  p H - d e p e n d e n c e  o f  f o a m i n g  c h a r a c 
t e r i s t i c s  h a s  a l s o  b e e n  r e p o r t e d  f o r  s o y  a n d  s u n f lo w e r  p r o 
t e i n s  ( L i n  e t  a l . ,  1 9 7 4 ) ,  s u c c i n y l a t e d  a n d  a c e t y l a t e d  s u n 
f l o w e r  p r o t e i n s  ( C a n e l l a  e t  a l . ,  1 9 7 9 ) ,  a n d  p e a n u t  p r o t e i n  
( S e k u l  e t  a l . ,  1 9 7 8 ) .  H ig h  f o a m  s t a b i l i t y  i n  t h e  i s o e le c t r i c  
r e g i o n  h a s  b e e n  a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  s t a b le  
m o le c u l a r  l a y e r s  in  t h e  a i r - w a t e r  i n t e r f a c e  o f  t h e  f o a m s  
( C a n e l l a  e t  a l . ,  1 9 7 9 ) .  P r o t e i n  a d s o r p t i o n  a n d  v i s c o e l a s t i c i t y  
a t  a n  a i r - w a t e r  i n t e r f a c e  is  m a x i m u m  n e a r  o r  a t  i s o e l e c t r i c  
p H  a s  t h e  p r o t e i n  is  s o lu b l e  a n d  n o t  s t r o n g l y  r e p e l l e d .  A ls o ,  
t h e .  p r o t e i n  h a s  lo w  n e t  c h a r g e  n e a r  i s o e l e c t r i c  p H  w h i c h  
m a y  c o n t r i b u t e  t o  t h e  f o r m a t i o n  o f  s t a b l e  m o l e c u l a r  
l a y e r s  in  t h e  a i r - w a t e r  i n t e r f a c e ,  w h i c h  i m p a r t  t e x t u r e ,  
s t a b i l i t y ,  a n d  e l a s t i c i t y  t o  t h e  f o a m .  S im i l a r l y ,  t h e  p o s s i b i l 
i t y  o f  g r e a t e r  s u r f a c e  d e n a t u r a t i o n  o f  p r o t e i n s  n e a r  i s o e l e c 
t r i c  p H  m a y  f a c i l i t a t e  t h e  a s s o c i a t i o n  o f  t h e  p o l y p e p t i d e s ,  
w h i c h  t h e n  c a n  f o r m  a c o n t i n u o u s  c o h e s iv e  f i lm  a r o u n d  t h e  
a i r  v a c u o le s  im p a r t i n g  g r e a t e r  f o a m  s t a b i l i t y  n e a r  i s o e l e c t r i c  
p H  ( K i n s e l l a ,  1 9 7 9 ) .

A d d i t i o n  o f  s a l t  ( N a C l )  im p r o v e d  f o a m i n g  c a p a c i t y  o f  
t h e  p r o t e i n  c o n c e n t r a t e  ( T a b l e  5 ) .  M a x i m u m  i m p r o v e m e n t  
in  f o a m i n g  w a s  o b s e r v e d  a t  a  s a l t  c o n c e n t r a t i o n  o f  0 .8 %  
( w / v )  i n  t h e  s l u r r y .  S u c h  i m p r o v e m e n t  in  f o a m i n g  d u e  t o  
a d d i t i o n  o f  s a l t  is  a t t r i b u t e d  t o  i n c r e a s e d  p r o t e i n  s o l u b i l i t y  
t h r o u g h  p a r t i a l  d e n t a t u r a t i o n  ( S o s u l s k i ,  1 9 7 7 ) .  K in s e l l a
( 1 9 7 6 )  r e p o r t e d  f o r m a t i o n  o f  h ig h  c a p a c i t y - l o w  s t a b i l i t y  
f o a m s  w h e n  s a l t  w a s  a d d e d  t o  s o y  p r o t e i n  s u s p e n s io n s .  
A d d i t i o n  o f  s a l t  m a y  i m p r o v e  p r o t e i n  s o l u b i l i t y  a t  t h e  i n t e r 
f a c e  o f  t h e  c o l l o i d a l  s u s p e n s io n s  d u r in g  f o a m  f o r m a t i o n ,  
t h u s ,  im p r o v i n g  f o a m i n g  c a p a c i t y .  - C o n t i n u e d  o n  n e x t  p a g e

T a b le  4 —E f fe c t s  o f  p H  a n d  c o n c e n tr a t io n  o n  fo a m in g  a n d  e m u ls io n  
p r o p e r t ie s  o f  w in g e d  b e a n  p r o te in  c o n c e n tr a te a

Emulsion Emulsion

pH b

Foaming 
capacity 

% voi. increase

capacity 
g oll/g 
sample

Cone.
%

Foaming 
capacity 

% voi. Increase

capacity 
g oil/g 
sample

2 96 200.0 2 36 222.2
4 60 93.3 4 80 112.0
6 52 173.2 6 88 81.5
8 52 222.2 8 90 63.3

10 50 311.1 10 92 53.3
L S D C (3.98) (6.26) L S D C (2.82) (6 3 9)

*  M ean o f d u p lic a te  d e te rm in a t io n s
“  A  2%  (w /v ) s lu r ry  w a s  e m p lo ye d  at d if fe re n t  pH  le ve ls . 
c Le ast s ig n ific a n t d iffe re n c e  at p = 0 .0 5 . R a t io s  o f  tw o  m eans 

e xceed in g  th is  va lu e  are s ig n if ic a n t .

T a b le  5 —E f fe c t s  o f  s a l t  o n  fo a m a b i l i t y  o f  w in g e d  b e a n  p r o te in  
c o n c e n tr a t e a
Salt cone 

% w/v
Total volume 

ml
Volum e increase

%

0.0 136 36
0.2 186 86
0.4 190 90
0.6 194 94
0.8 204 104
1.0 200 100
1.5 200 100
2.0 194 94

L S D b (2 .2 1 )

a M ean o f  d u p lic a te  d e te rm in a t io n s . A  2%  (w /v ) aq u eo u s suspension  
w as e m p lo y e d .

D Le a st s ig n ific a n t  d iffe re n c e  a t p = 0 .0 5 . R a t io s  o f  tw o  m eans e x 
ceed ing  th is  va lu e  are s ig n if ic a n t .
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W INGED B E A N  P R O T E IN  FU N C TIO N A L P R O P E R T IE S . . .

E f f e c t s  o f  c a r b o h y d r a t e s  o n  f o a m i n g  p r o p e r t i e s  o f  t h e  
p r o t e i n  c o n c e n t r a t e  a r e  s u m m a r i z e d  i n  T a b l e  6 .  I n c o r p o r a 
t i o n  o f  c a r b o h y d r a t e s  o t h e r  t h a n  g a l a c t o s e  a t  a  le v e l  o f  0 .2 5  
g /g  p r o t e i n  c o n c e n t r a t e ,  i n c r e a s e d  t h e  f o a m i n g  c a p a c i t y  
o v e r  t h a t  o f  t h e  c o n t r o l .  A d d i t i o n  o f  p o l y m e r i c  c a r b o h y 
d r a t e s  ( a m y l o s e ,  a m y l o p e c t i n ,  p o t a t o  s t a r c h ,  g u m  a r a b ic ,  
a n d  p e c t i n )  a l s o  im p r o v e d  f o a m  s t a b i l i t y .  F o a m s  c o n t a i n i n g  
p e c t i n  w e r e  m o s t  s t a b l e  a n d  d id  n o t  c o l l a p s e  c o m p l e t e l y  
e v e n  a f t e r  12  h r  s t a n d in g  a t  2 1  C . H ig h  f o a m  s t a b i l i t y  
a s s o c i a t e d  w i t h  p e c t i n  m a y  b e  d u e  t o  h y d r a t i o n  c o u p l e d  
w i t h  t h e  p o l y m e r i c  f o r m .  S u c h  in c r e a s e d  h y d r a t i o n  m a y  
in c r e a s e  f i lm  t h i c k n e s s  a n d  v i s c o s i t y ,  t h e r e b y  r e d u c i n g  a i r  
l e a k a g e  a n d  e n h a n c i n g  f o a m  s t a b i l i t y .

I n  V i t r o  p r o te in  d ig e s t ib i l i t y

I n  v i t r o  p r o t e i n  d ig e s t i b i l i t y  o f  r a w  b e a n  f l o u r  a n d  p r o 
t e i n  c o n c e n t r a t e  w a s  6 9 .4 5  a n d  7 3 .5 2 % ,  r e s p e c t i v e ly  
( T a b l e  7 ) .  M o is t  h e a t  ( h e a t i n g  i n  a  b o i l i n g  w a t e r  b a t h  f o r  
15 a n d  3 0  m in )  im p r o v e d  i n  v i t r o  p r o t e i n  d ig e s t i b i l i t y  o f  
b o t h  t h e  s e e d  f l o u r  a n d  p r o t e i n  c o n c e n t r a t e .  I m p r o v e m e n t  
i n  i n  v i t r o  p r o t e i n  d ig e s t i b i l i t y  o f  b e a n s  o f  P h a s e o J u s  v u l 
g a r i s  ( R o m e r o  a n d  R y a n ,  1 9 7 8 ;  C h a n g  a n d  S a t t e r l e e ,  1 9 8 0 )  
a n d  o f  w in g e d  b e a n s  [ P s o p h o c a r p u s  t e t r a g o n o l o b u s  ( L . )  
D C ]  ( E k p e n y o n g ,  1 9 7 8 )  b y  h e a t i n g  h a s  b e e n  r e p o r t e d  b y  
s e v e r a l  i n v e s t i g a t o r s  . S u c h  i m p r o v e m e n t  i n  in  v i t r o  d ig e s 
t i b i l i t y  c o u ld  b e  a t  l e a s t  p a r t i a l l y  a t t r i b u t e d  t o  p r o t e i n  
d e n a t u r a t i o n  w h i c h  i m p r o v e s  p r o t e i n  s u s c e p t i b i l i t y  t o  e n 
z y m a t i c  a t t a c k .

E n z y m e  in h ib i to r s  a n d  ta n n in s

D a t a  o n  t r y p s i n ,  c h y m o t r y p s i n ,  a n d  a - a m y l a s e  i n h i b i t o r y  
a c t i v i t i e s  o f  b e a n  f l o u r  a n d  p r o t e i n  c o n c e n t r a t e  a r e  s u m m a r 
iz e d  in  T a b l e  7 .  P r o t e i n  c o n c e n t r a t e  h a d  3 2 . 1 7  a n d  4 9 .6 6 %  
lo w e r  r e s i d u a l  t r y p s i n  a n d  c h y m o t r y p s i n  a c t i v i t i e s ,  r e s p e c 
t i v e ly ,  a s  c o m p a r e d  t o  b e a n  f l o u r .  a - A m y l a s e  i n h i b i t o r y  
a c t i v i t y  c o u ld  n o t  b e  d e t e c t e d  i n  t h e  p r o t e i n  c o n c e n t r a t e .  
T h e  p a r t i a l  o r  c o m p l e t e  e l i m i n a t i o n  o f  a n t i e n z y m e  a c t i v i t i e s  
o b s e r v e d  in  t h e  p r o t e i n  c o n c e n t r a t e  m ig h t  h a v e  b e e n  
p r i m a r i l y  d u e  t o  t h e  a lk a l i  t r e a t m e n t  ( p H  1 0 .0 )  e m p lo y e d  
f o r  s o lu b i l i z in g  t h e  p r o t e i n s .  T h a t  t r e a t m e n t  m ig h t  h a v e  
i n a c t i v a t e d  t h e  i n h i b i t o r s )  t o  a  c e r t a i n  e x t e n t  a n d / o r  
d ia ly s e d  t h e  i n h i b i t o r ( s )  o u t ,  a s  t h e s e  i n h i b i t o r s  a r e  g e n 
e r a l ly  lo w  m o l e c u l a r  w e i g h t  p r o t e i n s  ( l e s s  t h a n  1 0 ,0 0 0  
d a l t o n s ,  S t e i n ,  1 9 7 6 ) .

T h e  p r o t e i n  c o n c e n t r a t e  a l s o  h a d  a  2 5 .5 4 %  l o w e r  t a n n i n  
c o n t e n t  t h a n  t h e  b e a n  f l o u r  ( T a b l e  7 ) .  I n  o u r  e a r l i e r  i n v e s t i 
g a t i o n s  ( S a t h e  a n d  S a l u n k h e ,  1 9 8 1 a ) ,  s o a k i n g  o f  w h o le  
b e a n s  in  d i l u t e  a l k a l i  ( 2 %  w /v ,  N a O H  a n d  K O H , r e s p e c t i v e ly )  
s ig n i f i c a n t l y  r e d u c e d  t h e  t a n n i n  c o n t e n t  ( a p p r o x i m a t e l y  
8 7 %  r e d u c t i o n )  o f  b e a n s .  T h a t  r e d u c t i o n  w a s  a t t r i b u t e d  t o  
l e a c h i n g  lo s s e s  d u r in g  s o a k i n g  o f  b e a n s .  A l t h o u g h  t h e  p r o 
t e i n  c o n c e n t r a t e  h a d  a  l o w e r  t a n n i n  c o n t e n t  t h a n  d id  w h o le  
b e a n s ,  t a n n i n  r e d u c t i o n  ( 2 5 .5 4 % )  w a s  m u c h  le s s ,  i n d i c a t i n g  
t h a t  a l k a l i  s o l u b i l i z a t i o n  o f  p r o t e i n s  a l s o  e x t r a c t e d  a  la rg e  
a m o u n t  o f  t a n n i n s  f r o m  t h e  b e a n  f l o u r .

Table 6 —Effects o f  carbohydrates on foaming properties o f  winged bean protein concentrate3

Volume
after Volum e (ml) at room temperature (21 °C ) after time (hr)

Carbohydrate13
whipping

ml
%

Increase 0.5 1.0 1.5 2.0 3.0 4.0 12.0

Control 136 36 120 120 116 114 110 100 100
Galactose 136 36 122 116 110 100 100 100 100
Sucrose 140 40 130 120 112 110 104 100 100
Amylose 150 50 144 137 132 130 116 108 100
Amylopectin 142 42 132 124 120 118 115 110 100
Potato starch 138 38 130 120 118 114 106 102 100
Gum arabic 144 44 136 128 120 118 116 110 100
Pectin 148 48 144 142 140 140 136 132 104
LS D C (3.82)

3 M ean o f d u p lic a te  d e te rm in a t io n s
b A  2%  (w /v ) s lu r ry  w as e m p lo ye d  to  s tu d y  th e  e ffe c ts  o f  c a rb o h y d ra te s  (0 .2 5  g/g p ro te in  co n e ) on fo am in g  p ro p e rtie s . 
c  Le ast s ig n ific a n t  d iffe re n c e  at p = 0 .0 5 . R a t io s  o f  tw o  m eans e xceed in g  th is  va lu e  a re  s ig n if ic a n t .

T a b le  7 —In  V itr o  p r o te in  d ig e s t ib i l i ty ,  a n t ie n z y m e s ,  a n d  ta n n in s  o f  w in g e d  b e a n  s e e d  f lo u r  a n d  p r o te in  c o n c e n tr a te

Trypsinb,c Chym otrypsinb,c a-Am ylaseb,c Tannins13
In  v itro  protein inhibitory inhibitory inhibitory mg/100 g

digestibility3 activity X  10—3 activity X  10~ 3 activity X 10~ 3 catechin
Sample % per g protein per g protein per g protein equivalent

Bean flour
Raw  (control) 69.45
15 min moist heat 73.06
30 min moist heat 74.42

Protein concentrate
Raw (control) 73.52
15 min moist heat 79.85
30 min moist heat 81.75

L S D d (2.73)

 ̂ M ean o f d u p lic a te  d e te rm in a t io n s  d Le ast s ig n ific a n t d iffe re n c e  a t p = 0 .0 5 . R a t io s  o f  tw o  m eans w lth -
C M ean o f t r ip l ic a te  d e te rm in a t io n s  in th e  sam e g ro up  (bean  f lo u r/p ro te ln  c o n c e n tra te ) o r b etw een  th e

O ne  u n it  o f  in h ib ito r  a c t iv ity  is th a t  w h ich  red u ces th e  a c t iv ity  o f  g ro up  e xceed in g  th is  va lu e  are  s ig n if ic a n t ,
th e  co rre sp o n d in g  e n z y m e  b y  one u n it  u n d e r assay c o n d it io n s . e N D  = N o t d e te rm in e d  * *  = S ig n if ic a n t  a t p = 0 01

283.08 6-63.34
ND ND
ND ND

192.02** 333.93
ND ND
N D e ND

129.4 235.0
ND ND
ND ND

Not detected 175.0
ND ND
ND ND
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CONCLUSIONS
A  P R O T E I N  C O N C E N T R A T E  ( 7 1 .4 5 %  p r o t e i n  o n  a  d r y  
w e i g h t  b a s is )  w a s  p r e p a r e d  f r o m  w in g e d  b e a n  [ P s o p h o -  
c a r p u s  t e t r a g o n o l o b u s  ( L . )  D C ]  s e e d s .  P r o t e i n  r e c o v e r y  w a s  
6 7 .9 6 %  o f  t h e  o r ig in a l  p r o t e i n  c o n t e n t .  S o l u b i l i t y  o f  t h e  
p r o t e i n  c o n c e n t r a t e  w a s  m in i m u m  a t  a  p H  o f  4 .0 .  S o d i u m  
d o d e c y l  s u l f a t e - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  (S D S -  
P A G E )  o f  t h e  b e a n  f l o u r  p r o t e i n s  a n d  t h e  p r o t e i n  c o n 
c e n t r a t e  i n d i c a t e d  9  s u b u n i t s  e a c h  w i t h  a p p a r e n t  m o l e c u l a r  
w e i g h t  r a n g e s  o f  2 7 , 0 0 0 - 3 8 0 , 0 0 0  a n d  1 4 , 2 0 0 - 1 4 3 , 0 0 0  
d a l t o n s ,  r e s p e c t i v e ly .  L e a s t  g e l a t i o n  c o n c e n t r a t i o n s  f o r  t h e  
s e e d  f l o u r  a n d  p r o t e i n  c o n c e n t r a t e  w e r e  18 a n d  1 4%  
( w / v ) ,  r e s p e c t i v e ly .  W a te r  a n d  o i l  a b s o r p t i o n  c a p a c i t i e s  o f  
t h e  s e e d  f l o u r  a n d  p r o t e i n  c o n c e n t r a t e  w e r e  2 .2 8  a n d  3 .5 2  
g /g  a n d  2 .0 3  a n d  4 .0 1  g /g ,  r e s p e c t i v e ly .  E m u l s io n  p r o p e r t i e s  
o f  t h e  p r o t e i n  c o n c e n t r a t e  w e r e  c o n c e n t r a t i o n  a n d  p H -  
d e p e n d e n t .  P r o t e i n  c o n c e n t r a t e  e m u l s io n  h a d  e x c e p t i o n a l  
s t a b i l i t y  ( 1 4 0 0  h r ) .  W in g e d  b e a n  p r o t e i n s  h a d  m o d e r a t e  
f o a m i n g  p r o p e r t i e s .  H o w e v e r ,  f o a m i n g  c a p a c i t y  o f  t h e  p r o 
t e i n  c o n c e n t r a t e  c o u ld  b e  im p r o v e d  b y  i n c r e a s in g  i t s  c o n 
c e n t r a t i o n  a s  w e l l  a s  b y  a d d in g  N a C l .  F o a m in g  p r o p e r t i e s  
o f  t h e  p r o t e i n  c o n c e n t r a t e  w e r e  p H - d e p e n d e n t .  M a x im u m  
f o a m i n g  w a s  o b s e r v e d  a t  p H  2 .0 ,  w h e r e a s  f o a m s  a t  p H  4 .0  
w e r e  m o s t  s t a b l e .  P o l y m e r i c  c a r b o h y d r a t e s  ( a m y l o s e ,  
a m y l o p e c t i n ,  p o t a t o  s t a r c h ,  g u m  a r a b i c ,  a n d  p e c t i n )  i m 
p r o v e d  f o a m i n g  p r o p e r t i e s  o f  t h e  p r o t e i n  c o n c e n t r a t e .  
M o is t  h e a t  i m p r o v e d  in  v i t r o  p r o t e i n  d i g e s t i b i l i t y  o f  s e e d  
p r o t e i n s .  P r o t e i n  c o n c e n t r a t e  h a d  l o w e r  t r y p s i n  a n d  c h y m o -  
t r y p s i n  i n h i b i t o r y  a c t i v i t i e s  a n d  t a n n i n s  c o m p a r e d  t o  b e a n  
f l o u r .  a - A m y l a s e  i n h i b i t o r  a c t i v i t y  c o u ld  n o t  b e  d e t e c t e d  i n  
t h e  p r o t e i n  c o n c e n t r a t e .
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----------------------- ABSTRACT------------------------------- MATERIALS & METHODS
Am ylase in h ib ito r  a c tiv ity  (A IA )  o f  chickpea extracts  was investi
gated using pancreatic and salivary amylases. T he  extracts  showed 
higher in h ib ito r  a c tiv ity  tow ards pancreatic amylase than  salivary 
amylase. Mean values ind ica te d  s lig h tly  h igher in h ib ito ry  a c tiv ity  in  
desi than ka b u li cu ltivars, though clear-cut d ifferences were n o t 
observed am ong the cultivars. W hile  in  v itro  starch d ig e s tib ility  o f  
meal samples ind icated no large differences am ong desi and ka b u li 
types o f  chickpea, the mean values o f  d ig e s tib ility  o f  isolated 
starches o f  ka b u li types was h igher than those o f  desi types. The 
mean values o f  stachyose were h igher in  desi cu ltivars. W hen desi 
and ka b u li types were considered together, stachyose and ra ffinose 
contents were n o t fou nd  s ig n ifica n tly  re lated to  the concentra tions 
o f  to ta l soluble sugars w h ile  stachyose showed a s ign ifican t corre la
t io n  w ith  ra ffinose.

INTRODUCTION
A L T H O U G H  N U T R I T I O N A L  s ig n i f i c a n c e  o f  a - a m y la s e  
i n h i b i t o r s  o f  c e r e a l  g r a in s  h a s  b e e n  s t u d i e d  ( G r a n u m  a n d  
E s k e l a n d ,  1 9 8 1 ) ,  a m y la s e  i n h i b i t o r s  o f  g r a in  l e g u m e s  h a v e  
n o t  r e c e iv e d  m u c h  a t t e n t i o n .  T h e  g r o w t h  i n h i b i t i n g  p r o p e r 
t i e s  o f  r a w  b e a n s  h a v e  b e e n  r e p o r t e d  t o  b e  d u e  t o  t h e  
p r e s e n c e  o f  h e a t  l a b i l e  f a c t o r  w h i c h  i n h i b i t e d  t h e  in  v i t r o  
a c t i v i t y  o f  p a n c r e a t i c  a m y la s e  ( J a f f e  a n d  V e g a , 1 9 6 8 ) .  
A  la r g e  v a r i a t i o n  in  t h e  i n h i b i t o r  a c t i v i t y  o f  p a n c r e a t i c  
a m y la s e  a m o n g  t h e  s e v e r a l  s p e c ie s  o f  f o o d  l e g u m e s  h a s  b e e n  
r e p o r t e d  ( J a f f e  e t  a l . ,  1 9 7 3 ) .

T h e  f o o d  le g u m e s  a r e  a l s o  r e g a r d e d  a s  n o t o r i o u s  i n 
d u c e r s  o f  f l a t u l e n c e  w h e n  t h e y  a r e  c o n s u m e d  in  la rg e  
q u a n t i t y .  I t  h a s  b e e n  r e p o r t e d  t h a t  t h e  t w o  o l ig o s a c c h a r id e s ,  
r a f f i n o s e  a n d  s t a c h y o s e ,  a r e  t h e  c a u s a t iv e  f a c t o r s  f o r  f l a t u 
l e n c e  a n d  u n c o m f o r t a b l e  f e e l in g  o f t e n  e x p e r i e n c e d  u p o n  
i n g e s t i o n  o f  s o y b e a n  p r o d u c t s  ( S t e g g e r d a  a n d  R a c k i s ,  1 9 6 7 ) .  
I n  p a r t i c u l a r ,  t h e  h y d r o g e n  c o m p o n e n t  o f  i n t e s t i n a l  g a s  is  
f o r m e d  b y  t h e  f e r m e n t a t i o n  o f  lo w  m o l e c u l a r  w e i g h t  g a la c -  
t o s i d o - o l i g o s a c c h a r i d e s  r a f f i n o s e  a n d  s t a c h y o s e  w h i c h  a r e  
n o t  d ig e s te d  b y  h u m a n  d ig e s t iv e  e n z y m e s  ( H e l l e n d o o r n ,
1 9 6 9 ) .  U d y a s h a n k e r  R a o  a n d  B e l a v a d y  ( 1 9 7 8 )  r e p o r t e d  t h e  
p r e s e n c e  o f  c o n s i d e r a b l e  a m o u n t  o f  s t a c h y o s e  a n d  r a f f i n o s e  
i n  w h o le - c h i c k p e a  s e e d s .  E a r l i e r  s t u d i e s  r e v e a l e d  m a r k e d  
d i f f e r e n c e s  in  t h e  i n  v i t r o  d ig e s t i b i l i t y  o f  c a r b o h y d r a t e s  o f  
d i f f e r e n t  l e g u m e s  ( S r in iv a s a  R a o ,  1 9 6 9 ) .

P r e v io u s  s t u d i e s  o f  s o m e  o f  t h e  a n t i n u t r i t i o n a l  f a c t o r s  in  
d e s i  a n d  k a b u l i  t y p e s  o f  c h i c k p e a  s h o w e d  a  c o n s i d e r a b l e  
v a r i a t i o n  i n  t h e  le v e ls  o f  p r o t e a s e  i n h i b i t o r s ,  i n  v i t r o  p r o t e i n  
d i g e s t i b i l i t y  a n d  p o l y p h e n o l i c  c o m p o u n d s  ( S in g h  a n d  J a m -  
b u n a t h a n ,  1 9 8 1 ) .  I n  t h i s  p a p e r ,  t h e  le v e ls  o f  a m y la s e  
i n h i b i t o r s  a n d  o l i g o s a c c h a r id e s - s t a c h y o s e  a n d  r a f f i n o s e  a n d  
t h e  r e s u l t s  o f  i n  v i t r o  s t a r c h  d ig e s t i b i l i t y  o f  s o m e  d e s i  a n d  
k a b u l i  c u l t i v a r s  a r e  r e p o r t e d .

A u th o r s  S in g h ,  K h e rd e k a r , a n d  J a m b u n a th a n  a re  a f f i l ia t e d  w i th  
th e  I n te r n a tio n a l  C ro p s  R e s e a r c h  I n s t i tu t e  f o r  th e  S e m i - A r id  T ro p ic s  
( I C R I S A T ) ,  IC R  ¡ S A T  P a ta n c h e ru  P .O . 5 0 2  3 2 4 ,  A n d h r a  P ra d esh , 
In d ia .

M aterials

Seed samples o f  e igh t desi and seven ka b u li cu ltiva rs  grow n at 
Hissar, In d ia  (2 9 °N ), du ring  the  post-ra iny season o f  1977-78 were 
decortica ted  and ground in  a U d y  cyc lone  m il l  to  pass a 0.4 m m  
screen as described earlier (S ingh and Jam bunathan, 1981).

M ethods o f  Analysis

Soluble sugars and starch co n te n t. Sugars were extracted  using 
80% e thano l in  a S oxh le t apparatus and estim ated b y  the phenol- 
su lphuric acid m e thod  (D ubo is  et al., 1956). S tarch c o n te n t in  the 
d ry  residue was de term ined b y  enzym atic  h yd ro lys is  (S ingh e t al.,
1980).

Am ylase in h ib ito r  a c tiv ity . The in h ib ito r  a c tiv ity  o f  pancreatic 
amylase (ob ta ined  fro m  Sigma Chem . Co., U S A ) was carried o u t 
according to  the m e thod  o f  Jaffe  e t al. (1 973). The salivary amylase 
in h ib ito r  a c tiv ity  was determ ined according to  the procedure o f  
G ranum  (1 9 7 8 ). Hum an saliva was collected and d ilu te d  ab ou t five 
fo ld  in  0 .02M  phosphate b u ffe r, pH  6.9 . A fte r  standing ove rn igh t at 
5°C , the m ix tu re  was cen trifuged at 10,000 x  g  fo r  15 m in . Am ylase 
in h ib ito r  was extracted  by  shaking a fin e ly  g round and de fa tted  
chickpea sample w ith  0.02M  phosphate b u ffe r, pH  6.9 (1 :1 0 , w /v ) 
fo r  2 h r at ro om  tem perature. The suspension was then  cen trifuged 
at 10,000 x  g  fo r  15 m in  a t ro om  tem perature. T he  supernatant 
was then heated fo r  10 m in  at 70°C , cen trifuged again a t 10 ,000 
x  g  fo r  15 m in  at ro om  tem perature, and the supernatant so ob 
tained was tested fo r  amylase in h ib ito r  a c tiv ity .

E s tim a tion  o f  stachyose and ra ffin ose . T he  oligosaccharides 
were extracted w ith  80% e thano l fo r  6  h r in  a S oxh le t apparatus. 
The separation o f  these oligosaccharides was accom plished on a 
W hatm an No. 1 chrom atographic  paper b y  descending ch rom ato 
graphy using the solvents b u tano l-py rid ine -w a te r (5 :1 :4 , v /v ). 
The chrom atogram  was run fo r  about 72 hr. T he  paper was re
m oved, dried w ith  h o t a ir and m arginal strips were c u t o f f  and 
sprayed w ith  a so lu tio n  o f  am m onica l silver n itra te  (Leslie , 1968). 
T h  strips were heated in  an oven at 110°C u n t il  the da rk  spots in d i
cating the p o s itio n  o f  the sugars appeared. W ith  the  aid o f  lines 
rules on the cen tra l unsprayed p o rtio n  o f  the chrom atogram  and 
using the developed spots on the m arginal strips as ind ica to rs , sec
tions o f  paper corresponding to  ra ffinose  and stachyose positions 
were c u t fro m  the cen tra l p o rtio n . The sugars fro m  the strips were 
e lu ted w ith  w ater and th e ir con centra tions estim ated co lo r im e tric - 
a lly  b y  the phenol-su lphuric  acid m e thod  as m entioned earlier.

Iso la tion  o f  starch and in  v itro  d ig e s tib lity . In  v itro  d ig e s tib ility  
o f  meal starch and o f  the isolated starch was de term ined using 
pancreatic amylase. S tarch was isolated according to  the  procedure 
o f  G arw ood et al. (1976). A  suitab le a m oun t o f  de fa tte d  meal 
(5 0  m g) o r the isolated starch (25 mg) was dispersed in  1.0 m l o f  
0.2M  phosphate b u ffe r, pH  6.9. Pancreatic amylase (2 0  m g) was 
dissolved in  50 m l o f  the same b u ffe r and 0.5 m l was added to  the 
sample suspension and incubated a t 37°C  fo r  2 hr. A f te r  the in cu 
b a tio n  pe riod , 2 m l o f  3 - 5  d in itro sa licyc lic  acid reagent was q u ic k ly  
added and the m ix tu re  was heated fo r  5 m in  in  a b o ilin g  w a te r ba th . 
A fte r  coo ling, the  so lu tio n  was made to  25 m l w ith  d is tille d  w ater, 
and filte re d  p r io r  to  measurem ent o f  the absorbance at 5 5 0  nm . 
A  b lan k was ru n  sim ultaneously  b y  incu b a tin g  the sample f irs t  and
3 - 5  d in itro sa licyc lic  acid was added b e fo re  the a d d itio n  o f  the 
enzym e so lu tion . M altose was used as the  standard and the values 
were expressed as mg o f  m altose released per gram o f  sample.
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Table 1—Am ylase Inh ib itor activ ity  (A ! A )  and in vitro starch digestibility o f  eight desi and seven kabuli cultivars o f  chickpea

Amylase inhibitor activity®
in vitro  starch digestibility

Starch
(%)

Salivary
amylase

Pancreatic
amylaseCultivar a b c

Desi
Range 
Mean ± S E

4 8 .4 -5 3 .4  
50.8 ± 1.6

3 .7 -8 .4  
5.9 ± 0.2

7 .8 -1 0 .5  
9.0  ± 0.3

3 9 .8 -5 0 .5  
45.2 ± 2.0

8 5 .4 -9 9 .5  
89.7 ± 4.6

1 0 8 .3-1 23 .0  
114.7 ± 5.4

Kabuli
Range 
Mean ± S E d

4 9 .6 -5 4 .8  
51.5 ± 1.5

3 .1 -7 .3  
4.3 ± 0.2

5 .6 -1 0 .0  
7.4 ± 0.3

4 0 .5 -5 1 .7  
47.1 ± 2.3

86.6- 100.2 
91.5  ± 5.1

1 2 0 .4-1 48 .5  
135.0 ± 5.7

?  mg maltose released/g meal 
d mg maltose released/g meal starch 
c mg maltose released/g isolated starch

d
e Standard error of estimation 

Units inhiblted/g meal

Table 2 —Correlations between starch content and in vitro starch 
digestibility o f  15 cultivars o f  chickpea

Correlation coefficients

in  vitro  starch digestibility 
(IV SD )

a b c (%)

Amylase inhibitor 
activity0 

IV S D : a 
b 
c

- 0 .5 8 7 *  -0 .3 0 4  

0 .6 4 2 **

0.235

-0 .0 1 6
0.435

-0 .1 5 1

0.203
0.154
0.182

mg maltose released/g meal 
°  mg maltose released/g meal starch 
i  mag maltose released/g Isolated starch 
°  pancreatic anylase 
"♦Significant at 5% level 
♦♦Significant at 1% level

RESULTS & DISCUSSION
P a n c r e a t i c  a n d  s a l i v a r y  a m y la s e  i n h i b i t o r  a c t i v i t i e s

T h e  a m y la s e  i n h i b i t o r  a c t i v i t y  o f  c h i c k p e a  c u l t iv a r s ,  
w h e n  e x a m i n e d  u s in g  p a n c r e a t i c  a m y la s e  ( e n z y m e  u n i t s  
i n h i b i t e d / g  m e a l ) ,  r a n g e d  b e t w e e n  7 .8  a n d  1 0 .5  i n  d e s i  a n d  
5 .6  a n d  1 0 .0  i n  k a b u l i  c u l t i v a r s  ( T a b l e  1 ) i n d i c a t i n g  c o n 
s id e r a b l e  v a r i a t i o n s  a m o n g  th e s e  c u l t iv a r s .  A  s im i la r  v a r i a 
t i o n  b u t  o f  l o w e r  m a g n i t u d e  w a s  o b s e r v e d  w i t h  s a l iv a ry  
a m y la s e .  A  c o m p a r i s o n  u n d e r  s im i la r  a s s a y  c o n d i t i o n s  i n d i 
c a t e d  t h a t  t h e  a m y la s e  i n h i b i t o r  a c t i v i t y  w a s  m o r e  t o w a r d s  
p a n c r e a t i c  a m y la s e  t h a n  s a l i v a r y  a m y la s e  a n d  t h i s  w a s  
f o u n d  t o  b e  t h e  c a s e  in  b o t h  d e s i  a n d  k a b u l i  c u l t iv a r s .  
J a f f e  e t  a l . ( 1 9 7 3 )  h a v e  r e p o r t e d  t h a t  t h e  p a r t i a l l y  p u r i f i e d  
k i d n e y  b e a n  i n h i b i t e d  t h e  s a l i v a r y  a m y la s e  m o r e  t h a n  t h e  
p a n c r e a t i c  a m y la s e .  T h i s  s h o w s  t h a t  a m y la s e  i n h i b i t o r s  
f r o m  d i f f e r e n t  l e g u m e  s e e d s  m a y  b e h a v e  d i f f e r e n t l y  t o 
w a r d s  t h e  e n z y m e .

P a n c r e a t i c  a m y la s e  i n h i b i t o r  is  p r e s e n t  in  m o s t  o f  t h e  
l e g u m e s ,  b u t  t h e  h ig h e s t  i n h i b i t o r  a c t i v i t y  h a s  b e e n  r e 
p o r t e d  in  k i d n e y  b e a n  ( J a f f e  e t  a l . ,  1 9 7 3 ) .  T h e  i n h i b i t o r  
a c t i v i t y  i n  c h i c k p e a  c u l t i v a r s  a p p e a r e d  t o  b e  c o n s i d e r a b l y  
l o w e r  t h a n  in  o t h e r  i m p o r t a n t  f o o d  le g u m e s .  H o w e v e r ,  in  
w e l l - c o o k e d  P h a s e o l u s  v u lg a r i s ,  t h e  i n h i b i t o r  w a s  r e p o r t e d  
t o  b e  c o m p l e t e l y  i n a c t i v a t e d  a t  1 0 0 ° C  ( H e r n a n d e x  a n d  
J a f f e ,  1 9 6 8 ) .  W e  a l s o  o b s e r v e d  t h a t  a m y la s e  i n h i b i t o r s  o f  a  
f e w  c h i c k p e a  c u l t i v a r s  b e c a m e  c o m p l e t e l y  i n a c t i v e  w h e n  
e x t r a c t s  w e r e  b o i l e d  f o r  1 0  m in .  B u t  t h e  f i n d in g s  r e p o r t e d  
h e r e  s u g g e s t  t h a t  in  c a s e  o f  u n h e a t e d  c h i c k p e a  m e a l ,  s o m e  
i n h i b i t i o n  o f  s t a r c h  d ig e s t i o n  b y  a m y la s e  i n h i b i t o r s  m a y  b e  
e x p e c t e d .

I n  v i t r o  s t a r c h  d ig e s t i b i l i t y
T h e  s t a r c h  d ig e s t i b i l i t y  w a s  s t u d i e d  u s in g  p a n c r e a t i c  

a m y la s e .  A n  i n c r e a s e  i n  d i g e s t i b i l i t y  w a s  o b s e r v e d  w i t h  
i n c r e a s in g  p e r i o d s  o f  i n c u b a t i o n  u p  t o  2  h r  a n d  t h e r e a f t e r  
n o  m e a s u r a b l e  c h a n g e s  w e r e  n o t i c e d .  T h e r e f o r e ,  f o r  c o m 
p a r i n g  t h e  d i g e s t i b i l i t y  o f  c u l t i v a r s ,  a n  i n c u b a t i o n  p e r i o d  o f  
2  h r  w a s  f o l l o w e d .  T h e  r e s u l t s  e x p r e s s e d  a s  m g  m a l to s e  
r e l e a s e d /g  m e a l  a n d  m g  m a l t o s e  r e l e a s e d /g  m e a l  s t a r c h  a r e  
r e p o r t e d  i n  T a b l e  1. N o  la rg e  v a r i a t i o n s  i n  t h e  s t a r c h  d ig e s t 
i b i l i t y  o f  m e a l  w a s  o b s e r v e d  a m o n g  t h e  c u l t i v a r s  s t u d i e d  
a n d  a p p a r e n t l y  n o  la r g e  d i f f e r e n c e s  i n  t h e  d ig e s t i b i l i t y  o f  
m e a l  s t a r c h e s  w e r e  n o t i c e d  b e t w e e n  d e s i  a n d  k a b u l i  t y p e s .  
H o w e v e r ,  t h e  m e a n  v a lu e  f o r  d i g e s t i b i l i t y  o f  i s o l a t e d  s t a r c h  
w a s  s l ig h t ly  h ig h e r  f o r  k a b u l i  t h a n  f o r  d e s i  t y p e s  ( T a b l e  1 ). 
O n  t h e  o t h e r  h a n d ,  d i g e s t i b i l i t y  o f  i s o l a t e d  s t a r c h  f r o m  
k a b u l i  t y p e s  w a s  f o u n d  t o  b e  h ig h e r  t h a n  d e s i  t y p e s .  M o r e 
o v e r ,  t h e  d ig e s t i b i l i t y  o f  i s o l a t e d  s t a r c h  w a s  a p p a r e n t l y  
h ig h e r  t h a n  t h a t  o f  t h e  m e a l  s t a r c h .  T h e r e  a p p e a r e d  t o  b e  
n o  r e l a t i o n s h i p  b e t w e e n  t h e  d i g e s t i b i l i t y  o f  m e a l  s t a r c h  a n d  
i s o l a t e d  s t a r c h  o f  c h i c k p e a  ( T a b l e  2 ) . P e r h a p s ,  s o m e  i n t e r 
f e r i n g  s u b s t a n c e s  a r e  p r e s e n t  in  m e a l  s a m p le s  a n d  in  h ig h e r  
c o n c e n t r a t i o n  i n  d e s i  t h a n  i n  k a b u l i  o n e s .  I n  o r d e r  t o  c o n 
f i r m  t h i s  h y p o t h e s i s ,  d e t e r m i n a t i o n  o f  i n  v iv o  d ig e s t i b i l i t y  
o f  s t a r c h  o f  t h e s e  c u l t i v a r s  is  r e q u i r e d .

A  s t a t i s t i c a l l y  s i g n i f i c a n t  n e g a t i v e  c o r r e l a t i o n  w a s  o b 
t a i n e d  b e t w e e n  t h e  a m y la s e  i n h i b i t o r  a c t i v i t y  a n d  d ig e s t ib i l 
i t y  o f  m e a l  ( T a b l e  2 )  i n d i c a t i n g  t h a t  t h e  d ig e s t i b i l i t y  o f  
s t a r c h  is  a d v e r s e ly  a f f e c t e d  b y  t h e  le v e ls  o f  a m y la s e  s t a r c h  
is  a d v e r s e ly  a f f e c t e d  b y  t h e  le v e ls  o f  a m y la s e  i n h i b i t o r .  
B u t  t h e r e  w a s  n o  s i g n i f i c a n t  c o r r e l a t i o n  b e t w e e n  a m y la s e  
i n h i b i t o r  a c t i v i t y  a n d  d i g e s t i b i l i t y  o f  i s o l a t e d  s t a r c h .  I t  is 
k n o w n  t h a t  o l i g o s a c c h a r id e s  s u c h  as  r a f f i n o s e ,  s t a c h y o s e ,  
a n d  v e r b a s c o s e  a r e  p r e s e n t  in  c o n s i d e r a b l e  a m o u n t  in  
s e v e r a l  g r a in  le g u m e s  ( N ig a m  a n d  G i r i ,  1 9 6 1 ) .  H o w e v e r ,  
d u e  t o  t h e  n o n s i g n i f i c a n t  d i f f e r e n c e s  in  t h e s e  o l i g o s a c c h a 
r i d e s  a m o n g  t h e  l e g u m e s ,  t h e  o b s e r v e d  d i f f e r e n c e s  i n  t h e  
a - a m y l o l y s i s  o f  d i f f e r e n t  l e g u m e s  c o u ld  n o t  b e  e x p l a i n e d  
o n  t h e  b a s is  o f  t h e  p r e s e n c e  o f  t h e s e  o l i g o s a c c h a r id e s  
( S r in iv a s a  R a o ,  1 9 6 9 ) .  A ls o ,  o u r  r e s u l t s  r e v e a l e d  n o  r e 
l a t i o n s h i p  b e t w e e n  t h e  i n  v i t r o  s t a r c h  d i g e s t i b i l i t y  a n d  
t h e  s t a c h y o s e  a n d  r a f f i n o s e  c o n t e n t s  o f  c h i c k p e a .

S t a c h y o s e  a n d  r a f f i n o s e  c o n t e n t
D a t a  o n  t h e  c o n c e n t r a t i o n s  o f  t o t a l  s o lu b l e  s u g a r s  a n d  

o l i g o s a c c h a r id e s  in  c h i c k p e a  c u l t i v a r s  a r e  g iv e n  in  T a b l e  3 . 
W h ile  t h e  p e r c e n t a g e s  o f  s o lu b l e  s u g a r s  i n  t h e s e  c u l t i v a r s  
d id  n o t  d i f f e r  c o n s i d e r a b l y ,  f a i r l y  la r g e  v a r i a t i o n s  in  s t a c h y 
o s e  a n d  r a f f i n o s e  c o n t e n t s  w e r e  o b s e r v e d .  W h e n  t h e  r e s u l t s  
o f  d e s i  a n d  k a b u l i  w e r e  c o n s i d e r e d  t o g e t h e r ,  i t  w a s  n o t i c e d  
t h a t  o n  a v e r a g e ,  s t a c h y o s e  a c c o u n t e d  f o r  2 6 .7 %  a n d  r a f f i 
n o s e  a c c o u n t e d  f o r  1 0 .2 %  o f  t h e  t o t a l  s o lu b l e  s u g a r s .

T h e s e  r e s u l t s  a r e  c o m p a r a b l e  t o  t h o s e  o f  e a r l i e r  w o r k e r s  
w h o  r e p o r t e d  t h a t  i n  c h i c k p e a ,  s t a c h o s e  a n d  r a f f i n o s e  
a c c o u n t  f o r  2 7 .3  a n d  7 .7 %  o f  t o t a l  s o lu b l e  s u g a r s ,  r e s p e c -

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-511



D E S !  A N D  K A B U L I  C H IC KPEA  C U L T ! V A R S . . .

T a b le  3 —S o lu b le  sugars, s ta c h y o s e  a n d  r a f f  ¡n o se  c o n te n t s  In  e ig h t  d e s i  a n d  se v e n  k a b u l l  c u lt iv a r s  o f  c h ic k p e a

Soluble Stachyose Raffmose
sugars -----------------------------------------------------  --------------------------------

Cultivar (%) a b a b

Desi:
Range 
Mean ± S E

4 .1 5 -5 .0 8  
4.47 ± 0.12

1 .0 6 -1 .8 5  
1.34 ± 0.03

2 5 .0 1 -4 2 .8 2  
29.97 ± 1.58

0 .3 6 -0 .6 6  
0.50 ± 0.01

8 .9 1 -1 3 .6 5  
11.07 ± 0.50

Kabuli:
Range 
Mean ± S E C

4 .6 8 -5 .6 7  
5.06 ± 0.15

0 .8 2 -1 .3 8  
1.16 ± 0.04

1 7 .9 4 -2 8 .8 7  
23.41 + 1.03

0 .3 6 -0 .6 2  
0.46 ± 0.02

7 .2 5 -1 2 .9 5  
9.27 ± 0.48

® g/100g  sam p le  
°  g /100g  so lu b le  sugars 
c  S ta n d a rd  e rro r  o f  e s t im a tio n

t i v e ly  ( L i n e b a c k  a n d  K e ,  1 9 7 5 ) .  E a r l i e r  w o r k e r s  ( U d a s h a n -  
k e r  R a o  a n d  B e l a v a d y ,  1 9 7 8 )  r e p o r t e d  t h a t  c h i c k p e a  a l s o  
c o n t a i n e d  o n e  m o r e  o l ig o s a c c h a r id e - v e r b a s c o s e .  B u t  i n  t h e  
p r e s e n t  s t u d y ,  t h i s  o l i g o s a c c h a r id e  w a s  n o t  d e t e r m i n e d  
b e c a u s e  t h e  s t a n d a r d  v e r b a s c o s e  r e q u i r e d  f o r  d e t e r m i n a t i o n ,  
w a s  n o t  a v a i l a b l e  c o m m e r c i a l l y .

I n  o r d e r  t o  k n o w  i f  a n y  r e l a t i o n s h i p  e x i s t s  b e t w e e n  t h e  
o l i g o s a c c h a r id e s  a n d  t o t a l  s o lu b l e  s u g a r s ,  c o r r e l a t i o n  c o e f f i 
c i e n t s  a m o n g  th e s e  v a r i a b le s  w e r e  w o r k e d  o u t  ( T a b l e  4 ) .  
T o t a l  s o lu b l e  s u g a r s  w e r e  n o t  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  
e i t h e r  o f  th e s e  t w o  o l i g o s a c c h a r id e s  e x p r e s s e d  e i t h e r  a s  
g / 1 0 0 g  s a m p le  o r  a s  g / 1 0 0 g  s o lu b l e  s u g a r s .  T h e  p r e s e n t  
s t u d y  g a v e  e n o u g h  i n d i c a t i o n  t h a t  t h e  c o n c e n t r a t i o n  o f  
t h e s e  o l i g o s a c c h a r id e s  is  i n d e p e n d e n t  o f  t h e  le v e ls  o f  t o t a l  
s o lu b l e  s u g a r s  i n  t h e s e  c u l t iv a r s .  O n  t h e  o t h e r  h a n d ,  s t a c h y 
o s e  a n d  r a f f i n o s e  w e r e  p o s i t i v e ly  a n d  s i g n i f i c a n t l y  c o r r e 
l a t e d  w i t h  e a c h  o t h e r  w h e n  t h e  r e s u l t s  w e r e  e x p r e s s e d  
e i t h e r  a s  g / 1 0 0 g  s a m p le  o r  a s  g / 1 0 0 g  s o lu b l e  s u g a r s .

T h e  i n g e s t i o n  o f  la r g e  q u a n t i t i e s  o f  l e g u m e s  is  k n o w n  t o  
c a u s e  f l a t u l e n c e  in  e x p e r i m e n t a l  a n im a ls  a n d  h u m a n s  d u e  
t o  t h e  p r e s e n c e  o f  t h e s e  o l ig o s a c c h a r id e s .  G e r m i n a t e d  o r  
c o o k e d  c h i c k p e a  o r  m u n g b e a n  d id  n o t  g r e a t l y  a l t e r  t h e i r  
f l a t u s - i n d u c in g  c a p a c i t y  a s  c o m p a r e d  t o  t h e  r a w  f o r m s  
( S h u r p a l a k e r ,  1 9 7 3 ) .  I n  v ie w  o f  t h e  o b s e r v e d  v a r i a t i o n s  in  
t h e  le v e ls  o f  o l i g o s a c c h a r id e s  a m o n g  t h e  c h i c k p e a  c u l t i v a r s  
a n d  t h e i r  i m p l i c a t i o n  i n  h u m a n  n u t r i t i o n ,  a t t e m p t s  s h o u l d  
b e  m a d e  t o  s c r e e n  a n d  t h e n  s e l e c t  c u l t i v a r s  h a v in g  l o w e r  
a m o u n t s  o f  t h e s e  o l ig o s a c c h a r id e s .
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Raffinose
a
b

0 .9 2 3 ** 0 .7 6 5 **
0 .6 9 2 **

0 .6 9 6 **
0 .7 8 1 **

0.091
-0 .2 8 9

Stachyose
a
b

- - 0 .9 1 7 ** 0.154
-0 .2 4 4

j* g /100g  sam p le  
D g /100g  so lu b le  sugars 
♦ ♦ S ig n ifica n t at 1%  level
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P h y t i c  A c i d  D e t e r m i n a t i o n  i n  S o y b e a n s

D. B. THOMPSON and J. W. ERDMAN, JR.

------------------------------ABSTRACT-------------------------------
Several established m ethods o f  p h y tic  acid d e te rm in a tio n  in  soy
beans were evaluated. I ro n  analysis m ethods, w h ic h  re ly  on a 4 :6  
m o la r ra tio  o f  Fe:P , were e lim inated because th is  ra tio  was n o t 
dependable. Three assay m ethods re ly in g  on  phosphorus analysis 
were the n  com pared. The anion-exchange m e thod  was considered 
m ost accurate b u t n o t convenient fo r  ro u tin e  analysis. A nalysis o f  
the fe rr ic  p h y ta te  p re c ip ita te  and a new m e th o d , analysis o f  the 
supernatant be fo re  and a fte r fe rr ic  ch lo rid e  p re c ip ita tio n , were 
judged against the  anion-exchange m e thod  un der d iffe re n t extrac
t io n  con d itio ns. Based up on good agreement w ith  anion-exchange 
co lum n results and acceptable re p ro d u c ib ility , the  best m ethods 
were ( 1) p re c ip ita te  analysis o f  phosphorus a fte r e x tra c tio n  w ith  
3% T C A  + 10% sodium  sulfate , o r (2 ) the supernatant d iffe rence  
m e thod  a fte r e x tra c tio n  w ith  1.2% HC1.

INTRODUCTION
P L A N T  P R O T E I N S  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  d i e t  o f  
h u m a n s .  T r a d i t i o n a l l y  c o n s u m e d  i n  t h e  o r i e n t ,  s o y b e a n  
f o o d s  a r e  f i n d i n g  a n  i n c r e a s in g  m a r k e t  i n  W e s t e r n  c o u n 
t r i e s .  I n  a d d i t i o n ,  h u m a n  u s e  o f  s o y  p r o d u c t s  s u c h  a s  c o n 
c e n t r a t e s ,  i s o l a t e s ,  a n d  t e x t u r i z e d  p r o d u c t s  is  in c r e a s in g .

M a n y  o f  t h e  a n t i n u t r i t i o n a l  f a c t o r s  a s s o c i a t e d  w i t h  r a w  
s o y b e a n s  c a n  b e  e l i m i n a t e d  o r  m in i m i z e d  b y  p r o p e r  h e a t  
t r e a t m e n t .  H o w e v e r ,  p o o r  m i n e r a l  b i o a v a i l a b i l i t y  is  n o t  
d i r e c t l y  im p r o v e d  b y  h e a t i n g  ( E r d m a n ,  1 9 7 9 ) .  S o y b e a n  
z i n c  is  2 0 - 1 0 0 %  a v a i l a b l e  ( O ’D e l l ,  1 9 7 9 ;  F o r b e s  e t  a l . ,  
1 9 7 9 ;  E r d m a n  e t  a l . ,  1 9 8 0 )  t o  e x p e r i m e n t a l  a n im a l s  d e 
p e n d i n g  u p o n  t h e  t y p e  o f  s o y  p r o d u c t  m e a s u r e d  a n d  t h e  
a n im a l  m o d e l  u t i l i z e d .  N u m e r o u s  i n v e s t i g a t o r s ,  b e g in n in g  
w i t h  O ’D e l l  a n d  S a v a g e  ( 1 9 6 0 ) ,  h a v e  s u g g e s t e d  t h a t  p h y t i c  
a c id  m a y  b e  r e s p o n s i b l e  f o r  r e d u c e d  z i n c  a v a i l a b i l i t y .

I n  o r d e r  t o  e f f e c t i v e ly  e v a lu a t e  t h e  r e l a t i o n s h i p  b e t w e e n  
p h y t i c  a c id  a n d  m i n e r a l  a v a i l a b i l i t y  i n  s o y b e a n s ,  o n e  m u s t  
b e  a b le  t o  a c c u r a t e l y  m e a s u r e  b o t h .  S e v e r a l  d i f f e r e n t  
m e t h o d s  o f  a n a ly s i s  o f  p h y t i c  a c id  c a n  b e  f o u n d  i n  t h e  
l i t e r a t u r e  ( S e e  F ig .  1 a n d  T a b l e  1 ). T h e s e  m e t h o d s  h a v e  
b e e n  d e v e lo p e d  t o  m e a s u r e  p h y t i c  a c id  c o n t e n t  o f  a  v a r i 
e t y  o f  m a t e r i a l s  o t h e r  t h a n  s o y b e a n s .

P r e s e n t l y ,  m o s t  a s s a y s  f o r  p h y t i c  a c id  e m p l o y  f e r r i c  
c h l o r i d e  t o  p r e c i p i t a t e  f e r r i c  p h y t a t e .  F ig .  1 s h o w s  t h a t  t h e  
p r e c i p i t a t e  m a y  b e  d i g e s t e d  d i r e c t l y  a n d  a n a l y z e d  f o r  
e i t h e r  p h o s p h o u s  ( 1 )  o r  i r o n  ( 2 ) .  A l t e r n a t i v e l y ,  s o d iu m  h y 
d r o x i d e  m a y  b e  u s e d  t o  c o n v e r t  t h e  p r e c i p i t a t e  t o  s o d iu m  
p h y t a t e  a n d  f e r r i c  h y d r o x i d e .  I t  is  c o n v e n i e n t  t o  a n a ly z e  
f o r  i r o n  a f t e r  t a k i n g  u p  t h e  f e r r i c  h y d r o x i d e  i n  a c id  ( 7 ) .

D e t e r m i n a t i o n  o f  r e s i d u a l  i r o n  i n  t h e  s u p e r n a t a n t  ( 3 )  
a f t e r  p r e c i p i t a t i o n  is  a l s o  a  r a p i d  m e t h o d .  D e t e r m i n a t i o n  
o f  r e s i d u a l  p h o s p h o r u s  i n  t h e  s u p e r n a t a n t  h a s  n o t  b e e n  
m e n t i o n e d  i n  t h e  l i t e r a t u r e  a s  o f  t h i s  w r i t i n g .  [ R e c e n t l y  
a n o t h e r  g r o u p  ( T a n g k o n g c h i t r  e t  a l . ,  1 9 8 1 )  e m p l o y e d  
t h i s  d e t e r m i n a t i o n  a s  p a r t  o f  a  t o t a l  p h o s p h o r u s  b a l a n c e  i n  
t h e  a n a ly s i s  o f  p h y t a t e  p h o s p h o r u s  d u r i n g  b r e a d  b a k in g . ]

A n i o n  e x c h a n g e  s e p a r a t i o n  o f  p h y t a t e  f r o m  t h e  e x t r a c t
( 1 0 )  w a s  p e r f o r m e d  b y  H a r l a n d  a n d  O b e r l e a s e  ( 1 9 7 7 )  o n

A u th o r s  E r d m a n  a n d  T h o m p s o n  are  w i th  th e  D e p t , o f  F o o d  S c ie n c e ,  
5 6 7  B e v ie r  H a ll, U n iv . o f  I l lin o is ,  U rb a n a , IL  6 1 8 0 1 .

w h e a t  b r a n .  T h i s  a c c u r a t e  b u t  t i m e - c o n s u m i n g  m e t h o d  is  
i n c o n v e n i e n t  f o r  t h e  r o u t i n e  d e t e r m i n a t i o n  o f  l a r g e  n u m 
b e r s  o f  s a m p le s .

T h e  e n v i r o n m e n t  i n  w h i c h  p h y t a t e  is  f o u n d  i n  v a r i o u s  
m a t e r i a l s  d i f f e r s .  T h e  m i n e r a l  e n v i r o n m e n t  a s  w e l l  a s  t h e  
p r o t e i n  e n v i r o n m e n t  w i l l  s p e c i f i c a l l y  d e t e r m i n e  t h e  n a t u r a l  
s u r r o u n d i n g s  o f  p h y t a t e  i n  t h e  s e e d .  P h y t a t e  f o u n d  i n  a  
d i f f e r e n t  m i n e r a l  a n d  p r o t e i n  e n v i r o n m e n t  w il l  n o t  n e c e s 
s a r i ly  b e h a v e  in  p r e c i s e ly  t h e  s a m e  w a y  f o r  a  g iv e n  a s s a y  
p r o c e d u r e .  T h e  a p p l i c a t i o n  t o  s o y b e a n s  o f  p r o c e d u r e s  d e 
v e l o p e d  f o r  s u c h  d iv e r s e  m a t e r i a l s  a s  f e c e s ,  p o t a t o e s ,  p e a s ,  
c o r n  a n d  s o i l  h a s  g o n e  u n c h a l l e n g e d  d e s p i t e  t h e  o b v io u s  
d i f f e r e n c e s  b e t w e e n  t h e s e  m a t e r i a l s  a n d  s o y b e a n s .  F o r  
c o n f i d e n c e  i n  t h e  a c c u r a c y  a n d  r e l i a b i l i t y  o f  a  p h y t i c  
a c id  v a lu e  f o r  s o y b e a n s ,  a  p h y t i c  a c id  a s s a y  s p e c i f i c  f o r  
s o y b e a n s  in  n e e d e d .  T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  e v a l
u a t e  t h e  a p p l i c a b i l i t y  o f  s e v e r a l  a s s a y s  t o  s o y b e a n s  u n d e r  
v a r i o u s  e x t r a c t i o n  c o n d i t i o n s .  S e v e r a l  e s t a b l i s h e d  a s s a y  
p r o c e d u r e s  w e r e  u s e d ,  a s  w e l l  a s  o n e  n e w  p r o c e d u r e .

EXPERIMENTAL
SO YBEAN S u tilize d  th ro u g h o u t these studies were the  B onus ’ 75 
va rie ty  grow n in  Cham paign C o u n ty , IL .  Beans w ere stored at 1°C 
u n t i l  processing. W hole soybeans were heated a t 93°C  fo r  20 m in  in  
a V ariab le  A ir  D rye r (P ro c to r and Schw artz, In c ., P h ilade lph ia , PA) 
to  harden the hu lls. H u lls  were loosened w ith  th e  aid o f  a spinning 
d rum -p la te  apparatus. Spacing betw een the d ru m  and p la te  was

T a b le  1—R e p r e s e n ta t iv e  m e th o d s  o f  p h y t i c  a c id  a n a ly s is

Method3 Material tested Reference

(1 )

rat feces 
corn 

wheat
cereal, grains & oilseeds 

not specific 
peas

Ellis et al. (1977)
Earley & deTurk (1944) 
Nahapetlan & Bassiri (1975) 
deBoland et al. (1975) 
Oberleas (1971)
Crean & Haisman (1963)

(2) not specific Forbes, 1978 (per. comm.)

(3)

corn
potato
peas

not specific
barley, oats, soy, wheat

Earley (1944)
Samotus & Schwimmer (1962) 
Holt (1955)
Heubner & Stadler (1914) 
Lolas et al. (1976)

(4) bread Tangkongchitr et al. (1981)

(5) not specific Oberleas (1971)

(6) not specific 
not specific

McCance & W iddowson (1935) 
Pons et al. (1953)

(7)

pinto beans 
wheat fractions 

feces
whole soy extracts 

bread

Makower (1970) 
Wheeler & Ferrei (1971) 
Young (1936)
Omosaiye (1979) 
deLange et al. (1961 )

(8) sodium phytate Reeves et al. (1979)

(9) peanut Noor (1980)

(10) vegetative plant mtl. 
wheat bran

Marrese et al. (1961) 
Harland & Oberleas (1977)

a M eth o d  n u m b e r co rre sp o n d s  to  n u m b ers  in  p a ren th eses in  F ig . 1 .
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adjusted to  sp lit the co ty le d o n  and loosen the hu lls. H u lls  and sp lit 
co ty led ons were p a rtitio n e d  using a forced a ir conveyor b e lt system. 
R em ain ing hu lls  were rem oved b y  hand. Soy meal was prepared 
using a G ra in  M il l  a ttachm ent to  a m ode l K 5 -A  H o b a rt M ixe r 
(H o b a rt C o rp o ra tio n , T ro y , O H ). Soy m eal was passed th roug h  a 
60 mesh screen and stored in  p lastic  pouches at 4°C  u n til analysis. 
M o is tu re  was de term ined to  be 8.3% b y  d ry in g  ove rn igh t at 105°C. 
A ll  subsequent analyses o f  th is  soy meal was on  an “ as is”  basis.

Iro n  was analyzed w ith  a m ode l 306 Perkin E lm er spectrophoto
m e ter w ith  d ig ita l ppm  read-out (w ith  a Linear range o f  1 - 3  pp m ). 
P h y tic  acid was calculated fro m  iro n  on the assum ption tha t the 
iron :p h o sp h o ru s  m o la r ra tio  o f  the p rec ip ita te  was 4 :6 . Analysis o f  
phosphorus in the digested fe rric  p h y ta te  p re c ip ita te  was done b y  
the m ethod o f  B a rtle tt (1 9 5 9 ), a m o d ific a tio n  o f  the m e thod  o f  
Fiske and Subbarow  (1 925).

P h y tic  acid analysis procedures

P recip ita te  analysis m ethods. Phytate  assays em ploying  analysis 
o f  iro n  were done b y  a m o d ific a tio n  o f  the m e thod  o f  Earley and 
d e T u rk  (1 9 4 4 ) made b y  Forbes (personal co m m u n ica tio n ), and fu r 
th e r m o d ifie d  b y  the present investigators.

A  2-g sample o f  soy meal was placed in  a flask, in to  w h ich  100.0 
m l o f  1.2% HC1 + 10% N a2 S0 4  was added. The flask was stoppered 
and shaken fo r  2 h r on a m echanical shaker. The e x tra c t was vacuum 
filte re d  through #4  W hatm an paper. 10.0 m l o f  the f ilt ra te  were 
p ipe ted  in to  a 50  m l cen trifuge  tube.

Ten m l de ionized w ate r were added, fo llo w e d  b y  12 m l o f  F e C l3 
so lu tio n  (2.0g F e C l3 -6 H 2 0  +  16.3 m l cone HC1/L). The contents 
were s tirred , heated 75 m in  in  b o ilin g  w ater, and cooled covered 
fo r  1 h r at room  tem perature. The tube was cen trifuged  at 1000 x g 
fo r  15 m in  in a m ode l SBV In te rn a tio n a l cen trifuge  (In te rn a tio n a l 
E q u ipm en t C o., B oston, M A ). The supernatant was decanted and 
discarded, and the p e lle t was th o ro u g h ly  washed three tim es w ith  a 
so lu tio n  o f  0.6% HC1 and 2.5% N ajS O ^j. A f te r  each wash the con
tents were cen trifuged at 1 0 0 0  x g fo r  1 0  m in  and the supernatant 
discarded. Ten m l concentrated H N 0 3 were added to  the resulting 
pe lle t and the con tents  transferred q u a n tita tiv e ly  to  a 400  m l beaker 
w ith  several small p o rtio n s  o f  de ionized w ater. F o u r drops o f  
concentra ted H 2 SO4  were added and the con ten ts  were heated 
a p prox im a te ly  30 m in  on a h o t p la te  u n t il  o n ly  the H 2 SO4  re
m ained. A p p ro x im a te ly  4 - 5  m l o f  30% H 2 O 2 were added and the

m ix tu re  was re tu rn ed  to  the h o t p la te  a t a lo w  heat u n til bu bb lin g  
ceased. The residue was dissolved in  15 m l 3N  HC1 and heated fo r  
1 0 -1 5  m in . T he  resulting so lu tio n  was made up to  100.0 m l vo lum e, 
d ilu te d  1 :5 , and then analyzed fo r  iro n , phosphorus, o r b o th .

E xperim en ta l m o d ific a tio n  o f  con d itio n s  used in  the p rec ip ita te  
analysis m e thod  are described in  Results &  Discussion.

Supernatant d iffe rence  m e thod . Th is  procedure was the same as 
the p rec ip ita te  analysis m e thod  th roug h  the f irs t  ce n trifu g a tio n  step. 
A fte r  c e n trifu g a tio n , the supernatant was filte re d  th roug h  N o. 1 
W hatm an paper. The paper was rinsed w ith  several sm all vo lum es o f  
de ionized w ate r, w hereupon the f i lt ra te  was made up  to  50 .0  m l.
2 .0 0  m l filte re d  supernatant were analyzed fo r  to ta l phosphorus b y  
the m e thod  o f  B a rtle tt (1959).

A  1.00 m l sample o f  the in it ia l ex trac t was made up to  100.0 m l 
and 2.00 m l o f  th is were analyzed. The am oun t o f  p h y tic  acid 
was obta ined b y  d iffe rence  o f  the phosphorus values fo r  the e x tra c t 
and fo r  the p o s t-p rec ip ita tion  supernatant.

Anion-exchange separation and analysis. C o lum n separation was 
pe rfo rm ed b y  a m o d ific a tio n  o f  the procedure o f  H arland and Ober- 
leas (1 9 7 7 ), w h o  separated the p h y ta te  an ion fro m  w hea t bran 
using an anion-exchange resin and subsequently analyzed the p h y 
tate phosphorus co lo r im e trica lly . M o d ific a tio n  o f  sample size fro m  
5 to  2 grams and resin am oun t fro m  0.5 to  0.15 grams was done to  
a llow  com plete  e lu tio n  o f  the e x tra c t w ith o u t blockage o f  the 
co lum n. E lu tio n  o f  p h y ta te  was done w ith  45 m l 0.7M  NaCl ra ther 
than  15 m l to  a llow  com plete  p h y ta te  e lu tio n . H arland and Oberleas
(1 977) d id  n o t ind ica te  in  th e ir paper the a m oun t o f  e x tra c t th a t 
they applied to  the co lum n. In  ou r w o rk  50 .0  m l o f  the  100.0 m l o f  
e x tra c t was d ilu te d  to  190 m l and applied. Thus ab out 0.14 meq 
p h y ta te  an ion was applied to  the co lum n.

A  2-g sample o f  soy meal was extracted w ith  100.0 m l o f  1.2% 
HC1 fo r  2 h r w ith  m echanical shaking. The e x tra c t was vacuum 
filte re d  as described previously. 50 .0  m l o f  the e x tra c t were d ilu te d  
to  190 m l to ta l w ith  de ionized w ater. The d ilu te d  so lu tio n  was 
applied to  the resin.

Bio-Rad AG1-X8 200-400 mesh resin in  the  ch lo rid e  fo rm  
(B iorad Labora tories, R ichm on d, C A ) was used. 0.15 grams o f  resin 
was slurried in  2 - 3  m l de ionized w ate r and applied to  a 0.7 x 15 
cm glass ba rre l co lum n (B io rad  Labora tories, R ichm on d , C A ). The 
resin was eluted w ith  10 m l 0.7M  N aC l to  ensure the ch lo ride  fo rm  
o f  the resin. The resin was then rinsed fo u r tim es w ith  10 m l o f  de-

Fig. 1—Selected  approaches to p h y tic  acid  analysis.
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io n ize d  w a te r . T h e  1 9 0  m l o f  d ilu te d  e x tr a c t  w as  ap p lie d  to  th e  
co lu m n  an d  e lu te d  b y  g rav ity . T h e  c o lu m n  w as th e n  rin sed  w ith  15 
m l d e io n iz e d  w a te r . 15 m l o f  0 .0 5M  N aC l w as ap p lie d  to  e lu te  an y  
in o rg an ic  p h o sp h a te . P h y ta te  an io n  w as th e n  e lu te d  w ith  45  m l o f  
0 .7  M N aC l an d  an a ly z ed  b a sed  u p o n  p h o s p h o ru s  c o n te n t  o f  th e  
e lu a te .

T h e  ab o v e  p ro c e d u re  w as m o d if ie d  s lig h t w h e n  3% T C A  + 10% 
N a2 SC> 4  w ere  u se d  fo r  th e  e x tr a c t io n  o f  soy  m ea l. A ll v o lu m es, 
d ilu tio n s , an d  tr e a tm e n ts  w ere  th e  sam e e x c e p t  th a t  2 .0  g ram s o f  
re s in  w as ap p lie d  to  th e  c o lu m n .

C o m p ar iso n  o f  th e  T h re e  M e th o d s
T h re e  sam p les  w ere  e x tr a c te d  w ith  1 0 0 .0  m l o f  e i th e r  1.2%  

HC1, o r  3% T C A  +  10%  so d iu m  su lfa te . F ro m  ea ch  1 0 0  m l, a
5 0 .0  m l p o r t io n  w as u se d  fo r  th e  an io n -ex c h a n g e  p ro c e d u re ;  th re e
1 0 .0  m l p o r t io n s  w e re  u se d  fo r  F e C l3  p re c ip ita t io n  fo r  b o th  th e  
s u p e rn a ta n t  an a ly s is  an d  th e  p re c ip ita te  an a ly s is ; an d  a 1 .0 0  m l 
p o r t io n  w as u sed  to  d e te rm in e  to ta l  e x tr a c t  p h o sp h o ru s  fo r  th e  
s u p e rn a ta n t  d iffe re n c e  m e th o d . A lth o u g h  an io n -ex c h a n g e  p ro c e 
d u re s  co u ld  n o t  b e  successfu lly  p e rfo rm e d  w ith  th e  1.2%  HC1 + 
10% N a 2 SC> 4  e x tr a c t io n , th e  p re c ip ita te  an a ly s is  an d  s u p e rn a ta n t  
d iffe re n c e  m e th o d s  w e re  co m p a re d .

RESULTS & DISCUSSION 
Precipitate analysis methods

Analysis of the ferric phytate precipitate for iron was 
performed on 13 different days on soybean meal with 1.2% 
HC1 + 10% Na2S04 as the extraction solution. A phytic 
acid content of 1.40 ± 0.13% (Mean ± S.D.) was sound, 
with a range of 1.12—1.60%. Analysis of the ferric phytate 
precipitate for phosphorus was performed on the same 
number of days with the same extraction and wash condi
tions. The value obtained was 1.38 ± 0.07%, with a range of 1.29—1.53%. These results indicate that for a large num
ber of tests on a single sample these methods will produce 
a similar mean, but for any given test, the results of the 
phosphorus assay will be more reliable.

The ferric phytate precipitate forms in an aqueous ferric 
chloride medium. Washing steps are crucial if one is to 
analyze the iron in the precipitate. The effect of washing on 
the iron:phosphorus ratio is shown in Fig. 2. The iron: 
phosphorus ratio decreased with each wash. Further inves
tigation revealed that the iron:phosphorus ratio varied 
with other conditions as well. The presence of sulfate ion 
or chloride ion in the extraction, or extraction with TCA, 
instead of HC1, altered the ratio.The above information regarding the iron:phosphorus 
ratio of the precipitate has led to an hypothesis regarding 
the structure of the ferric phytate precipitate, as illustrated in Fig. 3. It is possible to have eight ferric ions interact with 
a phytate anion if one assumes a repeating sheet-like structure for the precipitate. Each ferric ion would be shared 
between two phytates. Such a model would account for a 
4:6 iron:phosphorus ratio for the ferric phytate system, the 
ratio first suggested by Earley (1944).

It would be exceedingly difficult for the phytate anions 
to become arranged in exactly the proper configuration to allow maximum ferric ion bridging between phytates to 
occur. According to Earley (1944), the fourth mole of iron 
is incorporated into the precipitate with difficulty. This 
model allows speculation regarding the cause of a decreased 
iron:phosphorus ratio with washing of the precipitate. In 
such a complex system in which the large polyvalent anions 
are linked through metal ions, it seems very unlikely that a 
perfectly repeating structure would ever form; consequently 
all ferric ion would not be equally firmly held. Some would 
be an integral part of the precipitate and some would be 
more peripherally bound. Washing would tend to remove 
the more peripherally bound ferric ions, but would have 
little effect upon the phytate phosphorus since each phy
tate anion would be bound to the precipitate by numerous

links. (Further discussion of the precipitate structure will 
be found in Thompson and Erdman, manuscript in prepara
tion.)Given the fluctuating nature of the iron:phosphorus 
ratio, analysis of the precipitate for iron, which depends on 
the 4:6 ratio, was abandoned. The analysis of phosphorus in the ferric phytate precipitate was chosen for further 
study. The data in Table 2 show that precipitate analysis 
results were highest in the presence of sodium sulfate. That 
the higher values with sodium sulfate were not simply the 
result of the higher ionic strength of the extraction and 
precipitation medium is demonstrated by the TCA + NaCl 
extraction results (1.17%) as compared to the TCA + 
Na2S04 extraction results (1.42%).
Supernatant difference method

Other methods which would not rely on the 4:6 iron: 
phosphorus ratio of the precipitate were considered.

-Continued on next page

N U M B E R  O F W ASHES

Fig. 2 —E ffe c t  o f  washing the ferric phyta te precip itate upon the 
iron to phosphorus molar ratio.
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M e a s u r e m e n t  o f  t o t a l  p h o s p h o r u s  i n  t h e  e x t r a c t  a n d  i n  t h e  
s u p e r n a t a n t  ( i . e . ,  i n  t h e  p o s t - f e r r i c  c h lo r i d e  p r e c i p i t a t i o n  
s u p e r n a t a n t )  b y  d i f f e r e n c e  g iv e s  p h y t a t e  p h o s p h o r u s  w i t h  
m i n i m a l  h a n d l i n g  o f  t h e  p r e c i p i t a t e .  T h e  r e s u l t s  o f  t h i s  
m e t h o d  a r e  s u m m a r i z e d  i n  T a b l e  2 . T h r e e  p e r c e n t  T C A  
e x t r a c t i o n  g a v e  a  v a lu e  o f  1 .3 1 %  p h y t i c  a c id .  T h e  p h y t i c  
a c id  v a lu e  w i t h  1 .2 %  H C 1 w a s  1 .4 2 % . W ith  1 0 %  s o d iu m  
s u l f a t e  p r e s e n t  b o t h  T C A  a n d  H C 1 g a v e  t h e  h ig h e r  p h y t i c  
a c id  v a lu e s  o f  1 .5 7 %  a n d  1 .4 8 % , r e s p e c t i v e ly .  T h e r e  a r e  a t  
l e a s t  t w o  p o s s ib l e  e x p l a n a t i o n s  f o r  t h i s  v a r i a t i o n  i n  p h y t i c  
a c id  v a lu e s .  U n d e r  c o n d i t i o n s  o f  h ig h  i n o r g a n i c  p h o s p h o r u s  
( e .g . ,  r a t  f e c e s ) ,  n o n - p h y t a t e  p h o s p h o r u s  h a s  b e e n  s h o w n  b y  
E l l i s  e t  a l .  ( 1 9 7 7 )  t o  b e  i n c o r p o r a t e d  i n t o  t h e  p r e c i p i t a t e .  
T h u s  p h y t i c  a c id  v a lu e s  w o u ld  b e  f a l s e ly  h ig h  t o  v a r y in g  
e x t e n t s ,  d e p e n d i n g  u p o n  le v e ls  o f  n o n - p h y t a t e  p h o s p h o r u s  
a n d  c o n d i t i o n s .  H o w e v e r ,  i n  s o y  s y s t e m s  t h i s  e f f e c t  s h o u l d  
b e  s l i g h t  ( E l l i s  e t  a l . ,  1 9 7 7 ) .

T h e  s e c o n d  p o s s ib l e  c a u s e  o f  v a r i a t i o n  i s  i n c o m p l e t e  p r e 
c i p i t a t i o n  o f  p h y t a t e  u n d e r  c e r t a i n  c o n d i t i o n s .  T h i s  p o s s i 
b i l i t y  m a y  e x p l a i n  t h e  l o w e r  v a lu e  f o r  t h e  3 %  T C A  e x t r a c t  
w i t h o u t  a n y  s a l t  a d d e d .  F o r  t h e  s u p e r n a t a n t  d i f f e r e n c e  
m e t h o d  t o  b e  e m p l o y e d ,  s o m e  m e a n s  is  n e e d e d  t o  e v a lu a t e  
t h e  r e s u l t s  f r o m  t h e  v a r i o u s  e x t r a c t i o n  c o n d i t i o n s ,  w h i c h  
g a v e  v a lu e s  r a n g in g  f r o m  1 .3 1 %  t o  1 .5 7 % .

T a b le  2 —E f f e c t  o f  e x t r a c t io n  s o lu t io n  u p o n  a n a ly s is  o f  p h y t i c  a c id

Extraction solution

% Phytic acid3
Precipitate

analysis
Supernatant

difference

3% T C A 1.18C 1.31c
3% T C A  + N aClb 1.17C 1.46c
3% T C A  + 10% Na2S 0 4 1.42 ± 0.04 (5)d 1.57 ± 0.06 (6)
1.2% HCI 1.10 ± 0 .0 6  (6) 1.42 ± 0.02 (5)
1.2% HCI + 10% Na2S 0 4 1.38 ± 0.07 (13) 1.48 ± 0.06 (6)

3 B y  p h o sp h o ru s  a n a ly s is
£ N aC I added  to  p ro d u ce  th e  sam e io n ic  s tren g th  as 1 0%  N a2SC>4 
d M ean o f  tw o  d e te rm in a t io n s  
a M ean ± S .D . (N )

T a b le  3 —S e p a r a t io n  o f  p h y t a t e  b y  a n io n -e x c h a n g e  c h r o m a to g r a p h y 3
Total phosphorusb,c

Eluate
1.2% HCI 

Extraction
3% T C A  + 10% Na2S 0 4 

Extraction

Extract 715 710
H20 1 Trace
0.05 M NaCI T  race Trace
0.7M NaCI 4040 4000
1.4M NaCI 10 60

3 M etho d  is ad ap ted  f ro m  H arlan d  and  O b e rleas  (1 9 7 7 )  
° M3 P/g so y  m e a l, as is b as is . 
c  A ve rag e  fro m  sam p les  e x tra c te d  in  t r ip l ic a te .

T a b le  4 —C o m p a r is o n  o f  th r e e  m e t h o d s  o f  p h y t i c  a c id  a n a ly s is  
w i th  v a r io u s  e x t r a c t io n  s o lu t io n s

% Phytic Acid

Precipitate Supernatant Anion-
analysis difference Exchange

Experim ent 1 :
1.2% HCI 1.12 ± 0 .02a 1.41 ± 0.03 1.43 ± 0.03

Experim ent 2:
3.0% T C A  + 10% Na2S 0 4 1.40 ± 0.02 1.61 + 0.01 1.42 ± 0.03

Experim ent 3:
1.2 % HCI + 10% Na2S 0 4 1 .34 ± 0.04 1.48 + 0.03

3 M ean ± S .D .  (N  = 3 )

Anion-exchange separation and analysis
P h y t a t e  a n a ly s i s  a f t e r  s e p a r a t i o n  o f  p h y t a t e  f r o m  o t h e r  

p h o s p h o r u s  c o m p o u n d s  b y  a n io n - e x c h a n g e  c o l u m n  c h r o m a 
t o g r a p h y  w a s  c h o s e n  a s  t h e  t e c h n i q u e  t o  e v a l u a t e  m e t h o d s  
p r e v io u s ly  e x a m i n e d .  T h e  a n io n - e x c h a n g e  r e s i n  a l lo w e d  
m o r e  s p e c i f i c  s e p a r a t i o n  o f  t h e  p h y t a t e  a n i o n  t h a n  c o u ld  
b e  a c h ie v e d  w i t h  f e r r i c  i o n .  T a b l e  3  s h o w s  t h e  r e s u l t s  o f  a  
t y p i c a l  a n a ly s i s  o f  s o y b e a n  m e a l .  N o t e  t h a t  f r e e  p h o s p h o r u s  
is  e l u t e d  t h r o u g h  t h e  c o l u m n  w i t h  t h e  e x t r a c t  e l u t i o n  
w h i l e  e s s e n t i a l l y  a l l  o f  t h e  p h y t a t e  p h o s p h o r u s  is  e l u t e d  
w i t h  0 .7 M  N a C I . O n  t h e  b a s is  o f  t h e s e  r e s u l t s  t h e  a c c u r a c y  
o f  t h e  m o d i f i e d  m e t h o d  w a s  a s s u m e d .

C o m p a r i s o n  o f  t h r e e  m e t h o d s
R e s u l t s  o f  e x p e r i m e n t s  d e s ig n e d  t o  c o m p a r e  t h e  t h r e e  

p r e v io u s ly  d e s c r i b e d  m e t h o d s  a r e  g iv e n  i n  T a b l e  4 .  F o r  
1 .2 %  H C I e x t r a c t i o n  t h e  s u p e r n a t a n t  d i f f e r e n c e  a n d  t h e  
a n io n - e x c h a n g e  r e s u l t s  w e r e  i n  c lo s e  a g r e e m e n t ,  w h e r e a s  t h e  
p r e c i p i t a t e  a n a ly s i s  r e s u l t s  w e r e  m u c h  l o w e r .  P r e c i p i t a t e  
a n a ly s i s  r e s u l t s  a g r e e d  m o s t  c l o s e ly  w i t h  t h e  a n io n - e x c h a n g e  
r e s u l t s  f o r  t h e  3 %  T C A  +  1 0 %  s o d iu m  s u l f a t e  e x t r a c t i o n .

T h e  p r e c i p i t a t e  a n a ly s i s  r e s u l t s  c i t e d  i n  T a b l e  2  i n d i c a t e d  
t h a t  N a 2 S 0 4  w a s  n e e d e d  i n  t h e  e x t r a c t i o n  f o r  a c c e p t a b l e  
p h y t i c  a c id  v a lu e s .  P r e c i p i t a t e  a n a ly s i s  r e s u l t s  i n  T a b l e  4  
s h o w e d  t h a t  e x t r a c t i o n  w i t h  3 %  T C A  +  1 0 %  N a 2 S 0 4 
g a v e  r e s u l t s  i n  b e t t e r  a g r e e m e n t  w i t h  a n i o n  e x c h a n g e  t h a n  
e i t h e r  o f  t h e  e x t r a c t i o n s  u s in g  H C I. O n  t h e  o t h e r  h a n d ,  
r e s u l t s  f o r  t h e  s u p e r n a t a n t  d i f f e r e n c e  m e t h o d  w e r e  h ig h e r  
t h a n  a n i o n  e x c h a n g e  r e s u l t s  w i t h  N a 2 S 0 4 p r e s e n t .  T h e  
s u p e r n a t a n t  d i f f e r e n c e  m e t h o d  a g r e e d  b e s t  w i t h  a n io n -  
e x c h a n g e  r e s u l t s  w h e n  e x t r a c t i o n  is  d o n e  w i t h  1 .2 %  H C I.

A p p l i c a t i o n  t o  o t h e r  s o y  p r o d u c t s
T h e  s u p e r n a t a n t  d i f f e r e n c e  m e t h o d  u s in g  H C I f o r  e x t r a c 

t i o n  w a s  u s e d  t o  a n a ly z e  o t h e r  s o y b e a n  p r o d u c t s .  D a t a  i n  
T a b l e  5 s h o w  t h a t  t h e  s u p e r n a t a n t  d i f f e r e n c e  m e t h o d  is  
c a p a b l e  o f  g e n e r a t i n g  m o r e  i n f o r m a t i o n  r e g a r d in g  p r e c i p i t a 
t i o n  b e h a v i o r  o f  p h o s p h o r u s - c o n t a i n i n g  c o m p o u n d s  t h a n  a  
p r e c i p i t a t i o n  a n a ly s i s  m e t h o d .  F o r  e x a m p l e ,  t e m p e h  m a d e  
f r o m  d e h u l l e d  b e a n s  h a s  le s s  p h y t i c  a c id  t h a n  t h e  o r ig in a l  
d e h u l l e d  m a t e r i a l .  T h e  s u p e r n a t a n t  d i f f e r e n c e  m e t h o d  
s h o w s  t h a t  a l t h o u g h  t o t a l  p h o s p h o r u s  e x t r a c t e d  i s  le s s  f o r  
t e m p e h  t h a n  f o r  t h e  o r ig in a l  d e h u l l e d  m a t e r i a l ,  t h e  s u p e r n a 
t a n t  p h o s p h o r u s  is  g r e a t e r .  T h e s e  s e e m in g ly  i n c o n g r u o u s  
r e s u l t s  c o u ld  l e a d  o n e  t o  f u r t h e r  e x a m i n e  a  p r o d u c t  a b o u t  
w h i c h  l i t t l e  is  k n o w n ,  b u t  i n  t h i s  c a s e  t h e  r e s u l t s  a r e  e a s i ly  
e x p l a i n e d  b y  k n o w le d g e  o f  t e m p e h  m a k in g .  P r i o r  t o  f e r 
m e n t a t i o n  t h e  b e a n s  w e r e  s o a k e d  o v e r n i g h t  a n d  t h e n  b o i l e d  
f o r  3 0  m in .  T h u s  s o m e  o f  t h e  p h o s p h o r u s  c o m p o u n d s  w e r e  
l e a c h e d  i n t o  t h e  w a t e r ,  w h i c h  w a s  t h e n  d i s c a r d e d ,  g iv in g  a  
s o m e w h a t  l o w e r  t o t a l  p h o s p h o r u s  c o n t e n t .  B e c a u s e  s u p e r -

T a b le  5 —P h y t ic  a c id  o f  v a r io u s  s o y b e a n  m a te r ia ls  a n a ly z e d  b y  th e  
s u p e r n a ta n t  d i f f e r e n c e  m e t h o d 3

Phytic acidb ^totalC P  C  
r s u p e r n a t a n t

Dehulledd 1.54% 4840 510
Hullsd N .D .h 340 350
Hypocotylsd 0.88% 4000 1530
Tempehd 1.08% 3950 920
T  ofue 1.96% 5850 340
Isolate* 1.63% 7440 2850
Flour, defatted9 1.82% 5900 770

3 H C I-e x tra c t io n  
b O n d ry  w e ig h t basis 
5 M9 P/9 d ry  sam p le  
d F ro m  B o n u s  '7 5  so yb ean s 
?  C o m m e rc ia lly  p urchased  

E d ip ro  A ,  R a ls to n  P u rin a  
3 1-200 , A .  E .  S ta le y  C o . 
n N o t d e te c ta b le
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n a t a n t  p h o s p h o r u s  is  h ig h e r  i n  f r e e  p h o s p h a t e  a n d  l o w e r  
i n o s i t o l  p h o s p h a t e  e s t e r s ,  a  h ig h e r  s u p e r n a t a n t  v a lu e  f o r  
t e m p e h  is  c o n s i s t e n t  w i t h  p h y t a s e  a c t i v i t y  o f  R h i z o p u s  
o l i g o s p o r u s  ( S u d a r m a d j i  n a d  M a r k a k i s ,  1 9 7 7 ) .  T h u s  t h e  
l o w e r  p h y t i c  a c id  v a lu e  f o r  t e m p e h  i s  a c c o m p a n i e d  b y  
s u p p l e m e n t a l  i n f o r m a t i o n  r e g a r d in g  d i f f e r e n t  p h o s p h o r u s -  
c o n t a i n g  c o m p o u n d s  i n  t h e  m a t e r i a l .

F o r  t o f u  lo w  s u p e r n a t a n t  p h o s p h o r u s  a n d  h ig h  t o t a l  
p h o s p h o r u s  v a lu e s  r e s u l t e d .  T h e  c a l c iu m  p r e c i p i t a t i o n  u s e d  
t o  m a n u f a c t u r e  t o f u  w a s  a p p a r e n t l y  e f f e c t i v e  i n  c o n c e n t r a t 
in g  p h y t a t e  r e l a t i v e  t o  i n o r g a n i c  p h o s p h o r u s .  T h i s  e f f e c t  
m a y  b e  c a u s e d  b y  t h e  i n t e r a c t i o n  b e t w e e n  c a l c iu m  i o n  a n d  
p h y t a t e .  A  p e r t i n e n t  o b s e r v a t i o n  r e g a r d in g  p r e c i p i t a t i o n  o f  
f e r r i c  p h y t a t e  f r o m  t h e  t o f u  e x t r a c t  i s  t h a t  p r e c i p i t a t i o n  
o c c u r r e d  i m m e d i a t e l y  u p o n  F e C l 3 a d d i t i o n  a n d  h e a t i n g ,  
w h e r e a s  n o  p r e c i p i t a t i o n  w a s  n o t e d  f r o m  o t h e r  s o y  m a 
t e r i a l s  i n  t h e  f i r s t  3 0  m i n u t e s  o f  h e a t i n g .  A  s y n e r g i s t i c  
e f f e c t  o f  c a l c iu m  i o n  a n d  f e r r i c  i o n  f o r  p r o d u c t i o n  o f  
i n s o l u b l e  p h y t a t e  c o u l d  b e  r e s p o n s i b l e  f o r  t h i s  p r e c i p i t a t i o n  
b e h a v io r ,  a n a lo g o u s  t o  t h e  s y n e r g i s t i c  e f f e c t  o f  c a l c iu m  a n d  
z i n c  o n  p r e c i p i t a t i o n  o f  C a / Z n  p h y t a t e  ( B y r d  a n d  M a t r o n e ,
1 9 6 5 ) .  M in e r a l  a v a i l a b i l i t y  f r o m  t o f u  w o u l d  b e  a n  i n t e r 
e s t i n g  a v e n u e  t o  p u r s u e  i n  t h e  l i g h t  o f  t h i s  b e h a v io r .

A l t h o u g h  t h e  d e f a t t e d  f l o u r  w a s  n o t  f r o m  t h e  s a m e  s o y 
b e a n  s o u r c e  a s  t h e  d e h u l l e d  m e a l ,  t h e  p h y t i c  a c id  v a lu e  is  
e x p e c t e d  t o  b e  h i g h e r  a s  a  r e s u l t  o f  t h e  c o n c e n t r a t i o n  e f f e c t  
a f t e r  o i l  r e m o v a l .

T h e  1 .6 3 %  v a lu e  f o r  p h y t i c  a c id  i n  t h e  s o y  i s o l a t e  is  i n  
r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  v a lu e  o f  1 .5 2 %  o b t a i n e d  f o r  
a  s o y  i s o l a t e  b y  d e B o la n d  e t  a l .  ( 1 9 7 5 ) .  T h e  p r e c i p i t a t e  
a n a ly s i s  m e t h o d  u s e d  b y  d e B o l a n d  e t  a l .  ( 1 9 7 5 )  g iv e s  n o  
i n f o r m a t i o n  t h a t  w o u l d  c a u s e  o n e  t o  q u e s t i o n  t h e  r e s u l t .  
H o w e v e r ,  t h e  s u p e r n a t a n t  d i f f e r e n c e  m e t h o d  r e v e a l s  a n  
u n u s u a l l y  la r g e  v a lu e  f o r  s u p e r n a t a n t  p h o s p h o r u s .  F o r  
d e h u l l e d  s o y  m e a l ,  a p p r o x i m a t e l y  9 0 %  o f  t h e  p h o s p h o r u s  
e x t r a c t e d  w a s  f o u n d  i n  t h e  p r e c i p i t a t e ,  w h e r e a s  o n l y  a b o u t  
6 0 %  o f  t h e  p h o s p h o r u s  e x t r a c t e d  f r o m  t h e  i s o l a t e  w a s  
f o u n d  i n  t h e  p r e c i p i t a t e .  E i t h e r  t h e r e  is  m u c h  m o r e  i n o r 
g a n ic  p h o s p h a t e  i n  t h e  i s o l a t e  t h a n  i n  t h e  m e a l ,  o r  s o m e  o f  
t h e  p h y t a t e  f r o m  t h e  i s o l a t e  r e m a i n e d  i n  t h e  s u p e r n a t a n t .  
T h i s  l a t t e r  a l t e r n a t i v e  b e a r s  f u r t h e r  e x a m i n a t i o n .  I t  is  p o s 
s ib l e  t h a t  a s  a  r e s u l t  o f  p r o c e s s i n g  t o  f o r m  t h e  i s o l a t e ,  s o m e  
o f  t h e  p h y t a t e  m a y  i n t e r a c t  w i t h  p r o t e i n  a n d / o r  m e t a l  io n s  
d u r in g  f i n a l  d r y i n g  t o  f o r m  s t a b l e  c o m p le x e s  ( E r d m a n  
e t  a l . ,  1 9 8 0 ) .  F r o m  t h e  s t a n d p o i n t  o f  m i n e r a l  b io a v a i l a b i l 
i t y ,  t h e  p h y t a t e  i n  t h e s e  s o l u b l e  c o m p le x e s  m a y  b e  m o r e  
i m p o r t a n t  t h a n  t h e  t o t a l  p h y t a t e  a s  d e t e r m i n e d .

CONCLUSION
IN  O R D E R  T O  D E V E L O P  a  r e l i a b l e  a n d  r a p i d  m e t h o d  o f  
d e t e r m i n a t i o n  o f  p h y t i c  a c id  f o r  a  p a r t i c u l a r  m a t e r i a l ,  o n e  
s h o u l d  c o m p a r e  t h e  r a p i d  m e t h o d s  b a s e d  o n  p r e c i p i t a t i o n  
o f  f e r r i c  p h y t a t e  t o  t h e  m o r e  t i m e - c o n s u m i n g  b u t  h ig h ly  
s p e c i f i c  m e t h o d  o f  a n io n - e x c h a n g e  c h r o m a t o g r a p h i c  
s e p a r a t i o n .  T h o s e  r a p i d  m e t h o d s  b a s e d  o n  p h o s p h o r u s  
a n a ly s i s  a r e  m o s t  a c c e p t a b l e .  T h e  s u p e r n a t a n t  d i f f e r e n c e  
m e t h o d  h a s  t h e  a d d i t i o n a l  a d v a n t a g e  t h a t  i t  p r o v i d e s  m o r e  
i n f o r m a t i o n  t h a n  t h e  p r e c i p i t a t e  a n a ly s i s  m e t h o d s ;  c o n s e 
q u e n t l y  i t  is  t h e  p r e f e r r e d  r a p i d  m e t h o d .

O n e  m u s t  b e  w a r y  o f  d i r e c t l y  a p p l y i n g  t o  o t h e r  f o o d  
m a t e r i a l s  t h e  m e t h o d s  d e v e lo p e d  h e r e  f o r  t h e  d e t e r m i n a t i o n  
o f  p h y t i c  a c id  i n  s o y b e a n  m e a l .  T h e  e x t r a c t i o n  c o n d i t i o n s  
m u s t  b e  r e e v a l u a t e d  f o r  e a c h  f o o d s t u f f .  H o w e v e r ,  u s e  o f  t h e  
s u p e r n a t a n t  d i f f e r e n c e  m e t h o d  w o u ld  p r o v i d e  t h e  m a x i 
m u m  a m o u n t  o f  i n f o r m a t i o n .  T h e  b e s t  a p p r o a c h  is  t o  
p e r f o r m  t h e  a n io n - e x c h a n g e  s e p a r a t i o n  a n d  a n a ly s i s  in  
o r d e r  t o  e v a lu a t e  t h e  e f f e c t i v e n e s s  o f  a n y  r a p i d  m e t h o d .  
O n c e  t h e  r a p i d  m e t h o d  is  s h o w n  t o  b e  r e l i a b l e  f o r  t h e  
m a t e r i a l  a n d  e x t r a c t i o n  s o l u t i o n ,  t h e  m e t h o d  o f  c h o i c e  
m a y  b e  c o n v e n i e n t l y  a p p l i e d  t o  n u m e r o u s  s im i l a r  s a m p le s .

B a s e d  o n  g o o d  a g r e e m e n t  w i t h  a n io n - e x c h a n g e  r e s u l t s

a n d  a c c e p t a b l e  r e p r o d u c i b i l i t y ,  t h e  b e s t  r a p i d  m e t h o d s  f o r  
s o y b e a n s  a r e  ( 1 )  t h e  p r e c i p i t a t e  a n a ly s i s  f o r  p h o s p h o r u s  
a f t e r  e x t r a c t i o n  w i t h  3 %  T C A  + 1 0 %  s o d iu m  s u l f a t e  a n d
( 2 )  t h e  s u p e r n a t a n t  d i f f e r e n c e  m e t h o d  a f t e r  e x t r a c t i o n  w i t h
1.2% HC1.
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----------------------------- ABSTRACT--------------------------------
M icro b io lo g ica l p ro file s  o f  peanut and soybean m isos con ta in ing  6 
and 12% NaC l and ko jis  prepared w ith  Aspergillus oryzae and 
Rhizopus oligosporus were m o n ito re d  over a 90-day pe riod  o f  fe r
m e n ta tion . A lth o u g h  to ta l p la te  counts in  misos con ta in ing  R. oligo
sporus k o j i  flu c tu a te d  w h ile  counts in  misos con ta in ing  A. oryzae 
k o j i  remained constant du ring  the fe rm e n ta tio n  pe riod , the f in a l 
m ic ro b ia l popu la tion s  in  sixteen test fo rm ulae  were s im ila r to  the 
in it ia l counts. M o ld  p o pu la tion s  in  m isos con ta in ing  tw o  types o f  
ko jis  declined s im ila rly  du ring  fe rm e n ta tio n . There was l i t t le  d i f 
ference in  popu la tion s  o f  Saccharomyces rouxii in  misos con ta in ing 
the  tw o  types o f  m o ld  ko jis  du ring  the  f irs t  m o n th  o f  fe rm e n ta tio n ; 
however, h igher num bers o f  S. rouxii were no ted in  m isos con ta in 
ing R. oligosporus k o ji  com pared to  those con ta in ing  A. oryzae 
k o j i  du ring  la ter stages o f  fe rm en ta tion . The  fin a l pH  values o f  misos 
were sim ilar, even though misos con ta in ing  A. oryzae k o j i  had a 
larger m agnitude o f  d rop  in  pH  than d id  m isos con ta in ing  R. oligo
sporus k o j i  over the  90-day test period.

INTRODUCTION
T R A D I T I O N A L  M I S O , a  p o p u l a r  s e m i- s o l id  f e r m e n t e d  
f o o d  p r e p a r e d  i n  t h e  O r i e n t ,  c o n t a i n s  k o j i ,  s o y b e a n s ,  s a l t  
( s o d i u m  c h l o r i d e )  a n d  w a t e r  ( B e u c h a t ,  1 9 7 8 ;  H e s s e l t i n e ,  
1 9 6 5 ) .  R ic e  o n  w h i c h  A s p e r g i l l u s  o r y z a e  is  c u l t u r e d  is  u s e d  
t o  p r e p a r e  a  s t a r t e r  ( k o j i ) .  W a s h e d ,  s o a k e d ,  s t e a m e d  a n d  
m a s h e d  s o y b e a n s  a r e  t h e n  m ix e d  w i t h  k o j i ,  s a l t  a n d  w a t e r  
a n d  a l lo w e d  t o  f e r m e n t  a s  lo n g  a s  2 —3 m o n t h s .  L a c t i c  a c id  
b a c t e r i a  a n d  o s m o p h i l i c  y e a s t s  ( . S a c c h a r o m y c e s  r o u x i i )  
a r e  t h o u g h t  t o  c o n t r i b u t e  t o  t h e  d e v e l o p m e n t  o f  g o o d  m is o .  
T h e  p r o d u c t  is  u s e d  i n  s o u p  a n d  s t e w s  a s  w e l l  a s  w i t h  g r a in s ,  
b e a n s ,  b e a n  c u r d  a n d  n o o d l e s  t o  e n h a n c e  f l a v o r .

M o ld s  i n  t h e  g e n u s  A s p e r g i l l u s  a r e  w id e l y  d i s t r i b u t e d  in  
n a t u r e  a n d  c e r t a i n  s t r a in s  a r e  k n o w n  t o  p r o d u c e  m y c o -  
t o x i n s .  A s p e r g i l l u s  o r y z a e  is  n o t  a n  a f l a t o x i n  p r o d u c e r ,  
b u t  s o m e  s t r a in s  d o  s y n t h e s i z e  o t h e r  s e c o n d a r y  m e t a b o l i t e s  
w h e n  g r o w n  o n  c e r t a i n  s u b s t r a t e s  w h i c h  m a y  b e  h a r m f u l  t o  
h u m a n  h e a l t h .  K in o s i t a  e t  a l .  ( 1 9 6 8 )  e x a m i n e d  s e v e r a l  
s t r a i n s  o f  A .  o r y z a e  w h i c h  w e r e  i s o l a t e d  f r o m  s a m p le s  o f  
m is o  a n d  d e t e c t e d  k o j i c  a c id  a n d  t r a c e  a m o u n t s  o f  0 - n i t r o -  
p r o p i o n i c  a c id .  T h e s e  a c id s  a r e  n o t  a s  t o x i c  a s  a f l a t o x i n ;  
h o w e v e r ,  k o j i c  a c id  is  c l a s s i f ie d  a s  a  c o n v u l s a n t  (W i ls o n  a n d  
H a y e s ,  1 9 7 3 ) .  T h e r e f o r e ,  e x p e r i m e n t s  w e r e  d e s ig n e d  t o  
c o m p a r e  R h i z o p u s  o l i g o s p o r u s ,  w h i c h  p r o d u c e s  n e i t h e r  a f l a 
t o x i n  n o r  k o j i c  a c i d ,  t o  A .  o r y z a e  a s  a  k o j i  m o ld  f o r  p r e p a r 
in g  m is o .  R h i z o p u s  o l i g o s p o r u s  is  t r a d i t i o n a l l y  u s e d  t o  f e r 
m e n t  w h o le  s o y b e a n s  t o  p r o d u c e  t e m p e h  ( t e m p e ) .  T h e  
f e a s ib i l i t y  o f  s u b s t i t u t i n g  p e a n u t s  f o r  s o y b e a n s  i n  m is o  w a s  
a l s o  e v a lu a t e d  a s  w a s  t h e  e f f e c t  o f  t w o  le v e ls  o f  N a C l.  
A l t h o u g h  t h e  w o r d  “ m i s o ”  r e f e r s  t o  t r a d i t i o n a l  f e r m e n t e d  
p r o d u c t s  c o n t a i n i n g  s o y b e a n s ,  c e r e a l s  a n d  s a l t ,  i t  w i l l  b e  
u s e d  h e r e  t o  r e f e r  t o  f e r m e n t e d  p r o d u c t s  c o n t a i n i n g  p e a n u t s  
a n d / o r  s o y b e a n s  a n d  k o j i s  p r e p a r e d  w i t h  e i t h e r  A . o r y z a e  o r
R .  o l ig o s p o r u s .

A uthors Shieh and Beuchat are a ffiliated with the Dept, o f  Food  
Science, Univ. o f  Georgia Agricultural Experim ent Station , E xpe ri
m ent, GA 30212.

EXPERIMENTAL
Procedures fo r  fe rm e n ta tio n

Preparation o f  cultures. C ultures o f  A. oryzae N R R L  1988,
R. oligosporus N R R L  2710 and S. rouxii N R R L  Y -25 47  were o b 
ta ined fro m  the  U S D A , N o rth e rn  R egional Research L a b o ra to ry , 
Peoria, IL . The tw o  m o lds were grow n on yeast e x tra c t-m a lt ex trac t- 
peptone-glucose (Y M P G ) agar plates a t 30°C fo r  4 days. The fo rm 
ula fo r  YM P G  agar consists o f  (g /lite r  w ate r): yeast e x tra c t, 3 ; m a lt 
e x tra c t, 3 ; peptone, 5 ; glucose, 10; and agar, 20 (p H  7.0 ). C on id io - 
spores o f  A. oryzae and sporangiospores o f  R. oligosporus were 
harvested b y  flo o d in g  the surface o f  plates w ith  phosphate b u ffe r 
(0 .1M , pH  7.0 ) con ta in ing 0.01%  Tw een 80 (phosphate-Tw een 
b u ffe r)  and stored a t 4°C  u n til used to  inocu la te  rice.

The m edium  used fo r  c u ltu rin g  S. rouxii was YM PG  b ro th  (pH
7.0) con ta in ing  6 % NaCl (1 00  m l in  250 m l E rlenm eyer flasks). 
C ultures were grow n under constant ag ita tio n  on a ro ta ry  shaker 
(Eberbach Co., A n n  A rb o r, M I) fo r  60 h r at 30°C  be fore  co llec ting  
cells by  ce n trifu g a tio n  (9 000 x g, 10 m in ). C e llu la r suspensions 
in  0 .1M  phosphate b u ffe r (pH  7.0 ) con ta in ing  3% NaC l served 
as inocu la  fo r  m iso form ulae .

Preparation o f  k o ji.  A  m ix tu re  o f  w ater and enriched long-grain 
rice (1 :2  ra tio , v o l/w t)  was sterilized in  an autoclave (1 21°C , 15 psi, 
15 m in ). A p p ro x im a te ly  35% m o istu re  in  rice  is reported  to  be o p ti
m um  fo r  m o ld  g ro w th  and enzym e p ro d u c tio n  (Beuchat, 1978). 
Separate a liquots (3 .4 kg) o f  m oistened rice  was inocu la ted  w ith  
115 m l o f  the  tw o  m o ld  spore suspensions, spread in  layers ca. 3 
cm deep and incubated fo r  48 h r at 25°C , w ith  occasional stirring . 
The fin a l p roducts  served as ko jis  fo r  m iso form ulae .

P reparation o f  soybean and peanut pastes. Soybeans (Bragg 
79) were soaked in  w ater at ro om  tem perature  fo r  18 h r and steamed 
fo r  60 m in  in  a Therm ascrew  Steamer (R ie tz  M a nu fa ctu ring  Co., 
Santa Rosa, C A ). C ooled, w hole  soybeans were then mashed to  a 
paste fo rm  b y  g rind ing  in  a M orehouse m il l  (M orehouse Industries, 
Los Angeles, C A).

Peanuts (F lo ru n n e r) were heated in  a rôtisserie oven a t2 4 °C  fo r  
10 m in . A fte r  the  skins were rem oved, peanuts were soaked in  w ater 
fo r  18 h, steamed 70 m in , cooled and reduced to  a paste using the 
same procedure described fo r  soybeans.

P reparation o f  form ulae . R ice k o ji  was g round tw ice  w ith  a 
chopper (T o ledo  Scale Co., T o le do, O H ) and the n  m ixed  w ith  
w ater, N aC l, S. rouxii inocu la  and soybean a n d /o r peanut paste 
(Table 1). S ixteen d iffe re n t m iso fo rm ulae  were prepared using tw o  
types o f  m o ld  k o ji  (A. oryzae and R. oligosporus), tw o  levels o f  
NaC l (6  and 12%) and tw o  types o f  oilseeds (peanut and soybean, o r 
th e ir  com b in a tio n ). A  f lo w  sheet fo r  p repara tion  o f  m iso is shown 
in  Fig. 1. A l l  m isos con tained 50% m oistu re.

C ond ition s  fo r  fe rm e n ta tio n . Samples were sealed in  double- 
layered p lastic  bags and incubated at 25° C fo r  various periods o f  
tim e  ranging up to  90 days. Gas release, sample m ix in g  and subjec
tive  observations o f  arom a, te x tu re  and co lo r were made du ring  
the  90-day fe rm e n ta tio n  period.

Analyses

E num era tion  o f  to ta l m ic ro b ia l p o p u la tio n . Plate co u n t agar 
(PCA, pH  7.0) supplem ented w ith  3% NaC l was used to  enum erate 
to ta l popu la tion s  o f  aerobic m icroorganism s. Phosphate b u ffe r 
(0 .1M , pH  7.0) was used as a d ilu e n t in  a ll m ic ro b io lo g ica l analyses. 
Colonies were counted a fte r 3 - 5  days in cu b a tio n  at 30°C.

E num era tion  o f  m olds. P otato  dextrose agar (P D A , pH  5.6 ) 
supplem ented w ith  3% NaC l, 100 ppm  ch lo rte tra cyc lin e  HC1 and 
1 0 0  ppm  o f  ch lo ram phen ico l was used fo r  enum erating m o ld  p ro- 
pagules in  fe rm en tin g  misos. Plates were incubated at 30°C  and 
exam ined a fte r 2 days at d a ily  in terva ls; enum era tion  o f  colonies 
was made be fore  plates became overgrow n w ith  m o ld  m ycelia.
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E num era tion  o f  S. rouxii. A n tib io t ic -  and NaC l-supplem ented 
P D A  was used to  enum erate S. rouxii. Colonies were counted a fte r 
5 days o f  in cu b a tio n  at 30°C.

E num era tion  o f  lac tic  acid bacteria. Analyses fo r  la c to b a c illi 
in  miso were made using overlayed LBS agar ac id ified  w ith  glacial 
acetic acid to  pH  5.5 . A fte r  a 7-day pe riod  o f  in cu b a tio n  at 30°C, 
colon ies were counted.

RESULTS & DISCUSSION
T o t a l  m i c r o b i a l  p o p u l a t i o n

I n i t i a l  p o p u l a t i o n s  o f  1 .0  x 1 0 6 a n d  5 .0  x 1 0 7 c o l o n y  
f o r m i n g  u n i t s  ( C F U )  p e r  g r a m  o f  m is o  f o r m u l a  i n o c u l a t e d  
w i t h  R. oligosporus ( A  t o  H , T a b l e  1 )  a n d  A. oryzae ( I  t o  
P ,  T a b l e  1 ) ,  r e s p e c t i v e l y ,  w e r e  d e t e r m i n e d  b y  p l a t i n g  s a m 
p le s  o n  P C  A  ( F ig .  2 ) .  P o p u l a t i o n s  c o n s i s t e d  m a i n l y  o f  k o j i  
m o ld s ,  s in c e  i n o c u l a  c o n s i s t i n g  o f  4 8 - h r  k o j i s  c o n t a i n e d  l u x 
u r i a n t  g r o w t h .  V ia b l e  p o p u l a t i o n s  o f  1 .2  x 1 0 s R. oligo-

Rice(steamed. 35 % water)
Inoculate with Rhizopus oligosporus

Incubate at 25 C. 2 days

Inoculate with Aspergillus oryzae
Incubate at 25 C, 2days

Grind Grind
Mix-*—---------- Peanuts and soybeans steamed------------- -Mix(koji.paste. 1:2) 1 hr, ground into paste (kojirpaste, 1:2)(peanut:soybean, 1:0, 2:1, 1:2, 0:1)

Mix------------- Inoculate with Saceharomyces rouxii------------ -MixAdd: NaCI to give 6 and 12 %. water to give 50 %

Incubate at 25 C, up to 90 days Incubate at 25 C, up to 90 days
MISO MISO

Fig. 1—F lo w  s h e e t  f o r  p r e p a r a t io n  o f  m iso s .

sporus s p o r e s /g  a n d  1 .4  x 1 0 s A. oryzae s p o r e s /g  o f  r i c e  
h a d  b e e n  u s e d  t o  i n i t i a t e  k o j i  f e r m e n t a t i o n .

T h e  t o t a l  m i c r o b i a l  p o p u l a t i o n s  a f t e r  9 0  d a y s  o f  f e r m e n 
t a t i o n  w e r e  v e r y  s im i la r  t o  i n i t i a l  c o u n t s  f o r  r e s p e c t i v e  
t y p e s  o f  m is o s  r e g a r d le s s  o f  t h e  t y p e  o f  m o ld  k o j i ,  o i l s e e d  
c o m p o s i t i o n  o r  N a C I  le v e l .  H o w e v e r ,  t h e  t o t a l  p l a t e  c o u n t s  
f o r  m is o s  i n o c u l a t e d  i t h  R. oligosporus i n c r e a s e d  e a r l y  in  
t h e  f e r m e n t a t i o n  p e r i o d ,  t h e n  g r a d u a l l y  d e c r e a s e d  t o  a b o u t  
1 0 6 C F U / g  a f t e r  9 0  d a y s .  M is o s  c o n t a i n i n g  A. oryzae k o j i  
r e m a i n e d  a t  a b o u t  1 0 7 C F U / g  t h r o u g h o u t  t h e  9 0 - d a y  
i n c u b a t i o n  p e r i o d .  C h a n g e s  i n  t o t a l  m i c r o b i a l  p o p u l a t i o n  in  
m is o s  d i f f e r e d  d e p e n d i n g  o n  t h e  t y p e  o f  k o j i  m o l d .

—Continued on next page

T a b le  1—F o r m u la e  f o r  s o y b e a n /p e a n u t  m is o

Ingredient

Miso
formula

code

Rice
koji
<g)a

Soybean
paste
(g)

Peanut
paste

(g)

Sodium
chloride

(g)
Water 
(ml )b

A 1200 2560 0 240 197
B 1200 2320 0 480 483

C 1200 0 2560 240 1499
D 1200 0 2320 480 1663

E 1200 1700 850 240 641
F 1200 1550 770 480 875

G 1200 850 1700 240 1073
H 1200 770 1550 480 1271

1 1200 2560 0 240 197
J 1200 2320 0 480 483

K 1200 0 2560 240 1499
L 1200 0 2320 480 1663
M 1200 1700 850 240 641
N 1200 1550 770 480 875

O 1200 850 1700 240 1073
P 1200 770 1550 480 1271

a Kojis for samples A  through H were prepared using Rhizopus
oligosporus; kojis for samples I through P were prepared using 
Aspergillus oryzae.

D Moisture content of all formulae was 50%.
•\
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Fig. 2 —Total microbial population o f  
sixteen m iso formulae during 9 0  days o f

A • • - _ tion o f  codes.
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1 1 1 1 1

K
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C O M PARISO N  O F  K O JI M O L D S  F O R  MISO . . .

V is u a l  o b s e r v a t i o n s  o f  c o lo n i e s  f o r m e d  o n  P C A  r e v e a l e d  
t h a t  i n c r e a s e d  p o p u l a t i o n s  i n  m is o s  i n o c u l a t e d  w i t h  R .  
o l i g o s p o r u s  w e r e  d u e  t o  g r o w t h  o f  m ic r o o r g a n i s m s  o t h e r  
t h a n  m o l d .  C o n t i n u o u s  d e c r e a s e s  i n  t h e  p e r c e n t a g e s  o f  
p o p u l a t i o n s  w h i c h  w e r e  m o ld s  w e r e  o b s e r v e d  w i t h  e a c h  
i n c r e a s in g  p e r i o d  o f  f e r m e n t a t i o n .  A  p r e d o m i n a n c e  o f  S .  
r o u x i i  w a s  n o t e d  a s  f e r m e n t a t i o n  p r o g r e s s e d  t o w a r d  9 0  d a y s .

C h a n g e s  i n  r a t i o s  o f  v a r i o u s  t y p e s  o f  m ic r o o r g a n i s m s  
w e r e  a l s o  o b s e r v e d  i n  m is o s  i n o c u l a t e d  w i t h  A . o r y z a e  k o j i .  
L ik e  m is o s  i n o c u l a t e d  w i t h  R .  o l i g o s p o r u s ,  t h e  m o ld  
p o p u l a t i o n  d e c l i n e d  d u r i n g  t h e  e a r l y  f e r m e n t a t i o n ,  p r o b 
a b l y  d u e  t o  h ig h  N a C l c o n c e n t r a t i o n s .  T h e  p r e s e n c e  o f  b o t h  
b a c t e r i a l  a n d  y e a s t  c o lo n i e s  w a s  n o t e d  o n  P C A  d u r in g  t h i s  
p e r i o d .  O t h e r  r e s e a r c h e r s  h a v e  d e m o n s t r a t e d  t h e  o c c u r 
r e n c e  o f  s e v e r a l  s p e c ie s  o f  s a l t - t o l e r a n t  b a c i l l i  a n d  o f  M i c r o 
c o c c u s  i n  s o y  s a u c e  [ M a t s u m o t o  ( 1 9 2 5 )  a n d  I s h i m a r u  
( 1 9 3 3  a b ,b )  a s  c i t e d  b y  Y o n g  a n d  W o o d ,  1 9 7 4 ] ,  I n  t h e  
p r e s e n t  s t u d y ,  i t  is  p r o b a b l e  t h a t  m is o s  c o n t a i n e d  s im i la r  
t y p e s  o f  m ic r o o r g a n i s m s .  W a n g  e t  a l .  ( 1 9 6 9 )  s h o w e d  t h a t  
a n t i b a c t e r i a l  c o m p o u n d s  p r o d u c e d  b y  R .  o l i g o s p o r u s  
c o u ld  i n h i b i t  B a c i l l u s  s u b t i l i s  a n d  o t h e r  G r a m - p o s i t i v e  b a c 
t e r i a .  T h i s  m a y  o f f e r  a n  e x p l a n a t i o n  a s  t o  w h y  m is o s  c o n 
t a i n i n g  R .  o l i g o s p o r u s  k o j i  h a d  l o w e r  p o p u l a t i o n s  o f  b a c 
t e r i a  d u r in g  t h e  9 0 - d a y  f e r m e n t a t i o n  p e r i o d  c o m p a r e d  t o  
m is o s  c o n t a i n i n g  A . o r y z a e  k o j i .

T h e  t o t a l  m i c r o b i a l  p o p u l a t i o n s  i n  l o w - s a l t  ( 6 % )  f o r m 
u l a e  c o n t a i n i n g  R .  o l i g o s p o r u s  k o j i  m a y  h a v e  b e e n  s l ig h t ly  
h ig h e r  t h a n  t h o s e  i n  h ig h - s a l t  ( 1 2 % )  f o r m u l a e .  H o w e v e r ,  
t h e  le v e l  o f  N a C l  h a d  n o  e f f e c t  o n  p o p u l a t i o n s  i n  m is o s  c o n 
t a i n i n g  A . o r y z a e  k o j i s .  L ik e w is e ,  t h e  t y p e  o f  o i l s e e d  i n g r e 
d i e n t  ( p e a n u t  o r  s o y b e a n ,  o r  t h e i r  c o m b i n a t i o n )  d id  n o t  
i n f l u e n c e  t h e  t o t a l  m i c r o b i a l  c o u n t  o f  m is o s  d u r in g  t h e  9 0 -  
d a y  f e r m e n t a t i o n  p e r i o d .

R u s m in  a n d  K o  ( 1 9 7 4 )  s t u d i e d  t h e  m i c r o f l o r a  o f  t e m p e h  
f e r m e n t e d  w i t h  R .  o l i g o s p o r u s  a n d  f o u n d  t h a t  b a c t e r i a l  
c o n t a m i n a n t s  a t  le v e ls  a s  h ig h  a s  1 0 8 p e r  g  o f  c o o k e d  s o y 
b e a n  d i d  n o t  a f f e c t  t h e  f e r m e n t a t i o n .  B a c i l l u s  m y c o i d e s ,  
E s c h e r i c h i a  c o l i ,  P s e u d o m o n a s  c o c o v e n e n a n s ,  P s e u d o m o n a s  
p y o c e a n e a  a n d  P r o t e u s  s p . ,  i n o c u l a t e d  s e p a r a t e l y  i n t o  s o y 
b e a n s  a t  p o p u l a t i o n s  u p  t o  2  x 1 0 8 p e r  g ,  f a i l e d  t o  c a u s e  
s ig n i f i c a n t  c h a n g e s  i n  t h e  q u a l i t y  o f  t h e  f e r m e n t e d  p r o d u c t .

H o w e v e r ,  t h e y  w a r n e d  t h a t  a p p r o p r i a t e  h y g i e n i c  p r o c e d u r e s  
s h o u l d  b e  o b s e r v e d ,  s u c h  a s  f r y i n g  i n  o i l  o r  b o i l i n g ,  b e f o r e  
t h e  p r o d u c t  is  c o n s u m e d .  A  g o o d  q u a l i t y  f e r m e n t e d  o i l 
s e e d  f o o d  c a n  b e  p r o d u c e d  a f t e r  a p p r o p r i a t e  p a s t e u r i z a t i o n ,  
e v e n  i f  r e l a t i v e l y  h ig h  le v e ls  o f  m i c r o o r g a n i s m s  w h i c h  m a y  
n o t  h a v e  c o n t r i b u t e d  t o  d e s i r e d  s e n s o r y  c h a r a c t e r i s t i c s  
w e r e  p r e s e n t  i n  t h e  f o r m u l a  a t  s o m e  p o i n t  p r i o r  t o  i t s  f i n a l  
f o r m .  N e v e r th e l e s s ,  g o o d  h y g i e n i c  p r a c t i c e s  s h o u l d  b e  
o b s e r v e d  t h r o u g h  f e r m e n t a t i o n  p r o c e d u r e s .

M o ld  p o p u l a t i o n
A f t e r  4 8  h r  o f  i n c u b a t i o n  a t  2 5 ° C ,  t h e  m y c e l i u m  o f  R .  

o l i g o s p o r u s  a n d  A . o r y z a e  c o v e r e d  t h e  r i c e  k o j i .  W i t h i n  2  h r  
a f t e r  f i n a l  m is o  f o r m u l a t i o n s  w e r e  p r e p a r e d ,  s a m p le s  w e r e  
a n a l y z e d  f o r  m o ld  p o p u l a t i o n s .  T h e  i n i t i a l  p o p u l a t i o n  o f
R .  o l i g o s p o r u s  w a s  c a .  2  x 1 0 s C F U / g  o f  s a m p le  a n d  t h e
A . o r y z a e  c o u n t  w a s  c a .  5 x  1 0 6 C F U / g  ( F ig .  3 ) .  D u r in g  
t h e  f e r m e n t a t i o n ,  t h e  m o ld  c o u n t  d e c l i n e d  t o  le s s  t h a n  
1 0  C F U / g  o f  s a m p le  a f t e r  2 8  d a y s  o f  i n c u b a t i o n .  A t  4 3  
d a y s  o f  i n c u b a t i o n ,  n o  m o ld s  w e r e  d e t e c t e d  i n  1 0 _ 1  
d i l u t i o n s  o f  s a m p le s .  I n  o t h e r  w o r d s ,  m o ld s  s u r v iv e d  o n l y  
a b o u t  1 m o n t h  i n  t h e  m is o  f o r m u l a e  d u e  t o  t h e  l e t h a l  
e f f e c t  o f  h ig h  s a l t  c o n c e n t r a t i o n  a n d  a n a e r o b i c  c o n d i t i o n s .

P o p u l a t i o n s  o f  R .  o l i g o s p o r u s  ( s a m p le  A  t o  H )  a n d
A . o r y z a e  ( I  t o  P )  d e c l i n e d  s im i la r l y  d u r i n g  f e r m e n t a t i o n .  
I t  is  l i k e ly  t h a t  m o ld  i n o c u l a  i n  k o j i s  c o n s i s t e d  a l m o s t  e n 
t i r e l y  o f  v e g e ta t i v e  c e l l s ,  s in c e  t h e  p r e s e n c e  o f  s p o r e s  w o u ld  
h a v e  c a u s e d  s u b s t a n t i a l  d a r k e n in g  i n  c o lo r .  S p o r e s  w o u ld  
a l s o  h a v e  b e e n  e x p e c t e d  t o  r e t a i n  v i a b i l i t y  f o r  p e r i o d s  
l o n g e r  t h a n  4 3  d a y s .  L o w - s a l t  s a m p le s  h a d  h ig h e r  m o ld  
p o p u l a t i o n s  a t  4  a n d  8  d a y s  o f  f e r m e n t a t i o n  c o m p a r e d  t o  
h ig h - s a l t  s a m p le s .  T h e  t y p e  o f  o i l s e e d  d id  n o t  a f f e c t  m o ld  
p o p u l a t i o n  o v e r  t h e  d u r a t i o n  o f  t h e  p e r i o d  o f  a n a ly s i s .

Y e a s t  p o p u l a t i o n
T h e  i n i t i a l  p o p u l a t i o n  o f  S . r o u x i i  w a s  l . O x  1 0 6 p e r  g  o f  

f o r m u l a .  P o t a t o  d e x t r o s e  a g a r  p l a t e s  u s e d  t o  e n u m e r a t e  
i n i t i a l  p o p u l a t i o n s  o f  S . r o u x i i  i n  s a m p le s  I  t o  P  w e r e  o v e r 
g r o w n  w i t h  A . o r y z a e ,  m a k in g  d e t e r m i n a t i o n  o f  i n i t i a l  
p o p u l a t i o n s  d i f f i c u l t .

Fig. 3—Total populations o f  R. oligo
sporus (A to H) and A . oryzae  ( / to P) 
in sixteen m iso formulae during 90  days 
o f  fermentation. See Table 1 fo r expla
nation o f  codes.
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T h e  p o p u l a t i o n  o f  S . r o u x i i  i n c r e a s e d  e a r l y  d u r i n g  t h e  
f e r m e n t a t i o n  p e r i o d ,  t h e n  g r a d u a l l y  d e c l i n e d  a s  f e r m e n 
t a t i o n  p r o g r e s s e d  ( F ig .  4 ) .  C o m p a r in g  t h e  t w o  m o ld  k o j i s ,  
t h e r e  w as . l i t t l e  d i f f e r e n c e  i n  y e a s t  p o p u l a t i o n s  d u r in g  t h e  
f i r s t  m o n t h  o f  f e r m e n t a t i o n .  T h e r e a f t e r ,  h o w e v e r ,  S .  r o u x i i  
d e c l i n e d  m o r e  r a p i d l y  i n  m i s o s  i n o c u l a t e d  w i t h  A .  o r y z a e  
k o j i .  W i th  t h e  e x c e p t i o n  o f  m is o  f o r m u l a e  A  a n d  I ,  a t  t h e  
e n d  o f  t h e  9 0 - d a y  f e r m e n t a t i o n ,  S .  r o u x i i  p o p u l a t i o n s  w e r e  
h ig h e r  i n  m is o s  c o n t a i n i n g  R .  o l i g o s p o r u s  k o j i  t h a n  in  
r e s p e c t i v e  m is o s  c o n t a i n i n g  A .  o r y z a e  k o j i .

S a l t  le v e l  a f f e c t e d  t h e  S .  r o u x i i  p o p u l a t i o n  s i g n i f i c a n t l y .  
W i th  e x c e p t i o n s  o f  f o r m u l a e  G /H  a n d  K / L ,  h ig h e r  c o u n t s  
w e r e  n o t e d  i n  m is o s  c o n t a i n i n g  6 %  N a C l  c o m p a r e d  t o  t h o s e  
c o n t a i n i n g  1 2 %  N a C l .  T h e  t y p e  o f  o i l s e e d  u s e d  i n  v a r i o u s  
b a t c h e s  o f  m is o s  d i d  n o t  a p p e a r  t o  h a v e  a  m a r k e d  a f f e c t  o n  
y e a s t  p o p u l a t i o n .

T h e  c o n t r i b u t i o n  o f  S .  r o u x i i  t o  m is o  f e r m e n t a t i o n  h a s  
b e e n  s t u d i e d .  M o c h iz u k i  e t  a l .  ( 1 9 7 2 )  m a d e  a  c o m p a r i s o n  
o f  t h e  c h r o m a t o g r a m s  o f  t y p i c a l l y  a r o m a t i c  a n d  n o n a r o 
m a t i c  m is o  s a m p le s ,  a n d  f o u n d  t h a t  / - b u t y l ,  w - b u ty l  a n d  
/ - a m y l  a l c o h o l s  w e r e  i m p o r t a n t  c o n s t i t u e n t s  o f  m is o  a r o m a .  
S a c c h a r o m y c e s  r o u x i i  c o n t r i b u t e d  t o  t h e  a c c u m u l a t i o n  o f  
t h e s e  a n d  o t h e r  a l c o h o l s .  A n  in c r e a s e  i n  t h e  e t h a n o l  c o n t e n t  
i n  m is o  f o l l o w e d  b y  i t s  r e a c t i o n  w i t h  h y d r o l y z e d  f r e e  f a t t y  
a c id s  t o  f o r m  t h e  e t h y l  e s t e r s  f u r t h e r  c o n t r i b u t e s  t o  m is o  
f l a v o r .

L a c t i c  a c id  b a c t e r i a  p o p u l a t i o n
T h e r e  w a s  n o  c o n s i s t e n t  t r e n d  in  a n y  o f  t h e  s i x t e e n  m is o  

f o r m u l a e  w i t h  r e g a r d  t o  p o p u l a t i o n s  o f  b a c t e r i a  i s o l a t e d  o n  
L B S  a g a r .  F o r  e x a m p l e ,  o n e  s a m p le  w o u ld  h a v e  a  z e r o  
c o u n t  i n  t h e  1 0 - 1  d i l u t i o n  o n  t h e  f i r s t  d a y  o f  f e r m e n t a t i o n ,  
t h e n  in c r e a s e  t o  o v e r  1 0 3 /g  o n  t h e  f o u r t h  d a y  a n d  d e c l i n e  
t o  1 0 2 o n  t h e  e i g h t h  d a y .  I n  s o m e  m is o s ,  z e r o  c o u n t s  ( 1 0  1 
d i l u t i o n )  w e r e  r e c o r d e d  t h r o u g h o u t  t h e  f e r m e n t a t i o n  p e 
r i o d .  T h e r e f o r e ,  s e l e c t e d  b i o c h e m i c a l  t e s t s  w e r e  r u n  t o  d e t e r 
m in e  i f  b a c t e r i a  r e s p o n s i b l e  f o r  f o r m i n g  c o lo n i e s  o n  L B S  
a g a r  w e r e  i n d e e d  l a c t o b a c i l l i .  M is o s  A , C , I a n d  K  w e r e  
e x a m i n e d .  T e n  c o lo n i e s  w e r e  p i c k e d  f r o m  e a c h  L B S  p l a t e  
w h i c h  h a d  b e e n  p r e p a r e d  f r o m  s a m p le s  c o l l e c t e d  a f t e r  0 ,  
4 ,  8 a n d  1 3  d a y s  o f  f e r m e n t a t i o n .  T h e  s h a p e ,  m o t i l i t y ,

c a t a l a s e  r e a c t i o n ,  G r a m  s t a i n  a n d  a b i l i t y  t o  f o r m  s p o r e s  
w e r e  d e t e r m i n e d .  R e s u l t s  s h o w e d  t h a t  n o n e  o f  t h e  b a c t e r i a  
e x a m i n e d  b e lo n g e d  t o  t h e  g e n u s  L a c t o b a c i l l u s .

A l t h o u g h  i t  is  n o t  c e r t a i n  a t  w h a t  p o i n t  l a c t i c  a c id  b a c 
t e r i a  a n d  y e a s t s  e n t e r  o i l s e e d  f e r m e n t a t i o n  s c h e m e s ,  t h e  
m o s t  l i k e ly  s e q u e n c e  o f  d o m i n a n t  m ic r o o r g a n i s m s  a p p e a r s  
t o  b e  f u n g i ,  t h e n  l a c t i c  a c id  b a c t e r i a  a n d  f i n a l l y  y e a s t s  
( Y o n g  a n d  W o o d ,  1 9 7 4 ) .  T h e s e  w o r k e r s  e v a lu a t e d  A .  o r y 
z a e  a n d  o n e  s t r a i n  e a c h  o f  L a c t o b a c i l l u s  d e l b r u e c k i i  a n d
S . r o u x i i  w i t h  r e g a r d  t o  t h e i r  s e q u e n t i a l  c o n t r i b u t i o n s  t o  
t h e  m a n u f a c t u r i n g  o f  g o o d  s o y  s a u c e .  T h e s e  m i c r o o r g a n 
is m s  ( k o j i  m o l d ,  l a c t i c  a c id  b a c t e r i a  a n d  y e a s t )  g a v e  a  
p r o d u c t  j u d g e d  e n t i r e l y  a c c e p t a b l e  b y  t h e m s e l v e s  a n d  b y  
c o l l e a g u e s  f r o m  H o n g  K o n g ,  M a la y s i a ,  K o r e a  a n d  T h a i l a n d .

I n  t h e  p r e s e n t  s t u d y ,  t h e  a b s e n c e  o f  L a c t o b a c i l l u s  
( p r o b a b l y  d u e  t o  p a s t e u r i z a t i o n  o f  s o y b e a n s  a n d  p e a n u t s )  
w o u ld  t e n d  t o  r e t a r d  t h e  r a t e  o f  p H  d e c l i n e  d u r in g  f e r m e n 
t a t i o n .  H o w e v e r ,  t h e  a c t i v i t i e s  o f  l a c t i c  a c id  b a c t e r i a  m a y  b e  
o f  s e c o n d a r y  i m p o r t a n c e  t o  t h o s e  o f  f u n g a l  e n z y m e s  a n d  
y e a s t s  i n  t h e  m a n u f a c t u r i n g  o f  m i s o .  Y o n g  a n d  W o o d
( 1 9 7 6 )  t e s t e d  f iv e  s o y  s a u c e  f o r m u l a e  t o  d e t e r m i n e  c o n t r i 
b u t i o n s  b y  v a r i o u s  g r o u p s  o f  m ic r o o r g a n i s m s .  F o r m u l a e  
c o n s i s t e d  o f :  ( 1 )  f u n g a l  m a s h  w i t h  n o  y e a s t s  a n d  n o  l a c t i c  
a c id  b a c t e r i a  a s  c o n t r o l ;  ( 2 )  f u n g a l  m a s h  p lu s  S . r o u x i i  a n d
L .  d e l b r u e c k i i ; ( 3 )  f u n g a l  m a s h  w i t h  y e a s t s  a l o n e ;  ( 4 )  f u n g a l  
m a s h  w i t h  l a c t i c  a c id  b a c t e r i a  a l o n e ;  a n d  ( 5 )  f u n g a l  m a s h  
w i t h  y e a s t  a n d  c h e m i c a l  l a c t i c  a c id  ( a d j u s t e d  t o  p H  4 .5 ) .  
T h e y  r e p o r t e d  t h a t  t h e  f o r m u l a  c o n t a i n i n g  S . r o u x i i  w i t h 
o u t  l a c t i c  a c id  b a c t e r i a  r e s u l t e d  i n  s o y  s a u c e  w i t h  g o o d  
s e n s o r y  c h a r a c t e r i s t i c s .

p H  V a lu e s
O r g a n i c  a c id s  ( 0 . 6 —1 .5 % )  s u c h  a s  l a c t i c ,  s u c c in i c ,  a c e t i c  

a n d  p h o s p h o r i c  a r e  p r e s e n t  i n  m is o  ( H e s s e l t i n e  a n d  W a n g , 
1 9 6 7 ) .  F o r  t h i s  r e a s o n ,  t h e  p H  v a lu e s  o f  f e r m e n t e d  p r o d 
u c t s  t e n d  t o  b e  l o w e r  t h a n  t h o s e  o f  r a w  m a t e r i a l s .  A l t h o u g h  
i n  t h e  p r e s e n t  s t u d y  L a c t o b a c i l l u s  w a s  n o t  d e t e c t e d  i n  
f e r m e n t s ,  t h e  p H  o f  a l l  f o r m u l a e  d e c r e a s e d  d u r i n g  t h e  9 0 -  
d a y  p e r i o d  o f  a n a ly s i s  ( F ig .  5 ) .  A c id s  c o n t r i b u t i n g  t o  l o w e r  
p H  u n d o u b t a b l y  c a m e  f r o m  a u t o l y s i s  o f  m i c r o b i a l  c e l ls .  
T h e  a c c u m u l a t i o n  o f  f r e e  f a t t y  a c id s ,  a m i n o  a c id s  a n d  p e p -
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Fig. 4 —Total population o f  S. roux ii 
in sixteen miso formulae during 90 days 
o f  fermentation. See Table 1 for expla
nation o f  codes.
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Fig. 5—The p H  values o f  sixteen miso 
formulae during 90 days o f  fermenta
tion. See Table 1 for explanation o f  
codes.
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t i d e s  c o n t a i n i n g  c a r b o x y l i c  s id e  c h a in s  a s  a  r e s u l t  o f  h y 
d r o ly s i s  o f  m is o  c o n s t i t u e n t s  c o u ld  a l s o  h a v e  c o n t r i b u t e d  t o  
i n c r e a s e d  h y d r o g e n  i o n  c o n c e n t r a t i o n s .  A ls o ,  o t h e r  b a c t e r i a  
c a p a b le  o f  p r o d u c i n g  l a c t i c  a c id  m a y  n o t  h a v e  b e e n  d e 
t e c t e d  o n  L B S  a g a r .  T h e  p r e s e n c e  o f  t h e s e  b a c t e r i a  in  
f o r m u l a e  m a y  h a v e  r e s u l t e d  i n  d e c r e a s e d  p H  v a lu e s .

T h e  p H  v a lu e s  in  l o w - s a l t  m is o s  d e c l i n e d  s o m e w h a t  
q u i c k e r  t h a n  t h o s e  in  h ig h - s a l t  m is o s .  T h i s  is  in  a g r e e m e n t  
w i t h  d a t a  r e p o r t e d  b y  O k a d a  e t  a l .  ( 1 9 7 5 ) .  T h e  p H  o f  p e a 
n u t  m is o s  a p p e a r e d  t o  d e c l i n e  q u i c k e r  t h a n  t h e  p H  o f  s o y 
b e a n  m is o s .  C o m p a r in g  t h e  t w o  t y p e s  o f  k o j i  m o l d s ,  e x c e p t  
f o r  f o r m u l a e  C  a n d  K , m is o s  c o n t a i n i n g  A .  o r y z a e  k o j i  h a d  
a  l a r g e r  m a g n i t u d e  o f  d e c l i n e  i n  p H  v a lu e s  f r o m  0 —9 0  
d a y s  t h a n  d id  m is o s  c o n t a i n i n g  R .  o l ig o s p o r u s .  H o w e v e r ,  
t h e  f i n a l  p H  o f  a l l  m is o s  r a n g e d  f r o m  4 . 7 1 —5 .1 5  a f t e r  9 0  
d a y s  o f  f e r m e n t a t i o n .  T h e  f i n a l  p H  c a n  b e  r e l a t e d  t o  t h e  
b u f f e r  c a p a c i t y  o f  f e r m e n t e d  m is o  ( E b i n e ,  1 9 7 1 ) .  R e s u l t s  
f r o m  t h e  p r e s e n t  s t u d y  a r e  s im i la r  t o  t h o s e  r e p o r t e d  b y  
S h i b a s a k i  a n d  H e s s e l t i n e  ( 1 9 6 2 ) .  T h e y  o b s e r v e d  t h a t  t h e  
p H  o f  f e r m e n t e d  a n d  a g e d  m is o  r a n g e d  f r o m  5 . 1 —5 .3 .

I n  s u m m a r y ,  c o n s i d e r in g  t h e  m ic r o b i o l o g i c a l  p r o f i l e s  o f  
m is o s ,  i t  a p p e a r s  t h a t  R .  o l i g o s p o r u s  w o u ld  b e  a n  a c c e p t 
a b le  a l t e r n a t i v e  t o  A .  o r y z a e  a s  a  k o j i  m o ld .  T h e  t y p e  o f  
o i l s e e d  h a d  n o  a p p a r e n t  e f f e c t  o n  p r o f i l e s ;  h o w e v e r ,  t h e  
h ig h e s t  le v e l  o f  N a C l  e v a lu a t e d  ( 1 2 % )  r e t a r d e d  t h e  g r o w t h  
o f  S . r o u x i i .  D a t a  f r o m  a n a ly s e s  o f  c h e m i c a l  a n d  p h y s i c a l  
c h a n g e s  o c c u r r i n g  i n  f e r m e n t e d  s o y b e a n  a n d  p e a n u t  p a s t e s  
a r e  p r e s e n t e d  i n  a  s e p a r a t e  r e p o r t  ( S h i e h  e t  a l . ,  1 9 8 2 ) .  R e 
s u l t s  i n d i c a t e  t h a t  a  g o o d  q u a l i t y  l o w - s a l t  m is o  c a n  b e  p r e 
p a r e d  w i t h  R .  o l i g o s p o r u s  a s  a  k o j i  m o ld  a n d  p e a n u t s  a s  t h e  
o i l s e e d  i n g r e d i e n t .
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---------------------------- ABSTRACT-----------------------------
Studies were made to determine and compare physical and chemical 
changes occurring during 90 days of fermentation of miso-like prod
ucts containing peanuts and soybeans as well as a combination of 
these oilseeds. Two koji molds (A s p e r g i l lu s  o r y z a e  and R h i z o p u s  
o l ig o s p o r u s ) and two levels of NaCl (6 and 12%) were evaluated. 
The L color values decreased more rapidly in misos containing
A .  o r y z a e  koji compared to misos containing R . o l ig o s p o r u s  koji 
and changes occurred earlier in low-salt formulae than in high-salt 
formulae. The type of mold koji had no apparent effect on changes 
in viscosity. The free fatty acid content of misos increased drama
tically during the first 4 days of fermentation. Misos containing
A .  o r y z a e  koji had higher soluble nitrogen and free amino acid 
content in the final product than did those containing R . o l ig o s p o r u s  
kojis. Peanut miso products had higher soluble nitrogen contents 
than did respective soybean products; however, the type of oilseed 
had little effect on accumulation of free amino acids.

INTRODUCTION
THE DELIBERATE MODIFICATION of grains and oil
seeds via fermentation with fungi and bacteria has been 
practiced for many centuries. Descriptions of traditional 
fermented foods can be found in reviews by Hesseltine 
(1965) and Beuchat (1978). A fermented soybean or soy- 
bean/rice paste known as miso is commonly used in parts 
of the Orient as a flavoring agent in otherwise bland vege
table diets. Miso as well as soy sauce fermentation involve 
the use of A s p e r g i l l u s  o r y z a e  to prepare a koji (source of 
enzymes), lactic acid bacteria and yeasts, namely S a c c h a r o 
m y c e s  r o u x i i .  R h i z o p u s  o l i g o s p o r u s  is used to ferment whole soybeans to produce tempeh (tempe) and sometimes 
as a mold to ferment peanut presscake to produce oncom 
(Beuchat, 1976).The chemical composition and nutritional value of 
fermented soybean and peanut products have been studied by several researchers. Soluble nitrogen and free amino acid 
contents change significantly during fermentation (Stein- 
kraus et al., 1961; Murata et al., 1967; Mochizuki et al., 1972; Hesseltine, 1965; Hesseltine and Wang, 1967; Beuchat et al., 1975). Free fatty acid levels increase (Wagen- 
knecht et al., 1961; Beuchat and Worthington, 1974) and changes in levels of carbohydrates occur (Shallenberger 
et al., 1966; Worthington and Beuchat, 1974). Reports 
detailing physical and chemical changes occurring during 
fermentation of miso prepared from R .  o l i g o s p o r u s  koji and from peanuts instead of soybeans are lacking. Experi
ments were therefore designed to evaluate the feasibility of using peanuts in place of soybeans and A .  o r y z a e  in place of
R .  o l i g o s p o r u s  for preparing modified miso products. Since 
high levels of NaCl (as high as 14%) in traditional misos 
may be detrimental to persons suffering from hypertension, 
two concentrations of NaCl (6 and 12%) in miso formulae were tested. Reported here are the results of analyses of 
physical and chemical changes occurring in sixteen miso

Authors Shieh, Beuchat, Worthington, and Ph illips are with the 
Dept, o f  Food Science, Univ. o f  Georgia Agricu ltura l Experiment 
Station, Experiment, GA  30212.

formulae during a 90-day fermentation period. While it is 
recognized that traditional miso consists of soybeans, cer
eals and salt fermented with selected strains of A .  o r y z a e ,  the term “miso” will be used in the following text to de
scribe fermented peanut and/or soybean products contain
ing either A. o r y z a e  or R .  o l i g o s p o r u s  kojis.

EXPERIMENTAL
Procedures for fermentation

Detailed procedures for preparation of ingredients and condi
tions for fermentation are outlined in a companion report (Shieh 
and Beuchat, 1982). Briefly summarized, rice kojis were prepared 
using two molds, A .  o r y z a e  and R . o l ig o s p o r u s . Soybeans (Bragg 
79) which h’d been soaked in water at room temperature for 18 
h were steamed for 60 min, cooled and then reduced to a paste by 
grinding. Skins were removed from peanuts (Florunner) before soak
ing in water, steaming and grinding.Sixteen formulae containing various ratios of soybean and 
peanut paste were evaluated (Table 1). The ratio of koji:oilseed 
paste was 1:2 (w/w) in all test formulae. Moisture was adjusted to 
50% and a cellular suspension of S. r o u x i i  was added to all formulae. 
Two levels of NaCl (6 and 12%) were examined. Samples were 
sealed in plastic bags and incubated at 25°C for various periods 
ranging to 90 days. Gas release, mixing and subjective and objective 
measurements of aroma, texture and color were made during the 
course of fermentation.
Physical analyses

Samples of miso were mixed with water (2:1 ratio, miso:water, 
wt/vol) before analyzing for color, viscosity, and soluble solids con
tent.

Color measurement. Indices of color (L, a  and b  values) were 
determined using a Gardner Color Difference Meter (Hunter La
boratories, Inc., Reston, VA). For all samples, the same position

Table 1~ S im plified listing o f  composition o f  m iso

Koji
mold

Ratio of 
soybean:peanut 

in paste

Sodium
chloride

(%)

Miso
formula3

code

R. oligosporus 1:0 6 A
1:0 12 B

0:1 6 C
0:1 12 D

2:1 6 E
2:1 12 F

1:2 6 G
1:2 12 H

A . oryzae 1:0 6 I
1:0 12 J

0:1 6 K
0:1 12 L

2:1 6 M
2:1 12 N

1:2 6 O
1:2 12 P

a AH formulae contained a ratio of koji:¡oilseed paste of 1:2 (w/w)
and 50% water.
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of placemnt of the container on the instrument and depth of sample 
in container were used in order to keep experimental errors at a 
minimum.

Viscosity measurement. Samples (25g) were deposited on a clear 
pane of glass which had been placed over a template consisting of 
concentric circles, 0.2 cm apart. The diameter of samples after 3 
min at 22° C was recorded.

Soluble solids measurement. A refractometer (Bausch and Lomb 
Optical Co., Rocheter, NY) was used to monitor changes in soluble 
solids content of misos during fermentation. The percentage of sol
uble solids was read directly from the refractometer after depositing 
a few drops of sample filtrate on the prism at room temperature.
Chemical analyses

All samples of miso were freeze-dried and pulverized before 
the following chemical analyses were conducted.

Total lipid content. The total lipid content of 6g of sample was 
determined in duplicate by extracting for 24 h with Skelly F (petro
leum ether, b.p; 30-60°C) using a Goldfish Extractor (Laboratory 
Construction Co., Kansas City, MO). Solvent was removed by eva
poration in a vacuum oven at 50°C.

Profile of fatty acids. Fatty acid methyl esters were prepared in 
Carius combustion tubes by combining one drop of ether extract of 
samples with 5 ml of a 3:1 mixture of methanol-benzene containing 
3% H2SO4 (Worthington et aL, 1972). The tubes were immersed in 
a 90°C water bath and shaken at approximately 20-30 min inter
vals over a 1.5-hr period. After cooling, phase separation was ef
fected by the addition of 1 ml of redistilled Skelly B (n-hexane, b.p. 
60-68°C) and 2 ml of distilled water. The organic phase was 
removed and filtered through anhydrous sodium sulfate to remove 
traces of water. The aqueous phase was re-extracted twice with 2 
ml of redistilled Skelly B and the ether extracts were likewise fil
tered and combined with the first extract. Solvent was removed by 
a stream of nitrogen and the methyl esters were then stored in a 
refrigerator under nitrogen.

Methyl esters of fatty acids were analyzed on a Micro-Tek 220 
gas chromatograph equipped with dual flame ionization detectors 
(Tractor Inc., Austin, TX) and a CRS-100 integrator (Infotronics 
Corp., Houston, TX) which reports the data as relative proportions 
(percent) of total fatty acids. A glass column, 180 cm x 0.4 cm i.d., 
was packed with 105 Silar 5-CP on 80/100 mesh Chromsorb W 
(Acid washed and treated with dimethyl dichlorosilane). Detector 
and injection part temperatures were maintained at 306°C and 
275°C, respectively. Chromatographic separation of fatty acid esters 
in samples (0.1 pi) was carried out at an isothermal temperature of 
245° C with a helium flow rate of 100 ml/min.Free fatty acids. Ether extracts (0.5g) of samples were dissolved 
in 15 ml of methylene chloride and 15 ml of neutralized 95% ethyl 
alcohol containing 0.01% phenolphthalein. The mixture was titrated 
with standardized ethanolic NaOH to determine the concentration 
of free fatty acids (modified from AOCS, Official Method, 1970). 
The percentage of free fatty acids calculated as linoleic acid in soy
bean and oleic acid in peanut were then determined for each sample.

Soluble nitrogen. Samples (2 g/100 ml distilled water) were 
adjusted to pH values ranging from 2-11 in one-unit increments by 
adding small amounts of HC1 or NaOH. Suspensions were agitated 
during a 45-min period at 25° C and then centrifuged at 22,000 xg  
for 10 min at room temperature using a modification of the proce
dure reported by Quinn and Beuchat (1975). The supernant was 
filtered through Whatman No. 2 paper and the nitrogen in known 
volumes of filtrate was determined using the macro-Kjeldahl pro
cedure (AOAC, 1970).

Free amino acids. An internal standard (0.5 ml of DL-norleu- 
cine) was added to tared samples. The samples were then com
bined with 25 ml of 3% sulfosalicylic acid and agitated for 1 hr on a 
rotary shaker (Eberbach Co., Ann Arbor, MI). Suspensions were 
centrifuged at 12,000 x g for 10 min (4°C); the supernant was then 
adjusted to pH 2.2, passed through a Millipore membrane filter 
(0.2 pm exclusion) and analyzed for amino acid content.

A Durrum D-500 amino acid analyzer (Dionex CO., Sunnyvale, 
CA) equipped with a column (50 cm X 0.175 icm i.d.) packed with 
DC-4A (8p ± 1) ion exchanger resin was used to identify and quan
titate amino acids in miso samples. The injection volume as 20pl. 
The analytical procedure was that recommended by the instrument 
manufacturer for protein hydrolyzates. Three buffers (A: pH 3.28, 
0.2N Na+; B: pH 4.25, 0.2N N+; C: pH 7.90, 1.10N Na+) and two 
column temperatures were employed. Aspartic acid, threonine, 
serine, glutamic acid, proline, glycine, alanine, cystine, and valine

were eluted by buffer A at 50.6°C; methionine, isoleucine, leucine, 
tyrosine and phenylalanine were eluted by buffer B at 64.0° C; 
and histidine, lysine, NH4 and arginine were eluted by buffer C at 
64.0°C. Total analysis time including column regeneration was 100 min per sample. Elutates were monitored at 590 mp to determine 
concentrations of all amino acids except proline, which was moni
tored at 440 mp. Results were determined by the instrument (dedi
cated PDP8m computer) as nmols of amino acid per injected sam
ple. Further data manipulation yielded results of g amino acid per 
100 g of dry sample.Reducing sugars. The pH 5.0 filtrate prepared for soluble nitro
gen measurement was also used for reducing sugar analysis. Dextrose 
(National Bureau of Standards) solution (100 pg/ml) was used as a 
standard for plotting the standard curve. The Nelson test (Clark,
1964) was used to quantitate the reducing sugar content of miso 
samples. A Spectronic 20 photometer (Bausch and Lomb Co., 
Rochester, NY) was used to determine the concentration of reduc
ing sugars in miso extracts.

RESULTS & DISCUSSION
P h y s ic a l  p r o p e r t i e s

C o l o r .  T h e  c o l o r  o f  m is o  is  e x p r e s s e d  a s  L ,  a  a n d  b  v a lu e s  
( H u n t e r  s y s t e m ) .  T h e  L  v a lu e s  o f  m is o s  c h a n g e d  s ig n i f i 
c a n t l y  d u r in g  t h e  9 0 - d a y  f e r m e n t a t i o n  p e r i o d  ( F ig .  1 ) . 
P o s i t iv e  L  v a lu e s  s ig n i f y  t h a t  c o lo r  is  a p p r o a c h i n g  w h i t e ,  
w h e r e a s  n e g a t i v e  L  v a lu e s  i n d i c a t e  t h a t  t h e  c o l o r  is  a p 
p r o a c h i n g  b l a c k .  A l l  s i x t e e n  m is o  f o r m u l a e  b e c a m e  d a r k e r  
in  c o l o r  a s  t h e  f e r m e n t a t i o n  p r o g r e s s e d .  T h e  u n f e r m e n t e d  
p e a n u t  p a s t e  i n i t i a l l y  h a d  a  l i g h t e r  c o lo r  t h a n  d id  t h e  s o y 
b e a n  p a s t e .  F o r  e x a m p l e ,  t h e  L  v a lu e  o f  m is o  f o r m u l a  C  
( n o  s o y b e a n s )  w a s  h ig h e r  t h a n  t h a t  o f  f o r m u l a  A  ( n o  
p e a n u t s ) .  T h e  u n f e r m e n t e d  p a s t e s  c o n t a i n i n g  A .  o r y z a e  
k o j i  w e r e  m u c h  d a r k e r  t h a n  c o r r e s p o n d i n g  p a s t e s  c o n t a i n 
in g  R .  o l i g o s p o r u s .  F o r  e x a m p l e ,  t h e  L  v a lu e  o f  f o r m u l a  I 
w a s  l o w e r  t h a n  t h a t  o f  f o r m u l a  A . T h i s  w a s  d u e  in  p a r t  t o  
s l ig h t  d i f f e r e n c e s  i n  t h e  c o l o r  o f  m y c e l i a  i n  t h e  k o j i s .  T h e  
c o l o r  o f  k o j i  p r e p a r e d  w i t h  A .  o r y z a e  w a s  s l i g h t l y  g r e e n i s h -  
y e l l o w  w h e r e a s  R .  o l i g o s p o r u s  p r o d u c e d  a  p u r e  w h i t e  k o j i .

A  c o m p a r i s o n  o f  m is o s  p r e p a r e d  w i t h  t h e  t w o  t y p e s  o f  
k o j i  f u n g i  s h o w s  t h a t  L  v a lu e s  o f  f o r m u l a e  c o n t a i n i n g  A .  
o r y z a e  d e c r e a s e d  b y  a  l a r g e r  m a g n i t u d e  t h a n  d id  v a lu e s  in  
r e s p e c t i v e  f o r m u l a e  c o n t a i n i n g  R .  o l i g o s p o r o u s  k o j i ,  i . e . ,  
t h e  a r i t h m e t i c  d i f f e r e n c e s  i n  L  v a lu e s  b e t w e e n  0  d a y  a n d  9 0  
d a y s  i n  A .  o r y z a e  m is o s  ( I  t o  P )  w e r e  l a r g e r  t h a n  t h o s e  in
R .  o l i g o s p o r u s  m is o s  ( A  t o  H ) .  L  v a lu e s  o f  l o w  s a l t  m is o  
f o r m u l a e  m a y  h a v e  d e c r e a s e d  m o r e  q u i c k l y  t h a n  d id  L  
v a lu e s  o f  h ig h - s a l t  p r o d u c t s .  T h i s  i s  c o n s i s t e n t  w i t h  a  r e p o r t  
b y  O k a d a  e t  a l .  ( 1 9 7 5 )  t h a t  c h a n g e s  i n  m is o  c o l o r  c o r r e s 
p o n d  in  p a r t  t o  s a l t  c o n c e n t r a t i o n .  T h e  m a g n i t u d e  o f  
c h a n g e  i n  L  v a lu e s  o v e r  t h e  9 0 - d a y  f e r m e n t a t i o n  p e r i o d  d id  
n o t  a p p e a r  t o  b e  i n f l u e n c e d  b y  t h e  t y p e  o f  o i l s e e d  i n  t h e  
f o r m u l a e .

A  p o s i t i v e  a  v a lu e  s ig n i f ie s  r e d  w h e r e a s  a  n e g a t i v e  a  v a lu e  
s ig n i f ie s  g r e e n ;  p o s i t i v e  b  v a lu e s  s ig n i f y  y e l l o w  a n d  n e g a t i v e  
b  v a lu e s  s ig n i f y  b l u e .  C h a n g e s  i n  a  a n d  b  v a lu e s  i n  m is o  
f o r m u l a e  w e r e  n o t  s i g n i f i c a n t  o v e r  t h e  9 0 - d a y  f e r m e n t a t i o n  
p e r i o d .  T h e  v a r i a t i o n  i n  a  v a lu e s  b e t w e e n  i n i t i a l  a n d  f i n a l  
d a y s  o f  f e r m e n t a t i o n  w a s  le s s  t h a n  4 .6  i n  a n y  s a m p le .  
L ik e w is e ,  t h e  b  v a lu e s  o f  f o r m u l a e  c h a n g e d  o n l y  s l ig h t ly  
t h r o u g h o u t  t h e  9 0 - d a y  f e r m e n t a t i o n  p e r i o d .

V i s c o s i t y .  A s  f e r m e n t a t i o n  p r o g r e s s e d ,  t h e  v i s c o s i t y  o f  
t h e  m is o  f o r m u l a e  d e c r e a s e d  ( T a b l e  2 ) .  I n  g e n e r a l ,  m is o s  
b e c a m e  m o r e  l i q u id  i n  c h a r a c t e r ,  e s p e c i a l l y  d u r i n g  t h e  f i r s t  
1 3  d a y s  o f  f e r m e n t a t i o n .  T h e  v i s c o s i t i e s  o f  m is o s  f l u c t u a t e d  
s o m e w h a t  b e t w e e n  2 8  a n d  9 0  d a y s  o f  f e r m e n t a t i o n .  W i th  
t h e  e x c e p t i o n  o f  f o r m u l a e  C  a n d  K  ( p e a n u t ,  l o w  s a l t ) ,  t h e  
v i s c o s i t i e s  o f  a l l  m is o s  d e c r e a s e d  a t  9 0  d a y s .  T h i s  c a n  b e  
a t t r i b u t e d  t o  h y d r o l y s i s  o f  o i l s e e d  c o n s t i t u e n t s  i n t o  s m a l l e r  
m o l e c u l a r  w e i g h t  m a t e r i a l s  w h i c h  w o u ld  i n  t u r n  i n f l u e n c e  
f l o w  p r o p e r t i e s .  M is o s  C  a n d  K  c o n t a i n e d  h i g h e r  le v e ls  o f  
l i p id  t h a n  d id  t h e  o t h e r  f o u r t e e n  m is o s .  C o n v e r s e l y ,  m is o s
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C  a n d  K  c o n t a i n e d  a  l o w e r  p e r c e n t a g e  o f  c a r b o h y d r a t e  a n d  
p r o t e i n  c o m p a r e d  t o  o t h e r  m is o s .  A f t e r  a  p e r i o d  o f  f e r m e n 
t a t i o n ,  la r g e r  a m o u n t s  o f  f r e e  f a t t y  a c id s  i n  m is o s  C  a n d  K  
m a y  h a v e  a c t e d  t o  e m u l s i f y  t h e s e  s y s t e m s  a n d  t h u s  i n f l u 
e n c e d  c h a n g e s  i n  v i s c o s i t y .

I n i t i a l l y ,  p e a n u t  p a s t e s  h a d  l o w e r  v i s c o s i t i e s  t h a n  d id  
s o y b e a n  p a s t e s .  T h i s  m a y  h a v e  b e e n  d u e  t o  t h e  h ig h e r  l i p i d  
c o n t e n t  i n  p e a n u t  p a s t e s  a n d  a l s o  t o  d i f f e r e n c e s  i n  f l o w  
p r o p e r t i e s  o f  p e a n u t  a n d  s o y b e a n  l i p i d s  a t  r o o m  t e m p e r a 
t u r e .  N o  s ig n i f i c a n t  d i f f e r e n c e s  w e r e  n o t e d  i n  v i s c o s i t i e s  
o v e r  t h e  9 0 - d a y  f e r m e n t a t i o n  p e r i o d  t h a t  c o u ld  b e  a t t r i b 
u t e d  t o  t h e  t y p e  o f  k o j i  o r  l e v e l  o f  s a l t .

S o l u b l e  s o l i d s .  T h e  c o n s t i t u e n t s  i n  m is o  w e r e  b r o k e n  
d o w n  i n t o  s m a l l e r  u n i t s  d u r in g  t h e  c o u r s e  o f  f e r m e n t a t i o n ,  
c a u s in g  t h e  s o lu b l e  s o l i d s  c o n t e n t  t o  i n c r e a s e  ( F ig .  2 ) .  T h i s  
o b s e r v a t i o n  is  c o n s i s t e n t  w i t h  t h a t  o f  V a n  B u r e n  e t  a l .
( 1 9 7 2 )  w h o  r e p o r t e d  t h a t  t h e  p r o p o r t i o n  o f  w a t e r - s o lu b l e  
s o l i d s  r e a c h e d  a b o u t  h a l f  t h a t  o f  t h e  t o t a l  s o l i d s  a t  t h e  e n d  
o f  t e m p e h  f e r m e n t a t i o n .

I n  t h e  u n f e r m e n t e d  f o r m u l a e ,  s o y b e a n  p a s t e  c o n t a i n e d  a  
h i g h e r  p e r c e n t a g e  o f  s o lu b l e  s o l i d s  t h a n  d id  p e a n u t  p a s t e ,  
a n d  h ig h - s a l t  p a s t e s  s h o w e d  a  s l i g h t l y  h i g h e r  p e r c e n t a g e  o f  
s o lu b l e  s o l i d s  t h a n  d id  lo w - s a l t  p a s t e s .  D i f f e r e n t  o i l  s e e d  
i n g r e d i e n t s  ( s o y b e a n  o r  p e a n u t )  a n d  s a l t  le v e ls  d id  n o t  
i n f l u e n c e  t h e  m a g n i t u d e  o f  c h a n g e  i n  s o lu b l e  s o l i d s  c o n t e n t  
o v e r  t h e  9 0 - d a y  p e r i o d  o f  f e r m e n t a t i o n .  H o w e v e r ,  m is o s  
c o n t a i n i n g  R .  o l i g o s p o r u s  k o j i s  a p p e a r e d  t o  h a v e  a  m o r e  
r a p i d  i n c r e a s e  i n  s o l u b l e  s o l i d s  c o n t e n t  c o m p a r e d  t o  r e s p e c 
t i v e  f o r m u l a e  c o n t a i n i n g  A . o r y z a e  k o j i .

C h e m ic a l  p r o p e r t i e s
T o t a l  l i p i d  c o n t e n t .  A c c o r d i n g  t o  s e v e r a l  r e p o r t s ,  c h a n g e s  

i n  t o t a l  l i p i d  c o n t e n t  o f  f e r m e n t e d  o i l s e e d s  a r e  m i n o r  
( H e s s e l t i n e ,  1 9 6 5 ;  W a g e n k n e c h t  e t  a l . ,  1 9 6 1 ;  Y o s h i d a  a n d  
K a j i m o t o ,  1 9 7 2 ) .  T a b l e  3  l i s t s  t h e  t o t a l  l i p i d  c o n t e n t s  o f  
m is o s  a f t e r  v a r i o u s  p e r i o d s  o f  f e r m e n t a t i o n  u p  t o  9 0  d a y s .

T h e  p e r c e n t a g e  o f  e t h e r - e x t r a c t a b l e  m a t e r i a l s  i n c r e a s e d  a s  
f e r m e n t a t i o n  p r o g r e s s e d ;  h o w e v e r ,  t h e s e  i n c r e a s e s  w e r e  
p r o b a b l y  d u e  t o  d e c r e a s e s  i n  n o n l i p i d  m a t e r i a l s  r a t h e r  t h a n  
t o  a n  a c t u a l  in c r e a s e  i n  l i p i d  d u r i n g  f e r m e n t a t i o n .  T h e  
a m o u n t  o f  e t h e r - e x t r a c t a b l e  m a t e r i a l  a p p e a r e d  t o  i n c r e a s e  
m o r e  r a p i d l y  i n  m is o s  c o n t a i n i n g  R .  o l i g o s p o r u s  k o j i s  c o m 
p a r e d  t o  r e s p e c t i v e  m is o  f o r m u l a e  c o n t a i n i n g  A .  o r y z a e  
k o j i s .  — C o n t i n u e d  o n  n e x t  p a g e

Table 2 —Viscosity o f  miso.

Diameter (cm) of samples3 after various periods 
Miso (days) of fermentation

formula
code 0 4 8 13 28 43 63 90

A 6.2 6.6 6.8 7.0 7.2 7.0 7.3 7.3
B 7.4 8.2 8.6 9.0 8.8 9.2 8.8 9.2
C 11.4 12.2 11.8 11.8 11.6 11.8 11.8 11.4
D 12.8 13.8 14.0 14.2 13.6 12.8 13.4 13.2
E 8.2 9.2 9.0 9.4 9.4 8.8 8.8 11.0
F 9.4 10.0 10.8 11.2 11.2 11.4 10.8 10.8
G 8.8 9.8 11.2 10.8 10.8 10.6 10.2 10.6
H 11.6 12.0 12.4 12.6 12.6 11.8 11.8 12.0
I 6.2 6.6 7.2 7.4 7.0 7.4 7.2 7.6
J 7.2 7.8 8.2 8.6 8.2 8.4 8.4 8.4

K 11.2 10.8 10.8 11.2 10.8 11.4 11.0 10.4
L 12.6 12.8 12.6 12.8 12.8 12.6 13.4 13.6
M 7.6 7.8 8.6 8.8 8.8 9.0 8.8 8.4
N 8.6 9.4 9.6 10.2 10.2 9.8 10.0 10.2
O 8.8 9.6 10.0 10.4 10.2 10.4 10.6 9.8
P 11.0 11.0 11.6 12.0 11.8 11.8 11.2 11.4

3 S a m p le s  co n s isted  o f  25g o f  a m ix tu re  o f  fe rm e n te d  p ro d u c te d : 
w a te r ( 2 :1 ,  w / v ) . S a m p le s  w e re  d ep o sited  o n  a f la t  su r fa c e  at ro o m  
te m p e ra tu re  and d ia m e te rs  w e re  reco rd ed  a f te r  3 m in .
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Fig. 1—Co lo r (L values) o f  
sixteen miso formulae dur
ing 90 days o f  fermenta
tion. See Table 1 fo r expla
nation o f  codes.
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P H Y S IC A L  AN D  C H EM IC A L C H A N G ES IN  M ISO  .  . .

M is o  f o r m u l a e  c o n t a i n i n g  p e a n u t s  h a d  h ig h e r  le v e ls  o f  
l i p i d  t h a n  d id  r e s p e c t i v e  f o r m u l a e  c o n t a i n i n g  s o y b e a n s .  
T h e  h ig h - s a l t  m i s o s  h a d  l o w e r  l ip id  c o n t e n t  t h a n  t h e  lo w -  
s a l t  m is o s  d u e  t o  t h e  f a c t  t h a t  p a r t  o f  t h e  s o y b e a n  ( p e a n u t )  
c o m p o n e n t  i n  h ig h - s a l t  m is o s  w a s  s u b s t i t u t e d  b y  s o d iu m  
c h l o r i d e .

F a t t y  a c id  p r o f i l e s .  S h a w  ( 1 9 6 6 )  r e p o r t e d  t h a t  t h e  m a j o r  
f a t t y  a c id s  i n  l i p id  o f  R h i z o p u s  m y c e l i u m  a r e  o l e i c ,  l i n o l e i c ,  
l i n o l e n i c ,  s t e a r i c  a n d  p a l m i t i c ,  w h e r e a s  t h e  m a j o r  f a t t y  
a c id s  i n  m y c e l i a l  l i p id  o f  A s p e r g i l l u s  a r e  o l e i c ,  l i n o l e i c ,  
p a l m i t i c  a n d  s t e a r i c .  T h e  r e l a t i v e  p e r c e n t a g e  o f  t h e s e  f a t t y

Table 3—L ip id  content o f  miso.

L ip id  co n te n t (%, w /w ) a fte r various periods 
Miso (days) o f fe rm en ta tion

fo rm u la  ---------------------------------------------------------------------------------
code 0 4 8 28 90

A 11.83 12.94 13.16 12.81 13.35
B 10.13 10.50 11.23 11.90 11 .2 1
C 35.63 37.50 40 .30 43.10 42 .04
D 31.50 33.29 35.57 37.82 37.79

E 21.71 23.11 24.89 25.76 25.86
F 18.76 19.67 20.91 22.15 2 2 .0 2
G 28.75 30.85 32.65 35.01 34.49
H 25.67 27.17 29.00 30.73 31.04

I 11.81 12.54 13.93 15.33 11.94
J 10.35 10.32 11.35 11.81 10.25

K 35.49 35.78 38.42 34.75 33.66
L 31.55 32.62 36.63 37.51 32.66

M 21.39 22.32 23.55 26.02 22.39
N 18.33 19.18 20.56 21.84 19.62

O 28.84 28.60 31.96 33.76 29.69
P 25.68 25.81 27.83 30.76 28.47

a c id s  c o u ld  c o n t r i b u t e  t o  t h e  f a t t y  a c id  p r o f i l e s  o f  m is o s .  
H o w e v e r ,  b e c a u s e  o f  t h e  la r g e  q u a n t i t i e s  o f  l i p id  in  s o y 
b e a n s  o r  p e a n u t s ,  t h e  f a t t y  a c id  p r o f i l e s  o f  t h e s e  m a j o r  
i n g r e d i e n t s  w o u ld  b e  e x p e c t e d  t o  m o s t  s i g n i f i c a n t l y  i n f l u 
e n c e  t h e  f a t t y  a c id  c o m p o s i t i o n  o f  m is o s .  L i s t e d  i n  T a b l e  4  
a r e  t h e  p e r c e n t a g e s  o f  f a t t y  a c id s  in  m is o s  c o n t a i n i n g  o n l y  
s o y b e a n s  ( A ,  B , I ,  J )  a n d  p e a n u t s  ( C ,  D , K , L ) .  S o y b e a n  
m is o s  c o n t a i n e d  t h e  la r g e s t  a m o u n t  o f  l i n o l e i c  a c id  ( 1 8 : 2 )  
w h e r e a s  p e a n u t  m is o s  c o n t a i n e d  o l e i c  a c id  ( 1 8 : 1 )  a s  t h e  
m a j o r  f a t t y  a c id .

T h e  c o m p o s i t e  t o t a l  a m o u n t  (%  o f  t o t a l  f a t t y  a c id s )  o f  
m a j o r  f a t t y  a c id s  ( 1 8 : 1  a n d  1 8 : 2 )  i n  m is o s  c o n t a i n i n g  R .  
o l i g o s p o r u s  k o j i  d e c r e a s e d  s l ig h t ly  d u r in g  t h e  f i r s t  4  d a y s  
o f  t h e  9 0 - d a y  f e r m e n t a t i o n  p e r i o d .  T h e  r e l a t i v e  p e r c e n t a g e s  
o f  o t h e r  f a t t y  a c id s  i n c r e a s e d .  C h a n g e s  in  p e r c e n t a g e s  o f  
f a t t y  a c id s  m a y  h a v e  b e e n  d u e  t o  p r e f e r e n t i a l  u t i l i z a t i o n  o f  
l i n o l e i c  a n d  o le i c  a c id s  b y  m ic r o o r g a n i s m s  a n d / o r  p r o d u c 
t i o n  o f  o t h e r  f a t t y  a c id s  in  R h i z o p u s  m y c e l i u m .  C h a n g e s  
i n  p e r c e n t a g e s  o f  f a t t y  a c id s  i n  m is o s  c o n t a i n i n g  A .  o r y z a e  
w e r e  le s s  t h a n  t h o s e  o b s e r v e d  i n  m is o s  c o n t a i n i n g  R .  o l i g o 
s p o r u s  k o j i .  C h a n g e s  in  f a t t y  a c id  c o n t e n t  o f  m is o  l i p i d s  
w e r e  n o t  a f f e c t e d  b y  s a l t  c o n c e n t r a t i o n .

F r e e  f a t t y  a c id  c o n t e n t .  T h e  c o n c e n t r a t i o n  o f  t i t r a t a b l e  
f r e e  f a t t y  a c id  in c r e a s e d  d u r in g  t h e  f e r m e n t a t i o n  o f  m is o  
f o r m u l a e  A ,  B , C , D ,  I ,  J ,  K  a n d  L  ( F ig .  3 ) .  T h e  f r e e  f a t t y  
a c id  c o n t e n t s  in  u n f e r m e n t e d  f o r m u l a e  w e r e  r e l a t iv e l y  
h ig h .  H o w e v e r ,  t h e s e  le v e ls  w e r e  o b s e r v e d ,  i n  p a r t ,  p r o b a b l y  
b e c a u s e  o f  t h e  a c t i o n  o f  l i p a s e  f r o m  t h e  k o j i  d u r in g  t h e  1 
t o  2  h  p e r i o d  b e t w e e n  m ix in g  t h e  i n g r e d i e n t s  a n d  f r e e z in g  
s a m p le s  f o r  e v e n t u a l  l i p id  a n a ly s e s .  A  d r a m a t i c  i n c r e a s e  
i n  f r e e  f a t t y  a c id  c o n t e n t  w a s  n o t e d  i n  a l l  m is o s  d u r in g  
t h e  f i r s t  4  d a y s  o f  f e r m e n t a t i o n ,  i n d i c a t i n g  s t r o n g  l i p a s e  
a c t i v i t y  i n  t h e  k o j i s .  A f t e r  4  o r  8  d a y s  o f  f e r m e n t a t i o n ,  
d e c r e a s e s  i n  f r e e  f a t t y  a c id  c o n t e n t  w e r e  c l e a r ly  e v id e n t  i n  
a l l  s o y b e a n  m is o s  ( A ,  B , I ,  J )  a n d  p e r h a p s  a l s o  i n  p e a n u t  
m is o s  c o n t a i n i n g  A .  o r y z a e  k o j i  ( K ,  L ) .  T h e  f r e e  f a t t y  a c id  
c o n t e n t  i n  p e a n u t  m is o s  c o n t a i n i n g  R .  o l i g o s p o r u s  k o j i

Fig. 2—Soluble solids con
tent in  sixteen miso formu
lae during 90 days o f  fer
mentation. See Table 1 for 
explanation o f  codes.
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( C ,  D )  w a s  h ig h  a t  t h e  e n d  o f  t h e  9 0 - d a y  f e r m e n t a t i o n .  
S in c e  n e i t h e r  k o j i  m o ld  p r e f e r e n t i a l l y  u t i l i z e s  a n y  p a r t i c u 
l a r  f a t t y  a c id  ( B e u c h a t  a n d  W o r t h i n g t o n ,  1 9 7 4 ) ,  d e c r e a s e s  
i n  f r e e  f a t t y  a c id  c o n t e n t  a r e  p r o b a b l y  d u e  t o  t h e  f o r m a 
t i o n  o f  f a t t y  a c id  e s t e r s .  M o c h iz u k i  e t  a l .  ( 1 9 7 2 )  f o u n d  t h a t  
d e c r e a s e s  i n  t h e  f r e e  f a t t y  a c id  c o n t e n t  o f  m is o  c o in c i d e d  
w i t h  i n c r e a s e s  i n  f a t t y  a c id  e t h y l  e s t e r  c o n t e n t .  T h e y  r e 
p o r t e d  t h a t  g ly c e r id e s  w e r e  h y d r o l y z e d  t o  r e l e a s e  f r e e  
f a t t y  a c id s  w h i c h  i n  t u r n  c o n t i n u e d  t o  f o r m  t h e  e t h y l  
e s t e r s .  T h i s  p r o c e s s  r e s u l t e d  i n  a  f l u c t u a t i o n  i n  c o n c e n t r a 
t i o n  o f  f r e e  f a t t y  a c id s .  T h e  f a t t y  a c id  e s t e r s  d e r i v e d  f r o m  
f a t t y  a c id s  a n d  e t h a n o l  o r  h ig h e r  a l c o h o l s  a r e  i m p o r t a n t  in  
g iv in g  m is o  i t s  c h a r a c t e r i s t i c  o d o r  ( M o c h i z u k i  e t  a l . ,  1 9 7 2 ;  
S h i b a s a k i  a n d  H e s s e l t i n e ,  1 9 6 2 ) .

D i f f e r e n t  s a l t  le v e ls  d id  n o t  s u b s t a n t i a l l y  i n f l u e n c e  t h e  
a c c u m u l a t i o n  o f  f r e e  f a t t y  a c id s .  T h e  t y p e  o f  o i l s e e d  i n g r e 
d i e n t  h a d  n o  e f f e c t  o n -  f r e e  f a t t y  a c id  p r o d u c t i o n  i n  R .  
o l i g o s p o r u s  m is o s ;  h o w e v e r ,  p r o d u c t i o n  w a s  h ig h e r  i n  s o y 
b e a n  m is o s  c o m p a r e d  t o  p e a n u t  m is o s  c o n t a i n i n g  A .  o r y z a e  
k o j i s .

S o l u b l e  n i t r o g e n  c o n t e n t .  T h e  s o l u b l e  n i t r o g e n  c o n t e n t

is  t h e  i n d e x  o f  h y d r o l y s i s  a n d  s o l u b i l i z a t i o n  o f  p r o t e i n .  A ll 
t h e  f e r m e n t e d  m is o s  a n a l y z e d  h a d  m u c h  h ig h e r  s o lu b le  
n i t r o g e n  c o n t e n t s  a t  p H  v a lu e s  n e a r  t h e  i s o e l e c t r i c  p o i n t s  o f  
s o y b e a n  a n d  p e a n u t  p r o t e i n  c o m p a r e d  t o  r e s p e c t i v e  c o n t r o l  
f o r m u l a e  ( F ig .  4 ) .  I n c r e a s e s  w e r e  d u e  m a i n l y  t o  m ic r o b i a l  
p r o t e a s e  a c t i v i t y  o n  o i l s e e d  p r o t e i n s .  A p p a r e n t l y ,  p r o t e a s e  
a c t i v i t y  i n  m is o s  c o n t a i n i n g  A .  o r y z a e  k o j i  ( I ,  J ,  K ,  L )  
w a s  h ig h e r  t h a n  i n  m is o s  c o n t a i n i n g  R .  o l i g o s p o r u s  k o j i  
( A ,  B , C , D ) .  L o w - s a l t  m is o s  h a d  h ig h e r  s o lu b l e  n i t r o g e n  
c o n t e n t s  t h a n  h ig h - s a l t  m is o s  d i d ,  w h i c h  is  c o n s i s t e n t  w i t h  a  
r e p o r t  b y  O k a d a  e t  a l .  ( 1 9 7 5 )  i n d i c a t i n g  t h a t  e n z y m e  a c t i v i 
t i e s  w e r e  h ig h e r  i n  r i p e n e d  m is o  o f  l o w e r  s a l t  c o n c e n t r a t i o n .

M o c h iz u k i  e t  a l .  ( 1 9 7 2 )  s t a t e d  t h a t  s o l u b l e  n i t r o g e n  
c o n t e n t  in c r e a s e d  i n  t h e  e a r l y  s t a g e  o f  m is o  m a t u r a t i o n  
a n d  r e a c h e d  a  m a x i m u m  v a lu e  o f  a p p r o x i m a t e l y  6 0 %  
o n  t h e  5 0 t h  d a y  o f  i n c u b a t i o n .  A l l  o f  t h e  m is o s  a n a l y z e d  i n  
t h e  p r e s e n t  s t u d y  h a d  s o lu b l e  n i t r o g e n  c o n t e n t s  g r e a t e r  
t h a n  6 0 % , e v e n  a t  p H  v a lu e s  n e a r  t h e  i s o e l e c t r i c  p o i n t s  o f  
o i l s e e d  p r o t e i n s .  S o l u b l e  n i t r o g e n  w a s  h ig h e r  i n  p e a n u t  
m is o s  c o m p a r e d  t o  s o y b e a n  m is o s .

—Continued on next page

T a b le  4 —F a t t y  a d d  c o n t e n t  o f  m is o

Miso
fo rm u la

code

Ferm en
ta tio n

period
(days)

F a tty  acid (% o f to ta l fa t ty  acids)3

16 :0 18 :0 18:1 18:2 18:3 2 0 :0 2 0 :1 2 2 :0 24 :0 O thers13

A 0 12.45 3.62 16.82 59.29 7.15 T c 0 .1 0 0.35 0 0 .2 2
4 12.37 4.07 19.31 54.06 8.17 T 0.23 0.44 0 1.35
8 13.33 3.94 17.94 56.83 7.82 0 0 0.19 0 0

28 12.06 3.77 17.94 56.90 8.87 T 0.06 0.25 T 0.15
90 12.74 3.78 17.58 56.92 8.65 0 0.04 0 .2 0 T 0.09

B 0 11.47 3.70 16.93 59.84 7.11 0.32 0.09 0.28 0 0.26
4 12.37 4.22 19.65 53.99 7.89 T 0.18 0.46 0.03 1.21
8 11.95 3.85 18.02 56.41 8.87 0 0.36 0.32 0.16 0.06

28 12.31 3.75 18.03 56.71 8.73 0 T 0.26 T 0 .2 1
90 12.44 3.71 17.57 56.69 9.01 T 0.09 0.26 0.04 0.19

C 0 10.78 2.05 54.41 28.31 0 0.85 0.87 1.78 0 .8 6 0.09
4 10.99 2.19 49.94 30.94 0 0.92 0.99 2.50 1 .2 0 0.33
8 11.29 2.18 49.97 30.84 0 0.95 0.89 2.44 1.25 0.19

28 11.16 2.16 50.18 30.96 0 0.85 0.92 2.46 1.15 0.16
90 11.33 2.16 49.85 31.19 0 0 .8 8 0.96 2.30 1.16 0.17

D 0 9.24 1 .6 8 52.74 31.18 0 0.96 0.91 1 .8 8 1 .2 0 0 .2 1
4 11.14 2.17 49.78 30.44 0 1.08 1.09 2.40 1.29 0.61
8 11.48 2.18 50.56 30.73 0 0.85 0.85 2.29 1.01 0.05

28 11.27 2.16 50.11 31.34 0 0.77 0.94 2 .2 1 1.07 0.13
90 11.65 2 .1 2 50.12 30.94 0 0.92 1 .0 2 2.16 0.93 0.14

I 0 1 1 .6 8 3.64 20.36 55.47 8.15 T c 0.13 0.39 T 0.28
4 11.96 3.58 20.05 55.29 8.30 T 0 .1 2 0.44 0.08 0.18
8 1 2 .0 2 3.52 19.49 55.91 8.25 0 0.07 0.32 0.51 0

28 12.15 3.62 19.97 55.25 8.05 0 0 .1 1 0.42 0.08 0.35
90 12.50 3.57 19.97 54.92 8 .1 2 0 0.34 0.40 0 .2 2 0

J 0 11.70 3.72 18.19 57.10 8.52 T 0.13 0.29 T 0.35

4 12.51 3.80 18.36 56.49 8.06 T 0.07 0.26 0 0.45

8 12.13 3.66 17.68 56.99 8 .8 8 0 0.06 0.32 T 0.28

28 12.06 3.63 17.75 57.24 8.75 0 0.04 0.30 0 .2 1 0 .2 0
90 12.41 3.57 17.30 57.13 8.83 0 0.28 0.26 0.14 0.08

K 0 10.90 2.13 50.13 31.23 0 0.82 0.93 2.50 1.25 0 .1 1
4 11.39 2.14 49.92 31.50 0 0.77 0.90 2.24 1.06 0.08

8 11.14 2.14 50.15 31.35 0 0.75 0.89 2.17 1.19 0.23

28 11.64 2.13 50.84 30.91 0 0.73 0.70 2 .1 2 0.80 0.15

90 11.08 2 .1 2 49.92 31.66 0 0.74 0.89 2.27 1.14 0.18

L 0 11.07 2.17 51.08 30.41 0 1.01 1.11 2.54 1.31 0
4 11.50 2.13 50.92 30.50 0 0 .8 6 0.87 2 .2 2 0.96 0.04

8 11.27 2.08 50.71 30.90 0 0.83 0.85 2.24 1.07 0.05

28 12.40 2 .1 1 50.84 30.91 0 0.73 0.70 2 .1 2 0.80 0
90 11.55 2.09 50.20 31.62 0 0.74 0.77 2.14 0.87 0 .0 2

a P a lm it ic  a c id  ( 1 6 : 0 ) ,  s t e a r ic  a c id  ( 1 8 : 0 ) ,  o le ic  a c id  ( 1 8 : 1 ) ,  l in o le ic  a c id  ( 1 8 : 2 ) ,  i in o le n ic  a c id  ( 1 8 : 3 ) ,  e ic o s a n o lc  a c id  ( 2 0 : 0 ) ,  e ic o s e n ic  a c id  
( 2 0 : 1 ) ,  d o c o s a n o ic  a c id  ( 2 2 : 0 ) ,  a n d  t e t r a c o s a n o lc  a c id  ( 2 4 : 0 ) ;  

b  In c lu d e s  t r a c e  a n d  u n id e n t i f ie d  f a t t y  a c id s .  
c  T r a c e
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P H Y S IC A L  AN D  C H EM IC A L C H A N G ES IN  M ISO  . . .

F r e e  a m i n o  a c id  c o n t e n t .  T h e  f r e e  a m i n o  a c id  c o n t e n t s  
o f  e i g h t  m is o  f o r m u l a e  a f t e r  9 0  d a y s  o f  f e r m e n t a t i o n  a r e  
l i s t e d  in  T a b l e  5 . M is o s  c o n t a i n i n g  R .  o l i g o s p o r u s  k o j i s  
( A ,  B , C ,  D )  h a d  l o w e r  c o n c e n t r a t i o n s  o f  t o t a l  a m i n o  a c id s  
t h a n  d id  r e s p e c t i v e  f o r m u l a e  ( I ,  J ,  K ,  L )  c o n t a i n i n g  A .  
o r y z a e  k o j i s .  A  p o s i t i v e  c o r r e l a t i o n  w a s  o b s e r v e d  r e g a r d in g  
t h e  r e l a t i v e  le v e ls  o f  f r e e  a m i n o  a c id s  a n d  t h e  a m o u n t s  o f  
s o l u b l e  n i t r o g e n  i n  m is o s  c o n t a i n i n g  t h e  t w o  t y p e s  o f  k o j i s  
( c o m p a r e  T a b le  5 a n d  F ig .  4 ) .  O k a d a  e t  a l .  ( 1 9 7 5 )  s t a t e d  
t h a t  t h e  c o n t e n t s  o f  t o t a l  a n d  f r e e  a m i n o  a c id s  a n d  t h e  
c o l o r  o f  m is o  c h a n g e d  ( d a r k e n e d )  i n  a c c o r d a n c e  w i t h  a  
r e d u c t i o n  o f  s a l t  c o n c e n t r a t i o n .  T h e  s a m e  t r e n d  w a s  n o t e d  
i n  t h e  p r e s e n t  s t u d y .  T h e  t y p e  o f  o i l s e e d  ( s o y b e a n  o r  p e a 
n u t )  d id  n o t  a p p e a r  t o  g r e a t l y  i n f l u e n c e  t h e  a m o u n t  o f  f r e e  
a m i n o  a c id s  a c c u m u l a t e d  a f t e r  9 0  d a y s  o f  f e r m e n t a t i o n .

T h e  l a r g e s t  a m o u n t  o f  t o t a l  f r e e  a m i n o  a c id s  w a s  o b 
s e r v e d  i n  m is o  c o n t a i n i n g  6 %  s o d i u m  c h l o r i d e  a n d  A .  
o r y z a e  k o j i  ( c o d e  I ) ;  t h i s  m is o  a l s o  c o n t a i n e d  t h e  la r g e s t  
a m o u n t  o f  f r e e  e s s e n t i a l  a m i n o  a c id s .  E x c e p t  f o r  t r y p t o 
p h a n ,  w h i c h  w a s  n o t  a n a l y z e d ,  a l l  o t h e r  e s s e n t i a l  a m i n o  
a c id s  w e r e  d e t e c t e d  i n  t h e  e i g h t  f o r m u l a  C . T h e  f r e e  a m i n o  
a c id  i n  h ig h e s t  c o n c e n t r a t i o n  i n  f o r m u l a e  A , C , D , I ,  J  a n d  
K  w a s  g l u t a m i c  a c i d ,  w h e r e a s  l e u c i n e  w a s  h ig h e s t  i n  f o r m u l a  
B  a n d  a r g i n i n e  w a s  h ig h e s t  i n  f o r m u l a  L . M o c h iz u k i  e t  a l .

( 1 9 7 2 )  s t a t e d  t h a t  f r e e  g l u t a m i c  a n d  a s p a r t i c  a c id s  w e r e  
a b u n d a n t  a m o n g  m is o  a m i n o  a c id s .  T h i s  is  c o n s i s t e n t  w i t h  
d a t a  p r e s e n t e d  h e r e  f o r  m is o s  c o n t a i n i n g  A .  o r y z a e  k o j i  
( I ,  J ,  K ,  L )  b u t  n o t  f o r  m is o s  c o n t a i n i n g  R .  o l i g o s p o r u s  
k o j i  ( A ,  B , D , D ) .  T h e  l a t t e r  f o r m u l a e  h a d  r e d u c e d  c o n c e n 
t r a t i o n s  o f  f r e e  a s p a r t i c  a c id .  M o c h iz u k i  e t  a l .  ( 1 9 7 2 )  a ls o  
r e p o r t e d  t h a t  g l u t a m i c  a n d  a s p a r t i c  a c id s  i n c r e a s e d  g r a d u 
a l ly  u n t i l  t h e  9 0 t h  a n d  1 2 0 t h  d a y  o f  f e r m e n t a t i o n  b u t  t h a t  
o t h e r  a m i n o  a c id s  m a i n t a i n e d  c o n s t a n t  le v e ls  o r  d e c r e a s e d  
a f t e r  a b o u t  2 0 - 3 5  d a y s  o f  f e r m e n t a t i o n .  G l u t a m i c  a c id  is  
a  v e r y  i m p o r t a n t  c o n t r i b u t o r  t o  m is o  f l a v o r  a n d  t h e r e f o r e  
w o u l d  b e  a s s u m e d  t o  e n h a n c e  t h e  f l a v o r  o f  a l l  m is o s  l i s t e d  
i n  T a b l e  5 .

R e d u c in g  s u g a r  c o n t e n t .  T h e  r e d u c i n g  s u g a r  c o n t e n t s  o f  
m is o s  a f t e r  9 0  d a y s  o f  f e r m e n t a t i o n  a r e  l i s t e d  i n  T a b l e  6 . 
M is o s  c o n t a i n i n g  A .  o r y z a e  k o j i s  h a d  h ig h e r  a m o u n t s  o f  
r e d u c i n g  s u g a r s  c o m p a r e d  t o  r e s p e c t i v e  f o r m u l a e  c o n t a i n i n g
R .  o l i g o s p o r u s  k o j i s .  W o r t h i n g t o n  a n d  B e u c h a t  ( 1 9 7 4 )  
a l s o  r e p o r t e d  t h a t  A .  o r y z a e  u t i l i z e d  c a r b o h y d r a t e s  i n  p e a 
n u t s  t o  a  g r e a t e r  e x t e n t  t h a n  d id  R .  o l i g o s p o r u s .

M is o  f o r m u l a e  c o n t a i n i n g  A .  o r y z a e  k o j i s  a l s o  h a d  l a r g e r  
a m o u n t s  o f  f r e e  a m i n o  a c id s  t h a n  d id  f o r m u l a e  c o n t a i n i n g
R .  o l i g o s p o r u s  k o j i s .  T h e s e  h i g h e r  le v e ls  o f  f r e e  a m i n o  a c id s  
a n d  r e d u c i n g  s u g a r s  w o u ld  b e  m o r e  l i k e l y  t o  l e a d  t o  a m i n o -  
c a r b o n y l  r e a c t i o n s  a n d  t h u s  a  m o r e  r a p i d  d a r k e n i n g  i n  c o lo r .

Fig. 3—Free fatty content 
in eight miso formulae dur
ing 90 days o f  fermenta
tion. See Table 1 fo r ex
planation o f  codes. 3.
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Table 5—Free amino acid content o f  selected miso formulae after 90 days o f  fermentation

Miso formula code (g/100 g)a
Am ino acid A B C D I J K L

Aspartic acid 0.43 0.11 0.36 0.20 1.60 0.85 1.38 0.99
Threonine*3 0.46 0.20 0.27 0.17 0.64 0.40 0.36 0.28
Serine 0.97 0.23 0.60 0.45 0.90 0.55 0.70 0.58
Glutamic acid 1.51 0.37 1.01 0.75 2.22 1.34 1.81 1.53
Proline 0.33 0.21 0.15 0.26 0.55 0.32 0.48 0.29
Glycine 0.31 0.06 0.23 0.15 0.50 0.29 0.61 0.44
Alanine 0.62 0.20 0.36 0.29 0.77 0.50 0.58 0.46
Cystine 0 0 0 0 0 0 0 0
Valineb 0.67 0.30 0.34 0.30 0.82 0.50 0.55 0.43
Methionine13 0.11 0.05 0.11 0.06 0.18 0.13 0.16 0.12
lsoleucineb 0.61 0.31 0.35 0.31 0.78 0.50 0.64 0.51
Leucine13 1.04 0.53 0.71 0.59 1.28 0.87 0.95 0.75
Tyrosineb 0.56 0.25 0.10 0.36 0.75 0.52 0.78 0.59
Phenylalanine5 0.66 0.34 0.49 0.43 0.84 0.52 0.62 0.52
Histidine 0.15 0.02 0.10 0.06 0.36 0.25 0.28 0.20
Lysine*3 0.61 0.14 0.33 0.13 1.04 0.65 0.51 0.41
Arginine 0.90 0.28 0 0.70 1.40 0.96 1.76 1.55
Tryptophan*3 _ c - - - - - - -
n h 4 0.11 0.06 0.22 0.07 0.21 0.14 0.18 0.14
Total 10.06 3.66 5.71 5.28 14.83 9.29 12.88 9.79

j* D ry  w e ig h t basis 
b E ssentia l a m in o  ac id  
c N o t d e te rm in e d

I n  t h i s  s t u d y ,  h ig h  s a l t  le v e ls  r e s u l t e d  i n  h ig h e r  le v e ls  o f  
r e d u c i n g  s u g a r s  i n  f i n a l  p r o d u c t s .  T h i s  o b s e r v a t i o n  w a s  d i f 
f e r e n t  f r o m  t h a t  o f  O k a d a  e t  a l .  ( 1 9 7 5 )  w h o  r e p o r t e d  t h a t  
t h e  a m y la s e  c o n t e n t  w a s  l o w e r  i n  h ig h  s a l t  m is o s  t h a n  in  
l o w - s a l t  o n e s .  S o y b e a n  m is o s  h a d  h i g h e r  r e d u c i n g  s u g a r  
c o n t e n t s  c o m p a r e d  t o  r e s p e c t i v e  p e a n u t  m is o s ,  p r o b a b l y  
d u e  i n  p a r t  t o  d i f f e r e n c e s  i n  a m o u n t s  o f  c a r b o h y d r a t e s  
f o u n d  i n  s o y b e a n s  a n d  p e a n u t s .

S e n s o r y  e v a l u a t i o n  o f  v a r i o u s  m is o  f o r m u l a e  w o u ld  c o n 
t r i b u t e  s u b s t a n t i a l l y  t o  j u d g e m e n t s  c o n c e r n in g  t h e  f e a s i 
b i l i t y  o f  u s in g  R .  o l i g o s p o r u s  a s  a  k o j i  m o ld  a n d  p e a n u t s  
i n s t e a d  o f  s o y b e a n s  f o r  p r e p a r in g  m i s o .  P a r t i a l l y  d e f a t t e d  
p e a n u t s  m a y  b e  m o r e  s u i t a b l e  t h a n  f u l l  f a t  k e r n e l s  f o r  p r e 
p a r i n g  m is o  w i t h  v i s c o s i t y  c h a r a c t e r i s t i c s  m o r e  s im i l a r  t o  
t h o s e  o f  s o y b e a n  m is o .  H o w e v e r ,  r e s u l t s  p r e s e n t e d  h e r e  
i n d i c a t e  t h a t  g o o d - q u a l i t y  lo w - s a l t  m is o  c a n  b e  p r e p a r e d  
w i t h  R .  o l i g o s p o r u s  a s  a  k o j i  m o ld  a n d  p e a n u t s  a s  t h e  o i l 
s e e d  i n g r e d i e n t .
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-------------------- --------- -ABSTRACT-------------------------------
Heating treatments of boiling 20 min or autoclaving 5 min, 10 min, 
or 20 min, of soaked (25°C for 10 hr) soybeans, significantly in
fluenced vitamin B-6, free foiacin, trypsin inhibitor activity, water 
absorption, moisture content and blue, green and amber color values 
in the cooked soybeans. Analysis of covariance showed a relationship 
(PiiO.05) between water absorption after cooking with total foiacin 
in cooked soybeans and water absorption after cooking with blue 
color values. Other relationships (P^O.05) were observed in cooked 
soybeans between texture and total foiacin, moisture and trypsin 
inhibitor activity, and trypsin inhibitor activity and free foiacin.

INTRODUCTION
IN  T H E  L A S T  3 0  Y E A R S ,  t h e  i n c r e a s in g  p o p u l a r i t y  o f  
s o y b e a n s  i n  t h e  U n i t e d  S t a t e s  is  r e f l e c t e d  b y  t h e  t r e m e n d o u s  
e x p a n s i o n  i n  p l a n t e d  a c r e a g e  ( M c A r t h u r ,  1 9 8 0 ) .  S o y b e a n s  
a r e  u s e d  i n  a  v a r i e t y  o f  w a y s  a n d  i n  m a n y  d i f f e r e n t  p r o d u c t s  
( N e l s o n  e t  a l . ,  1 9 7 8 ;  W il le t ,  1 9 7 6 ) .  T h e s e  m a y  r a n g e  f r o m  
c o n s u m p t i o n  o f  t h e  c o o k e d  b e a n  i n  s o u p s  o r  c a s s e r o l e s  t o  
p r o d u c t s  s u c h  a s  b e a n  c u r d ,  f e r m e n t e d  b e a n ,  s o y b e a n  
c o n c e n t r a t e s  o r  s o y b e a n  i s o l a t e s .  S o y b e a n  f l o u r  a n d  d e f a t t e d  
f l o u r  h a v e  b e e n  w id e l y  u s e d  i n  im p r o v i n g  n u t r i t i o n a l  s t a t u s  
o f  c h i l d r e n  a n d  a d u l t s  i n  m a n y  d e v e lo p in g  c o u n t r i e s  ( S a b i n ,
1 9 6 1 ) ,  a s  w e l l  a s  in  t h e  U n i t e d  S t a t e s .

B e c a u s e  o f  i t s  e x t e n s iv e  u s e  a s  a  h ig h  q u a l i t y  p r o t e i n  
s u p p l e m e n t  i n  h u m a n  d i e t s ,  a n  i n v e s t i g a t i o n  o f  t h e  i n f l u e n c e  
o f  s e l e c t e d  p r e p a r a t i o n  a n d  p r o c e s s i n g  p r o c e d u r e s  o n  o t h e r  
s e le c t  n u t r i e n t s ,  f o i a c i n  a n d  v i t a m i n  B -6 ,  w o u ld  b e  p e r 
t i n e n t .  S o y b e a n s  a r e  r i c h  i n  t h e s e  t w o  v i t a m in s  ( B a i l e y  e t  
a l . ,  1 9 3 5 ;  H a r r i s  a n d  K a r m a s ,  1 9 7 5 ;  P e r l o f f  a n d  B u t r u m ,
1 9 7 7 ) .  F o i a c i n  a n d  v i t a m i n  B -6  a r e  w a t e r  s o lu b l e  a n d  h e a t  
l a b i l e  v i t a m in s  ( H e r b e r t  a n d  B e r t i n o ,  1 9 6 7 ;  S to r v i c k  e t  a l . ,
1 9 6 4 ) .  T h e  c o n d i t i o n s  o f  s o y b e a n  p r e p a r a t i o n  f o r  c o n s u m p 
t i o n  w o u ld  p e r m i t  t h e  l e a c h in g  o f  t h e s e  v i t a m in s  in  t h e  
s o a k i n g  a n d  c o o k i n g  w a t e r .  S tu d i e s  b y  a  n u m b e r  o f  w o r k e r s  
h a v e  r e p o r t e d  v i t a m in  B -6  a n d  f o i a c i n  r e t e n t i o n  i n  p i n t o  
b e a n s  ( M i l le r  e t  a l . ,  1 9 7 3 )  a n d  i n  l i m a ,  b l a c k e y e  a n d  p in k  
b e a n s  ( R o c k l a n d  e t  a l . ,  1 9 7 7 ) .

A l t h o u g h  t h e r e  is  d e c r e a s e d  v i t a m i n  r e t e n t i o n  w i t h  
s o a k in g  a n d  c o o k i n g  s o y b e a n s ,  t h e y  m a y  e n h a n c e  t h e  
n u t r i t i v e  v a lu e  o f  t h e  b e a n s  d u e  t o  d e s t r u c t i o n  o f  b o t h  a n  
a n t i n u t r i t i o n a l  f a c t o r  a n d  u n d e s i r a b l e  f a c t o r s  w h i c h  a r e  
f o r m e d  u p o n  d i g e s t i o n .  T r y p s i n  i n h i b i t o r s  p r e s e n t  i n  s o y 
b e a n s  r e d u c e  t h e  n u t r i t i o n a l  q u a l i t y  o f  t h e  p r o t e i n  ( R a c k i s ,
1 9 8 1 ) .  O t h e r  c o m p o n e n t s  s u c h  a s  u r e a s e  a n d  h e m a g g l u t i n i n  
m a y  b e  t o x i c  t o  a n im a ls  ( N a t i o n a l  R e s e a r c h  C o u n c i l ,  1 9 7 3 ) .  
T r y p s i n  i n h i b i t o r s ,  u r e a s e ,  a n d  h e m a g l u t i n i n  a r e  h e a t  l a b i l e .  
T h e  o l i g o s a c c h a r id e s ,  s u c h  a s  r a f f i n o s e  a n d  s t a c h y o s e ,  w h i c h  
c a u s e  f l a t u l e n c e ,  c a n  b e  l e a c h e d  o u t  o r  c o n v e r t e d  t o  m o n o 
s a c c h a r i d e s  u p o n  c o o k i n g  ( H y m o w i t z ,  1 9 7 6 ;  K u  e t  a l . ,  
1 9 7 6 ;  S te g g e r d a  e t  a l . ,  1 9 7 0 ) .

A  n u t r i t i o n a l l y  i m p o r t a n t  a s p e c t  t o  a n y  f o o d  is  i t s  
e d i b i l i t y .  S o a k in g  b e a n s  s u c h  a s  s o y b e a n s  (W a n g  e t  a l . ,  
1 9 7 9 ;  P e r r y  e t  a l . ,  1 9 7 6 )  p r i o r  t o  c o o k i n g  h a s  b e e n  r e p o r t e d  * &
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t o  i m p r o v e  b o t h  c o l o r  a n d  t e x t u r e  o f  c o o k e d  b e a n s .  O n e -  
h u n d r e d  p e r c e n t  h y d r a t i o n  o f  s o y b e a n ,  e q u a l  t o  s o a k i n g  5 .5  
h r  a t  2 0  C , g a v e  b e t t e r  r e s u l t s  t h a n  u n s o a k e d  b e a n s ,  w h i le  
c o m p l e t e  h y d r a t i o n  ( 1 4 0 %  h y d r a t i o n )  d id  n o t  g iv e  f u r t h e r  
i m p r o v e m e n t  in  c o o k i n g  q u a l i t y  o f  t h e  b e a n s .  W a n g  e t  a l .
( 1 9 7 9 )  r e p o r t e d  t h e  t e x t u r e  o f  c o o k e d  s o y b e a n  w h i c h  h a d  
b e e n  s o a k e d  p r i o r  t o  c o o k i n g  t o  b e  m o r e  t e n d e r  b e a n s  a t  
t h e  s a m e  c o o k i n g  t i m e  t h a n  t h e  s o y b e a n  w i t h o u t  s o a k i n g .

T h e  p u r p o s e  o f  t h e  r e s e a r c h  r e p o r t e d  i n  t h i s  a r t i c l e  w a s  
t o  s t u d y  t h e  e f f e c t  o f  f o u r  s e l e c t e d  h e a t  t r e a t m e n t s  o n  
v i t a m i n  B -6  a n d  f o i a c i n  r e t e n t i o n  i n  s o y b e a n s .  A d d i t i o n a l l y ,  
t h e  e f f e c t  o f  t h e  h e a t  t r e a t m e n t s  o n  s o y b e a n  t r y p s i n  
i n h i b i t o r  a c t i v i t y ,  t e x t u r e ,  c o l o r ,  a n d  m i c r o s t r u c t u r e  w e r e  
s t u d i e d .  T h e  p o s s i b l e  r e l a t i o n s h i p  a n d / o r  i n t e r a c t i o n  o f  
v i t a m i n  B -6  o r  f o i a c i n  r e t e n t i o n  a n d  c o lo r  o r  t e x t u r e  o r  
m i c r o s t r u c t u r e  c h a n g e s  w e r e  e v a lu a t e d .

EXPERIMENTAL
PACIFIC COAST SOYBEANS (Walla Walla, WA 99362) used in this 
experiment were selected for soundness and wholeness (Wang et al.,
1979). One-hundred grams of selected soybeans were weighed and 
placed in each of 32 plastic bags and sealed. These were randomly 
assigned to the four treatments with eight replications for each 
treatment.Soybeans were boiled for 20 min (B-20) or autoclaved (Pre
cision Surgical Supply Sterilizer; American Sterilizer Company, 
Erie) for 5 (A-5), 10 (A-10), or 15 (A-15) min. For each treatment, 
the 100-g portion of soybeans was soaked in 500 mL redistilled 
water (25°C) in a Precision Scientific(Freas815;PrecisionScientific, 
Subsidary of GCA Corp.) incubator for 10 hr. The soaked beans 
were drained for 10 min, then gently blotted with Kim Wipes 
(Kimberly-Clark, Stock Number 34155), and the beans were weighed. 
The blotted, soaked soybeans were cooked according to treatment 
in a 1L glass beaker in 500 mL redistilled water.

The boiling method was done using a preheated (30 min) hot 
plate (Pyro Magnetic King Size, stirring speed, off, heating set, 
maximum). The 20 min boiling time was counted after boiling was 
initiated. Cooking in the autoclave was done at 102 kPa/117°C for 
5, 10, or 15 min.

Cooked soybeans were cooled (30-36°C) for 20 min, drained, 
and blotted dry as for soaked beans. After weighing for water 
absorption determination, and removal of samples for texture and 
color evaluation, the cooked soybeans were frozen using liquid nitrogen (-196°C) prior to grinding the vitamin assay, trypsin 
inhibitor assay (TIA), and moisture determination. These frozen 
bean samples were ground to a fine powder using an Osterizer- 
duel (range 10 at grind speed) blender.
Vitamin B-6 determination

The total vitamin B-6 was determined by the AOAC method 
(Horowitz, 1970) without chromatography strip after hydrolyzing 
2g of samples with 0.44N HC1. Saccharomyces carlsbergensis A TCC- 
9080 was used as test organism, and the “Difco” Casamino Acids 
(Difco #0288-02, Difco Laboratories, Detroit, Ml) substituted for 
acid-hydrolyzed casein for making the basal medium. Vitamin B-6 
values of the samples were calculated from a pyridoxine standard 
curve using a Hewlett-Packard Calculator, Model 41-c, (Hewlett- 
Packard Calculator, Model 41-C, Loveland, CO 80537), and the 
power curve fit program.
Foiacin determination

Foiacin activity was assayed microbiologically with Lacto
bacillus casei ATCC-7469. Free foiacin was measured in samples
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without conjugase treatment; total folacin was assayed in samples 
treated with “Difco” chicken pancrease (Difco #0459-12, Difco 
Laboratories, Detroit, Ml) (Hurdle et al., 1968). The chicken pan- 
crease solution was added to the sample supernatant as suggested 
by Butterfield and Calloway (1972), which then incubated for 6 hr 
at 37°C. Ascorbic acid was added to the buffer used for extracting 
the vitamin from food and for the assay growth medium at the con
centration of 150 mg/100 mL buffer (Herbert and Bertino, 1967; 
Hurdle et al., 1968).

The folacin value of the samples was calculated from a pteroyl- 
glutamic acid (Biochem. 101725) standard curve and a Hewlett- 
Packard Calculator, Model 41-c, with a power curve fit program.
Trypsin inhibitor activity (TIA)

TIA was determined using AACC method number 71-10 (Kakade 
et al., 1974). Trypsin and the substrate benzoyl-DL-arginine-p- 
nitroanalide (Sigma-B4875, Sigma Chemical Company, St. Louis, 
MO) was used. The results are presented as trypsin inhibitor units 
(TIU) per gram of sample.
Texture measurement

The Instron Universal Testing Machine (Model 1132, Instron 
Corporation, Canton, MA) and Kramer cell attachment were used 
(crosshead speed, 12 in/min; chart speed, 20 in/min) to measure the 
force required to shear triplicate samples of 25g each of cooked 
soybeans. The shear force was determined as pounds per 25g.
Color measurement

Color of cooked soybeans was determined as percent reflectance 
by using a Photovolt Reflection Meter (Photovolt, New York, NY 
10010) with an enamel plaque (blue, 51.5; green, 50.0; amber, 48.5) 
standard. Triplicates for each treatment replication of 50g of cooked 
soybeans in an identical 100 mL Pyrex glass beaker were used with 
the search unit in the upward position.
Water absorption

Measurement of water absorption was determined as the percen
tage increase in weight of the soybean sample from the initial 
weight. Absorption was determined for percentage increase after 
soaking and after cooking.
Moisture determination

Moisture content of 5g ground cooked soybeans was determined 
using a vacuum oven (National Appliance Co., Model 58301, Port
land, OR) (20 ± 22 psi) at 60°C for 8 hr. The loss of weight was

reported as percent moisture (Eq. 1). Determinations were done in 
triplicate and an average reported.

% Moisture _ Initial wt -  Final wt ^ ^  
of soybean Initialwt

Scanning Electron Microscopy (SEM)
Crosswise and lengthwise 1.5 mm thick cuts of soaked or cooked 

soybean samples and fragments of raw soybeans were used for SEM 
evaluation. Scanning electron micrographs were obtained using an 
AMR AY 1000A scanning electron microscope with the procedure 
reported by Holmes and Soeldner (1981). Magnifications of 150x 
and lOOOx were recorded.
Experimental design and statistical analysis

An incomplete block design for the eight replications of the four 
treatments was used (Federer, 1955). The total blocks were 16 with 
two treatments each laboratory period. Data were statistically 
analyzed by standard deviation and least square analysis of variance 
and covariance and t-test (Niess, 1980).

RESULTS & DISCUSSION
T H E  H E A T I N G  T R E A T M E N T S  in  t h i s  e x p e r i m e n t  t e n d e d  
t o  a f f e c t  v i t a m i n  B -6  a n d  f o l a c i n  r e t e n t i o n ,  t r y p s i n  i n h i b i t o r  
a c t i v i t y ,  c o l o r  v a lu e s ,  t e x t u r e ,  p e r c e n t  w a t e r  a b s o r p t i o n ,  
a n d  m o i s t u r e  c o n t e n t .  T h e s e  d a t a  a r e  r e p o r t e d  i n  T a b l e  1 
a n d  T a b l e  2 .

V i t a m i n  B -6  r e t e n t i o n
T h e  v a lu e s  o f  v i t a m i n  B -6  i n  t h e  b e a n s ,  i n  t h e  c o o k i n g  

w a t e r  o r  i n  t h e  s o a k i n g  w a t e r  a r e  s h o w n  in  T a b l e  1 . T h e s e  
v a lu e s  o f  v i t a m i n  B -6  i n  t h e  c o o k e d  s o y b e a n s  a r e  l o w e r  t h a n  
t h o s e  r e p o r t e d  b y  o t h e r  r e s e a r c h e r s  ( M i l l e r  a n d  K h a b i r -  
m a i d e n s y a h ,  1 9 8 1 ) .  A l l  h e a t  t r e a t m e n t s  i n  t h e  c u r r e n t  
e x p e r i m e n t  r e d u c e d  t h e  v i t a m i n  B -6  c o n t e n t  c a l c u l a t e d  o n  a 
d r y  w e i g h t  b a s is  a p p r o x i m a t e l y  4 0 %  f r o m  t h a t  i n  t h e  r a w  
b e a n .  T h i s  is  t o  b e  e x p e c t e d  a s  o t h e r  w o r k e r s  h a v e  i n d i c a t e d  
t h a t  v i t a m in  B -6  is  d e s t r o y e d  b y  h e a t  ( P e r e r a  e t  a l . ,  1 9 7 9 ;  
S to r v i c k  e t  a l . ,  1 9 6 4 ) .  M i l le r  a n d  K h a b i r m a i d e n s y a d  ( 1 9 8 1 )  
a u t o c l a v e d  s o a k e d  b e a n s  i n  t h e  s o a k i n g  w a t e r  f o r  2 0  m in  
a n d  r e p o r t e d  2 .7  n g / g  v i t a m i n  B -6  i n  w e t  w e i g h t .  T h e  d i f f e r 
e n c e s  f r o m  t h e  c u r r e n t  e x p e r i m e n t a l  r e s u l t  c o u ld  b e  d u e  t o  
t h e  d i f f e r e n c e s  in  c o o k i n g  w a t e r  c o n c e n t r a t i o n  o r  t o  
d i f f e r e n c e s  in  m o i s t u r e  c o n t e n t .  — C o n t i n u e d  o n  n e x t  p a g e

Table 1—Vitamin B-6 (pg/g), total folacin (pg/g), 
soaking water

free folacin (pg/g), and trypsin inh ib itor activ ity  (T IA )  cooked  soybean, cooking water, and

Treatment3 >b

Parameter B-20 A-5 A-10 A-20

Vitam in B-6C
Soybean 1.31 ±0.11 1.48±0.18 1.37 ±0.17 1 ,27±0.'40

(4.02±0.39) (4.24±0.54) (4.13±0.52 ) (4.11 ±1.43)
Cooking water 0.93±0.26 0.50±0.10 0.59±0.15 0 .6 9 ± 0 2 0
Soaking water 0.10±0.00 0.10±0.00 0.10±0.01 0.10±0.01

Total folacinc
Soybean 0.50+0.01 0.60±0.17 0.57 ±0.08 0.48±0.06

(1,54±0.28) (1.7 3 ±0.50) (1 ,72±0226) (1.53±0.20)
Cooking water 0.35±0.11 0.27±0.12 0.23±0.04 0.35±0.10
Soaking water 0.18+0.05 0.19+0.05 0.20±0.05 0.20±0.03

Free folacinc
Soybean 0.40±0.08 0.53±0.17 0.45±0.08 0.37±0.14

(1.22±0.24) (1.51 ±0.48) <1.36±0.24) (1 ,20±0.44)
Cooking waterd 0.19+0.04 0.11 ±0.02 0.12±0.03 0.17±0.06
Soaking water 0.06±0.01 0.06±0.01 0.06±0.01 0.06±0.02

Trypsin inhibitor
Activity (TIA /g)c'd 828.0±99.2 1168.5 ±85.6# 766.5±87.8 602.5±57.0T

3 B-20 represents 20 min boiling. A-5, A-10, A-20 represents an autoclave time of 5 ,1 0 , or 20 min, respectively. 
d Value on wet weight basis with soybean values in parentheses being on a dry weight basis.
c Raw soybean value for vitamin B-6, total folacin, free folacin, and trypsin inhibitor activity was 6.27±0.28, 1.68±0.0, 1.27±0.22 pg/g and 
d 61,349.7 T IU , respectively.
a Sym bols not in common denote statistical significant ( P =  0.05).
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T h e r e  a r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  ( T a b l e  1) a m o n g  
t h e  m e a n s  o f  t h e  b e a n  v i t a m in  B -6  o f  e a c h  h e a t i n g  t r e a t 
m e n t .  H e a t  t r e a t m e n t  d id  s ig n i f i c a n t l y  i n f l u e n c e  t h e  v i t a m in  
B -6  c o n t e n t  i n  t h e i r  r e s p e c t i v e  c o o k i n g  w a t e r .  V i t a m i n  B -6  
c o n t e n t  i n  A - 2 0  o r  B -2 0  c o o k i n g  w a t e r  is  s ig n i f i c a n t l y  
h i g h e r  t h a n  a l l  o t h e r  t r e a t m e n t s ,  t h e  v i t a m i n  B -6  c o n t e n t  in  
t h e  B -2 0  c o o k i n g  w a t e r  is  h ig h e r  t h a n  t h e  c o o k i n g  w a t e r  
f r o m  t h e  a u t o c l a v e d  h e a t  t r e a t e d  b e a n s  ( A - 5 ,  A - 1 0 ,  A - 2 0 ) .  
T h e  v i t a m i n  B -6  c o n t e n t  i n  t h e  s o a k i n g  w a t e r ,  a s  e x p e c t e d ,  
d id  n o t  d i f f e r  s ig n i f i c a n t l y .

A c t u a l  d e s t r u c t i o n  o f  v i t a m in  B -6  b y  h e a t ,  h a s  b e e n  
e v a lu a t e d  b y  t o t a l i n g  t h e  c o n t e n t  in  s o a k  w a t e r ,  c o o k  w a t e r  
a n d  t h e  b e a n  a n d  t h e n  c o m p a r i n g  t h e  t o t a l s  t o  t h e  v a lu e  in  
t h e  r a w  b e a n .  M il le r  e t  a l .  ( 1 9 7 3 )  r e p o r t e d  t h a t  d u r in g  t h e  
p r o c e s s i n g  a n d  c a n n in g  o f  p i n t o  a n d  l i m a  b e a n s ,  lo s s  o f  
v i t a m i n  B -6  w a s  m o s t l y  t o  t h e  c o o k i n g  w a t e r .  I n  t h e  c u r r e n t  
e x p e r i m e n t ,  b a s e d  o n  d r y  w e i g h t  c o m p a r i s o n s ,  t h e  t o t a l  
r e c o v e r y  o f  v i t a m in  B -6  f r o m  b e a n s ,  c o o k i n g  w a t e r  a n d  
s o a k i n g  w a t e r  f o r  a l l  t r e a t m e n t s  w e r e  7 1 .6 % ,  6 8 .8 % ,  6 8 .6 % , 
a n d  6 9 .5 %  f o r  B - 2 0 ,  A - 5 ,  A - 1 0 ,  a n d  A - 2 0 ,  r e s p e c t i v e ly .

F o l a c i n  r e t e n t i o n
I n  t h e  c u r r e n t  e x p e r i m e n t ,  t h e  t o t a l  a n d  f r e e  f o l a c i n  

v a lu e s  ( T a b l e  1 ) in  t h e  b e a n s  a n d  s o a k i n g  w a t e r  d id  n o t  
d i f f e r  s ig n i f i c a n t l y .  H o w e v e r ,  a s  w i t h  v i t a m i n  B -6  v a lu e s ,  a s  
t h e  s a m p le s  w e r e  a u to c l a v e d  f o r  g r e a t e r  l e n g t h s  o f  t i m e ,  t h e  
t o t a l  a n d  f r e e  f o l a c i n  c o n t e n t  d e c r e a s e d  in  t h e  b e a n  s a m p le s .  
D e R i t t e r  ( 1 9 7 6 )  h a s  i n d i c a t e d  t h a t  t o t a l  f o l a c i n  d e c r e a s e s  
d u r i n g  c o o k i n g .  I n  p r e p a r in g  s o y b e a n s ,  t h e r e  w e r e  s o m e  
lo s s e s  o f  f o l a c i n  i n t o  s o a k i n g  a n d  c o o k i n g  w a t e r ,  s in c e  
f o l a c i n  is  w a t e r  s o lu b le .  A c t u a l l y ,  h e a t  t r e a t m e n t  m a y  b e  
a d v a n t a g e o u s  in  f o l a c i n  d e t e r m i n a t i o n .  H o l m e s  e t  a l . ( 1 9 7 9 )  
o b t a i n e d  d a t a  f r o m  b la n c h in g  o f  g r e e n  b e a n s  t h a t  s u g g e s ts  
t h a t  t h e  h e a t i n g  in  w a t e r  m a y  i n c r e a s e  t h e  a v a i l a b i l i t y  o f  
t o t a l  f o l a c i n  t o  L .  c a s e i ,  t h e  a s s a y  o r g a n i s m .  T h e s e  r e s u l t s  
a r e  s u p p o r t e d  b y  w o r k  r e p o r t e d  b y  L e i c h t e r  e t  a l . ( 1 9 7 8 )  
w h o  n o t e d  s im i la r  t r e n d s  i n  t h e i r  e x p e r i m e n t  o n  s p in a c h .  
T h e  r e c o v e r y  i n  t h e  c u r r e n t  e x p e r i m e n t  is  g r e a t e r  t h a n  
1 0 0 %  t o t a l  f o la c in .

A l t h o u g h  t o t a l  f o l a c i n  v a lu e s  d id  n o t  d i f f e r  s i g n i f i c a n t l y  
( T a b l e  1 ) in  t h e  c o o k i n g  w a t e r ,  f r e e  f o l a c i n  d id  s h o w  s o m e  
d i f f e r e n c e s .  B - 2 0  h a d  a  s ig n i f i c a n t l y  ( P i s 0 .0 5 )  h ig h e r  f r e e  
f o l a c i n  v a lu e  t h a n  A -5  b u t  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
w i t h  A - 1 0  o r  A - 2 0 .  T h e  r e a s o n  f o r  t h e  d i f f e r e n c e  in  s ig n i f i 
c a n c e  w i t h  t r e a t m e n t  o f  t o t a l  f o l a c i n  v e r s u s  f r e e  f o l a c i n  
c o u ld  p o s s i b l y  b e  a t t r i b u t e d  t o  t h e  e a s e  o f  l e a c h i n g .  F r e e  
f o l a c i n  is  m o r e  e a s i ly  l e a c h e d  o u t  t h a n  t h e  c o n ju g a t e d  f o r m  
( H e r b e r t  a n d  B e r t i n o ,  1 9 6 7 ) .  H o w e v e r ,  v a lu e s  o b t a i n e d  in  
t h e  c u r r e n t  e x p e r i m e n t  w e r e  s im i la r  t o  t h o s e  r e p o r t e d  b y  
P e r l o f f  a n d  B u t r u m  ( 1 9 7 7 ) .  T h e y  r e p o r t e d  1 7 1  pig o f  f o l a c i n  
p e r  lO O g e d ib l e  p o r t i o n  o f  r a w  s o y b e a n .

T r y p s i n  i n h i b i t o r  a c t i v i t y  ( T I A )
C o l l in s  a n d  B e a ty  ( 1 9 8 0 )  r e p o r t e d  t h a t  b o i l in g  w h o le

s o y b e a n  f o r  9  m in  i n a c t i v a t e d  9 6 .1 %  o f  t r y p s i n  i n h i b i t o r  
a c t i v i t y .  T h e r e  w a s  e v id e n c e  t h a t  t r y p s i n  i n h i b i t o r  a c t i v i t y  
d e c r e a s e d  d r a s t i c a l l y  in  t h e  f i r s t  3 m in .  I n  t h e  c u r r e n t  e x 
p e r i m e n t ,  o v e r  9 8 %  ( T a b l e  1 ) o f  t h e  t r y p s i n  i n h i b i t o r  
a c t i v i t y  ( T I A ) ,  e x p r e s s e d  a s  t r y p s i n  i n h i b i t o r  u n i t s  ( T I U ) ,  
w a s  i n a c t i v a t e d .  A s  A l b r e c h t  e t  a l . ( 1 9 6 6 )  o b s e r v e d ,  t h e  
b o i l in g  m e t h o d  c a n  b e  a s  e f f e c t i v e  a s  p r e s s u r e  c o o k i n g  in  
d e s t r o y i n g  t h e  t r y p s i n  i n h i b i t o r .  B - 2 0  a n d  A - 1 0  w e r e  
s i g n i f i c a n t l y  ( P ^ 0 . 0 5 )  d i f f e r e n t  f r o m  t h e  v a lu e s  f o r  A -5  o r  
A - 2 0 .  A -5  w a s  s i g n i f i c a n t l y  ( P ^ 0 . 0 5 )  h ig h e r  in  a c t i v i t y  t h a n  
B - 2 0 ,  A - 1 0  o r  A - 2 0 .  W h ile  B - 2 0  a n d  A - 1 0  a r e  n o t  s ig n i f i 
c a n t l y  d i f f e r e n t  t h e y  w e r e  h ig h e r  (P is  0 .0 5 )  t h a n  A - 2 0 .  A s  
h a v e  b e e n  r e p o r t e d  in  m a n y  e x p e r i m e n t s ,  t h e  t r y p s i n  
i n h i b i t o r  a c t i v i t y  is  d e c r e a s e d  b y  h e a t i n g .  F o r  e x a m p le ,  
A l b r e c h t  e t  a l . ( 1 9 6 6 )  u s in g  s o y b e a n s  ( 2 0 %  m o i s t u r e ) ,  
r e p o r t e d  t h a t  9 9 %  o f  i t s  t r y p s i n  i n h i b i t o r  a c t i v i t y  w a s  
d e s t r o y e d  w h e n  s t e a m e d  a t  1 0 0 ° C  f o r  15  m in .  I n a c t i v a t i o n  
w a s  a c c e l e r a t e d  t o  5 - 7  m in  w h e n  t h e  s o a k e d  w h o le  b e a n s  
( 6 2 - 6 5 %  m o i s u t r e )  w e r e  im m e r s e d  a n d  b o i l e d  in  w a t e r .

T e x t u r e  m e a s u r e m e n t
T h e r e  w e r e  n o  s i g n i f i c a n t  ( P i j O .0 5 )  d i f f e r e n c e s  in  t h e  

t e x t u r e  ( T a b l e  2 ) ,  a s  m e a s u r e d  b y  s h e a r  p r e s s u r e ,  o f  t h e  
s o y b e a n s  f r o m  t h e  f o u r  h e a t  t r e a t m e n t s .  I n  c o m p a r i n g  t h e  
p r e s s u r e  c o o k e d  b e a n s ,  t h e  g r e a t e s t  d e c r e a s e  o f  a p p r o x i 
m a t e l y  2 8 %  o c c u r r e d  d u r in g  t h e  5 — 1 0  m in  c o o k i n g  p e r i o d ;  
h o w e v e r ,  a  7 %  f u r t h e r  d e c r e a s e  i n  p r e s s u r e  o c c u r r e d  f r o m  
A - 1 0  t o  A - 2 0 .  T h e s e  r e s u l t s  c o n c u r  w i t h  t h o s e  r e p o r t e d  b y  
S e f a - D e d e h  e t  a l . ( 1 9 7 8 )  w h o ,  u s in g  a n  I n s t r o n  T e s t i n g  
M a c h in e  ( M o d e l  T M -M ; t e x t u r e  t e s t  a t t a c h m e n t  o f  t h e  
O t t a w a  T e x t u r e  M e a s u r in g  S y s t e m ) ,  o b s e r v e d  t h a t  t h e  
l o n g e r  t h e  c o o k i n g  t i m e  o f  a  s o a k e d  b e a n  t h e  m o r e  t e n d e r  
t h e  b e a n  b e c a m e .  T h e  l o n g e r  c o o k i n g  t i m e  o f  s o a k e d  b e a n s  
p e r m i t t e d  m o r e  w a t e r  a b s o r p t i o n  i n t o  t h e  b e a n s .  A d d i t i o n 
a l ly ,  t h i s  t e n d e r i z a t i o n  o f  t h e  s o y b e a n  d u r in g  c o o k i n g  m a y  
b e  d u e  t o  t h e  b r e a k d o w n  o f  m id d l e  l a m e l l a  ( S e f a - D e d e h  
e t  a l . ,  1 9 7 8 ;  R o c k l a n d  a n d  J o n e s ,  1 9 7 4 )  o r  t h e  s o f t e n i n g  o f  
t h e  p r o t e i n  m a t r i x  ( S e f a - D e d e h  e t  a l . ,  1 9 7 9 )  in  t h e  c o t y l e d o n .  
I t  a l s o  m ig h t  b e  d u e  t o  t h e  b u r s t i n g  o f  t h e  h u l l s  a f t e r  f u l l  
a b s o r p t i o n  o f  w a t e r .

C o l o r  m e a s u r e m e n t
I n  t h e  c u r r e n t  e x p e r i m e n t ,  b l u e  ( B ) ,  g r e e n  ( G )  a n d  

a m b e r  ( A )  p e r c e n t  r e f l e c t a n c e  v a lu e s  w e r e  o b t a i n e d  u s in g  
t h e  P h o t o v o l t  R e f l e c t a n c e  M e te r .  T h e  b lu e  v a lu e s  ( T a b l e  2 )  
a p p e a r  t o  b e  t h e  c o l o r  v a lu e  o f  g r e a t e s t  d i s c r i m i n a t i o n .  T h e  
m e a n  b lu e  v a lu e  o f  B - 2 0  i s  s ig n i f i c a n t l y  ( P i ;  0 .0 5 )  h ig h e r  
t h a n  t h a t  o f  A -5 . H o w e v e r ,  t h e  m e a n  b lu e  v a lu e  f o r  B -2 0  
w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  o f  A - 1 0  o r  A - 2 0 .  
T h e  g r e e n  a n d  a m b e r  v a lu e s  o f  B - 2 0  w e r e  a l s o  s i g n i f i c a n t l y  
( P ^  0 .0 5 )  h ig h e r  t h a n  a n y  o f  t h e  p r e s s u r e  h e a t  t r e a t e d  
s a m p le s .  T h e  h ig h e r  b lu e ,  g r e e n  a n d  a m b e r  v a lu e s  i n d i c a t e d  
a  w h i t e r ,  l i g h t e r  b r o w n  s o y b e a n  w i t h  t h e  b o i l i n g  h e a t  
t r e a t m e n t .  P o s s i b l y ,  t h i s  t y p e  o f  h e a t i n g  c a u s e d  le s s  o c c u r -

Table 2 —Texture, co lor value, moisture content, and percent o f  water absorption after soaking and after cooking

Treatment3
Texture  
(lb/25 g)

Colord
Water absorption13

Moisture
(%)

After soaking 
(%)

After cooking 
(%)Blueb,e Greenb,e Am berb,e

B-20 121,3±4.2 15.8±0.4* 31 .810.7* 35.3+1.0* 67 .310 .95* 12 6 .8 i0 .9 5 1 4 3 .H 2 .3 9 * #
A-5 160.3±18.4C 15.011.0#+ 31 .1 *1 .4 34.6+1.4 65.1±0.85# 126.811.02 1 4 1 .4 t2 .1 1 *
A-10 11 5 .4 i4 0 ,8 15.4±0.7*+ 30.6±1.0 34.111.0 6 6 .8 i0 .7 8 * 127.4 i  1.62 146.512 .87#
A-20 107.4±42.5 14.9±0.7*+ 2 9 .4 H .6 3 2 .9 H . 6 6 8 .9 H .0 7 + 1 2 7 .4 H .18 154.012.88+

b B -2 0  rep resen ts  b o ilin g  2 0  m in . A - 5 , A - 1 0 , o r  A -2 0  rep resen t a u to c la v in g  fo r  5 ,  1 0 , o r  2 0  m in , re sp e c t iv e ly . 
c  S y m b o ls  no t In  co m m o n  d en o te  s ta t is t ic a l s ig n ific a n ce  (P < 0 .0 5 ) .  
d A v e ra g e  va lu e  o f  s ix  re p lic a t io n s  In stead  o f  e igh t re p lic a t io n s . 
e A v e ra g e  va lu e  o f  p e rce n t re f le c ta n c e .

B lu e , g reen , an d  am b er raw  so aked  so yb ean  va lu es  w e re  1 3 .6 ± 0 .8 , 2 6 .2 ± 1 .0 , and 3 0 .0 ± 0 .5 , re sp e c t iv e ly .
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r e n c e  o f  t h e  b r o w n i n g  r e a c t i o n  d u e  t o  l o w e r  t e m p e r a t u r e  
( 1 0 0  C ) e m p l o y e d  a s  c o m p a r e d  t o  t h a t  in  t h e  a u to c l a v e  
( 1 1 7 °  C ) .

W a te r  a b s o r p t i o n  a n d  m o i s t u r e  c o n t e n t
T h e  r e l a t i o n s h i p  o f  m o i s t u r e  c o n t e n t  a n d / o r  w a t e r  

a b s o r p t i o n  h a s  b e e n  r e l a t e d  t o  t h i s  l e g u m e ’s q u a l i t y  ( W a n g  
e t  a l . ,  1 9 7 9 ;  S e f a - D e d e h  e t  a l . ,  1 9 7 8 ,  1 9 7 9 ) .  I n  t h e  c u r r e n t  
e x p e r i m e n t  ( T a b l e  2 ) ,  t h e  b e a n s ’ m o i s t u r e  c o n t e n t  w a s  
s i g n i f i c a n t l y  ( P ^ 0 . 0 5 )  a f f e c t e d  b y  t h e  h e a t  t r e a t m e n t .  T h e  
v a lu e s  a r e  w i t h i n  t h e  r a n g e  o f  t h o s e  r e p o r t e d  in  o t h e r  
e x p e r i m e n t s  ( A l b r e c h t  e t  a l . ,  1 9 6 6 ;  U S D A , 1 9 7 5 ) .  A s  n o t e d  
i n  T a b l e  2 ,  t h e  m o i s t u r e  c o n t e n t  o f  t h e  p r e s s u r e  c o o k e d  
s a m p le s  d i f f e r e d  s i g n i f i c a n t l y  f r o m  e a c h  o t h e r .

W a t e r  a b s o r p t i o n  ( T a b l e  2 )  w a s  e v a lu a t e d  a t  t h e  e n d  o f  
t h e  1 0  h r  ( 2 5  C )  s o a k i n g  p e r i o d  a n d  u p o n  c o m p l e t i o n  o f  
c o o k i n g .  B e a n s  a t  t h e  c o m p l e t i o n  o f  t h e  s o a k  p e r i o d

i n c r e a s e d  a n  a v e r a g e  o f  1 2 7 % , w i t h  n o  d i f f e r e n c e  ( P ^ 0 .0 5 )  
d u e  t o  b lo c k .  T h e  t y p e  o f  h e a t  t r e a t m e n t  s i g n i f i c a n t l y  
i n f l u e n c e d  p e r c e n t  w a t e r  a b s o r p t i o n .  T h e  v a lu e  f o r  A - 2 0  is  
s i g n i f i c a n t l y  h ig h e r .  A -5  w a s  t h e  l o w e s t  v a lu e  b u t  B - 2 0  w a s  
n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  A -5  o r  A - 1 0 .  T h e  h ig h e r  
v a lu e  o f  A - 2 0  i n  t h e  p r e s s u r e  h e a t  t r e a t m e n t  c o m p a r i s o n s  is  
l i k e ly  d u e  t o  t h e  l o n g e r  c o o k i n g  t i m e ,  w h i c h  g a v e  m o r e  
t i m e  f o r  w a t e r  a b s o r p t i o n  ( J u n e k  e t  a l . ,  1 9 8 0 ) .

M i c r o s t r u c t u r e  a p p e a r a n c e
A  n u m b e r  o f  s c a n n in g  e l e c t r o n  m i c r o g r a p h s  ( S E M )  

w e r e  e v a lu a t e d  f o r  e a c h  t r e a t m e n t .  R e p r e s e n t a t i v e  p h o t o 
g r a p h s  a r e  i n  F ig .  1 . T h e  S E M  o f  t h e  r a w  c o t y l e d o n  r e v e a l e d  
t h e  c e l l  s t r u c t u r e  b e c a u s e  o f  t h e i r  s l ig h t  r i g i d i t y .  A s  n o t e d  
b y  t h e  i n s e r t  ( F ig .  I D ) ,  t h e  c e l l  c o n t a i n s  r o u n d  b o d ie s .  
T h e s e  m a y  b e  e i t h e r  p r o t e i n  b o d i e s  e n m e s h e d  i n  a  p r o t e i n  
n e t w o r k  o r  l i p i d .  T h e  S E M ’s a p p e a r  s im i l a r  t o  t h o s e  o f

Fig. 1—Scanning electron micrographs (150X} o f  soybeans: (A! raw; (B) soaked; (C) bo iled 20  m in: (D l autoclaved 5  m in (insert, 1000X), (E) 
autoclaved 10 m in; (F) autoclaved 20  min.
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S O Y B E A N  H EA T IN G  . . .

s o y b e a n s  d e s c r i b e d  b y  W o l f  a n d  B a k e r  ( 1 9 7 2 ;  1 9 8 0 ) .  A  
c o m p a r i s o n  o f  t r e a t m e n t  in  t h e  c u r r e n t  e x p e r i m e n t  w o u ld  
i n d i c a t e  t h a t  s o a k i n g  a n d  i n c r e a s in g  t h e  c o o k i n g  s t r e s s  
d e c r e a s e d  t h e  d e f i n i t i o n  o f  t h e  s o y b e a n  c e l l  s t r u c t u r e .  T h e  
i n s e r t  ( F ig .  I D )  in  t h e  S E M  in d i c a t e s  t h e  p r o t e i n  n e t w o r k  
r i d g e s  s u r r o u n d i n g  t h e  p r o t e i n  b o d i e s  a r e  a p p a r e n t .  W o lf  
a n d  B a k e r  ( 1 9 7 2 )  i n d i c a t e d  t h a t  t h e s e  r i d g e s  l i k e ly  e n c lo s e d  
o i l - c o n t a i n i n g  s p h e r o s o m e s .  T h e  m e s h l i k e  n e t w o r k  o n  t h e  
p r o t e i n  b o d i e s  is  a l s o  p r e s e n t  i n  t h e  c u r r e n t  e x p e r i m e n t .

INTERRELATIONSHIPS OF OBJECTIVE TESTS
M A N Y  S T U D I E S  h a v e  r e l a t e d  t h e  i n f l u e n c e  o f  n u t r i e n t  
r e t e n t i o n  a n d  t h e  t r e a t m e n t  v a r i a b le  o r  s t r e s s .  F o r  e x a m p le ,  
t h e  e f f e c t  o f  h e a t  u p o n  v i t a m in  r e t e n t i o n  is  w e l l  d o c u m e n t e d  
( D e R i t t e r ,  1 9 7 6 ;  H e in  a n d  H u t c h in g s ,  1 9 7 4 ) .  H o w e v e r ,  a  
m i n o r  p o r t i o n  o f  t h e  i n v e s t i g a t i o n s  h a v e  e v a lu a t e d  t h e  
e x t e n t  o f  t h e  r e l a t i o n s h i p s  o r  i n f l u e n c e  o f  s e c o n d a r y  f a c t o r s  
t o  v i t a m i n  r e t e n t i o n .  U s in g  a  c o v a r i a n c e  t y p e  o f  s t a t i s t i c a l  
a n a ly s i s ,  a n  a t t e m p t  w a s  m a d e  t o  e v a lu a t e  t h e  i n t e r a c t i v e  
r e l a t i o n s h i p s  o f  t e x t u r e  o r  c o l o r  c h a n g e s ,  t r y p s i n  i n h i b i t o r  
i n a c t i v a t i o n  o r  m o i s t u r e  o r  w a t e r  a b s o r p t i o n  c h a n g e s  t o  
v i t a m i n  B -6  o r  f o l a c i n  r e t e n t i o n .

T e x t u r e  h a d  a  s ig n i f i c a n t  n e g a t i v e  ( P S 0 . 0 5 )  r e l a t i o n s h i p  
t o  t h e  t o t a l  f o l a c i n  c o n t e n t .  A l t h o u g h  n o t  s i g n i f i c a n t ,  
t e x t u r e  v a lu e s  a n d  f r e e  f o l a c i n  o r  v i t a m i n  B -6  w e r e  p o s i t i v e ly  
r e l a t e d .  A  p o s s ib l e  c r i t i c a l  f a c t o r  i n  t h i s  r e l a t i o n s h i p  w a s  t h e  
c o r r e l a t i o n  ( P ^ 0 . 0 5 )  b e t w e e n  t e x t u r e  a n d  w a t e r  a b s o r p t i o n .  
T e x t u r e  v a lu e s ,  i n d i c a t i n g  d e c r e a s e d  f i r m n e s s ,  d e c r e a s e d  a s  
w a t e r  a b s o r p t i o n  a n d  m o i s t u r e  c o n t e n t  i n c r e a s e d .  T o t a l  
f o l a c i n  c o n t e n t  w a s  s ig n i f i c a n t l y  ( P S 0 . 0 5 )  i n c r e a s e d  w i t h  
i n c r e a s in g  w a t e r  a b s o r p t i o n .  B o t h  f r e e  f o l a c i n  a n d  v i t a m in  
B -6  t e n d e d  t o  d e c r e a s e  a s  t h e  p e r c e n t  w a t e r  a b s o r p t i o n  a n d  
m o i s t u r e  c o n t e n t  i n c r e a s e d .  T h e s e  r e l a t i o n s h i p s  m a y  o c c u r  
d u e  t o  t h e  d i s r u p t i o n  o f  t h e  s o y b e a n  c e l l  i n t e g r i t y .  A s  t h e  
c e l l ’s i n t e g r i t y  d e c r e a s e s  i t  is  l i k e ly  m o r e  e a s i ly  s h e a r e d  
i n d i c a t i n g  a  m o r e  t e n d e r  p r o d u c t .  A d d i t i o n a l l y ,  w i t h  t h e  
p o s s i b l e  lo s s  o f  i n t e g r i t y ,  t h e  c e l l  e x u d e s  m o r e  o f  t h e  f r e e  
f o l a c i n  a n d  v i t a m i n  B -6  o r / a n d  m a k e s  i t  m o r e  s u s c e p t i b l e  
t o  h e a t  d e s t r u c t i o n  a n d / o r  t o  m o r e  e a s y  a n a ly s is .

F o l a c i n  o r  v i t a m i n  B -6  r e t e n t i o n  a n d  c o l o r  a p p e a r e d  t o  
s h o w  a  r e l a t i o n s h i p .  W i th  t h e  e x c e p t i o n  o f  t h e  g r e e n  v a lu e s  
t o  t o t a l  f o l a c i n  c o n t e n t ,  a l l  c o l o r  v a lu e s  ( b l u e ,  g r e e n ,  a m b e r )  
h a d  a  p o s i t i v e  r e l a t i o n s h i p  t o  t o t a l  a n d  f r e e  f o l a c i n .  A s  t h e  
c o l o r  v a lu e s  i n c r e a s e d ,  t h e  f r e e  a n d  t o t a l  f o l a c i n  v a lu e s  a l s o  
i n c r e a s e d .  T h i s  g e n e r a l l y  p o s i t i v e  r e l a t i o n  b e t w e e n  c o l o r  
v a lu e s  a n d  f o l a c i n  c o u ld  p o s s i b l y  b e  a t t r i b u t e d  t o  t h e  
r e l a t i o n s h i p  o f  c o l o r  t o  w a t e r  a b s o r p t i o n  a n d  w a t e r  c o n t e n t .  
T h e  n e g a t i v e  r e l a t i o n s h i p  b e t w e e n  c o l o r  v a lu e s  a n d  v i t a m in  
B -6  r e t e n t i o n  a l s o  a p p e a r e d ,  h o w e v e r ,  t h e r e  is  n o  s t a t i s t i c a l  
s ig n i f i c a n c e .  C o m p a r e d  t o  t h a t  o f  g r e e n  o r  a m b e r  v a lu e s ,  
t h e  b lu e  v a lu e  h a s  le s s  e f f e c t  o n  t h e  r e t e n t i o n  o f  v i t a m i n  
B -6 . T h e  b l u e  v a lu e s  h a d  a  s i g n i f i c a n t  (P i=  0 .0 5 )  r e l a t i o n s h i p  
w i t h  p e r c e n t  w a t e r  a b s o r p t i o n .  A l t h o u g h  n o t  s i g n i f i c a n t ,  
t h e  o t h e r  t w o  c o l o r  v a lu e s ,  g r e e n  a n d  a m b e r ,  a l s o  h a d  a  
p o s i t i v e  r e l a t i o n s h i p .  B lu e  v a lu e s  g e n e r a l l y  a r e  c o n s i d e r e d  t o  
b e  a n a lo g o u s  t o  h u e  i n  o u r  p e r c e p t i o n .  T h u s ,  t h e  s ig n i f i c a n c e  
o f  b l u e  v a lu e s  t o  w a t e r  a b s o r p t i o n  is  e x p e c t e d .

F r e e  f o l a c i n  h a s  a  s i g n i f i c a n t  ( P ^ 0 . 0 5 )  n e g a t i v e  r e l a t i o n 
s h ip  w i t h  t r y p s i n  i n h i b i t o r  a c t i v i t y .  E v i d e n t l y ,  t h e  m o r e  
m o i s t u r e  i n  t h e  b e a n s ,  t h e  m o r e  m e d i a  a v a i la b l e  f o r  i n c r e a s 
in g  t h e  e f f e c t i v e n e s s  t o  i n a c t i v a t e  t h e  t r y p s i n  i n h i b i t o r .  
T h e r e  a l s o  is  a  n e g a t i v e  r e l a t i o n s h i p  b e t w e e n  T I A  w i t h  f r e e  
a n d  t o t a l  f o l a c i n  c o n t e n t ;  w h i c h  i n  t h i s  c a s e  f r e e  f o l a c i n  h a s  
a  s i g n i f i c a n t  ( P ^ 0 . 0 5 )  n e g a t i v e  r e l a t i o n s h i p  t o  T I A .  V i t a m i n  
B -6  t e n d e d  t o  b e  p o s i t i v e ly  b u t  n o t  s i g n i f i c a n t l y  ( P ^ 0 . 0 5 )  
d e c r e a s e d  a s  t h e  T I A  in c r e a s e d .
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P h y t i c  A c i d  H y d r o l y s i s  a n d  S o l u b l e  Z i n c  a n d  I r o n  i n  
W h o l e  W h e a t  B r e a d  A s  A f f e c t e d  b y  C a l c i u m  C o n t a i n i n g  A d d i t i v e s

MICHAEL B. ZEMEL and LEORA A. SHELEF

------------------------------ABSTRACT-------------------------------
The effects of nonfat dry milk, CaCC>3, CaCl2 and MgCl2 on phy- 
tate hydrolysis and on Zn and Fe availability was evaluated in whole 
wheat bread and in a model fermentation system. CaCOj and CaCl2 
both depressed phytate hydrolysis to an equivalent degree, but the milk had a greater effect than could be accounted for by its Ca con
tent. MgCl2 had a less pronounced effect than the Ca salts in both 
the bread and the model system. Increasing fermentation time in the 
model system increased phytate hydrolysis, but the effect was de
layed when milk or CaCl2 was added. Supplementing the bread 
dough with Ca equivalent to that typically contributed by Ca- 
containing additives caused 50% reductions in the available quanti
ties of soluble (“free”) zinc and iron; the decreases observed with 
varying added amounts of Ca or milk exhibited a high degree of 
correlation with the observed increases in residual phytate P.

INTRODUCTION
P H Y T A T E S  h a v e  lo n g  b e e n  k n o w n  t o  h a v e  p o t e n t i a l l y  a d 
v e r s e  e f f e c t s  o n  t h e  b i o a v a i l a b i l i t y  o f  m u l t i v a l e n t  c a t i o n s ,  
e s p e c i a l ly  Z n + + , C a + + , F e + +  a n d  F e + + + , d u e  t o  t h e  f o r m a 
t i o n  o f  i n s o l u b l e  c o m p l e x e s  i n  t h e  g a s t r o i n t e s t i n a l  t r a c t  
( H a r r i s o n  a n d  M e l la n b y ,  1 9 3 9 ;  S h a r p e  e t  a l . ,  1 9 5 0 ;  O ’D e l l  
a n d  S a v a g e , 1 9 6 0 ;  O b e r l e a s  e t  a l . ,  1 9 6 6 ;  R e i n h o l d  e t  a l . ,
1 9 7 3 ) .  F o r m a t i o n  o f  t h e s e  p h y t a t e  c o m p le x e s  is  b e l i e v e d  
t o  b e  t h e  c a u s e  o f  z i n c  a n d  i r o n  d e f i c i e n c y  in  s o m e  p o p u l a 
t i o n s  w h i c h  s u b s i s t  o n  u n l e a v e n e d  w h o le  g r a in  b r e a d ,  a n d  
r e ly  o n  i t  a s  a  p r i m a r y  s o u r c e  o f  t h e s e  t w o  m in e r a l s  ( P r a s a d  
e t  a l . ,  1 9 6 1 ,  1 9 6 3 ;  R e i n h o l d ,  1 9 7 1 ,  1 9 7 2 ;  H a g h s h e n a s s  e t  
a l . ,  1 9 7 2 ;  R e i n h o l d  e t  a l . ,  1 9 7 3 ) .  I n  y e a s t  le a v e n e d  b r e a d s ,  
t h e  f o r m a t i o n  o f  t h e s e  c a t i o n - p h y t a t e  c o m p l e x e s  is  m in i 
m iz e d  d u e  t o  p h y t a t e  h y d r o l y s i s  c a t a l y z e d  b y  a  y e a s t  p h y -  
t a s e  d u r in g  t h e  f e r m e n t a t i o n  p r o c e s s  ( R e i n h o l d ,  1 9 7 5 ) .  
H o w e v e r ,  c a lc iu m  is  f r e q u e n t l y  a d d e d  t o  b r e a d ,  u s u a l l y  in  
t h e  f o r m  o f  n o n f a t  d r y  m i lk ,  c a lc iu m  p r o p i o n a t e  a n d / o r  
c a lc iu m  p h o s p h a t e ;  t h e s e  a d d i t i v e s  t y p i c a l l y  in c r e a s e  t h e  
c a lc iu m  c o n t e n t  o f  w h o le  w h e a t  b r e a d  b y  5 0 — 1 0 0  m g / lO O g  
b r e a d ,  o r  u p  t o  5 0 % . C a l c iu m  a n d  z i n c  e x h i b i t  a  s y n e r g i s m  
w i th  r e s p e c t  t o  p h y t a t e  p r e c i p i t a t i o n ,  a n d  i n  v i t r o  s t u d i e s  
d e m o n s t r a t e  t h a t  c a l c iu m  c a u s e s  i n c r e a s e d  p r e c i p i t a t i o n  o f  
a n  i n s o lu b l e  z i n c - p h y t a t e  c o m p l e x  a t  i n t e s t i n a l  p H ’s ( O b e r 
l e a s  e t  a l . ,  1 9 6 6 ;  O b e r l e a s ,  1 9 7 3 ) .  F u r t h e r m o r e ,  t h e  a d d i 
t i o n  o f  c a lc iu m  t o  d i e t s  h ig h  i n  p h y t i c  a c id  c a u s e s  a  d e 
c r e a s e  i n  p h y t i c  a c id  h y d r o l y s i s  a n d  r e d u c e s  z i n c  a b s o r p 
t i o n  i n  a n im a ls  ( O b e r l e a s  e t  a l . ,  1 9 6 6 ;  O b e r l e a s ,  1 9 7 3 ;  
N a h a p e t i a n  a n d  Y o u n g ,  1 9 8 0 ) .  O n  t h e  o t h e r  h a n d ,  a  m o r e  
r e c e n t  s t u d y  i n d i c a t e s  t h a t  i n c r e a s in g  t h e  le v e l  o f  c a lc iu m  
i n t a k e  o f  h u m a n s  b y  t h e  u s e  o f  d a i r y  p r o d u c t s  i n c r e a s e s  t h e  
a b s o r p t i o n  o f  z i n c  f r o m  w h o le  w h e a t  b r e a d  ( S a n d s t r o m  e t  
a l . ,  1 9 8 0 ) .

T h e  o b j e c t i v e s  o f  t h e  p r e s e n t  s t u d y  w e r e  t o  d e t e r m i n e  
w h e t h e r  t h e  a d d i t o n  o f  c a l c iu m  o r  m i lk  t o  a  w h o l e  w h e a t  
y e a s t  b r e a d  d o u g h  w il l  r e s u l t  i n  t h e  f o r m a t i o n  o f  a  s t a b l e  
c a l c i u m - p h y t a t e  o r  c a l c i u m - z i n c - p h y t a t e  c o m p l e x  re s i s 
t a n t  t o  h y d r o l y s i s  b y  y e a s t .

Authors Zemel and Shelef are with the Food  Science & Human 
Nutrition  Div., Dept, o f Fam ily  and Consumer Resources, Wayne 
State Univ., Detroit, M l 48202.

EXPERIMENTAL
Studies in bread

Loaves of bread were prepared using the following basic ingre
dients: lOOg whole wheat flour, 70g glass distilled water, 15g 
margarine, 5g sugar, 2g NaCl and 2g yeast. The loaves contained 
either (a) no additives; (b) 6.6 or 13.2 dried skim milk which pro
vided 86 or 172 mg calcium, respectively; (c) 22, 43, 86 or 172 
mg calcium from CaCl2; (d) 22, 43, 86 or 172 mg calcium from 
CaC03; or (e) 86 or 172 mg magnesium from MgCl2. After fer
mentation (1 hr), shaping, and baking (170°C) to uniform weight, 
the loaves were oven dried at 100°C to constant weight and homo
genized in a blender. Aliquots were analyzed for phytate phos
phorus, total zinc, total iron, soluble zinc and soluble iron.
Studies in a model system

The model fermentation system consisted of 2g whole wheat 
flour and 5 ml of a suspension containing 2g yeast, lg NaCl and 
3g sucrose in 100 ml distilled water. The protocol of the model 
system paralleled that used in the bread with respect to additions 
of dried skim milk, calcium and magnesium; in addition, the effect 
of fermentation time was evaluated in systems containing no addi
tives, dried skim milk or calcium salts. Phytate phosphorus was was analyzed directly on the entire mixture following interruption 
of fermentation.
Phytate phosphorus determination

Phytate phosphorus was determined using a modification of the 
method described by Oberleas (1971) and modified by Nahapetian 
and Bassiri (1975). Phytate was extracted with 1.2% HCl/10% 
Na2S04 and then precipitated in a boiling water bath with 0.4% 
FeCl3-6H20  in 0.07N HC1. The precipitated ferric-phytate salt was 
isolated via centrifugation, washed with 4% Na2S04 in 0.07N HC1 
and re-centrifuged. The precipitate was dissolved in 4 -5  ml nitric 
acid and boiled for approximately 2 hr in a ceramic crucible. The 
sample was then ashed overnight (ca 14 hr) at 500°C in a muffle 
furnace. After cooling, the ash was dissolved in concentrated hydro
chloric acid, diluted to an appropriate volume and analyzed for 
phosphorus using the colorimetric technique of Fiske and Subbarow 
(1925). The recovery of phytate phosphorus added to samples 
treated in this manner was 94 ± 6% (mean ± sd).
Total zinc and iron determination

Samples for the analysis of total zinc and iron were ashed as 
described above, and analyzed by atomic absorption spectropho
tometry using a Varian AA-6 atomic absorption spectrophotometer 
(Varian Associates, Inc., Park Ridge, IL.); all samples contained 
lanthanum chloride at a final concentration of 1% (w/v) to avoid 
interference from phosphorus.
Soluble zinc and iron determination

“Free” zinc and iron in the dried bread samples were estimated 
as soluble zinc and iron using a method similar to that of Lee and 
Clydesdale (1979) for soluble iron. Samples (10-20g) and dis
tilled water (30-40g) were placed into 250 ml Erlenmeyer flasks 
which were agitated for 3 hr on a shaker. The samples were then 
allowed to settle for 30 min and centrifuged at 1000 x g  for 30 
min. The resulting supernatants were filtered through Whatman 
#1 paper and analyzed for zinc and iron using atomic absorption 
spectrophotometry.
Statistical treatment of data

All data were analyzed using analysis of variance and the least
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significant difference (LSD) test to separate means at the 1% alpha 
level.

RESULTS & DISCUSSION
P h y t a t e  h y d r o l y s i s

T h e  e f f e c t s  o f  t h e  v a r i o u s  s u p p l e m e n t s  o n  p h y t a t e  h y 
d r o ly s i s  a s  i n d i c a t e d  b y  r e s i d u a l  p h y t a t e  P  a r e  s h o w n  in  
T a b l e s  1 - 3 .  T h e  a d d i t i o n  o f  n o n f a t  d r y  m i lk  t o  e i t h e r  t h e  
b r e a d  d o u g h  ( T a b l e  1 ) o r  m o d e l  f e r m e n t a t i o n  s y s te m  
( T a b l e  2 )  r e s u l t e d  in  a  d e c r e a s e  in  p h y t a t e  h y d r o l y s i s  as 
i n d i c a t e d  b y  a  s i g n i f i c a n t  ( p  <  0 . 0 1 )  e l e v a t i o n  in  r e s i d u a l  
p h y t a t e  p h o s p h o r u s .  T h i s  d e c r e a s e  in  p h y t a t e  h y d r o l y s i s  
c o u ld  n o t  b e  a t t r i b u t e d  e n t i r e l y  t o  t h e  e f f e c t  o f  c a lc iu m  in  
t h e  m i lk ,  s in c e  a d d in g  8 6  m g  C a  in  t h e  f o r m  o f  e i t h e r  C a C 0 3 
o r  C a C l2 c a u s e d  a  2 4 %  in c r e a s e ,  w h i le  a d d in g  s u f f i c i e n t  
n o n f a t  d r y  m i lk  t o  c o n t r i b u t e  a n  e q u i v a l e n t  a m o u n t  o f  C a  
c a u s e d  a  s ig n i f i c a n t l y  ( p  <  0 .0 1 )  g r e a t e r  i n c r e a s e  in  r e s i d 
u a l  p h y t a t e  p h o s p h o r u s .  F u r t h e r m o r e ,  t h e  e f f e c t  o f  c a lc iu m  
o n  p h y t a t e  h y d r o l y s i s  a p p e a r e d  t o  b e  i n d e p e n d e n t  o f  p H , 
s in c e  s u p p l e m e n t a t i o n  b y  e i t h e r  C a C 0 3 o r  C a C l2 p r o d u c e d  
i d e n t i c a l  e f f e c t s  ( T a b l e  1 ). W h e n  t h e  le v e l  o f  c a lc iu m  s u p 
p l e m e n t a t i o n  w a s  in c r e a s e d  tw o - f o ld  t o  1 7 2  m g / lo a f ,  t h e r e  
w a s  a  f u r t h e r  i n c r e a s e  i n  r e s i d u a l  p h y t a t e  p h o s p h o r u s ,  w i t h  
t h e  g r e a t e s t  e f f e c t  a g a in  b e in g  f r o m  t h e  n o n f a t  d r y  m i lk .

A l t h o u g h  m a g n e s iu m  s u p p l e m e n t s  a l s o  d e p r e s s e d  p h y 
t a t e  h y d r o l y s i s  in  b o t h  t h e  m o d e l  s y s t e m  ( T a b l e  2 )  a n d  in  
t h e  b r e a d  d o u g h  ( T a b l e  3 ) ,  t h e  e f f e c t  w a s  s ig n i f i c a n t l y  
( p  <  0 .0 1 )  le s s  p r o n o u n c e d  t h a n  t h a t  o f  c a lc iu m .

Table 1—E ffect o f  calcium supplementation on phytate P  in whole 
wheat breada,b

Supplemental 
Ca/loaf (mg) Source

Phytate 
P/loaf (mg) % Increase

0 (control) _ 218a _

22 CaCI 2 240b 10a
44 CaCl2 247c 13b
86 CaCl2 270d 24c
86 CaC03 270d 24c
86 dried skim milk 277e 27d

172 CaCl2 297f 36e
172 C aC 03 294f 35e
172 dried skim milk 306g 40f

a N o n m a tch in g  le tte rs  in each  co lu m n  d en o te  s ig n if ic a n t  d iffe re n ce s  
(P  <  0 .0 1 ) .

D T r ip l ic a te  an a ly se s  p e rfo rm e d  on each  o f  th re e  loaves at each  level 
o f ca lc iu m  o r m ilk  su p p le m e n ta t io n .

Table 2—E ffect o f supplements on residual phytate P in whole 
wheat flour-yeast suspension after 1 hr o f  fermentation at 30° C3,13

Dry milk powder Increase in residual
(g/1 OOg flour) phytate P (%)

0 9a
8 22b

23 31c
46 46d

CaCI2 (g/1 OOg flour)

0.3 23b
0.6 39e
0.9 59f

MgCI2 (g/1 OOg flour)
0.3 18g
0.6 31c
0.9 36h

3 N o n m a tch in g  le tte rs  d en o te  s ig n ific a n t  d iffe re n c e s  (p  <  0 .0 1 ) .  
" T r ip l i c a t e  an a ly se s  p e rfo rm e d  on each o f th re e  su sp en s io n s fo r  

each  leve l o f su p p le m e n ta t io n .

F e r m e n t a t i o n  t i m e
A s  e x p e c t e d ,  d e c r e a s i n g  t h e  f e r m e n t a t i o n  t i m e  s ig n i f i 

c a n t l y  d e p r e s s e d  p h y t a t e  h y d r o l y s i s ,  w h i le  e x t e n d i n g  f e r 
m e n t a t i o n  t i m e  t o  3 h r  r e s u l t e d  in  a  s u b s t a n t i a l  i n c r e a s e  in  
h y d r o l y s i s  ( T a b l e  4 ) .  S im i l a r  t r e n d s  w e r e  f o u n d  w h e n  f e r 
m e n t a t i o n  t i m e  w a s  e x t e n d e d  in  s a m p le s  c o n t a i n i n g  e i t h e r  
C a C l2 o r  d r i e d - m i lk  p o w d e r ,  a l t h o u g h  h y d r o l y s i s  w a s  d e 
l a y e d .  F o r  e x a m p le ,  a f t e r  9 0  m in  o f  f e r m e n t a t i o n ,  o n l y  
4 3 %  o f  t h e  o r ig in a l  p h y t a t e  p h o s p h o r u s  r e m a i n e d  in  t h e  
c o n t r o l  s y s t e m ,  a s  c o m p a r e d  t o  5 7  a n d  7 8 %  in  t h e  s y s t e m s  
w i t h  t h e  C a C l2 a n d  n o n f a t  d r y  m i lk  p o w d e r ,  r e s p e c t i v e ly .  
R e d u c in g  p h y t a t e  p h o s p h o r u s  t o  a p p r o x i m a t e l y  5 9 %  o f  
t h a t  o r ig in a l ly  p r e s e n t  r e q u i r e d  6 0  m in  o f  f e r m e n t a t i o n  in  
t h e  c o n t r o l  s y s t e m ,  9 0  m in  in  t h e  s y s t e m  w i t h  a d d e d  C a C l2 
a n d  1 2 0  m in  in  t h e  s y s te m  w i t h  a d d e d  d r i e d - m i lk  p o w d e r .

S o l u b l e  z in c
S u p p l e m e n t i n g  t h e  b r e a d  d o u g h  w i t h  c a lc iu m  r e s u l t e d  

in  a  s i g n i f i c a n t  ( p  <  0 .0 1 )  d e c r e a s e  in  s o lu b l e  z i n c  ( T a b l e  5 ) . 
W h e n  n o  c a lc iu m  w a s  a d d e d  t o  t h e  b r e a d  d o u g h ,  t h e  lo a v e s  
c o n t a i n e d  0 .4 7  m g  f r e e  Z n ,  r e p r e s e n t i n g  1 4 %  o f  t h e  t o t a l  
Z n  p r e s e n t .  H o w e v e r ,  w h e n  8 6  m g  c a lc iu m  ( C a C l2 o r  
C a C 0 3 ) w e r e  a d d e d  t o  t h e  d o u g h ,  s o lu b l e  z i n c  r e p r e s e n t e d  
o n l y  6 .5 %  o f  t h e  t o t a l .  A  c a lc iu m  s u p p l e m e n t  o f  1 7 2  m g  
e f f e c t e d  o n l y  a  s l ig h t  f u r t h e r  d e c r e a s e  in  s o lu b l e  z in c .  A d d 
in g  d r i e d - m i lk  p o w d e r  a l s o  c a u s e d  a  d e c r e a s e  i n  s o lu b l e  z in c .  
H o w e v e r ,  a l t h o u g h  t h e  e f f e c t s  o f  t h e  c a lc iu m  s a l t s  a n d  
d r i e d - m i lk  p o w d e r  o n  f r e e  z i n c  w e r e  i d e n t i c a l  w h e n  e x 
p r e s s e d  a s  a  p e r c e n t a g e  o f  t o t a l  z i n c ,  t h e  d r i e d  m i lk  d id  
n o t  d e p r e s s  t o t a l  f r e e  z i n c  as  m u c h  a s  t h e  c a lc iu m  s a l t s  d id ,  
s in c e  t h e  m i lk  c o n t r i b u t e d  a d d i t i o n a l  s o lu b l e  z i n c  t o  t h e  
b r e a d  d o u g h .

S o l u b le  i r o n
A s  w i t h  s o lu b l e  z in c ,  s u p p l e m e n t i n g  d o u g h  i n g r e d i e n t s  

w i t h  c a lc iu m  c a u s e d  a  s i g n i f i c a n t  ( p  <  0 .0 1 )  d e c r e a s e  in

Table 3 —E ffect o f magnesium supplementation on phytate P in 
whole wheat breada’b

Supplemental 
mg/loaf (mg) Phytate P/loaf (mg) % increase

0 (control) 218a _

44 240b 10a
86 262c 20b

172 279d 28c

a N o n m a tch in g  le tte rs  in  each  co lu m n  d en o te  s ig n if ic a n t  d iffe re n c e s  
(p  <  0 .0 1 ) .

D T r ip l ic a te  an a ly se s  p erfo rm e d  on th re e  loaves at each  leve l o f  m ag
nes iu m  su p p le m e n ta t io n .

Table 4 —Effects o f fermentation time on residual phytate phos
phorus3^

Residual phytate phosphorus (%)
Fermentation time 

at 30° C 
(min) Control0

3 mg CaCI/g 
flourb

0.083g dried-mil 
powder/g flour

0 100a 100a 100a
30 85c 96b 96b
60 59e 81d 86c
90 43f 57e 78d

120 36g
240 6h

3 N o n m a tch in g  le tte rs  d en o te  s ig n ific a n t  d iffe re n c e s  (p  <  0 .0 1 ) .  
" T r ip l i c a t e  an a ly se s  p e rfo rm e d  on each o f  th re e  su sp e n s io n s  a t each 

fe rm e n ta tio n  t im e /a d d it iv e  c o m b in a t io n . 
c 2 .7  mg p h y ta te  P per g f lo u r
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Table 5—E ffect o f calcium supplementation on soluble ("free") 
Zn in whole wheat bread5''0

Supp. Ca 
(mg/loaf) Source

Zn
(mg/loaf)

Soluble Zn 
(mg/loaf)

% soluble 
Zn

0 (control) — 3.44a 0.47a 14a
22 C a C 0 3 3.49a 0.40b 1 1 b
44 CaCI 2 3.42a 0.32c 9c
86 CaCl2 3.45a 0.23d 7d
86 C a C 0 3 3.52a 0.22d 6d
86 Dried skim milk 4.35b 0.32c 7d

172 CaCI 2 3.50a 0.19e 5e
172 C a C 0 3 3.48a 0.19e 5e
172 Dried skim milk 5.10c 0.25d 5e

® N o n m a tch in g  le tte rs  d en o te  s ig n if ic a n t  d iffe re n c e s  (p  <  0 .0 1 ) .
D T r ip l ic a te  a n a ly se s  p e rfo rm e d  on each o f  th re e  loaves at each  level 

o f c a lc iu m  su p p le m e n ta t io n .

s o lu b l e  i r o n  ( T a b l e  6 ) .  H o w e v e r ,  u n l i k e  s o lu b l e  z in c ,  t h e r e  
w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  e f f e c t s  o f  c a lc iu m  
( a s  C a C 0 3  o r  C a C l2 )  a n d  d r i e d - m i lk  p o w d e r  o n  s o lu b l e  
i r o n .  T h e  a d d i t i o n  o f  8 6  m g  C a  f r o m  a n y  o f  t h e  t h r e e  
s o u r c e s  c a u s e d  a  5 0 %  d e c r e a s e  i n  s o lu b l e  i r o n ,  f r o m  0 .7 1  
m g / l o a f  t o  a b o u t  0 .3 7  m g / lo a f .

T h e  r e s u l t s  o f  t h e  p r e s e n t  s t u d y  d e m o n s t r a t e  t h a t  t h e  
c o m m o n  p r a c t i c e  o f  i n c o r p o r a t i n g  n o n f a t  d r y  m i lk  i n t o  
w h o le  w h e a t  b r e a d  i n g r e d i e n t s  r e s u l t s  i n  r e d u c e d  h y d r o l y s i s  
o f  p h y t i c  a c id .  T h i s  r e d u c t i o n  c a n  b e  la r g e ly  a t t r i b u t e d  t o  
t h e  c a lc iu m  c o n t e n t  o f  t h e  m i lk ,  p r e s u m a b l y  d u e  t o  t h e  
f o r m a t i o n  o f  C a - p h y t a t e  c o m p le x e s  r e s i s t a n t  t o  a t t a c k  b y  
y e a s t  p h y t a s e .  A s  e x p e c t e d ,  e x t e n d i n g  f e r m e n t a t i o n  t i m e  
c a u s e d  i n c r e a s e d  h y d r o l y s i s  o f  p h y t a t e s ,  b u t  n o n f a t  d r y  
m i l k  d e p r e s s e d  p h y t a t e  h y d r o l y s i s  e v e n  a t  l o n g e r  f e r m e n t a 
t i o n  t im e s .

I f  o n e  c o n s i d e r s  t h e  s o l u b i l i t y  o f  z i n c  a n d  i r o n  a s  p r e 
d i c t o r s  o f  t h e i r  b io a v a i l a b i l i t y ,  s u p p l e m e n t i n g  w h o le  w h e a t  
b r e a d  w i t h  c a l c iu m  s a l t s  o r  n o n f a t  d r y  m i l k  m a y  c a u s e  a  
s u b s t a n t i a l  r e d u c t i o n  in  t h e  b i o a v a i l a b l i t y  o f  i r o n  a n d  a  
m o d e s t  r e d u c t i o n  i n  t h a t  o f  z i n c .  T h e  m o s t  l i k e ly  e x p l a n a 
t i o n  f o r  t h e s e  r e d u c t i o n s  is  t h e  f o r m a t i o n  o f  in s o lu b l e  c o m 
p l e x e s  o f  z i n c  a n d / o r  i r o n  w i t h  t h e  c a l c iu m  s t a b i l i z e d  p h y 
t a t e  ( S h a r p e  e t  a l . ,  1 9 5 0 ;  O ’D e l l  a n d  S a v a g e ,  1 9 6 0 ;  P r a s a d  
e t  a l . ,  1 9 6 3 ;  R e i n h o l d  e t  a l . ,  1 9 7 3 ) .  T h i s  c o n c e p t  is  f u r t h e r  
s u p p o r t e d  b y  t h e  s i g n i f i c a n t  ( p  <  0 .0 1 )  n e g a t i v e  c o r r e l a t i o n s  
f o u n d  b e t w e e n  t h e  p e r c e n t  in c r e a s e  i n  r e s i d u a l  p h y t a t e  
p h o s p h o r u s  a n d  t h e  f r a c t i o n s  o f  z i n c  a n d  i r o n  r e m a i n in g  in  
t h e  s o lu b l e  f o r m  ( r  =  - 0 . 9 1  a n d  - 0 . 9 2 ,  r e s p e c t i v e ly ) .  I t  
t h e r e f o r e  a p p e a r s  t h a t  t h e  e f f e c t s  o f  m i l k  a d d e d  t o  b r e a d  
s h o u l d  b e  c o n s i d e r e d  w h e n  e s t i m a t i n g  t h e  t o t a l  a v a i la b le  
i r o n  a n d  z i n c  i n  t h e  d i e t .  M o d e s t  i m p r o v e m e n t s  i n  i r o n  a n d  
z i n c  a v a i l a b i l i t y  f r o m  w h o le  w h e a t  b r e a d  m a y  b e  a c c o m 
p l i s h e d  b y  r e p l a c in g  c a lc iu m  w i t h  o t h e r  c a t i o n s  i n  c o m 
p o u n d s ,  s u c h  a s  p r o p i o n a t e s  a n d  p h o s p h a t e s ,  w h i c h  a r e  
a d d e d  t o  b r e a d  d o u g h .

Table 6—Effect o f calcium supplementation on soluble ("free") 
iron in whole wheat bread5'10

Supp. Ca 
(mg/loaf) Source

Fe
(mg/loaf)

Soluble Fe 
(mg/loaf)

% soluble 
Fe

0 (control) — 2.30a 0.71a 31a
22 CaCI 2 2.29a 0.54b 24b
44 CaCl2 2.30a 0.48c 21c
86 CaCI 2 2.31a 0.36d 16d
86 C a C 0 3 2.30a 0.35d 15d
86 Dried skim milk 2.31a 0.40d 1 7d

172 CaCI 2 2.28a 0.32e 14e
172 C a C 0 3 2.29a 0.31e 14e
172 Dried skim milk 2.31a 0.33e 14e

5 N o n m a tch in g  le tte rs  in  each  co lu m n  d en o te  s ig n if ic a n t  d iffe re n c e s  
(p  <  0 .0 1 ) .

“ T r ip l ic a te  a n a ly se s  p e rfo rm e d  on each  o f th re e  loaves at each level 
o f ca lc iu m  su p p le m e n ta t io n .
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E f f e c t  o f  F o u r  A n t i c a k i n g  A g e n t s  o n  t h e  
B u l k  C h a r a c t e r i s t i c s  o f  G r o u n d  S u g a r

A. M. HOLLENBACH, M. PELEG and R. RUFNER

------------------------------ABSTRACT--------------------------------
Fine silicon oxide, sodium aluminum silcate, tricalcium phosphate 
and calcium stearate powders were admixed with dry ground sugar 
at four concentration levels between 0.1 to 2%. Appreciable increase 
in loose bulk density and decrease in compressibility were notice
able at 0.1% concentration in all four agents. The effect reached an 
apparent peak or a flat maximum at an agent concentration of about 
0.5-1%. With the exception of silicon oxide treated powders, 
increase in density was accompanied by a corresponding decrease in 
compressibility. Bulk parameters (i.e., density and compressibility) were more sensitive indices to changes occurring in powders as com
pared to parameters determined in compacted specimens (i.e., yield 
in shear, internal friction and relaxation pattern). Results are ex
plained in terms of possible bed arrays and their scatter by differ
ences in particle size and shape distributions. Support for these 
explanations is presented in scanning electron micrographs of sugar 
treated and untreated particles.

INTRODUCTION
A C C O R D I N G  T O  T H E  C o d e  o f  F e d e r a l  R e g u l a t i o n s  ( 1 9 8 0 )  
“ a n t i - c a k in g  a g e n t s  a n d  f r e e  f l o w in g  a g e n t s ”  a r e  “ s u b 
s t a n c e s  a d d e d  t o  f i n e ly  p o w d e r e d  o r  c r y s t a l l i n e  f o o d  p o w 
d e r s  t o  p r e v e n t  c a k in g ,  l u m p i n g  o r  a g g l o m e r a t i o n . ”  C o m 
m o n l y  t h e  a n t i c a k i n g  a g e n t s  a r e  v e r y  f i n e  p o w d e r s  ( p a r t i c l e  
s iz e  in  t h e  o r d e r  o f  f e w  m i c r o n s )  o f  s i l i c o n  o x i d e ,  s i l i c a te s ,  
i n s o lu b l e  p h o s p h a t e s  a n d  t h e  b i  o r  t r i  v a l e n t  s a l t s  o f  s t e a r i c  
a c id .  T h e y  a r e  c o m m e r c i a l l y  a v a i l a b l e  i n  d i f f e r e n t  t y p e s  o r  
g r a d e s  t h a t  a r e  d i s t i n c t  w i t h  r e s p e c t  t o  p a r t i c l e  s iz e ,  b u l k  
d e n s i t y  a n d  a b s o r p t i v e  c a p a c i t y  a s  w e l l  a s  o t h e r  le s s  i m p o r 
t a n t  p r o p e r t i e s .  M o s t  o f  t h e m  a r e  f a i r l y  i n e r t  s u b s t a n c e s  a n d  
a r e  c l a s s i f ie d  a s  G R A S .  T h e i r  le g a l ly  p e r m i t t e d  c o n c e n t r a 
t i o n  is  r e s t r i c t e d  t o  a  p r o v e n ,  u s e f u l  le v e l  a s  a n t i c a k i n g  
a g e n t s  ( C o d e  o f  F e d e r a l  R e g u l a t i o n s ,  1 9 8 0 )  a n d  i n  p r a c t i c e  
t h i s  le v e l  is  u s u a l l y  i n  t h e  o r d e r  o f  1% o r  le s s .

T h e r e  is  n o  e s t a b l i s h e d  m e t h o d  f o r  e v a lu a t i n g  t h e  
e f f e c t i v e n e s s  o f  a n t i c a k i n g  a g e n ts .  T h e  m a i n  r e a s o n  is  t h a t  
t h e  m a j o r  f a c t o r s  t h a t  r e g u l a t e  p o w d e r s  c o h e s io n  a n d  
c a k in g  t e n d e n c y ,  n a m e l y  m o i s t u r e  a n d  t e m p e r a t u r e ,  a r e  
i n d e p e n d e n t  v a r i a b le s .  T h e r e f o r e ,  t h e  t e r m  e f f e c t i v e n e s s  h a s  
m e a n i n g  o n l y  u n d e r  a  v e r y  s p e c i f i c  r a n g e  o f  c o m p o s i t i o n  
a n d  s t o r a g e  c o n d i t i o n s .  U n d e r  s u c h  c o n d i t i o n s  t h e  a n t i c a k 
in g  a g e n t  e f f e c t  c a n  b e  q u a n t i f i e d  i n  t e r m s  o f  f l o w in g  t i m e  
t h r o u g h  a  f u n n e l  ( a  c o m m e r c i a l  t e s t ) ,  b y  f l o w a b i l i t y  r e l a t e d  
p h y s i c a l  p a r a m e t e r s  ( P e le g  a n d  M a n n h e im ,  1 9 7 3 ;  Y o r k ,
1 9 7 5 ) ,  o r  b y  s ie v in g  a n d  w e ig h in g  o f  t h e  l u m p s  f o r m e d  
a f t e r  e x p o s u r e  t o  m o i s t u r e  ( I r a n i  e t  a l . ,  1 9 5 9 ;  I r a n i  a n d  
C a l l is ,  1 9 6 0 ) .  F o r  q u a l i t a t i v e  e v a l u a t i o n ,  t h e  m e r e  o b s e r v a 
t i o n  o f  w h e t h e r  l u m p s  h a v e  b e e n  f o r m e d  u n d e r  c o n t r o l l e d  
e n v i r o n m e n t a l  c o n d i t i o n s  is  a  s im p le  a n d  c o n v e n i e n t  
m e t h o d  ( P e le g  a n d  M a n n h e im ,  1 9 6 9 ;  P e le g  a n d  M a n n h e im
1 9 7 7 ) .  T h i s  p r o c e d u r e  is  a l s o  c o m m o n l y  r e p o r t e d  i n  t h e  
m a n u f a c t u r e r s  t e c h n i c a l  p u b l i c a t i o n s .  I t s  m a j o r  s h o r t c o m 
in g  ( a n d  t h a t  o f  t h e  s ie v in g  m e t h o d  a s  w e l l )  is  t h a t  t h e  h a r d 
n e s s  o f  t h e  a g g lo m e r a t e s  is  n o t  t a k e n  i n t o  a c c o u n t .

Authors Hollenbach and Peleg are with the Dept, o f  Food  Engineer
ing, and author Rufner is with the Electron M icroscopy Laboratory, 
Massachusetts Agricu ltura l Experiment Station, Univ. o f  Massachu
setts, Amherst, M A  01003.

P o w d e r e d  s u g a r s  a r e  k n o w n  t o  b e  f a i r l y  c o h e s iv e  m a t e r 
ia ls  a n d  w i t h  s t r o n g  c a k in g  t e n d e n c y .  B e c a u s e  o f  b e in g  a  
f r e q u e n t  i n g r e d i e n t  i n  t h e  f o o d  a n d  p h a r m a c e u t i c a l  i n d u s 
t r i e s  t h e  f l o w a b i l i t y  a n d  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e s e  
p o w d e r s  is  o f  c o n c e r n  i n  a  v a r i e t y  o f  p r o c e s s e s .  T h e  e f f e c t  
o f  t w o  t y p e s  o f  a n t i c a k i n g  a g e n t s  ( o r  f l o w  c o n d i t i o n e r s )  
o n  t h e  p r o p e r t i e s  o f  s u c r o s e  w a s  p r e v io u s ly  r e p o r t e d  
( P e le g  a n d  M a n n h e im ,  1 9 7 3 ) .  T h e  r e s u l t s  o f  t h i s  w o r k  i n d i 
c a t e d  t h a t  a t  1 - 3 %  c o n c e n t r a t i o n  t h e  e f f e c t  o f  a l u m i n u m  
s i l i c a t e  a n d  c a l c iu m  s t e a r a t e  w a s  p r a c t i c a l l y  i n d e p e n d e n t  o f  
t h e  c o n d i t i o n e r  c o n c e n t r a t i o n .  T h e  s u g g e s t e d  e x p l a n a t i o n  
w a s  t h a t  a t  1%  c o n d i t i o n e r  c o n c e n t r a t i o n  t h e  s u c r o s e  p a r 
t i c l e s  h a d  a l r e a d y  b e e n  e f f e c t i v e ly  c o v e r e d  b y  t h e  c o n d i 
t i o n e r  a n d  t h e r e f o r e  a d d i t i o n a l  c o v e r a g e  c o u ld  n o t  p r o d u c e  
a n y  s i g n i f i c a n t  e f f e c t .  Y o r k  ( 1 9 7 5 )  w h o  w o r k e d  w i t h  c o n d i 
t i o n e d  p o w d e r e d  c r y s t a l l i n e  l a c t o s e  f o u n d  t h a t  a  s a t u r a t i o n  
s i t u a t i o n  i n d e e d  e x i s t e d  a n d  t h a t  b e y o n d  a  c e r t a i n  c r i t i c a l  
c o n c e n t r a t i o n  le v e l  ( i n  h i s  r e p o r t  a b o u t  1 —2 % ) t h e  f l o w a b i l 
i t y  c o u ld  n o t  b e  f u r t h e r  im p r o v e d .  I t  o u g h t  t o  b e  m e m -  
t i o n e d ,  h o w e v e r ,  t h a t  s u c h  a  b e h a v io r  c a n n o t  b e  a s s u m e d  a s  
t y p i c a l  t o  a l l  c o n d i t i o n e d  p o w d e r s  a n d  t h e r e  a r e  r e p o r t s  o f  
a n  a c t u a l  d e c l i n e  in  f l o w a b i l i t y  o n c e  a  c r i t i c a l  c o n c e n t r a t i o n  
h a s  b e e n  e x c e e d e d  ( e .g .  K r i s t e n s e n  a n d  J e n s e n ,  1 9 6 9 ;  
D a n i s h  a n d  P a r r o t t ,  1 9 7 1 ) .

I n  t h i s  w o r k  t h e  c o n c e n t r a t i o n  e f f e c t  o f  f o u r  a n t i c a k i n g  
a g e n t s  ( c o n d i t i o n e r s )  w a s  s t u d i e d  i n  d r y  p o w d e r e d  s u c r o s e .  
U n l ik e  i n  t h e  p r e v io u s  w o r k  o n  s u c r o s e  t h e  s e l e c t e d  c o n c e n 
t r a t i o n  le v e ls  w e r e  s u c h  a s  t o  c o v e r  t h e  r a n g e  i n  w h i c h  s a t u r 
a t i o n  o r  o p t i m a l  c o n d i t i o n s  c o u ld  b e  f o u n d .  T h e  s t u d y  
f o c u s s e d  o n  t h e  i n d u c e d  m o d i f i c a t i o n s  i n  t h e  p h y s i c a l  c h a r 
a c t e r i s t i c s  o f  t h e  c o n d i t i o n e d  p o w d e r s  w i t h  s p e c ia l  e m p h a s i s  
o n  t h e i r  b u l k  d e n s i t y .

EXPERIMENTAL
COMMERCIAL SURCOSE was purchased at a local store and was 
pulverized by a laboratory mill prior to testing. The powder was 
sieved and the fraction between 50 and 300 micron was collected. 
This fraction was admixed with amorphous fumed silicon oxide, 
(CAB-O-SIL®, EH-5, Cabot Corp., Tuscola, IL) sodium aluminum 
silicate (ZEOLEX® 7, Huber Corp., MD), tricalcium phosphate 
(Stauffer Chemical Co., Westport, CT, and calcium stearate (Mal- 
linckrodt® Co., St. Louis, MO) at agent concentrations of 0.1, 
0.5, 1 and 2% on weight basis. In each series of experiments, part of the powdered sugar was tested untreated and the results were used 
as a reference. In each powder specimen (treated and untreated) 
the moisture content was determined by drying in a vacuum oven at 
70°C for at least 48 hr.
Mechanical analysis

Loose bulk density was measured by weighing a cell with a 
known volume filled with a freely poured powder.

Compressibility was determined by compression of the powder 
in the cell by a piston mounted on the crosshead of an Instron 
Universal Testing Machine model TM. (For more details see Moreyra 
and Peleg, 1980). The force deformation curves were transformed to 
bulk density (p g ) vs normal stress (o n ) relationships. As previously 
shown (e.g. Peleg and Mannheim, 1973; Moreyra and Peleg, 1980) 
the latter could be described by the equation:

pB = a + b logoN (1)
where a and b are constants. The constant b depicting the change 
in bulk density as a result of loading is referred to as compressibility.
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T h e  s t r e s s  r e l a x a t i o n  c u r v e s  o f  t h e  c o m p a c t e d  s p e c i m e n s  w e r e  
a l s o  r e c o r d e d .  T h e  c u r v e s  w e r e  n o r m a l i z e d  a n d  l in e a r i z e d  b y  (P e le g ,  
1 9 7 7 ;  P e le g  a n d  M o r e y r a ,  1 9 7 9 ;  M o r e y r a  a n d  P e le g ,  1 9 8 0 ) :

F ( o )  t-------------= k i
F ( o ) —F ( t )

+  k 2 t (2)
w h e n  F ( o )  is  t h e  i n i t i a l  f o r c e ,  F ( t )  t h e  d e c a y i n g  f o r c e  a f t e r  t i m e  t  
a n d  k j  a n d  k 2  c o n s t a n t s .  T h e  c o n s t a n t  k 2  r e p r e s e n t i n g  t h e  a s y m p 
t o t i c  p o r t i o n  o f  t h e  s t r e s s  t h a t  r e m a i n s  u n r e l a x e d  w a s  u s e d  a s  a  m e a 
s u r e  o f  s h o r t  t e r m  s o l id i t y  o n  a  s c a le  w h e r e  k 2  =  1 r e p r e s e n t s  l i q u i d  
p r o p e r t i e s  ( t h e  s t r e s s  t o t a l l y  r e l a x e s )  a n d  k 2  -*  «■ > i d e a l  e l a s t i c i t y  
( n o  r e l a x a t i o n  a t  a l l) .

S h e a r  a n a ly s i s  w a s  p e r f o r m e d  b y  t h e  J e n i k e  a n d  J o h a n s o n  F lo w  
F a c t o r  T e s t e r  m o d e l  S T -H T . R e s u l t s  a r e  r e p o r t e d  i n  t e r m s  o f  y ie ld  
s t r e s s  in  s h e a r  u n d e r  g iv e n  c o n s o l i d a t i o n  l o a d  a n d  a s  e f f e c t i v e  
a n g le  o f  i n t e r n a l  f r i c t i o n  ( J e n i k e ,  1 9 6 4 ) .

A l l  t h e  m e c h a n i c a l  t e s t s  w e r e  p e r f o r m e d  i n  t w o  t o  f o u r  r e p l i 
c a t e s  a n d  t h e i r  r e s u l t s  a r e  g iv e n  a s  m e a n  v a lu e s .
S c a n n i n g  e l e c t r o n  m i c r o s c o p y

T h e  d r i e d  p o w d e r s  w e r e  a f f i x e d  t o  a l u m i n u m  s t u b s  w i t h  c o p p e r  
t a p e ,  c o a t e d  w i t h  g o l d - p a l l a d i u m  a t  1 5  m A  f o r  3 m i n  p v 4 9 5 A )  
a n d  e x a m i n e d  w i t h  a n  I S I  S u p e r  I I I - A  s c a n n in g  e l e c t r o n  m i c r o s c o p e  
u s i n g  a  t i l t  a n g le  o f  4 0 °  a n d  a n  a c c e le r a t i n g  v o l t a g e  o f  3 0 V .

RESULTS & DISCUSSION
P H O T O M I C R O G R A P H S  o f  f u m e d  s i l i c a ,  a l u m i n u m  s i l i c a t e ,  
t r i c a l c i u m  p h o s p h a t e  ( T C P )  a n d  c a l c iu m  s t e a r a t e  a r e  s h o w n  
in  F ig .  1 —4 . T h e s e  d e m o n s t r a t e  t h a t  t h e  p a r t i c l e s  o f  t h e  
f i r s t  t h r e e  a g e n t s  h a v e  a  p o r o u s  s t r u c t u r e  w h i le  t h e  c a lc iu m  
s t e a r a t e  p a r t i c l e s  h a v e  a  d i s t i n c t  f l a k y  o r  l a y e r l y  s h a p e .  I t  
is  a l s o  e v i d e n t  f r o m  t h e  p h o t o g r a p h s  t h a t  b e c a u s e  o f  t h e

v e r y  f i n e  s iz e  t h e i r  p a r t i c l e s  t e n d  t o  a g g r e g a te  a n d  f o r m  s o f t  
a g g lo m e r a te s  w i t h  a  v e r y  n o n u n i f o r m  s iz e .

A  p h o t o m i c r o g r a p h  o f  u n t r e a t e d  s u g a r  p a r t i c l e s  is  s h o w n  
in  F ig .  5 . I t  d e m o n s t r a t e s  t h a t  t h e  p a r t i c l e s  h a v e  a n  a c t iv e  
s u r f a c e  t h a t  a t t r a c t s  a  s i g n i f i c a n t  n u m b e r  o f  s m a l l e r  p a r 
t i c l e s ,  i n  t h i s  c a s e  m o s t l y  f i n e  s u g a r  p a r t i c l e s .  T h i s  t y p e  o f  
p a r t i c l e  a d h e r e n c e  is  c h a r a c t e r i s t i c  t o  m a n y  c o h e s iv e  p o w 
d e r s  e s p e c i a l ly  i f  c o m p o s e d  o f  w a t e r  s o lu b l e  c r y s t a l l i n e  
m a t e r i a l s .  I n  t h e  p o w d e r  t e c h n o l o g y  l i t e r a t u e ,  s u c h  p o w d e r s  
a r e  t e r m e d  a n d  t r e a t e d  a s  “ o r d e r e d  m i x t u r e s ”  s in c e  t h e  
f i n e s  a r e  f o u n d  a t  t h e  s u r f a c e  o f  t h e  l a r g e r  p a r t i c l e s  a n d  
t h e r e f o r e  c a n n o t  b e  c o n s i d e r e d  a s  r a n d o m l y  d i s t r i b u t e d  in  
t h e  s t r i c t  s e n s e  o f  t h e  e x p r e s s i o n  ( Y e u n g  a n d  H e r s e y ,  
1 9 7 9 ;  L a i  e t  a l . ,  1 9 8 1 ) .

T h e  i n t e r a c t i o n  b e t w e e n  f i n e s  a n d  t h e  s u r f a c e  o f  t h e  
l a r g e r  p a r t i c l e s  is  n o t  l i m i t e d  t o  p a r t i c l e s  o f  t h e  s a m e  
s p e c ie s .  I t  is  n e c e s s a r y ,  h o w e v e r ,  t h a t  c h e m i c a l  o r  p h y s i c a l  
c o m p a t i b i l i t y  w il l  e x i s t  b e t w e e n  t h e  a d h e r i n g  p a r t i c l e s  
s o  t h a t  t h e  s y s t e m  w il l  n o t  s e g r e g a t e .  F ig .  6  d e m o n s t r a t e s  
t h a t  s u c h  c o m p a t i b i l i t y  i n d e e d  e x i s t s  i n  t h e  m i x t u r e s  o f  
s u c r o s e  a n d  t h e  t e s t e d  a n t i c a k i n g  a g e n t s .  C o n f i r m a t i o n  o f  
t h e  p r e s e n c e  o f  t h e  a g e n t  p a r t i c l e s  a t  t h e  s u r f a c e  o f  t h e  
s u g a r  p a r t i c l e s  is  c r u c i a l  t o  t h e  a n a ly s i s  o f  t h e  b u l k  b e h a v io r .  
T h e  r e a s o n  is  t h a t  t h e  p o w d e r  b e d  s t r u c t u r e  is  s t r o n g ly  
a f f e c t e d  b y  i n t e r p a r t i c l e  f o r c e s ,  e s p e c i a l ly  i n  t h e  c a s e  o f  
c o h e s iv e  p o w d e r s  ( e .g . ,  S c o v i l le  a n d  P e le g ,  1 9 8 1 ;  M o r e y r a  
a n d  P e le g ,  1 9 8 1 ) .  I t  is , t h e r e f o r e ,  i m p o r t a n t  t o  k n o w  
w h e t h e r  t h e  a g e n t  a c t i v i t y  is  t h r o u g h  s u r f a c e  m o d i f i c a t i o n ,  
t h a t  a l t e r  t h e  i n t e r p a r t i c l e  f r i c t i o n  a n d  t h e  p a r t i c l e s  c a p a c 
i t y  t o  f o r m  b r id g e s  o r  t h r o u g h  r e d u c i n g  t h e  b e d  p o r o s i t y  
b y  b e in g  m e r e l y  a  f i l l e r  o f  t h e  i n t e r p a r t i c l e  s p a c e .  I n  o u r

1 0 0 0 X5 0 0 X

Fig. 1-Scanning electron micrographs of silicon oxide.
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1 0 0 0 X 4 0 0 0 X

Fig. 2 —Scanning e lectron  m icrographs o f  sod ium  a lum inum  silcate.

1 0 0 0 X  4 0 0 0 X

Fig. 3—Scanning electron micrographs of tricalcium phosphate (TCP).
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c a s e  t h e  f a i r l y  u n i f o r m  d i s t r i b u t i o n  o f  t h e  a g e n t s  a t  t h e  
s u g a r  p a r t i c l e s  s u r f a c e  s u g g e s t s  t h a t  t h e  f o r m e r  m e c h a n i s m  
is  d o m i n a n t .  F u r t h e r  s u p p o r t  f o r  t h i s  h y p o t h e s i s  is  p r o v i d e d  
b y  t h e  k i n d  o f  c h a n g e s  i n  b u l k  b e h a v io r  w h i c h  a r e  r e p o r t e d  
a n d  d i s c u s s e d  b e lo w .

B u l k  d e n s i t y  a n d  c o m p r e s s i b i l i t y  o f  c o n d i t i o n e d  p o w d e r s
T h e  e f f e c t  o f  t h e  f o u r  a n t i c a k i n g  a g e n t s  o n  t h e  l o o s e  

b u l k  d e n s i t y  o f  g r o u n d  s u g a r  is  s h o w n  i n  F ig .  7 . T h e  o b 
s e rv e d  in c r e a s e s  i n  l o o s e  b u l k  d e n s i t y  w e r e  g e n e r a l l y  i n  t h e  
o r d e r  o f  5 — 2 5 %  d e p e n d i n g  o n  t h e  a g e n t  a n d  i t s  c o n c e n t r a 
t i o n .  ( T h e  e x c e p t i o n a l  c a s e  o f  s i l i c o n  o x i d e  w il l  b e  d is 
c u s s e d  s e p a r a t e ly ) .  I f  t h e  a d m i x t u r e  o f  t h e  a g e n t s  r e s u l t e d  
i n  t h e  f i l l in g  o f  i n t e r p a r t i c l e  v o i d s  o n l y ,  t h e  b u l k  d e n s i t y  
o f  t h e  c o n d i t i o n e d  p o w d e r  o u g h t  t o  h a v e  b e e n  g iv e n  b y :

P b t  =  P b u  (1  +  X A ) ( 3 )
w h e r e  P b t  is  t h e  b u l k  d e n s i t y  o f  t h e  t r e a t e d  ( c o n d i t i o n e d )  
p o w d e r ,  P b u  is  t h e  b u l k  d e n s i t y  o f  t h e  u n t r e a t e d  p o w d e r ,  
a n d  X A  t h e  w e i g h t  f r a c t i o n  o f  t h e  a g e n t .

B y  t h i s  e q u a t i o n  t h e  e x p e c t e d  in c r e a s e s  i n  l o o s e  b u l k  
d e n s i t y  w o u l d  h a v e  b e e n  i n  t h e  o r d e r  o f  0 . 1 —2 %  i n d e p e n 
d e n t l y  o f  t h e  a g e n t  t y p e  a n d  d e n s i t y .  I t  is  c l e a r ,  t h e r e f o r e ,  
t h a t  t h e  c o n d i t i o n e r s  w e i g h t  c o n t r i b u t i o n  o u g h t  t o  b e  e x 
c l u d e d  a s  a  m a j o r  r e a s o n  f o r  t h e  i n c r e a s e  i n  b u l k  d e n s i t y .  
A  m o r e  p l a u s ib l e  r e a s o n  is  t h a t  t h e  p r e s e n c e  o f  t h e  c o n d i 
t i o n e r  a t  t h e  p a r t i c l e ’s s u r f a c e  p h y s i c a l l y  s e p a r a t e s  t h e  p a r 
t i c l e ,  t h u s  r e d u c i n g  i t s  a t t r a c t i v e  i n t e r p a r t i c l e  f o r c e s .  T h e i r  
p r e s e n c e  a l s o  i n t e r f e r e s  w i t h  t h e  f o r m a t i o n  o f  l i q u id  b r id g e s  
b e t w e e n  p a r t i c l e s  i n  c a s e s  w h e r e  s u r f a c e  m o i s t u r e  is  s u f f i 
c i e n t  t o  p r o d u c e  s u c h  b r id g e s  ( P e le g  a n d  M a n n h e im ,  1 9 7 3 ) .

T h e  r e d u c t i o n  o r  e l i m i n a t i o n  o f  i n t e r p a r t i c l e  f o r c e s  a ls o  
r e d u c e s  t h e  p o s s i b i l i t y  o f  m a i n t a i n i n g  a n  o p e n  b e d  s t r u c t u r e  
s u p p o r t e d  b y  t h e s e  f o r c e s .  T h e  r e s u l t ,  t h e r e f o r e ,  i n  c o n t r a s t

t o  t h e  e f f e c t  o f  a d d e d  m o i s t u r e  f o r  e x a m p le  ( S c o v i l l e  a n d  
P e le g ,  1 9 8 1 ;  M o r e y r a  a n d  P e le g ,  1 9 8 1 ) ,  is  a  h ig h e r  b u l k  
d e n s i t y  in  w h i c h  t h e  p o r o s i t y  is  la r g e ly  d e c id e d  b y  t h e  g e o 
m e t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  p a r t i c l e s  a n d  t h e  r a n d o m  
v o i d s  t h a t  a r e  c r e a t e d  d u r in g  t h e  s e t t l e m e n t  o f  t h e  p a r t i c l e  
i n  t h e  m e a s u r i n g  c o n t a i n e r .  T h i s  d e n s e r  s t r u c t u r e ,  w h ic h  is  
c h a r a c t e r i s t i c  t o  n o n c o h e s i v e  p o w d e r s  is  a l s o  e x p e c t e d  t o  
s h o w  l o w e r  c o m p r e s s i b i l i t y  u n d e r  r e l a t i v e l y  s m a l l  l o a d s .  
( C o n d i t i o n e r s  a r e  n o t  e x p e c t e d  t o  m o d i f y  t h e  h o s t  p o w d e r  
p a r t i c l e s  r i g i d i t y . )  I t  is  p o s s i b l e ,  h o w e v e r ,  t h a t  s o m e  o f  
t h e m  w il l  f a c i l i t a t e  i n t e r p a r t i c l e  s l id in g  u n d e r  h ig h  p r e s s u r e s  
( e .g . ,  i n  t a b l e t t i n g )  t h u s  p r o d u c i n g  d e n s e r  c o m p a c t s .  T h i s  
r a n g e ,  h o w e v e r ,  is  o u t  o f  t h e  s c o p e  o f  t h i s  w o r k  a n d  w il l  
n o t  b e  d is c u s s e d  h e r e ) .

T h e  o b s e r v e d  d e c l i n e  i n  c o m p r e s s i b i l i t y  ( F ig .  8 )  is  in  l i n e  
w i t h  t h i s  e x p l a n a t i o n ,  a n d  i n  a l l  b u t  t w o  o f  t h e  t e s t e d  
p o w d e r s  t h e  i n c r e a s e  i n  b u l k  d e n s i t y  w a s  a l s o  a c c o m p a n i e d  
b y  a  c o r r e s p o n d i n g  d e c r e a s e  in  c o m p r e s s i b i l i t y  ( S e e  a l s o  
F ig .  9 ) .

T h e  c a s e  o f  s i l i c o n  o x i d e  a t  1 a n d  2 %  c o n c e n t r a t i o n  w a s  
u n i q u e  w i t h  r e s p e c t  t o  b u l k  d e n s i t y .  U n l ik e  i n  t h e  o t h e r  
c o n d i t i o n e d  p o w d e r s  t h e  d e n s i t y  n o t  o n l y  d id  n o t  s ig n if i 
c a n t l y  i n c r e a s e  b u t  a c t u a l l y  d e c r e a s e d  s l ig h t ly  a t  a n  a g e n t  
c o n c e n t r a t i o n  o f  2 % . T h i s  s e e m s  t o  b e  a n  i n d i c a t i o n  o f  t h e  
f o r m a t i o n  o f  a  n e w  k i n d  o f  r e l a t i v e l y  s t a b l e  b e d  s t r u c t u r e  
a s  is  c l e a r l y  e v id e n t  f r o m  lo w  le v e ls  o f  t h e s e  p o w d e r s  c o m 
p r e s s i b i l i t y  w h e n  c o m p a r e d  t o  t h a t  o f  t h e  u n t r e a t e d  p o w d e r  
( F ig .  8 ) .

E f f e c t s  o f  a g e n t  c o n c e n t r a t i o n
B u lk  d e n s i t y  a n d  c o m p r e s s i b i l i t y  o f  g r o u n d  s u g a r  t r e a t e d  

w i t h  v a r i o u s  le v e ls  o f  a n t i c a k i n g  a g e n t s  a r e  s h o w n  i n  F ig .  7 
a n d  8 . T h e s e  f i g u r e s  c l e a r ly  s h o w  t h a t  a l l  f o u r  a g e n t s  h a d  a  
n o t i c e a b l e  e f f e c t  o n  t h e s e  p h y s i c a l  b u l k  c h a r a c t e r i s t i c s  a t

Fig. 4—Scanning electron micrographs of calcium stearate.
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c o n c e n t r a t i o n  a s  l o w  a s  0 .1 % . I t  is  a l s o  e v id e n t  t h a t  m a x i 
m u m  e f f e c t  w a s  r e a c h e d  a t  a g e n t  c o n c e n t r a t i o n  o f  a b o u t  
0 . 5 — 1 .0 % . B e y o n d  t h i s  le v e l  t h e  e f f e c t  r e m a i n e d  p r a c t i c a l l y  
t h e  s a m e  o r  e v e n  d e c l i n e d .  A l t h o u g h  t h i s  g e n e r a l  t r e n d  is  
c l e a r l y  e v id e n t  t h e  r e l a t i o n s h i p s  b e t w e e n  t h e  a g e n t  c o n 
c e n t r a t i o n  a n d  t h e  b u l k  p r o p e r t i e s  d o  n o t  a p p e a r  t o  b e  
q u i t e  s m o o t h .  D e v ia t io n s  o f  t h i s  o r d e r  c o u ld  w e l l  b e  e x 
p e c t e d  as  a  r e s u l t  o f  in e v i t a b l e  r a n d o m  d i f f e r e n c e s  i n  t h e  
p a r t i c l e s  s iz e  a n d  s h a p e  d i s t r i b u t i o n s  a m o n g  t h e  e x p e r i 
m e n t a l  p o w d e r s  ( s e e  F ig .  5 a n d  6 ) a n d  p e r h a p s  i n  m i n o r  
d i f f e r e n c e s  i n  m o i s t u r e  t o o .  T h e  t o t a l  m o i s t u r e  c o n t e n t  
r a n g e  w a s  b e t w e e n  0 . 0 4 —0 .1 2 %  w i t h  a l m o s t  a l l  t h e  p o w 
d e r  f a l l in g  b e t w e e n  0 . 0 5 —0 .0 8 % .  A n a ly s i s  o f  t h e  d a t a  w i t h  
r e s p e c t  t o  a  p o s s i b l e  m o i s t u r e  e f f e c t  s h o w e d  t h a t  t h e  l a t t e r  
h a d  b e e n  o n l y  a  m i n o r  f a c t o r .

100X 500X

Fig. 5 —Scanning e lectron  m icrographs o f  the surface o f  un trea ted  
sugar partic les. (N ote the adherence o f  fines).

T h e  e x i s t e n c e  o f  a  c r i t i c a l  a g e n t  c o n c e n t r a t i o n  a t  a r o u n d  
0 . 5 — 1%  i n d i c a t e s  t h a t  e f f e c t i v e  c o v e r a g e  o f  t h e  p a r t i c l e s  
s u r f a c e  is  o b t a i n e d  a t  t h i s  le v e l .  T h i s  a l s o  h e lp s  t o  e x p l a i n  
w h y  in  a  p r e v io u s  w o r k  ( P e le g  a n d  M a n n h e im ,  1 9 7 3 )  n o  
s i g n i f i c a n t  d i f f e r e n c e s  c o u ld  b e  f o u n d  b e t w e e n  t h e  p r o p e r 
t i e s  o f  s u c r o s e  p o w d e r s  t r e a t e d  a t  le v e ls  o f  1 —3 % . I t  o u g h t  
t o  b e  m e n t i o n e d ,  h o w e v e r ,  t h a t  t h e  c r i t i c a l  c o n c e n t r a t i o n  
le v e l  is  n o t  n e c e s s a r i ly  f i x e d  f o r  a  g iv e n  a n t i c a k i n g  a g e n t  
a n d  i t  m a y  w e l l  b e  a  f u n c t i o n  o f  t h e  h o s t  p o w d e r  c h e m i c a l  
n a t u r e  a s  w e l l  a s  i t s  p a r t i c l e  s iz e  a n d  s h a p e  d i s t r i b u t i o n s .

T h e  c r i t i c a l  c o n c e n t r a t i o n  m a y  a ls o  b e  i n f l u e n c e d  b y  
s e g r e g a t i o n  o f  t h e  a g e n t  p a r t i c l e s  i n  e x t r e m e l y  d r y  h o s t  
p o w d e r s  o r  b y  i t s  u n e v e n  d i s t r i b u t i o n  i n  t h e  c a s e  o f  c o h e 
s iv e  h o s t  p o w d e r s .  T h e  l a t t e r  m a y  a l s o  r e s u l t  i n  n o n u n i f o r m  
b e d  s t r u c t u r e s  w h i c h  w il l  b e  e x p r e s s e d  i n  a  l a r g e  s c a t t e r  in  
t h e  m e a s u r e d  b u l k  p r o p e r t i e s .  I t  a p p e a r s  t h o u g h  t h a t  t h e  
r e p r o d u c i b i l i t y  o f  t h e  d e n s i t y  a n d  c o m p r e s s i b i l i t y  m e a s u r e 
m e n t s  w a s  f a i r l y  h ig h  ( d e v i a t i o n s  o f  a n d  0 . 5 —6 %  f r o m  t h e  
m e a n )  t h u s  e x c lu d in g  i n s u f f i c i e n t  m ix in g  a s  a  m a j o r  f a c t o r  
in  d e t e r m i n i n g  t h e  c r i t i c a l  c o n c e n t r a t i o n  le v e l  in  t h e  s y s 
t e m s  t h a t  w e r e  t e s t e d  i n  t h i s  w o r k .

E v a l u a t i o n  o f  t h e  o t h e r  m e c h a n i c a l  p a r a m e t e r s
T h e  m e c h a n i c a l  c h a r a c t e r i s t i c s  o f  g r o u n d  s u g a r  t r e a t e d  

w i t h  t h e  f o u r  a n t i c a k i n g  a g e n t s  a t  0 .5 %  c o n c e n t r a t i o n  a r e  
s u m m a r i z e d  i n  T a b l e  1. T h e  t a b l e  p r e s e n t s  t w o  g r o u p s  o f  
m e c h a n i c a l  p a r a m e t e r s .  T h e  f i r s t  ( i . e . ,  l o o s e  b u l k  d e n s i t y  
a n d  c o m p r e s s i b i l i t y )  s o le ly  r e f e r s  t o  t h e  p r o p e r t i e s  o f  t h e  
p o w d e r s  o r ig in a l  b e d  s t r u c t u r e  a n d  t h e  s e c o n d  ( i . e . ,  y i e l d  
s t r e s s  i n  s h e a r ,  a n g le  o f  f r i c t i o n  a n d  t h e  r e l a x a t i o n  p a r a m 
e t e r )  is  t o  a  la r g e  e x t e n t  a  r e p r e s e n t a t i o n  o f  t h e  c o m p a c t  
p r o p e r t i e s .  A l t h o u g h  i t  is  o b v io u s  t h a t  t h e  t w o  a r e  i n t e r 
d e p e n d e n t  ( J e n i k e ,  1 9 6 4 ) ,  t h e y  d o  n o t  n e c e s s a r i l y  h a v e  t h e  
s a m e  s e n s i t i v i t y  t o  c h a n g e s  t h a t  o c c u r  i n  t h e  p o w d e r  b e d  
s t r u c t u r e .  T h i s  c a n  b e  p a r t l y  a t t r i b u t e d  t o  i n h e r e n t  e x p e r i 
m e n t a l  a r t i f a c t s  ( e .g . ,  t h e r e  c a n  b e  d i f f e r e n c e s  i n  d e n s i t y  
b e t w e e n  t h e  t e s t e d  c o m p a c t s ) ,  b u t  i t  is  a l s o  d u e  t o  i n s t r u 
m e n t a l  l i m i t a t i o n s  ( e s p e c i a l l y  i n  a  l i n e a r  s h e a r  c e l l )  a n d  
c e r t a i n  t h e o r e t i c a l  w e a k n e s s e s  o f  t h e  m e t h o d o l o g y .  ( A

10 0  X 10 0 X 10 0 X

10 0 0 X 10 0 0 X 5 0 0  X

Fig. 6 -S ca n n in g  e lec tron  m icrographs o f  sugar pa rtic les  coa ted  w ith  2% ca lc ium  stearate ( le ft), trica lc iu m  phosphate (m idd le ) and  s ilicon  
o x id e  (r ig h t). (N ote  the adherence o f  the an ticak ing  agents pa rtic les  to  the sugar surface.)
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m o r e  d e t a i l e d  r e v i e w  o f  t h e s e  a s p e c t s  o f  p o w d e r  t e s t i n g  a n d  
t h e i r  r e l a t i o n  t o  f o o d  p o w d e r s  h a s  b e e n  p u b l i s h e d  e l s e w h e r e  
( P e le g ,  1 9 7 7 ) ) .

T h e  t a b l e  d e m o n s t r a t e s  t h a t  a s  f a r  a s  t h e  p o w d e r ’s 
c o h e s iv e n e s s  is  c o n c e r n e d  t h e  c h a n g e s  i n  b u l k  d e n s i t y  a n d  
c o m p r e s s i b i l i t y ,  w e r e  m u c h  m o r e  s e n s i t iv e  a n d  r e l i a b l e  
i n d i c e s  t h a n  t h e  c o m p a c t  r e l a t e d  p a r a m e t e r s .  T h i s ,  o f  
c o u r s e ,  d o e s  n o t  m e a n  t h a t  t h e  c o m p a c t  p r o p e r t i e s  w e r e  
n o t  a f f e c t e d  b y  t h e  a n t i c a k i n g  a g e n t s  p r e s e n c e .  I t  m e a n s  
t h a t  t h e  m a g n i t u d e  o f  s u c h  c h a n g e s  w a s  n o t  b ig  e n o u g h  t o  
b e  r e v e a l e d  b y  a  s m a l l  n u m b e r  o f  e x p e r i m e n t s ,  e s p e c i a l ly  
w h e r e  c o n s i d e r a b l e  v a r i a b i l i t y  ( d u e  t o  d i f f e r e n c e s  i n  s iz e  
d i s t r i b u t i o n  f o r  e x a m p le )  is  a n  i n h e r e n t  c h a r a c t e r i s t i c  o f  
t h e  s y s t e m .  I t  o u g h t  t o  b e  a l s o  a d d e d  t h a t  t h e  g r o u n d  s u g a r  
u s e d  i n  t h i s  s t u d y  w a s  d r y  a n d  t h e r e f o r e  o n l y  m o d e r 
a t e l y  c o h e s iv e .  I n  m o r e  m o i s t  a n d  c o h e s iv e  p o w d e r ,  t h e  
a g e n t s  p r e s e n c e  w a s  s i g n i f i c a n t l y  e x p r e s s e d  i n  t h e  c o m p a c t  
p r o p e r t i e s  a s  w e l l  a s  t h o s e  o f  t h e  l o o s e  p o w d e r s  ( P e le g  a n d  
M a n n h e im ,  1 9 7 3 ) .

R e g a r d i n g  t h e  r e l a x a t i o n  p a t t e r n ,  t h e  o n l y  s i g n i f i c a n t  
e f f e c t  w a s  f o u n d  i n  t h e  s i l i c o n  o x i d e  t r e a t e d  p o w d e r .  T h e  
e x p e c t e d  e f f e c t  w a s  a n  i n c r e a s e  i n  t h e  v a lu e  o f  k 2 , ( i . e . ,  o r  
r e f l e c t i n g  a  m o r e  s o l i d  c o m p a c t )  a n d  i n d e e d  t h i s  w a s  w h a t

Fig. 7 —E f f e c t  o f  th e  a n t ic a k in g  a g e n t  c o n c e n tr a t io n  o n  th e  b u lk  
d e n s i ty  o f  g r o u n d  sugar.

h a s  b e e n  f o u n d .  I n  t h e  o t h e r  p o w d e r s ,  t h e  t r e n d  w a s  u n 
c l e a r .  A s  i n  t h e  c a s e  o f  t h e  p a r a m e t e r s  d e t e r m i n e d  b y  s h e a r  
t h e  d i f f e r e n c e s  m a y  n o t  h a v e  b e e n  la r g e  e n o u g h  t o  o v e r c o m e  
s m a l l  d i f f e r e n c e s  i n  m o i s t u r e  a n d  p e r h a p s  in  d e n s i t y  t o o .  I t  
s e e m s ,  h o w e v e r ,  t h a t  c a l c iu m  s t e a r a t e ,  b e c a u s e  o f  i t s  f a t t y  
a n i o n  m a y  n o t  o n l y  r e d u c e  f r i c t i o n  b y  l u b r i c a t i o n  ( P e le g  
a n d  M a n n h e im ,  1 9 7 3 )  b u t  a l s o  e f f e c t  t h e  r e l a x a t i o n  p a t t e r n  
b y  a l lo w in g  i n t e r p a r t i c l e  c o n t a c t s  t o  f l o w .  H o w e v e r ,  s in c e  
t h i s  e f f e c t  is  a l s o  p r o d u c e d  b y  m o i s t u r e ,  i t s  s ig n i f i c a n c e  
c a n  o n l y  b e  e s t a b l i s h e d  b y  a d d i t i o n a l  w o r k .

CONCLUSIONS
IN  T H I S  W O R K , n o  e f f o r t  h a s  b e e n  m a d e  t o  c o m p a r e  t h e  
e f f e c t i v e n e s s  o f  t h e  f o u r  a g e n t s  i n  p r e v e n t i n g  c a k in g  n o r  t o  
e v a lu a t e  t h e i r  c a p a c i t y  t o  im p r o v e  f l o w a b i l i t y .  A  p r e v io u s  
r e p o r t  i n d i c a t e d  t h a t  a n t i c a k i n g  a g e n t s  in  p o w d e r e d  s u g a r  
a l s o  a c t  l i k e  f l o w  c o n d i t i o n e r s  ( P e le g  a n d  M a n n h e im ,  1 9 7 3 ) .

—Continued on next page

Fig. 8 —E ffe c t o f  the an ticak ing  agent con cen tra tion  on the com 
p re ss ib ility  o f  g ro u n d  sugar.

Table 1—Some phys ica l param eters o f  g ro u n d  sugar c o n d itio n e d  w ith  fo u r  an ticak ing  agents a t 0.5% concen tra tion

C o n d i t i o n e r

L o o s e  b u l k  
d e n s i t y  

( g - c m - 3 )
C o m p r e s s i b i l i t y 3 

( b  i n  E q .  1 )

Y i e l d  s t r e s s  i n  s h e a r  
( k g - c m 2 ) u n d e r  c o n 
s o l i d a t i o n  s t r e s s  o f :

A n g l e  o f  
i n t e r n a l  
f r i c t i o n  

( d e g )

R e l a x a t i o n  
p a r a m e t e r 13 

( k 2  i n  E q .  2 )1 . 2  k g  - c m  2 0 . 2 7  k g - c m  2

N o n e 0 . 6 9 7 0 . 0 6 6 0 . 9 6 0 . 4 6 4 2 1 . 7 7
S i l i c o n  o x i d e 0 . 7 4 9 * * 0 . 0 5 2 * * 1 . 1 0 0 . 5 0 4 3 2 . 2 5 *
S o d i u m  a l u m i n u m  s i l i c a t e 0 . 8 7 2 * * 0 . 0 2 6 * * 1 . 0 5 0 . 4 8 4 2 1 . 6 3
T r i c a l c i u m  p h o s p h a t e 0 . 7 6 1 * 0 . 0 4 4 * * 1 . 1 0 0 . 4 8 4 3 1 . 7 6
C a l c i u m  s t e a r a t e 0 . 8 6 5 * * 0 . 0 3 9 * * 0 . 8 7 0 . 4 3 3 6 1 . 6 1

3 T h e  re g re s s io n  c o e f f ic ie n t s  in  f i t t in g  E q .  1 w e re  b e tw e e n  r = 0 .9 9 2  a n d  r = 0 .9 9 9  ( s ig n if ic a n t  a t  P  = 0 .0 0 1 )  
“ T h e  re g re s s io n  c o e f f ic ie n t s  in  f i t t in g  E q .  2  w e re  b e tw e e n  r = 0 .9 9 7  a n d  r  = 0 .9 9 9  ( s ig n if ic a n t  a t  P  = 0 .0 0 1 )  
‘ D i f f e r e n t  f r o m  th e  c o r re s p o n d in g  v a lu e  o f  th e  u n t re a te d  p o w d e r  a t  s ig n if ic a n c e  le v e l o f  P  = 0 .0 5 .  
“ D i f f e r e n t  f r o m  th e  c o r re s p o n d in g  v a lu e  o f  th e  u n t re a te d  p o w d e r  a t  s ig n if ic a n c e  le v e l o f  P  = 0 .0 1 .
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B U L K  C H A R A C T E R IS T IC S  O F  GRO UN D S U G A R  . . .

Fig. 9 —The re la tionsh ip  between the changes in  b u lk , dens ity  and  
com press ib ility  o f  g round  sugar trea ted  w ith  an ticak ing  agents con 
s tru c ted  fro m  the com p iled  data o f  Fig. 7  and  8 . (N ote  the p e cu lia r 
devia tion o f  1 an 2 % m ix tu res  o f  s ilicon  ox ide  where the decrease 
in  co m press ib ility  was n o t accom panied b y  a corresponding Increase 
In  b u lk  density .)

I t  i s  a l s o  k n o w n ,  h o w e v e r ,  t h a t  w h e n  h y g r o s c o p i c  p o w d e r s  
a r e  e x p o s e d  t o  a n  a t m o s p h e r e  w i t h  h i g h  r e l a t i v e  h u m i d i t y ,  
t h e y  c a k e  d e s p i t e  t h e  a g e n t s  p r e s e n c e  ( P e l e g  a n d  M a n n h e i m ,
1 9 7 7 ) .  T h e r e f o r e ,  t h e  r a n g e  o f  h u m i d i t i e s  i n  w h i c h  s u c h  
a g e n t s  a r e  e f f e c t i v e  i s  i n h e r e n t l y  l i m i t e d .  I n  t h a t  r a n g e  o r  
a t  l o w e r  h u m i d i t y  l e v e l s  w h e r e  t h e  p o w d e r  d o e s  n o t  c a k e  
s p o n t a n e o u s l y ,  t h e  a d d i t i o n  o f  t h e  a n t i c a k i n g  a g e n t  i s  
e x p e c t e d  t o  m o d i f y  t h e  p o w d e r  b u l k  p e o p e r t i e s  t o  a  m u c h  
l a r g e r  e x t e n t  t h a n  c a n  b e  a s s u m e d  b y  t h e i r  w e i g h t  c o n c e n 
t r a t i o n .  A s  s h o w n  i n  t h i s  w o r k ,  t h e  m a g n i t u d e  o f  s u c h

e f f e c t s  c a n  v a r y  a c c o r d i n g  t o  t h e  c o n d i t i o n e r  t y p e  a n d  i t s  
c o n c e n t r a t i o n .  T h e r e f o r e ,  i t  s e e m s  a d i v s a b l e  t h a t  s u c h  c o n 
s e q u e n c e s  o u g h t  t o  b e  c o n s i d e r e d  s e r i o u s l y  b e f o r e  a  p o w d e r  
i s  t r e a t e d  w i t h  a n  a n t i c a k i n g  a g e n t  o r  w h e n  o n e  a g e n t  is  
r e p l a c e d  b y  a n o t h e r .

I t  w o u l d  a l s o  b e  w o r t h  m e n t i o n i n g  t h a t  i n  a l l  t h e  t e s t e d  
p o w d e r s  a f f i n i t y  e x i s t e d  b e t w e e n  t h e  s u g a r  s u r f a c e  a n d  
t h e  a g e n t  p a r t i c l e s  a n d  t h i s  w a s  p r o b a b l y  t h e  s o u r c e  o f  
t h e s e  l a r g e  e f f e c t s  o n  d e n s i t y .  S u c h  a f f i n i t y ,  h o w e v e r ,  
c a n n o t  b e  t a k e n  f o r  g r a n t e d  a n d  t h e r e  a r e  p o w d e r s  ( e . g . ,  
s o y f l o u r  t r e a t e d  w i t h  c a l c i u m  s t e a r a t e )  w h e r e  c e r t a i n  t y p e s  
o f  a n t i c a k i n g  a g e n t s  w i l l  h a v e  l i t t l e  o r  n o  e f f e c t  b e c a u s e  o f  
s e g r e g a t i o n  o f  t h e  a g e n t  p a r t i c l e s .
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R i b o f l a v i n  P h o t o c h e m i c a l  D e g r a d a t i o n  i n  P a s t a  M e a s u r e d  
b y  H i g h  P e r f o r m a n c e  L i q u i d  C h r o m a t o g r a p h y

E. A. WOODCOCK, J. J. WARTHESEN, and T. P. LABUZA

------------------------------ABSTRACT-----------------------------
A  t e c h n i q u e  u t i l i z in g  h ig h  p e r f o r m a n c e  l iq u i d  c h r o m a t o g r a p h y  
(H P L C )  w a s  d e v e l o p e d  t o  d e t e r m i n e  t h e  k i n e t i c s  o f  r i b o f l a v i n  lo s s e s  
i n  e n r i c h e d  m a c a r o n i  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  w a t e r  a c t i v i t y  
a n d  l ig h t .  R i b o f l a v i n  a n d  l u m i c h r o m e  w e r e  e x t r a c t e d  f r o m  m a c a r o n i  
a n d  a s s a y e d  b y  r e v e r s e - p h a s e  H P L C  w i t h  f l u o r e s c e n c e  d e t e c t i o n .  
R i b o f l a v i n  d e g r a d a t i o n  a n d  l u m i c h r o m e  p r o d u c t i o n  in  m a c a r o n i  
o c c u r r e d  in  t w o  p h a s e s ,  a  r a p i d  i n i t i a l  p h a s e  f o l l o w e d  b y  a  s lo w e r  
p h a s e .  P h o t o d e g r a d a t i o n  o f  r i b o f l a v i n  a p p e a r s  t o  f o l l o w  f i r s t - o r d e r  
r e a c t i o n  k in e t i c s .  U n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d ,  m o r e  
t h a n  5 0 %  o f  t h e  r i b o f l a v i n  c o n t e n t  o f  m a c a r o n i  w a s  l o s t  w i t h i n  o n e  
d a y .  L i g h t  i n t e n s i t y  w a s  t h e  r a t e  d e t e r m i n i n g  f a c t o r  f o r  r i b o f l a v i n  
lo s s  a n d  l u m i c h r o m e  p r o d u c t i o n .  T h e  r i b o f l a v i n  l e v e l  d e c r e a s e d  w i t h  
i n c r e a s e d  t e m p e r a t u r e  i n  t h e  s e c o n d  p h a s e  o f  b r e a k d o w n .

INTRODUCTION
P A S T A  P R O D U C T S  s t o r e d  u n d e r  e n v i r o n m e n t a l  c o n d i t i o n s  
f o u n d  i n  a  n o r m a l  d i s t r i b u t i o n  c y c le  d e g r a d e  o v e r  t i m e  t o  a  
le v e l  o f  u n a c c e p t a b i l i t y ,  w h i c h  c o r r e s p o n d s  w i t h  t h e  e n d  o f  
s h e l f - l i f e  o f  t h e  p r o d u c t .  G e n e r a l l y ,  s t a l in g  a n d  m o i s t u r e  
g a in  o r  lo s s  h a v e  b e e n  u s e d  a s  g u id e s  t o  e s t i m a t e  t h e  s h e l f -  
l i f e  o f  p a s t a ,  w h i c h  r e p o r t e d l y  r a n g e s  a n y w h e r e  f r o m  6  

m o n t h s  t o  i n f i n i t e  ( A n o n y m o u s ,  1 9 7 7 ) .  V i t a m i n  l o s s e s  a n d  
a  d e c r e a s e  i n  p r o t e i n  q u a l i t y  a r e  t w o  a d d i t i o n a l  m o d e s  o f  
d e t e r i o r a t i o n  w h i c h  c a n  o c c u r  in  p a s t a  p r o d u c t s  ( C h r z a -  
n o w s k a ,  1 9 7 4 ) .

C u r r e n t  d i e t a r y  g o a ls  f o r  im p r o v e d  n u t r i t i o n a l  s t a t u s ,  
w r i t t e n  b y  t h e  U .S .  S e n a t e  S e l e c t  C o m m i t t e e  o n  N u t r i t i o n  
a n d  H u m a n  N e e d s  ( 1 9 7 7 ) ,  s u g g e s t  a n  in c r e a s e  i n  c o n s u m p 
t i o n  o f  c o m p l e x  c a r b o h y d r a t e s  a n d  a  d e c r e a s e  i n  c o n s u m p 
t i o n  o f  r e f i n e d  s u g a r s ,  s a t u r a t e d  f a t s  a n d  c h o l e s t e r o l .  S in c e  
m a n y  o f  t h e  r i c h e s t  s o u r c e s  o f  r i b o f l a v in ,  s u c h  a s  m i l k ,  
c h e e s e ,  l i v e r  a n d  e g g s  c o n t a i n  c o n s i d e r a b l e  q u a n t i t i e s  o f  
s a t u r a t e d  f a t s  a n d  c h o l e s t e r o l ,  e n r i c h e d  p a s t a  p r o d u c t s  m a y  
b e  r e g a r d e d  a s  p o t e n t i a l l y  s i g n i f i c a n t  c o n t r i b u t o r s  o f  
r i b o f l a v in  i n  t h e  d i e t .

R ib o f l a v in  in  s o l u t i o n  d e g r a d e s  r a p i d l y  w h e n  e x p o s e d  
t o  u l t r a v i o l e t  o r  v is ib le  r a d i a t i o n .  U n d e r  a c id ic  o r  n e u t r a l  
c o n d i t i o n s ,  r i b o f l a v in  lo s e s  t h e  r i b i t y l  s id e  c h a in  t o  f o r m  
l u m i c h r o m e  w h e r e a s  i n  a l k a l i  s o l u t i o n s ,  r i b o f l a v in  is  p h o t o -  
c h e m i c a l l y  c o n v e r t e d  t o  lu m i f l a v in .  T h e s e  t w o  f l a v in s  h a v e  
n o t  b e e n  f o u n d  t o  h a v e  r i b o f l a v in  a c t i v i t y  ( S e b r e l l  a n d  
H a r r i s ,  1 9 7 2 ) .  C o n t i n u e d  i r r a d i a t i o n  w i l l  y i e l d  f u r t h e r  
b r e a k d o w n  p r o d u c t s  ( M e tz l e r ,  1 9 6 0 ) .

A e r o b i c  p h o t o d e g r a d a t i o n  o f  r i b o f l a v in  i n  s o l u t i o n  h a s  
b e e n  i n v e s t i g a t e d  b y  n u m e r o u s  a u t h o r s  ( S h i m i z u ,  1 9 5 0 ;  
S a t t a r  a n d  d e M a n ,  1 9 7 3 ,  1 9 7 7 ;  S in g h  e t  a l . ,  1 9 7 5 ;  A l l e n  
a n d  P a r k s ,  1 9 7 9 ) .  E v a l u a t i o n  o f  r i b o f l a v i n  lo s s e s  d e m o n 
s t r a t e d  t h a t  d e g r a d a t i o n  p r o c e e d s  a s  a  f i r s t - o r d e r  r a t e  
r e a c t i o n  a n d  i n c r e a s e s  w i t h  i n c r e a s in g  t e m p e r a t u r e .  W o rk  
d o n e  b y  S in g h  e t  a l .  ( 1 9 7 5 )  w i t h  w h o le  m i l k  s t o r e d  a t  
c o n s t a n t  t e m p e r a t u r e  a n d  v a r y in g  l i g h t  i n t e n s i t i e s  s h o w e d  
t h a t  t h e  r a t e  o f  r i b o f l a v i n  d e g r a d a t i o n  a l s o  i n c r e a s e s  w i t h  
i n c r e a s e d  r a d i a t i o n  le v e ls .  S in g h  e t  a l . ( 1 9 7 5 )  f o u n d  t h a t

A u th o rs  W oodcock, Warthesen &  Labuza are w ith  the Dept, o f  
F o o d  Science &  N u tr it io n , Univ. o f  M innesota, 1334 Eck/es Avenue, 
St. Paul, M N  55108.

t h e  r a t e  o f  lo s s  v a r i e d  w i t h  t h e  t y p e  o f  p a c k a g i n g  a n d  r e 
p o r t e d  a c t i v a t i o n  e n e r g i e s  o f  8 .0  a n d  4 1 . 2  K c a l / m o l e  f o r  
c l e a r  g la s s  a n d  p a p e r b o a r d ,  r e s p e c t i v e ly .

K i n e t i c  i n f o r m a t i o n  is  a v a i l a b l e  f o r  t h e  lo s s  o f  r i b o 
f l a v in  in  o n l y  a  f e w  d r y  f o o d  s y s t e m s .  D e n n i s o n  e t  a l .
( 1 9 7 7 )  s h o w e d  t h a t  t h e r e  w a s  n o  s i g n i f i c a n t  i n f l u e n c e  o f  
i n c r e a s in g  r e l a t i v e  h u m i d i t y  o n  t h e  s t a b i l i t y  o f  r i b o f l a v in  in  
a  s i m u l a t e d  d r y  c e r e a l  m o d e l  s y s t e m  p a c k a g e d  i n  p a p e r -  
b o a r d  c a r t o n s .  T h i s  s y s t e m  w a s  h e l d  u n d e r  a e r o b i c  c o n d i -  
t i n s  a t  3 0  C  w i t h o u t  l i g h t  e x p o s u r e .  C h r z a n o w s k a  ( 1 9 7 4 )  
s h o w e d  t h a t  w h e n  e n r i c h e d  m a c a r o n i  w a s  s t o r e d  a t  r o o m  
t e m p e r a t u r e  i n  c e l l o p h a n e  b a g s  a n d  e x p o s e d  t o  d i f f u s e  
s u n l i g h t ,  i t  r a p i d l y  d e c r e a s e d  i n  r i b o f l a v i n  c o n t e n t .  L a b u z a  
a n d  K r e i s m a n  ( 1 9 7 8 )  e s t i m a t e d  a  h a l f - l i f e  o f  o n l y  1 9  d a y s  
f o r  r i b o f l a v in  i n  t h e  C h r z a n o w s k a  ( 1 9 7 4 )  s t u d y .

T h e  a p p r o v e d  f l u o r o m e t r i c  m e t h o d  f o r  r i b o f l a v i n  in  
f o o d s  ( A O A C , 1 9 7 5 )  r e q u i r e s  c o n s i d e r a b l e  p u r i f i c a t i o n  a n d  
h a n d l in g .  A n  i m p r o v e d  s e m i - a u t o m a t e d  d e t e r m i n a t i o n  f o r  
r i b o f l a v i n  w a s  d e v e lo p e d  i n d e p e n d e n t l y  b y  E g b e r g  a n d  
P o t t e r  ( 1 9 7 5 )  a n d  P e l l e t i e r  a n d  M a d e r e  ( 1 9 7 5 )  w h i c h  
c o m b i n e d  r a p i d  s a m p le  p r e p a r a t i o n  w i t h  a  c o n t i n u o u s  f l o w  
s c h e m e  u s in g  in - l in e  p e r m a n g a n a t e  o x i d a t i o n  t o  e l i m i n a t e  
i n t e r f e r e n c e s .

C h r o m a t o g r a p h i c  t e c h n i q u e s  h a v e  a l s o  b e e n  u s e d  t o  
s e p a r a t e  r i b o f l a v in  f r o m  i n t e r f e r i n g  c o m p o u n d s .  H ig h  
p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  ( H P L C )  w i t h  a b s o r b 
a n c e  d e t e c t i o n  h a s  b e e n  s u c c e s s f u l l y  u t i l i z e d  f o r  t h e  a n a ly s i s  
o f  m u l t i - v i t a m in  p r e p a r a t i o n s  (W i l l i a m s  e t  a l . ,  1 9 7 3 ;  C o n r a d ,  
1 9 7 5 ;  W ills  e t  a l . ,  1 9 7 7 ) .  K a m m a n  e t  a l .  ( 1 9 8 0 )  r e p o r t e d  a  
r i b o f l a v in  a n d  t h i a m i n  a n a ly s i s  p r o c e d u r e  f o r  c e r e a l  p r o d u c t s  
u s in g  H P L C  w i t h  a b s o r b a n c e  d e t e c t i o n  a t  2 5 4  n m .  T h i s  
t e c h n i q u e  r e s u l t e d  in  f e w e r  m a n i p u l a t i o n s  a n d  a  s h o r t e r  
a n a ly s i s  t i m e  t h a n  t h e  A O A C  ( 1 9 7 5 )  p r o c e d u r e .  A  h ig h  
p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h i c  m e t h o d  f o r  r i b o f l a v in  
u s in g  f l u o r e s c e n c e  d e t e c t i o n  t o  i n c r e a s e  s e n s i t i v i t y  a n d  
s p e c i f i c i t y  h a s  b e e n  u s e d  b y  V a n  d e  W e e r d h o f  e t  a l .  ( 1 9 7 3 )  
a n d  O s b o r n e  a n d  V o o g t  ( 1 9 7 8 ) .

O n l y  a  l i m i t e d  a m o u n t  o f  m e t h o d  d e v e l o p m e n t  h a s  b e e n  
d o n e  o n  t h e  q u a n t i t a t i o n  o f  l u m i c h r o m e  i n  f o o d  s y s t e m s .  
A n a ly s i s  o f  l u m i c h r o m e  in  f o o d s  h a s  b e e n  a c c o m p l i s h e d  
p r e d o m i n a n t l y  b y  t h i n - l a y e r  c h r o m a t o g r a p h y  f o l l o w in g  
e x t r a c t i o n  a n d  s p o t t i n g  o n  s i l i c a  g e l  p l a t e s  ( P a r k s  a n d  A l l e n ,  
1 9 7 7 ;  T r e a d w e l l  e t  a l . ,  1 9 6 8 ;  S u z u k i  e t  a l . ,  1 9 7 9 ) .

T h e  p r e s e n t  s t u d y  d e v e lo p e d  a  p r o c e d u r e  f o r  t h e  s e p a r a 
t i o n  a n d  q u a n t i f i c a t i o n  o f  r i b o f l a v i n  a n d  l u m i c h r o m e  f r o m  
e n r i c h e d  m a c a r o n i  b y  H P L C  e q u i p p e d  w i t h  a  f l u o r e s c e n c e  
d e t e c t o r .  I n  a d d i t i o n ,  t h e  e f f e c t s  o f  l i g h t ,  w a t e r  a c t i v i t y  
( a w )  a n d  t e m p e r a t u r e  o n  t h e  r a t e  o f  r i b o f l a v i n  d e g r a d a t i o n  
i n  m a c a r o n i  w e r e  s t u d i e d .  I n  a n  a t t e m p t  t o  b e t t e r  u n d e r 
s t a n d  t h e  k i n e t i c s  a n d  m e c h a n i s m  o f  r i b o f l a v i n  lo s s e s ,  
l u m i c h r o m e  p r o d u c t i o n  w a s  a l s o  m e a s u r e d  w i t h  r e s p e c t  t o  
t h e s e  v a r i a b le s .

MATERIALS & METHODS

S a m p le  p r e p a r a t i o n
E l b o w  m a c a r o n i  ( T h e  C r e d m e t t e  C o .)  w a s  m a n u f a c t u r e d  f r o m  

s e m o l i n a  e n r i c h e d  w i t h  r i b o f l a v i n ,  t h i a m i n ,  n i a c i n  a n d  i r o n .  R i b o 
f l a v in  w a s  a d d e d  a t  a  l e v e l  t o  c o n f o r m  t o  t h e  s t a n d a r d s  o f  i d e n t i t y
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R IB O F L A V IN  PH O TO C H EM IC A L D E G R A D A T IO N . . .

w h i c h  is  1 . 7 - 2 . 2  m g / l b  o f  p r o d u c t  ( U .S .  S t a n d a r d s  o f  I d e n t i t y ,
1 9 5 5 ) .

F o r  e x t r a c t i o n ,  a  3 -g  g r o u n d  m a c a r o n i  s a m p l e  ( p a s s e d  t h r o u g h  a  
4 0  m e s h  s ie v e )  w a s  p l a c e d  i n  a  1 2 5  m l  E r l e n m e y e r  f la s k  t o  w h i c h  
2 0  m l  0 .1 N  H C 1  w a s  a d d e d .  T h e  f l a s k  w a s  c o v e r e d  w i t h  f o i l  a n d  
a u to c l a v e d  f o r  3 0  m i n  a t  15  p s i .  T h e  s a m p l e  w a s  q u a n t i t a t i v e l y  
t r a n s f e r r e d  t o  a  5 0  m l  p o l y e t h y l e n e  c e n t r i f u g e  t u b e  a n d  c e n t r i f u g e d  
f o r  15 m i n  a t  5 5 0  x  g. F o l l o w i n g  c e n t r i f u g a t i o n ,  t h e  s u p e r n a t a n t  
w a s  d e c a n t e d  i n t o  a  5 0 - m l  v o l u m e t r i c  f l a s k .  T h e  r e m a in i n g  s e d i m e n t  
w a s  w a s h e d  t w o  t im e s  w i t h  1 0  m l  0 .1 N  H C 1, r e c e n t r i f u g e d ,  a n d  d e 
c a n t e d .  C o m b i n e d  s u p e r n a t a n t s  w e r e  b r o u g h t  u p  t o  5 0  m l  t o t a l  
v o l u m e  w i t h  0 .1 N  H C 1 a n d  t h e n  f i l t e r e d  t h r o u g h  a  0 .2 0  j im  m i c r o 
p o r e  m e m b r a n e  f i l t e r  ( G e l m a n  I n s t r u m e n t  C o .) .  A l l  m a n i p u l a t i o n s  
a n d  a n a ly s e s  w e r e  c a r r i e d  o u t  i n  s u b d u e d  l ig h t  a n d  w i t h  a m b e r  
g la s s w a r e .
H P L C  m e a s u r e m e n t  o f  r i b o f l a v i n

T e n  m i c r o l i t e r s  o f  t h e  e x t r a c t  w e r e  i n j e c t e d  i n t o  a  h ig h  p e r f o r m 
a n c e  l iq u i d  c h r o m a t o g r a p h  e q u i p p e d  w i t h  a  M o d e l  6 0 0 0  A  p u m p  
( W a te r s  A s s o c i a t e s )  a n d  a  M o d e l  7 1 2 0  R h e o d y n e  1 0  p i  l o o p  i n j e c t 
o r .  F lu o r e s c e n c e  i n t e n s i t y  w a s  m e a s u r e d  b y  a  F a r r a n d  R a t i o  F l u o r o -  
m e t e r  2  f i t t e d  w i t h  a  F a r r a n d  1 0  p i  q u a r t z  f lo w  c e l l  a s s e m b ly .  E x c i 
t a t i o n  w a v e l e n g t h  w a s  r e g u l a t e d  b y  t h e  p r i m a r y  f i l t e r  7 -5 9  a n d  t h e  
f l u o r e s c e n t  e m i s s io n  w a s  d e t e r m i n e d  b y  t h e  s e c o n d a r y  f i l t e r s
3 -7 0  a n d  4 - 7 0 .  T h e s e  f i l t e r s  c o r r e s p o n d  t o  t h e  e x c i t a t i o n  a n d  e m is 
s io n  w a v e l e n g t h s  f o r  r i b o f l a v i n  o f  4 5 0  a n d  5 1 0  n m ,  r e s p e c t i v e l y  
( K i r k ,  1 9 7 4 ;  S e b r e l l  a n d  H a r r i s ,  1 9 7 2 ) .  A  H e w l e t t  P a c k a r d  3 3 8 0 A  
r e c o r d e r - i n t e g r a t o r  w a s  u s e d  t o  r e c o r d  a n d  e l e c t r o n i c a l l y  i n t e g r a t e  
t h e  o u t p u t  f r o m  t h e  f l u o r e s c e n c e  d e t e c t o r .  R e v e r s e  p h a s e  H P L C  
w i t h  a  B o n d a p a k  C j g  c o l u m n  ( 3 0  c m  x  3 .9  m m ,  i .d . ,  W a te r s  A s s o c i 
a t e s )  w a s  u s e d  t o  s e p a r a t e  a n d  q u a n t i f y  r i b o f l a v i n  f r o m  m a c a r o n i .  
T h e  m o b i l e  p h a s e  w a s  1%  A .C .S .  g r a d e  g la c ia l  a c e t i c  a c id  (M a l-  
l i n c k r o d t ) ,  4 3 %  A .C .S .  g r a d e  m e t h a n o l  ( F i s h e r  S c i e n t i f i c )  a n d  5 6 %  
d i s t i l l e d  w a te r .  A t  a  f lo w  r a t e  o f  1 .5  m l / m i n ,  t h e  e l u t i o n  o f  r i b o 
f l a v in  w a s  c o m p l e t e d  w i t h i n  4  m in .

R i b o f l a v i n  ( S ig m a  C h e m i c a l  C o .)  s t a n d a r d  s t o c k  s o l u t i o n  w a s  
p r e p a r e d  b y  d is s o lv in g  15  m g  i n  0 .1 N  H C 1 t o  m a k e  1 0 0  m l  t o t a l  
v o l u m e .  T h i s  s o l u t i o n  w a s  s t o r e d  u n d e r  t o l u e n e  a t  5 ° C  in  a n  a m b e r  
v o l u m e t r i c  f l a s k  t o  p r e v e n t  r i b o f l a v i n  d e t e r i o r a t i o n .  A n  e x t e r n a l  
s t a n d a r d  w a s  p r e p a r e d  in  d u p l i c a t e  w e e k l y  f r o m  t h e  s t o c k  s o l u t i o n  
b y  r e m o v i n g  o n e  m i l l i l i t e r  a n d  d i l u t i n g  t o  1 0 0 0  m l  w i t h  0 .1 N  
H C 1, f o r  a  f i n a l  c o n c e n t r a t i o n  o f  0 .1 5  p g / m l .  T h e  r i b o f l a v i n  c o n t e n t  
o f  s a m p le s  w a s  q u a n t i f i e d  b y  c o m p a r i n g  t h e  p e a k  h e i g h t s  f r o m  t h e  
m a c a r o n i  e x t r a c t s  t o  t h e  p e a k  h e ig h t s  o f  t h e  s t a n d a r d s .  A  t h e o r e t i c a l  
b a s e l in e  w a s  c o n s t r u c t e d  a t  t h e  b a s e  o f  t h e  p e a k  f r o m  t h e  p o i n t  
w h e r e  r i b o f l a v i n  e l u t i o n  b e g a n  t o  t h e  e n d  o f  t h e  p e a k .  P e a k  h e ig h t  
w a s  m e a s u r e d  o n  a  l in e  w h i c h  b i s e c t e d  t h e  p e a k .  T h e  le v e ls  o f  r i b o 
f l a v in  s t u d i e d  w e r e  s h o w n  t o  h a v e  a  l in e a r  r e l a t i o n s h i p  w i t h  f l u o r e s 
c e n t  d e t e c t o r  r e s p o n s e  u p  t o  a  le v e l  o f  5  p g  i n j e c t e d .  A  r e c o v e r y  
s t u d y  w a s  c o n d u c t e d  i n  w h i c h  k n o w n  a m o u n t s  o f  r i b o f l a v i n  w e r e  
a d d e d  t o  e n r i c h e d  m a c a r o n i  ( 1 .6 7  p g /g )  p r i o r  t o  t h e  a s s a y  p r o c e d u r e .  
T o  c o m p e n s a t e  f o r  d i f f e r e n c e s  in  m o i s t u r e  c o n t e n t ,  r e s u l t s  w e r e  
c o n v e r t e d  t o  t h e  s o l id s  b a s i s  a f t e r  m o i s t u r e  a n a ly s i s  [ A O A C  ( 1 9 7 5 )  
a i r  o v e n  m e t h o d ] .
H P L C  m e a s u r e m e n t  o f  l u m i c h r o m e

C h r o m a t o g r a p h i c  i n s t r u m e n t a t i o n  a n d  c o n d i t i o n s  u t i l i z e d  to  
m e a s u r e  l u m i c h r o m e  w a s  i d e n t i c a l  t o  t h o s e  s e l e c te d  f o r  r i b o f l a v i n  
w i t h  t h e  e x c e p t i o n  o f  m o b i l e  p h a s e  c o m p o s i t i o n  a n d  d e t e c t o r  f i l 
t e r s .  E x c i t a t i o n  o f  l u m i c h r o m e  o c c u r s  a t  3 0 0 - 3 5 0  n m  a n d  f l u o r e s 
c e n t  r a d i a t i o n  is  e m i t t e d  a t  a  m a x i m u m  o f  4 7 9  n m  ( K a m i n ,  1 9 7 1 ) .  
F i l t e r  s e l e c t i o n  w a s  b a s e d  u p o n  t h e  c h a r a c t e r i s t i c  e x c i t a t i o n  a n d  
e m i s s io n  s p e c t r u m  o f  l u m i c h r o m e  ( p r i m a r y  f i l t e r  7 -5 1  a n d  s e c o n d 
a r y  f i l t e r s  3 -7 2  a n d  4 - 7 0 ) .  O p t i m u m  l u m i c h r o m e  e l u t i o n ,  a s  j u d g e d  
b y  p e a k  s y m m e t r y  a n d  s e p a r a t i o n  f r o m  o t h e r  c o m p o u n d s ,  w a s  
a c h ie v e d  w i t h  a  m o b i l e  p h a s e  o f  1%  a c e t i c  a c id ,  4 9 %  m e t h a n o l  a n d  
5 0 %  d e m i n e r a l i z e d  w a t e r .  L u m i c h r o m e  w a s  e l u t e d  f r o m  e n r i c h e d  
m a c a r o n i  w i t h i n  7  m i n .  I d e n t i f i c a t i o n  w a s  b a s e d  o n  r e t e n t i o n  t im e  
a n d  t h e  u s e  o f  a  m a c a r o n i  s a m p le  t h a t  h a d  n o t  b e e n  e x p o s e d  t o  l ig h t  
a n d  c o n t a i n e d  n o  l u m i c h r o m e .  Q u a n t i f i c a t i o n  w a s  a c c o m p l i s h e d  
b y  c o m p a r i n g  t h e  p e a k  h e ig h t  o f  l u m i c h r o m e  in  t h e  s a m p l e  t o  
t h a t  f o u n d  in  t h e  e x t e r n a l  s t a n d a r d .  A n  e x t e r n a l  s t a n d a r d  w a s  
p r e p a r e d  w e e k l y  b y  d is s o lv in g  3 0 .0  m g  o f  l u m i c h r o m e  ( A l d r i c h  
C h e m i c a l  C o .)  i n  5 0  m l  o f  m e t h a n o l .  S e r i a l  d i l u t i o n s  w e r e  m a d e  
w i t h  m e t h a n o l  t o  o b t a i n  a  f i n a l  c o n c e n t r a t i o n  o f  0 .6  p g / m l .  D e 
t e c t o r  r e s p o n s e  w a s  l in e a r  w i t h i n  t h e  l u m i c h r o m e  c o n c e n t r a t i o n  
r a n g e  f o u n d  i n  m a c a r o n i  e x t r a c t s .

L u m i c h r o m e  r e c o v e r y  w a s  d e t e r m i n e d  b y  a d d in g  l u m i c h r o m e  
( 1 .6 7  p g / g )  t o  g r o u n d  m a c a r o n i  t h a t  h a d  n o t  b e e n  p r e v i o u s l y  
e x p o s e d  t o  l ig h t  a n d  c o n t a i n e d  n o  l u m i c h r o m e  o t h e r  t h a n  w h a t  
w a s  a d d e d .  A  r e p r o d u c i b i l i t y  s t u d y  w a s  c o n d u c t e d  t o  m e a s u r e  
t h e  s t a n d a r d  d e v i a t i o n  o f  e i g h t  d e t e r m i n a t i o n s  o f  l u m i c h r o m e  in  a  
m a c a r o n i  s a m p le  s t o r e d  f o r  2 1  d a y s  a t  2 7 .8 7  l u m e n s / m 2 , 5 5 ° C ,  
a n d  0 .4 4  a w .

K in e t i c  a n a ly s i s
T h e  s t a b i l i t y  o f  r i b o f l a v i n  a n d  l u m i c h r o m e  w a s  m e a s u r e d  u n d e r  

s t e a d y  s t a t e  c o n d i t i o n s  o f  2 5 ,  3 5  a n d  5 5 ° C .  A t  e a c h  t e m p e r a t u r e  
s a m p le s  w e r e  s t o r e d  o v e r  a  s a l t  s o l u t i o n  a t  a n  o f  0 .4 4 .  T h e s e  
s a m p le s  w e r e  t h e n  e x p o s e d  t o  l ig h t  i n t e n s i t i e s  o f  9 . 2 9 ,  1 8 .5 8  a n d  
2 7 .8 7  l u m e n s / m 2 ( 1 0 0 ,  2 0 0 ,  3 0 0  f t - c ,  r e s p e c t i v e l y ) .  M a c a r o n i  w a s  
a l s o  s t o r e d  a t  a n  a w  o f  0 .3 2  a t  t w o  t e m p e r a t u r e s  b u t  o n l y  a t  2 7 .8 7  
l u m e n s / m 2 .

S to r a g e  e x p e r i m e n t s  w e r e  c o n d u c t e d  in  1 0  g a l l o n  a q u a r iu m  
t a n k s  w i t h  s e a le d  p le x ig la s s  c o v e r s  h e ld  i n  c o n s t a n t  t e m p e r a t u r e  
e n v i r o n m e n t a l  c h a m b e r s  (±  0 .3 ° C ) .  I n c i d e n t  l ig h t  t r a n s m is s i o n  w a s  
p r e v e n t e d  b y  p a i n t i n g  t h e  o u t s i d e  o f  t h e  a q u a r iu m  t a n k  b l a c k .  I n 
s id e  t h e  a q u a r i u m  t a n k ,  a  p l e x ig la s s  p l a t e  ( p e r f o r a t e d  w i t h  h o l e s  
1 c m  i n  d i a m e t e r )  w a s  p la c e d  a p p r o x i m a t e l y  5 c m  f r o m  t h e  b o t t o m  
o f  t h e  t a n k .  T h e  h o l e s  i n  t h e  p le x ig la s s  p l a t e  a l lo w e d  f o r  a i r  c i r c u la 
t i o n  b e t w e e n  t h e  s a t u r a t e d  s a l t  s o l u t i o n  a t  t h e  b o t t o m  o f  t h e  t a n k  
a n d  t h e  m a c a r o n i  s a m p le s  o n  t h e  p l a t e .  A  s in g le  l a y e r  o f  e l b o w  
m a c a r o n i  w a s  p o s i t i o n e d  in  t h e  b o t t o m  o f  p e t r i  d i s h e s  (4  c m  d i a m 
e t e r )  w h i c h  w e r e  t h e n  s e t  o n  t o p  o f  t h e  p le x ig la s s  p l a t e .  P r i o r  t o  
p l a c e m e n t  in  t h e  d e s i g n a t e d  e n v i r o n m e n t a l  c h a m b e r ,  m a c a r o n i  
s a m p le s  w e r e  e q u i l i b r a t e d  t o  t h e  a p p r o p r i a t e  a w  i n  d e s i c c a t o r s  
c o v e r e d  w i t h  f o i l .  L i g h t  i n t e n s i t y  w a s  r e g u l a t e d  b y  a d j u s t m e n t  o f  a  
r h e o s t a t  a t t a c h e d  t o  t h r e e  s t a n d a r d  f l u o r e s c e n t  l a m p s  ( 1 5  w a t t ,  
m e r c u r y  v a p o r )  m o u n t e d  o n  t o p  o f  t h e  c h a m b e r .  I l l u m i n a t i o n  le v e ls  
w e r e  s e t  u s in g  a  G e n e r a l  E l e c t r i c  t y p e  2 1 4  l ig h t  m e t e r .

C o n t r o l  s a m p le s  w e r e  e q u i l i b r a t e d  a n d  h e ld  a t  t h e  a p p r o p r i a t e  
a w  a t  2 5 °  C  w i t h  n o  l ig h t  e x p o s u r e .  D u p l i c a t e  c o n t r o l  s a m p l e s  w e r e  
e x t r a c t e d  a n d  a n a ly z e d  a lo n g  w i t h  d u p l i c a t e  m a c a r o n i  s a m p l e s  e x 
p o s e d  t o  l ig h t .  Z e r o  t im e  d a t a  w e r e  e s t a b l i s h e d  a s  t h e  a v e ra g e  o f  t h e  
r i b o f l a v i n  c o n t e n t  o f  t h e  c o n t r o l  s a m p le ,  s t o r e d  u n d e r  a  g iv e n  a w . 
L u m i c h r o m e  w a s  n o t  d e t e c t e d  i n  s a m p le s  s t o r e d  i n  t h e  d a r k  s o  t h e  
m i n i m u m  d e t e c t a b l e  l e v e l  w a s  u s e d  a s  t h e  z e r o  t i m e  c o n c e n t r a t i o n .

A n a l y s i s  o f  v a r i a n c e  w a s  u s e d  t o  d e t e r m i n e  t h e  i n f l u e n c e  o f  
v a r i o u s  f a c t o r s  o n  r i b o f l a v i n  d e g r a d a t i o n .  S ta n d a r d  l in e a r  r e g r e s s io n  
w a s  u s e d  t o  c o n s t r u c t  t h e  b e s t - f i t - l i n e  f o r  d e t e r m i n i n g  r a t e  c o n s t a n t s  
f r o m  a  s e m i- lo g  p l o t  o f  t h e  a m o u n t  o f  r i b o f l a v i n  v e r s u s  t im e .

RESULTS & DISCUSSION 
HPLC measurement of riboflavin and lumichrome

T h e  e x t r a c t i o n  a n d  H P L C  a n a ly s i s  t e c h n i q u e  u s e d  i n  
t h i s  s t u d y  e l i m i n a t e d  t h e  n e e d  f o r  p H  a d j u s t m e n t s ,  o x i d a 
t i o n  f o l l o w e d  b y  d e c o l o r i z a t i o n ,  a n d  b l a n k  d e t e r m i n a t i o n s  
r e q u i r e d  b y  t h e  A O A C  ( 1 9 7 5 )  r i b o f l a v in  p r o c e d u r e .  S in c e  
r i b o f l a v in  a n d  l u m i c h r o m e  d o  n o t  h a v e  i d e n t i c a l  f l u o r e s 
c e n c e  c h a r a c t e r i s t i c s ,  o p t i m u m  c h r o m a t o g r a p h i c  a n d  
d e t e c t o r  c o n d i t i o n s  f o r  e a c h  f l a v in  w e r e  e s t a b l i s h e d  s e p a 
r a t e l y .  T h e  d e t e c t i o n  w a v e l e n g t h s  u s e d  f o r  l u m i c h r o m e  
a n a ly s i s  r e s u l t e d  i n  a  n u m b e r  o f  p e a k s  o n  t h e  c h r o m a t o 
g r a m ,  p a r t i c u l a r l y  i n  t h e  a r e a  o f  r i b o f l a v in  e l u t i o n .  I n  c o n 
t r a s t ,  t h e  w a v e l e n g t h s  u s e d  f o r  r i b o f l a v i n  a n a ly s i s  d e t e c t e d  
r e l a t i v e l y  f e w  p e a k s .  T h r o u g h  t h e  a d j u s t m e n t  o f  t h e  m e t h 
a n o l  c o n c e n t r a t i o n  in  t h e  m o b i l e  p h a s e ,  i t  w a s  p o s s i b l e  t o  
s e l e c t  s p e c i f i c  i s o c r a t i c  c o n d i t i o n s  w h i c h  w o u l d  a f f o r d  g o o d  
s e p a r a t i o n  o f  r i b o f l a v in  a n d  l u m i c h r o m e  f r o m  o t h e r  f l u o r e s 
c in g  s u b s t a n c e s .  F ig .  1 a n d  2  s h o w  t h e  r e s p e c t i v e  s e p a r a t i o n  
o f  r i b o f l a v in  a n d  l u m i c h r o m e  f r o m  e n r i c h e d  m a c a r o n i .  T h e  
l o w e r  l i m i t s  o f  d e t e c t a b i l i t y  f o r  t h e  H P L C  m e t h o d  u s in g  
r i b o f l a v in  a n d  l u m i c h r o m e  s t a n d a r d  s o l u t i o n s  w e r e  0 . 0 1  

n g  a n d  0 .0 5  n g , r e s p e c t i v e ly ,  p e r  1 0  /xl i n j e c t i o n .
R ib o f l a v in  r e c o v e r y  in  a n  e n r i c h e d  m a c a r o n i  s a m p le  

w a s  9 9 %  w i t h  a  c o e f f i c i e n t  o f  v a r i a b i l i t y  o f  2 —4 % . T h e  
r e c o v e r y  o f  l u m i c h r o m e  a d d e d  t o  f r e s h  m a c a r o n i  s a m p le s  
w a s  8 5 %  w i t h  a  c o e f f i c i e n t  o f  v a r i a b i l i t y  o f  3 —6 % . T h e  
r i b o f l a v in  le v e l  i n  e n r i c h e d  m a c a r o n i  a s  m e a s u r e d  b y  
H P L C  w a s  0 . 5 6 2  ±  0 .0 1 2  m g  r i b o f l a v in  /1  OOg s o l i d s .  T h i s  
is  w i t h i n  t h e  e x p e c t e d  r a n g e  f o r  e n r i c h e d  m a c a r o n i  a n d  t h e
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s t a n d a r d  d e v i a t i o n  is  s im i l a r  t o  t h a t  r e p o r t e d  f o r  t h e  s e m i-  
a u t o m a t e d  m e t h o d  ( E g b e r g  a n d  P o t t e r ,  1 9 7 5 ) .  L u m i c h r o m e  
r e p r o d u c i b i l i t y  w a s  d e t e r m i n e d  i n  m a c a r o n i  h e ld  a t  5 5  C , 
0 .4 4  a w  a n d  e x p o s e d  t o  2 7 . 8 7  l u m e n s / m 2  f o r  2 1  d a y s .  T h e  
l u m i c h r o m e  le v e l  i n  e n r i c h e d  m a c a r o n i  h e ld  u n d e r  t h e s e  
c o n d i t i o n s  w a s  0 . 1 4 4  ±  0 . 0 1 0  m g  l u m ic h r o m e / lO O g  s o l id s .

K in e t i c  a n a ly s i s
T h e  r e s u l t s  o f  t h i s  s t u d y  s h o w e d  t h a t  r i b o f l a v i n  d e g r a d a 

t i o n  i n  p a s t a  o c c u r s  i n  t w o  d i s t i n c t  p h a s e s .  A p p r o x i m a t e l y  
5 0 %  o f  t h e  i n i t i a l  r i b o f l a v i n  c o n t e n t  w a s  l o s t  w i t h i n  1 2  h r .  
B e y o n d  t h a t  t i m e ,  t h e  r a t e  o f  r i b o f l a v in  d e g r a d a t i o n  d e 
c r e a s e d  s u b s t a n t i a l l y  l e a d in g  t o  t h e  c o n c l u s i o n  t h a t  r i b o 
f l a v in  d e s t r u c t i o n  w o u l d  b e  b e s t  r e p r e s e n t e d  b y  t w o  p h a s e s  
o f  b r e a k d o w n .  F ig .  3  i l l u s t r a t e s  t h e  p e r c e n t  o f  r i b o f l a v in  
r e m a i n in g  a f t e r  a  s p e c i f i e d  t i m e  o f  i r r a d i a t i o n  a t  2 7 . 8 7  
l u m e n s / m 2  a t  e i t h e r  2 5  o r  5 5 ° C  a n d  a t  0 . 3 2  a w . R ib o f l a v in  
d e g r a d a t i o n  a p p e a r e d  t o  f o l l o w  f i r s t  o r d e r  k i n e t i c s .  D a t a  
c o l l e c t e d  f o r  r i b o f l a v i n  r e t e n t i o n  a f t e r  0 ,  4 ,  8  a n d  1 2  h r  
o f  l i g h t  e x p o s u r e  s h o w e d  t h e  r a p i d  f i r s t  p h a s e  o f  d e g r a d a 
t i o n .  T h e  r e g r e s s i o n  l i n e  o f  b e s t  f i t  f o r  t h i s  i n i t i a l  p e r i o d  is  
d r a w n  o n  t h e  g r a p h  b u t  t h e  d a t a  p o i n t s  a r e  n o t  s h o w n  
b e c a u s e  o f  t h e  s t e e p  s l o p e .  B e t w e e n  d a y s  1 a n d  3 5 ,  a d d i 
t i o n a l  r e t e n t i o n  d a t a  w e r e  c o l l e c t e d  a n d  t h e  p o i n t s  a l o n g  
t h e  l i n e  o f  b e s t  f i t  a r e  i l l u s t r a t e d  f o r  t h i s  s e c o n d  p h a s e  o f  
d e g r a d a t i o n .  R ib o f l a v in  d e g r a d a t i o n  i n  m a c a r o n i  s t o r e d  a t  
0 .4 4  a w  a n d  t h r e e  le v e ls  o f  l i g h t  i n t e n s i t y  is  s h o w n  i n  F ig .  
4 ,  5 a n d  6 . T h e  i n i t i a l  p h a s e  o f  d e g r a d a t i o n  a t  a w  0 . 4 4  f o r  
t h e  t h r e e  t e m p e r a t u r e s  y i e l d e d  v e r y  s im i l a r  r a t e  c o n s t a n t s .

R i b o f l a v i n

Fig. 1 -R ib o fla v in  e lu tio n  fro m  a sample o f  en riched m acaron i using 
a m o b ile  phase o f  56% water, 43% m e thano l and  1 % acetic acid.

R a t e  c o n s t a n t s  a n d  h a l f  l iv e s  f o r  r i b o f l a v in  m e a s u r e d  u n d e r  
t h e  c o n d i t i o n s  s t u d i e d  a r e  g iv e n  i n  T a b l e  1 . B e c a u s e  o f  t h e  
r a p i d  i n i t i a l  r a t e  o f  d e g r a d a t i o n ,  t h e  h a l f  l i f e  o f  r i b o f l a v in  
f o r  a l l  c o n d i t i o n s  s t u d i e d  w a s  le s s  t h a n  o n e  d a y .

S in c e  t h e  m a c a r o n i  w a s  e x p o s e d  t o  a  c o n s t a n t  le v e l  o f  
i r r a d i a t i o n  o n  o n l y  o n e  s id e ,  t h e  l i g h t  p r o b a b l y  c a u s e d  r a p i d  
d e t e r i o r a t i o n  o f  t h e  r i b o f l a v in  o n  t h e  s u r f a c e  a n d  o u t e r  
p o r t i o n s .  F o l l o w in g  t h e  i n i t i a l  s t a g e  o f  d e g r a d a t i o n ,  r i b o 
f l a v in  lo s s e s  p r o c e e d e d  a t  a  r a t e  a b o u t  o n e  h u n d r e d  t i m e s  
s l o w e r ,  p o s s i b l y  d u e  t o  t h e  d e c r e a s e d  i n t e n s i t y  o f  l i g h t  i n  
t h e  i n t e r i o r  o f  t h e  m a c a r o n i .  T h e  l i g h t  i n t e n s i t i e s  u s e d  i n  
t h i s  i n v e s t i g a t i o n  i n c l u d e  t h e  le v e ls  t h a t  m i g h t  b e  f o u n d  i n  a  
r e t a i l  g r o c e r y  s t o r e ,  a n d  t h e  w a t e r  a c t i v i t i e s  o f  0 .3 2  a n d  
0 .4 4  a r e  w h a t  m ig h t  b e  e x p e c t e d  i n  a  m a c a r o n i  p r o d u c t  
( E a r l e  a n d  R o g e r s ,  1 9 4 1 ;  T a u f ig ,  1 9 7 7 ) .  H o w e v e r ,  i n  a t 
t e m p t i n g  t o  a p p ly  t h e s e  r e a c t i o n  r a t e s  t o  p a c k a g e d  m a c a 
r o n i ,  i t  s h o u l d  b e  n o t e d  t h a t  t h i s  s t u d y  w a s  p e r f o r m e d  w i t h  
a  s in g le  l a y e r  o f  p r o d u c t .  T h e  le v e l  o f  r i b o f l a v in  lo s s  i n  a  
p a c k a g e  w o u l d  b e  a  f u n c t i o n  o f  p a c k a g i n g  m a t e r i a l ,  t h e  
a m o u n t  o f  a c t u a l  p r o d u c t  e x p o s e d  t o  l i g h t  o n  t h e  s u r f a c e ,  
a n d  t h e  p e n e t r a t i o n  o f  l i g h t  i n t o  t h e  i n t e r i o r  o f  t h e  p r o d u c t .

T h e  r e s u l t s  s h o w n  in  T a b l e  1 a n d  a n  a n a ly s i s  o f  v a r i a n c e  
i n d i c a t e  t h a t  t h e  a w  le v e ls  u s e d  f o r  s t o r a g e  d id  n o t  h a v e  a  
s i g n i f i c a n t  e f f e c t  u p o n  t h e  r a t e  o f  r i b o f l a v i n  d e g r a d a t i o n  in  
e i t h e r  p h a s e  o f  lo s s .  T h e  t h r e e  le v e ls  o f  l i g h t  i n t e n s i t y  w e r e  
a l s o  s h o w n  t o  b e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  o n e  a n 
o t h e r  i n  e i t h e r  p h a s e  o f  d e g r a d a t i o n  a t  a  9 5 %  p r o b a b i l i t y  
le v e l .  W h ile  t h e  p r e s e n c e  o r  a b s e n c e  o f  l i g h t  w a s  a  c r i t i c a l  
f a c t o r  i n  r i b o f l a v in  d e g r a d a t i o n ,  o v e r  t h e  r a n g e  o f  i n t e n s i 
t i e s  s t u d i e d  t h e  l i g h t  i n t e n s i t y  le v e l  w a s  n o t  s i g n i f i c a n t

I______________I-------------------—i
0  5  1 0

m i n u t e s

Fig. 2 —Lu m ich ro m e e lu tio n  fro m  a sample o f  en riched m acaron i 
exposed to  tigh t. The m o b ile  phase was 50% water, 49% m ethano l 
and 1 % ace tic acid.
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R IB O F L A V IN  PH O TO C H EM IC A L D E G R A D A T IO N . . .

Fig. 3 —R etention  o f  rib o fla v in  in  enriched m acaron i s tored a t 0.32  
aw, 2 7 .87  ium ens/m ?  and 2 5  and 5 5 ° C.

Table 1—E ffe c t o f  tem perature, lig h t in te n s ity , and w ater a c t iv ity  
on rate constan t and h a lf- life  (dy2)  fo r  rib o fla v in  loss in  enriched  
m acaron i

a  w ° C L u m e n s / m 2

1 s t  d e g r a d a 
t i o n  p h a s e  

R a t e
c o n s t a n t  k  

( d a y s - 1 )

2 n d  d e g r a d a 
t i o n  p h a s e  

R a t e
c o n s t a n t  k  

( d a y - 1 ) x  1 0 2
dy2 ( d a y s )  f o r  

f i r s t  p h a s e

0 . 3 2 2 5 2 7 . 8 7 a 1 . 2 6 0 . 7 8 0 . 5 5
5 5 2 7 . 8 7 1 . 3 8 0 . 5 5 0 . 5 0

0 . 4 4 2 5 2 7 . 8 7 1 . 5 6 0 . 5 7 0 . 4 4
3 5 2 7 . 8 7 1 . 5 2 0 . 5 5 0 . 4 6
5 5 2 7 . 8 7 1 . 3 2 0 . 8 7 0 . 5 3

0 . 4 4 2 5 1 8 . 5 8 a 1 . 3 0 0 . 8 4 0 . 5 3
3 5 1 8 . 5 8 1 . 2 7 0 . 8 5 0 . 5 5
5 5 1 8 . 5 8 1 . 7 2 1 . 1 0 0 . 4 0

0 . 4 4 2 5 9 . 2 9 a 1 . 3 7 0 . 7 0 0 . 5 0
3 5 9 . 2 9 1 . 5 3 0 . 8 0 0 . 4 5
5 5 9 . 2 9 1 . 3 2 1 . 3 3 0 . 5 2

3 2 7 .8 7 , 1 8 .5 8  and  9 .2 9  Iu m en s/m 2  co rre sp o n d  to  3 0 0 , 2 0 0  and 
1 0 0  ft-c , re sp e c t iv e ly .

( P = 0 . 0 5 )  w i t h  r e s p e c t  t o  t h e  r a t e  o f  d e g r a d a t i o n .  T h e r e  
w a s ,  h o w e v e r ,  a  s i g n i f i c a n t  d i f f e r e n c e  a t  P = 0 . 0 5  i n  t h e  s e c 
o n d  p h a s e  o f  d e g r a d a t i o n  w h e r e  i n c r e a s e d  t e m p e r a t u r e  
i n c r e a s e d  t h e  r a t e  o f  r e a c t i o n .

T h e  a c t i v a t i o n  e n e r g i e s  f o r  e a c h  p h a s e  o f  d e g r a d a t i o n  
w e r e  c a l c u l a t e d  a n d  r a n g e d  f r o m  0 . 6  t o  2 . 0  K c a l / m o l e  f o r  
t h e  i n i t i a l  p h a s e  a n d  1 . 9  t o  4 . 3  K c a l / m o l e  f o r  t h e  s e c o n d  
p h a s e  o f  t h e  r e a c t i o n ,  i n d i c a t i n g  t h a t  i n c r e a s e d  t e m p e r a t u r e

1-0-

Fig. 4 —R etention  o f  rib o fla v in  in  en riched m acaron i s to red  a t 0.44  
a w, 9 .2 9  l u m e n s / m ?  and 25, 3 5  and 5 5 ° C.

h a d  l i t t l e  e f f e c t  o n  t h e  r e a c t i o n  r a t e .  T h e  a c t i v a t i o n  e n e r g i e s  
a l s o  s h o w e d  n o  p a t t e r n  w i t h  r e s p e c t  t o  t h e  a w  o r  l i g h t  
i n t e n s i t i e s  s t u d i e d .

H P L C  a n a l y s i s  f o r  l u m i c h r o m e  i n  t h e  s t o r e d  m a c a r o n i  
i n d i c a t e s  t h a t  l u m i c h r o m e  p r o d u c t i o n  o c c u r s  i n  t w o  p h a s e s .  
A  r a p i d  i n i t i a l  p h a s e  o f  p r o d u c t i o n  w h i c h  a p p e a r s  t o  b e  a  
f i r s t  o r d e r  r e a c t i o n  i s  f o l l o w e d  b y  a  s e c o n d  p h a s e  o f  s l o w e r  
i n c r e a s e  o r ,  i n  s o m e  c a s e s ,  a  d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  
o f  l u m i c h r o m e .  T h e  r a t e  c o n s t a n t s  k  f o r  t h e  f i r s t  1 2  h r  o f  
l u m i c h r o m e  p r o d u c t i o n  r a n g e d  f r o m  4 . 2  t o  5 . 2  d a y - 1  
w i t h  n o  i n f l u e n c e  o f  t e m p e r a t u r e ,  a w , o r  l i g h t  i n t e n s i t y  
n o t e d  o v e r  t h e  r a n g e  o f  c o n d i t i o n s  s t u d i e d .  T h e  f i n d i n g s  
a r e  s i m i l a r  t o  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  r i b o f l a v i n  d e 
g r a d a t i o n  d a t a  s h o w i n g  t h a t  t e m p e r a t u r e ,  a w , o r  r a n g e  o f  
l i g h t  i n t e n s i t y  h a d  l i t t l e  i n f l u e n c e  o n  t h e  r e a c t i o n .  T h e  
s e c o n d  p h a s e  o f  t h e  r e a c t i o n  w a s  n o t  s u i t a b l e  f o r  k i n e t i c  
a n a l y s i s  b e c a u s e  o f  t h e  a p p a r e n t  c h a n g e  i n  s o m e  s a m p l e s  
f r o m  l u m i c h r o m e  a c c u m u l a t i o n  t o  l u m i c h r o m e  d e g r a d a 
t i o n .

L u m i c h r o m e  i s  a  p h o t o l y s a t e  o f  r i b o f l a v i n  t h a t  f o r m s  
u n d e r  n e u t r a l  o r  a c i d i c  c o n d i t i o n s  ( M e t z l e r ,  1 9 6 0 ) ,  T h e  
o c c u r r e n c e  o f  l u m i c h r o m e  i n  r i b o f l a v i n - c o n t a i n i n g  f o o d s  
h a s  n o t  b e e n  w e l l  s t u d i e d ,  a n d  t h e  f o r m a t i o n  o f  l u m i 
c h r o m e  i n  e n r i c h e d  m a c a r o n i  h a s  n o t  b e e n  p r e v i o u s l y  r e 
p o r t e d .  N o  e v i d e n c e  o f  l u m i c h r o m e  w a s  f o u n d  i n  s a m p l e s  
t h a t  w e r e  n o t  e x p o s e d  t o  l i g h t .  T h e  a m o u n t  o f  l o s t  r i b o 
f l a v i n  t h a t  w a s  a c c o u n t e d  f o r  b y  l u m i c h r o m e  v a r i e d ,  
d e p e n d i n g  o n  t h e  e x p e r i m e n t a l  c o n d i t i o n s  b u t ,  i n  g e n e r a l ,  
t h e  a m o u n t  o f  r i b o f l a v i n  l o s s  t h a t  a p p e a r e d  a s  l u m i c h r o m e  
w a s  a b o u t  6 0 % .  F o r  e x a m p l e ,  w h e n  s t o r e d  a t  5 5 ° C ,  0 . 4 4  a w
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Fig. 5 —R ete n tion  o f  r ib o fla v in  in  en riched m acaron i s to red  a t 0 .44  
aw, 18.58 lum ens /m ? and 25 , 3 5  and  5 5 °  C.

a n d  2 7 .8 7  l u m e n s / m 2 , f o r  2 1  d a y s ,  t h e  lo s s  o f  r i b o f l a v i n  
f r o m  t h e  m a c a r o n i  w a s  7 2 % . W h e n  t h e  l u m i c h r o m e  le v e l  in  
t h e s e  s a m p le s  w a s  c o m p a r e d  o n  a  m o l e  b a s is  i t  r e p r e s e n t e d  
4 2 %  o f  t h e  o r ig in a l  r i b o f l a v in .  T h i s  s u g g e s t s  t h a t  l u m i 
c h r o m e  is  n o t  t h e  o n l y  o r  f i n a l  r i b o f l a v i n  d e g r a d a t i o n  p r o d 
u c t .  I n  a d d i t i o n ,  i t  a p p e a r s  t h a t  w i t h  c o n t i n u e d  i r r a d i a t i o n ,  
l u m i c h r o m e  m a y  u n d e r g o  s o m e  d e g r a d a t i o n .  T h u s ,  w h i le  
l u m i c h r o m e  a p p e a r s  t o  b e  t h e  m a j o r  r e a c t i o n  p r o d u c t  o f  
r i b o f l a v i n  i n  i r r a d i a t e d  m a c a r o n i ,  i t  d o e s  n o t  r e f l e c t  a l l  t h e  
r i b o f l a v i n  d e g r a d a t i o n  a n d  c o u ld  n o t  b e  u s e d  a s  a n  i n d i r e c t  
m e a s u r e  o f  t h e  a m o u n t  o f  r i b o f l a v i n  d e t e r i o r a t i o n  in  
e n r i c h e d  m a c a r o n i .
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D e t e r m i n a t i o n  o f  N e u t r a l  D e t e r g e n t  F i b e r  i n  B r e a k f a s t  
C e r e a l s :  P e n t o s e ,  H e m i c e l l u l o s e ,  C e l l u l o s e  a n d

L i g n i n  C o n t e n t

R. MONGEAU and R. BRASSARD

---------------------------- ABSTRACT-----------------------------
C e r e a l s  a r e  o f t e n  p r o m o t e d  a s  i m p o r t a n t  s o u r c e s  o f  d i e t a r y  f i b e r .  
N i n e t y  o n e  b r e a k f a s t  c e r e a l s  a v a i l a b le  in  C a n a d a  a n d  f o u r  u n p r o c e s s e d  
w h e a t  b r a n s  w e r e  t h e r e f o r e  a n a ly z e d  f o r  n e u t r a l  d e t e r g e n t  f i b e r  
( N D F )  a f t e r  r a p i d  d ig e s t i o n  w i t h  « - a m y l a s e  f r o m  p o r c i n e  p a n c r e a s .  
M a n y  b r e a k f a s t  c e r e a l s  c o n t a i n e d  le s s  t h a n  5 %  N D F .  W h e a t  c e r e a l s  
c o n t a i n e d  5 - 3 0 %  N D F ,  o a t  c e r e a l s  c o n t a i n e d  5 %  N D F ,  a n d  c o m  
a n d  r i c e  c o n t a i n e d  l i t t l e  N D F .  C e r e a l  N D F  w a s  p r e d o m i n a n t l y  
h e m i c e l l u l o s e  ( p e n t o s a n s ) ;  p e n t o s e  s u g a r s  l i b e r a t e d  u n d e r  h y d r o l y s i s  
r e p r e s e n t e d  u p  t o  1 5 %  o f  p r o c e s s e d  b r a n  c e r e a l s  a n d  2 0 - 2 5 %  o f  
u n p r o c e s s e d  b r a n .

INTRODUCTION
A M O N G  D I E T A R Y  C H A N G E S  t h a t  h a v e  o c c u r r e d  t h i s  
c e n t u r y  i n  t h e  W e s te r n  c o u n t r i e s  is  a  m a r k e d  d e c r e a s e  in  
t h e  i n t a k e  o f  f i b e r ,  p a r t i c u l a r l y  f r o m  c e r e a ls  ( H e l l e r  a n d  
H a c k l e r ,  1 9 7 8 ;  B in g h a m  e t  a l . ,  1 9 7 9 ) .  F i b e r  i n t a k e  f r o m  
f r u i t s  a n d  v e g e ta b le s  h a s  i n c r e a s e d  a t  t h e  s a m e  t i m e  a s  t h e  
f i b e r  i n t a k e  f r o m  c e r e a ls  h a s  d e c r e a s e d  ( B u r k i t t ,  1 9 7 6 ) .  
A l t h o u g h  f r u i t s  a n d  v e g e t a b l e s  p r o d u c e  s o m e  o f  t h e  e f f e c t s  
o f  w h e a t  o n  t h e  c o lo n  ( K e l s a y  e t  a l . ,  1 9 7 8 ) ,  t h e y  h a v e  a  lo w  
f i b e r  c o n t e n t  a n d  t h e y  d o  n o t  s e e m  t o  c o m p e n s a t e  f o r  t h e  
d e c r e a s e  i n  c e r e a l  f i b e r  ( H e n d r i k x ,  1 9 7 8 ) .  I t  is  e s s e n t i a l l y  
c e r e a l  f i b e r  t h a t  e f f e c t i v e ly  p r e v e n t s  o r  r e l ie v e s  c h r o n i c  
c o n s t i p a t i o n ,  t h e  le s s  d i s p u t e d  e f f e c t  o f  d i e t a r y  f i b e r  
( T r o w e l l ,  1 9 7 8 ;  W e ill  a n d  B a u m a n n ,  1 9 7 8 )  a n d  s p e c ia l  
v a lu e  is  a t t r i b u t e d  t o  p e n t o s e - c o n t a i n i n g  p o l y s a c c h a r i d e s  o r  
t h e  h e m ic e l l u lo s e  f r a c t i o n  ( C u m m in g s  e t  a l . ,  1 9 7 8 ;  B in g h a m  
e t  a l . ,  1 9 7 9 ) .

A l t h o u g h  c e r e a ls  a r e  c o n s i d e r e d  t o  b e  i m p o r t a n t  s o u r c e s  
o f  f i b e r ,  t h e r e  is  l i t t l e  i n f o r m a t i o n  c o n c e r n i n g  t h e  q u a n t i t y  
a n d  c o m p o s i t i o n  o f  f i b e r  i n  m a n u f a c t u r e d  c e r e a l  f o o d s .  
B r e a k f a s t  c e r e a l s  w e r e  t h e r e f o r e  a n a l y z e d  f o r  t h e  n e u t r a l  
d e t e r g e n t  f i b e r  ( N D F ) ,  h e m ic e l l u lo s e ,  c e l l u lo s e  a n d  l ig n in  
a n d  t h e  v a lu e s  w e r e  c o m p a r e d .  T h e  h e m ic e l l u lo s e  f r a c t i o n  
i n  N D F  w a s  a l s o  a n a ly z e d  f o r  p e n t o s e .

MATERIALS & METHODS

P r e p a r a t i o n  o f  s a m p le s
T h e  c e r e a l  p r o d u c t s  a n a l y z e d  w e r e  o b t a i n e d  f r o m  lo c a l  g r o c e r i e s  

a n d  s u p e r m a r k e t s .  A  p o r t i o n  o f  e a c h  s a m p l e  w a s  w e ig h e d ,  f r e e z e -  
d r i e d  a n d  r e w e i g h e d  t o  d e t e r m i n e  t h e  d r y  w e ig h t .  A p p r o x i m a t e l y  
5 0 g  o f  e a c h  c e r e a l  p r o d u c t  w a s  g r o u n d  w i t h  a  W ile y  M ill  t o  p a s s  
t h r o u g h  a  2 0  m e s h  s c r e e n  a n d  s t o r e d  in  a  s c r e w  c a p  b o t t l e .  B e f o r e  
a n a ly s i s ,  5 —1 0 g  o f  t h e  s t o r e d  s a m p l e  w a s  f r e e z e - d r i e d  a n d  r e w e i g h e d ,  
t o  m e a s u r e  t h e  u p t a k e  o f  m o i s t u r e  d u r i n g  s t o r a g e  a n d  t o  c a l c u l a t e  
t h e  t r u e  q u a n t i t y  o f  d r y  m a t t e r  t a k e n  f o r  a n a ly s i s .
A n a l y t i c a l  p r o c e d u r e s

D u p l i c a t e  d e t e r m i n a t i o n s  o f  N D F  a n d  i t s  c o m p o n e n t s  w e r e  
p e r f o r m e d  b y  t h e  m e t h o d s  o f  G o e r in g  a n d  V a n  S o e s t  ( 1 9 7 0 ) .  T h e  
m o d i f i c a t i o n s  f r o m  t h e  o r i g in a l  m e t h o d s  a s  w e l l  a s  t h e  r a p i d  p r o c e 
d u r e  u s in g  « - a m y la s e  f r o m  p o r c i n e  p a n c r e a s  t o  r e m o v e  s t a r c h  a r e  
d e s c r i b e d  b e lo w .

A u th o rs  Mongeau and Brassard are w ith  the N u tr it io n  Research 
D iv is ion , F o o d  D irecto ra te , B anting Research Centre, Tunney's 
Pasture, O ttaw a, Canada K 1A  0L2.

A m y l a s e  s o l u t i o n  (5 %  w /v )  w a s  p r e p a r e d  b y  m i x i n g  5  g  o f  a -  
a m y l a s e  p o w d e r  ( S ig m a  A 6 8 8 0 )  f o r  1 5  m i n  w i t h  1 0 0  m l  o f  b u f f e r  
s o l u t i o n  p H  7  ( 6 1  m l  0 .1 M  N a 2 H P C >4 +  3 9  m l  0 .1 M  N a H 2 PC>4 ) ,  
c e n t r i f u g i n g  1 0  m i n  a t  3 0 0 0  r p m  a n d  f i l t e r i n g  t h r o u g h  a  c o a r s e  
s i n t e r e d  g la s s  f u n n e l .  A f t e r  r e f l u x i n g  o f  t h e  c e r e a l  s a m p le  w i t h  
n e u t r a l  d e t e r g e n t ,  t h e  c o n t e n t s  w e r e  f i l t e r e d  t h r o u g h  a  t a r e d  G o o c h  
c r u c i b l e  o n  t h e  f i l t e r i n g  m a n i f o l d  ( G o e r i n g  a n d  V a n  S o e s t ,  1 9 7 0 )  
a n d  r i n s e d  w i t h  h o t  d i s t i l l e d  w a te r .  N e x t ,  1 0  m l  o f  a - a m y l a s e  s o l u t i o n  
a n d  4 0  m l  o f  d i s t i l l e d  w a t e r  a t  7 0 ° C  w e r e  a d d e d  t o  t h e  c r u c i b l e ,  
g iv in g  a  m i x t u r e  a r o u n d  5 5 ° C .  T h i s  w a s  h e ld  f o r  5  m i n  o n  t h e  
f i l t e r i n g  m a n i f o l d  a n d  t h e n  s u c t i o n  w a s  a p p l i e d  t o  t h e  f i l t e r  w h i c h  
w a s  t h e n  w a s h e d  w i t h  h o t  d i s t i l l e d  w a t e r .  T h e  b o t t o m  o f  t h e  c r u c i b l e  
w a s  s t o p p e r e d  ( w i t h  a  r u b b e r  s t o p p e r  # 8 )  a n d  1 0  m l  o f  a - a m y l a s e  
s o l u t i o n  a n d  4 0  m l  o f  d i s t i l l e d  w a t e r  a t  7 0 ° C  w e r e  a d d e d  a g a in  t o  
t h e  c r u c i b l e .  T h e  c r u c i b l e  w a s  p la c e d  i n  a n  o v e n  a t  5 5 ° C .  A f t e r  6 0  
m i n  o f  d ig e s t i o n ,  t h e  c r u c i b l e  w a s  r e m o v e d  f r o m  t h e  o v e n  a n d  i t s  
c o n t e n t s  w e r e  f i l t e r e d  a n d  w a s h e d  t h r e e  t im e s  w i t h  h o t  d i s t i l l e d  
w a t e r  a n d  t w i c e  w i t h  a c e t o n e .  T h e  c r u c i b l e  w a s  d r i e d  o v e r n i g h t  a t  
1 0 0 ° C  a n d  w e ig h e d  h o t .  T h e  w e ig h t  o f  t h e  c r u c i b l e  w a s  s u b t r a c t e d  
t o  o b t a i n  t h e  n e t  w e ig h t  o f  N D F .
A c id  d e t e r g e n t  m e t h o d

T h e  c r u c i b l e  c o n t a i n i n g  N D F  w a s  p la c e d  in  a  b e a k e r  s u i t a b l e  f o r  
r e f l u x i n g  ( G o e r i n g  a n d  V a n  S o e s t ,  1 9 7 0 ) .  A c id  d e t e r g e n t  s o l u t i o n  
(100 m l )  w a s  a d d e d  t o  t h e  b e a k e r  a n d  r e f l u x e d  f o r  6 0  m i n  f r o m  t h e  
o n s e t  o f  b o i l i n g .  T h e  e x t e r n a l  w a l l  o f  t h e  c r u c i b l e  w a s  c a r e f u l l y  
w a s h e d  i n s id e  t h e  b e a k e r  w i t h  h o t  d i s t i l l e d  w a t e r ,  a n d  t h e  c r u c i b l e  
w a s  p la c e d  o n  t h e  f i l t e r i n g  m a n i f o l d .  T h e  c o n t e n t s  o f  t h e  b e a k e r  
w e r e  f i l t e r e d ,  a n d  t h e  r e s id u e  w a s  w a s h e d  w i t h  h o t  d i s t i l l e d  w a t e r  
a n d  t h e n  w i t h  a c e t o n e .  T h e  c r u c i b l e  w a s  d r i e d  o v e r n ig h t  a t  1 0 0 ° C  
a n d  w e ig h e d  h o t .  T h e  d i f f e r e n c e  b e t w e e n  N D F  a n d  a c i d  d e t e r g e n t  
r e s id u e  w a s  u s e d  a s  a n  e s t i m a t e  o f  i n s o l u b le  h e m i c e l l u l o s e .
P e r m a n g a n a t e  m e t h o d

T h e  c r u c i b l e  c o n t a i n i n g  t h e  a c i d  d e t e r g e n t  r e s id u e  w a s  p l a c e d  in  
a n  e n a m e l  p a n  a n d  t r e a t e d  f o r  9 0  m i n  w i t h  a  s in g le  2 5 - m l  p o r t i o n  o f  
p e r m a n g a n a t e  s o l u t i o n  ( G o e r i n g  a n d  V a n  S o e s t ,  1 9 7 0 ) .  G la s s  r o d s  
w e r e  u s e d  t o  s t i r  a n d  w e t  a l l  p a r t i c l e s .  A f t e r  t h e  a s p i r a t i o n  o f  t h e  
r e m a in i n g  p e r m a n g a n a t e ,  t h e  r e s id u e  w a s  t r e a t e d  w i t h  t h e  d e m i n e r 
a l iz in g  s o l u t i o n  a n d  w a s h e d  w i t h  e t h a n o l  a n d  t h e n  w i t h  a c e t o n e .  
T h e  c r u c i b l e  w a s  d r i e d  o v e r n ig h t  a t  1 0 0 ° C  a n d  w e ig h e d  h o t .  T h e  
l ig n in  c o n t e n t  w a s  c a l c u l a t e d  a s  t h e  lo s s  i n  w e ig h t  f r o m  t h e  a c i d  
d e t e r g e n t  r e s id u e .
S u l f u r i c  a c i d  m e t h o d

T h e  r e s id u e  o f  t h e  p e r m a n g a n a t e  t r e a t m e n t  w a s  t r e a t e d  w i t h  
7 2 %  s u l f u r i c  a c i d  t o  s e p a r a t e  c e l lu lo s e  f r o m  c u t i n .  T h e  c r u c i b l e  w a s  
p la c e d  in  a n  e n a m e l  p a n  a n d  h a l f  f i l l e d  w i t h  7 2 %  s u l f u r i c  a c i d .  G la s s  
r o d s  w e r e  u s e d  t o  s t i r  a n d  w e t  a l l  p a r t i c l e s .  A s b e s t o s  w a s  n o t  u s e d .  
T h e  c r u c i b l e  w a s  r e p l e n i s h e d  w i t h  s u l f u r i c  a c i d  a t  h o u r l y  i n t e r v a l s .  
A f t e r  3 h r ,  t h e  r e m a in i n g  s u l f u r i c  a c i d  w a s  r e m o v e d  b y  s u c t i o n  a n d  
t h e  r e s id u e  w a s  t h o r o u g h l y  w a s h e d  w i t h  h o t  d i s t i l l e d  w a t e r .  T h e  
c r u c i b l e  w a s  t h e n  d r i e d  o v e r n ig h t  a t  1 0 0 ° C  a n d  w e ig h e d  h o t .  C e l lu 
lo s e  w a s  c a l c u l a t e d  a s  t h e  lo s s  i n  w e ig h t  f r o m  t h e  p e r m a n g a n a t e  
t r e a t m e n t  r e s id u e .  F u r t h e r  lo s s  o f  w e ig h t  u p o n  a s h in g  ( 4  h r  a t  
5 2 5 ° C )  w a s  i n t e r p r e t e d  a s  lo s s  o f  c u t i n  b u t  t h e s e  l o w  v a lu e s  a r e  
n o t  r e p o r t e d  h e r e .
H o t  w e ig h in g  p r o c e d u r e

T h e  h o t  w e ig h in g  p r o c e d u r e  o f  G o e r in g  a n d  V a n  S o e s t  ( 1 9 7 0 )  
w a s  u s e d  a s  d e s c r i b e d  b y  M o n g e a u  a n d  B r a s s a r d  ( 1 9 7 9 ) .
M e a s u r e m e n t  o f  p e n t o s e

T h e  n e u t r a l  d e t e r g e n t  f i b e r  w a s  e x t r a c t e d  f r o m  a p p r o x i m a t e l y
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0 .5 g  o f  d r y  s a m p le ,  a s  d e s c r i b e d  a b o v e .  W h e n  n e c e s s a r y ,  m o r e  t h a n  
o n e  e x t r a c t i o n  w a s  c a r r i e d  o u t  u n t i l  O . l g  N D F  w a s  o b t a i n e d .  N D F  
w a s  t r e a t e d  w i t h  2 0  m l  I N  s u l f u r i c  a c i d  (2V2 h r  a t  1 0 0 ° C )  f o r  
h y d r o l y s i s  o f  t h e  n o n c e l lu l o s i c  p o l y s a c c h a r i d e s  ( S o u t h g a t e ,  1 9 6 9 ) .  
H y d r o l y z e d  s u g a r s  w e r e  e x t r a c t e d  w i t h  e t h a n o l .  T h e  p e n t o s e  c o n t e n t  
w a s  m e a s u r e d  w i t h  t h e  M e j b a u m ’s m e t h o d ,  a s  m o d i f i e d  b y  A lb a u m  
a n d  U m b r e i t  ( 1 9 4 7 ) .  T h e  h e x o s e  c o n t e n t  w a s  m e a s u r e d  b y  t h e  
a n t h r o n e / t h i o u r e a  p r o c e d u r e  o f  R o e  ( 1 9 5 1 )  a n d  u s e d  t o  c o r r e c t  t h e  
p e n t o s e  v a lu e  f o r  i n t e r f e r e n c e  i n  t h e  c o lo r  r e a c t i o n  ( 1 0 0  Mg g lu c o s e  
g iv e s  a  c o l o r  e q u i v a l e n t  t o  5  Mg a r a b i n o s e ) .

RESULTS &  DISCUSSION
D I E T A R Y  F I B E R  is  g e n e r a l l y  d e f i n e d  a s  t h e  p l a n t  f o o d  
p o l y m e r s  ( p o l y s a c c h a r i d e s  a n d  l i g n in )  w h i c h  a r e  r e s i s t a n t  
t o  h y d r o l y s i s  b y  d ig e s t iv e  s e c r e t i o n s  i n  t h e  h u m a n  u p p e r  
g a s t r o i n t e s t i n a l  t r a c t ,  b u t  w h i c h  s e rv e  a s  s u b s t r a t e s  f o r  
m i c r o b i a l  f e r m e n t a t i o n  i n  t h e  c o l o n  ( T r o w e l l ,  1 9 7 8 ; T r o w e l l  
e t  a l . ,  1 9 7 8 ;  V a n  S o e s t ,  1 9 7 8 ) .  T h e  d e f i n i t i o n  o f  d i e t a r y  
f i b e r  is  r e l a t e d  t o  t h e  f i b e r  h y p o t h e s i s  w h i c h  c la im s  a  
p o s i t i v e  r e l a t i o n s h i p  b e t w e e n  i n g e s t i o n  o f  p l a n t  f o o d  f i b e r  
a n d  h e a l t h .  I t  is  n o w  t h o u g h t  t h a t  t h e  p e n t o s e - r i c h  s o u r c e s  
o f  f i b e r  s u c h  a s  u n r e f i n e d  c e r e a l s  a r e  t h e  m o s t  e f f e c t i v e  
t o  r e d u c e  t h e  i n c i d e n c e  o f  b o w e l  d i s o r d e r  ( C u m m in g s  e t  
a l . ,  1 9 7 8 ) .

T h e  p r e s e n t  p a p e r  p r o v i d e s  d a t a  o n  t h e  f i b e r  c o n t e n t  a n d  
c o m p o s i t i o n  o f  9 1  b r e a k f a s t  c e r e a l s .  F ig .  1 s h o w s  t h a t  t h e  
m a j o r i t y  c o n t a i n e d  le s s  t h a n  5 %  N D F  a n d  t h a t ,  a t  t h e  t i m e  
o f  s a m p l in g ,  t h e r e  w a s  o n l y  o n e  b r e a k f a s t  c e r e a l  i n  t h e  15 — 
2 5 %  N D F  r a n g e .  C o n c e n t r a t e d  b r a n  c e r e a l s  w e r e  t h u s  w e l l  
a p a r t  f r o m  t h e  o t h e r s  i n  t h e i r  f i b e r  c o n t e n t .

F ig .  2  i l l u s t r a t e s  t h e  r e s u l t s  f o r  5 2  s im p le  c e r e a l  p r o d u c t s  
( t h e  o t h e r  3 9  w e r e  m i x e d  c e r e a l s ) .  P u f f e d  w h e a t  c e r e a ls  
e x c e p t e d ,  a l l  w h e a t  c e r e a l s  h a d  m o r e  t h a n  5 %  N D F  a n d  h a l f  
o f  t h e m  h a d  m o r e  t h a n  1 0 %  N D F .  O a t  c e r e a ls  c o n t a i n e d  a  
s i g n i f i c a n t  a m o u n t  o f  N D F  b u t  c o r n  a n d  r i c e  c e r e a l s  d id  n o t .

A s  i n  a l m o s t  a l l  s o u r c e s  o f  p l a n t  f o o d  f i b e r  ( S c h a l l e r ,  
1 9 7 7 ;  H e l l e n d o o m ,  1 9 7 8 ;  S o u t h g a t e ,  1 9 7 9 ) ,  t h e  m a i n  
c o m p o n e n t  o f  c e r e a l  f i b e r  w a s  h e m ic e l l u lo s e  w h i c h  r e p r e 
s e n t e d  a b o u t  6 5 %  o f  N D F  w e i g h t  w h i l e  c e l l u lo s e  r e p r e s e n t e d  
le s s  t h a n  2 5 %  ( F ig .  3 a n d  T a b l e  1 ) . L ig n in  r e p r e s e n t e d  t h e  
s m a l l e s t  f r a c t i o n ,  e x c e p t  i n  o a t  f i b e r :  l g  o f  o a t  N D F  h a d  
le s s  t h a n  h a l f  t h e  c e l l u lo s e  b u t  m o r e  t h a n  t w i c e  t h e  l i g n in  
o f  l g  o f  w h e a t  N D F .  H e m i c e l l u lo s e  w a s  e s t i m a t e d  b y  t h e  
d i f f e r e n c e  b e t w e e n  N D F  a n d  A D F  ( a c i d  d e t e r g e n t  f i b e r ) ;  
l i g n in  w a s  e s t i m a t e d  a f t e r  t h e  lo s s  o f  w e i g h t  f o l l o w in g  
p e r m a n g a n a t e  t r e a t m e n t  a n d  c e l l u lo s e  a f t e r  t h e  lo s s  o f  
w e ig h t  f o l l o w in g  7 2 %  s u l f u r i c  a c id  t r e a t m e n t .  A n d e r s o n  
a n d  C ly d e s d a l e  ( 1 9 8 0 )  a n a l y z e d  t h e  A A C C  w h e a t  b r a n  w i t h  
a  f r a c t i o n a t i o n  p r o c e d u r e  a n d  i t  c a n  b e  c a l c u l a t e d  f r o m  
t h e i r  d a t a  t h a t  w h e a t  d i e t a r y  f i b e r  c o n t a i n s  6 4 —6 5 %  
h e m ic e l l u lo s e ,  2 2 —2 3 %  c e l l u l o s e  a n d  7 —8 %  l i g n in ;  t h e  p r o 
p o r t i o n s  o f  f i b e r  f r a c t i o n s  m e a s u r e d  i n  w h e a t  b r e a k f a s t  
c e r e a ls  ( F ig .  3 )  w e r e  i n  f u l l  a g r e e m e n t  w i t h  t h e s e  l a t e r  d a t a  
a n d  w i t h  o t h e r  p u b l i s h e d  v a lu e s  ( S o u t h g a t e ,  1 9 7 9 ) .

R ic e  a n d  c o m  c e r e a ls  h a d  lo w  N D F  c o n t e n t s  a n d  t h e i r  
h e m ic e l l u lo s e / c e l l u lo s e  ( H C /C )  r a t i o s  w e r e  n o t  d e t e r m i n e d .  
B e c a u s e  o f  i t s  l o w e r  c e l l u lo s e  c o n t e n t  ( F ig .  3 ) ,  o a t s  h a d  a  
h i g h e r  ( P < 0 . 0 0 1 )  H C /C  r a t i o  t h a n  w h e a t  c e r e a l s  ( T a b l e  2 ) .  
M o s t  t y p e s  o f  w h e a t  c e r e a l s  h a d  a n  H C /C  r a t i o  c o m p a r a b l e  
t o  t h a t  i n  u n p r o c e s s e d  b r a n .  I n  p u f f e d  w h e a t ,  h o w e v e r ,  t h e  
r a t i o  w a s  s i g n i f i c a n t l y  l o w e r  ( P < 0 . 0 1 )  t h a n  in  s h r e d d e d  
w h e a t ,  w h e a t  g e r m ,  a n d  u n p r o c e s s e d  b r a n  ( T a b l e  2 ) .  P u f f e d  
w h e a t  c e r e a l s  w e r e  f o u n d  t o  c o n t a i n  6 1 %  le s s  h e m ic e l l u lo s e  
( P < 0 . 0 0 1 ) ,  4 2 %  le s s  c e l l u lo s e  ( P < 0 . 0 1 ) ,  a n d  8 %  le s s  l ig n in  
t h a n  s h r e d d e d  w h e a t  c e r e a l s .  T h i s  s u g g e s t s  t h a t  t h e  lo w e r  
N D F  c o n t e n t  o f  p u f f e d  w h e a t  c e r e a l s  is  d u e  t o  t h e  a l t e r a t i o n  
o f  t h e  h e m ic e l l u lo s e  a n d  c e l l u l o s e  f r a c t i o n s  d u r i n g  p u f f i n g .  
A l t h o u g h  N D F  v a lu e s  v a r i e d  f r o m  6 .5  — 1 0 .7  a m o n g  t h e  
d i f f e r e n t  s h r e d d e d  w h e a t  c e r e a ls  ( F ig .  2 ) ,  t h e  p r o p o r t i o n s  
o f  h e m ic e l l u lo s e ,  c e l l u lo s e  a n d  l i g n in  r e m a i n e d  r e la t iv e l y  
c o n s t a n t .

S in c e  t h e  N D F  m e t h o d  d o e s  n o t  r e c o v e r  t h e  s o lu b l e  
p o l y s a c c h a r i d e s  w h i c h  a r e  i n c l u d e d  i n  t h e  d e f i n i t i o n  o f  
d i e t a r y  f i b e r ,  t h e  e x t e n t  o f  u n d e r e s t i m a t i o n  o f  t o t a l  d i e t a r y  
f i b e r  i n  t h e  p r e s e n t  d a t a  w a s  v e r i f i e d  b y  m e a s u r i n g  t h e  
s o lu b l e  f i b e r  c o n t e n t  o f  d i f f e r e n t  t y p e s  o f  c e r e a ls  w i t h  
S o u t h g a t e ’s m e t h o d  ( S o u t h g a t e ,  1 9 7 6 ) .  T a b l e  3 s h o w s  t h a t  
o n l y  s m a l l  a m o u n t s  w e r e  d e t e c t e d .  T h e s e  f i n d in g s  a r e  in  
g e n e r a l  a g r e e m e n t  w i t h  t h o s e  o f  A n d e r s o n  a n d  C ly d e s d a l e
( 1 9 8 0 )  w h o  f o u n d  a b o u t  1%  a n d  0 .1 %  s o l u b l e  f i b e r  in  
w h e a t  a n d  c o m  b r a n s ,  r e s p e c t i v e ly .  R a s p e r  ( 1 9 7 9 ) ,  u s in g  
t h e  S o u t h g a t e ’s m e t h o d  w i t h  a m y l o l y t i c  a n d  p r o t e o l y t i c  
t r e a t m e n t s ,  r e p o r t e d  n o  s o l u b l e  f i b e r  i n  r i c e  a n d  n e g l ig ib le  
a m o u n t s  i n  w h e a t  a n d  c o r n .  T h u s  i t  s e e m s  t h a t  b r e a k f a s t  
c e r e a ls  c o n t a i n  l i t t l e  s o lu b l e  f i b e r  b u t  s in c e  t h e  a m o u n t  
r e c o v e r e d  d e p e n d s  o n  t h e  m e t h o d  u s e d ,  t h e  p r e s e n c e  o f  
s i g n i f i c a n t  a m o u n t s  o f  s o lu b l e  f i b e r  i n  s o m e  c e r e a l s  c a n n o t  
b e  e x c l u d e d .  — T e x t  c o n t i n u e d  o n  p a g e  5 5 3

N D F  C O N T E N T  ( %  O F  D R Y  W E I G H T )
Fig. 1—D is tr ib u tio n  o f  breakfast cereals accord ing to  th e ir N D F  
con tent.
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Fig. 2 —N D F  co n te n t o f  d iffe re n t types o f  breakfast cereals. The 
num ber o f  cereal p roduc ts  used in each case is shown in  parenthesis.
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Fig. 3 —P roportions o f  the fib e r fractions in  N D F  o f  o a t and  wheat 
cereals. The num ber o f  cereal p roduc ts  used in  each case is shown in  
parenthesis. H atched areas represent the mean  ±  S.E.M.
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F IB E R  IN  B R E A K F A S T  C E R E A L S . . .

Table 1—Neutral detergent fiber con ten t and com position in breakfast cereals

No. Name

Dry
Weight

<%)

Dry weight basis Fresh weight basis

%NDF® % H Cb O'' o n % Ld

N D F/
portion

(g)

Weight of 
portion

(g)

1 . Rice Flakes 99.0 _ _ _ __ _ 28
2 . Puffed Rice 92.7 0.1e - - - - 14
3. Puffed Rice 96.9 0.2 - - — - 14
4. Frosted Rice 99.4 0.3 — — — 0.1 28
5. Rice Krispies 98.4 0.3 - - - 0.1 28
6. Frosted Flakes 99.4 0.3 — — — 0.1 28
7. Corn Flakes 98.6 0.5 — - — 0.1 28
8. Corn Pops 90.7 0.6 — - - 0.2 28
9. Special K 99.0 0.6 — - - 0.2 28

10. T rix 86.9 0.9 — - — 0.2 28
1 1 . Honey Comb 98.7 0.9 — — — 0.2 28
12 . Froot Loops 99.4 0.9 — — — 0.3 28
13. Apple Jack's 98.3 0.9 — - — 0 2 28
14. Grain Team 97.9 0.9 — — — 0.2 28
15. Cocoa Puffs 97.1 1.2 0.6 0.2 0.3 0.3 28
16. Cap'n Crunch 99.5 1.3 0.7 0.2 0.2 0.4 28
17. Count Chocula 96.4 1.3 0.5 0.2 0.6 0.4 28
18. Franken Berry 97.9 1.4 0.8 0.3 0.2 0.4 28
19. Cream of Wheat, Mix & Eat 90.7 1.5 1.2 — — 0.4 28
20. Wheatlets 89.6 1.6 1.1 0.1 — 0.4 28
2 1 . Sugar Smacks 98.9 1.6 1.0 0.3 0.2 0.4 28
2 2 . Alpha Bits 98.3 1.7 0.8 0.3 0.4 0.5 28
23. Boo Berry 9 7 5 1.7 1.0 0.4 0.3 0.5 28
24. Golden Honey 99.0 1.7 1.1 0.3 0.2 0.5 28
25. Lucky Charm 9 6 9 2.0 1.2 0.3 0.4 0.5 28
26. Sugar Crisps 97.3 2.1 1.0 0.5 0.3 0.6 28
27. Cream of Wheat, Quick 91.8 2.4 1.8 0.1 0.3 0.6 28
28. Cream of Wheat, Regular 93.3 2.4 1.9 0.3 0.1 0.6 28
29. Product 19 98.9 2.6 1.4 0.4 0.5 0.7 28
30. Granola Vita Crunch, apple & cinnamon 97.2 3.0 1.8 0.6 0.4 0.8 28
31. Oats, raisin & spices 92.7 3.1 2.0 0.5 0.5 1.2 43
32. Cheerios 95.9 3.3 1.9 0.5 0.8 0.9 28
33. Harvest Crunch 99.2 3.5 2.1 0.8 0.5 1.0 28
34. Harvest Crunch, raisin & dates 98.5 3.9 2.0 1.0 0.6 1.1 28
35. Oats, maple & brown sugar 92.2 4.0 2.8 0.3 0.7 1.7 46
36. Fluffs, Roasted Puffed Wheat 93.3 4.2 2.0 1.2 0.6 0.5 14
37. Puffed Wheat 93.9 4.2 2.4 1.1 0.6 0.6 14
38. Oats, cinnamon & spices 92.6 4.3 2 5 0.4 1.0 1.8 46
39. Alpen 95.7 4.3 2.7 0.9 0.6 1.2 28
40. Puffed Wheat 96.8 4.4 2.1 1.3 0 5 0.6 14
41. Harvest Crunch, apple & cinnamon 99.7 4.5 2.5 1.4 0.4 1.3 28
42. Oatm eal,apple & cinnamon 92.3 4.5 2.7 0.9 0.7 1.8 43
43. Oats, apple & cinnamon 93.3 4.7 2.9 0.9 0.8 1.4 32
44. Oatmeal, maple & brown sugar 94.1 4.7 3.0 0.6 0.8 2.1 48
45. Oatmeal, regular, presweetened 92.2 4.7 3.0 0.5 1.0 1.9 43
46. Granola Vita Crunch, honey & almonds 98.3 4.8 3.2 0.9 0.5 1.3 28
47. Crunchy Granola & wheat bran 97.3 4.9 3.3 0.7 0.7 1.3 28
48. Precooked Oats 91.8 4.9 3.3 0.9 0.7 1.7 37
49. Oats, sugar & spices 91.8 5.1 3.6 0.5 0.9 1.6 34
50. Crunchy Granola, honey & almonds 97.4 5.2 3.4 0.8 0.7 1.4 28
51. Crunchy Granola, fruits & nuts 97.4 5.2 3.4 0.9 0 5 1.4 28
52. Instant Oats, cook in 1 min. 90.5 5.2 3.3 0.7 1.0 1.3 28
53. Oats, regular, ready to serve 91.3 5.3 3.6 0.5 1.0 1.5 31
54. Old Fashioned Rolled Oats 90.8 5.4 3.5 0.6 1.0 1.4 28
55. Oats, cook in 1 min 90.9 5.4 3.6 0.6 1.1 1.4 28
56. Granola Vita Crunch, raisins 98.0 5.4 3.6 1.1 0.6 1.5 28
57. Oats, Quick 90.9 5.4 3.6 OS 0.9 1.4 28
58. Quick Oats 90.8 5.5 3.6 0.6 1.0 1.4 28
59. Old Fashioned Rolled Oats 90.5 5.6 3 5 0.8 0 5 1.4 28
60. Scotch Oatmeal 92.6 5.6 3 5 0.6 1.1 1.5 28
61. Pep 98.4 5.8 3.3 1.6 0.6 1.6 28
62. Naturist Cereal, fruits 94.0 6.3 3.8 1.4 0.9 1.7 28
63. B u c k w h e a t M aple  F lavo re d  W heat Cereal 99.0 6.4 3.5 1.7 0.9 1.8 28
64. Naturist Cereal 93.3 6.4 3.8 1.6 0 5 1.7 2865. Mini Wheats, brown sugar 96.7 6.5 4.3 1.4 0.6 1.8 28
66. Grape Nuts Flakes 97.1 6.8 4.2 1.8 0.7 1.8 28
67. Oatmeal 92.9 7.0 4.7 0.7 1.4 1 5 28

91.3 7.6 5.3 0.6 1.4 1.9

(Continued)
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Table 1—C ontinued

N o . N a m e

D r y
W e i g h t

(% )

D r y  w e i g h t  b a s i s F r e s h  w e i g h t  b a s i s

% N D F a % H C b % C c % L d

N D F /
p o r t i o n

(g )

W e i g h t  o f  
p o r t i o n

(9)

6 8 . S h r e d d i e s 9 9 . 1 7 . 2 e 4 . 7 1 . 7 0 . 5 2 . 0 2 8
9 8 . 8 7 . 6 5 . 0 1 . 9 0 . 5 2 . 1

6 9 . W h e a t i e s 9 7 . 1 7 . 5 4 . 7 1 . 7 0 . 8 2 . 0 2 8
9 8 . 8 7 . 3 4 . 9 1 . 8 0 . 6 2 . 0

7 0 . M i n i  W h e a t s  F r o s t e d 9 5 . 8 7 . 0 4 . 9 1 . 6 0 . 5 1 . 9 2 8
9 6 . 4 8 . 5 5 . 7 2 . 0 0 . 7 2 . 3

7 1 . W h e e t a b i x 9 6 . 0 8 . 2 5 . 1 2 . 1 0 . 9 2 . 5 3 2
9 4 . 5 7 8 4 . 9 2 . 0 0 . 8 2 . 4

7 2 . V i t a  B 9 1 . 4 8 . 3 5 . 7 1 . 4 1 . 0 2 . 1 2 8
9 2 . 4 8 . 5 6 . 0 1 . 8 0 . 5 2 . 2

7 3 . C r u d e  W h e a t  G e r m 8 9 . 3 8 . 2 5 . 6 2 . 1 0 . 3 2 . 1 2 8
8 9  a 9 . 0 6 . 2 2 . 1 0 . 5 2 . 3

7 4 . G r a p e  N u t s 9 8 . 5 8 . 7 5 . 6 1 . 9 1 . 0 2 . 4 2 8
9 8 . 6 8 . 4 5 . 6 1 . 8 0 8 2 . 3

7 5 . R a i s i n  B r a n 9 3 . 9 9 . 4 5 . 7 2 . 6 0 . 9 2 . 5 2 8
9 4 . 2 8 . 9 5 . 4 2 . 5 0 . 8 2 . 4

7 6 . B r a n  F l a k e s 9 8 . 0 1 0 . 1 6 . 1 2 . 8 1 . 1 2 . 8 2 8
9 8 . 0 9 . 3 5 8 2 . 7 0 . 7 2 . 6

7 7 . M u f f e t s ,  M a l t  F l a v o r e d 9 6 . 8 1 0 . 2 6 . 8 2 . 2 1 . 0 2 . 8 2 8
9 6 . 5 9 8 6 . 4 2 . 3 0 . 9 2 . 6

7 8 . S h r e d d e d  W h e a t 9 7 . 8 1 0 . 0 7 . 0 2 . 2 0 . 8 2 . 7 2 8
9 4 . 8 1 0 . 3 6 . 9 2 . 4 0 . 8 2 . 7

7 9 . S p o o n  S i z e  S h r e d d e d  W h e a t 9 8 . 8 1 0 . 2 7 . 1 2 . 4 0 . 6 2 . 8 2 8
9 7 . 0 1 0 . 7 7 . 3 2 . 4 0 . 9 2 . 9

8 0 . M u f f e t s 9 6 . 6 1 0 . 6 7 . 3 2 . 2 1 . 0 2 . 9 2 8
9 4 . 7 1 0 8 7 . 4 2 . 6 0 . 6 2 . 9

8 1 . B r a n  C r u n c h  i e s 9 8 . 2 1 1 . 3 7 . 3 3 . 1 0 . 9 3 . 1 2 8
9 8 . 8 1 0 . 1 6 . 7 2 . 4 0 . 9 2 . 8

8 2 . R e d  R i v e r  C e r e a l 9 3 . 2 1 0 . 8 7 . 0 2 . 2 1 . 4 2 . 8 2 8
9 4 . 1 1 0 . 8 7 . 4 2 . 2 1 . 0 2 . 8

8 3 . B r a n  F l a k e s 9 6 . 5 9 . 7 6 . 2 2 . 6 0 . 7 2 . 6 2 8
9 8 . 3 1 2 . 2 7 . 8 3 . 4 0 . 8 3 . 4

8 4 . W h e a t  G e r m ,  r e g u l a r 9 6 . 4 1 2 . 9 8 . 8 2 . 7 1 . 0 3 . 5 2 8
9 6 . 6 1 1 . 3 7 . 4 3 . 1 0 . 6 3 . 1

8 5 . W h e a t  F l a k e s 8 7 . 3 1 0 . 6 7 . 2 2 . 1 0 . 9 2 . 6 2 8
8 6 . 2 1 4 . 7 1 0 . 1 3 . 1 1 . 5 3 . 5

8 6 . C r a c k l i n g  B r a n 9 9 . 4 1 4 . 1 9 . 0 3 . 2 1 . 6 3 . 9 2 8
9 9 . 1 1 3 . 7 8 8 3 . 3 1 . 4 3 . 8

8 7 . W h e a t  G e r m 9 5 . 1 1 3 . 5 8 . 9 2 . 9 1 . 2 3 . 6 2 8
9 4 . 3 1 5 8 9 . 9 4 . 2 1 . 5 4 . 2

8 8 . W h e a t  G e r m 8 9 . 1 1 7 . 6 1 1 . 9 3 . 6 1 . 6 4 . 4 2 8
8 8 . 3 1 7 . 9 1 1 . 3 4 . 5 1 . 9 4 . 4

8 9 . B r a n  B u d s 9 9 . 0 2 6 . 4 e 1 8 . 1 5 . 9 2 . 2 7 . 3 2 8
9 8 . 6 2 3 . 0 1 4 . 4 6 . 4 2 . 0 6 . 3

9 0 . 1 0 0 %  B r a n 9 8  3 2 8 5 1 8 . 9 6 . 8 2 . 8 7 . 9 2 8
9 8 . 7 2 9 . 0 1 9 . 8 6 . 7 2 . 5 8 . 0

9 1 . A l l  B r a n 9 8 . 5 2 9 . 9 2 0 . 2 6 . 9 2 . 5 8 . 2 2 8
9 8 5 2 9 . 8 1 9 . 3 7 . 7 2 . 7 8 . 2

9 2 . B r a n ,  u n p r o c e s s e d 9 4 . 8 4 3 . 9 2 6 . 4 1 1 . 4 5 . 5 5 . 8 1 4
9 3 . 0 4 2 . 6 2 7 . 1 1 0 . 6 4 . 2 5 . 5

9 3 . B r a n ,  u n p r o c e s s e d 9 0 . 1 5 3 . 7 3 4 . 9 1 3 . 8 4 . 7 6 . 8 1 4
9 4 . B r a n ,  u n p r o c e s s e d 9 0 . 1 5 3 . 7 3 4 . 6 1 3 . 9 4 . 7 6 . 8 1 4
9 5 . A A C C  B r a n 9 1 . 8 4 0 . 9 2 7 . 0 9 . 8 3 . 7 5 . 3 1 4

? N D F : n e u tra l dete rgen t f ib e r d L : lig n in .
u  H C : In so lu b le  h e m ic e llu lo se  e s tim ated b y  th e  d iffe re n c e  betw een M ean o f d u p lic a te  a n a ly s is : N o . 1 to  6 6 , o ne  sa m p lin g ; N o . 67  to

N D F  and  A D F . 9 2 , tw o  sam p lin g s at 6 -m onth in te rv a l.
C : ce llu lo se .

I n  t h e  m e a s u r e m e n t  o f  i n s o lu b l e  f i b e r ,  t h e  N D F  m e t h o d  
a n d  S o u t h g a t e ’s m e t h o d  g a v e  s im i l a r  v a lu e s  w i t h  u n p r o c e s s e d  
w h e a t  b r a n  b u t  s u b s t a n t i a l  d i f f e r e n c e s  w e r e  o b s e r v e d  
w i t h  lo w  f i b e r  p r o d u c t s ,  p a r t i c u l a r l y  C o r n  F l a k e s  ( T a b l e  2 ) :  
o n l y  0 .5 %  w a s  r e c o v e r e d  i n  t h e  N D F  m e t h o d  w h e r e a s  3 .6 %  
w a s  r e c o v e r e d  i n  S o u t h g a t e ’s m e t h o d .  S in c e  P a u l  a n d  
S o u t h g a t e  ( 1 9 7 8 )  r e p o r t e d  1 2 %  t o t a l  d i e t a r y  f i b e r  i n  C o m  
F la k e s ,  w e  in v e s t i g a t e d  i t  w i t h  t h e  c o m p l e t e l y  e n z y m a t i c  
m e t h o d  o f  H e l l e n d o o r n  ( H e l l e n d o o m  e t  a l . ,  1 9 7 5 ) :  t h e  
in s o lu b l e  f i b e r  r e s i d u e  r e m a i n in g  a f t e r  p e p s i n  a n d  p a n -

c r e a t i n  d ig e s t io n s  r e p r e s e n t e d  a b o u t  1 %  o f  t h e  d r y  w e ig h t .  
T h e  r e l a t i v e  a g r e e m e n t  b e t w e e n  H e l l e n d o o r n ’s a n d  t h e  
m o d i f i e d  N D F  m e t h o d  i n d i c a t e s  t h a t  s o m e  m a t e r i a l  is 
d ig e s te d  b y  t h e  p e p s i n  p lu s  p a n c r e a t i n  t r e a t m e n t s  ( t h u s  i t  is 
n o t  d i e t a r y  f i b e r )  o r  b y  n e u t r a l  d e t e r g e n t  p lu s  p a n c r e a t i c  
a - a m y l a s e  t r e a t m e n t s ,  b u t  n o t  b y  t h e  g lu c o a m y la s e  t r e a t 
m e n t  in  S o u t h g a t e ’s m e t h o d .  T h e  u s e  o f  t h e  a p p r o p r i a t e  
e n z y m e  p r e p a r a t i o n  a p p e a r s  t o  b e  i m p o r t a n t  in  t h e  d e t e r 
m i n a t i o n  o f  d i e t a r y  f i b e r ,  s p e c ia l ly  i n  p r o c e s s e d  f o o d s .  
W e p r e v io u s ly  r e p o r t e d  t h a t  u n p u r i f i e d  p r e p a r a t i o n s  o f

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-553
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a - a m y l a s e  f r o m  B a c i l l u s  s u b t i l i s ,  i n  a d d i t i o n  t o  a t t a c k i n g  
h e m i c e l l u l o s e ,  w e r e  u n a b l e  t o  r e m o v e  s o m e  t y p e s  o f  a r t i f a c t  
f i b e r  e a s i ly  r e m o v e d  b y  p a n c r e a t i c  a - a m y la s e  ( M o n g e a u  a n d  
B r a s s a r d ,  1 9 8 0 ) .  P r e s e n c e  o f  a r t i f a c t  ( i n c l u d i n g  p r o d u c t s  o f

Table 2 —H em ice llu lose /cellu lose (H C /C ) ra tio  in  b reakfast cereals

(n ) M ean ± S E M

O ats ( 1 8 ) 5 . 6 1  ±  0 . 4 0 *
W heat

p u ffed ( 3 ) 1 . 7 7  ±  0 . 1 5 a b c
f la k e s ( 4 ) 2 . 6 3  +  0 . 3 0
shredded ( 7 ) 2 . 9 6  ± 0 . 0 6 a
w ith  b ran ( 3 ) 2 . 3 0  ± 0 . 1 4
germ ( 4 ) 2 . 7 5  ± 0 . 0 6 b
b ran  cerea l ( 3 ) 2 . 7 3  ± 0 . 1 1
unpro cessed  b ran ( 4 ) 2 . 5 5  ± 0 . 1 0 c

ab c V a lu e s  w ith  th e sam e su p e rsc r ip t  are  s ig n if ic a n t ly  d if fe re n t  (P <
0 .0 1 ) .

‘ S ig n if ic a n t ly  d iffe re n t  (P < 0 .0 0 1 )  fro m  w h ea t ce re a ls .

Table 3 —D ie ta ry  f ib e r values o f  d iffe re n t types o f  cereals b y  tw o  
m ethods

(%  o f  d ry  w e ig h t , d u p lic a te  a n a ly s is )

N D F a S o u th g a te 's  d ie ta ry  f ib e rb

(In so lu b le ) In so lu b le S o lu b le T o ta l

R ic e  K risp ie s 0 . 3 1 . 3 0 . 4 1 . 7
C o rn  F la k e s 0 . 5 3 . 6 0 . 6 4 . 2
O atm ea l 5 . 4 6 . 2 0 . 5 6 . 7
B ra n  F la k e s 9 . 7 1 0 . 7 2 . 2 1 2 . 9
A A C C  b ran 4 1 . 0 4 0 . 6 1 . 5 4 2 . 1

3 N D F :  n eu tra l dete rgen t f ib e r a f te r  In cu b a tio n (6 5  m in  at 5 5 ° C )
w ith  a-am y la se  fro m  p o rc in e  p an creas (S ig m a , A 6 8 8 0 ) .

“ A c c o rd in g  to  So u th g a te  (1 9 7 6 ) .  A m y lo g lu c o s ld a se  fro m  A s p e r 
g i l lu s  n ig e r  (S ig m a , A 3 5 1 4 )  w as used fo r  s ta rch  d igestio n  (1 8  h r at 
3 7 ° C ) .

Table 4 —Pentose3 co n te n t o f  b reakfast cereal fib e r

Dry weight basis
g/100g g/100g Fresh weight basis

No. Name N D Fa sample g/portionb

57. Oats, Quick 28.6 1.5 0.4
67. Oatmeal 26.1 1.9 0.5
68. Shred dies 51.8 3.8 1.1
69. Wheaties 50.4 3.7 1.0
70. Mini Wheats, Frosted 46.2 3.6 1.0
71. Wheetabix 54.8 4.4 1.3
72. Vita B 50.4 4.2 1.1
73. Crude Wheat Germ 52.7 4.5 1.2
74. Grape Nuts 50.2 4.3 1.2
75. Raisin Bran 51.1 4.7 1.2
76. Bran Flakes 49.0 4 5 1.3
77. Muffets, Malt Flavored 43.0 4.3 1.2
78. Shredded Wheat 46.2 4.7 1.3
79. Spoon Size Shredded Wheat 47.4 5.0 1.4
80. Muffets 46.2 4.9 1.3
81. Bran Crunchies 49.8 5.3 1.5
82. Red River Cereal 34.1 3.7 1.0
83. Bran Flakes 53.6 5.9 1.6
84. Wheat Germ, regular 47.6 5.8 1.6
85. Wheat Flakes 46 5 5.9 1.5
86. Crackling Bran 42.0 5 5 1.6
87. Wheat Germ 47.8 7.0 1.9
88. Wheat Germ 43.8 7.8 1.9
89. Bran Buds 51.8 12.8 3.5
90. 100% Bran 52.8 15.2 4.2
91. All Bran 50.4 15.1 4.2
92. Bran, unprocessed 47 2 20.4 2.7
93. Bran, unprocessed 48.2 25.9 3.3
94. Bran, unprocessed 46.8 25.1 3.2
95. AA CC Bran 5 0 5 2 0 5 2.7

a T h is  is  th e  a m o u n t  o f  p e n to s e  l ib e r a te d  f r o m  N D F  b y  h y d r o ly s is  w it h  I N  s u l f u r ic  
a c id ;  th e  v a lu e  is  c o r r e c te d  f o r  in te r fe r e n c e  o f  g lu c o s e  (see  M a te r ia ls  a n d  M e th o d s ) .  
See  T a b le  1 f o r  w e ig h t  o f  p o r t io n s .

t h e  M a i l l a r d  r e a c t i o n )  in  f i b e r  r e s i d u e  is  a s s o c i a t e d  w i t h  
in c r e a s e d  a m o u n t s  o f  n i t r o g e n  i n  t h e  a c i d - d e t e r g e n t  r e s i d u e  
( A D F )  ( V a n  S o e s t ,  1 9 6 5 ) .  A D F  o f  t w o  u n p r o c e s s e d  b r a n s  
( n o .  9 2  a n d  9 5 ,  T a b l e  1 ) c o n t a i n e d  0 .5 %  a n d  0 .3 %  n i t r o g e n ,  
r e s p e c t i v e ly ;  t h e  p r o p o r t i o n  o f  n i t r o g e n  r e m a i n e d  w i t h i n  
t h e s e  v a lu e s  i n  t h e  A D F  o f  s ix  p r o c e s s e d  b r a n  p r o d u c t s  
( n o .  7 6 ,  7 8 ,  8 1 ,  8 9 ,  9 0 ,  a n d  9 1 ) ,  s u g g e s t in g  t h a t  a r t i f a c t  
f i b e r  w a s  n o t  p r e s e n t  i n  e i t h e r  A D F  o r  N D F  r e c o v e r e d  a f t e r  
d ig e s t i o n  w i t h  t h e  p a n c r e a t i c  a - a m y la s e  d ig e s t io n .

I t  c a n  b e  a s s u m e d  t h a t  t h e  f o o d  m a t e r i a l  r e m o v e d  f r o m  
t h e  N D F  r e s i d u e  b y  d ig e s t i o n  w i t h  p o r c i n e  a - a m y l a s e  w o u ld  
b e  d ig e s te d  in  t h e  h u m a n  in  t h e  u p p e r  g a s t r o i n t e s t i n a l  t r a c t .  
T h e  d iv i s i o n  b e t w e e n  d i e t a r y  f i b e r  a n d  n o n f i b e r  m a t e r i a l  is  
n o t  a lw a y s  e a s y  b e c a u s e  s o m e  “ d ig e s t i b l e ”  m a t e r i a l  ( e .g .  
s t a r c h )  m a y  e s c a p e  d ig e s t i o n  a n d  r e a c h  t h e  c o lo n  a s  d o e s  
d i e t a r y  f i b e r .  M o d i f i e d  s t a r c h  a n d  t h e  p r o d u c t s  o f  t h e  
M a i l l a r d  r e a c t i o n  a r e  m o r e  r e s i s t a n t  t o  e n d o g e n o u s  e n z y m e s  
a n d  a r e  m o r e  l i k e ly  t o  r e a c h  t h e  c o lo n .  T h e i r  p r e s e n c e  in  
t h e  c o l o n  m o d i f i e s  t h e  b a c t e r i a l  e n v i r o n m e n t  b u t  i t  is  n o t  
k n o w n  w h e t h e r  t h e y  f u n c t i o n  l i k e  d i e t a r y  f i b e r .  S o m e  
p r o d u c t s  o f  t h e  M a il l a rd  r e a c t i o n  w e r e  r e p o r t e d  t o  b e  t h e  
c a u s e  o f  d i a r r h e a  a n d  d e p r e s s e d  g r o w t h  i n  r a t s  ( L e e  e t  a l . ,
1 9 7 7 ) .  M o r e o v e r ,  b e f o r e  t h e  p r o d u c t s  o f  t h e  M a i l l a r d  
r e a c t i o n  a r e  a c c e p t e d  a s  b e in g  e q u i v a l e n t  t o  d i e t a r y  f i b e r ,  
t h e i r  p o s s ib l e  t o x i c i t y  ( N u r s t e i n ,  1 9 8 1 )  a n d  t h e i r  a n t i -  
n u t r i t i o n a l  p r o p e r t i e s  ( J o h n s o n  e t  a l . ,  1 9 7 7 ;  R e i n h o l d  a n d  
G a r c i a ,  1 9 7 9 )  s h o u l d  b e  f u r t h e r  e x a m i n e d .

T h e  u s e  o f  e n z y m a t i c  i n c u b a t i o n  w i t h  t h e  N D F  m e t h o d  
u s u a l l y  p r o lo n g s  t h e  a n a ly s i s  a n  e x t r a  d a y .  W e  o b s e r v e d  t h a t  
t h e  p a n c r e a t i c  a - a m y la s e  p r e p a r a t i o n  ( S ig m a  A 6 8 8 0 )  c a n  
d ig e s t  m o s t  o f  t h e  r e s i d u a l  s t a r c h  ( a n d  s o m e “ a r t i f a c t ” ) 
w i t h i n  5 m in  a t  5 5  C . F u r t h e r  6 0  m in  d i g e s t i o n  o f  t h e  
w a s h e d  r e s i d u e  im p r o v e d  r e p r o d u c i b i l i t y .  W e  f o u n d  t h a t  
N D F  v a lu e s  o f  v a r i o u s  c e r e a ls  w e r e  c o m p a r a b l e  w h e n  
m e a s u r e d  w i t h  t h i s  r a p i d  N D F  p r o c e d u r e  o r  w i t h  t h e  
S c h a l l e r ’s m o d i f i e d  N D F  p r o c e d u r e  (A A C C  # 3 2 - 2 0 ) .  
T w e n t y - e i g h t  o f  t h e  b r e a k f a s t  c e r e a l s  l i s t e d  in  T a b l e  1 
w e r e  a m o n g  t h o s e  r e c e n t l y  a n a l y z e d  b y  B a k e r  a n d  H o l d e n
( 1 9 8 1 ) :  t h e y  o b t a i n e d  f o r  t h e s e  c e r e a ls  a  m e a n  o f  5 .5 4 %  
N D F  c o m p a r e d  t o  5 .6 1 %  in  T a b l e  1. T h i s  s h o w s  t h a t  o u r  
r a p i d  N D F  m e t h o d  a n d  t h e  A A C C - N D F  m e t h o d  a r e  i n  g o o d  
a g r e e m e n t .  T h e  m a i n  a d v a n ta g e s  o f  t h e  r a p i d  p r o c e d u r e  a r e  
i t s  s i m p l i c i t y  a n d  r e p r o d u c i b i l i t y .  A l t h o u g h  g la s s  w o o l  w a s  
n o t  u s e d  i n  t h e  f i l t e r i n g  c r u c ib l e ,  f i l t r a t i o n  w a s  e a s y  w i t h  a l l  
b r e a k f a s t  c e r e a l  r e s i d u e s  e x c e p t  o n e :  f i l t r a t i o n  w a s  s lo w  b u t  
f e a s ib le  w i t h  B r a n  F l a k e s  N D F .  I o d i n e  t e s t s  w e r e  p e r f o r m e d  
o n  v a r io u s  n e u t r a l  d e t e r g e n t  r e s i d u e s  ( h e l d  in  r e f r i g e r a t o r  
f o r  a t  l e a s t  2  h r  t o  p r o m o t e  io d in e  b in d i n g )  a n d  n o  c o l o r a b l e  
s t a r c h  w a s  o b s e r v e d .  O n l y  C o r n  F l a k e s  N D F  s h o w e d  t i n y ,  
p r o b a b l y  n o n s i g n i f i c a n t ,  d a r k  s p o t s .  T h u s  i t  s e e m s  t h a t  t h e  
i n s o lu b l e  f i b e r  v a lu e s  o f  t h e  p r o d u c t s  r e p o r t e d  i n  T a b l e  1 
a r e  c lo s e  t o  t h e i r  t r u e  d i e t a r y  f i b e r  v a lu e s .  R e l a t i v e ly  h ig h  
s e n s i t i v i t y  a n d  g o o d  r e p r o d u c i b i l i t y  w e r e  o b t a i n e d ,  b u t  
e q u a l l y  s a t i s f a c t o r y  r e s u l t s  m a y  n o t  b e  o b t a i n e d  w i t h o u t  
t h e  u s e  o f  t h e  h o t  w e ig h in g  p r o c e d u r e .

T h e  r a n k i n g  a c c o r d in g  t o  t h e  N D F  v a lu e s  ( T a b l e  1) 
s h o u l d  b e  i n t e r p r e t e d  w i t h  c a u t i o n  s in c e  n o .  1  t o  6 6  w e r e  
s a m p le d  o n l y  o n c e  a n d  t h e  e x t e n t  o f  v a r i a t i o n  is  n o t  k n o w n .  
O n  t h e  o t h e r  h a n d ,  n o .  6 7  t o  9 1  w e r e  r e s a m p l e d  6  m o n t h s  
l a t e r  a n d  m o s t  o f  t h e  r e s u l t s  w e r e  w e l l  r e p r o d u c e d .

H e m i c e l lu lo s e s  f r o m  N D F  o f  3 0  f i b e r - r i c h  b r e a k f a s t  
c e r e a ls  w e r e  h y d r o l y z e d  w i t h  I N  s u l f u r i c  a c id .  T h e  c o m 
p l e t e n e s s  o f  t h e  h y d r o l y s i s  w a s  v e r i f i e d  b y  u s in g  2 N  s u l f u r i c  
a c id :  p e n t o s e ,  h e x o s e  a n d  u r o n i c  a c id  v a lu e s  in c r e a s e d  b y  
a b o u t  5 % . T h e  u s e  o f  3 N  s u l f u r i c  a c id  d id  n o t  f u r t h e r  
in c r e a s e  t h e  f r e e  s u g a r  v a lu e s .  T h i s  s u g g e s t s  t h a t  t h e  h y 
d r o ly s i s  p r o c e d u r e  ( S o u t h g a t e ,  1 9 6 9 )  p r i o r  t o  p e n t o s e  
a n a ly s i s  w a s  c lo s e  t o  c o m p le t e n e s s .  T a b l e  4  s h o w s  t h a t  
p e n t o s e  c o n s t i t u t e d  a b o u t  4 9 %  o f  w h e a t  f i b e r  a n d  a b o u t  
2 8 %  o f  o a t  f i b e r .  T h e s e  v a lu e s  a r e  i n  g o o d  a g r e e m e n t  w i t h  
t h e  l i t e r a t u r e ,  f r o m  w h i c h  i t  c a n  b e  c a l c u l a t e d  t h a t  p e n t o s e
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sugars represent 50% of the wheat fiber (Southgate, 1979) 
and 2 1-30 %  of oat fiber (Southgate, 1978,1979). Although 
there are few variations in the pentose content of cereals 
when expressed per gram NDF, there are wide variations 
when expressed per lOOg sample due to varying fiber 
contents. Changes in colonic function are closely related to 
changes in intake of the pentosan-rich polysaccharides 
(hemicelluloses) of fiber, and a greater consumption of 
whole wheat cereals and breads has been recommended to 
supply an extra 3g of pentose daily (Cummings et al.,
1978). These authors calculated that 13g of bran daily 
would provide this amount of pentose; we found that 14g 
of bran contains 2.7—3.3g pentose as pentosans (Table 4, 
no. 92-95).

The present data provide information on the amount 
and composition of insoluble fiber of breakfast cereals. But 
particle size of fiber is not known and large particles have 
been reported to be essential to produce a beneficial effect 
in the colon (Frexinos and Louis, 1978; Brodribb and 
Groves, 1978; Van Soest et al., 1978; Heller et al., 1980). 
A further report will provide other important characteristics 
of cereal fiber.
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E f f e c t  o f  D i e t a r y  F i b e r  C o n s t i t u e n t s  o n  
t h e  I n  V i t r o  D i g e s t i b i l i t y  o f  C a s e i n

J. C. ACTON, L. BREYER and L. D. SATTERLEE

----------------------------ABSTRACT-----------------------------
The in vitro digestibility of casein was substantially decreased by 
food type gums in the following order: karaya > ghatti > tragacanth 
> guar > locust bean. Extent of reduction of protein digestibility 
appeared to be related to the structure of the gum (degree of 
branching and extent of ionization). The fiber constituents, holo- 
cellulose, lignin, apple pectin, and the residues from protease 
predigested wheat bran and great northern bean, when present, 
significantly (P < 0.05) reduced casein digestibility. Gel filtration 
of the soluble portion from the casein hydrolysates containing pec
tin and bran or bean residues showed the presence of peptide frac
tions of larger molecular weight than those in a hydrolysate from 
the casein control. Results supported the hypothesis that dietary 
fiber constituents may reduce protein digestibility and increase 
nitrogen excretion through ionic interaction, matrix restriction, and 
modification of filtration characteristics by the fiber components 
tested.

INTRODUCTION
DIETARY FIBER has been defined as the complex of plant 
cell wall polysaccharides and lignins that are not hydrol
yzed by the enzymes secreted into the human digestive 
tract (Trowell, 1974). Fiber constituents primarily include 
cellulose, hemicellulose, lignin, gums and other mucilages. 
Epidemiological evidence relating fiber intakes of various 
population groups to clinical manifestations of certain 
disease conditions has been of interest to nutritionists and 
food scientists alike (excellent reviews are in Spiller and 
Amen, 1975; 1976; Burkitt and Trowell, 1975; Spiller and 
Kay, 1980). Positive and negative physiological effects of 
the interaction of fiber components with specific nutrients 
of foods and the effects of fiber on gastrointestinal func
tions were recently reviewed by Kelsay (1978) and Ander
son and Chen (1979).

Several studies with animals and humans have shown 
that increasing the dietary fiber content of diets affects 
nitrogen metabolism. In rat feeding trials, using from 0— 
30% cellulose, Meyer (1956) reported no significant change 
in endogenous nitrogen while the total nitrogen excretion 
significantly increased at the 15 —30% cellulose levels. The 
presence of 10% “ indigestible polysaccharides”  in casein 
diets fed to rats was reported by Harmuth-Hoene and 
Schwerdtfeger (1979) to significantly increase fecal nitro
gen excretion and significantly decrease the digestibility of 
casein. Nomani et al. (1979) reported similar results for 
four of six fiber materials fed at 2.1% of the diet at mar
ginal intakes of protein and an energy level near the require
ment for rat growth. In a study on the in vivo rat digestibil
ity of nine cooked starches, Fleming and Vose (1979) 
found many instances where starch significantly lowered 
casein digestibility, when compared to a wheat starch-casein
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control diet. The lowest casein digestibility occurred for 
diets containing wrinkled field pea starch, which also 
possessed the lowest starch digestibility and the highest 
fiber content.

Low and high fiber diets in the human study of Kelsay 
et al. (1978) also demonstrated that a significant increase 
in fecal nitrogen excretion and a significant decrease in 
apparent protein digestibility occurred in subjects on a 
high fiber diet. Decreases in protein digestibility and in
creases of fecal nitrogen excretion as dietary fiber content 
increases have been noted in other studies with human 
subjects (McCance and Widdowson, 1947; Southgate and 
Durin, 1970; Walker, 1975). While some dietary fiber 
materials reduce the transit time through the small intes
tine, the effects on complex interactions between the dif
ferent functions of the small intestine and the availability 
and absorption of nutrients has not been clearly established 
(Losowsky, 1979). In some populations, fiber-containing 
cereal and legume foodstuffs form a large portion of the 
diet and serve as the primary proteinaceous dietary con
stituent. In addition, with protein intake at a marginal 
level and at less than desirable quality (compared to animal 
source proteins), any decrease of protein digestibility 
through fiber interaction would affect overall nitrogen 
utilization.

In vitro testing of the possible interference with enzy
matic activity (Schneeman, 1978) and protein hydrolysis 
(Harmuth-Hoene and Schwerdtfeger, 1979) have been 
inconclusive. Hsu et al. (1977) developed an in vitro multi
enzyme procedure to predict apparent protein digestibili
ties which correlated significantly with in vivo values from 
rat trials. The procedure has subsequently been used in 
computing protein efficiency ratios (Satterlee et al., 1979). 
This study was conducted to determine the effect of var
ious fiber components on the in vitro protein digestibility 
assay. In addition, hydrolysates of a reference protein, 
ANRC casein, were evaluated to ascertain whether the size 
of the peptides generated were being affected by the pres
ence of the fiber constituents, i.e., using another approach 
to ascertain if fiber affected proteolysis.

MATERIALS & METHODS
Sources of materials

De-lignified holocellulose from alfalfa and a lignin preparation 
(Indulin AT, Westvaco) were obtained from Dr. Jon Story, Dept, of 
Foods & Nutrition, at Purdue Univ. The lignin preparation was 
washed twice with glass distilled water, recovered by centrifuga
tion, dried and finely powdered. The gums (karaya, ghatti, guar, 
tragacanth, carrageenan Type I, and locust bean) were purchased 
from Sigma Chemicals. Apple pectin was prepared by Speas Com
pany (Kansas City, MO). The purity and methoxyl content of the 
pectin material was unknown and was used as obtained.

Great northern beans (cooked) and hard red winter wheat bran 
were pepsin digested prior to use using the following procedures. 
Fifteen grams of dry beans were conventionally cooked, drained, 
then macerated with mortar and pestle. The macerate was blended 
with 500 ml H20  for 10 min, then made to 1L with additional 
water. The pH of the cooked bean preparation was adjusted to 2.0 
with concentrated HC1 and 150 mg of pepsin was added. The 
mixture was placed in a slow shaker bath and held at 37-38°C.
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After 72 hr, the pH was adjusted to 7.5-7.6 and held at 4°C for 72 
hr. The pepsin-digested sample was then freeze-dried. Wheat bran 
was prepared using the same procedures described for the dry beans, 
but with the elimination of the inital cooking step.

The purpose of the above pepsin treatment of the bean and bran 
materials was to hydrolyze digestibile protein which would contrib
ute to the pH reduction used in the digestibility procedure for 
casein. The proteolytic enzyme mixture of the in vitro assay was not 
used for predigestion due to the quantity required compared to the 
pepsin predigestion. No attempt was made to remove the food 
source peptides prior to subsequent gel filtration of digested casein- 
food material hydrolysates. Approximately 18% of the total pep
tides in the casein-bean hydrolysate and 10% of the total peptides in 
the casein-bran hydrolysate were potentially from the previously 
pepsin-treated bean and bran sources, respectively.
Acid detergent fiber

Acid detergent fiber content of the pepsin digested bean and 
bran residues were determined by the method of Van Soest (1973).
Digestibility procedure

ANRC sodium caseinate served as the reference protein for 
determining how fiber affects in vitro protein digestibility.

The in vitro digestion was conducted following the multien
zyme method of Hsu et al. (1977) as improved by Satterlee et al.
(1979). The enzymatic assay consists of a 37°C hydrolysis by tryp
sin, chymotrypsin and peptidase, followed by a 55°C hydrolysis by 
bacterial protease from Streptomyces griseus. Casein-fiber mixtures 
were prepared at fiber weight-to-protein weight ratios of 0.32, 
0.64, and 0.96. Upon combining the casein and fiber in the dry 
form, both substances were hydrated for at least 2 hr prior to begin
ning the 4-enzyme digestion assay. Four to six determinations were 
made at each weight ratio. Results from the assay were expressed 
as the percent decrease in the digestibility from that of the casein 
control. Each fiber-containing sample was paired with the control 
and statistically analyzed by Student’s t-test.
Gel filtration

In vitro enzymic hydrolysates of the selected fiber-casein com
binations having the fiber weight-to-protein weight ratio of 0.96 
were analyzed by gel filtration chromatography. Immediately after 
hydrolysis, the hydrolysates were placed in screw cap tubes, frozen 
at -20°C, and subsequently freeze-dried. The freeze-dried samples 
were taken up in eluting buffer to provide approximately 20 mg 
original casein protein/mL Samples were centrifuged at 27,000 x g 
for 30 min to remove insolubles and the supernatant filtered through 
an 0.8 pm filter (Millipore). One ml of the soluble portion of the 
hydrolysate was loaded onto a Sephadex G-50 column (0.9 x 60 
cm) and eluted with 0.1M NaCl in 0.05M Tris-HCl buffer, pH
8.0. The effluent from the column was monitored using a 280 nm 
UV detector. Effluent fractions collected from the gel filtration of 
select casein hydrolysates containing pectin, gum ghatti, and pre
digested great northern bean were also analyzed for total carbohy
drate (glucose equivalents) by the phenol-sulfuric acid procedure of 
Dubois et al. (1956) and peptides by the method of Lowry et al. 
(1951). Blue dextran (2 x 106 Daltons), myoglobin (17,600 Dal
tons), cytochrome C (12,380 Daltons), insulin (5,600 Daltons) 
and vitamin B j2 (1,355 Daltons) were used as standards to cali
brate the Sephadex G-50 column.

RESULTS

C a s e in  d ig e s t i b i l i t y
T h e  i n  v i t r o  p r o t e i n  d ig e s t i b i l i t y  o f  c a s e in  w i t h o u t  

a d d i t i o n  o f  f i b e r  w a s  9 0 .0  ±  0 .7 % . I n  t h e  p r e s e n c e  o f  t h e  
v a r i o u s  f i b e r  c o n s t i t u e n t s ,  a  w id e  r a n g e  o f  p r o t e i n  d ig e s t i 
b i l i t i e s  f o r  c a s e in  w e r e  n o t e d  f o r  t h e  v a r i o u s  f o o d  g u m s  
( F ig .  1 ). G u a r ,  l o c u s t  b e a n  a n d  t r a g a c a n t h  g u m s  h a d  o n l y  a  
n e g l ig ib le  t o  s l ig h t  ( 0 — 1 .2 % )  d e c r e a s e  ( N S ,  P  >  0 . 0 5 )  o n  
t h e  e n z y m a t i c  h y d r o l y s i s  o f  c a s e in .  K a r a y a ,  c a r r a g e e n a n  
a n d  g h a t t i  s i g n i f i c a n t l y  ( P  <  0 .0 5 )  d e c r e a s e d  t h e  in  v i t r o  
d ig e s t i b i l i t y  o f  c a s e in  w h e n  p r e s e n t  a t  t h e  0 .3 2  r a t i o ,  a n d  
c a u s e d  e v e n  g r e a t e r  r e d u c t i o n  i n  t h e  d i g e s t i b i l i t y  w h e n  
p r e s e n t  a t  t h e  t w o  h ig h e r  le v e ls . D u e  t o  t h e  e x t r e m e  v is 

c o s i t y  o f  t h e  c a r r a g e e n a n ,  t h e  d ig e s t i o n  h a d  t o  b e  l i m i t e d  
t o  t h e  0 .3 2  r a t i o .  B a s e d  o n  m a x i m u m  i n h i b i t i o n  o f  c a s e in  
d ig e s t i b i l i t y  a t  t h e  f i b e r  r a t i o s  o f  0 .6 4  a n d  0 .9 6 ,  t h e  r e d u c 
t i o n  in  d ig e s t i b i l i t y  b y  g u m s  r a n k e d  a s  f o l l o w s :  k a r a y a  >  
g h a t t i  >  t r a g a c a n t h  >  g u a r  >  l o c u s t  b e a n  ( F ig .  1 ) . C a s e in  
d ig e s t i b i l i t y  r e d u c t i o n s  g r e a t e r  t h a n  1 .4 8 %  w e r e  s ig n if i 
c a n t  ( P  <  0 .0 5 )  u s in g  t h e  t - s t a t i s t i c  f o r  t h e  i n  v i t r o  a s s a y .

O f  t h e  p l a n t  f i b e r s  a n d  f o o d  r e s i d u e s  s t u d i e d  ( T a b l e  1 ), 
h o l o c e l l u l o s e  s h o w e d  a  s t e p w i d e  r e d u c t i o n  in  c a s e in  d ig e s 
t i b i l i t y  t o  a  m a x i m u m  2 .1 4 % , i n t e r m e d i a t e  in  e f f e c t  t o  
g u m s  g h a t t i  a n d  t r a g a c a n t h  ( F ig .  1 ). A p p l e  p e c t i n ,  l ig n in  
a n d  t h e  p r e d i g e s t e d  b r a n  a n d  g r e a t  n o r t h e r n  b e a n  r e s i d u e s  
s ig n i f i c a n t l y  ( P  <  0 .0 5 )  r e d u c e d  c a s e in  d ig e s t i b i l i t y ,  f r o m
2 . 0 —2 .4 %  a t  t h e  0 .3 2  r a t i o ,  t o  5 . 3 —5 .5 %  a t  t h e  0 .9 6  
r a t i o .  W i t h i n  e a c h  r a t i o ,  t h e  m a g n i t u d e  o f  t h e  r e d u c t i o n  in  
in  v i t r o  p r o t e i n  d ig e s t i b i l i t y  w a s  t h e  s a m e  f o r  t h e  p e c t i n ,  
l i g n in ,  a n d  b r a n  a n d  b e a n  r e s i d u e s .  A c i d  d e t e r g e n t  f i b e r  
v a lu e s  f o r  t h e  r e d  w h e a t  b r a n  a n d  g r e a t  n o r t h e r n  b e a n  
r e s i d u e s  w e r e  1 0 .2 %  a n d  8 .7 % , r e s p e c t i v e ly .

G e l  f i l t r a t i o n  o f  c a s e in  h y d r o l y s a t e s
T h e  e l u t i o n  p a t t e r n s  f o r  s e v e r a l  h y d r o l y s a t e s  i n c l u d in g  

t h e  c a s e in  c o n t r o l  a n d  c a s e in - f i b e r  m i x t u r e s  f r o m  g e l  f i l 
t r a t i o n  o n  S e p h a d e x  G - 5 0  a r e  s h o w n  in  F ig .  2  ( A ,  B a n d  
C ). W i th  m i n o r  e x c e p t i o n s ,  h o l o c e l l u l o s e  ( F ig .  2 A )  a n d  
l i g n in  a n d  k a r a y a  g u m  ( F ig .  2 B )  h a d  e l u t i o n  p r o f i l e s  s im i la r  
t o  t h a t  o f  t h e  c a s e in  c o n t r o l .  T h e  2 8 0  n m  a b s o r b a n c e  p r o 
f i le s  o f  t h e  p e c t i n  a n d  g h a t t i  g u m  ( F ig .  2 A )  h y d r o l y s a t e s  
w e r e  s im i la r  t o  t h e  c a s e in  c o n t r o l  w i t h  r e s p e c t  t o  t h e  m a j o r  
f r a c t i o n  w h i c h  h a d  a n  e l u t i o n  v o l u m e ,  V e o f  3 5 —3 7  m l,  
b u t  s h o w e d  o t h e r  a b s o r b i n g  f r a c t i o n s  n e a r  t h e  v o i d  v o l u m e ,  
V G o f  1 3 .4  m l  f o r  g h a t t i  g u m  a n d  a t  t h e  V e o f  1 8 - 2 3  
m l  f o r  p e c t i n .  T h e  m a j o r  f r a c t i o n  o f  t h e  c a s e in  h y d r o l y s a t e s  
w a s  s u b s t a n t i a l l y  a l t e r e d  i n  t h e  p r e s e n c e  o f  t h e  b r a n  a n d  
b e a n  r e s i d u e s  ( F ig .  2 C ) ,  w i t h  t h e  V e s h i f t e d  t o  2 8 —3 0  
m l  f r o m  t h e  V e o f  3 4 —3 8  f o r  t h e  c a s e in  c o n t r o l .

—Continued on next page

Fig. 1—Percent re duc tion  o f  the in  v itro  d ig e s tib ility  o f  A N R C  
casein b y  various concentra tions o f  fo o d  gums.
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D IE T A R Y  F IB E R  E F F E C T S  ON C A S E IN  D IG E S T IB IL IT Y . .  .

F r a c t i o n s  f r o m  t h e  g e l  f i l t r a t i o n  o f  c a s e in  h y d r o l y s a t e s  
c o n t a i n i n g  p e c t i n ,  g h a t t i  a n d  b e a n  r e s i d u e  w e r e  a n a ly z e d  
f o r  c a r b o h y d r a t e  a n d  p r o t e i n  c o n t e n t s  ( F ig .  3 A ,  B  a n d  C , 
r e s p e c t i v e ly ) .  F o r  t h e  p e c t i n - c a s e in  h y d r o l y s a t e  ( F ig .  3 A ) ,

EFFLU E N T  VOLUM E, ml

Fig. 2 —Gel f i lt ra t io n  (Sephadex G-50) o f  the solub le  p o r t io n  o f  
enzym ic  hydro lysates fro m  (A ) casein c o n tro l, and  ho lo-cellu lose-, 
pec tin -, and  gum  ghatti-casein m ix tu re s ; (B ) casein co n tro l, and  lig 
n in - and  gum  karaya-casein m ix tu re s ; and  (C) casein c o n tro l, and  
pred igested w heat bran- and  grea t no rth e rn  bean residue-casein m ix 
tures.

t h e  m a t e r i a l  e l u t e d  b e t w e e n  V e =  1 3 —2 6  m l  c o n t a i n e d  b o t h  
c a r b o h y d r a t e  a n d  p a r t i a l l y  d ig e s te d  ( l a r g e r )  c a s e in  p e p t i d e s .  
T h e  c o m p o n e n t  e l u t i n g  a t  t h e  V 0  f r o m  t h e  g h a t t i - c a s e in  
h y d r o l y s a t e  ( F ig .  3 B )  w a s  d u e  t o  c a r b o h y d r a t e ,  w h e r e a s  
t h e  p e p t i d e s  e l u t i n g  a t  a  V e o f  3 4  m l ,  w e r e  s im i la r  i n  V e 
f o r  p e p t i d e s  f r o m  t h e  c a s e in  c o n t r o l .  V e r y  m i n o r  q u a n t i t i e s  
o f  c a r b o h y d r a t e  w e r e  n o t e d  i n  t h e  b e a n  r e s i d u e - c a s e in  
h y d r o l y s a t e  f r a c t i o n s  ( F ig .  3 C ) .  I t  is  l i k e ly  t h a t  t h e  p h e n o l -  
s u l f u r i c  a c id  m e t h o d  ( D u b o i s  e t  a l . ,  1 9 5 6 )  d id  n o t  a c c u r 
a t e l y  m e a s u r e  t h e  c o m p le x  b e a n  c a r b o h y d r a t e s ,  o r  t h a t  
t h e y  w e r e  r e m o v e d  b y  t h e  c e n t r i f u g a t i o n  s t e p .  T h e  m a j o r  
c a s e in - p e p t i d e  f r a c t i o n  o f  t h e  b e a n - c a s e i n  h y d r o l y s a t e  h a d  a  
V e o f  2 8 —3 0  m l  a n d  w a s  c l e a r ly  m a d e  u p  o f  l a r g e r  u n i t s  
t h a n  w a s  t y p i c a l  f o r  t h o s e  o b t a i n e d  f r o m  a  h y d r o l y z e d  
c a s e in  c o n t r o l .

B a s e d  o n  t h e  c o m p a r i s o n  o f  V e f o r  t h e  c a s e in  c o n t r o l  
a n d  t h e  p e p t i d e  f r a c t i o n s  i l l u s t r a t e d  i n  F ig .  3 A ,  B  a n d  C 
f o r  c a s e in  m i x t u r e s  w i t h  p e c t i n ,  g h a t t i  g u m  a n d  t h e  b e a n  
r e s i d u e ,  a n d  t h e  c a s e in  c o n t r o l  ( F ig .  2 A ) ,  a p p r o x i m a t e  
m o l e c u l a r  w e i g h t s  f o r  t h e  p e p t i d e s  w e r e  c a l c u l a t e d  ( T a b l e
2 ) .  V e r y  f e w  d i f f e r e n c e s  w e r e  n o t e d  f o r  t h e  m o l e c u l a r  
w e i g h t s  o f  t h e  s m a l l  p e p t i d e s  ( < 4 , 0 0 0  D a l t o n s ) ,  e x c e p t  f o r  
t h o s e  p r e s e n t  i n  t h e  h y d r o l y s a t e  c o n t a i n i n g  t h e  b e a n  r e 
s id u e ,  w h i c h  w e r e  o f  a  s l ig h t ly  h ig h e r  m o l e c u l a r  w e ig h t .  T h e  
p e c t i n - c a s e in  m i x t u r e  s h o w e d  t h e  p r e s e n c e  o f  s e v e r a l  m i n o r  
f r a c t i o n s  ( F ig .  3 A )  in  t h e  i n t e r m e d i a t e  ( 4 , 0 0 0 — 1 2 ,0 0 0  
D a l t o n s )  a n d  la r g e  ( > 1 2 , 0 0 0  D a l t o n s )  m o l e c u l a r  w e i g h t  
r a n g e s ,  w h i c h  w e r e  u n i q u e  t o  t h i s  h y d r o l y s a t e .  T h e  m a j o r  
p e p t i d e  f r a c t i o n s  o f  t h e  b e a n  r e s i d u e - c a s e in  h y d r o l y s a t e  
( F ig .  3 C )  w e r e  o f  a p p r o x i m a t e l y  9 ,3 0 0  a n d  2 , 9 8 0  D a l to n s ,  
w h e r e a s  t h e  a p p r o x i m a t e  m o l e c u l a r  w e i g h t  o f  t h e  m a j o r  
c a s e in  p e p t i d e  f r a c t i o n s  f o r  t h e  c a s e in  c o n t r o l  h y d r o l y 
s a t e  a n d  t h o s e  c o n t a i n i n g  p e c t i n  a n d  g h a t t i  g u m  w e r e  1 ,0 5 0  
a n d  1 ,2 3 0  D a l t o n s ,  r e s p e c t i v e ly .

DISCUSSION
T H E  I N  V I T R O  P R O T E I N  d i g e s t i b i l i t y  f o r  c a s e in  ( 9 0 .1 % )  
is  i n  a g r e e m e n t  w i t h  t h e  f i n d in g s  o f  H s u  e t  a l .  ( 1 9 7 7 )  a n d  
o f  S a t t e r l e e  e t  a l . ( 1 9 7 9 ) .  I n  v i t r o  p r o t e i n  d ig e s t i b i l i t i e s  
o b t a i n e d  w i t h  t h i s  m e t h o d  a r e  s im i la r  t o  t h e  i n  v iv o  a p p a r 
e n t  d ig e s t i b i l i t i e s  f o r  a  w id e  r a n g e  o f  p r o t e i n  s o u r c e s  ( H s u  
e t  a l . ,  1 9 7 7 ) .

F o r  p u r p o s e s  o f  d i s c u s s io n  o f  t h e  d ig e s t i b i l i t y  r e s u l t s  o f  
t h e  g u m - c a s e in  m ix t u r e s ,  t h e  g e n e r a l  p h y s i c a l  a n d  c h e m i c a l  
p r o p e r t i e s  o f  t h e  g u m s  ( d e g r e e  o f  b r a n c h i n g  a n d  p r e s e n c e  
o f  i o n i z a b l e  g r o u p s )  r e f e r r e d  t o  a r e  t h o s e  g iv e n  b y  W h i s t l e r  
( 1 9 6 9 ) .  G u a r  a n d  l o c u s t  b e a n  g u m s  h a d  n e g l ig ib le  e f f e c t s  o n  
c a s e in  d ig e s t i b i l i t y  ( F ig .  1 ). B o t h  p o l y s a c c h a r i d e s  a r e  
n e u t r a l  a n d  p r e d o m i n a n t l y  l i n e a r  ( s in g l e  g a l a c t o s e  u n i t  
b r a n c h e s )  g a l a c t o m a n n a n s  o f  s e e d  o r ig in  w i t h  n o  a c id ic  
o r  s u l f o n a t e d  e n d  s u b s t i t u e n t  g r o u p s .  T r a g a c a n t h ,  a  s h r u b  
e x u d a t e ,  is  p r i m a r i l y  a  g a l a c t u r o n i c  a c id  p o l y m e r  w i t h  s o m e  
b r a n c h i n g  w i t h  h e x o s e s  a n d  p e n t o s e s .  T h e  a c id  n a t u r e  o f

Table 1—Decrease in  the in  v itro  d ig e s tib ility  o f  casein digested in  
the presence o f  various f ib e r constituen ts

Percent decrease in In V itro protein 
digestibility3

Fiber:Protein ratio (wt:wt)
Fiber constituent 0.32:1 0.64:1 0.96:1

Apple pectin 2.42 4.08 5.41
Holocellulose 0.94 1.28 2.14
Lignin 2.03 3.83 5.42
Wheat bran (predigested) 2.14 3.94 5.30
Great northern bean 2.36 3.94 5.52

(predigested)

a V a lu e  is %  d ig e s t ib ility  o f co n tro l A N R C  case in  — %  d ig e s t ib il ity  
o f A N R C  case in  p lu s  f ib e r  c o m p o n e n t.
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t h e  e x p o s e d  u r o n i c  a c id  g r o u p s  m a y  b e  r e s p o n s ib l e  f o r  t r a -  
g a c a n t h ’s s l i g h t  i n t e r f e r e n c e  w i t h  t h e  e n z y m a t i c  h y d r o l y s i s  
o f  c a s e in .  K a r a y a  a n d  g h a t t i  g u m s  a r e  t r e e  e x u d a t e s  a n d  
w h i le  d i f f e r i n g  in  s a c c h a r i d e  c o m p o s i t i o n ,  a r e  h ig h ly  
b r a n c h e d  p o l y m e r s .  G h a t t i  h a s  a  lo w  c o n t e n t  o f  g lu c u r o n i c  
a c id  r e s i d u e s  ( a p p r o x i m a t e l y  3 % ) w h e r e a s  k a r a y a  c o n t a i n s  
a p p r o x i m a t e l y  3 7 %  g lu c u r o n i c  a c id .  F r o m  t h e  in  v i t r o  c a s e in  
d ig e s t ib i l i t i e s  o b t a i n e d  in  t h e  p r e s e n c e  o f  t h e s e  g u m s  ( F ig .
1 )  , i t  is  p o s s i b l e  t o  s u g g e s t  t h a t  t h e  g r e a t e r  t h e  d e g r e e  o f  
p o l y m e r  b r a n c h i n g ,  a n d / o r  t h e  g r e a t e r  t h e  c o n t e n t  a n d  
e x p o s u r e  o f  i o n i z a b l e  u r o n i c  a c id  g r o u p s  p r e s e n t  in  th e s e  
f i b e r  c o m p o n e n t s ,  t h e  g r e a t e r  w il l  b e  t h e  i n h i b i t i o n  o f  
c a s e in  h y d r o ly s i s .  A l t h o u g h  c a r r a g e e n a n  w a s  t e s t e d  o n l y  a t  
t h e  0 .3 2  r a t i o  t o  c a s e in ,  i t s  i n h i b i t i o n  ( H a r m u t h - H o e n e  a n d  
S c h w e r d t f e g e r ,  1 9 7 9 )  m a y  b e  a t t r i b u t e d  t o  a  h ig h  c o n t e n t  
o f  s u l f a t e  g r o u p s  a n d  i t s  p o s s i b l e  i n t e r a c t i o n  w i t h  t h e  p r o 
t e i n  a n d  i t s  p e p t i d e s  t h e r e b y  i n h i b i t i n g  c o m p l e t e  h y d r o ly s i s .

A s  h y d r o c o l l o i d s ,  f o o d  g r a d e  g u m s  m a y  f o r m  g e l  m a t r i c e s  
a n d / o r  i m p a r t  v i s c o s i t y  t o  t h e  a q u e o u s  s y s t e m  t h r o u g h  
w a t e r  a b s o r p t i o n  a n d  c o l l o i d a l  i n t e r a c t i o n .  T h u s  t h e  p h y 
s ic a l  s t r u c t u r e  o f  a  f i b e r  c o m p o n e n t  m a y  a l s o  l i m i t  s u b 
s t r a t e - e n z y m e  i n t e r a c t i o n  w i t h  t h e  p r o t e i n s  a n d  p e p t i d e s ,  
a  c h a r a c t e r i s t i c  p o s s e s s e d  b y  s o m e  o f  t h e  g u m s .  F r o m  a 
p r a c t i c a l  v i e w p o i n t ,  t h e  lo w  le v e ls  o f  g u m s  u s e d  in  m o s t  
f o r m u l a t e d  f o o d  p r o d u c t s  w o u ld  n o t  b e  e x p e c t e d  t o  s ig n i f i 
c a n t l y  i n h i b i t  p r o t e i n  d ig e s t i o n  a n d  a m i n o  a c id  a b s o r p t i o n .

O f  t h e  p l a n t  f i b e r s  a n d  f o o d  m a t e r i a l s  c o m p a r e d ,  h o l o -  
c e l l u lo s e  ( c o n s i s t i n g  o f  c e l l u l o s e  a n d  s o m e  h e m ic e l l u lo s e s )  
s h o w e d  t h e  l e a s t  d e t r i m e n t a l  e f f e c t  o n  c a s e in  d ig e s t i b i l i t y ,  
w h e n  c o m p a r e d  t o  t h e  o t h e r  f i b e r  s o u r c e s  ( T a b l e  1 ). C e l lu 
lo s e  is  g e n e r a l l y  c o n s i d e r e d  n o n r e a c t i v e  d u e  t o  i t s  l i n e a r  
s t r u c t u r e ,  i n s o l u b i l i t y  a n d  l a c k  o f  e l e c t r o s t a t i c  s id e  g r o u p s .  
T h e  n a t u r e  o f  t h e  h e m ic e l l u lo s e  c o n t a i n e d  i n  t h e  p r e p a r a 
t i o n  u s e d  i n  t h i s  s t u d y  w a s  n o t  k n o w n .  H o w e v e r ,  t h e  f i b e r  
m a t r i x  s l ig h t ly  r e t a r d e d  t h e  s u b s t r a t e - e n z y m e  r e a c t i o n  
w h e n  t h e  h o l o c e l l u l o s e  w a s  t e s t e d  a t  t h e  h ig h e r  le v e ls  
( T a b l e  1 ). P e c t i n ,  a  s l ig h t ly  b r a n c h e d  g a l a c t u r o n i c  a c id -  
c o n t a i n i n g  p o l y s a c c h a r i d e  d id  s u b s t a n t i a l l y  r e d u c e  t h e  
le v e l  o f  c a s e in  h y d r o l y s i s  a t  a l l  le v e ls  t e s t e d .  I n  a d d i t i o n ,  
la rg e  m o l e c u l a r  w e i g h t  c a s e in  p e p t i d e s  w e r e  p r e s e n t  in  t h e  
p e c t i n - c o n t a i n i n g  h y d r o l y s a t e s  ( F ig .  3 A  a n d  T a b l e  2 ) . I t  is  
p o s s i b l e  t h a t  p e c t i n ’s n e g a t i v e ly  c h a r g e d  a c id ic  r e s id u e s  
( i n  t h e  p H  6 . 0 —8 .0  r a n g e )  i n t e r f e r e d  o r  c o m p l e x e d  w i t h  t h e  
e n z y m e s  a n d / o r  s u b s t r a t e s ,  t h u s  r e d u c i n g  t h e  e x t e n t  o f  
c a s e in  h y d r o ly s i s .  I n  c o m p a r i s o n  t o  p e c t i n ,  g u m  g h a t t i  
w h i c h  is  h ig h ly  b r a n c h e d  b u t  v o i d  o f  a c id i c  r e s id u e s ,  i n t e r 
f e r e d  w i t h  c a s e in  h y d r o l y s i s  ( F ig .  1 ) a n d  s t i l l  y i e l d e d  o n l y  
s m a l l  m o l e c u l a r  w e i g h t  c a s e in  p e p t i d e s  ( F ig .  3 B  a n d  T a b l e
2 )  . T h i s  f i n d i n g  s u p p o r t s  t h e  c o n c l u s i o n  t h a t  g u m  g h a t t i ’s 
i n t e r f e r e n c e  w i t h  c a s e in  h y d r o l y s i s  w a s  d u e  t o  m a t r i x  
r e s t r i c t i o n  r a t h e r  t h a n  t h e  io n i c  i n t e r f e r e n c e  a s  w a s  s u g 
g e s te d  f o r  p e c t i n ’s a c t i o n .

Table 2 —A p p ro x im a te  m o le cu la r weights (D altons) o f  p ep tide  frac
tions in  the solub le p o r t io n  fro m  casein hyd ro lysa tes con ta in ing  
various f ib e r com ponents

P e p t i d e  f r a c t i o n  m o l e c u l a r  w e i g h t  
r a n g e 3

S a m p l e  h y d r o l y s a t e L a r g e I n t e r m e d i a t e S m a l l

C a s e i n - N o  f i b e r 1 3 , 0 4 0 — 1 0 5 0
C a s e i n - G u m  g h a t t i - — 1 2 3 0
C a s e i n - A p p l e  p e c t i n  

C a s e i n - G r e a t  n o r t h e r n  b e a n

1 9 , 0 6 0 ( a )  1 1 , 4 9 0
( b )  4 , 2 6 0

1 2 3 0

( p r e d i g e s t e d ) — 9 , 3 0 0 2 9 8 0

3 Range d es ig n a tio n : La rg e  = > 1 2 ,0 0 0  D a tto n s ; In te rm e d ia te  -  
4 0 0 0 — 1 2 ,0 0 0  D a lto n s ; S m a ll = < 4 0 0 0  D a lto n s .

T h e  c h e m i c a l  c o m p l e x i t y  o f  l i g n in s  w a s  r e v i e w e d  b y  
G o r d o n  ( 1 9 7 8 ) .  A l t h o u g h  a  n o n c a r b o h y d r a t e  c o m p o n e n t  
o f  d i e t a r y  f i b e r ,  l i g n in  m a y  h i n d e r  e n z y m a t i c  h y d r o ly s i s  
o f  s u b s t r a t e s  b o t h  p h y s i c a l l y  a n d  b y  t h e  h y d r o g e n  b o n d i n g  
o f  i t s  n u m e r o u s  i n t e r n a l  e t h e r  a n d  e s t e r  l in k a g e s  t o  p o l a r  
p r o t e i n s  a n d  p e p t i d e s  in  t h e  h y d r o l y s a t e .  L ig n in  h a s  b e e n  
s h o w n  t o  a c t i v e ly  b in d  b i le  s a l t s  i n  v i t r o  ( S t o r y  a n d  K r i t c h -  
e v s k y ,  1 9 7 6 ) .  N o  f u r t h e r  e x p l a n a t i o n  f o r  t h e  s ig n i f i c a n t  r e 
d u c t i o n  o f  c a s e in  d ig e s t i b i l i t y  b y  l i g n in  ( T a b l e  1 )  c a n  b e  
g iv e n . G o r d o n  ( 1 9 7 8 )  e s t i m a t e d  t h a t  t h e  l i g n in  i n t a k e  b y  
h u m a n s  is  p r o b a b l y  le s s  t h a n  2  t o  3 g /d a y .

—Continued on next page

Fig. 3 —C arbohydrate  and p ro te in  con ten ts  o f  the e ff lu e n t from  
Sephadex G-50 chrom atography o f  (A ) pectin-casein hyd ro lysa te ; 
IB ) gum  ghatti-casein h yd ro lysa te ; and  (C) pred igested great n o r th 
ern bean residue-casein hyd ro lysate .
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D IE T A R Y  F IB E R  E F F E C T S  ON C A SE IN  D IG E S T IB IL IT Y . . .

T h e  w h e a t  b r a n  a n d  g r e a t  n o r t h e r n  b e a n  r e s i d u e s  o b 
t a i n e d  b y  p e p s i n  p r e t r e a t m e n t  y i e l d e d  s im i la r  r e d u c t i o n s  o f  
c a s e in  d ig e s t i b i l i t y  w h e n  p r e s e n t  d u r in g  h y d r o l y s i s  ( T a b l e
1 ). T h e  c a s e in - f o o d  m a t e r i a l  p e p t i d e  p a t t e r n s  o b t a i n e d  f r o m  
g e l  f i l t r a t i o n  o f  t h e s e  h y d r o l y s a t e s  w e r e  a l s o  s im i la r  ( F ig .  
2 C ) .  E v e n  t h o u g h  b o t h  h y d r o l y s a t e s  c o n t a i n e d  s o m e  p e p 
t i d e s  f r o m  t h e  o r ig in a l  f o o d  m a t e r i a l ,  t h e  p r o f i l e s  s h o w  
o b v io u s  s h i f t s  f r o m  t h e  e x p e c t e d  l o w e r  m o l e c u l a r  w e ig h t  
p e p t i d e s  o f  t h e  r e f e r e n c e d  c o n t r o l  c a s e in  h y d r o l y s a t e .  T h e  
f i b e r  c o m p o n e n t s  p r e s e n t  i n  t h e  f o o d  m a t e r i a l s  w e r e  n o t  
d e f i n e d ;  h o w e v e r ,  a c id  d e t e r g e n t  f i b e r  v a lu e s  f o r  e a c h  in d i 
c a t e d  a  s l ig h t ly  h ig h e r  c o n t e n t  o f  c e l l u l o s e  p lu s  l i g n in  f o r  
t h e  b r a n  ( 1 0 .2 % )  as  c o m p a r e d  t o  t h e  b e a n  ( 8 .7 % ) .  T h e  
m o d e  o f  i n t e r f e r e n c e  w i t h  c a s e in  d ig e s t i b i l i t y  b y  t h e s e  
f o o d  p r e p a r a t i o n s ,  in  t h e  m a n n e r  t e s t e d ,  w il l  r e q u i r e  g r e a t 
e r  c h a r a c t e r i z a t i o n  o f  t h e  s p e c i f i c  f i b e r  c o n s t i t u e n t s  p r e s 
e n t .  T h e  m a j o r  c a s e in  p e p t i d e  f r a c t i o n  in  t h e  c a s e in - b e a n  
r e s i d u e  h y d r o l y s a t e  h a d  a n  a p p r o x i m a t e  m o l e c u l a r  w e i g h t  
o f  2 ,9 8 0  D a l t o n s  a s  c o m p a r e d  t o  1 ,0 5 0  D a l t o n s  f o r  t h e  
p e p t i d e  f r a c t i o n  f r o m  t h e  c a s e in  c o n t r o l  ( T a b l e  2 ) .  A  m i n o r  
p e p t i d e  f r a c t i o n  in  t h e  c a s e in - b e a n  r e s i d u e  h y d r o l y s a t e  w a s  
n o t e d  t o  h a v e  a  m o l e c u l a r  w e i g h t  o f  9 , 3 0 0  D a l to n s .

A l l  s a m p le s  i n  t h i s  s t u d y  w e r e  f u l l y  h y d r a t e d  p r i o r  t o  
a d d i t i o n  o f  t h e  e n z y m e s  t o  p r e v e n t  p o s s i b l e  a b s o r p t i o n  o f  
t h e  e n z y m e s  i n t o  t h e  f i b e r  m a t r i x ,  a s  w a s  d e s c r i b e d  b y  
S c h n e e m a n  ( 1 9 7 8 ) .  G e l  f i l t r a t i o n  o f  t h e  s o lu b l e  p o r t i o n  o f  
e a c h  h y d r o l y s a t e  d o e s  n o t  p r e c l u d e  t h e  f a c t  t h a t  s o m e  
p e p t i d e  c o m p o n e n t s  f r o m  c a s e in  h y d r o l y s i s  r e m a i n e d  w i t h  
t h e  i n s o lu b l e  r e s i d u e  r e m o v e d  u p o n  c e n t r i f u g a t i o n .

S t u d i e s  b y  R a s p e r  ( 1 9 7 9 ) ,  M c C o n n e l l  e t  a l. ( 1 9 7 4 ) ,  
a n d  C h i ld s  a n d  A b a j i a n  ( 1 9 7 6 )  o n  v a r i o u s  f i b r o u s  r e s i d u e s  
a n d  p o t e n t i a l  f i b e r  s o u r c e s  s h o w  t h a t  m o s t  f u n c t i o n  as  
w e a k  c a t i o n  e x c h a n g e  r e s in s .  E a s t w o o d  ( 1 9 7 3 )  p r o p o s e d  
t h a t  d i e t a r y  f i b e r  m a y  a c t  i n  t h e  d ig e s t iv e  t r a c t  a s  a  c h r o m a 
t o g r a p h y  c o l u m n  w i t h  a d s o r p t i v e ,  io n  e x c h a n g e ,  a n d  
p o s s i b l y  g e l  f i l t r a t i o n  p r o p e r t i e s .  T h e  r e s u l t s  o f  t h e  c u r r e n t  
s t u d y  w i t h  i n  v i t r o  p r o t e i n  d ig e s t i o n  t e c h n i q u e  l e n d  s u p p o r t  
t o  t h e  b e l i e f  t h a t  s o m e  f i b e r  m a t e r i a l s  h a v e  i o n i c  p r o p e r t i e s ,  
f i b e r  m a t r i x  a b s o r p t i o n  a n d  r e s t r i c t i v e  f i l t r a t i o n  c h a r a c t e r 
i s t i c s  w h i c h  a f f e c t  p r o t e i n  d ig e s t i o n .  R e s t r i c t i v e  f i l t r a t i o n  
c h a r a c t e r i s t i c s  m a y  b e  v ie w e d  a s  t h e  d e g r e e  o f  m o v e m e n t  
i n t o  a n d  o u t  o f  t h e  f i b e r  m a t r i x  b y  v a r i a b l e  s iz e d  p e p t i d e s  
t o  t h e  e x c lu s io n  o f  la r g e r  m o l e c u l a r  w e i g h t  p r o t e i n s ,  
w h e r e a s  m a t r i x  a b s o r p t i o n  i n d i c a t e s  p h y s i c a l  a n d / o r  c h e m 
ic a l  b in d i n g  t o  t h e  f i b e r  c o n s t i t u e n t .  T h e  r e d u c t i o n  in  
c a s e in  d ig e s t i b i l i t y  r e p o r t e d  h e r e ,  g e n e r a l l y  a g r e e s  w i t h  in  
v iv o  s t u d i e s  w h i c h  s h o w  d e c r e a s e s  i n  t h e  a p p a r e n t  d ig e s t i 
b i l i t y  o f  c a s e in  w h e n  c e r t a i n  f i b e r  c o m p o n e n t s  a r e  a d d e d  
t o  c a s e in  b a s e d  a n im a l  d ie t s .
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T a s t e  T h r e s h o l d s  a n d  H e d o n i c  R e s p o n s e s  o f  
P a n e l s  R e p r e s e n t i n g  T h r e e  N a t i o n a l i t i e s

LOREN L. D R U Zand RUTH E. BALDWIN

-----------------------------ABSTRACT------------------------------
Taste thresholds for sodium chloride, sucrose, citric acid and caf
feine in aqueous solutions did not differ among panels from 
Nigeria, Korea, and the United States. The Nigerians and Koreans 
liked tomato juice more than the Americans, and preferred it 
sweetened. The Koreans liked applesauce better than the other 
two nationalities, but did not differentiate among the sweetened 
applesauce, that containing sodium chloride and the control. Ameri
cans liked the control, and Nigerians liked the sweetened apple
sauce best. Frequency of consuming groups of foods by panelists 
was related to the trend toward liking tomato juice with sweet, sour, 
salty, and bitter, and applesauce with sweet and salty taste sub
stances added, but there was no significant relationship between 
hedonic responses and thresholds.

INTRODUCTION
R A P I D L Y  D E V E L O P I N G  C O U N T R I E S ,  s u c h  a s  N ig e r ia  
a n d  K o r e a ,  o f f e r  t r e m e n d o u s  p r o f i t  p o t e n t i a l  t o  t h e  i n t e r 
n a t i o n a l  m a r k e t e r  ( C o la m o s c a ,  1 9 7 7 ) .  T h e s e  m a r k e t s ,  
h o w e v e r ,  a r e  c h a r a c t e r i z e d  b y  e c o n o m i c  u n c e r t a i n t y  a n d  
b y  d iv e r s e  c u l t u r a l  f a c t o r s  i n f l u e n c i n g  f o o d  a c c e p t a n c e .  
P a n g b o m  ( 1 9 6 7 )  s u g g e s t e d  t h a t  e a t i n g  p a t t e r n s  o f  t h e  
c u l t u r a l  e n v i r o n m e n t  m a y  s u b ju g a t e  t a s t e  a n d  o l f a c t o r y  
s e n s i t i v i t y  t o  s u c h  a n  e x t e n t  a s  t o  i n v a l i d a t e  t h e m  a s  f a c t o r s  
i n f l u e n c i n g  r e g u l a t i o n  o f  f o o d  i n t a k e .  A ls o ,  J e r o m e  ( 1 9 7 7 ) ,  
in  d is c u s s in g  p r e f e r e n c e s  f o r  a  s w e e t  t a s t e  in  a d u l t s ,  s t a t e d  
t h a t  t h e  p h y s i c a l ,  s o c ia l  a n d  t e c h n o l o g i c a l  e n v i r o n m e n t ,  
i n c l u d in g  m a r k e t i n g  a n d  d i s t r i b u t i o n ,  a r e  m o r e  c l o s e ly  r e 
l a t e d  t o  p r e f e r e n c e  t h a n  e a r l y  s t i m u l a t i o n  o f  t h e  t a s t e  b u d s .

M o s k o w i t z  e t  a l . ( 1 9 7 5 )  i m p u t e d  a  p r e f e r e n c e  a m o n g  
I n d i a n  l a b o r e r s  f o r  b i t t e r  a n d  s o u r  t a s t e s  t o  t h e  d o m i n a n c e  
o f  s o u r  t a s t e  in  t h e i r  u s u a l  d i e t .  I n d i a n  m e d ic a l  s t u d e n t s ,  
n o t  c o n s u m in g  t h e  p r e d o m i n a n t l y  s o u r  d i e t ,  p e r c e i v e d  
s w e e t  a s  p l e a s a n t  a s  d id  A m e r i c a n s .  K e l t y  a n d  M a y e r  ( 1 9 7 1 )  
a l s o  n o t e d  t h a t  s t r o n g  a c c e p t a n c e  a n d  r e j e c t i o n  r e s p o n s e s  
t o  t h e  p r i m a r y  t a s t e s  i n f l u e n c e  d i e t a r y  c h o ic e s .  H o w e v e r ,  
a c c e p t a n c e  a n d  r e j e c t i o n  a r e  d e t e r m i n e d ,  in  p a r t ,  b y  i n t e n 
s i t y  o f  t h e  t a s t e .  A s  a  s w e e t  s t i m u l u s  in c r e a s e s  in  m a g n i tu d e ,  
i t s  h e d o n i c  t o n e  i n c r e a s e s  t o w a r d  p l e a s a n t n e s s ,  r e a c h e s  a 
m a x i m u m ,  a n d  d e c l in e s  t o w a r d  n e u t r a i l i t y  o r  u n p l e a s a n t 
n e s s .  I n t e n s i t y  m a y  p a r a l l e l  h e d o n i c  r e s p o n s e  w i t h  s o m e  
t a s t e s  s u c h  a s  t h e  b i t t e r n e s s  o f  q u i n i n e  s u l f a t e  ( M o s k o w i t z ,
1 9 7 7 ) .  F o o d  d i s l ik e s  h a v e  b e e n  l i n k e d  t o  s e n s i t i v i t y  t o  
b i t t e r  ( F i s c h e r  e t  a l . ,  1 9 6 1 ) ,  a n d  t h e  h ig h  a c c e p t a n c e  o f  
c o f f e e  b y  Y u c a t a n  i n h a b i t a n t s  h a s  b e e n  a t t r i b u t e d  t o  t h e i r  
d im in i s h e d  s e n s i t i v i t y  t o  t h e  b i t t e r  t a s t e  a s  c o m p a r e d  t o  
A m e r i c a n s  ( D a v i s ,  1 9 7 8 ) .

D e s p i t e  t h e  c o m p l e x i t y  o f  f a c t o r s  i n f l u e n c i n g  f o o d  
a c c e p t a n c e ,  i n f o r m a t i o n  o n  s e n s i t i v i t y  a n d  h e d o n i c  r e 
s p o n s e  t o  p r i m a r y  t a s t e s  a m o n g  d iv e r s e  c u l t u r a l  g r o u p s  c a n  
b e  i n v a lu a b l e  t o  t h e  i n t e r n a t i o n a l  m a r k e t e r .  T h i s  s t u d y  
w a s  d e s ig n e d  t o  e x a m i n e  t h e  s e n s i t i v i t y  o f  A m e r i c a n ,  
N ig e r i a n  a n d  K o r e a n  s u b j e c t s  t o  p r i m a r y  t a s t e s ,  t h e i r

A u th o rs  D ruz and B a ldw in  are a ff ilia te d  w ith  the Dept, o f  F o o d  
Science &  N u tr it io n , Univ. o f  M issouri-C olum bia, C olum bia, MO  
6 5 2 1 1 .

h e d o n i c  r e s p o n s e s  t o  t o m a t o  j u i c e  a n d  a p p l e s a u c e  w i t h  d i f 
f e r i n g  le v e ls  o f  p r i m a r y  t a s t e  s u b s t a n c e s  a d d e d ,  a n d  t h e  
c o m p o s i t i o n  o f  t h e i r  u s u a l  d ie t s .

MATERIALS & METHODS
SENSORY TESTS were conducted with eight panelists, each 
from the United States, Nigeria, and Korea. Panelists were rewarded 
for participation in the project with a small financial remuneration. 
Nigerian and Korean panelists were selected with the assistance of 
the Center for International Studies at the University of Missouri- 
Columbia. Americans who expressed interest in the project, as well 
as students from food science classes at the University were en
listed for participation. Panel size was limited by the availability of 
Nigerian and Korean subjects.
Survey o f food habits o f panelists

Demographic data for each panelist was obtained by written 
questionnaire. Background information on food consumption be
fore and after coming to the United States was obtained from 
Nigerian and Korean panelists by interview following a pre-set line 
of questioning, and American subjects were asked about their 
current eating practices.
Panel procedures

Four practice sessions were conducted to orient each group of panelists to the process and procedures for sensory analysis. Panel
ists were unaware of the particular taste series being tested at one 
time, but were familiarized with the primary tastes and with the 
taste of the double-distilled water used for preparation of solutions 
and for rinsing the palate before tasting each sample. Panelists were 
instructed to expectorate both samples and rinse water. All tests 
were conducted, mid-morning, Monday through Friday, in an 
air-conditioned (24° C) taste panel facility, and panelists were seated 
in individual booths. Communication via a two-way light switch in 
each booth minimized verbal interaction between panelists and 
server.
Threshold determinations for primary taste 
in aqueous solutions

Aqueous solutions of sucrose, citric acid, caffeine, and sodium 
chloride, as well as glass double-distilled water, were prepared 24 
hr before testing. The solutions were stored at room temperature 
(24°C) until used. The six concentrations tested for each primary 
taste substance are listed in Table 1.

Ten-ml samples were poured 1 hr prior to serving. Panelists were 
presented two samples at a time. Each was coded with a 3-digit 
random number. One contained redistilled water and the other was 
the test solution. The order of serving pairs and samples within 
pairs was randomized. Additionally, the order of presentation for 
each primary taste series was randomized for each panelist. Panelists 
were asked to identify the sample with the most intense taste within 
each pair. All six pairs of samples from each of the four primary 
taste series were evaluated at each of the four panel sessions.
Hedonic scoring o f  tomato juice and applesauce

Tomato juice and applesauce were selected for this study be
cause the primary taste substances could be dispersed uniformly in 
them. In orientation and practice sessions, it was determined that 
both foods were acceptable to panelists.Sufficient quantities of tomato juice and applesauce for the 
study were obtained at a local market. Sucrose, citric acid, caffeine, 
and sodium chloride were added to these products 24 hr before 
testing and stored in a refrigerator (4°C). Concentrations of primary
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taste substances added are listed on Fig. 1. Samples were removed 
from refrigeration 3 hr before panels began and achieved a tempera
ture of 24°C before serving. Fifteen-ml samples of tomato juice 
were poured into 57-ml opaque odorless plastic cups, each bearing 
a 3-digit random code. Twenty-gram samples of applesauce were 
portioned with a small scoop (No. 60) into 85-ml randomly coded 
plastic souffle cups. Each sample of applesauce was accompanied 
by a clean plastic spoon for tasting. The samples of tomato juice 
and applesauce were evaluated on a 5-point hedonic scale. Order of 
serving tomato juice and applesauce samples was randomized for 
each panelist for each of the four replications.
Statistical analyses

Descriptive terms were assigned numerical values so that analysis 
of variance (Snedecor and Cochran, 1967) could be applied to the 
data for both frequency of consuming foods and hedonic scores. 
The term denoting the most frequent consumption, “daily”, was 
given a value of 5, and that describing the least frequent con
sumption, “never,” was given a value of 1. Similarly, the phrase, 
“like very much,” was assigned a value of 5, and “dislike very 
much,” was given a value of 1. Differences (P < 0.05) among means 
were located by applying Duncan’s (1955) New Multiple Range 
Test. Coefficients of determination (Huntsberger, 1961) were com
puted between individual panels and frequency of consuming spe
cific food groups, thresholds, and mean hedonic responses.

To determine taste thresholds, a linear regression of positive 
responses (Snedecor and Cochran, 1967) was calculated for each 
panel for each primary taste. The threshold was designated as the 
concentration at which 50% of the judges were able to detect (P = 
0.05) the presence of the primary taste (Amerine et al., 1965).

RESULTS & DISCUSSION
T H E  M A J O R I T Y  o f  a l l  t h r e e  p a n e l s  w e r e  f r o m  u r b a n  a r e a s  
in  t h e i r  r e s p e c t i v e  c o u n t r i e s .  F o r  t h e  A m e r i c a n ,  N ig e r i a n ,  
a n d  K o r e a n  p a n e l s ,  t h e  m e a n  a g e  w a s  2 1 . 3 ,  2 6 . 5 ,  a n d  3 6 .6  
y r ,  r e s p e c t i v e ly .  I n  a d d i t i o n ,  t h e  m e m b e r s  o f  t h e  K o r e a n  
p a n e l  t e n d e d ,  o n  t h e  a v e r a g e ,  t o  h a v e  h a d  m o r e  y e a r s  o f  
f o r m a l  e d u c a t i o n  t h a n  N ig e r ia n  o r  A m e r i c a n  p a n e l i s t s .

F o o d  c o n s u m p t i o n  p a t t e r n s
A m e r i c a n  p a n e l i s t s  c o n s u m e d  f o o d  g r o u p s  w i t h  a  d o m i 

n a n t  s w e e t  t a s t e  ( d e s s e r t s ,  c a n d ie s ,  a n d  s o f t  d r i n k s )  m o r e  
o f t e n  t h a n  e i t h e r  N ig e r i a n s  o r  K o r e a n s .  F r e q u e n c y  o f  c o n 
s u m p t i o n  w a s  s im i la r  a m o n g  t h e  t h r e e  p a n e l s  f o r  s o u r  a n d  
b i t t e r  f o o d  g r o u p s  i n c l u d in g  f e r m e n t e d  m i l k  p r o d u c t s ,  c o f 
f e e ,  a n d  t e a .  K o r e a n s  a t e  s a l t y  f o o d s  m o r e  o f t e n  t h a n  t h e  
N ig e r ia n s ,  w h o  i n c l u d e d  t h i s  g r o u p  o f  f o o d s  i n  t h e i r  d ie t s  
m o r e  o f t e n  t h a n  A m e r ic a n s .

N ig e r ia n s  m e n t i o n e d  t h e  f o l l o w in g  t y p i c a l  f o o d s  a s  b e in g  
f r e q u e n t l y  c o n s u m e d  in  t h e i r  n a t i v e  c o u n t r y :  o g i , a  f e r 
m e n t e d  c o r n  m e a l  p o r r i d g e ;  a g id i ,  a  s e m i- s o l id  f e r m e n t e d  
c o r n  m e a l  p r o d u c t ;  O v a l t i n e ,  a n d  e v a p o r a t e d  m i lk .  S u n g -  
y u n g ,  r i c e  t e a ;  k im - c h e e ,  p i c k l e d  v e g e ta b le s ,  a n d  tw e n -  
c h a n g - k u ,  f e r m e n t e d  b e a n  s o u p ,  w e r e  t h e  f r e q u e n t l y  c o n 
s u m e d  n a t i v e  f o o d s  o f  t h e  K o r e a n s  w h e n  in  t h e i r  o w n  
c o u n t r y .  A m e r i c a n s  r e p o r t e d  p iz z a ,  h a m b u r g e r s ,  a n d  s u b 
m a r in e  s a n d w ic h e s  a s  f r e q u e n t l y  c o n s u m e d  f o o d s .

B o t h  t h e  N ig e r ia n s  a n d  K o r e a n s  a l t e r e d  t h e i r  f o o d  
h a b i t s  a f t e r  c o m in g  t o  t h e  U n i t e d  S t a t e s .  N ig e r i a n s  i n 
c r e a s e d  t h e i r  c o n s u m p t i o n  o f  s w e e t  f o o d s ,  c h e e s e ,  a n d  
p r o c e s s e d  f o o d s  a n d  r e d u c e d  t h e i r  i n t a k e  o f  f i s h  a n d  f e r 
m e n t e d  g r a in s .  K o r e a n s  in c r e a s e d  t h e i r  i n t a k e  o f  m e a t ,  
c o r n  a n d  w h e a t ,  c h e e s e ,  p r o c e s s e d  f r u i t s  a n d  v e g e ta b le s ,

a n d  d e s s e r t s  a n d  r e d u c e d  t h e i r  c o n s u m p t i o n  o f  f i s h ,  s o y ,  
a n d  r ic e .

T h r e s h o ld s  f o r  p r i m a r y  t a s t e s  in  s o l u t i o n
S e n s i t iv i t i e s  o f  t h e  t h r e e  p a n e l s  t o  t h e  p r i m a r y  t a s t e  

s u b s t a n c e s  in  a q u e o u s  s o l u t i o n  w e r e  s im i la r  ( T a b l e  2 ) .  
S t a t i s t i c a l l y  s i g n i f i c a n t  ( P  <  0 .0 5 )  d i f f e r e n c e s  w e r e  f o u n d  
n e i t h e r  a m o n g  t h r e s h o l d s  n o r  t h e  s lo p e s  o f  t h e  r e g r e s s io n  
l in e s  p l o t t e d  f o r  e a c h  p a n e l .  T h i s  is  in  c o n t r a s t  t o  t h e  f i n d 
in g s  o f  J o h a n s s o n  e t  a l .  ( 1 9 7 3 )  w h o  r e p o r t e d  a  d i f f e r e n c e  i n  
t h e  t h r e s h o l d  f o r  s a l t  a m o n g  d i f f e r e n t  n a t i o n a l i t i e s .  I n  t h e i r  
i n v e s t i g a t i o n ,  p e o p l e s  f r o m  t h e  N e t h e r l a n d s  h a d  l o w e r  
t h r e s h o l d s  f o r  t h i s  p r i m a r y  t a s t e  s u b s t a n c e  t h a n  p e o p l e s  
f r o m  S w e d e n ,  t h e  U n i t e d  S t a t e s ,  a n d  P o l a n d  a m o n g  w h o m  
t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e .

H e d o n ic  r e s p o n s e s  t o  t o m a t o  j u i c e  a n d  a p p l e s a u c e  
w i t h  a d d e d  p r i m a r y  t a s t e s

I n  g e n e r a l ,  t h e  N ig e r ia n  a n d  K o r e a n  p a n e l s  l i k e d  t o m a t o  
j u i c e  m o r e  t h a n  t h e  A m e r i c a n  p a n e l .  A n a ly s i s  o f  v a r i a n c e  
( S n e d e c o r  a n d  C o c h r a n ,  1 9 6 7 )  a n d  s e p a r a t i o n  o f  m e a n s  
b y  D u n c a n ’s ( 1 9 5 5 )  N e w  M u l t i p l e  R a n g e  t e s t  r e v e a l e d  t h e  
f o l l o w in g  s t a t i s t i c a l l y  s i g n i f i c a n t  ( P  <  0 .0 5 )  d i f f e r e n c e s .  
T h e  N ig e r ia n  a n d  K o r e a n  p a n e l s  p r e f e r r e d  s w e e t e n e d  (2 %  
s u c r o s e )  t o m a t o  j u i c e ,  w h e r e a s  t h e  A m e r i c a n s  l i k e d  t h e  
c o n t r o l  t o m a t o  j u i c e  b e t t e r  t h a n  t o m a t o  j u i c e  w i t h  s u c r o s e ,  
c i t r i c  a c id ,  c a f f e in e  o r  N a C l  a d d e d .  A m e r i c a n s  r a t e d  t o m a t o  
j u i c e  w i t h  a  s o u r  t a s t e  ( 0 . 2 %  c i t r i c  a c id )  s e c o n d  b e s t ,  w h i l e  
t h e  N ig e r ia n s  a n d  K o r e a n s  l i k e d  t h i s  t r e a t m e n t  l e a s t .  A l l  
p a n e l s  l i k e d  t o m a t o  j u i c e  w i t h  t h e  l o w  c o n c e n t r a t i o n s  o f  
t h e  p r i m a r y  t a s t e  s u b s t a n c e s  a d d e d  b e t t e r  t h a n  s a m p le s  
w i t h  h i g h e r  c o n c e n t r a t i o n s  o f  t h e  s a m e  a d d i t i v e  ( F ig .  1 ).

D a t a  g r o u p e d  a c c o r d in g  t o  n a t i o n a l i t y  i n d i c a t e d  t h a t  t h e  
K o r e a n  p a n e l  l i k e d  a p p l e s a u c e  m o r e  t h a n  t h e  N ig e r ia n s ,  
w h o  in  t u r n  l i k e d  t h i s  p r o d u c t  b e t t e r  t h a n  t h e  A m e r i c a n s .  
T h e  A m e r i c a n s  p r e f e r r e d  t h e  c o n t r o l  s a m p le  o f  a p p l e s a u c e  
w h i le  t h e  N ig e r ia n s  l i k e d  th i s  p r o d u c t  b e s t  w h e n  i t  c o n 
t a i n e d  8 %  s u c r o s e .  T h e  K o r e a n  p a n e l  r a t e d  t h e  c o n t r o l ,  t h e  
s w e e t e n e d  a p p l e s a u c e ,  a n d  t h e  s a m p le  c o n t a i n i n g  0 . 2 %  
N a C l  a s  m o s t  l i k e d  a n d  d id  n o t  d i f f e r e n t i a t e  a m o n g  th e s e  
t r e a t m e n t s  ( F ig .  1 ).

I n t e r r e l a t i o n s h i p s
C o e f f i c i e n t s  o f  d e t e r m i n a t i o n  ( r 2 )  r e v e a l e d  t h a t  d i e t a r y  

h i s t o r y ,  a s  r e f l e c t e d  b y  f r e q u e n c y  o f  f o o d  g r o u p  c o n s u m p 
t i o n ,  w a s  c l o s e l y  r e l a t e d  t o  a f f e c t i v e  r e s p o n s e s  t o  t o m a t o  
j u i c e  w i t h  s w e e t  ( r 2  =  0 .9 9 ) ,  s o u r  ( r 2  =  0 . 9 6 ) ,  b i t t e r  ( r 2  =  
0 .9 4 ) ,  a n d  s a l t y  ( r 2  =  0 .7 3 )  s u b s t a n c e s  a d d e d  a n d  t o  a p p l e 
s a u c e  w i t h  s w e e t  ( r 2  =  0 .8 8 )  a n d  s a l t y  ( r 2  =  0 .9 4 )  t a s t e  
s u b s t a n c e s  a d d e d .  O t h e r  r 2  v a lu e s  w e r e  l o w  i n d i c a t i n g  l i t t l e  
r e l a t i o n s h i p  b e t w e e n  f r e q u e n c y  o f  f o o d  g r o u p  c o n s u m p t i o n  
a n d  h e d o n i c  r e s p o n s e  t o  a p p l e s a u c e  w i t h  a d d e d  s o u r  ( r 2  =  
0 .0 9 )  o r  a d d e d  b i t t e r  ( r 2  =  0 .4 3 )  t a s t e  s u b s t a n c e s .  O n l y  o n e  
s t r o n g  r e l a t i o n s h i p  b e t w e e n  a  t h r e s h o l d  f o r  a  p r i m a r y  t a s t e  
a n d  f o o d  c o n s u m p t i o n  w a s  a p p a r e n t .  T h r e s h o l d s  f o r  c a f 
f e in e  w e r e  d i r e c t l y  a s s o c ia t e d  w i t h  f r e q u e n c y  o f  c o n s u m in g  
f o o d s  w i t h  a  p r o m i n e n t  b i t t e r  t a s t e  ( r 2  =  0 .8 1 ) .  T h i s  s u p 
p o r t s  t h e  f i n d in g s  o f  D a v is  ( 1 9 7 8 )  t h a t  p e o p l e s  w h o  c u s 
t o m a r i l y  in g e s t  la r g e  q u a n t i t i e s  o f  b i t t e r  t a s t i n g  p r o d u c t s ,  
s u c h  a s  c o f f e e ,  h a v e  lo w  s e n s i t i v i t i e s  t o  t h i s  p r i m a r y  t a s t e .

Table 1—S ix  concentra tions o f  aqueous so lu tions o f  fo u r  p r im a ry  taste substances

T a s t e  s u b s t a n c e s C o n c e n t r a t i o n s  ( %  w / v )

S u c r o s e 0 . 3 0 . 1 5 0 . 0 7 5 0 . 0 3 7 5 0 . 0 1 8 7 5 0 . 0 0 9 3 7 5
C i t r i c  a c i d 0 . 0 1 2 8 0 . 0 0 6 4 0 . 0 0 3 2 0 . 0 0 1 6 0 . 0 0 0 8 0 . 0 0 0 4
C a f f e i n e 0 . 0 0 8 0 . 0 0 4 0 . 0 0 2 0 . 0 0 1 0 . 0 0 0 5 0 . 0 0 0 2 5
S o d i u m  c h l o r i d e 0 . 0 1 0 . 0 0 5 0 . 0 0 2 5 0 . 0 0 1 2 5 0 . 0 0 0 6 2 5 0 . 0 0 0 3 1 2 5
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A L T H O U G H  T H I S  S T U D Y  w a s  c o n d u c t e d  w i t h  a  l i m i t e d  
n u m b e r  o f  s u b j e c t s ,  a l l  o f  w h o m  c u r r e n t l y  r e s id e  in  t h e  
U n i t e d  S t a t e s ,  t h e  d a t a  s u g g e s t  t h a t  f o o d  p r o c e s s o r s  c o m 
p e t i n g  in  c u l t u r a l l y  d iv e r s e  m a r k e t s  c a n  d e l i n e a t e  f o o d  
p r e f e r e n c e  a n d  f o r m u l a t e  p r o d u c t s  t o  m a x im i z e  t h e  p o t e n 

t i a l  f o r  s u c c e s s .  A f f e c t i v e  r e s p o n s e s ,  n o t  s e n s o r y  t h r e s h o l d s  
t o  p r i m a r y  t a s t e s ,  a r e  a p p l i c a b le .  T h e  d a t a  f r o m  t h i s  s t u d y  
s u g g e s t  t h a t  b o t h  t o m a t o  j u i c e  a n d  a p p l e s a u c e  w o u ld  h a v e  a 
g r e a t e r  a c c e p t a n c e  in  N ig e r ia  a n d  K o r e a  i f  s w e e t e n e d  t o  a  
h ig h e r  le v e l  t h a n  is  c u r r e n t l y  c u s t o m a r y  in  t h e  U n i te d  
S t a t e s .  I f  u n a b l e  t o  a s s e s s  a f f e c t i v e  r e s p o n s e s ,  t h e  f i r m  
e n t e r i n g  i n t e r n a t i o n a l  m a r k e t s  c o u ld  s u b s t a n t i a l l y  r e d u c e

—Continued on page 569
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Q u a l i t y  P r o f i l e s  o f  R i c e :  A  T e n t a t i v e  S c h e m e  f o r  C l a s s i f i c a t i o n

K. R. BHATTACHARYA, C. M. SOWBHAGYA, and Y. M. INDUDHARA SWAMY

----------------------------ABSTRACT------------------------------
Based on a study of 177 samples, rice varieties could be tentatively 
classified into eight quality types primarily on the basis of total and 
hot-water-insoluble amylose contents and viscogram pattern. Rice of 
type I (high total and insoluble amylose) cooked very hard and 
flaky, while that of type VIII (waxy, negligible amylose) cooked 
very soft and sticky. Gelatinization temperature (GT) could be 
indexed by either alkali score or water-uptake ratio or soluble-amy- 
lose ratio. Equilibrium moisture attained by rice upon soaking was a 
combined function of the amylose content, the GT, and kernel 
chalkiness. The viscogram pattern was largely, but not wholly, a 
function of the amylose. Protein content was not related to other 
properties.

INTRODUCTION
D E S P I T E  C O N S I D E R A B L E  P R O G R E S S  i n  t h e  l a s t  f e w  
d e c a d e s ,  m u c h  s t i l l  r e m a i n s  t o  b e  u n d e r s t o o d  a b o u t  t h e  
p h y s i c o c h e m i c a l  b a s is  o f  r i c e  g r a i n  q u a l i t y  ( J u l i a n o ,  1 9 7 9 ) .  
I n  a n  e a r l i e r  s t u d y  w i t h  3 2  v a r i e t i e s  ( B h a t t a c h a r y a  e t  a l . ,
1 9 7 8 ) ,  w e  s h o w e d  t h e  i m p o r t a n c e  o f  a  n e w  f a c t o r —t h e  
i n s o l u b l e  a m y lo s e  c o n t e n t —a s  a  k e y  d e t e r m i n a n t  o f  r i c e  
q u a l i t y ,  a n d  a d d i t i o n a l l y  o b s e r v e d  t h a t  t h e  e x p e r i m e n t a l  
s a m p le s  c o u ld  b e  c la s s i f ie d  i n t o  a  f e w  g r o u p s  w i t h  d i s t i n c t  
q u a l i t y  p r o f i l e s .

I n  a  c o n t i n u a t i o n  o f  t h e s e  s t u d i e s ,  a  m u c h  l a r g e r  l o t  
( 1 7 7  s a m p le s ,  1 6 9  v a r i e t i e s ) ,  r e p r e s e n t i n g  a  b r o a d  c r o s s -  
s e c t i o n  o f  w o r l d ’s r i c e  ( b u t  w i t h  e m p h a s i s  o n  I n d i a ) ,  h a s  
n o w  b e e n  a n a l y z e d .  T h e  i m p o r t a n c e  o f  v a r i o u s  p r o p e r t i e s  
a s  i n d i c e s  o r  d e t e r m i n a n t s  o f  r i c e  q u a l i t y  a s  w e l l  a s  t h e i r  
i n t e r r e l a t i o n s  h a v e  b e e n  t e s t e d .  F u r t h e r ,  a  t e n t a t i v e  s c h e m e  
f o r  c l a s s i f i c a t i o n  o f  w o r l d ’s r i c e  o n  t h e  b a s is  o f  q u a l i t y  h a s  
b e e n  d r a w n  u p  ( t h i s  s c h e m e  w a s  b r i e f l y  r e p o r t e d  in  a  n o t e :  
B h a t t a c h a r y a  e t  a l . ,  1 9 7 9 b ) .

MATERIALS & METHODS
Rice

A brief description of the samples is given in Table 1. A majority 
of them (106 samples, 100 varieties) represented popular traditional 
(tall) rice of various Indian states, collected from the respective 
state experimental farm as detailed elsewhere (Bhattacharya et al.,
1980). The remaining 71 samples (69 varieties) comprised of various 
other Indian and foreign rices as explained in the Table, and were 
procured either from the Central Rice Research Institute, Cuttack, 
or the University of Agricultural Sciences Experiment Station at Mandya.

The paddy samples (1-2  kg each) were thoroughly dried in air, 
fumigated, and then stored in cloth bags in large metal drums in 
the laboratory at room temperature (24-34°C). As stored, their moisture contents lay in the range 11-13% (wet basis). The bulk of 
the analyses were carried out between 0.75 and 2.0 yr after their 
harvest, but certain tests (see later) were conducted much later.

Paddy was milled in the laboratory using a McGill or a Satake 
sheller and a McGill miller No. 3 by standard methods (to 8-10% 
degree of milling by weight). Rice was ground for amylose and

A u th o rs  Bhattacharya, Sowbhagya, and  Indudhara  S w am y are a f f i l 
ia te d  w ith  the D isc ip line  o f  Rice &  Pulse Techno logy, C entra l F o od  
Techno log ica l Research In s titu te , M ysore-570013, Ind ia.

viscograph tests in a Buhler disc grinder (MLI 204) and then in a 
Raymond hammer mill to roughly 65 mesh.
Analytical methods

Total (Sowbhagya and Bhattacharya, 1971) and hot-water- 
insoluble (Bhattacharya et al., 1972) amylose contents were deter
mined in undefatted flour in all the samples. They were also deter
mined in defatted flour in about 25 selected samples representing 
the entire range. The undefatted-flour values in the samples other 
than these 25 were then converted to defatted-flour values by read
ing from a defatted- vs undefatted-value graph prepared from the 25 
samples. Alkali score and type (Bhattacharya, 1979; Bhattacharya 
and Sowbhagya, 1972, 1980) ; equilibrium moisture content attained 
by whole-grain milled rice when soaked in water at room tempera
ture (EMC-S) (Indudhara Swamy et al., 1971); ratio of apparent

Table 1—Id e n tif ic a tio n  o f  experim en ta l rice samples

N u m b e r  o f

B r o a d  g r o u p A m y l o s e  c l a s s S a m p l e s V a r i e t i e s

P o p u l a r H i g h 7 9 7 3
t r a d i t i o n a l
( t a l l ) I n t e r m e d i a t e :  s c e n t e d 1 2 1 2
I n d i a n

n o n s c e n t e d 9 a 9
L o w 4 a 4
W a x y 2 2

1 0 6 1 0 0

O t h e r H i g h 2 2
t r a d i t i o n a l
( t a l l ) I n t e r m e d i a t e :  s c e n t e d 1 3 1 2
I n d i a n

W a x y 8 b 8
2 3 2 2

M o d e r n H i g h 2 8 2 7
( s e m i d w a r f )
I n d i a n I n t e r m e d i a t e 2 2

L o w 1 1
3 1 3 0

A m e r i c a n I n t e r m e d i a t e 4 4
l o n g
g r a i n L o w 1 1

5 5

B u l u I n t e r m e d i a t e 4 4
4 4

J a p a n e s e L o w :  P o n l a i 4 4
t y p e

Japónica 2 2
Ind ica  x  japón ica 2 2

8 8
T o t a l 1 7 7 1 6 9

® A ll  fro m  n o rth ea st and  n o rth w e s t h i l ly  reg io ns o f In d ia  
T h re e  o f th ese  a re  e x o t ic  c o lle c t io n s  fro m  n o rth ea st h i l ly  reg io ns 
o f In d ia , and o n e  (C R  H P 8 ) is a h ig h -p ro te in  v a r ie ty  d eve lo p ed  b y  
C R R I ,  C u t ta c k .
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water uptake at 80°C to that at 96°C (W'80/W'96) (Bhattacharya 
and Sowbhagya, 1971); the ratio of the amylose content soluble 
in water at 65° to that at 96°C (sA^/sAgg) (Bhattacharya et al.,
1972); and stickiness of cooked rice as measured by the percent re
tention of rice on a sieve under specified conditions and its consis
tency (apparent viscosity, hardness) as measured by back extrusion 
in the Haake consistometer (Manohar Kumar et al., 1976; Bhatta
charya et al., 1978) were determined as described earlier. Gelatini- 
zation temperatures (GT) of the samples were calculated from the 
10%-slurry viscograms as suggested by luliano et al. (1964b). Pro
tein content (in milled rice) was determined approximately by the 
biuret method of Parial et al. (1970).

Brabender viscograms were initially run for all the samples with 
10% iso-starch slurry (14% moisture basis) as already described 
(Bhattacharya et aL, 1978). But these data did not seem to provide 
much useful information. Subsequently 44 selected samples were 
tested for their Brabender viscograms at a number of slurry concen
trations (in the range 5 — 16%, dry basis) each, and the samples were 
then divided into ‘viscogram BDr types’ I to VIII by noting the pat
tern of their ‘relative breakdown’ [BDr = breakdown/(breakdown + 
setback)] values and other viscosity ratios against the corresponding 
peak viscosity values; these data have been fully described earlier 
(Bhattacharya and Sowbhagya, 1979). The BDr types of the remain
ing samples were then determined by comparing their BDr and peak 
viscosity values as obtained in the 10%-slurry viscograms with the 
above standard curves, after applying appropriate correction for 
the difference in age, as also fully explained in the above paper. 
To study the correlation of the viscogram BDr type with other prop
erties, the BDr types were assigned ranks as follows:

BDr type Rank
I 1

II 2
III 3
IV, V 4
VI, VII 5
VIII 6

This ranking was done because the BDr values at a peak viscosity of 
1000 BU broadly followed the above order (Bhattacharya and 
Sowbhagya, 1979). Mixed types were given intermediate ranks (e.g. 
type ».III = rank 2%.

Chalkiness scores of the samples were determined to test their 
correlation with EMC-S. In an earlier exploratory work (Bhatta
charya et al., 1979a) it was observed that chalky kernels in 5 out of 
7 varieties had indeed higher EMC-S than the corresponding non- 
chalky kernels, but the size of chalky area in kernels of a given 
variety had only a slight effect on the EMC-S. Hence a modified 
score card for kernel chalkiness with a narrow range of scores was 
used as follows:

% Kernel area chalky Score
Nil 0

0-20 1
> 20 2

Duplicate 100 randomly selected milled whole grains were indi
vidually assigned scores as per the above and the mean aggregate 
score was calculated.

Since the large number of samples was analyzed at different 
times and many had aged considerably by then, the insoluble amy
lose contents and EMC-S values of the samples were all converted to 
an approximate age of 6 months by correcting them with the help 
of the age-trend curves described earlier (Indudhara Swamy et aL,
1978). The other parameters did not need to be so converted as 
they were largely independent of grain age.The texture (stickiness and consistency) of cooked rice was 
determined in only 45 selected samples, since the determination is 
very laborious. Unfortunately the tests were run at varying times, 
as a result of which the data were not strictly comparable. Hence 
these data have not been presented here. However, a perceptible 
trend could be discerned in the relation between the physicochem
ical parameters of the samples and their cooked-rice texture, which 
moreover was in agreement with the trend observed earlier (Bhat
tacharya et aL, 1978) with 32 samples. Hence this broad trend 
alone has been presented in the following results.

RESULTS & DISCUSSION
Q u a l i t y  c l a s s i f i c a t i o n  o f  r i c e

A m y l o s e  c o n t e n t  is  n o w  w e l l  r e c o g n i z e d  a s  t h e  m o s t  
i m p o r t a n t  d e t e r m i n a n t  o f  r i c e  q u a l i t y  ( J u l i a n o  e t  a l . ,  1 9 6 5 ,  
J u l i a n o ,  1 9 7 9 ) .  W e  h a v e  s h o w n  t h a t  t h e  h o t - w a t e r - i n s o lu b l e  
a m y l o s e  c o n t e n t  is  a n o t h e r  k e y  p a r a m e t e r  ( M a n o h a r  K u m a r  
e t  a l . ,  1 9 7 6 ;  B h a t t a c h a r y a  e t  a l . ,  1 9 7 8 ) .  T h e  v i s c o g r a m  B D r 
t y p e  t o o  is  a  v e r y  e f f e c t i v e  i n d i c a t o r  o f  q u a l i t y  ( B h a t t a 
c h a r y a  a n d  S o w b h a g y a ,  1 9 7 9 ) .  T h e  a l k a l i  d e g r a d a t i o n  t y p e  
o f  r i c e  a n d  t h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  a t t a i n e d  b y  i t  
u p o n  s o a k i n g  i n  w a t e r  a t  r o o m  t e m p e r a t u r e  (E M C - S )  a r e  
t w o  o t h e r  p r o p e r t i e s  w h i c h  s e e m  t o  b e  r e l a t e d  t o  r i c e  q u a l 
i t y  ( B h a t t a c h a r y a  e t  a l . ,  1 9 7 8 ) .

B a s e d  o n  t h e  a b o v e  f a c t o r s  d e t e r m i n e d  i n  t h e  1 7 7  s a m 
p l e s ,  t h e  s a m p le s  c o u ld  b e  d iv id e d  i n t o  e i g h t  d i s t i n c t  g r o u p s .  
T h e r e  w e r e  f o u r  m a j o r  a m y lo s e - b a s e d  c la s s e s ;  h ig h - ,  i n t e r 
m e d i a t e -  a n d  lo w - a m y lo s e ,  a n d  w a x y .  E a r l i e r  w o r k  ( B h a t 
t a c h a r y a  e t  a l . ,  1 9 7 8 )  s h o w e d  t h a t  t h e r e  w e r e  t h r e e  c l e a r  
s u b - c la s s e s  in  t h e  h ig h - a m y lo s e  c la s s ,  b a s e d  o n  d i f f e r e n c e s  i n  
t h e i r  h o t - w a t e r - i n s o l u b l e  a m y l o s e  c o n t e n t s .  T h i s  w a s  a g a in  
a m p l y  c o n f i r m e d  w i t h  t h e  p r e s e n t  s a m p le s .  H e n c e  t h e s e  
f o r m e d  t h e  f i r s t  t h r e e  t y p e s .  N e x t  c a m e  t h e  i n t e r m e d i a t e -  
a m y l o s e  c la s s .  H e r e  a g a in  t h r e e  s u b - d iv i s i o n s  b e c a m e  a p 
p a r e n t ,  a l t h o u g h  t h e  w a t e r - i n s o l u b l e  a m y l o s e  c o n t e n t ,  
w h i c h  w a s  q u i t e  l o w ,  d id  n o t  a p p r e c i a b l y  v a r y  a m o n g  th e s e  
s a m p le s .  O n e  s u b - c la s s  w a s  t h e  s c e n t e d  r i c e :  t h e  2 4  s c e n t e d  
v a r i e t i e s  ( 2 5  s a m p le s ) ,  c o l l e c t e d  f r o m  d i f f e r e n t  p a r t s  o f  t h e  
c o u n t r y ,  h a d  a  s u r p r i s i n g ly  n a r r o w  r a n g e  o f  p r o p e r t i e s  so  
t h a t  t h e y  c o u ld  b e  c o n s i d e r e d  a  d i s t i n c t  t y p e .  T h e y  a l s o  h a d  
a  d i s t i n c t  v i s c o g r a m  t y p e  ( B h a t t a c h a r y a  a n d  S o w b h a g y a ,
1 9 7 9 ) .  B u lu  r i c e s  a g a in  s e e m e d  a  t y p e  b y  th e m s e l v e s ,  w i t h ,  
a m o n g  o t h e r  p r o p e r t i e s ,  c h a r a c t e r i s t i c  a n d  u n u s u a l l y  h ig h  
B D r v a lu e s .  T h e  r e m a i n in g  i n t e r m e d i a t e - a m y l o s e  v a r i e t i e s  
f o r m e d  t h e  t h i r d  s u b - c la s s  o r  t y p e  a m o n g  t h i s  b r o a d  c la s s . 
T h e  l o w - a m y lo s e  a n d  w a x y  r i c e s  f o r m e d  t h e  r e m a i n i n g  t w o  
t y p e s ,  g iv in g  e i g h t  q u a l i t y  t y p e s  i n  a l l .

T h e  r a n g e  o f  v a lu e s  o f  v a r i o u s  p r o p e r t i e s  o f  t h e  1 7 7  s a m 
p le s  d iv id e d  i n t o  e i g h t  g r o u p s  a s  a b o v e ,  a l o n g  w i t h  th e n -  
m e a n s  a n d  s t a n d a r d  d e v i a t i o n s ,  a r e  s h o w n  i n  T a b l e  2 .  
O n  t h i s  b a s i s ,  i t  a p p e a r s  t h a t  r i c e  c a n  b e  t e n t a t i v e l y  d iv id e d  
i n t o  e i g h t  q u a l i t y  t y p e s  w i t h  t h e  c h a r a c t e r i s t i c s  a s  s h o w n  in  
T a b l e  3 .  T h e  o v e r a l l  t r e n d s  o f  c h a n g e  o f  r e l a t i v e  b r e a k 
d o w n ,  s t i c k i n e s s  a n d  c o n s i s t e n c y  a m o n g  t h e  t y p e s  a r e  
s h o w n  b y  a r r o w s  i n  t h e  T a b l e .

T h e  n u m b e r  a n d  p e r c e n t a g e s  o f  s a m p le s  s h o w in g  v a lu e s  
o u t s i d e  t h e  r a n g e s  d e f i n e d  i n  T a b l e  3  a r e  s h o w n  i n  T a b l e  4 ,  
a n d  t h e  e x c e p t i o n a l  v a lu e s  a s  s u c h  a r e  r e p r o d u c e d  i n  T a b l e  5 .

I t  is  c l e a r  f r o m  T a b le s  4  a n d  5 t h a t  t h e  e x c e p t i o n s  w e r e  
n e i t h e r  t o o  l a r g e  i n  n u m b e r  n o r  t o o  w id e  i n  m a g n i t u d e  t o  
m a r  t h e  t e n t a t i v e  c l a s s i f i c a t i o n  p r o p o s e d  i n  T a b l e  3 .  T h e  
b u l k  o f  t h e  e x c e p t i o n s  i n  t h e  v i s c o g r a m  t y p e  r e p r e s e n t e d  a t  
m o s t  a  d e p a r t u r e  b y  o n e  t y p e  f r o m  t h e  e x p e c t e d  t y p e .  T h e  
s i g n i f i c a n t  n u m b e r  o f  e x c e p t i o n s  i n  a l k a l i  t y p e  s u g g e s t s  
t h a t  w h i le  t h i s  p a r a m e t e r  is  g e n e r a l l y  c h a r a c t e r i s t i c  o f  t h e  
r i c e  q u a l i t y  t y p e ,  t h e r e  a r e  o t h e r  u n k n o w n  c a u s a t iv e  
f a c t o r s  b e h i n d  i t .  T h e  E M C -S  t o o  is  o n l y  g e n e r a l l y  c h a r a c 
t e r i s t i c  o f  t h e  r i c e  t y p e ,  f o r ,  a s  d i s c u s s e d  l a t e r ,  i t  is  a  f u n c 
t i o n  o f  c e r t a i n  o t h e r  p r o p e r t i e s .  T h e  a l k a l i  s c o r e  ( i . e . ,  t h e  
g e l a t i n i z a t i o n  t e m p e r a t u r e )  t o o  i s  o n l y  g e n e r a l l y  c h a r a c t e r 
i s t i c  o f  t h e  r i c e  t y p e ,  b e in g  a n  i n d e p e n d e n t  v a r i a b l e  w i t h  
n o  d e f i n i t e  i n f l u e n c e  o n  r i c e  q u a l i t y  ( J u l i a n o  e t  a l . ,  1 9 6 5 ) .  
Y e t  s o m e h o w ,  p e r h a p s  d u e  t o  g e n e t i c  a s s o c i a t i o n ,  i t s  v a lu e s  
w e r e  r e m a r k a b l y  t y p i c a l  o f  t h e  r i c e  t y p e s .  T h e  e x c e p t i o n s  
i n  t o t a l  a n d  i n s o l u b l e  a m y l o s e  c o n t e n t s  w e r e  q u i t e  in s ig 
n i f i c a n t .

F u r t h e r  w o r k  is  n e c e s s a r y  t o  d e t e r m i n e  t h e  p r e c i s e  r a n g e  
o f  t e x t u r e  v a lu e s  o f  c o o k e d  r i c e  o f  t h e  i n d i v i d u a l  g r o u p s .  
N o  d o u b t  t h e  g r a d a t i o n  o f  s t i c k i n e s s  a n d  c o n s i s t e n c y  
a m o n g  G r o u p s  I , I I ,  I I I ,  V I  a n d  V I I  w e r e  a l r e a d y  c o n f i r m e d
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Q U A L IT Y  C L A S S IF IC A T IO N  O F  R IC E  . . .

i n  o u r  e a r l i e r  w o r k  ( B h a t t a c h a r y a  e t  a l . ,  1 9 7 8 ) .  T h a t  t h e r e  
w o u ld  b e  a  f u r t h e r  g r a d a t i o n  t o  G r o u p  V I I I  ( w a x y  r i c e )  
is  o b v i o u s .  B u t  t h e  p r e c i s e  v a lu e s  a n d  p o s i t i o n s  o f  G r o u p s  
IV  a n d  V  n e e d  t o  b e  f u r t h e r  c o n f i r m e d .

I n d i c e s  o f  g e l a t i n i z a t i o n  t e m p e r a t u r e
T h e  g e l a t i n i z a t i o n  t e m p e r a t u r e  ( G T )  o f  r i c e  is  o n e  o f  i t s  

i m p o r t a n t  p a r a m e t e r s .  B u t  i t  is  l a b o r i o u s  t o  d e t e r m i n e  i t  in

r o u t i n e  w o r k  b y  t h e  s t a n d a r d  b i r e f r i n g e n c e - e n d  p o i n t  o r  
v i s c o g r a p h  t e c h n i q u e s  ( B e a c h e l l  a n d  S t a n s e l ,  1 9 6 3 ) .  H e n c e  
t h e  m o r e  e a s i ly  d e t e r m i n a b l e  p a r a m e t e r s ,  a l k a l i  s c o r e ,  
w a t e r  u p t a k e  r a t i o  ( W '8 0 /W ’9 6 ) a n d  s o lu b l e - a m y lo s e  r a t i o  
(sA 65/ sA 9 6 ) — w h i c h  a r e  a l r e a d y  k n o w n  t o  b e  w e l l  c o r r e 
l a t e d  w i t h  G T  ( B h a t t a c h a r y a  e t  a l . ,  1 9 7 8 )  — o f  t h e  s a m p le s  
w e r e  r e g r e s s e d  a g a in s t  t h e i r  g e l a t i n i z a t i o n  t e m p e r a t u r e  a s  
d e t e r m i n e d  f r o m  t h e i r  v is c o g r a m s .  A l l  f o u r  p a r a m e t e r s

Table 2 —Ranges and mean values o f  the various p rope rties  o f  the rice samples3

N o .  o f  
s a m p l e s

P r o t e i n  
( %  d . b . )

A m y l o s e  c o n t e n t  ( %  d . b . )
A l k a l i
s c o r e

E M C - S  
( %  — w . b . )Q u a l i t y  t y p e T o t a l I n s o l u b l e

1 2 3 4 5 6 7

I H i g h -  
a m y l o s e  A

1 0 6 . 3  - 1 1 . 8  
8 . 4 2  ±  1 . 5 0

2 6 . 3  - 2 9 . 2  
2 8 . 0 7  ±  0 . 7 5

1 5 . 1  - 1 7 . 8  
1 7 . 1 1  ± 0 . 9 0

4 - 8
7 . 0 0  ± 1 . 2 4

2 8 . 3  - 3 0 . 2  
2 9 . 1 9 +  0 . 6 6

II H i g h -  
a m y l o s e  B

3 8 6 . 3  - 1 2 . 6  
8 . 8 3  ±  1 . 6 4

2 6 . 4  - 3 0 . 0  
2 8 . 2 2  ±  0 . 8 4

1 1 . 9  - 1 5 . 1  
1 3 . 7 0 +  0 . 6 5

1 / 2 - 6  
2 . 7 9  ±  1 . 1 6

2 7 . 2  -  2 9 . 8  
2 8 . 3 0  ±  0 . 6 0

II I  H i g h -  
a m y l o s e  C

6 1 6 . 1  - 1 3 . 1  
8 . 5 0  ± 1 . 5 5

2 5 . 6  - 3 0 . 8  
2 8 . 4 4  ±  1 . 1 7

9 . 4  - 1 3 . 0  
1 1 . 4 5  ±  0 . 8 8

1 / 2 - 8  
3 . 0 9  ±  1 . 8 3

2 6 . 3  - 3 1 . 5  
2 8 . 1 5  ±  1 . 0 3

I V  I n t e r m e d i a t e  
a m y l o s e  A  
( s c e n t e d )

2 5
7 . 2  -  1 4 . 3  

1 0 . 0 3  ± 1 . 8 4
2 0 . 7  - 2 7 . 0  
2 4 . 1 8  ± 1 . 5 5

7 . 6  - 1 0 . 5
9 . 0 7  ±  0 . 8 1

3 / 4  -  4  3 / 4  
2 . 3 9  ± 1 . 2 2

2 8 . 1  -  3 0 . 8  
2 9 . 2 1  ±  0 . 6 1

V  l r r t e r m e d i a t e -  
a m y l o s e  B

1 0 7 . 3  - 1 1 . 9  
9 . 1 8  ±  1 . 3 5

2 2 . 7  - 2 5 . 6  
2 4 . 1 5 +  0 . 8 2

8 . 7  - 1 1 . 1  
9 . 6 4  ±  0 . 7 4

3  3 / 4 - 8  
6 . 4 8  ±  1 . 5 6

3 0 . 2  - 3 2 . 5  
3 1 . 1 5  ± 0 . 6 8

V I  I n t e r m e d i a t e -  
a m y l o s e  C  
( B u l u )

9 b
6 . 3  -  9 . 3  
7 . 8 4  ± 1 . 0 4

2 3 . 0  -  2 5 . 6  
2 4 . 1 9  ± 0 . 9 6

7 . 6  - 1 1 . 6  
9 . 8 4 +  1 . 5 4

1 / 4 - 4  
2 . 0 0  ±  1 . 6 8

2 7 . 8  - 2 9 . 8  
2 8 . 5 4  ±  0 . 7 8

V I I  L o w - a m y l o s e
1 4

7 . 4  -  1 2 . 6  
8 . 7 7  ± 1 . 7 5

1 5 . 1  - 2 1 . 3  
1 8 . 6 0  ± 1 . 9 6

7 . 1  -  9 . 1  
8 . 2 6  ±  0 . 6 0

0 - 8
4 . 8 8  ± 1 . 7 7

3 0 . 4  - 3 3 . 1  
3 1 . 5 9  ±  0 . 6 4

V I I I  W a x y
1 0

7 . 5  - 1 2 . 1  
9 . 2 0  ±  1 . 5 1

4 . 4  -  8 . 1  
6 . 3 9  ±  1 . 4 8

3 . 0  -  5 . 6  
4 . 4 3  ± 0 . 7 7

3 - 7
5 . 3 0  ±  1 . 4 0

3 4 . 5  - 3 7 . 0  
3 5 . 4 8  ±  0 . 7 6

O v e r a l l
1 7 7

6 . 1  -  1 4 . 3  
8 . 8 5 +  1 . 6 6

4 . 4  - 3 0 . 8  
2 5 . 2 5  ±  5 . 7 0

3 . 0  - 1 7 . 8  
1 1 . 1 3 +  2 . 8 8

0 - 8
3 . 5 5  ±  2 . 0 7

2 6 . 3  - 3 7 . 0  
2 9 . 2 7  ±  2 . 0 3

? T h e  f ir s t  ro w  against each q u a lity  ty p e  g ives th e  ranges o f  th e  v a rio u s  p ro p e rtie s , th e  second  ro w  gives the  m eans and stan dard  d e v ia t io n s . 
“ T h e re  w e re  fo u r  tru e  b u lu  r ice s  (B a o k , B e a k  G anggas, Beno ng  1 3 0 , S u k a n a n d l) . F o u r  A m e ric a n  long-grain  r ice s  (R e x o r o , B lu e  B o n n e t 5 0 , 

B lu e  B e lle , B e lle  P a tn a ) and In tan  w e re  In c lu d e d  In th is  g ro u p , fo r  a ll th e ir  p ro p e rtie s  w ere  s im ila r . H o w e v e r , th e  co o ked -rice  te x tu re  o f  th e  
la tte r  5 v a rie t ie s  w ere  no t teste d .

Table 3 —Q u a lity  c lass ifica tion o f  rice

^ \ Q u a l i t y  t y p e 1 ii II I I V V V I V I I V I I I
H i g h H i g h H i g h I n t e r m e d i a t e I n t e r m e d i a t e I n t e r m e d i a t e L o w

a m y l o s e a m y l o s e a m y l o s e a m y l o s e  A a m y l o s e a m y l o s e  C a m y l o s e W a x y
P r o p e r t y A B C ( s c e n t e d ) B ( b u l u )

E x a m p l e I R 8 G E B 2 4 T 1 4 1 B a s m a t i 3 7 0 K u k i B e n o n g l 3 0 T a i n a n 3 A s m 4 4
I R 2 2 C o 3 2 S R 2 6 B T 9 A b o r  R e d S u k a n a n d i N o r i n 8 P u r p l e
J a y a I R 2 0 A d t 8 B r 9 T e n g o B a o k P h o u d u m p u t t u

T o t a l
a m y l o s e ,  %  d b > 2 6 > 2 6 > 2 6 2 2 - 2 6 2 2  -  2 6 2 2  -  2 6 1 5 -  2 2 < 5
I n s o l u b l e  
a m y l o s e ,  %  d b > 1 5 1 2 . 5 - 1 5 < 1 2 . 5 7 - 1 0 7 - 1 0 7 - 1 0 7 -  9
A l k a l i  t y p e B ,

M i x e d  B
A ,  B j A ,  B j M i x e d  C M i x e d  C M i x e d  C C D

M e a n  A l k a l i
s c o r e 7 2  Vi 3 2  Vi 6 ’/2 2 6 5 ’/ i
E M C - S ,  %  w b 2 8  -  3 0 2 7  -  2 9 2 7  -  2 9 2 8  -  3 0 3 0 - 3 2 2 8  -  3 0 3 0 . 5  -  3 3 3 4  -  3 7
R e l a t i v e
b r e a k d o w n
( v i s c o g r a m
S t i c k i n e s s

L o w  ----------

— ^ H i g h

( c o o k e d  r i c e )
C o n s i s t e n c y
( c o o k e d  r i c e ) —  L o w
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w e r e  v e r y  h ig h l y  s i g n i f i c a n t l y  c o r r e l a t e d  ( F ig .  1 a n d  2 ) ,  
t h e  t h r e e  r e g r e s s i o n  e q u a t i o n s  a g a in s t  G T ( y )  a n d  t h e  c o r 
r e s p o n d in g  c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  b e in g  a s  f o l l o w s :
( 1 )  A g a in s t  a l k a l i  s c o r e  o f  B h a t t a c h a r y a  a n d  S o w b h a g y a  
( 1 9 7 2 ) :

y  =  7 4 . 5 4  -  1 .4 0  x  ( e x c l u d i n g  w a x y  v a r i e t i e s ,  n  =  1 5 7 )  
o r  7 4 . 8 0  — 1 .5 7  x  ( i n c l u d i n g  w a x y  v a r i e t i e s ,  n  =  1 6 5 )  

r  =  —0 . 8 4 8 * * *  ( e x c l u d i n g  w a x y  v a r i e t i e s )  
o r  —0 . 8 0 6 * * *  ( i n c l u d i n g  w a x y  v a r i e t i e s )

( 2 )  A g a in s t  W '8 0 /W *96 :
y  =  7 7 . 8 9  — 0 .2 8  x  ( e x c l u d i n g  j a p ó n i c a  v a r i e t i e s ,  n  =  1 3 3 )  

o r  7 7 . 0 3  — 0 . 2 4  x  ( i n c l u d i n g  j a p ó n i c a  v a r i e t i e s ,  n  =  1 4 4 )  
r  =  —0 . 8 5 4 * * *  ( e x c l u d i n g  j a p ó n i c a  v a r i e t i e s )  
o r  —0 .7 9 1  * * *  ( i n c l u d i n g  j a p ó n i c a  v a r i e t i e s )

( 3 )  A g a in s t  s A 6 S / s A 9 6 :
y  =  7 5 . 3 6  -  0 .9 9  x  ( e x c l u d i n g  w a x y  v a r i e t i e s ,  n  =  1 5 7 )  

r  =  - 0 . 7 9 5 * * *
C le a r l y ,  a n y  o f  t h e  a b o v e  t h r e e  p a r a m e t e r s  c a n  b e  u s e d  a s  
a  m e a s u r e  o f  t h e  G T  o f  r i c e .  T h e  a l k a l i  s c o r e ,  b e in g  t h e  
e a s ie s t  t o  d e t e r m i n e  a n d  o n e  o f  t h e  m o s t  w id e l y  u s e d  t e s t s ,  
w o u ld  p e r h a p s  b e  t h e  f i r s t  c h o ic e .

I n t e r r e l a t i o n  a m o n g  v a r i o u s  r i c e  p r o p e r t i e s
T h e  la rg e  n u m b e r  o f  s a m p le s  p r o v i d e d  a n  e x c e l l e n t  

o p p o r t u n i t y  t o  t e s t  t h e  i n t e r r e l a t i o n  b e t w e e n  v a r i o u s  r i c e

p r o p e r t i e s .  T h e  s t a t i s t i c a l  c o r r e l a t i o n s  a m o n g  t h e  v a r i o u s  
p r o p e r t i e s  a r e  s h o w n  i n  T a b l e  6 . S in c e  w a x y  v a r i e t i e s  h a v e  
c e r t a i n  p e c u l i a r  f e a t u r e s  ( n e g l i g ib l e  a m y l o s e ,  lo w  G T , h ig h  
E M C -S , f u l l y  c h a lk y  k e r n e l s ,  t y p e  V I I I  v is c o g r a m s )  t h e y  
c o u ld  l e a d  t o  s o m e  f o r t u i t o u s  a s s o c i a t i o n s .  H e n c e  c o r r e l a 
t i o n s  w e r e  c a l c u l a t e d  b o t h  in c l u d in g  a n d  e x c lu d in g  t h e  
w a x y  s a m p le s .

T h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  a t t a i n e d  b y  r i c e  u p o n  
s o a k i n g  i n  w a t e r  a t  r o o m  t e m p e r t u r e  (E M C - S )  w a s  s e e n  
t o  h a v e  a  g o o d  t y p e  s p e c i f i c i t y  ( T a b l e  3 ) .  T h e  p a r a m e t e r  
w a s  e a r l i e r  s h o w n  t o  b e  r e l a t e d  t o  a m y l o s e  c o n t e n t  a n d  
u s u a l l y  t o  k e r n e l  c h a lk i n e s s ,  b u t  i t s  r e l a t i o n  t o  G T  w a s  
f e l t  u n e r t a i n  ( B h a t t a c h a r y a  e t  a l . ,  1 9 7 9 a ) .  I n  f a c t  K o n g -  
s e r e e  a n d  J u l i a n o  ( 1 9 7 2 )  c o n c l u d e d  t h a t  E M C -S  w a s  i n d e 
p e n d e n t  o f  G T . H o w e v e r ,  t h e  d a t a  i n  T a b le  6  c l e a r ly  
s h o w  t h a t  t h e  E M C -S  ( y j )  is  v e r y  h ig h l y  s i g n i f i c a n t l y  r e 
l a t e d  in v e r s e ly  t o  t o t a l  ( x x ) a n d  i n s o l u b l e  ( x 2 )  a m y lo s e  
c o n t e n t s  a n d  d i r e c t l y  t o  a l k a l i  s c o r e  (X 3 )  ( i . e . ,  in v e r s e ly  t o  
G T )  a n d  k e r n e l  c h a lk i n e s s  i n d e x  ( x 4 )  ( a l t h o u g h  t h e  c o r r e l a 
t i o n  w i t h  c h a lk i n e s s  i n d e x  is  m a r k e d l y  r e d u c e d  w h e n  t h e  
w a x y  s a m p le s  a r e  e x c l u d e d ) .  T h e  i n s o l u b l e  a m y l o s e  c a n  b e  
d i s r e g a r d e d ,  b e in g  in  t h e  p r e s e n t  c o n t e x t  o n l y  a  r e f l e c t i o n  
o f  t h e  t o t a l  a m y l o s e .  T h e  r e l e v a n t  m u l t i p l e  r e g r e s s i o n  e q u a 
t i o n  w a s

y j  =  3 4 . 8 3 7  -  0 .2 7 9  X l +  0 .2 6 3  x 3  +  0 . 7 3 4  x 4  

R  =  0 . 9 4 1 * * *  R 2  =  0 .9 2 5  ( n  =  1 6 5 )
C le a r ly  t h e  f i t  is  a l m o s t  e x a c t ,  f o r  t h e  t h r e e  p a r a m e t e r s  t o -

Table 4 —Samples show ing exce p tiona l values o f  various p roperties

G r o u p

T o t a l  
n o .  o f  

s a m p l e s

P e r c e n t a g e  o f  s a m p l e s  In  e a c h  g r o u p  s h o w i n g  e x c e p t i o n a l  v a l u e s  o f

T o t a l
a m y l o s e

I n s o l u b l e
a m y l o s e

A l k a l i
s c o r e

A l k a l i
t y p e E M C - S B D r t y p e

I 1 0 0 0 1 0  ( i  ) a 4 0  ( 4 ) a 0 2 0  ( 2 ) a
II 3 8 0 3  (1 )a 3  i n 1 0  ( 4 ) 1 3  ( 5 ) 3 4  ( 1 3 )

II I 6 1 2  ( 1 ) a 3  ( 2 ) 1 0  ( 6 ) 1 3  ( 8 ) 1 8  ( 1 1 ) 2 8  ( 1 7 )
I V 2 5 1 2  ( 3 ) 8  ( 2 ) 0 1 6  ( 4 ) 4  ( 1 ) 2 0  ( 5 )
V 1 0 0 3 0  ( 3 ) 1 0  ( 1 ) 1 0  ( 1 ) 1 0  ( 1 ) 4 0  ( 4 )

V I 9 0 4 4  ( 4 ) 0 0 0 2 2  ( 2 )
V I I 1 4 0 0 0 1 4  ( 2 ) 0 1 4  ( 2 )

V I I I 1 0 0 0 0 1 0  ( 1 ) 0 4 0  ( 4 )
O v e r a l l 1 7 7 2 . 3  ( 4 ) 6 . 8  ( 1 2 ) 5 . 1  ( 9 ) 1 3 . 6  ( 2 4 ) 1 0 . 2  ( 1 8 ) 2 7 . 7  ( 4 9 )

a  F i g u r e s  i n  p a r e n t h e s e s  g i v e  t h e  a c t u a l  n u m b e r  o f  s a m p l e s  s h o w i n g  e x c e p t i o n a l  v a l u e s .

Table 5 - Values o f  p roperties  given b y  excep tiona l samples

G r o u p

T o t a l  
a m y l o s e  
( %  d . b . )

I n s o l u b l e  
a m y l o s e  
( %  d . b . )

A l k a l i
s c o r e A l k a l i  t y p e

E M C - S  
( %  w . b . ) B D r  t y p e

I - - 4 A ( 4  n o . ) - 11 ( 2  n o . )

II — 1 1 . 9 5 A t B B r i ,  A B ,  B B } ,  
B

2 9 . 1 , 2 9 . 3 ,  
2 9 . 4 ( 2 ) ,  2 9 . 8

I .  I K 2 ) ,
I I .  I I K 6 ) ,
111 ( 4 ) ,  I I I . I V .  V

II I 2 5 . 6 1 2 . 8 ,  1 3 . 0 5 % ,  5 % ,
7 % ,  8 ( 3 )

A ( B ) ( 2 ) ,  A ( B B j C ) ,  
A B C ( 2 ) ,  A ( C ) ,
B ( B ! ) ,  C

2 6 . 3 , 2 6 . 6 ,  
2 9 . 4 ( 4 ) ,  2 9 . 6 ,  
3 0 . 5 ,  3 1 . 0 ,  
3 1 . 2 ,  3 1 . 5

I I .  I I K 4 ) ,
I I I .  V d O ) ,  V ( 3 )

I V 2 1 . 5 ,  2 6 . 5 ,  
2 7 . 0

1 0 . 3 ,  1 0 . 5 , - A B j  ( 2 ) ,  A ( 2 ) 3 0 . 8 I I ,  I I . I V ,
I I I .  1 V  ( 2 ) ,  I V . V

V - 1 0 . 1 ,  1 0 . 4 ,  
1 1 . 1

4 A 3 2 . 5 I I I . V ,  V . V I H 3 )

V I - 1 1 . 2 ( 2 ) ,  
1 1 . 3 ,  1 1 . 6

— — — V . V K 2 )

V I I _ — - A C ,  B C - V I  I . V I  11 ( 2 )

V I I I - - - C D - V . V I K 2 ) ,  V11 ( 2 )
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Q U A L IT Y  C LA S S IF IC A T IO N  O F R IC E  . . .

g e t h e r  a c c o u n t  f o r  o v e r  9 2 %  o f  t h e  v a r i a t i o n s  in  E M C -S . 
I t  is  t h e r e f o r e  a l s o  e v id e n t  t h a t  E M C -S  is  n o t  a  f u n d a m e n t a l  
v a r i a b l e ;  i t s  t y p e  s p e c i f i c i t y  ( T a b l e  3 )  is  la r g e ly  a  r e f l e c t i o n  
o f  t h a t  o f  a m y lo s e  a n d  a l k a l i  s c o r e .

T h e  v i s c o g r a m  B D r t y p e ,  o n  t h e  b a s is  o f  d a t a  r e p o r t e d  
e a r l i e r  ( B h a t t a c h a r y a  a n d  S o w b h a g y a ,  1 9 7 9 )  a n d  t h e  t r e n d  
o b s e r v e d  h e r e ,  is  c l e a r ly  a  k e y  i n d e x  o f  r i c e  q u a l i t y .  I t  is  
s e e n  f r o m  T a b l e  6  t h a t  t h e  B D r r a n k  ( y 2 ) w a s  v e r y  h ig h ly  
s i g n i f i c a n t l y  n e g a t i v e ly  c o r r e l a t e d  w i t h  t o t a l  ( x j )  a n d  i n 
s o lu b l e  ( x 2 ) a m y lo s e  c o n t e n t s  b u t  w a s  n o t  c o r r e l a t e d  w i t h  
a l k a k i  s c o r e  ( i .e . ,  G T ) ,  c h a lk i n e s s  i n d e x  o r  p r o t e i n  c o n t e n t .  
I t  w a s  c o r r e l a t e d  w i t h  E M C -S , b u t  t h i s  c a n  b e  p e r h a p s  d is 
r e g a r d e d  b e in g  p o s s i b l y  a  r e f l e c t i o n  o f  t h e  a m y lo s e  c o n t e n t .  
T h e  m u l t i p l e  r e g r e s s io n  e q u a t i o n  w a s

y 2  =  7 .5 5 5  -  0 .0 2 4  X l -  0 .3 2 5  x 2  

R  = 0 . 8 8 1 * * *  R 2  =  0 .7 7 7
T h e  t o t a l  a n d  i n s o lu b l e  a m y lo s e  c o n t e n t s  a c c o u n t  f o r  a b o u t  
7 8 %  o f  t h e  v a r i a t i o n s  in  B D r t y p e ,  t h e  r e m a i n in g  2 2 %  o f  
t h e  v a r i a t i o n s  b e in g  d u e  t o  a s  y e t  u n k n o w n  f a c t o r s .  T h i s  
w il l  e x p l a i n  t h e  e x c e p t i o n s  i n  t h i s  p r o p e r t y  o b s e r v e d  in  
T a b le s  4  a n d  5 ,  a s  a l s o  s e e n  e a r l i e r  ( B h a t t a c h a r y a  a n d  S o w b 
h a g y a ,  1 9 7 9 ) .  I t s  i m p o r t a n c e  a s  a n  i n d e p e n d e n t  r i c e  q u a l i t y  
f a c t o r  is  t h u s  f u r t h e r  e m p h a s i z e d .

Fig. 1—C orre la tion  between a lk a li score (o f  Bhattacharya and S ow b
hagya, 1972) and ge la tin iza tion  tem perature o f  rice. Open circles 
(O) represent w axy varieties.

A lk a l i  s c o r e  w a s  v e r y  h ig h ly  s i g n i f i c a n t l y  n e g a t i v e ly  
c o r r e l a t e d  w i t h  a m y lo s e  c o n t e n t ,  a l t h o u g h  t o  a  s m a l l  
e x t e n t  ( r  =  —0 . 3 1 1 * * *  f o r  n  =  1 6 5 ) .  T h e  c o r r e l a t i o n  b e 
t w e e n  a m y lo s e  a n d  G T  h a s  b e e n  c o n t r o v e r s i a l .  H a l i c k  a n d  
K e l ly  ( 1 9 5 9 )  a n d  B e a c h e l l  a n d  S t a n s e l  ( 1 9 6 3 )  o b s e r v e d  in  
l i m i t e d  s a m p le s  t h e  tw o  p a r a m e t e r s  t o  b e  u n r e l a t e d .  J u l i a n o  
e t  a l .  ( 1 9 6 4 a )  f o u n d  t h e m  s ig n i f i c a n t l y  c o r r e l a t e d  i n  1 9  
s a m p le s  b u t  n o t  w h e n  T a i c h u n g  ( N a t iv e )  1 a n d  C e n t u r y  
P a t n a  2 3 1  w e r e  i n c l u d e d .  I n  a n o t h e r  s t u d y ,  J u l i a n o  e t  a l .  
( 1 9 6 4 b )  f o u n d  t h a t  t h e  t w o  p a r a m e t e r s  w e r e  u n r e l a t e d  in  
51  n o n w a x y  s a m p le s  b u t  w e r e  h ig h ly  c o r r e l a t e d  i f  f o u r  
w a x y  v a r i e t i e s  w e r e  i n c l u d e d .  I n  t h e  p r e s e n t  s t u d y ,  t h e  tw o  
p a r a m e t e r s  w e r e  h ig h ly  s ig n i f i c a n t l y  c o r r e l a t e d  e v e n  e x 
c lu d in g  t h e  w a x y  s a m p le s  ( r  =  —0 . 2 2 9 * * ,  n  =  1 4 5 ) .  T h e s e  
r e s u l t s  w i t h  s u c h  a  la r g e  n u m b e r  o f  s a m p le s  w o u ld  f i n a l l y  
s h o w  t h a t  w h i le  t h e  G T  w a s  la r g e ly  a n  i n d e p e n d e n t  v a r i a b l e ,  
i t  w a s  d e f i n i t e l y  a f f e c t e d  ( p o s i t i v e l y )  b y  t h e  a m y lo s e  c o n 
t e n t  t o  a  s m a l l  e x t e n t .

I n s o lu b l e  a m y lo s e  c o n t e n t  w a s  v e r y  h ig h ly  s ig n i f i c a n t l y  
c o r r e l a t e d  t o  t o t a l  a m y lo s e  ( r  =  0 . 7 7 4 * * *  f o r  n  =  1 6 5 ) ,  
i t s  v a r i a t i o n  b e in g  a c c o u n t e d  f o r  b y  t h e  l a t t e r  t o  t h e  e x t e n t  
o f  a b o u t  6 0 %  ( r 2  =  0 .5 9 9 ) .  T h e  t w o  p a r a m e t e r s  w e r e  r a t h e r  
i n d e p e n d e n t  o f  e a c h  o t h e r  i n  t h e  f i r s t  t h r e e  q u a l i t y  g r o u p s  
b u t  w e r e  o t h e r w i s e  i n t e r r e l a t e d  i n  t h e  o v e r a l l  s e n s e  ( T a b l e3).

Fig. 2 —C orre la tion between water-uptake ra tio  and ge la tin iza tio n  
tem perature o f  rice. Open circles (O) represent japon ica  varieties.

Table 6 —C orre la tion  coe ffic ien ts  between various rice p roperties

T o t a l
a m y l o s e

I n s o l u b l e
a m y l o s e A l k a l i  s c o r e E M C - S

C h a l k i n e s s
I n d e x

V l c s o g r a m
r a n k P r o t e i n

T o t a l  a m y l o s e  A a . 7 7 4 * * * - . 3 1 1 * * * - . 9 0 5 * * * - . 2 9 1 * * * - . 7 2 5 * * * - . 1 0 8
B . 6 6 0 * * * - . 2 2 9 * * - . 7 5 2 * * * . 2 1 1 * * - . 7 1 0 * * * - . 1 7 2 *

I n s o l u b l e  a m y l o s e  A - . 0 4 1 - . 6 4 5 * * * _ - . 8 7 9 * * * - . 0 9 9
B . 0 8 9 - . 3 9 3 * * . 1 5 1 - . 8 5 6 * * * - . 1 1 7

A l k a l i  s c o r e  A . 5 4 4 * * * . 2 6 0 * * * . 0 8 6 - . 0 2 6
B . 5 9 4 * * * . 1 1 2 . 0 1 9 - . 0 6 4

E M C - S  A . 5 0 3 * * * . 6 2 4 * * * . 0 5 3
B . 2 1 7 * * . 4 9 7 * * * . 0 1 7

C h a l k i n e s s  I n d e x  A
B - . 1 1 7 - . 1 3 6

V i s c o g r a m  r a n k  A . 0 4 9
B . 0 4 2

P r o t e i n  A
B

A , n -  165  (e x c lu d in g  12 sam p les fo r  w h ich  v isco g ram  d ata  w ere  no t a v a ila b le ) ; B , n = 1 45  (e x c lu d in g  a ll 10 w a x y  sam p les  and 22  o th e r  sam 
p les fo r  w h ic h  v isco g ram  a n d /o r ch a lk in e s s  in d e x  data w ere  not a v a ila b le ) .
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P r o t e i n  c o n t e n t  w a s  n o t  c o r r e l a t e d  w i t h  a n y  o t h e r  
p r o p e r t y  e x c e p t  p r o b a b l y  s h o w in g  a  s m a l l  n e g a t i v e  c o r r e l a 
t i o n  w i t h  a m y lo s e .  T h i s  c o u ld  b e  b e c a u s e ,  a s  p r o t e i n  c o n t e n t  
i n c r e a s e d ,  p e r c e n t a g e  o f  s t a r c h ,  a n d  h e n c e  a m y l o s e ,  d e 
c r e a s e d  .

T h e  t o t a l  a m y lo s e  c o n t e n t  a n d  c h a lk i n e s s  i n d e x  s h o w e d  
a n  i n t e r e s t i n g  r e l a t i o n .  T h e y  w e r e  n e g a t i v e ly  c o r r e l a t e d  t o  
a  s m a l l  e x t e n t  i n  t h e  l o t  a s  a  w h o le  ( r  =  - 0 . 2 9 1 * * * ,  n  =  
1 6 5 ) ,  b u t  t h e  c o r r e l a t i o n  b e c a m e  p o s i t i v e  w h e n  t h e  w a x y  
s a m p le s ,  w h i c h  a r e  f u l l y  c h a l k y ,  w e r e  e x c l u d e d  ( r  =  0 . 2 1 1 * * ,  
n  =  1 4 5 ) .  T h a t  t h i s  s m a l l  b u t  v e r y  s ig n i f i c a n t  p o s i t i v e  c o r r e 
l a t i o n  w a s  n o t  d u e  t o  t h e  i n f l u e n c e  o f  G r o u p  I h ig h - a m y lo s e  
m o d e r n  d w a r f  i n d i c a  s a m p le s ,  w h i c h  u s u a l l y  h a v e  c h a lk y  
k e r n e l s ,  w a s  s h o w n  b y  t h e  f a c t  t h a t  t h e  c o r r e l a t i o n  r e 
m a i n e d  o f  t h e  s a m e  o r d e r  w h e n  b o t h  t h e  G r o u p  I a n d  
G r o u p  V I I I  ( w a x y )  s a m p le s  w e r e  e x c l u d e d  ( r  =  0 .2 2 1 * * ,  
n  =  1 4 8 ) .  T h e s e  r e s u l t s  s u g g e s t  t h a t  a  h ig h  a m y lo s e  c o n t e n t  
t e n d s  t o  m a k e  t h e  r i c e  k e r n e l  s o m e w h a t  p r o n e  t o  c h a l k i 
n e s s .

T h e  i n f l u e n c e  o f  w a x y  s a m p le s  h a v e  b e e n  s e e n  i n  m a n y  
c a s e s  a b o v e .  I n  a n o t h e r  i n s t a n c e ,  t h e  a l k a l i  s c o r e  w a s  
p o s i t i v e ly  c o r r e l a t e d  w i t h  c h a lk i n e s s  i n d e x  in  t h e  l o t  a s  a 
w h o l e  ( r  =  0 . 2 6 0 * * * ,  n  =  1 6 5 ) ,  b u t  t h e  c o r r e l a t i o n  b e c a m e  
i n s i g n i f i c a n t  w h e n  t h e  w a x y  s a m p le s ,w h ic h  a r e  f u l l y  c h a lk y  
a n d  u s u a l l y  g iv e  h ig h  a l k a l i  s c o r e ,  w e r e  e x c l u d e d  ( r  =  
0 .1  1 2 n s , n  =  1 4 5 ) .

T h e  l a s t  f a c t o r  w h i c h  s e e m e d  t o  h a v e  a  d e f i n i t e  r e l a t i o n  
t o  r i c e  q u a l i t y  w a s  t h e  a l k a l i  d e g r a d a t i o n  t y p e  ( T a b l e  3 ) . 
H o w e v e r ,  i t s  c o r r e l a t i o n  w i t h  o t h e r  p r o p e r t i e s  c o u ld  n o t  b e  
c a l c u l a t e d  a s  i t  c o u ld  n o t  b e  a s s ig n e d  a n y  q u a n t i t a t i v e  
v a lu e s  o r  r a n k s .

REFERENCES
Beachell, H.M. and Stansel, J.W. 19 63 . Selecting rice for specific  cooking characteristics in a breeding program. Internat. Rice Com m. N ew slet. Special issue: 25.Bhattacharya, K.R. 19 79 . A note on  alkali test o f  rice using a petri dish. Inem at. Rice Res. N ew slet. 4(2 ): 4.Bhattacharya, K.R. and Sow bhagya, C.M. 1 9 7 1 . Water uptake by rice during cooking. Cereal Sci. Today 16: 420 .Bhattacharya, K.R. and Sow bhagya, C.M. 19 72 . An improved  alkali reaction test for rice quality. J. F ood  Technol. 7: 323.

Bhattacharya, K.R. and Sowbhagya, C.M. 1979 . Pasting behavior of rice: A new m ethod o f viscography. J. F ood  Sci. 44: 797. Bhattacharya, K.R. and Sowbhagya, C.M. 1980 . On the alkali degra
dation type o f  rice kernels. J. Sci. F ood Agric. 31: 615. Bhattacharya, K .R., Sowbhagya, C.M., and Indudhara Swam y, Y.M.1 9 7 2 . Interrelationship betw een  certain physicochem ical properties o f rice. J. F ood Sci. 37: 73 3 .Bhattacharya, K .R ., Sowbhagya, C.M., and Indudhara Swamy, Y.M. 19 78 . Importance of insoluble am ylose as a determinant of rice quality. J. Sci. F ood Agric. 19: 359.Bhattacharya, K .R ., Indudhara Sw am y, Y.M., and Sow bhagya, C.M. 1979a. Varietal difference in equilibrium m oisture content o f  rice and effect o f  kernel chalkiness. J. F ood Sci. Technol. 16: 214. Bhattacharya, K .R ., Sow bhagya, C.M., and Indudhara Sw am y, Y.M. 1979b . Quality classification o f rice. Internat. Rice Res. N ewslet. 4(4): 7.Bhattacharya, K .R., Sow bhagya, C.M., and Indudhara Swam y, Y.M. 19 80 . Quality o f Indian rice. J. F ood Sci. Technol. 17: 189. Halick, J.V. and Kelly, V.J. 1 9 5 9 . G elatinization and pasting characteristics o f rice varieties as related to cooking behavior. Cereal Chem. 36: 91.Indudhara Swam y, Y.M ., Ali, S.Z., and Bhattacharya, K.R. 1971 . Hydration o f  raw and parboiled rice and paddy at room  tem perature. J. Food Sci. Technol. 8: 20.Indudhara Swam y, Y.M., Sow bhagya, C.M., and Bhattacharya, K.R. 1978 . Changes in the physicochem ical properties o f  rice w ith  aging. J. Sci. F ood Agric. 29: 627 .Juliano, B.O. 19 79 . The chem ical basis o f rice grain quality. In ‘Proceedings o f the workshop on  chem ical aspects o f  rice grain quality ,’ International Rice Research Institute, Los Banos, Laguna, Philippines, p. 69.Juliano, B.O., Bautista, G.M., Lugay, J.C., and R eyes, A.C. 1964a. Studies on the physicochem ical properties of rice. J. Agric. F ood  Chem. 12: 131.Juliano, B.O., Cagampang, G.B., Cruz, L.J., and Santiago, R.G. 1964b . Som e Physicochem ical properties o f  rice in southeast Asia. Cereal Chem. 4.1: 275.Juliano, B.O., Ofiate, L .U ., and del M undo, A.M. 1 9 6 5 . R elation o f  starch com position, protein content and gelatinization temperature to  cooking and eating qualities o f  milled rice. F ood Technol. 1 9 :1 0 0 6 .Kongseree, N. and Juliano, B.O. 19 72 . Physicochem ical properties of rice grain and starch from lines differing in am ylose content and gelatinization tem perature. J. Agric. F ood  Chem. 20: 714 . Manohar Kumar, B., Upadhyay, J.K ., and Bhattacharya, K.R. 1976 . Objective tests for the stickiness o f  cooked  rice. J. Texture Studies 7: 271.Parial, L.C., R ooney , L.W., and Webb, B.D. 19 70 . Use o f d yebinding and biuret techniques for estim ating protein in brown and m illed rice. Cereal Chem. 47: 38.Sowbhagya, C.M. and Bhattacharya, K.R. 1 9 7 1 . A sim plified colorim etric m ethod for determ ination o f  am ylose content in rice. Starke 23: 53.Ms received 5 /3 0 /8 1  ; revised 8 /3 1 /8 1 ;  accepted 9 /5 /8 1 .
We are greatly indebted to Mr. B.S. Ram esh for carrying out the large num ber o f  statistical analyses.

T A S T E  T H R E S H O L D S  . . . From  page 563

Table 2 —Thresholds o f  A m erican, N igerian, and  Korean panelsa 
fo r  selected sweet, sour, b itte r, and  sa lty  com pounds

T a s t e
s u b s t a n c e s

N a t i o n a l i t y

A m e r i c a n N i g e r i a n K o r e a n

%  w / v %  w / v %  w / v

S u c r o s e 0 . 2 4 3 0 . 2 4 8 0 . 2 4 2
C i t r i c  a c i d 0 . 0 0 4 0 . 0 0 4 0 . 0 0 4
C a f f e i n e 0 . 0 0 6 0 . 0 0 6 0 . 0 0 9
N a C I 0 . 0 0 7 0 . 0 0 6 0 . 0 0 8

a  N  =  8  p a n e l i s t s ,  4  r e p l i c a t i o n s .

t h e  r i s k  o f  m i s f o r m u l a t i o n  b y  s u r v e y in g  f r e q u e n c y  o f  c o n 
s u m p t i o n  o f  g r o u p s  o f  f o o d  p r o d u c t s  w i t h  t a s t e s  s im i la r  t o  
t h e i r  p r o d u c t  t o  b e  i n t r o d u c e d .
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A  M i c r o b i a l  I n v e s t i g a t i o n  o f  S e l e c t e d  S p i c e s ,  H e r b s ,  
a n d  A d d i t i v e s  i n  S o u t h  A f r i c a

R. BAXTER and W. H. HOLZAPFEL

---------------------------- ABSTRACT------------------------------
A total of thirty-six spices, herbs and food additives from various 
sources was investigated. High total viable numbers of sporeformers 
were present of which a considerable percentage was proteolytic 
and/or amylolytic. The total number of colony forming units (c.f.u.) 
varied from several hundred to several million per gram, depending 
on the source, the manufacturing process, age and type of condi
ment. Exceptionally high contamination (i.e. > 106 c.f.u./g) was 
found in black pepper, coriander, paprika, mace, pimento and white 
pepper from source A. No significant numbers of potentially patho
genic organisms were found except fori?. c e re u s , moulds and faecal 
streptococci. The presence of B . c e r e u s  was confirmed in 7 out of 
19 samples from source A. Enterococci were isolated and identified 
from paprika, white pepper, black pepper, pimento, onion powder 
and salamita. The need for spice cleanliness, commercial sterilization 
and subsequent proper storage of condiments is stressed.

INTRODUCTION
S P I C E S  A N D  H E R B S  m a y  c o n t a i n  la r g e  n u m b e r s  o f  m i c r o 
o r g a n i s m s  ( F r a z i e r  a n d  W e s th o f f ,  1 9 7 8 ;  G u a r i n o  a n d  P e p 
p ie r ,  1 9 7 6 ) .  T h e s e  in c l u d e  m e m b e r s  o f  t h e  g e n u s  B a c i l l u s ,  
w h e r e a s  a n a e r o b i c  s p o r e f o r m e r s ,  t h e r m o p h i l i c  a n a e r o b e s  
a n d  a e r o b e s  a r e  f o u n d  o c c a s i o n a l l y ,  s o m e t im e s  in  m o d e r a t e  
n u m b e r s .  E n t e r o c o c c i  a n d  m e m b e r s  o f  t h e  f a m i l y  E n t e r o -  
b a c t e r i a c e a e  o c c u r  o c c a s i o n a l l y  a n d  a  v a r i e t y  o f  m o u l d s  a n d  
y e a s t s  m a y  b e  f o u n d .  C l o s t r i d i u m  p e r f r i n g e n s  s p o r e s  a r e  
p r e s e n t  a t  lo w  le v e ls . P a t h o g e n s  s u c h  a s  S a l m o n e l l a ,  S h i 
g e l la  a n d  c o a g u la s e - p o s i t i v e  s t a p h y l o c o c c i  a r e  r a r e ly  f o u n d  
i n  s p ic e s .  P o w e r s  ( 1 9 7 6 )  w e r e  c o n c e r n e d  a b o u t  t h e  la rg e  
n u m b e r s  o f  B . c e r e u s  p r e s e n t  i n  5 3 %  o f  t h e  s p ic e  s a m p le s  
t h e y  a n a ly z e d .

S o m e  s p ic e s ,  b e c a u s e  o f  t h e  m a r k e d  b a c t e r i c i d a l  e f f e c t  
o f  t h e i r  e s s e n t i a l  o i l  c o n t e n t ,  h a r b o u r  f e w e r  b a c t e r i a .  T h e s e  
i n c l u d e  c lo v e s ,  m u s t a r d  s e e d ,  o n i o n ,  g a r l ic  a n d  a l l  s p ic e  
( p i m e n t o )  ( F r a z i e r  a n d  W e s th o f f ,  1 9 7 8 ) .  T h e  t o t a l  n u m b e r  
o f  v ia b le  a e r o b i c  o r g a n i s m s  v a r y  c o n s i d e r a b l y  d e p e n d i n g  
o n  t h e  s p ic e  s o u r c e  ( J u l s e t h  a n d  D e ib e l ,  1 9 7 4 ) ,  a n d  n u m 
b e r s  m a y  r a n g e  f r o m  s e v e r a l  t h o u s a n d  t o  s e v e r a l  m i l l i o n  
p e r  g r a m  ( P r u t h i ,  1 9 8 0 ) .  T h i s  h a s  b e e n  c o n f i r m e d  b y  m o s t  
s t u d i e s  u n d e r t a k e n .  S p ic e s  a r e  g r o w n  a n d  h a r v e s t e d  in  a r e a s  
o f  t h e  w o r ld  w h e r e  o f t e n  s a n i t a r y  p r a c t i c e s  a r e  p o o r  a n d ,  
m o r e o v e r ,  a r e  g r o w n  in  w a r m ,  h u m i d  a r e a s  w h e r e  t h e  
g r o w t h  o f  a  w id e  v a r i e t y  o f  f u n g i  a n d  b a c t e r i a  is  r e a d i l y  
s u p p o r t e d  ( J u l s e t h  a n d  D e ib e l ,  1 9 7 4 ) .

U n c l e a n e d  s p ic e s  m a y  b e  g r o s s ly  c o n t a m i n a t e d  ( K r i s h -  
n a s w a m y  e t  a l . ,  1 9 7 1 )  a n d  c o n t a m i n a t i o n  o f  f o o d s  b y  s p ic e  
c a r r i e r s  h a s  b e e n  r e p o r t e d  t o  l e a d  t o  f o o d  s p o i l a g e  a n d  c a n  
e v e n  le a d  t o  f o o d  p o i s o n i n g  ( K r i s h n a s w a m y  e t  a l . ,  1 9 7 1 ;  
P o w e r s  e t  a l . ,  1 9 7 6 ;  G o e p f e r t  e t  a l . ,  1 9 7 2 ) .  S p o r e f o r m e r s  
m a y  l e a d  t o  f o o d  s p o i la g e  w h e n  t h e y  s u rv iv e  t h e  c o o k i n g  
p r o c e s s  a n d  m u l t i p l y  u n d e r  f a v o r a b l e  c o n d i t i o n s  ( P o w e r s  
e t  a l . ,  1 9 7 6 ; B e u c h a t  e t  a l . ,  1 9 8 0 ) .

F u m i g a t i o n  o f  s p ic e s  w i t h  e t h y l e n e  o x i d e  ( V a jd i  a n d  
P e r e i r a ,  1 9 7 3 ;  G e r h a r d t ,  1 9 6 9 )  c a n  e f f e c t i v e l y  r e d u c e  t h e

A u th o rs  B ax te r and H o lzap fe l are a ff ilia te d  w ith  the Dept, o f  M ic ro 
b io lo g y  and P lan t Patho logy, F a cu lty  o f  A g ricu ltu re , Univ. o f  Pre
to ria , 00 02  Pretoria, R epub lic  o f  S outh  A frica .

m i c r o b i a l  p o p u l a t i o n  b y  u p  t o  9 0 % . H o w e v e r ,  t h e  u s e  o f  
f u m i g a t i o n  is  p r o h i b i t e d  in  c e r t a i n  c o u n t r i e s  b e c a u s e  o f  t h e  
p o s s ib l e  h u m a n  h e a l t h  h a z a r d  c o n s t i t u t e d  b y  f u m i g a t i o n  
b y - p r o d u c t s  ( e .g .  e t h y l e n e  c h l o r h y d r i n ) .  T h e  p r e s e n t  s t u d y  
w a s  i n i t i a t e d  a s  m e a n s  o f  d e t e r m i n i n g  t h e  m i c r o b i a l  f l o r a  
o f  a  n u m b e r  o f  s p ic e s  a n d  f o o d  a d d i t i v e s  t h a t  m a y  b e  u s e d  
i n  t h e  p r e p a r a t i o n  o f  s h e l f  s t a b l e  p r o d u c t s .

PROCEDURE

Samples
Thirty-six spices, herbs and food additives from various sources 

(A, B and C) were selected for microbial analysis. Samples from 
source A were obtained from two different wholesalers and the pap
rika from a local producer. Spices from source B were purchased 
directly from the factory, and had been subjected to ethylene oxide 
fumigation. The milk powder was locally manufactured. Samples 
from source C were flavoring materials consisting of essential oils 
on carrier bases.
Preparation of samples

Twenty grams of each sample were weighed into sterile plastic 
Stomacher bags to which 180 ml sterile peptone/NaCl solution 
(Merck) were added. These were homogenized in a Colworth Stom
acher 400 for approximately 2 min. Duplicate serial dilutions were 
prepared in sterile peptone/NaCl solution (Merck).
Microbial counts and colony isolation

Total viable counts were determined on STD 1 agar (Merck) 
after incubation at 30°C for 48 hr.

E n te r o b a c te r ia c e a e  were counted on Brilliant-Green Phenol-red 
lactose agar (BPL) (Merck) and incubated at 30°C for 48 hr, and on 
DHL Agar according to Sakazaki (Merck). DHL was incubated at 
30°C for 24 hr and colonies were then counted and marked. After 
an additional 24 hr at room temperature further colonies were 
counted as “pseudomonads.” A cytochrome-oxidase test was per
formed on representative colonies and isolations were made of 
several randomly selected “typical” E n te r o b a c te r ia c e a e  colonies. 
This was also done on BPL plates.

B r o c h o th r ix  th e r m o s p h a c ta  was enumerated on Streptomycin- 
sulphate-Thallous acetate-Actidione medium (STAA) according to 
Gardner (1966).

Counts of lactobacilli, leuconostocs and pediococci (LLP- 
group) were made on Lactobacillus-selective-agar (Merck). The 
plates were incubated aerobically for up to 5 days at 30°C.

Enterococci (Group D Streptococci) were determined by surface- 
plating on Citrate-Azide-Tween-Carbonate agar (CATC agar) (Merck) 
and counted after 48 hr at 30°C. Only typical deep red colonies 
were counted. Several isolations were made at random. Baird- 
Parker medium (BP) (Baird-Parker, 1962; Merck) was used for the 
enumeration of possible coagulase positive staphylococci. Random 
isolations were made and identified.

B a c illu s  cereus-selective-agar (Merck) was used for the counting 
of B a c illu s  cereu s . “Typical” colonies were counted and of these 
representatives were isolated at random and speciated according to 
Wolf and Barker (1968) and Buchanan and Gibbons (1974). Cogni
zance was taken of the method used by Powers et al. (1976) to dis
tinguish between B. c e re u s , B . th u r in g ie n s is ,  B . m y c o id e s  and B. 
a n th ra c is , and applied similarly.

The presence of S a lm o n e lla  spp. was determined qualitatively. 
The methods of Georgala and Boothroyd (1970) were modified 
in order to detect any possible salmonella. Enrichment was achieved 
by suspending 20g of sample into 180 ml each of selenite and tetra-
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thionate broth respectively, followed by incubation at 37°C. After 
6, 12 and 18 hr enrichment cultures were streaked onto Bismuth- 
Sulphite Agar (BSA) according to Wilson and Blair (Merck).

Yeasts and moulds were enumerated on Potato-Dextrose-Agar 
(PDA) (Merck). The pH of the medium was adjusted to 3.7 after 
sterilization by means of a sterile 10% solution of tartaric acid. The 
plates were incubated at 25°C for 3 -5  days.

C lo s tr id iu m  p e r f r in g e n s -selective-Agar according to Hauschild et 
al. (1974) was used for detection of Cl. p e r f r in g e n s  and incubated 
anaerobically at 37°C in an anaerobic jar or a Forma Scientific 
anaerobic incubator. Isolated colonies were kept on nutrient agar 
slants and identified by standard biochemical tests.

Initial identification tests for Gram negative rods were per
formed on SIMS and TSI media (Merck), followed by the use of the 
API 20E identification system.

Aerobic sporeformers, proteolytic, amylolytic, and anaerobic 
thermophiles were counted by using the methods of Julseth and 
Deibel (1974).

RESULTS & DISCUSSION
C O N S I D E R A B L E  V A R I A T I O N S  w e r e  o b s e r v e d  in  t o t a l  
n u m b e r s  o f  a e r o b i c  b a c t e r i a ,  n o t  o n l y  b e t w e e n  s a m p le s  
f r o m  t h e  s a m e  s o u r c e ,  b u t  e s p e c i a l l y  b e t w e e n  s a m p le s  f r o m  
d i f f e r e n t  s o u r c e s  ( T a b l e s  1 a n d  2 ;  F ig .  1 a n d  2 ) .  T h e  t o t a l  
a e r o b i c  c o u n t s  v a r i e d  b e t w e e n  2 0 0  o r g a n i s m s  p e r  g r a m  f o r  
c a r d a m o m  a n d  s e v e r a l  m i l l i o n  p e r  g r a m  in  t h e  c a s e  o f  b la c k  
p e p p e r  ( F ig .  2 ) .

F ig .  1 i n d i c a t e s  t h a t  t h e  p r e d o m i n a n t  t y p e  o f  o r g a n i s m  
in  t h e  s a m p le s  f r o m  s o u r c e  A  w e r e  a e r o b i c  s p o r e f o r m e r s ,  
a n d  t h e s e  o r g a n i s m s  a c c o u n t e d  f o r  b e t w e e n  5 0 %  a n d  9 5 %  
o f  a l l  o r g a n i s m s  f o u n d  i n  t h e  s a m p le s  e x a m i n e d .  T a b le  1 
s h o w s  t h a t  t h e  a e r o b i c  s p o r e f o r m e r s  in  b l a c k  p e p p e r ,  w h i t e  
p e p p e r ,  p a p r i k a ,  m a i j o r a m ,  c o r i a n d e r ,  p i m e n t o  a n d  o n i o n  
p o w d e r  c o n i s t e d  la r g e ly  o f  p r o t e o l y t i c  o r g a n i s m s .  A m y l o 
l y t i c  o r g a n i s m s  o c c u r r e d  i n  s i g n i f i c a n t  n u m b e r s  i n  b l a c k  a n d  
w h i t e  p e p p e r ,  p i m e n t o ,  o n i o n  p o w d e r  a n d  c i n n a m o n .  F e w  
a n a e r o b i c  t h e r m o p h i l e s  w e r e  p r e s e n t  a n d  r e s u l t s  w e r e  
r e c o r d e d  a s  < 1 0 0  c o l o n y  f o r m i n g  u n i t s  ( c . f . u . )  f o r  a l l  s a m 
p le s  i n v e s t i g a t e d .  T h e  t r e n d  w a s  t h u s  t h a t  s a m p le s  w i th  
h ig h  n u m b e r s  o f  c . f . u .  ( m a i j o r a m ,  s a l a m i t a ,  b l a c k  p e p p e r ,

p a r i k a ,  s o y  m e a l ,  c o r i a n d e r ,  m a c e ,  w h i t e  p e p p e r )  a l s o  
s h o w e d  c o r r e s p o n d i n g  h ig h  n u m b e r s  p e r  g r a m  o f  p r o t e o l y 
t i c  a n d / o r  a m y l o l y t i c  o r g a n i s m s .  O n ly  s o m e  s a m p le s  ( i .e .  
c a r d a m o m ,  s o y  m e a l ,  p a p r i k a  a n d  m a j o r a m )  s h o w e d  lo w  
c o u n t s  o f  a m y l o l y t i c  o r g a n i s m s  ( T a b l e  1 ) .

S a m p le s  f r o m  s o u r c e  A  c o n t a i n e d  l a r g e  n u m b e r s  o f  m i
c r o o r g a n i s m s ,  a s  c o m p a r e d  t o  s o u r c e s  B a n d  C . L i t t l e  i n f o r 
m a t i o n  o n  t h e  p r e p a r a t i o n  o f  s o u r c e  A  c o n d i m e n t s  c o u ld  b e  
g a t h e r e d .  A l l  s a m p le s  f r o m  s o u r c e  A  s h o w e d  s ig n i f i c a n t  
n u m b e r s  o f  B .  c e r e u s  “ t y p e ”  c o lo n i e s  o n  B .  c e r e u s - s e le c 
t i v e  a g a r .  S e v e r a l  t y p i c a l  a n d  o t h e r  B a c i l l u s  c o lo n i e s  w e r e  
i s o l a t e d  a t  r a n d o m  a n d  i d e n t i f i e d  ( T a b l e  3 ) .  O r g a n i s m s  o f  
B a c i l l u s  G r o u p  1 w e r e  t h e  m a j o r  s p e c ie s  p r e s e n t .  B .  c e r e u s  
w a s  c o n f i r m e d  in  s o y  m e a l ,  p a p r i k a ,  p i m e n t o ,  w h i t e  p e p p e r  
a n d  m a i j o r a m  b y  b io c h e m i c a l  t e s t s .  T h e  r e p r e s e n t a t i v e  c o l 
o n i e s  f r o m  o t h e r  s p ic e s  w e r e  v e r y  s im i la r  in  a p p e a r a n c e  
a n d  m o r p h o l o g y  t o  t h o s e  c o n f i r m e d  b y  b io c h e m i c a l  t e s t s ,  
a n d  i t  w a s  t h u s  a s s u m e d  t h a t  B .  c e r e u s  w a s  p r e s e n t  in  m o s t  
s p ic e s  ( F ig .  1 ) , o f t e n  i n  la r g e  n u m b e r s .  H o w e v e r ,  s in c e  
i s o l a t e s  w e r e  o n l y  m a d e  a t  r a n d o m ,  t h e  p r e s e n c e  o f  B .  c e r 
e u s  w e r e  n o t  c o n f i r m e d  i n  s p ic e s  l i k e  m a c e  a n d  c o r i a n d e r  
( s e e  T a b l e  3 a n d  F ig .  1 ) . A  c o m p r e h e n s i v e  s t u d y  o f  t h i s  
p r o b l e m  h a s  b e e n  c o m p l e t e d  b y  P o w e r s  e t  a l .  ( 1 9 7 6 ) .

B .  c e r e u s  h a s  b e e n  r e c o g n i z e d  a s  t h e  e t i o lo g i c a l  a g e n t  
in  f o o d  p o i s o n i n g  o u t b r e a k s  i n  E u r o p e  a s  f a r  b a c k  a s  1 9 0 6  
a n d  in  H u n g a r y  i t  w a s  r a n k e d  a s  t h e  t h i r d  m o s t  c o m m o n  
c a u s e  o f  f o o d  p o i s o n i n g  d u r in g  t h e  p e r i o d  1 9 6 0 - 1 9 6 6  
( G o e p f e r t  e t  a l . ,  1 9 7 2 ) .  I t  w a s  n o t e d  t h a t  t h e  h ig h  i n c i d e n c e  
o f  B .  c e r e u s  f o o d  p o i s o n i n g  i n  m e a t  w a s  a t t r i b u t e d  t o  t h e  
H u n g a r i a n  c u s t o m  o f  h ig h l y  s e a s o n in g  m e a t  d i s h e s  w i t h  
s p ic e s  w h i c h  o f t e n  c o n t a i n e d  la r g e  n u m b e r s  o f  a e r o b i c  
s p o r e f o r m e r s  ( G o e p f e r t  e t  a l . ,  1 9 7 2 ) .

S o y  m e a l ,  “ f l a v o r  e n h a n c e r , ”  p a p r i k a ,  p i m e n t o ,  w h i t e  
p e p p e r ,  r o s e m a r y  a n d  m a j o r a m  s h o w  s ig n i f i c a n t  n u m b e r s  
o f  b o t h  l a c t o s e  p o s i t i v e  a n d  l a c t o s e  n e g a t i v e  E n t e r o b a c t e r i a -  
c e a e .  T h i s  is  i n  c o n t r a s t  w i t h  r e p o r t s  ( J u l s e t h  a n d  D e ib e l ,  
1 9 7 4 ;  P o w e r s  e t  a l . ,  1 9 7 5 )  w h e r e  r e l a t i v e l y  lo w  n u m b e r s  o f  

E n t e r o b a c t e r i a c e a e  a r e  m e n t i o n e d .  S e v e r a l  G r a m  n e g a t i v e  
b a c t e r i a  w e r e  f o u n d  i n  p a p r i k a ,  i n c l u d i n g  S a l m o n e l l a  s p p .

Table 1 —Aerobic sporeformers from spices, herbs and food additives: Source A  (numbers pe r gram ) 3

B. cereusc

Sampleb Total count Total Confirmed Proteolytic Amylolytic

Cardamom 60 < 1 0 0 < 1 0 0 30 < 1 0 0

Cinnamon 2 . 2  x 1 0 5 < 1 0 0 nil 1.9 x 104 1.4 x 10®
Cloves 4.8 x 104 < 1 0 0 nil
Coriander 9.0 x 106 3.0 x 10® nil 8 . 8  x 1 0 ® 3.5 x 10®
Ginger 3.2 x 105 < 1 0 0 0 nil
Mace 4.8 x 106 1 . 1  x 1 0 ® nil 2 . 1  x 1 0 4 3.6 x 103
Marjoram 5.0 x 1 0 5 5.0 x 10® 1 . 0  x 1 0 ® 4.0 x 10® < 1 0 0

Nutmeg 5.0 x 103 1 . 0  x 1 0 3 nil
Onion Powder 3.5 x 105 < 1 0 0 < 1 0 2.9 x 10® 1.49 x 10®
Paprika 6 . 2  x 1 0 6 3.0 x 103 1.0 X  103 2.7 x 10® < 1 0 0

B/Pepper 6 . 0  x 1 0 7 3.0 x 103 nil 1.35 x 107 1.17 x 107
W/Pepper 1.9 x 106 6 . 0  x 1 0 3 2 . 0  x 1 0 3 3.7 x 10® 4.4 x 10®
Pimento 1 . 1  x 1 0 ® 1 . 0  x 1 0 2 1 . 0  x 1 0 2 4.8 x 10® 2.4 x 10®
Rosemary 1.9 x 104 < 1 0 0 0 nil 1 . 8  x 1 0 3 6.5 x 103
Thyme 1 . 2  x 1 0 ® < 1 0 0 0 nil
Food  additives
Egg powder 1 . 0  x 1 0 3 < 1 0 nil
Flavor enhancer 4.5 x 104 3.0 x 103 nil 4.5 x 103 3.0 x 103
Salamita 4.9 x 10® 5.0 x 103 nil 4.2 x 10® 1.7 x 10®
Soy meal 5.1 x 104 3.0 x 104 1.0 X 104 3.0 x 104 < 1 0 0

a A ll  sam p les  in vestig a ted  sh o w ed  < 1 0 0  c .f .u ./g  fo r  a n a e ro b ic  ther- 
m o p h ile s .

D S a m p le s  fro m  so u rce  A  w e re  p u rch ased  w ith  fe w  e x c e p t io n s  fro m  
one w h o le sa le r . A lth o u g h  It w a s  In d ica ted  th a t  these p ro d u c ts  
w e re  su b jec ted  to  fu m ig a t io n , th e  re su lts  In genera l do no t c o n firm  
th is  c la im . A  second  w h o le sa le r  su p p lie d  “ f la v o r  e n h a n c e r ,”  sa la 
m ita  (sp ice  m ix tu re  fo r  sa lam i p ro d u c t io n ) and  egg p o w d e r . 
G ro u n d  p ap rika  w as p ro du ced  lo c a lly  and d id  no t rece ive  a n y  
fu m ig a tio n  t re a tm e n t .

c T h e  ‘t y p ic a l1 B. cereus c o lo n y  has a p in k  co lo r in g  ( i .e . m a n n ito l 
n e g a tiv e ), is rough and d ry  and  su rro u n d e d  by a ring  o f dense , 
w h ite  p re c ip ita te . C o lo n ie s  su rro u n d e d  b y  a y e llo w  zo n e  are  
d e f in ite ly  no t B. cereus as these  are  m a n n ito l p o s it ive  o rg an ism s. 
S o m e  B. cereus “ t y p e ”  c o lo n ie s  w ere  su b je c te d  to  fu r th e r  tests , 
th e  re su lts  o f w h ic h  m a y  be fo u n d  In  T a b le  3 . S e ve ra l o th e r  B a c i l
lus Iso la te s  w ere  m ade and  Id e n t if ie d  s in ce  In m o st cases , 90%  of 
c o lo n ie s  In m ed ia  appear to  be Bacillus spp .
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( T a b l e  5 ) .  T h e  m a j o r  g e n u s  d e t e c t e d  i n  t h e  s a m p le s  w a s  
E n t e r o b a c t e r .  E .  c o l i  w a s  i s o l a t e d  f r o m  r o s e m a r y ,  i n d i c a t i n g  
p o s s i b l e  f a e c a l  c o n t a m i n a t i o n  a t  s o m e  s t a g e  b y  r o d e n t s  o r  
o t h e r  s o u r c e s .  T h i s  r e p o r t  h o w e v e r  s h o w s  t h a t  e n t e r i c  
p a t h o g e n i c  o r g a n i s m s  w e r e  n o t  p r e s e n t  in  s i g n i f i c a n t  n u m 
b e r s  s in c e  n o n e  w a s  i s o l a t e d  a f t e r  e n r i c h m e n t  t e c h n i q u e s .  
C y t o c h r o m e - o x i d a s e  p o s i t i v e  P s e u d o m o n a d a c e a e  w e r e  
f o u n d  i n  a l l s p ic e s ,  b u t  n o  q u a n t i t a t i v e  t e s t s  w e r e  p e r 
f o r m e d  t o  d e t e r m i n e  t h e i r  n u m b e r s .

N o  c o a g u la s e  p o s i t i v e  s t a p h y l o c o c c i  w e r e  i s o l a t e d ,  a l 
t h o u g h  c o n s i d e r a b l e  n u m b e r s  o f  s a p r o p h y t i c ,  l y s o s t a p h i n -

Table 2 —M icrobia l population o f  spices from source B

Spice T o ta l cou n t/g ram a

C oriander 2 . 6  X  1 0 4

Cloves0 5.3 X  103
M ilk  powder 3.8 X  103
Pim ento 1.6 X  107
N utm eg0 9 .6  X  103
W /Pepper 2 . 1  X  1 0 5

M ost o rg an ism s on th e  p lates appeared  to  be Bacillus sp p . ty p e  
co lo n ie s . N o Enterobacterlaceae, Clostridium  sp p . or Bacillus 
cereus w ere  fo u n d ; In ad d tio n  no  Salmonella sp p . w ere  iso la ted  
even a fte r  e n r ic h m e n t .

°  T h e  p la te s  e x h ib ite d  ty p ic a l in h ib it io n  o f  b a c te r ia l g ro w th  b y  th e  
sp ices C lo ve s  and N utm eg  at 1 0 —1 and 10 —2 d ilu t io n s .

s e n s i t iv e  s t a p h y l o c o c c i  w e r e  p r e s e n t  i n  s o y  m e a l ,  “ f l a v o r  
e n h a n c e r , ”  m a c e ,  p a p r i k a  a n d  m a j o r a n t  ( F ig .  2 ) .

F a e c a l  s t r e p t o c o c c i  w a s  i s o l a t e d  f r o m  w h i t e  a n d  b l a c k  
p e p p e r ,  s a l a m i t a ,  p i m e n t o  a n d  p a p r i k a  ( T a b l e  4 ) ,  w i t h  c o n 
s id e r a b l e  n u m b e r s  p r e s e n t  i n  o n i o n  p o w d e r ,  w h i t e  p e p p e r  
a n d  p a p r i k a  ( F ig .  2 ) .

N o  C lo s t r id ia ,  B r o c h o t h r i x  t h e r m o s p h a c t a  o r  L a c t o b a -  
c i l l a c e a e  c o u ld  b e  d e t e c t e d  o n  s e le c t iv e  m e d ia .

S e v e r a l  s a m p le s  f r o m  s o u r c e  A  s h o w e d  h ig h  m o u l d  c o u n t s  
w h i l s t  p a p r i k a  c o n t a i n e d  h ig h  n u m b e r s  o f  v ia b le  y e a s t s .  
D e s p i t e  i t s  m i c r o b i c i d a l  p r o p e r t i e s  ( F a r b o o d  e t  a l . ,  1 9 7 6 ;  
S h e l e f  e t  a l . ,  1 9 8 0 )  r o s e m a r y  s p ic e  h a d  r e l a t i v e l y  h ig h  
m o u l d  a n d  a e r o b i c  s p o r e  p o p u l a t i o n s  ( F ig .  2 ) .  T h e  s t u d y  o f  
m o u l d s  i n  s p ic e s  a n d  h e r b s  is  o f  s ig n i f i c a n c e  b e c a u s e  o f  t h e  
p o t e n t i a l  p r o d u c t i o n  o f  m y c o t o x i n s  ( L l e w e l l y n  e t  a l . ,
1 9 8 1 ) .  W o rk  b y  F l a n n ig a n  a n d  H u i  ( 1 9 7 6 )  s h o w e d  m o u l d s  
a s s o c i a t e d  w i t h  s p ic e s  a n d  h e r b s  t o  b e  p r e d o m i n a n t l y  
A s p e r g i l l u s  s p p .  o f  w h i c h  7  o u t  o f  2 4  s t r a i n s  p r o d u c e d  
a f l a t o x i n s  in  v i t r o .  W h o le  g in g e r  a n d  w h i t e  p e p p e r  s u p p o r t e d  
t h e  g r o w t h  o f  A .  f l a v u s  a n d  t h e  p r o d u c t i o n  o f  a f l a t o x i n s  
r e p o r t e d  t h a t  o f  2 9  d i f f e r e n t  s p ic e s  t e s t e d ,  c lo v e s  a n d  a l l 
s p ic e  ( p i m e n t o )  c o m p l e t e l y  i n h i b i t e d  f u n g a l  g r o w t h ,  w h e r e 
a s  o t h e r  s p ic e s  ( e .g .  t h y m e ,  s a g e ,  m a j o r a m )  i n h i b i t e d  o n l y  
t h e  t o x i n  p r o d u c t i o n .  F o r  t h e s e  e x p e r i m e n t s ,  s p ic e  e s s e n t i a l  
o i ls  w e r e  e x t r a c t e d  w h i c h  a t  h i g h e r  c o n c e n t r a t i o n s  w e r e  
m o r e  e f f e c t i v e  i n  t h e i r  f u n g i c id a l  a n d  f u n g i s t a t i c  a c t i o n .  
T h e  b a c t e r i o s t a t i c  a n d  b a c t e r i c i d a l  a c t i o n  o f  s p ic e s  h a s  b e e n
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Fig. 1 Relationship between the total number o f aerobic organisms, aerobic sporeformers and B. cereus " typ e " colonies in spices from  
source A.
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w id e l y  r e p o r t e d  ( F a r b o o d  e t  a l . ,  1 9 7 6 ;  S h e l e f  e t  a l . ,  1 9 8 0 ;  
F r a z i e r  a n d  W e s th o f f ,  1 9 7 8 ;  L le w e l ly n  e t  a l . ,  1 9 8 1 ) .

R e s u l t s  w i t h  s p ic e s  ( f l a v o r in g  m a t e r i a l s )  f r o m  s o u r c e  C  
r e f l e c t  n e a r  t o  c o m m e r c i a l  s t e r i l i t y .  N o  B a c i l l u s  c e r e u s ,  
C l o s t r i d i u m  s p p . ,  c o a g u la s e  p o s i t i v e  s t a p h y l o c o c c c i ,  E n t e r o -  
b a c te r i a c e a e ,  m o u l d s  o r  y e a s t s  w e r e  f o u n d  i n  t h e s e  s p e c ia l ly  
p r e p a r e d  s p ic e s .  T h e  m e t h o d  o f  p r e p a r a t i o n  in v o lv e s  t h e  
e x t r a c t i o n  o f  t h e  s p ic e  e s s e n t i a l  o i l  ( f l a v o r  m a s s )  w h i c h  is  
t h e n  p l a c e d  o n  a  d e x t r o s e  o r  r u s t  m e a l  c a r r i e r  b a s e .  O ils  o f  
p i m e n t o ,  c lo v e s ,  c i n n a m o n ,  c o r i a n d e r ,  m a c e ,  n u t m e g ,  o n i o n  
p o w d e r ,  b l a c k  p e p p e r ,  w h i t e  p e p p e r ,  r o s e m a r y  a n d  t h y m e  
o n  s u i t a b l e  b a s e s  ( S o u r c e  C  s p ic e s )  s h o w e d  t o t a l  v ia b le  
n u m b e r s  o f  < 1 0 0 0  p e r  g r a m  in  c o m p a r i s o n  w i t h  g in g e r  w i t h  
< 3 0 0 0  p e r  g r a m .

S p ic e s  f r o m  s o u r c e  B , w h i c h  w e r e  f r e s h l y  c l e a n e d  a n d  
g r o u n d ,  a l s o  y i e l d e d  l o w e r  t o t a l  c o u n t s  t h a n  t h e  s a m p le s  
f r o m  S o u r c e  A . T h e  i n h i b i t o r y  e f f e c t  o f  s o m e  s p ic e s  f r o m  
S o u r c e  B w a s  c l e a r ly  s e e n  o n  S T D  1 a g a r  w h e r e  f e w e r  o r 
g a n is m s  w e r e  d e t e c t e d  o n  t h e  lO ^ 1  a n d  1 0 - 2  d i l u t i o n s  
t h a n  o n  t h e  1 0 ~ 3  d i l u t i o n .  T h e s e  f i n d in g s  o f  a  s e le c t iv e  
i n h i b i t o r y  a c t i o n  b y  s p ic e s  a n d  h e r b s  a r e  c o n f i r m e d  b y  s e v 
e r a l  a u t h o r s  ( F r a z i e r  a n d  W e s th o f f ,  1 9 7 8 ;  G u a r i n o  a n d  P e p 
p i e r ,  1 9 7 6 ;  S h e l e f  e t  a l . ,  1 9 8 0 ) .

T h e  p r e s e n c e  o f  a e r o b i c  s p o r e f o r m e r s  a n d  m o u l d s  is  
i m p o r t a n t  s in c e  t h e i r  s u r v iv a l  o r  t h e  p r e s e n c e  o f  t h e i r  t o x i n s

T a b le  3 —B a c illu s  s p p . i s o la te d  f r o m  d i f f e r e n t  s a m p le sa
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Soy meal 1 1 1 3
Marjoram 1 1 1 3
Mace 1 1 2 4
Onion powder 3 1 1  1 6

W/Pepper 1 2  1 4
Paprika 1 1 2

Pimento 1 1 2

Coriander 1 1

Total 2 2 4 2  6 4 1 1 1 2 25

a B a c illu s  iso la tes w ere  sp ed a tec i a cc o rd in g  to  W o lf  and  B a rk e r  
(1 9 6 8 )  and B u ch a n a n  and G ib b o n s  (1 9 7 4 ) .

“ T h is  iso la te  w as d istin g u ish e d  fro m  B. c e r e u s  on b asis o f it s  n o n 
m o t i l i t y .

L O G  N O . O F  
0RG./G

g ^ Enterobocterioceae BBSlYeasts
Moulds [¿^Streptococci
Staphylococci 1 lAerobic sporeformers

ROS Rosemary; THY Thyme; CLO Cloves; CIN Cinnamon; NUT Nutmeg; GIN Ginger; CAR Cardamom; EGG Egg-powder; WP White Pepper; BLP Block Pepper; SAL Salamlta; FLAV Flavour enhancer; COL Soy meal; PAP Paprika; COR Coriander; ONIO Onion powder; MAC Mace; MAJ Majoram, PIM Pimento (all spice) ;

Fig. 2—Range o f population numbers o f  different organisms in selected spices from source A.
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Table 4-Organism sa isolated from C A T C  Agar plates
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Identification

S1 ,S2 , S1-Paprika, S2-Pimento, _ + + + + + + — — + S. faecalis
S6 , S7 S6 -Salamita, S7-B/Pepper
S3 Onion powder ± + + + + + + - - + S. zymogenes or

liquefaciens

S4 Paprika - - + + + + - + - + S. faecium

S5 W/Pepper ± + + + + + + - + + S. faecalis var.
liquefaciens

a F e rm e n ta t iv e  on H u g h -Le ifso n s  g lu co se . O rg an ism s iso la ted  f ro m  C A T C  w e re  a ll deep red co lo n ie s  and  ca ta lase  n e g a tive , G ra m  p o s it ive  co c c i 
in  p a irs  and  c h a in s . O th e r G ro u p  D  spec ies w e re  p resen t as lig h t p in k  co lo n ie s , b u t w e re  n o t co u n te d .

Table 5—Identification o f some Cram negative rods isolated from  
spices, herbs and f  • id  additives

Source
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n

Soy meal 1 4 5
Paprika 4 4 2 2 1 13
Cardamom 1 1 2

W/Pepper 1 1 1 3
B/Pepper 1 1 2

Rosemary 1 2 3
Pimento 1  1 1 3
Onion powder 1 1 2

Salamita 1 1 2

Total 1 5 6 4 2 1 3 13 35

a Pseu do m o n as and S a lm o n e lla  spec ies w ere  no t Id e n t if ie d  fu r th e r . 
b Iso la t io n s  w ere  m ade fro m  B P L  and D H L  p la te s  sh o w in g  s ig n if i

can t n u m b ers  o f  E n te ro b a c te ria c e a e  co lo n ie s . Se ve ra l iso la te s  w ere  
a lso  ta k e n  fro m  se len ite  e n ric h m e n t b ro th  and  a lso  o f  c y to c h ro m e  
o x id a se  p o s it iv e  co lo n ie s  on  B P L  and D H L  p la te s .

a f t e r  t h e  c o o k i n g  p r o c e s s  m a y  r e s u l t  i n  f o o d  p o i s o n i n g  o r  
d e t e r i o r a t i o n  o f  t h e  p r o d u c t  in  w h i c h  s p ic e s  h a v e  b e e n  u s e d .  
T h i s  is  o f  v i t a l  i m p o r t a n c e  f o r  t h e  m i c r o b i a l  q u a l i t y  a n d  
s a f e t y  o f  t h e  e x p e r i m e n t a l  s h e l f  s t a b l e  p r o d u c t s  u n d e r  
i n v e s t i g a t i o n ,  c o n s i d e r in g  t h e  m i ld  h e a t  t r e a t m e n t  ( 7 2 ° C  
t o  8 0 ° C  c o r e  t e m p e r a t u r e  f o r  1 0  t o  3 0  m i n )  o f  t h e  f in a l  
p r o d u c t .  T h e  n e e d  f o r  c l e a n  o r  p r e f e r a b l y  c o m m e r c i a l l y  
s t e r i l e  s p ic e s ,  h e r b s  a n d  f o o d  a d d i t i v e s  is  e m p h a s i s e d  b y  
t h e s e  r e s u l t s ,  e s p e c i a l l y  i n  v ie w  o f  t h e  p r e s e n c e  o f  h ig h  
n u m b e r s  o f  v ia b le  e n d o s p o r e  f o r m i n g  b a c t e r i a  in  s a m p le s  
f r o m  s o u r c e  A . S a f e  m e t h o d s  f o r  c o m m e r c i a l  c l e a n i n g  a n d  
s t e r i l i z a t i o n  o f  c o n d i m e n t s  a r e  v i ta l .

A c c o r d i n g  t o  W e b e r  ( 1 9 8 0 )  e t h y l e n e  o x i d e  t r e a t m e n t  
a p p e a r s  t o  b e  t h e  b e s t  m e t h o d  a v a i la b l e .  T h e  b y - p r o d u c t s  o f  
t h i s  p r o c e s s  a r e  s a id  t o  b e  c o n s u m e d  i n  n e g l ig ib le  a m o u n t s  
b y  t h e  g e n e r a l  p u b l i c .  I n v e s t i g a t i o n s  o n  t h e  u s e  a n d  e f f e c -  
t i v i t y  o f  g a m m a - i r r a d i a t i o n  f o r  t h e  s t e r i l i z a t i o n  o f  s p ic e s

a r e  b e in g  c o n d u c t e d  p r e s e n t l y  a s  a  c o - o p e r a t i v e  p r o j e c t  
b e t w e e n  t h e  U n i v e r s i t y  o f  P r e t o r i a  a n d  t h e  A t o m i c  E n e r g y  
B o a r d .  A  d e c is iv e  f a c t o r  i n  t h e  p r a c t i c a l  u s e  o f  c o m m e r c i a l  
s t e r i l i z a t i o n  p r o c e s s e s  w il l  b e  t h e  e c o n o m i c a l  v i a b i l i t y  
( V a d j i  a n d  P e r e i r a ,  1 9 7 3 ;  G e r h a r d t ,  1 9 6 9 ;  P o w e r s  e t  a h ,  
1 9 7 5 ) .
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A n a l y s i s  o f  P h y t i c  A c i d  i n  F o o d s  b y  H P L C

A .  L .  C A M I R E  a n d  F .  M . C L Y D E S D A L E

---------------------------- ABSTRACT-----------------------------
A quantitative HPLC method for the analysis of phytic acid in foods was developed based on the precipitation of phytic acid with ferric chloride followed by conversion to sodium phytate before injection onto a Cjg reversed-phase column. Standard food grade wheat bran samples were analyzed by the method of standard addi
tion and recovery of phytic acid ranged from 99-103%. 3% H2 SC>4 

was found to be as effective as 3% TCA in the extraction of phytic 
acid. AAS was shown to be potentially valuable as a metal specific 
detector for the HPLC of phytate-metal complexes.

INTRODUCTION
P H Y T I C  A C I D  is  n o t  u b i q u i t o u s  i n  t h e  p l a n t  k in g d o m .  
T h e  p r e s e n c e  a n d  c o n c e n t r a t i o n  o f  p h y t a t e  i n  f o o d  d e p e n d s  
la r g e ly  o n  t h e  p a r t  o f  t h e  p l a n t  c o n s u m e d  a n d  i t s  s ta g e  o f  
m a t u r i t y  a t  h a r v e s t  ( O ’D e l l  e t  a l . ,  1 9 7 2 ) .  T h e  p h y t a t e  c o n 
c e n t r a t i o n  i n  w h o le  g r a in  c e r e a ls  a n d  o i l s e e d s  h a s  b e e n  
r e p o r t e d  t o  b e  a p p r o x i m a t e l y  1% . T h i s  b e c o m e s  s i g n i f i c a n t  
f r o m  a  n u t r i t i o n a l  p o i n t  o f  v ie w  w h e n  o n e  c o n s i d e r s  t h a t  
p h y t a t e  i n t a k e s  b y  a d u l t s  i n  I r a n  a n d  o t h e r  M id d le  E a s t e r n  
c o u n t r i e s  o f  2 —5 g / d a y  a r e  n o t  u n c o m m o n  ( R e i n h o l d ,  1 9 7 5 ) .

T h e  g r e a t  c o n c e r n  o v e r  t h e  p r e s e n c e  o f  p h y t i c  a c id  in  
c e r t a i n  f o o d s  s t e m s  f r o m  t h e  f a c t  t h a t  p h y t i c  a c id  c o m 
p l e x e s  w i t h  c e r t a i n  d i e t a r y  m in e r a l s  p o t e n t i a l l y  d e c r e a s e s  
t h e i r  b i o a v a i l a b i l i t y .  S e v e r a l  e x c e l l e n t  r e v ie w s  d e a l  w i t h  
t h e  n u t r i t i o n a l  i m p l i c a t i o n s  o f  p h y t i c  a c id  a n d  i t s  c h e m i s 
t r y  ( C h e r y a n ,  1 9 8 0 ; E r d m a n ,  1 9 7 9 ) .

S in c e  p h y t i c  a c id  d o e s  n o t  h a v e  a  c h a r a c t e r i s t i c  a b s o r p 
t i o n  s p e c t r u m  a n d  b e c a u s e  t h e r e  a r e  n o  s p e c i f i c  r e a g e n t s  
t h a t  i d e n t i f y  p h y t a t e ,  p h y t i c  a c id  d e t e r m i n a t i o n  h a s  b e e n  
a n  a n a l y t i c a l  p r o b l e m  f o r  o v e r  3 0  y e a r s .  P r e c i p i t a t i o n  
m e t h o d s  h a v e  b e e n  s u b d i v i d e d  i n t o  “ d i r e c t ”  m e t h o d s  in  
w h i c h  t h e  f e r r i c  p h y t a t e  is  r e m o v e d  a n d  d e t e r m i n e d  as  
p h o s p h o r u s  o r  i n o s i t o l  ( M c C a n c e  a n d  W id d o w s o n ,  1 9 3 5 )  
a n d  “ i n d i r e c t ”  m e t h o d s  i n  w h i c h  a n  e x c e s s  o f  f e r r i c  c h l o r 
i d e  is  a d d e d  t o  p r e c i p i t a t e  t h e  p h y t a t e  a n d  t h e  i r o n  i n  t h e  
f e r r i c  p h y t a t e  p r e c i p i t a t e  is  d e t e r m i n e d  w h i le  t h e  p h y t a t e  
c o n c e n t r a t i o n  is  c a l c u l a t e d  f r o m  th e s e  r e s u l t s  u s in g  a  t h e o 
r e t i c a l  F e : P  r a t i o  o f  4 : 6 .

T h i s  i n v e s t i g a t i o n  r e p o r t s  a n  H P L C  m e t h o d  f o r  t h e  
a n a ly s i s  o f  p h y t i c  a c id  i n  f o o d s  c o m b i n i n g  t h e  c o l u m n /  
m o b i l e  p h a s e  c o n d i t i o n s  e s t a b l i s h e d  b y  T a n j e n d j a j a  e t  a l.
( 1 9 8 0 )  a l o n g  w i t h  a  p r e p a r a t o r y  p r o c e d u r e  w h i c h  r e s u l t s  in  
im p r o v e d  a n a l y t i c a l  p e r f o r m a n c e .

MATERIALS & METHODS
Food samples

Standard food grade soft white and hard red wheat brans were obtained from the American Association of Cereal Chemists. Refined corn bran was obtained courtesy of Illinois Cereal Mills, Inc. (Paris, IL). Defatted soy flour was obtained courtesty of Cargill Incorporated (1010-10th Ave. S.W., Cedar Rapids, IA). Carrots,

Authors Camire and Clydesdale are affilia ted with the Dept, o f  
Food  Science & Nutrition, Massachusetts Agricu ltura l Experiment 
Station, Univ. o f  Massachusetts, Amherst, M A  01003.

split peas, broccoli, brown rice, parsnips, and lettuce were obtained at the local supermarket.
Equipment

The HPLC was carried out with Laboratory Data Control (LDC) (P.O. Box 10235 Riviera Beach, FL) equipment consisting of a 
Constametric II pump for solvent delivery, Spectromonitor II Model 1202 UV-VIS detector, Model 1107 RefractoMonitor (RI) detector and a model 7120 Reodyne syringe loading sample injector 
with a 20 pi loop. The analytical column was 25 cm X 4.6 cm ID containing Spherisorb ODS Cjg 10p packing. A Perkin Elmer model 372 double beam atomic absorption spectrophotometer (Perkin- Elmer Corp., Norwalk, CT) was used for the analysis of metals.
Extracting solvents and reagents

All chemicals used were reagent grade or better. Solvents were made up fresh using distilled water. Sodium phytate was obtained 
from Sigma Chemical Co. (St. Louis, MO) and was found to contain 13.18% moisture.
Operating conditions for the chromatography

Phytic acid was detected by RI on elution from the reversed- phase column. 0.005M sodium acetate was used as a mobile phase at a flow rate of 0.5 ml/min. A 20 pi sample loop was used for all analyses. It was found that a 5 cm precolumn containing silica was necessary to protect the analytical column from deterioration due to the strongly basic sample solutions injected.The feasibility of atomic absorption spectrophotometry (AAS) as a detector for the analysis of phytate-metal complexes was evaluated using the instrumentation shown in Fig. 1. The liquid chromatograph was interfaced to the AAS by means of a drilled out 1/16- inch stainless steel “tee” one side of which was connected to the output of the RI detector. The other portion of the “tee” was connected to a separate pulseless pump which was set for 4 ml/min of mobile phase. The combination of these two inputs produced a flow

D I A G R A M  O F  I N S T R U M E N T A T I O N

H P L C
P U M P

I n je c t o r

U V  nr A A S

H P L C
P U M P

Fig. 1 —Instrumentation used to test the feasib ility o f  A A S  as a 
metal specific detector fo r liqu id  chromatography.
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outlet from the third portion of the “tee” into the AAS aspirator 
of 4.5 ml/min, the flow rate necessary for maximum sensitivity of the AAS. Synthetic monoferric phytate was prepared according to the procedure of Lipschitz et al. (1979) to serve as a standard compound for injection.
Procedure

The fresh vegetables were first freeze-dried and then ground to a powder in a Micro Mill. The wheat brans, corn bran, and soy flour were used as is, and the rice and split peas were similarly ground in the Micro Mill.Each sample was then treated as follows:1. Weigh a sample estimated to contain 25-100 mg phytic acid into a 125 ml Erlenmeyer flask. For example, for soft white wheat bran a 1 .0 0 0 g sample was utilized.2. Extract with 25 ml of 3% H2 SO4  for 30 min on a shaker bath at medium speed at room temperature.3. Filter the slurry through fast filter paper (Whatman #41 and rinse by using a fine jet stream from a squeeze bottle, with a small volume of extracting solvent.4. Transfer the filtrate to 50 ml screw top centrifuge tubes and place in a boiling water bath (BWB) for 2-5  min (to aid in the precipitation of ferric phytate) before addition of 3 ml of a FeCl3  solution containing 6 mg ferric iron per ml in 3% H2 SO4 . For samples high in inorganic phosphate it might be advisable to incubate the ferric iron precipitate in 0.5M HC1 for 2 hr at room tem
perature with occasional stirring (Ellis et al., 1976).

0  2  4  6  8  1 0

R e t e n t i o n  t i m e  ( m i n )

Fig. 2—Chromatogram o f  a 3% TCA extract o f soft white wheat 
bran using the method o f  Tanjendjaja e ta l. (1980).

5. Heat the tubes in a BWB for 45 min to allow for complete precipitation of the ferric phytate complex.
6 . Centrifuge at 2,500 rpm for 10 min and discard the supernatant.
7. Wash the precipitate once with 30 ml of distilled water, centrifuge, and discard the supernatant.
8 . Add 3 ml of 1.5N NaOH and a few ml of distilled water to the contents of the tubes. Break up the precipitate with the aid of a glass rod and then sonicate to completely disperse the precipitate.9. Bring the volume to approximately 30 ml with distilled water and heat in a BWB for 30 min to precipitate the ferric hydroxide.10. Centrifuge the cooled samples and quantitatively transfer the 

supernatant to 50 ml volumetric flasks. Rinse the precipitate once with approximately 1 0  ml of distilled water, centrifuge, and add this to the volumetric flask.11. Run a series of standards of sodium phytate before injection of the unknowns.
Preparation of the standard curve

A stock solution containing 10 mg/ml of sodium phytate in distilled water was prepared. Serial dilutions were made to contain from 50 mg/100 ml to 500 mg/100 ml which corresponds to 10- 100 Mg of sodium phytate injected into the HPLC using a 20 pi sample loop. A detection limit of 5 pg sodium phytate was obtained and the curve was linear up to 1 0 0  pg of sodium phytate injected.Linear regression was performed on the data points using a Hewlett Packerd programmable pocket calculator and unknown sample values were obtained in this manner. Results for sodium phytate content were corrected for 13.18% moisture present in the standard sodium phytate and values for phytic acid were obtained from the sodium phytate values by assuming sodium phytate to be 29.95% sodium (Vohra et al., 1965).
Determination of percent recovery

Percent recovery was evaluated by using the internal standard technique. Soft white and hard red wheat brans as obtained from the American Association of Cereal Chemists were used in the 
analysis. Duplicate l.OOOg samples of wheat brans were analyzed for endogenous phytic acid content by the proposed procedure. Then 25 and 50 mg of sodium phytate were added as internal standards to another set of duplicate l.OOOg samples and analyzed after adding up to 5 ml of FeCl3  solution (made to contain 6 mg Fe+++/ 
ml in 3% H2 SO4 ) to precipitate the greater amount of phytic acid present. The minimum amount of ferric iron needed to precipitate the added sodium phytate was determined using a 4:6 molar ratio of iron to phosphorus and assuming sodium phytate to be 2 0 % phosphorus.
Evaluation of a “direct injection” method

Duplicate samples of soft white wheat bran were extracted with 3% TCA for 1/2 hr on a shaker bath at room temperature. Samples were then centrifuged at 1 0 , 0 0 0  rpm for 2 0  min before injection 
into the HPLC following the procedure established by Tanjendjaja et al. (1980).
Evaluation of extracting solvents

Several extracting solvents (3% H2 S04, 3% TCA, 1% TCA, 3% CH3 COOH, 1% HC1, 1M NH4  acetate, pH 1.0 buffer, and H2 0) all reagent grade or better, were evaluated for efficacy of extraction in soft white wheat bran by using the proposed methodology.
RESULTS & DISCUSSION

A  T Y P I C A L  C H R O M A T O G R A M  o f  a  3 %  T C A  e x t r a c t  o f  
w h e a t  b r a n  a n a ly z e d  u s in g  t h e  H P L C  m e t h o d  o f  T a n j e n -  
j a j a  e t  a l. ( 1 9 8 0 )  is  s h o n  in  F ig .  2 . T h e  p r o c e d u r e  in v o lv e s  
a  “ d i r e c t  i n j e c t i o n ”  o f  t h e  3 %  T C A  e x t r a c t  f o l l o w in g  a  c e n 
t r i f u g a t i o n  s t e p .  A s  c a n  b e  s e e n  i n  F ig .  2  t h e  s o lv e n t  p e a k  
i n t e r f e r e s  w i t h  t h i s  a n a ly s i s  a n d  w e  h a v e  f o u n d  t h a t  t h e  
r e s u l t s  a r e  n o t  q u a n t i t a t i v e .  W e  a t t r i b u t e  t h i s  t o  t h e  p r e s 
e n c e  o f  e n d o g e n o u s  i r o n  in  w h e a t  b r a n  w h i c h  m a y  p r e c i p i 
t a t e  s o m e  o f  t h e  p h y t a t e  d u r in g  e x t r a c t i o n  t h e r e b y  r e s u l t 
in g  in  a  lo w  e s t i m a t e  o f  p h y t a t e  c o n c e n t r a t i o n  b y  t h i s  
m e t h o d .  O t h e r  e x t r a c t i n g  s o lv e n t s  s u c h  a s  3 %  H 2 S 0 4
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a n d  1% H C 1 c o m p l e t e l y  m a s k  t h e  s o d iu m  p h y t a t e  p e a k  
m a k in g  a n a ly s i s  im p o s s ib l e .

F ig .  3 s h o w s  a  c h r o m a t o g r a m  o f  a  3 %  H 2 S 0 4  e x t r a c t  
o f  s o f t  w h i t e  w h e a t  b r a n  t h a t  h a s  b e e n  a n a ly z e d  b y  t h e  
p r o p o s e d  m e t h o d o l o g y .  F o r  t h i s  f i g u r e  ( 3 )  i t  is  e v id e n t  t h a t  
t h e  p r e p a r a t o r y  s t e p  u s e d  i n  t h i s  p r o c e d u r e  r e s o lv e d  s o m e  
o f  t h e  c h r o m a t o g r a p h i c  a n d  q u a n t i t a t i v e  p r o b l e m s  s e e n  
w i t h  t h e  m e t h o d  o f  T a n j e n d j a j a  e t  a l . ( 1 9 8 0 )  a s  s h o w n  in  
F ig .  2 . T h e  a d v a n t a g e s  o f  t h i s  m e t h o d  o v e r  t h e  n o n - c h r o m a -  
t o g r a p h i c  m e t h o d s  a r e  t h e  e l i m i n a t i o n  o f  t h e  u s e  o f  t h e  
t h e o r e t i c a l  4 : 6  r a t i o  o f  F e : P  i n  c a l c u l a t i o n s ,  t h e  e l i m i n a t i o n  
o f  t h e  n e c e s s i t y  f o r  m a n y  t i m e - c o n s u m i n g  w a s h in g  a n d  c e n 
t r i f u g a t i o n  s t e p s  u s e d  in  t h e  “ i n d i r e c t  m e t h o d , ”  r e l a t iv e  
s p e e d  a n d  s i m p l i c i t y ,  a n d  t h e  “ d i r e c t n e s s ”  o f  a n a ly s i s  f o r  
s o d iu m  p h y t a t e .  H o w e v e r ,  t h e  d i s a d v a n t a g e s  o f  t h i s  m e t h o d  
a r e  t h a t  a n  e x t e r n a l  s t a n d a r d s  is  u s e d  f o r  q u a n t i t a t i o n  a n d  
t h a t  t h e r e  is  a  n e e d  f o r  im p r o v e d  c o l u m n / m o b i l e  p h a s e  
c o n d i t i o n s  f o r  t h e  c h r o m a t o g r a p h y  s o  t h a t  p h y t i c  a c id  is  
r e t a i n e d  t o  a  g r e a t e r  d e g r e e  o n  t h e  c o lu m n .

T h e  u s e  o f  a n  N H 2 - b o n d e d  p h a s e  c o l u m n  w i t h  a  m o b i l e  
p h a s e  o f  a c e t o n i t r i l e :  w a t e r  ( 6 0 : 4 0 )  a s  d e s c r i b e d  b y  T a n 
j e n d j a j a  e t  a l . ( 1 9 8 0 )  r e s u l t e d  in  t h e  s a m e  p r o b l e m s  w i t h  
r e t e n t i o n .  W e  a l s o  i n v e s t i g a t e d  t h e  u s e  o f  p a i r e d - i o n  c h r o 
m a t o g r a p h y  u s in g  a  C 1 8  c o l u m n  w i t h  0 .0 0 5 M  t e t r a b u t y l -  
a m m o n i u m  b r o m i d e  in  0 .0 2 5 M  K 2 H P 0 4  a n d  K H 2 P 0 4  

a s  t h e  m o b i l e  p h a s e .  W e  w e r e  n o t  s u c c e s s f u l  b u t  r e c o m 
m e n d  t h a t  t h i s  a p p r o a c h  b e  i n v e s t i g a t e d  f u r t h e r .

A  w id e  v a r i e t y  o f  f o o d s t u f f s  w e r e  c h o s e n  t o  b e  a n a ly z e d  
b y  t h e  p r o p o s e d  m e t h o d o l o g y  a n d  a  c o m p a r i s o n  o f  r e s u l t s  
f o r  h a r d  r e d  w h e a t  b r a n ,  s o f t  w h i t e  w h e a t  b r a n  a n d  d e 
f a t t e d  s o y  f l o u r  w a s  m a d e  w i t h  t h e  m e t h o d  o f  W h e e le r  a n d  
F e r r e l  ( 1 9 7 1 )  a s  s h o w n  in  T a b l e  1. R e s u l t s  o f  t h e  p r o p o s e d  
m e t h o d o l o g y  a r e  t h e  a v e r a g e  o f  t w o  d e t e r m i n a t i o n s  e x 
p r e s s e d  o n  a  d r y  w e i g h t  b a s is .  D e f a t t e d  s o y  f l o u r  w a s  f o u n d  
t o  c o n t a i n  2 . 2 %  p h y t i c  a c id  o n  a  d r y  w e i g h t  b a s is  c o m p a r e d  
t o  h a r d  r e d  a n d  s o f t  w h i t e  w h e a t  b r a n s  w h i c h  c o n t a i n e d  6 . 6  

a n d  5 .0 %  p h y t i c  a c id  r e s p e c t i v e ly .  S im i l a r  v a lu e s  w e r e  
f o u n d  b y  M o r r i s  a n d  E l l i s  ( 1 9 8 0 )  w h o  r e p o r t e d  t h a t  s o f t  
w h e a t  b r a n  a n d  h a r d  w h e a t  b r a n  c o n t a i n e d  5 .0 %  a n d  4 .0 %  
p h y t i c  a c id  r e s p e c t i v e ly  o n  a n  a s  u s e d  b a s is .  B a k e r  e t  a l.
( 1 9 8 1 )  r e p o r t e d  f u l l  f a t  s o y  f l o u r  t o  c o n t a i n  1 .3 %  p h y t i c  
a c id .  A  c o m p a r i s o n  o f  v a lu e s  o b t a i n e d  u s in g  t h e  m e t h o d  o f  
W h e e le r  a n d  F e r r e l  ( 1 9 7 1 )  ( T a b l e  1 ) s h o w s  l o w e r  v a lu e s  f o r  
t h e  w h e a t  b r a n  s a m p le s .  T h i s  d i f f e r e n c e  m a y  b e  d u e  in  p a r t  
t o  t h e  u s e  o f  d i f f e r e n t  e x t r a c t i n g  s o lv e n t s .  W h e e le r  a n d  
F e r r e l  ( 1 9 7 1 )  u s e d  3 %  T C A  w h i le  t h e  p r o p o s e d  m e t h o d o l 
o g y  u s e d  3 %  H 2 S 0 4 .

S e v e r a l  e x t r a c t i n g  s o lv e n t s  w e r e  e v a lu a t e d  t o  d e t e r m i n e  
t h e i r  r e l a t i v e  e f f e c t i v e n e s s  i n  t h e  e x t r a c t i o n  o f  p h y t i c  a c id  
f r o m  s o f t  w h i t e  w h e a t  b r a n  a n d  t h e  r e s u l t s  a r e  s u m m a r i z e d  
i n  T a b l e  2 . T h r e e  p e r c e n t  H 2 S 0 4  w a s  f o u n d  t o  e x t r a c t  
m o r e  p h y t i c  a c id  t h a n  3 %  T C A ;  h o w e v e r ,  t h e  r e s u l t s  w e r e  
n o t  s ig n i f i c a n t  w i t h  a  s a m p le  s iz e  o f  tw o .  T h r e e  p e r c e n t  
T C A  w a s  f o u n d  t o  b e  a  m o r e  e f f e c t i v e  s o lv e n t  t h a n  1% 
T C A . T h r e e  p e r c e n t  a c e t i c  a c id ,  1M  a m m o n i u m  a c e t a t e ,  
1%  H C 1, a n d  a  p H  1 .0  a c e t a t e  b u f f e r  w e r e  a l l  le s s  e f f e c t i v e  
t h a n  3 %  H 2 S 0 4  i n  t h e  e x t r a c t i o n  o f  p h y t i c  a c id  f r o m  s o f t  
w h e a t  b r a n .  W h e e le r  a n d  F e r r l  ( 1 9 7 1 )  r e p o r t e d  3 %  T C A  
t o  b e  m o r e  e f f e c t i v e  t h a n  3 %  H 2 S 0 4  i n  t h e  e x t r a c t i o n  o f  
p h y t i c  a c id  f r o m  w h e a t  p r o t e i n  c o n c e n t r a t e .  R e d d y  a n d  
S a l u n k h e  ( 1 9 8 1 )  r e p o r t e d  w a t e r  t o  r e m o v e  8 8 % o f  t h e  
p h y t i c  a c id  f r o m  b l a c k  g r a m  c o t o l y e d o n s .  O u r  r e s u l t s  u s in g  
w h e a t  b r a n  s h o w  w a t e r  t o  b e  t h e  l e a s t  e f f e c t i v e  e x t r a c t i n g  
s o lv e n t ,  r e m o v in g  o n l y  a  t r a c e  o f  p h y t i c  a c id .

T w e n ty - f i v e  a n d  f i f t y  m g  o f  s t a n d a r d  s o d iu m  p h y t a t e  
w e r e  a d d e d  t o  d u p l i c a t e  l.O O O g s a m p le s  o f  s o f t  w h i t e  a n d  
h a r d  r e d  w h e a t  b r a n s  i n  o r d e r  t o  d e t e r m i n e  p e r c e n t  r e c o v 
e r y .  T h e  r e s u l t s  a r e  s h o w n  in  T a b l e  3 . R e c o v e r y  o f  p h y t i c  
a c id  in  t h e  w h e a t  b r a n  s a m p le s  r a n g e d  f r o m  9 9 — 1 0 3 % . 
I t  is  r e a l i z e d  t h a t  t h e  u s e  o f  “ s p i k e d ”  s a m p le s  h a s  s o m e

l i m i t a t i o n s  b u t  i t  d o e s  n o t  g iv e  s o m e  i n d i c a t i o n  o f  r e 
c o v e r y .

I n  o u r  s t u d y  u s in g  A A S  a s  a  m e t a l  s p e c i f i c  d e t e c t o r  f o r  
l i q u i d  c h r o m a t o g r a p h y  a  d e t e c t i o n  l i m i t  f o r  F e  in  m o n o -  
f e r r i c  p h y t a t e  o f  1 0  /ug w a s  o b t a i n e d .  H o w e v e r ,  i n  a t t e m p t 
in g  t o  a n a ly z e  a  f o o d  e x t r a c t  f o r  p h y t a t e - m e t a l  c o m p le x e s  
w e  w e r e  n o t  s u c c e s s f u l  s in c e  p h y t i c  a c id  is  n o t  r e t a i n e d  lo n g  
e n o u g h  o n  t h e  r e v e r s e d - p h a s e  c o l u m n  a n d  t h e r e f o r e  a n y

I------------- 1---------------1---------------1---------------1
0 2 4 6 8

r e t e n t i o n  t i m e  ( m i n )
Fig. 3 —Chromatogram o f  a 3% H 2 SO 4  extract o f  soft white wheat 
bran using the proposed methodology.

Table 1—Phytic acid content o f  selected foodstuffs

Foodstuff
Phytic acid 

(mg/g)a
Phytic acid 

(mg/g)b

Hard red wheat bran 66.81 ± 1.85 53.71 ± 1.71
Soft white wheat bran 50.27 ± 1.45 46.62 ± 0.46
Soy flour (defatted) 22.45 ± 1 .15 23.53 ± 0.48
Refined corn bran 15.77 ± 2.51
Parsnips 8.18 ± 0.18
Carrots 5.15 ± 0.58
Split peas 16.79 ± 1.02
Brown rice (parboiled) 15.55 ± 1.92
Broccoli N.D.
Lettuce N.D.

a E a ch  va lu e  rep resen ts  the  average o f tw o  d e te rm in a t io n s  based on 
the  p ro posed  m e th o d o lo g y  and  is e xp re ssed  on a d ry  w e ig h t basis . 

b E a ch  va lu e  rep resen ts  th e  average o f th re e  d e te rm in a t io n s  based 
on th e  m eth o d  o f W h ee ler and F e rre l (1 9 7 1 )  and is e xp ressed  on a 
d ry  w e ig h t basis .

N .D . = N o n e  d etectab le
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Table 2 —Comparison o f extracting solvents fo r the extraction o f  
phytic  ac id  from so ft white wheat bran

Extracting solvent pH
Phytic acid 

(mg/g)a

3% H2S 0 4 0.8 50.59 ± 1.72
3% T C A 1.0 47.98 ± 0.96
1% T C A 1.1 36.99 ± 0.31
3% C H 3COOH 3.1 33.80 ± 0.84
1% HCI 0.7 41.45 ± 1.37
1M NH4 acetate 6.9 29.34 + 1.26
pH 1.0 buffer 0.9 38.25 + 1.17
h 2o 6.7 trace

Table 3 —Percent recovery o f  added sodium phytate to wheat brans

Total phytic acid found

Sodium
Phytic acid phytate3 % of

Sample (mg/g) found mg added mg/g total present

25.0 65.80 ± 1.28 99.5
Soft White 
Wheat Bran 50.27 ± 2.39

50.0 80.30 ± 0.66 100.5

25.0 80.36 ± 0.64 102
Hard Red 
Wheat Bran

66.81 ± 3.04

50.0 94.81 ± 1.37 103

S o d iu m  p h y ta te  used w as fo u n d  to  c o n ta in  1 3 .1 8 %  m o is tu re  and 
is assum ed  to  be 2 9 .9 5 %  so d iu m .

m e t a l s  in  s o l u t i o n  w o u ld  c o e l u t e  w i t h  p h y t i c  a c id .  M o r r i s  
a n d  E l l i s  ( 1 9 7 6 )  h a v e  b e e n  a b l e  t o  a c h ie v e  r e t e n t i o n  o f  a  
p h y t a t e - m e t a l  c o m p l e x  w h i c h  t h e y  h a v e  i d e n t i f i e d  a s  m o n o -  
f e r r i c  p h y t a t e  u s in g  a  B io G e l  P -4  g e l  f i l t r a t i o n  c o lu m n .  
W i th  t h e  r e c e n t  i n t r o d u c t i o n  o f  H P L C  g e l  c o l u m n s  i t  m a y  
b e  p o s s i b l e  t h a t  s im i la r  a n a ly s e s  o f  p h y t a t e  m e t a l  c o m 
p l e x e s  in  f o o d s  c a n  b e  d o n e  i n  a  m a t t e r  o f  m i n u t e s  r a t h e r  
t h a n  h o u r s  u s in g  A A S  a s  a  m e t a l  s p e c i f i c  d e t e c t o r  f o r  H P L C .

I n  s u m m a r y ,  t h e  r e s u l t s  o f  t h i s  s t u d y  h a v e  s h o w n  H P L C  
t o  b e  a  f a s t  r e l i a b l e  m e t h o d  f o r  t h e  a n a ly s i s  o f  p h y t i c  a c id  
i n  f o o d s .  T h e  v a lu e s  r e p o r t e d  f o r  t h e  p h y t i c  a c id  c o n t e n t  o f  
s e l e c t e d  f o o d s t u f f s  a r e  g e n e r a l l y  h ig h e r  t h a n  t h e  v a lu e s  
r e p o r t e d  in  t h e  l i t e r a t u r e .  F i n a l l y ,  A A S  is  p o t e n t i a l l y  
v a lu a b l e  a s  a  m e t a l  s p e c i f i c  d e t e c t o r  f o r  t h e  H P L C  o f  p h y 
t a t e - m e t a l  c o m p le x e s  o n c e  i m p r o v e  c h r o m a t o g r a p h i c  c o n 
d i t i o n s  a r e  e s t a b l i s h e d .
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M e d i a  C o m p a r i s o n  f o r  t h e  E n u m e r a t i o n  a n d  R e c o v e r y  
o f  C l o s t r i d i u m  S p o r o g e n e s  P . A .  3 6 7 9  S p o r e s

D . A .  P O L V I N O  a n d  D . T .  B E R N A R D

----------------------------A B ST R A C T -----------------------------
T h e  effic ie n c y  o f  try p tic a s e  p e p to n e  ag ar (T P A ), y e a s t e x tr a c t  agar 
(Y E A ), an d  p o rk  p e a  in fu s io n  ag ar (P P IA ) fo r  e n u m e ra tin g  h e a t 
a c tiv a te d  C lo s tr id iu m  s p o r o g e n e s :  P .A . 3 6 7 9  sp o re s  w as te s te d  u sin g  
a p o u r  p la te  p ro c e d u re . A ll th re e  m e d ia  ty p e s  gave re p ro d u c ib le  
re su lts  b e tw e e n  te s t ru n s , h o w e v e r T P A  a n d  Y E A  gave h ig h e r c o u n ts  
th a n  P P IA . T h e  th re e  m e d ia  ty p es  lis ted  ab o v e  p lu s  p o rk  in fu s io n  
agar (P IA ) an d  T -B est ag a r (T B A ) w ere  e v a lu a te d  fo r  re co v e ry  o f  
h e a t s tre ssed  P .A . 3 6 7 9  sp o re s  u sin g  a  s im ila r p o u r  p la te  p ro c e d u re . 
A n d e rse n ’s p o rk  p ea  in fu s io n  gave th e  h ig h e s t c o u n ts , a lth o u g h  th e  
v a ria t io n  fo u n d  b e tw e e n  te s ts  in d ic a te s  th a t  th e  p o u r  p la te  p ro c e d u re  
m ay  n o t  b e  a d e q u a te  fo r  re c o v e ry  o f  h e a t  s tre ssed  spo res.

INTRODUCTION
I N  O R D E R  T O  P R O D U C E  s h e l f - s t a b l e  o r  c o m m e r c i a l l y  
s t e r i l e  lo w  a c id  c a n n e d  f o o d s ,  a  t h e r m a l  p r o c e s s  is  a p p l i e d  
w h i c h  is  a d e q u a t e  t o  e l i m i n a t e  m e s o p h i l i c  e n d o s p o r e -  
f o r m i n g  o r g a n i s m s  o f  t h e  g e n u s  C l o s t r i d i u m .  T i m e / t e m p e r a -  
t u r e  p a r a m e t e r s  n e e d e d  t o  a c h ie v e  c o m m e r c i a l  s t e r i l i t y  a r e  
d e t e r m i n e d  b y  m e t h o d s  s im i la r  t o  t h o s e  o u t l i n e d  in  t h e  
L a b o r a t o r y  M a n u a l  f o r  F o o d  C a n n e r s  a n d  P r o c e s s o r s
( 1 9 6 8 ) .  I m p o r t a n t  a s p e c t s  o f  t h i s  p r o c e d u r e  a r e  t h e  e n u 
m e r a t i o n  o f  s p o r e  s u s p e n s io n s  t o  b e  u s e d  i n  t h e s e  d e t e r m i n 
a t i o n s ,  a n d  t h e  r e c o v e r y  o f  v ia b le  b u t  h e a t  i n j u r e d  s p o r e s .

C o u n t s  m u s t  b e  m a d e  p r i o r  t o  a n y  t h e r m a l  d e a t h  t i m e  
( T D T )  w o r k  in  o r d e r  t o  o b t a i n  c o r r e c t  i n o c u l u m  le v e ls  a n d  
t o  f a c i l i t a t e  t h e  c a l c u l a t i o n  o f  d e c im a l  r e d u c t i o n  t i m e s  (D  
v a lu e s ) .  T h e  m e d i u m  u s e d  m u s t  b e  a d e q u a t e  t o  s u p p o r t  
o u g r o w t h  o f  h e a t  a c t i v a t e d  s p o r e s  i n  o r d e r  t o  a c h ie v e  
a c c u r a c y  i n  a n y  c o u n t i n g  p r o c e d u r e .  I n  a d d i t i o n ,  t h e  
a d e q u a c y  o f  t h e  m e d i u m  u s e d  f o r  r e c o v e r i n g  v i a b l e  b u t  h e a t  
s t r e s s e d  s p o r e s  is  a  p r i m a r y  c o n c e r n  d u e  t o  t h e  p o t e n t i a l  f o r  
u n d e r e s t i m a t i o n  o f  D  v a lu e s  i f  t h e  m e d i u m  d o e s  n o t  p r o v i d e  
a  p r o p e r  e n v i r o n m e n t  f o r  g e r m i n a t i o n  a n d  o u t g r o w t h .

I n f u s i o n  e x t r a c t s  h a v e  b e e n  w id e l y  u s e d  t o  r e c o v e r  a n d  
e n u m e r a t e  t e s t  o r g a n i s m s  i n  t h e  f o o d  i n d u s t r y ,  b u t  t h e  
p r e p a r a t i o n  o f  i n f u s i o n  m e d i a  is  v e r y  t i m e  c o n s u m i n g  a n d  
e x p e n s iv e .  T h e r e f o r e ,  e f f o r t s  h a v e  b e e n  m a d e  b y  r e s e a r c h e r s  
t o  f i n d  a l t e r n a t i v e s  t h a t  w o u l d  g iv e  r e l i a b l e ,  r e p r o d u c i b l e  
r e s u l t s .  O u r  o b j e c t i v e  i n  t h i s  i n v e s t i g a t i o n  w a s  t o  e v a lu a t e  
s o m e  o f  t h e  m o r e  r e c e n t l y  d e v e lo p e d  s y n t h e t i c  m e d ia  a s  
w e l l  a s  a  f e w  o f  t h e  m o r e  c la s s ic  i n f u s i o n  m e d ia  in  a  t w o  
p h a s e  t e s t i n g  r e g i m e n .  T h e  f i r s t  p h a s e  c o n s i s t e d  o f  a  s e r i e s  
o f  e x p e r i m e n t s  t o  d e t e r m i n e  t h e  r e l i a b i l i t y  o f  e n u m e r a t i o n  
p r o c e d u r e s  b y  e v a lu a t i n g  b o t h  m e d i a  t y p e  a n d  p o t e n t i a l  
s o u r c e s  o f  v a r i a t i o n  u s in g  a  p o u r  p l a t e  p r o c e d u r e  a n d  h e a t  
a c t i v a t e d  s p o r e s .  T h e  s e c o n d  p h a s e  w a s  a n  e v a l u a t i o n  o f  
r e c o v e r y  m e d ia  f o r  t w o  le v e ls  o f  h e a t  s t r e s s e d  s p o r e s  u s in g  
a  s im i la r  p r o c e d u r e s .

METHODS & MATERIALS

T e s t o rg an ism
A single C. s p o r o g e n e s , P .A . 3 6 7 9  s to c k  sp o re  su sp e n s io n  w as
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u sed  in  a ll e x p e rim e n ts . T h is  sp o re  c ro p  w as h a rv e s te d  8 -1 -73  from  
a c u ltu re  m e d iu m  co n ta in in g  5% tr y p to n e  (D ifco ), 0 .5%  p e p to n e  
(D ifco ), 1.0%  y ea s t e x tr a c t  (D ifco ), 0 .2%  su c ro se  an d  0 .1%  th io - 
g ly co lla te  an d  s to re d  in  s te rile  d is tilled  w a te r  a t  4 °C . T h e  m e th o d  o f  
cu ltu r in g  an d  h a rv es tin g  w as s im ila r to  th a t  o u tlin e d  in  th e  L a b o r a 
to r y  M a n u a l  f o r  F o o d  C a n n e rs  a n d  P ro c e s so rs  (1 9 6 8 ).

C u ltu re  m ed ia
P o rk  p e a  in fu s io n  agar w as p re p a re d  a c c o rd in g  to  th e  fo rm u la  o f  

A n d e rse n  (1 9 5 1 ) ;  y e a s t e x tr a c t  ag a r w as p re p a re d  b y  th e  fo rm u la  o f  
P flu g  e t  al. (1 9 7 9 ) ;  th e  p o r k  in fu s io n  ag ar w as p re p a re d  ac c o rd in g  to  
S tu m b o  (1 9 6 5 )  an d  T -B est ag a r w as  m a d e  b y  th e  fo rm u la  o f  W h ea to n  
an d  P r a t t  (1 9 6 1 ) . T h e  fo rm u la  fo r  try p tic a s e  p e p to n e  agar is as 
fo llo w s: try p tic a s e  (B B L ) 5% , p e p to n e  (B a c to )  0 .5% , so d iu m  
th io g ly c o lla te  0 .1% , agar 1 .5% , a n d  d is tilled  w a te r  1 0 0 0  m l. S o d iu m  
b ic a rb o n a te  w as ad d ed  as a  sep a ra te ly  s te r ilized  s o lu tio n  a f te r  a u to 
clav ing  to  ach iev e  a  f in a l c o n c e n tra t io n  o f  0 .14% . S in ce  a ll m e d ia  
w ere  p re p a re d  o n  th e  d a y  o f  u se , d ry  so d iu m  th io g ly c o lla te  w as 
ad d ed  to  ea ch  b e fo re  au to c lav in g . F o r  m e d ia  fo rm u la tio n s  th a t  d id  
n o t  s tip u la te  th e  u se  o f  th io g ly c o lla te  o r  b ic a rb o n a te , a d d itio n s  
c o n s is te n t  w ith  T PA  w ere  in c o rp o ra te d .

H e a t a c tiv a tio n  te s ts
F o r  ea ch  te s t  1 .0  m l o f  a  sp o re  su sp e n s io n  c o n ta in in g  a p p ro x i

m a te ly  1 .0  x 10® sp o re s  w as a d d e d  to  a  2 0  x 1 5 0  m m  screw  cap  te s t  
tu b e  c o n ta in in g  9 m l o f  S o re n s o n ’s M -15 p h o s p h a te  b u f fe r  (p H  7 .0 ), 
an d  th e  tu b e  h e a te d  fo r  13 m in  in  an  8 0°C  c o n s ta n t  te m p e ra tu re  
b a th . A t th e  en d  o f  th e  h e a tin g  in te rv a l, th e  tu b e  w as c o o le d  in  tap  
w a te r . T h e  h e a t  a c tiv a te d  sp o re s  w e re  d ilu te d  in  s te r ile , d is tilled  
w a te r  to  o b ta in  a p p ro x im a te ly  3 0  to  3 0 0  co lo n y  fo rm in g  u n i ts  p e r  
m l. T w o  an a ly s ts  each  in o c u la te d  d u p lic a te  15 x 1 00  m m  p e tr i  
d ish e s  w ith  1 m l in o c u lu m  fo r  e a ch  m e d ia  ty p e . A p p ro x im a te ly  2 0  
m l o f  te s t  m ed iu m  w as p o u re d  p e r  p la te ; w h e n  th e  p la te s  h ad  
so lid ified  th e y  w e re  o v e rlay ed  w ith  2 % agar, p la te s  w e re  in v e rted  
a f te r  th e  overlay  h a d  se t a n d  p lac ed  in to  G asP ak  a n a e ro b ic  ja rs  
(B B L ) w ith  h y d ro g e n /c a rb o n  d io x id e  g e n e ra to rs  an d  in c u b a te d  a t  
30° C fo r  4 8 ± 2 h r . C o lo n ie s  w ere  c o u n te d  u s in g  a d a rk fie ld  Q u eb ec  
c o lo n y  c o u n te r  an d  re c o rd e d  as th e  average o f  tw o  d u p lic a te s  fo r 
each  m e d iu m  p e r  an a ly s t. T h e  m ed ia  u sed  in  th e  h e a t a c tiv a tio n  
s tu d y  w ere  p o rk  p e a  in fu s io n , y e a s t e x tr a c t  an d  try p tic a s e  p e p to n e  
agars.

H e a t s tre ss  te s ts
F o r  each  ru n  in  th e  seco n d  p h a se  o f  te s tin g , 0 .5  m l o f  th e  s to c k  

sp o re  su sp en s io n  w as ad d ed  to  4 .5  m l o f  S o re n so n ’s p h o s p h a te  
b u f fe r  in  a 2 0  x 1 5 0  m m  screw  cap  te s t  tu b e  fo r  a to ta l  o f  5 .0  m l 
c o n ta in in g  a p p ro x im a te ly  1 .0  x 1 0 ' sp o re s  p e r  m l. T w o  m l o f  th is  
su sp en s io n  w ere  tra n s fe re d  in to  each  o f  tw o  th e rm a l d e a th  tim e  
(T D T ) tu b e s  m a d e  fro m  P y rex  b ra n d , s ta n d a rd  w a ll glass tu b in g  c u t  
in to  5 to  6  in ch  le n g th s  an d  flam e  sealed  a t o n e  e n d . A f te r  filling , 
th e  o p e n  en d  w as f lam e  sea led , a n d  th e  tu b e s  to ta l ly  im m ersed  in  an  
o il b a th  p re h e a te d  to  1 2 1 ± 1 °C . A n in it ia l  co m e-u p  tim e  (C .U .T .) 
o f  1 0 0  sec w as a llo w ed  fo r  th e  tu b e  c o n te n ts  to  re a c h  1 21 °C  b e fo re  
tim in g  w as s ta r te d . P rev iou s  s tu d ie s  w ith  th is  o il b a th  h a d  d e te r 
m in ed  th a t  th e  le th a l ity  eq u iv a le n t o f  th e  1 0 0  se co n d  co m e-u p  tim e  
is a p p ro x im a te ly  0 .3 3  m in  a t 121°C  fo r  a  T D T  tu b e  c o n ta in in g  o n e  
to  tw o  m l o f  an  aq u e o u s  m e d iu m . A t  th e  en d  o f  1 m in  p lu s  C .U .T . 
th e  f i rs t  tu b e  w as re m o v ed  an d  c o o led  im m e d ia te ly  in  co ld  ta p  
w a te r . A f te r  2 m in  p lu s  C .U .T . th e  seco n d  tu b e  w as re m o v ed  an d  
co o led  in  th e  sam e m a n n e r .

T h e  T D T  tu b e s  c o n ta in in g  th e  h e a t  in ju re d  sp o re  su sp en s io n s  
w ere  o p e n e d  asep tic a lly  an d  d ilu te d  to  o b ta in  a p p ro x im a te ly  3 0 -  
3 0 0  c o lo n y  fo rm in g  u n i ts  p e r  p la te  b ased  o n  th e  h e a tin g  tim e  and  
te m p e ra tu re  p a ra m e te rs . E ach  a n a ly s t u se d  in o c u la  d erived  from  
sep a ra te ly  h e a te d  T D T  tu b e s  an d  s u b se q u e n t d ilu tio n s . T h u s  th e
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c o u n ts  re su lt in g  fro m  e a c h  h e a te d  T D T  tu b e  w ere  an a ly z ed  as a 
se p a ra te  te s t  ru n . A ll o th e r  a sp ec ts  o f  th e  in o c u la t io n , p la tin g  and  
e n u m e ra tio n  p ro c e d u re  w ere  th e  sam e as fo r  p h a se  o n e  w ith  th e  
e x c e p tio n  th a t  0 . 1 % th io g ly c o lla te  w as ad d ed  to  th e  o ve rlay  agar to  
e n h a n c e  an aero b io sis . T h e  m ed ia  u sed  w ere  th e  sam e th re e  em p lo y ed  
in  th e  firs t p h a se  o f  th e  s tu d y  p lu s  p o rk  in fu s io n  agar (P IA ) an d  T- 
B es t agar (T B A ).

S ta tis tic a l m e th o d s
T h e  f irs t  p h a se  o f  th e  s tu d y  w as d esig ned  to  a llow  s e p a ra tio n  an d  

q u a n t i ta t io n  o f  v a rian ce  d u e  to  a n a ly s t, m e d iu m  an d  p ro c e d u re  
(e r ro r  v a rian ce ) b y  em p lo y in g  a tw o  w ay  an a lysis  o f  v a rian ce  o n  th e  
re su ltin g  co u n ts . B y o b ta in in g  a  q u a n t i ta t io n  o f  v a rian ce  c o n tr ib u te d  
b y  a n a ly s t, i ts  m a g n itu d e  co u ld  b e  ev a lu a te d  ag a in s t to ta l  v arian ce  
an d  used  to  ju d g e  i f  th is  fa c to r  has a d eg ree  o f  s ign ifican ce  w h ich  
w o u ld  w a r ra n t its  c o n s id e ra t io n  in  p h a se  tw o . In  a d d itio n , th e  e r ro r  
v a rian ce  co u ld  b e  used  fo r a s ta n d a rd  m u ltip le  rang e  te s t  to  d e te r 
m in e  s ign ifican ce .

R e s u lts  fro m  th e  h e a t  in ju re d  p o r t io n  o f  th e  s tu d y  w ere  an a ly zed  
as a ra n d o m iz e d  c o m p le te  b lo ck  an a lysis  o f  v a rian ce  e x p e r im e n t 
w ith  b lo c k in g  o n  each  te s t  ru n  an d  w ith  m ed ia  ty p e  an a ly z ed  as 
s u b p lo ts . A  D u n c a n ’s m u ltip le  rang e te s t w as u sed  fo llo w in g  an a lysis  
o f  h e a t  a c tiv a te d  an d  h e a t  in ju re d  c o u n t  d a ta  to  d e te rm in e  w h ich  
specific  m e d ia  ty p e s  gave b e s t  re su lts .

RESULTS & DISCUSSION
R E S U L T S  o f  t h e  t w o  w a y  A N O V A  o f  h e a t  a c t i v a t e d  d a t a  
( T a b l e  1 ) i n d i c a t e d  t h a t  a  h ig h ly  s i g n i f i c a n t  d i f f e r e n c e  
e x i s t e d  b e t w e e n  m e d ia  t y p e s .  H o w e v e r ,  t h e  v a r i a n c e  d u e  t o  
a n a l y s t  p e r f o r m i n g  t h e  p o u r  p l a t e  p r o c e d u r e  w a s  n o t  
s t a t i s t i c a l l y  s ig n i f i c a n t .  U s in g  D u n c a n ’s m u l t i p l e  r a n g e  t e s t  
i t  w a s  f o u n d  t h a t  b o t h  Y E A  a n d  T P A  g a v e  s ig n i f i c a n t l y  
h ig h e r  c o u n t s  ( p < 0 . 0 1 )  u s in g  t h e  p o u r  p l a t e  p r o c e d u r e  t h a n  
P P I A  ( T a b l e  2 ) .

T h e  r e s u l t s  o f  t h e  h e a t  a c t i v a t e d  e x p e r i m e n t  w e r e  r e p r o 
d u c ib l e  f o r  a l l t h r e e  m e d ia  t y p e s  b e t w e e n  t e s t  d a y s  a n d  
a n a ly s t s ,  l e n d in g  c o n f i d e n c e  t o  t h e  c o n s i s t e n c y  o f  th e  
e n u m e r a t i o n  p r o c e d u r e .  S in c e  v a r i a n c e  b e t w e e n  a n a ly s t s  
w a s  n o t  s i g n i f i c a n t  i n  t h e  h e a t  a c t i v a t e d  p h a s e ,  t h i s  v a r i a b le  
w a s  n o t  c o n t r o l l e d  in  t h e  h e a t  s t r e s s e d  p h a s e .  C o u n t s  o f  
s u rv iv in g  h e a t  s t r e s s e d  s p o r e s  a r e  s h o w n  in  T a b l e s  4  a n d  6 . 
I n  c e r t a i n  in s t a n c e s ,  n o  c o lo n ie s  w e r e  r e c o v e r e d  a t  t h e  
l o w e s t  d i l u t i o n  u s e d  f o r  o n e  m e d i u m  t y p e .  T h e  c o n s e r v a 

t i v e  a s s u m p t i o n  w a s  t h e n  m a d e  t h a t  0 .9 9  c o l o n i e s  w o u ld

h a v e  b e e n  o b s e r v e d  a t  t h e  n e x t  l o w e r  d i l u t i o n  a n d  t h e  lo g  
o f  t h i s  n u m b e r  w a s  u s e d  in  t h e  d a t a  b a s e .  F o r  t h e  h e a t  
s t r e s s e d  p h a s e  o f  t h e  e x p e r i m e n t ,  a  h ig h ly  s i g n i f i c a n t  d i f f e r 
e n c e  in  m e d ia  e f f i c i e n c y  w a s  f o u n d  f o r  b o t h  h e a t  t r e a t 
m e n t s  ( T a b l e  3 a n d  5 )  a n d  a  s i g n i f i c a n t  d i f f e r e n c e  n o t e d  
b e t w e e n  t e s t  r u n s  a s  w e ll.

U s in g  D u n c a n ’s m u l t i p l e  r a n g e  t e s t ,  i t  w a s  f o u n d  t h a t  
P P I A  g a v e  s ig n i f i c a n t l y  ( p < 0 . 0 5 )  h ig h e r  r e c o v e r y  c o u n t s  
t h a n  a n y  o f  t h e  o t h e r  m e d ia  f o r  t h e  o n e  m i n u t e  t r e a t m e n t  
( T a b l e  4 ) .  F o r  t h e  2 -m in  h e a t  t r e a t m e n t ,  P P I A , Y E A  a n d  
T B A  w e r e  a l l  in  t h e  s a m e  r a n g e  o f  r e c o v e r y  e f f i c i e n c y ,  
s ig n i f i c a n t l y  ( p < 0 . 0 5 )  a b o v e  P I A  ( T a b l e  6 ) . T P A  w a s  in  t h e  
l o w e s t  r a n g e  f o r  b o t h  h e a t  a n d  s t r e s s  e x p e r i m e n t s .

T P A  w a s  f o u n d  t o  b e  a n  a d e q u a t e  m e d i u m  f o r  e n u m e r a 
t i o n  p u r p o s e s  b u t  t o t a l l y  i n a d e q u a t e  f o r  h e a t  s t r e s s e d  s p o r e  
r e c o v e r y .  P o r k  p e a  i n f u s i o n  a g a r  w a s  f o u n d  le s s  e f f i c i e n t  
t h a n  Y E A  a n d  T P A  a s  a n  e n u m e r a t i o n  m e d i u m ,  b u t  g a v e  
t h e  b e s t  s p o r e  r e c o v e r y  u n d e r  h e a t  s t r e s s  c o n d i t i o n s .  Y E A  
s e e m e d  t o  b e  t h e  m o s t  c o n s i s t e n t  r e c o v e r y  m e d i u m  f o r  
b o t h  h e a t  a c t i v a t e d  a n d  h e a t  s t r e s s e d  s p o r e s  w h e n  c o m p a r e d  
t o  t h e  o t h e r  m e d ia  t y p e s .  T h e  e r r o r  v a r i a n c e  f r o m  t h e  h e a t  
s t r e s s e d  s t u d i e s  o f  p h a s e  t w o  w a s  m u c h  la r g e r  t h a n  t h e  
v a r i a n c e  in  t h e  f i r s t  p h a s e  o f  t e s t i n g  a n d  a  s i g n i f i c a n t  d i f 
f e r e n c e  w a s  a l s o  f o u n d  b e t w e e n  t e s t  r u n s  i n  t h e  s e c o n d  
p h a s e .  S in c e  t h e  p l a t i n g ,  i n c u b a t i o n  a n d  e n u m e r a t i o n  p r o 
c e d u r e s  w e r e  h e ld  c o n s t a n t  o v e r  b o t h  p h a s e s  a n d  i t  w a s  
s h o w n  t h a t  v a r i a n c e  c o n t r i b u t e d  b y  a n a l y s t  w a s  i n s i g n i f i 
c a n t ,  t h i s  lo s s  o f  p r e c i s i o n  a n d  l a c k  o f  c o n s i s t e n c y  f r o m  r u n  
t o  r u n ,  e s p e c i a l ly  in  t h e  t w o  m i n u t e  h e a t  t r e a t m e n t  o f  
p h a s e  t w o ,  c a n  b e  a t t r i b u t e d  s o le ly  t o  t h e  e f f e c t  o f  t h e  h e a t  
t r e a t m e n t  o n  t h e  s p o r e s .  A  p l a u s ib l e  e x p l a n a t i o n  is  t h a t  a n  
in c r e a s e d  p e r i o d  o f  d o r m a n c y  o r  r e c o v e r y  t i m e  o c c u r s  a s  
h e a t i n g  i n c r e a s e s .  T h e  l i m i t e d  t i m e  o f  i n c u b a t i o n  ( 4 8  h r )  
m a y  r e d u c e  t h e  c o n s i s t e n c y  o f  r e s u l t s  b e t w e e n  t e s t s  b e c a u s e  
o f  t h e  p r e s e n c e  o f  v ia b le  b u t  d o r m a n t  s p o r e s .

T h e  r e l a t i v e  e f f i c i e n c y  o f  r e c o v e r y  m e d ia  r e m a i n e d  t h e  
s a m e  f o r  b o t h  h e a t  t r e a t m e n t s  in  p h a s e  t w o  a l t h o u g h  n o  
s i g n i f i c a n t  d i f f e r e n c e  w a s  f o u n d  b e t w e e n  P P I A , Y E A  a n d  
T B A  in  t h e  t w o  m i n u t e  h e a t  t r e a t m e n t .  T h e  v a r i a b i l i t y  in  
r e s u l t s  u s in g  t h e  p o u r  p l a t e  p r o c e d u r e  a n d  4 8  h o u r  i n c u b a 
t i o n  p e r i o d  c o u l d  i n d i c a t e  t h a t  t h i s  p r o c e d u r e  m a y  n o t  b e  
a c c u r a t e  e n o u g h  t o  g iv e  a  t r u e  c o m p a r i s o n  o f  r e c o v e r y  
m e d ia .

Table 1—Analysis o f  variance o f  log co u n t3 results for the enumeration o f  heat activated^ P.A. 3679 spores

Source of variation Sum of squares d . f . Mean square F f 0 .9 5 F 0 .9 9

Total 0 .3 31 29
Subgroups 0 .2 0 6 5 0 .0 41
Between-means of analysts 0 .0 0 4 1 0 .0 0 4 0 .7 9 8 4 .2 6
Between-means of media types 0 .1 9 4 2 0 .0 9 7 1 8 .6 7 5 4 .2 6 7 .8 2
Interaction (media type x analyst) 0 .0 0 7 2 0 .0 0 4 0 .7 1 6 3 .4 0
Error 0 .1 2 5 24 0 .0 0 5

aILog count indicates average of duplicate plates per test x dilution factor
D13 min in an 80 C bath

Table 2 —Log count2 results between culture media and analysts for the enumeration o f  heat activatedb P.A. 3679 spores.
Test day

Media type Analyst 1 2 3 4 5 Meanc Meand Rangee

TP A 1 7 .9 6 8 4 7 .7 6 3 4 8 .0 1 2 8 8 .0 5 6 9 8 .1 3 9 9 7 .9 8 8 3 7 .9 9 8
2 7 .9 8 6 8 8 .0 0 4 3 8 . 0 2 1 1 8 .0 2 9 3 7 .9 9 5 6 8 .0 0 7 4

Y EA 1 8 .0 6 0 6 8 .0 1 7 0 8 .0 1 2 8 8 .0 7 5 5 8 .0 9 6 9 8 .0 5 2 6 8 .0 3 6
2 8 .0 4 1 3 8 .0 3 7 4 8 . 0 2 1 2 8 .0 6 4 4 7 .9 2 9 4 8 .0 1 8 7

PPIA 1 7 .8 6 3 3 7 .8 3 2 5 7 .9 2 9 4 7 .8 6 3 3 7 .8 9 7 6 7 .8 7 7 2 7 .8 4 9
2 7 .8 3 8 8 7 .8 8 0 8 7 .8 3 2 5 7 .8 6 3 3 7 .6 9 0 2 7 .8 21 1 I I

Lo g  c o u n t in d ica te s  average o f  d u p lic a te  p la te s  per te s t x  d ilu t io n  
fa c to r .

] 13  m in  In an 8 0 ° C  bath  
' M eans per a n a ly s t  fo r  each m ed ia  ty p e

; M eans per m ed ia  ty p e
' M eans w ith  th e  sam e R o m a n  n u m era l d es ig n a tio n  a re  in  th e  sam e 

range o f re c o v e ry  e f f ic ie n c y  acco rd in g  to  D u n c a n 's  m u lt ip le  range 
te s t a t a 9 9 %  c o n fid e n ce  leve l using th e  A N O V A  e rro r  va ria n c e  o f 
0 .0 0 5
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Table 3 —Analysis o f  variance o f  log counta results for the recovery o f  heat stressed0 P.A. 3679 spores
S o u rc e  o f v a ria t io n S u m  o f  sq ua res d .f . M ean sq ua re F f 0 .9 5 F 0 .9 9

T o ta l 1 5 .7 6 5 6 3 4
B e tw een -m ea ns o f  m ed ia  ty p e 1 2 .4 6 0 7 4 3 .1 0 1 8 3 7 .5 2 .7 8 4 .2 2
B e tw een -m ea ns o f tests 1 .3 1 9 5 6 0 .2 1 9 9 2 .6 5 9 2.51
E r ro r 1 .9 8 5 5 2 4 0 .0 8 2 7
a Lo g  c o u n t in d ica te s  average o f  d u p lic a te  p la te s  per te s t x  d ilu t io n  fa c to r
u 1 m in  at 1 21  C

Table 4 —Log counta results between culture media for the recovery o f  heat-stressed0 P.A. 3679  spores
T e s t  n o .

M edia ty p e  1 2  3 4 5 6 7 M eanc R a n g e d

PPIA  5 .8 6 3 3 5 .9 1 3 8  5 .8 5 1 3 5 .8921 5 .9 73 1  6 .0 7 9 2 5 .9 0 8 5 5 .9 2 5 9 I
PIA  5 .3 4 2 4 5 .1 7 6 2  5 .3 0 1 0 5 .3 0 1 0 5 .0 7 9 2  5 .4 6 2 4 5 .4 6 2 4 5 .1 1 7 6 III
Y EA  5 .3 8 0 2 5 .3 8 0 2  5 .7 4 8 2 5 .6 1 2 8 5 .7 0 7 6  5 .9 19 1 5 .9 03 1 5 .6 6 3 6 II
TB A  5 .4 9 1 4 5 .301  5 .5 3 1 5 5 .0 4 1 4 5 .7 0 7 6  5 .8 5 1 3 5 .8 4 5 1 5 .5 3 8 5 II
T PA  3 .9 9 5 6 3 .9 9 5 6  4 .7 7 8 2 4 .0 0 0 0 4 .7 7 8 2  3 .9 9 5 6 3 .9 9 5 6 4 .2 1 9 8 IV

a Lo g  c o u n t in d ica te s  average o f  d u p lic a te  p la te s  per te s t  x  d ilu t io n  d M eans w ith  th e  sam e R o m a n  n u m e ra l d es ig n a tio n  are in  th e  sam e
fa c to r . range o f  re c o v e ry  e f f ic ie n c y  a cc o rd in g  to  D u n c a n ’s m u lt ip le  range

0  1 m in  at 1 2 1 ° C test  a t a 9 5 %  c o n fid e n c e  leve l u sing  th e  A N O V A  e rro r  v a r ia n c e  o f
c  M ean o ve r 7 te s t ru n s 0 .0 8 2 7

Table 5 - -Analysis o f  variance o f  log counta results for the recovery o f  heat stressedb P.A. 3679 spores
S o u rc e  o f  v a ria t io n S u m  o f  squares d .f . M ean sq ua re F f 0 .9 5 F 0 .9 9

T o ta l 1 9 .2671 29
B e tw een -m ea ns o f m ed ia  ty p e 1 1 .6 5 4 4 4 2 .9 1 3 6 1 3 .3 7 1 3 2 .8 7 4 .4 3
B e tw een -m ea ns o f  tests 3 .2 5 4 8 5 0 .6 5 1 0 2 .9 8 7 6 2.71
E r ro r 4 .3 5 7 9 2 0 0 .2 1 7 9
a Lo g  c o u n t in d ica te s  average o f  d u p lic a te  p la te s  per te s t  x  d ilu t io n  fa c to r
M 2 m in  at 121  C

Table 6 - Log count3 results between culture media for the recovery o f  heat-stressedb P.A. 3679 spores
T e s t  n o .

M edia ty p e  1 2  3 4 5 6 M eanc R a n g e d

PPIA  4 .2 5 5 3 3 .2 3 0 4  4 .2 7 8 8 4 .2 7 8 8  4 .0 7 9 2 3 .6 3 3 5 3 .9 5 9 3 I
PIA  4 .0 4 1 4 3 .4 4 7 2  2 .9 03 1 2 .4771 2 .9031 2 .6021 3 .1 5 4 3 II
Y E A  4 .2 5 5 3 3 .2 3 0 4  3 .6 3 3 5 3 .8541 3 .9 19 1 3 .5 0 5 2 3 .7 3 1 4 I
TB A  4 .1 4 6 1 2 .2 04 1  3 .5 44 1 3 .4 6 2 4  3 .8 6 3 3 3 .5 3 1 5 3 .6 2 5 3 I
T P A  3 .3 4 2 4 2 . 0 0 0 0  2 . 0 0 0 0 2 . 0 0 0 0  2 . 0 0 0 0 2 . 0 0 0 0 2 .2 2 3 7 III

a Lo g  c o u n t in d ic a te s  average o f  d u p lic a te  p la te s  per te s t  x  d ilu t io n  
fa c to r

°  2 m in  at 1 2 1 °C  
c  M ean over 6 te s t ru n s

d M eans w ith  th e  sam e ro m a n  n u m e ra l d e s ig n a tio n  are in  th e  sam e 
range o f  re c o v e ry ; E ff ic ie n c y  a c c o rd in g  to  D u n c a n ’ s m u lt ip le  range 
te s t a t a 95%  c o n f id e n c e  le ve l; U sing th e  A N O V A  e r ro r  va ria n ce  o f 
0 .2 1 7 9

O t h e r  a u t h o r s  h a v e  a l s o  r e p o r t e d  t h e  p o s s i b l e  e f f e c t  o f  
d o r m a n c y  o f  h e a t  i n j u r e d  s p o r e s  o n  r e s u l t i n g  s u r v iv o r  
c o u n t s .  W h e a t o n  a n d  P r a t t  ( 1 9 6 1 )  f o u n d  t h a t  c o m p a r i s o n s  
o f  s u b c u l t u r e  m e d ia  w e r e  n o t  c o n s i s t e n t  b e t w e e n  t e s t s  
w h e n  r e c o v e r y  o f  t w o  s p o r e  c r o p s  o f  h e a t  i n j u r e d  P .A . 
3 6 7 9  w a s  t h e  o b j e c t i v e .  U s in g  a n o t h e r  p u t r e f a c t i v e  s t r a in  
t h e y  n o t e d  t h a t  t h e  s u b c u l t u r e  m e d ia  d id  i n d e e d  p e r f o r m  
c o n s i s t e n t l y  in  t h r e e  t e s t s  a l t h o u g h  t h e  a m o u n t  o f  r e c o v e r y  
w a s  d i f f e r e n t  i n  e a c h  t e s t .  T h e i r  r e s u l t s  w e r e  a l l  s t a t i s t i c a l l y  
a n a l y z e d  w i t h  7 2  h r  c o u n t s  in  V e i l l o n  t u b e s  r e p o r t e d l y  
g iv in g  n e a r  m a x im a l  g r o w t h .  A  m o r e  c o n s i s t e n t  c o m p a r i s o n  
b e t w e e n  t e s t s  w a s  f o u n d  b y  F r a n k  a n d  C a m p b e l l  ( 1 9 5 5 )  
u s in g  a n  e n d p o i n t  d e t e r m i n a t i o n  i n  t u b e s  a n d  a n  i n c u b a t i o n  
t i m e  o f  6 0  d a y s .

I n  s u m m a r y ,  y e a s t  e x t r a c t  a g a r  a n d  t r y p t i c a s e  p e p t o n e  
a g a r  g a v e  s t a t i s t i c a l l y  h i g h e r  c o u n t s  t h a n  p o r k  p e a  i n f u s i o n  
a g a r  f o r  t h e  e n u m e r a t i o n  o f  t h i s  h e a t  a c t i v a t e d  P .A . 3 6 7 9  
s p o r e  s u s p e n s io n  u s in g  a  p o u r  p l a t e  t e c h n i q u e .  U s in g  t h e  
s a m e  p r o c e d u r e  f o r  t h e  r e c o v e r y  o f  h e a t  i n j u r e d  s p o r e s  
h o w e v e r ,  i t  w a s  f o u n d  t h a t  p o r k  p e a  i n f u s i o n  a g a r  r e s u l t e d  
in  t h e  h ig h e s t  m e a n  r e c o v e r y  c o u n t s  b u t  t h e  r e p r o d u c i b i l i t y

o f  t h e  o v e r a l l  p r o c e d u r e  d im in i s h e d  w i t h  i n c r e a s in g  t h e r m a l  
i n j u r y .  S t a t i s t i c a l l y ,  t h e  d e t e c t a b l e  d i f f e r e n c e  b e t w e e n  
e f f i c i e n c y  o f  a l l  m e d ia  t y p e s  f o r  e n u m e r a t i n g  h e a t  i n ju r e d  
s p o r e s  w a s  d i f f i c u l t  t o  p r e d i c t  d u e  t o  t h e  in c r e a s e  i n  o v e r a l l  
v a r i a n c e .
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---------------------------- ABSTRACT------------------------------
T h re e  re c e n tly  d ev e lo p ed  te s ts  u sed  to  in d ic a te  v iru le n c e  w ere  
p e rfo rm e d  o n  34 s tra in s  o f  Y e rs in ia  e n te r o c o l it ic a .  A g ree m en t in  
v iru le n c e  o r n o n v iru le n c e  p re d ic tio n  w as fo u n d  in  (a) 29  o f  31 s tra in s  
w h e n  te s te d  fo r  ca lc iu m  g ro w th  d e p e n d e n c y  a t  3 5 °C ; (b ) all 34 
s tra in s  w h e n  te s te d  fo r  th e  ab il i ty  to  a u to a g g lu tin a te  in  tissu e  c u ltu re  
m e d iu m  a t 3 5 °C ; an d  (c ) am o n g  all 3 4  s tra in s  w h e n  te s te d  fo r  th e  
p re sen ce  o f  a 4 0 - 4 8  M dal p lasm id  u sing  a m o d if ic a tio n  o f  th e  H an 
sen an d  O lsen  m e th o d  fo r  p lasm id  ana lysis . T h e  a u to a g g lu tin a tio n  
assay  is re c o m m e n d e d  fo r  te s tin g  p o te n tia l  p a th o g e n ic ity  o f  fo o d - 
b o rn e  iso la tes . T h e re  a re  p ro b a b ly  several v iru le n c e -d e te rm in in g  
fa c to rs  fo r  Y. e n te r o c o l i t ic a ,  an d  n o  o n e  in -v itro  te s t  w ill su ffic e . 
T h e  a n a ly tic a l p ro c e d u re  d esc rib e d  h e re in  can  b e  used  to  d e te c t  
p lasm id s  rang in g  in  size fro m  a p p ro x im a te ly  2 x 1 0 6  to  3 x 1 0 8  

d a lto n s .

INTRODUCTION

Y e r s in i a  e n t e r o c o l i t i c a  is  a  u b i q u i t o u s  b a c t e r i u m  in d ig e n 
o u s  t o  t h e  g a s t r o i n t e s t i n a l  t r a c t  o f  w a r m  b l o o d e d  a n im a ls  
a s s o c i a t e d  w i t h  a  v a r i e t y  o f  h u m a n  a n d  a n im a l  d is e a s e s .  
I t  h a s  b e e n  i s o l a t e d  f r o m  a  v a r i e t y  o f  f o o d s  ( B l a c k  e t  a l . ,  
1 9 7 8 ;  H a n n a  e t  a l . ,  1 9 7 6 ;  S t e r n ,  1 9 8 1 )  a n d  is  a b le  t o  m u l t i 
p ly  t o  h ig h  p o p u l a t i o n  le v e ls  a t  n o r m a l  r e f r i g e r a t i o n  t e m 
p e r a t u r e s  ( S t e r n  e t  a l . ,  1 9 8 0 a ) .  D i f f e r e n t i a t i o n  o f  p a t h o 
g e n ic  a n d  n o n p a t h o g e n i c  s t r a i n s  h a s  b e e n  d i f f i c u l t .  H o w e v e r ,  
r e c e n t  d e t e c t i o n  o f  a  v i r u l e n c e  p l a s m id  in  Y . e n t e r o c o l i t i c a  
a n d  a ls o  in  Y . p s e u d o t u b e r c u l o s i s  n o w  p r o v i d e s  a  c h a r a c 
t e r i s t i c  o f  d i s t in g u i s h i n g  p o t e n t i a l l y  v i r u l e n t  s t r a in s .  T h e  
v i r u l e n c e - m e d ia t i n g  p l a s m id  r a n g e s  i n  s iz e  b e t w e e n  4 0 —4 8  
x  1 0 6  d a l t o n s  ( M d a l )  a n d  w a s  f i r s t  c h a r a c t e r i z e d  f r o m  s t r a in s  
t h a t  a r e  p a t h o g e n i c  t o  h u m a n s  ( Z i n k  e t  a l . ,  1 9 8 0 ;  G e m s k i  
e t  a l . ,  1 9 8 0 a ;  P o r t n o y  e t  a l . ,  1 9 8 1 ) .  I t  is  a s s o c i a t e d  w i t h  e n 
h a n c e d  v i r u l e n c e  in  m ic e  a n d  t h e  e x p r e s s i o n  o f  a  V  a n d  W  
a n t i g e n  c o m p l e x  a n d  o t h e r  v i r u l e n c e  d e t e r m i n a n t  p r o p e r t i e s  
s h a r e d  w i t h  t h e  p la g u e  b a c i l lu s ,  Y . p e s t i s  ( C a r t e r  e t  a l . ,
1 9 8 0 ) .

I n  a d d i t i o n  t o  s c r e e n in g  f o r  t h e  p r e s e n c e  o f  t h i s  p la s m id ,  
o t h e r  m e t h o d s  f o r  t e s t i n g  p a t h o g e n i c i t y  h a v e  b e e n  c o n 
s id e r e d  a n d  r e p o r t e d  ( S m i t h  e t  a l . ,  1 9 8 1 ;  M o rs  a n d  P a i , 
1 9 8 0 ;  S t e r n  e t  a l . ,  1 9 8 0 b ) .  T w o  r e c e n t l y  d e v e lo p e d  t e s t s  
a p p e a r  t o  h o l d  p r o m is e  f o r  f o o d  m ic r o b i o l o g i s t s :  a  t e s t  
d e m o n s t r a t i n g  a g g u l u t i n a t i o n  o f  v i r u l e n t  Y . e n t e r o c o l i t i c a  
s t r a i n s  w h e n  g r o w n  a t  3 5  C  in  t i s s u e  c u l t u r e  m e d iu m  ( L a i r d  
a n d  C a v a n a u g h ,  1 9 8 0 )  a n d  a n  a g a r  m e d i u m  s e le c t in g  f o r  
c a lc iu m  d e p e n d e n c y  o f  v i r u l e n t  Y . e n t e r o c o l i t i c a  a t  3 5 ° C  
( G e m s k i  e t  a l . ,  1 9 8 0 b ;  C a r t e r  e t  a l . ,  1 9 8 0 ) .  I n  t h i s  s t u d y ,  
t h r e e  t e s t s  f o r  d e t e r m i n i n g  t h e  p o t e n t i a l  v i r u l e n c e  o f  Y .  
e n t e r o c o l i t i c a  w e r e  c o m p a r e d .
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MATERIALS & METHODS

Y ersin ia  e n te ro c o li tic a  s tra in s
S tra in s  an d  so u rces  a re  lis ted  in  T a b le  1. S to c k  c u ltu re s  w ere  

m a in ta in e d  o n  tr y p t ic  soy  agar (T S A , D ifco ) s lan ts , an d  tra n s fe rre d  
fo r  b o th  g ro w th  an d  su b se q u e n t s to rag e  a t  a b o u t  23° C. S tra in s  w ere  
s tre a k e d  o n to  T S A  p la te s , an d  iso la ted  co lo n ie s  w e re  c h a ra c te r iz e d  
as Y . e n te r o c o l i t ic a  w ith  A P I-2 0 E  s trip s  (A n a ly ta b  C o ., P la in v iew , 
N Y ).

V iru le n ce  in d ic a to r  te s tin g  p ro c e d u re s
T issu e  c u ltu re  m ed iu m  a u to a g g lu tin a tio n  w as ca rr ied  o u t  as d e 

scribed  b y  L aird  and  C avanaugh  (1 9 8 0 ) . T h is  te s t  u ses th e  p ro p e r ty  
p ossessed  b y  p o te n tia l ly  v iru le n t iso la te s  o f  Y . e n te r o c o l i t ic a  to  
a u to a g g lu tin a te  in  tissu e  c u ltu re  m e d iu m  a f te r  o v e rn ig h t in c u b a tio n  
a t  3 5°C . A v iru le n t s tra in s  a re  tu rb id  a f te r  o v e rn ig h t in c u b a tio n  a t 
35°C .

C alc iu m  g ro w th  d e p e n d e n c y  w as m ea su re d  ac co rd in g  to  th e  
m e th o d  o f  G em sk i an d  co -w o rk ers  (1 9 8 0 b ) . T h is  te s t  d e p e n d s  u p o n  
th e  ab ility  o f  av iru len t s tra in s  o f  Y . e n te r o c o l i t ic a  to  g ro w  o n  ca l
c ium  ch e la te d  m e d iu m  a t  3 5 °C . P o te n tia lly  v iru le n t s tra in s  a re  ca l
c ium  d e p e n d e n t a t  35° C an d  th e re fo re  show  re d u c e d  g ro w th  u n d e r  
th e s e  re s tr ic tiv e  c o n d itio n s .

F o r  d e te c t io n  o f  th e  4 0  to  48-M dal p lasm id s, a  m o d if ic a tio n  o f  
m e th o d s  d esc rib e d  b y  H an sen  an d  O lsen  (1 9 7 8 )  w as em p lo y e d . C ells 
w ere  g ro w n  in  4 0  m l o f  try p tic  soy  b ro th  (T S B , D ifco ) + 0 .6%  
y e a s t e x tr a c t  o n  a sh a k e r w a te r  b a th , o v e rn ig h t a t  3 0 °C  (a b o u t 
2  x 1 0 8  c e lls /m l). O th e r  g ro w th  m ed ia  m ay  b e  s u ita b le , b u t  c a rb o n  
so u rces  such  as sugars an d  p o ly o ls  w ere  re s tr ic te d  to  p re v e n t  fo rm a
tio n  o f  excessive a m o u n ts  o f  p o ly sac ch a rid e s . C ells w ere  h a rv es te d  
b y  c e n tr i fu g a tio n  a t 1 0 ,0 0 0  x g  fo r  10 m in  a t  4 °C , th e n  w ash ed  
o n c e  in  10 m l o f  0 .0 1M  so d iu m  p h o s p h a te  b u f fe r , p H  7 .0 , an d  c e n 
tr ifu g ed  a t 1 0 ,0 0 0  x  g ,  fo r  10 m in  a t 4 °C . W ashed  ce lls  w ere  re su s
p e n d e d  in  1 .35 m l o f  25%  su c ro se  in  0 .05M  T R IS , p H  8 .0  ( a t  th e  
m ax im u m  se tt in g  o n  a v o r te x  m ix e r) to  b eg in  sp h e ro p la s t fo rm a tio n . 
O n e - te n th  m illil ite r  o f  fre sh ly  p re p a re d  ly so z y m e  (1 0  m g /m l in  
0 .25M  T R IS , p H  8 .0 ) w as m ix ed  w ith  fo u r  g en tle  in v ers io n s , an d  th e  
m ix tu re  w as in c u b a te d  fo r  15 m in  a t  a p p ro x im a te ly  2 3 °C . A f te r  
in c u b a tio n  w ith  ly so z y m e , 0 .5  m l o f  0 .25M  N a 2 E D T A , p H  8 .0 , 
w as ad d ed  an d  m ix ed  w ith  five g en tle  in v ers io ns . T h is  m ix tu re  w as 
in c u b a te d  fo r  15 m in  a t  ro o m  te m p e ra tu re , to  a llo w  sp h e ro p la s t 
fo rm a tio n .

T o  ly se  cells, 0 .5 m l o f  20%  so d iu m  d o d e c y l s u lfa te  (S D S ) in  
T R IS , 0 .0 2M  N a 2 E D T A , pH  8 .0  (T E  b u f fe r )  w as a d d e d , an d  th e  
m ix tu re  w as in v erted  five tim es. T o  d e n a tu re  th e  ch ro m o so m a l 
D N A , th e  m ix tu re  w as p laced  in  a 5 5 °C  w a te r  b a th  fo r  15 sec 
th e n  in v e rted  g en tly  five tim es. T h e se  h e a t  p u lse s  w ere  re p e a te d  
fo r  a  to ta l  o f  e ig h t to  te n  tim es.

T o  rem o v e  th e  m e m b ra n e -b o u n d  ch ro m o so m e , th e  p re p a ra t io n  
w as m ad e  4%  SD S b y  ad d in g  1.7 m l o f  10%  SDS in  T E  b u f fe r  
m ix tu re  an d  m ix in g  g en tly  w ith  five in v ers io ns . I t  w as th e n  b ro u g h t 
to  1.0M  N aC l b y  ad d in g  1.1 m l o f  5M  N aC l to  th e  m ix ed  su sp en s io n  
an d  im m e d ia te ly  m ix in g  w ith  2 0  slow  in v ers io n s  (fa ilu re  to  m ix  
im m e d ia te ly  a f te r  th e  N aC l is ad d ed  re su lte d  in  in c o m p le te  re m o v a l 
o f  lin e a r  D N A ). T h e  m ix tu re  w as ch illed  in  an  ice  b a th  an d  re frig 
e ra te d  a t 4 °C  fo r  6  h r  o r o v e rn ig h t. S a lt-p re c ip ita te d  D N A  w as 
sep a ra te d  b y  c e n tr ifu g a tio n  a t  1 7 ,0 0 0  x g  fo r  3 0  m in  a t  4 °C .

T o  c o n c e n tra te  p lasm id s , th e  reco v e red  s u p e rn a ta n t  w as  c a re 
fu lly  d e c a n te d  in to  g ra d u a te d  p o ly s ty re n e  tu b e s  (C o rn in g  # 2 5 3 1 1 , 
N Y ), an d  an y  w h ite  floe -like  m a te r ia l w as ca re fu lly  re m o v ed  w ith  a 
P a s te u r  p ip e tte . T h e  v o lu m e  w as n o te d ,  an d  th e  m ix tu re  ch illed  fo r  
5 m in  in  an  ice  b a th . T h e n , th e  m ix tu re  w as g e n tly  d e c a n te d  in to  
ch illed  5 0 -m l p o ly c a rb o n a te  c e n tr ifu g e  tu b e s  an d  0 .3 1 3  v o lu m e s  o f  
42%  p o ly e th y le n e  g ly co l 6 0 0 0  (P E G ) in  0 .01M  N aH 2 P 0 4 , p H  7 .0 , 
w as ad d ed  an d  g en tly  s tir red  in  w ith  a p la s tic  p ip e tte . T h e  tu b e s
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w ere  th e n  re fr ig e ra te d  fo r  6  h r  o r  o v e rn ig h t. P re c ip ita te d  D N A  w as 
sep ara te d  b y  c e n tr ifu g a tio n  a t  8 0 0  x  g  fo r  5 m in  a t  4 °C . T h e  p e lle t 
w as rem ov ed  an d  g e n tly  re su sp en d ed  in  0 .1 5  m l o f  co ld  5 0  mM  
T R IS  + 5 0  m M  N aC l + 5 m M  N a 2 E D T A , pH  8 .0  (T E S  b u ffe r ) . 
T h e  fin a l y ie ld  v o lu m e  w as a b o u t  0 .2 5  m l o f  p lasm id  e n rich ed  D N A . 
T h e  p re p a ra t io n  can  b e  s to re d  in  sm all a liq u o ts  b e lo w  0°C  fo r 
e x te n d e d  p e rio d s . R e p e a te d  freez in g  an d  th aw in g  in d u c es  b reak ag e  
o f  th e  D N A  m o lec u le s  an d  in c rea se s  th e  a m o u n t o f  o p e n  c ircu la r 
(n ic k e d )  an d  lin e a r  frag m en ts .

S am p le s  o f  1 0 - 4 0  p i  o f  th e  p lasm id  en ric h e d  p re p a ra t io n  w ere  
an a ly z ed  in  1 x  6  x 5 m m  w ells  in  a b e d  o f  0 .8%  m ed iu m  E EO  
A garo se  (N o . A -6 8 7 7 , S igm a, S t. L ou is , M O ) an d  an a ly z ed  o n  th e  
h o r iz o n ta l  gel slab a t  1 0 0  v o lts . A 1.0%  c o n c e n tra t io n  o f  ag arose 
w as used  fo r  th e  e le c tro p h o re tic  gel legs (jay s). T h e  0 .8%  ag arose  gel 
w as p re p a re d  b y  m e ltin g  a t  110 °C  in  0 .9  v o lu m e  o f  d is tilled  w a te r  
an d  ad d in g  0 .1  v o lu m e  o f  T R IS -b o ra te  b u f fe r  ( lO x-T B B , 8 9 0  
m M  b o r ic  ac id , 8 9 0  m M  T R IS , 25 m M  N a 2 E D T A ) ju s t  b e fo re  ca s t
ing  th e  geL T h e  gel slab  w as ca s t in  a  level p la s tic  tra y  (c h e ck  p o s i
tio n  w ith  b u b b le - lev e l). T h e  ja y s  w ere  ca s t an d  a llo w ed  to  co m 
p le te ly  h a rd e n  p r io r  to  ca s tin g  th e  gel slab  b e d . A p p ro x im a te ly  
150  m l o f  agarose w e re  p o u re d  to  fo rm  a 12 x  13.5  x 0 .6  cm  slab. 
T h e  w e ll-fo rm in g  co m b  w as in se r te d  w h ile  th e  ag a rose  b ed  w as s till 
m o lte n  an d  rem o v ed  c a re fu lly  a f te r  th e  gel h ad  se t an d  co o led .

T h e  tra c k in g  d y e  co n sis tin g  o f  7%  S D S, 0 .0 7%  b ro m p h e n o l b lu e , 
an d  33%  g ly ce ro l in  d is tilled  w a te r  w as m ix ed  w ith  each  sam p le  a t 
5 jiil/sam ple b e fo re  i t  w as ad d ed  to  th e  w ells. E le c tro p h o re s is  w as 
ca rr ied  o u t  o n  a w a te r-co o led  S av an t H G E  1 3 1 2  e le c tro p h o re s is  
in s t ru m e n t (H icksv ille , N Y ) u n t i l  th e  d y e  re ac h e d  th e  en d  o f  th e  gel. 
T h e  gel w as s ta in e d  in  e th id iu m  b ro m id e  (1 0  p g /m l)  fo r  3 0  m in  an d

rin sed  in  co ld  flo w in g  w a te r  fo r  15 m in . B ecau se  e th id iu m  b ro m id e  
is a m u ta g e n , p la s tic  g loves w ere  u sed  d u r in g  s ta in in g  an d  rin s in g  to  
p re v e n t n eed le ss  e x p o su re .

T h e  D N A  p lasm id  b a n d s  w ere  v isu a lized  u n d e r  a h an d  h e ld , 
sh o rt-w av e  u ltra v io le t (U V ) lig h t so u rce . T h e  re la tiv e  p o s itio n s  w ere 
re c o rd e d , an d  p rec ise  m e a su re m e n ts  w ere  m ad e  fro m  p h o to g ra p h s  
ta k e n  th ro u g h  a # 2 4  W ra tten  (R e d ) f i l te r  w ith  P o la ro id  55 P /N  
film . A n  E sc h e r ic h ia  c o l i  re fe re n c e  s tra in  (V 5 1 7 ), w ith  e ig h t p las
m id s  o f  k n o w n  m o le c u la r  w e ig h ts , w as an a ly z ed  w ith  th e  Y. e n te r o -  
c o li t ic a  s tra in s  (M acrin a  e t  al., 1 9 7 8 ). T h e se  k n o w n  p lasm id  re fe r
en c e  w e ig h ts  served  as s ta n d a rd s  u sed  to  e s tim a te  th e  m o lec u la r 
w e ig h t o f  p lasm id s  fro m  th e  Y. e n te r o c o l i t ic a  s tra in s.

RESULTS & DISCUSSION
T H E  R E S U L T S  O F  T E S T S  f o r  a u t o a g g l u t i n a t i o n  in  3 4  
s t r a in s  a r e  s u m m a r i z e d  i n  T a b l e  1. T h e  p o s i t i v e  r e a c t i o n s  
f o r  s t r a in s  c a p a b l e  o f  t h i s  a g g l u t i n a t i o n  w e r e  m o s t  o f t e n  
c l e a r - c u t .  T h e  s u p e r n a t a n t  f l u i d  w a s  c l e a r  a n d  c e l l u l a r  m a 
t e r i a l  w a s  a g g lu t i n a t e d  a t  t h e  b o t t o m  o f  t h e  t e s t  t u b e .  O t h e r  
t i m e s ,  t h e  a g g lu t i n a t e d  c e l l u l a r  m a t e r i a l s  c l u m p  a lo n g  t h e  
s id e s  o f  t h e  t u b e ,  l e a v in g  a  c l e a r  s u p e r n a t a n t .  A v i r u l e n t  
s t r a in s  g e n e r a l l y  w e r e  t u b i d  a f t e r  o v e r n i g h t  i n c u b a t i o n  a t  
3 5  C . T h e  o r ig in a l  r e p o r t  b y  L a i r d  a n d  C a v a n a u g h  ( 1 9 8 0 )  
s h o u l d  b e  c o n s u l t e d .  A  p h o t o g r a p h  o f  a g g lu t i n a t i n g  a n d  
n o n a g g l u t i n a t i n g  s t r a in s  h a s  b e e n  p u b l i s h e d  ( S t e r n ,  1 9 8 1 ) .  
L a i r d  a n d  C a v a n a u g h  ( 1 9 8 0 )  r e p o r t e d  t h a t  o f  t h e  2 5  a g g lu 
t i n a t i n g  s t r a in s  o f  Y . e n t e r o c o l i t i c a ,  a l l  p r o v e d  t o  b e  v i r u -

T a b le  1—S tr a in s  a n d  s o u r c e s  o f  Y e rs in ia  e n te r o c o l i t ic a  a n d  r e s u l ts  o f  s e le c te d  v ir u le n c e  in d ic a to r  te s ts

Virulence indicator test

Strain
identification Supplier3

Isolation
source13

Autoagglutination
testc

Horizontal gel 
electrophoresis*1

Calcium 
dependency for 
growth at 35° Ce

78-513 
78-513 ( - ) f

Lee Pork + + +

1994 Lee Oyster - - -

1903 Lee Oyster - — —
IM 2397 
IM 2397 (- )

Mehlman + + +

HSJ Lee HCI — - —

IP 383 Lee HCI — - —

IP 107 Lee HCI — — —

IP 161 Lee HCI — — —

IP 102 Lee Unknown - — —

IP 614 Lee HCI - — —

WA
WA (-)

Lee HCI + + —

IP 134 Lee HCI - - -

75-1261 Lee Oyster - - -

Q 9896 Lee Oyster - - -

IP 373 Lee HCI + + +
IP 533 Lee HCI - - -

KC 1296 Mehlman HCI + + —

KC 1296 (- ) Mehlman Unknown - - -

74-513 Mehlman Oyster - - -

IP 336 Mehlman HCI - — -

A 2635 Brenner Chocolate + + +
A  2635 (-) Milk - - —

IP 955 Brenner Water — — —

IP 867 Brenner HCI - -

A 2611 Brenner HCI — — —

M SRL 1 Stern STS - - -

M SRL 2 Stern STS - - -

M SRL 4 Stern S T S — - —

M SRL 6 Stern S T S + + ND9
M SRL 7 Stern S T S + + ND
M SRL 10 Stern S T S + + ND

3 L e e  = W .H . L e e , F o o d  S a fe t y  & In sp e c t io n  Q u a li ty  S e rv ic e , B A R C -  
E ,  B e lts v il le , M D ; M eh lm an  = I . J .  M e h lm a n , F o o d  & D ru g  A d m in 
is t ra t io n , W a sh in g to n , D C ; B re n n e r  = D . B re n n e r , C e n te r fo r  D is 
ease C o n tro l, A t la n ta , G A ;  S te rn  = N .J .  S te rn , M eat S c ie n c e  R e 
search  L a b o ra to ry , B A R C - E ,  B e lt s v i l le , M D .

b H C I = H u m a n  C lin ic a l Iso la te s ; S T S  = S w in e  th ro a t  sw ab  
9 A u to a g g lu tin a t io n  te s t  ( L a ir d  and  C a v a n a u g h , 1 9 8 0 ) 
d D e te rm in a t io n  o f  p resence  o f  4 0 —4 8  M dal p la sm id  
?  C a lc iu m  d ep e n d e n cy  fo r  g ro w th  a t 3 5  C  (G e m sk i e t a l . ,  1 9 8 0 b ) 
' (—) = In d ica te s  iso g en ic s tra in  cu re d  o f  th e  4 0 —4 8  M dal p lasm id  
9 N D  = n o t done
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Y ER S IN IA  E N T E R O C O L IT IC A  V IR U L E N C E  TEST IN G  . . .

l e n t  t o  m ic e  b y  t h e  o r a l  r o u t e .  N o n e  o f  t h e  1 8 5  n o n a g g l u t i 
n a t i n g  s t r a i n s  p r o v e d  v i r u l e n t .

T h e  p r e s e n c e  o r  a b s e n c e  o f  t h e  4 0 - 4 8  M d a l  p la s m id ,  a s  
d e t e r m i n e d  b y  h o r i z o n t a l  g e l  e l e c t r o p h o r e s i s ,  c o r r e l a t e d  
e x a c t l y  w i t h  t h e  r e s u l t s  o f  t h e  a u t o a g g l u t i n a t i o n  t e s t  ( T a b l e  
1 ; F ig .  1 ). T h i s  f i n d in g  c o r r o b o r a t e s  w i t h  r e s u l t s  r e p o r t e d  
b y  Z in k  e t  a l. ( 1 9 8 0 )  a n d  D a m a r e  e t  a l . ( 1 9 8 0 ) .  H o r i z o n t a l  
g e l  e l e c t r o p h o r e s i s  is  b e s t  u s e d  f o r  c o n f i r m a t i o n  t e s t s ,  a n d  
t h e  a u t o a g g l u t i n a t i o n  t e s t  is  m o r e  e a s i ly  p e r f o r m e d  f o r  
s c r e e n in g .  T h e  e l e c t r o p h o r e s i s  s y s te m  d e s c r i b e d ,  a l t h o u g h  
n o t  t h e  s im p l e s t  i n d i c a t o r  o f  v i r u l e n c e ,  is  e x t r e m e l y  v e r s a 
t i l e :  i t  c a n  b e  u s e d  t o  d e t e c t  a n t i b i o t i c - r e s i s t a n t  p l a s m id s ,  
t h e  v i r u l e n c e  a n d  t o x i n  d e t e r m i n a n t  p la s m id s  o f  e n t e r o t o x i -

A B C D E F
Fig. 1—Horizonta l gel electrophoresis o f plasm id DNA . Description 
o f procedure found in text. Columns A , D, and E  demonstrate 
strains o f Yersinia enterocolitica containing virulence mediating 
40—48 Mdal plasmid. Columns B and C demonstrate lack o f plasm id 
content in aviru/ent Y. enterocolitica. Column F  demonstrates plas
mids in Escherichia co li V517 reference strain.

g e n ic  E . c o l i ,  a n d  o t h e r  p la s m id  s p e c ie s  r a n g in g  in  s iz e  f r o m  
a p p r o x i m a t e l y  2 x 1 0 6  t o  3 x  1 0 8  d a l t o n s .

T h e  r e d u c e d  g r o w t h  o f  v i r u l e n t  s t r a in s  7 8 - 5 1 3 ,  A  2 6 3 5 ,  
1M 2 3 9 7 ,  a n d  IP  3 7 3  o n  m a g n e s iu m  o x a l a t e  a g a r  c o m p a r e d  
t o  b lo o d  a g a r  b a s e  w a s  e x p e c t e d  ( T a b l e  2 ) .  T h e s e  f o u r  
s t r a in s  w e r e  p o s i t i v e  f o r  p o t e n t i a l  v i r u l e n c e  b y  b o t h  a u t o 
a g g lu t i n a t i o n  a n d  h o r i z o n t a l  g e l  e l e c t r o p h o r e s i s  t e s t s .  T w o  
o t h e r  s t r a in s ,  W A  a n d  K C  1 2 9 6 ,  d id  n o t  s h o w  c a lc iu m -  
d e p e n d e n t  g r o w t h  a s  w o u ld  h a v e  b e e n  p r e d i c t e d  b y  t h e  
o t h e r  t w o  i n d i c a t o r  t e s t s ,  w h e r e a s  t h e  r e m a i n in g  2 5  s t r a in s ,  
a s  a n t i c i p a t e d ,  w e r e  n o t  i n h i b i t e d  o n  t h e  c a l c iu m - c h e l a t e d  
m a g n e s iu m  o x a l a t e  p la t e s .

S e v e r a l  a t t e m p t s  f a i le d  t o  d e m o n s t r a t e  t h e  c a lc iu m -  
d e p e n d e n t  g r o w t h  o f  a g g lu t i n a t i o n - p o s i t i v e  s t r a in s  W A  
a n d  K C  1 2 9 6 ,  a l t h o u g h  G e m s k i  e t  a l . ( 1 9 8 0 b )  p r e s e n t e d  
d a t a  d e m o n s t r a t i n g  t h i s  d e p e n d e n c y  f o r  t h e  W A  s t r a in .  
A n  e x p l a n a t i o n  f o r  t h i s  i n c o n s i s t e n c y  is  la c k in g .  D a t a  
f r o m  f iv e  c u r e d  ( n o n a g g l u t i n a t i n g )  s t r a in s  w e r e  c o m p a r a b l e  
t o  t h o s e  o f  t h e  r e m a i n in g  2 0  s t r a in s  ( T a b l e  2 ) .  C a l c iu m  d e 
p e n d e n c y  o f  g r o w t h  f o r  t h e  M S R L  6 , 7 , a n d  1 0  s t r a in s  
w a s  n o t  r e c o r d e d  b e c a u s e  t h e y  w e r e  s p o n t a n e o u s l y  c u r e d  o f  
t h e i r  a b i l i t y  t o  a g g lu t i n a t e  a n d  n o  l o n g e r  c o n t a i n e d  t h e  
4 0 —4 8  M d a l  p la s m id  c o d in g  f o r  t h e  V  a n d  W  a n t i g e n s  r e 
s p o n s ib l e  f o r  a g g lu t i n a t i o n  ( C a r t e r  e t  a h ,  1 9 8 0 ) .  T h e r e f o r e ,  
t h e s e  c u r e d  s t r a in s  w o u ld  n o  l o n g e r  b e  i n h i b i t e d  o n  t h e  
m a g n e s iu m  o x a l a t e  a g a r .

S c h i e m a n n  a n d  D e v e n is h  ( 1 9 8 0 )  r e p o r t e d  t h a t  v i r u l e n c e  
a s  p r e d i c t e d  b y  t h e  S e r e n y  a n d  M o n g o l ia n  g e r b i l  t e s t s  w a s  
r e s t r i c t e d  t o  o n l y  a  f e w  Y . e n t e r o c o l i t i c a  s e r o t y p e s .  S c h ie 
m a n n  a n d  D e v e n is h  r e p o r t e d  t h a t  H e L a  c e l l  in v a s iv e n e s s  
w a s  l ik e w is e  l i m i t e d  t o  c e r t a in  s e r o t y p e s  w h i le  A u l i s io  
s u g g e s t e d  t h a t  t h i s  t e s t  is  n o t  n e c e s s a r i ly  r e s t r i c t e d  t o  c e r 
t a i n  s e r o t y p e s  ( p e r s o n a l  c o m m u n i c a t i o n s ) .  H e a t - s t a b l e  
e n t e r o t o x i n  w a s  a l m o s t  u n i f o r m  a m o n g  a l l  s e r o t y p e s  ( M o r s  
a n d  P a i , 1 9 8 0 ) .  I t  is  h ig h ly  l i k e ly  t h a t  v i r u l e n c e  o f  t h e  
o r g a n i s m  f o r  h u m a n s  is  c o n t r o l l e d  b y  s e v e ra l  f a c t o r s  a m o n g  
a  g iv e n  p a t h o g e n i c  s t r a in .  U n q u e s t i o n a b l y ,  t h e  p r e s e n c e  o f  
t h e  4 0 —4 8  M d a l p l a s m id  is  a  k e y  d e t e r m i n a n t  o f  v i r u l e n c e .  
I n  t h i s  a n d  o t h e r  s t u d i e s ,  t h e  e a s i e s t  t e s t  f o r  p r e d i c t i n g  
p o t e n t i a l  v i r u l e n c e  a p p e a r s  t o  b e  t h e  a u t o a g g l u t i n a t i o n  t e s t  
d e v e lo p e d  b y  L a i r d  a n d  C a v a n a u g h  ( 1 9 8 0 ) .  H o w e v e r ,  a  
s c r e e n in g  m e t h o d  t h a t  c o u ld  s e le c t  v i r u l e n t  Y . e n t e r o c o l i t i c a  
f r o m  a m o n g  a  l a r g e r  a v i r u l e n t  p o p u l a t i o n  s t i l l  n e e d s  t o  b e  
d e v e lo p e d .  S u c h  a  s e le c t iv e  s c r e e n  w o u ld  a id  in  m o n i t o r i n g  
f o o d s  f o r  a d u l t e r a t i o n  w i t h  v i r u l e n t  Y .  e n t e r o c o l i t i c a .

O u r  l a b o r a t o r y  h a s  a t t e m p t e d  t o  c o n j u g a t e  a p l a s m id  
c o n t a i n i n g  Y . e n t e r o c o l i t i c a  w i t h  a  n o n p l a s m i d  c o n t a i n i n g

—Continued on page 588

Table 2—Growth o f selected strains o f Yersinia enterocolitica on 
Magnesium Oxalate Agar and B lood  Agar Base at 35°C3

Magnesium Blood Calcium
oxalate agar dependency

Strain agar base indicated

78-513 i b 44 yes
78-513 ( - ) c 198 115 no
A 2635 1 48 yes
A 2635 (-) 41 49 no
IM 2397 0 24 yes
IM 2397 (-) 56 51 no
WA 49 56 no
WA (-) 52 47 no
KC 1296 48 56 no
KC 1296 (-) 47 37 no
IP 373 0 60 yes

® G e m sk i et a l. (1 9 8 0 b ) 
j? N u m b er o f co lo n ie s  on p late
c  (—) in d ica te s  iso g en ic s tra in  cu red  o f 4 0 —48  M dal p lasm id
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S e p a r a t i o n  a n d  P u r i f i c a t i o n  o f  H y d r o x y c i n n a m i c  A c i d  
D e r i v a t i v e s  i n  C r a n b e r r i e s

A .  G .  M A R W A N  a n d  C .  W . N A G E L

---------------------------- ABSTRACT------------------------------
H yd ro xyc in n a m ic  acid derivatives have been shown to  be a com plex 
m ix tu re  o f  closely re lated com pounds. A  procedure has been 
described fo r  the ir iso la tion  and p u r if ic a tio n  fro m  cranberries. 
The hyd roxyc innam ates were extracted fro m  the p la n t tissue w ith  
aqueous a lcohol, fo llo w e d  b y  pre-separation on a po lyam ide  CC-6 
colum n. F o r easier sample con cen tra tion , the e lu ted com pounds 
were extracted in  a lcohol. F in a l separations were made on a H igh 
Perform ance L iq u id  C hrom atograph. R ecycling was used to  p u r ify  
the in d iv id u a l com pounds. A  to ta l o f  15 com pounds was p u rifie d . 
The m ethod  can be used fo r  the separation and p u rific a tio n  o f  in d i
v idua l pheno lic  com pounds fro m  m ixtu res.

INTRODUCTION
I T  IS  W E L L  K N O W N  t h a t  c r a n b e r r i e s  h a v e  a  b i t t e r - s o u r  
t a s t e .  I t  h a s  b e e n  p o s t u l a t e d  t h a t  t h e  h y d r o x y c i n n a m i c  
a c id s  a n d  t h e i r  d e r i v a t iv e s  a r e  m a i n l y  r e a s p o n s i b l e  f o r  t h i s  
f l a v o r .  T h e  s e p a r a t i o n  a n d  p u r i f i c a t i o n  o f  s u c h  c o m p o u n d s  
in  c r a n b e r r i e s  h a s  b e e n  t h e  s u b j e c t  o f  m a n y  s tu d ie s .  G o l d 
s t e i n  ( 1 9 7 6 )  s e p a r a t e d  a  c r a n b e r r y  e x t r a c t  o n  a  p o l y e t h y l 
e n e  g ly c o l  d i m e t h a c r y l a t e  c o l u m n  i n t o  f iv e  f r a c t i o n s ,  n o n e  
o f  w h i c h  w a s  f u r t h e r  p u r i f i e d .  C a n s f i e ld  a n d  F r a n c i s  ( 1 9 7 0 )  
s e p a r a t e d  1 1  p h e n o l i c  c o m p o u n d s  f r o m  a c r a n b e r r y  e x t r a c t ,  
s e v e n  o f  t h e m  w e r e  r e p o r t e d  t o  b e  p h e n o l i c  a c id s  o r  p h e n 
o l i c  a c id  d e r iv a t iv e s .  T h e  m o s t  d e f i n i t i v e  w o r k  o n  c i n n a m i c  
a c id s  in  c r a n b e r r i e s  w a s  p e r f o r m e d  b y  C h u  e t  a l . ( 1 9 7 3 ) .  
U s in g  p a p e r  c h r o m a t o g r a p h y ,  t h e y  i s o l a t e d  1 0  f l u o r e s c e n t  
c o m p o u n d s  f r o m  a  c r a n b e r r y  e x t r a c t .  T h e  4 - g lu c o s id e  o f  
c a f f e i c  a c id  w a s  f o u n d  t o  b e  t h e  m a j o r  c o m p o u n d  a n d  
w a s  t h e  o n l y  o n e  d e f i n e d .

Q u a n t i t y  p r e - c l e a n u p  a n d  s e p a r a t i o n  o f  c o m p l e x  m ix 
t u r e s  o f  t h e s e  c o m p o u n d s  u s u a l l y  w a s  a c h ie v e d  b y  o p e n  
c o l u m n  c h r o m a t o g r a p h y .  B l u n d s t o n e  ( 1 9 7 0 )  e l u t e d  t h e  
h y d r o x y c i n n a m i c  a c id  d e r iv a t iv e s  o f  r h u b a r b  e x t r a c t  w i t h  
8 0 %  m e t h a n o l  o n  a  P V P  c o lu m n .  H a n e f e ld  a n d  H e r r m a n n
( 1 9 7 6 )  u s e d  a  p o l y a m i d e  c o l u m n  t o  s e p a r a t e  c a f f e i c  a c id  
e s t e r s  f r o m  t h e  e x t r a c t s  o f  m a n y  f r u i t s .  A  s im i la r  t e c h n i q u e  
w a s  u s e d  b y  H a n s o n  a n d  Z u c k e r  ( 1 9 6 3 )  t o  s e p a r a t e  a  
v a r i e t y  o f  h y d r o x y c i n n a m i c  a c id  d e r iv a t iv e s .

S o n d h e i m e r  ( 1 9 5 8 )  u s e d  a  s i l i c ic  a c id  c o l u m n  t o  s e p a r a t e  
t h e  i s o m e r s  o f  c h lo r o g e n i c  a c id  f r o m  a v a r i e t y  o f  f r u i t s ,  
i n c l u d in g  g r a p e s .  L a t e r ,  R ib e 'r e a u - G a y o n  ( 1 9 7 2 )  s h o w e d  
t h a t  s u c h  a  c o l u m n  d o e s  n o t  d i f f e r e n t i a t e  b e t w e e n  t h e  
e s t e r s  o f  q u i n i c  a c id  a n d  t h e  e s t e r s  o f  t a r t a r i c  a c id .  T h i s  is  in  
a c c o r d a n c e  w i t h  t h e  f i n d in g s  o f  O n g  a n d  N a g e l  ( 1 9 7 8 )  
a n d  B a r a n o w s k i  a n d  N a g e l  ( 1 9 8 1 )  t h a t  g r a p e s  c o n t a i n  t a r 
t a r i c ,  b u t  n o t  q u i n i c  a c id  e s t e r s  o f  h y d r o x y c i n n a m i c  a c id s .

K r a u s e  ( 1 9 7 8 )  d e s c r i b e d  a  p r o c e d u r e  f o r  s e p a r a t i n g  s u g a r  
e s t e r s  f r o m  q u i n i c  a c id  e s t e r s  o f  h y d r o x y c i n n a m i c  a c id s  o n  
a  p o l y a m i d e  c o lu m n .  A ls o ,  a  p r o c e d u r e  w a s  d e v e lo p e d  b y  
W u lf  a n d  N a g e l  ( 1 9 7 6 )  t o  s e p a r a t e  t h e  s u b s t i t u t e d  b e n z o i c  
a n d  c i n n a m i c  a c id s  o n  a  ¡1 B o n d a p a k / C ] 8  c o lu m n .  O n g  a n d  
N a g e l  ( 1 9 7 8 )  in  a  s t u d y  o n  t h e  h y d r o x y c i n n a m a t e s  o f
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V i t i s  v i n i f e r a  g r a p e s ,  p r e c l e a n e d  t h e  g r a p e  e x t r a c t  o n  a  p o l y 
a m i d e  c o lu m n ,  a n d  s e p a r a t e d  t h e  d i f f e r e n t  c o m p o u n d s  o n  
a  n  B o n d a p a k / C 1 8  c o l u m n  b y  H P L C . A  s im i la r  a p p r o a c h  
w a s  u s e d  b y  B a r a n o w s k i  a n d  N a g e l  ( 1 9 8 1 )  t o  s e p a r a t e  
t h e  h y d r o x y c i n n a m i c  a c id  d e r iv a t iv e s  in  W h i t e  R ie s l in g  
g r a p e s  a n d  w in e .

T h e  p u r p o s e  o f  t h i s  p a p e r  is  t o  d e s c r i b e  a  p r o c e d u r e  t o  
s e p a r a t e  t h e  h y d r o x y c i n n a m a t e s  in  c r a n b e r r i e s  in  la rg e  
a m o u n t s ,  a n d  w i t h  a  h ig h  d e g r e e  o f  p u r i t y .

MATERIALS & METHODS

Sample preparation

E arly  B lack varie ty  cranberries were obta ined fro m  Ocean Spray 
Cranberries, Inc. (Aberdeen, W A ) and stored at -3 0 ° C  u n til used. 
F rozen cranberries (200g) were m acerated w ith  400  m l 95% e thano l 
in  the presence o f  1 ,0 0 0  ppm  S O j, added as sodium  m e tab isu lfite , 
in  a W aring B lendor at high speed fo r  5 m in . In  order to  co llect 
enough sample, th is procedure was repeated ten tim es. The mash 
was removed b y  filte r in g  under vacuum  th roug h  W hatm an #1 
f i l te r  paper, and the fi lt ra te  was concentra ted in  a vacuum  evaporator 
at 30°C (B uch le r Ins trum ents  ro ta ry  evapora tor, F o r t Lee, NJ) 
to  about 300 m l, cen trifuged and filte re d  again. I t  was ac id ified  to  
0.5% fo rm ic  acid and stored in  the re frigera to r.

C leaning and separation on po lya m id e  CC-6  co lum n

A  6 6  cm x 3 cm glass co lum n was packed w ith  p o lya m id e  CC-6 
(B rin km a n n  Ins trum e nts , Inc. W estburg, N Y ), equ ilib ra ted  w ith  
500 m l o f  the s tarting e lu tio n  solvent w h ich  was 0.2% fo rm ic  acid. 
The concentrated cranberry ex tra c t sample was applied to  the 
co lum n and allowed to  percolate in. E lu tio n  was started w ith  0.2% 
fo rm ic  acid. F ractions o f  20 m l were co llected using an au tom a tic  
fra c tio n  co lle c to r (In s tru m e n ta tio n  Specialities C om pany, L in co ln , 
N E ). The e ff lu e n t o f  the co lum n was m o n ito re d  b y  measuring the 
absorbance o f  every o th e r fra c tio n  a t 280 nm  and 320 nm  on a 
Beckm an D U  m o d ifie d  w ith  an op tica l density  con verto r, lig h t 
source stab ilizer and cuvette po s ition e r (G ilfo rd  In s tru m e n t Labora
tories, O be rlin , O H ). When the absorbance o f  the fra c tio ns  leveled 
o f f  a fte r showing a peak at 320 nm , (fo rm ic  acid peak), e lu tio n  was 
con tin ued  w ith  1 0 0 % m e than o l u n t il  ano the r peak was resolved 
(M e tha no l peak), and then com pleted w ith  0.01%  am m oniated 
m ethanol.

Th is  approach eluted the pigm ents along w ith  the h y d ro x y c in 
namates. There fore , another po lya m id e  CC-6  co lu m n  (35 cm x
4.2 cm ) was packed and equ ilib ra ted  w ith  0.1% sodium  acetate 
b u ffe r, pH  4.0 . T h is  solvent allow s the hyd roxyc inna m ate s to  be 
eluted w h ile  the an thocyanins are retained on the co lum n. The 
fra c tio n s  o f  the fo rm ic  acid peak o f  the above separation were 
pooled, concentrated and applied to  th is co lum n. E lu tio n  was w ith  
0.1% sodium  acetate b u ffe r, pH  4.0. F ractions  o f  20 m l were 
collected and e lu tio n  was m o n ito re d  b y  measuring the absorbance 
o f  every o th e r fra c tio n  a t 280 nm and 320 nm , A fte r  the h y d ro x y 
cinnamates were e luted, the co lum n was flushed w ith  one lite r  o f 
95% e thano l and equ ilib ra ted  again w ith  the 0.1% sodium  acetate 
pH  4.0 b u ffe r, and the same was done fo r  the fra c tio ns  o f  the 
m e thano l peak o f  the f irs t  separation.

E than o lic  e x tra c tio n

The collected fra c tio ns  in  the sodium  acetate b u ffe r were hard 
to  concentra te , and also m ost o f  the sugars came o u t w ith  the 
phenolics o f  the fo rm ic  acid peak. There fo re , am m onium  sulfate- 
e thano l e x tra c tio n  was used to  get rid  o f  the sugars and to  get the 
phenolics in  e thano l, w h ich  was easier to  concentrate. T o  the 
com bined fra c tio ns  o f  fo rm ic  acid and m e than o l peaks, separate-
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Fig. 1 -Po lyam ide  CC - 6  separation o f the ethanolic extract o f cran
berries.

Fig. 2—Sodium acetate buffer elution o f  the form ic acid peak (Fig. 
D on a polyam ide CC - 6  column.

Fig. 3 —Sodium acetate buffer elution o f  the methanol peak (Fig. 1 ) 
on a polyam ide CC - 6  column.

586-Volume 47 (1982)-J0URN AL OF FOOD SCIENCE

ly , 95%  e th a n o l w as ad d ed  a t 25%  o f  th e ir  v o lu m e . W hile s tir rin g  
w ith  a M ag-M ix, am m o n iu m  s u lfa te  w as ad d ed  to  s a tu ra tio n . T h e  
e th a n o lic  lay e r w as s ep a ra te d  an d  k e p t. T h is  e x tr a c t io n  w as re p e a te d  
five tim es. T h e  e th a n o lic  e x tr a c ts  o f  each  p eak  w ere  c o m b in e d  and  
v acu u m  e v a p o ra te d  a t 3 0 °C  to  a b o u t  4 0  m l fo r  th e  fo rm ic  ac id  p eak  
an d  to  10 m l fo r  th e  m e th a n o l p eak . T h e y  th e n  w ere  filte re d  th ro u g h  
a  0 .4 5 -q m  M illip o re  filte r.
H P L C  se p a ra tio n  a n d  p u r if ic a t io n

T h e  so lv en t de live ry  system  fo r  H PLC  co n s is te d  o f  tw o  W aters  
A sso c ia te s  (M ilfo rd , M A ) 6 0 0 0  A p u m p s , a  M o de l 6 6 0  so lv en t p ro 
g ram m e r an d  M odel U 6 K in je c to r . S e p a ra tio n s  w ere  m ad e  o n  a 
25 cm  x 9 .4  m m  (i.d .)  P a rtis il O D S p re p a ra t iv e  c o lu m n . T h e  co lu m n  
e f f lu e n t  w as m o n i to re d  b y  a M ic ro m eritic s  (N o rc ro ss , G A ) M odel 
785  v a riab le  w av e len g th  d e te c to r  se t a t  3 2 0  n m . A n  A u to la b  M ini- 
g ra to r  (S p ec tra -P h y s ics , S a n ta  C la ra , C A ) w as u sed  to  in te g ra te  th e  
p ea k  areas. T h e  d e te c to r  re sp o n ses  w ere  re c o rd e d  o n  a  H o u s to n  
In s t ru m e n ts  (A u s tin , T X ) O m in isc rib e  s tr ip  c h a r t re c o rd e r .

T h e  fo llo w in g  c o n d itio n s  w e re  u sed  fo r  th e  fo rm ic  acid  p ea k : 
F lo w  ra te  = 5 m l/m in  
S o lv e n t A : 0 .5%  fo rm ic  acid  
S o lv e n t B: 0 .5%  fo rm ic  acid  + 8 % a c e to n itr ile  
N o n lin e a r  g ra d ie n t se ttin g  th e  so lv en t p ro g ra m m e r o n  m o d e  

# 4 , ru n  S o lv e n t A  fo r  5 m in , th e n  s ta r t  p ro g ram  fro m  0 -  
100%  B in  2 0  m in .

T h e  co lu m n  w as e q u ilib ra te d  w ith  so lv en t A  fo r  5 m in . In je c 
tio n s  o f  1.3 m l w ere  m ad e  an d  se p a ra te  p e a k s  w ere  c o lle c te d . A f te r  
th is  ru n  w as c o m p le te d , th e  co lu m n  w as  flu sh ed  w ith  m e th a n o l an d  
re -e q u ilib ra ted  w ith  so lv en t A . T h is  w as re p e a te d  u n t i l  en o u g h  
sam p les  w ere  co lle c ted .

T h e  sam e th in g  w as d o n e  fo r  th e  m e th a n o l p ea k , e x c e p t  iso c ra tic  
e lu t io n  w as u sed . T h e  so lv en t w as 7% a c e to n it r i le  in  0 .5%  fo rm ic  
ac id . T h e  c o lle c te d  f ra c tio n s  w ere  c o n c e n tra te d  to  a few  m illil ite rs  
b y  v ac u u m  ev a p o ra tio n  i f  th e  v o lu m e  w as sm all.

F o r  la rg er v o lu m es  th e  sam p le  w as p a r t ia lly  c o n c e n tra te d  to  
re m o v e  th e  a c e to n itr ile , th e n  ac id ified  an d  p u m p e d  o n  th e  H PLC  
p re p a ra t iv e  co lu m n  u n t i l  th e  co lu m n  b ec am e  o v e rlo ad e d , w h ich  w as 
o b served  b y  th e  re c o rd e r  re sp o n se . T h e n  th e  co lu m n  w as f lu sh ed  
w ith  m e th a n o l an d  th e  m a te r ia l co lle c ted . M e th a n o l is easy  to  
e v a p o ra te  an d  th u s  c o n c e n tra te  th e  sam p le  w ith o u t  ex cessiv e e x 
p o s u re  to  h e a t  an d  ligh t.

T h e  c o n c e n tra te d  f ra c tio n s  w ere  p u r if ie d  o n  th e  H P L C  p re p a ra 
tive  co lu m n  u sin g  th e  re cy c le  m o d e  an d  a s u ita b le  so lv en t s tre n g th . 
T h e  p u r i ty  o f  th e  recy c led  fra c tio n s  w as ch e c k e d  o n  th e  H PLC  
a n a ly tic a l c o lu m n  (Z o rb a x  O D S , 25 cm  x 4 .6  m m  i.d ., D u P o n t, 
W ilm in g to n , D E ). T h o se  fra c tio n s  w h ich  sh o w ed  95%  o r  m o re  
p u r i ty  w ere  c o n s id e red  p u re . T h o se  w h ich  d id  n o t  show  a h ig h  
d eg ree  o f  p u r i ty  w ere  c o n c e n tra te d  an d  re cy c led  o n  th e  a n a ly tic a l 
c o lu m n . E ac h  p u r if ie d  co m p o u n d  w as c o n c e n tra te d  to  d ry n e ss  
e i th e r  d ire c t ly  b y  th e  v acu u m  e v a p o ra to r  i f  th e  v o lu m e  w as 
sm all, o r  a f te r  tr a n s fe r  in to  m e th a n o l b y  th e  ab o ve  d esc rib e d  te c h 
n iq u e  i f  th e  v o lu m e  w as large. E ac h  d rie d  c o m p o u n d  w as red is 
solved  in  10 m l red is tilled  95%  e th a n o l an d  s to re d  in  v ia ls  in  th e  
re frig e ra to r.

R E S U L T S  &  D I S C U S S I O N
F I G .  1 S H O W S  t h a t  c r a n b e r r y  h y d r o x y c i n n a m a t e s  c a n  b e  
s e p a r a t e d  p r i m a r i l y  i n t o  t w o  m a j o r  g r o u p s  o n  a  p o l y a m i d e  
C C - 6  c o l u m n ;  A  w a t e r  s o lu b l e  g r o u p  ( f o r m i c  a c id  p e a k )  
a n d  a n  a l c o h o l  s o lu b l e  g r o u p  ( m e t h a n o l  p e a k ) .  S in c e  t h e  
p i g m e n t s  w e r e  e l u t e d  w i t h  t h e  h y d r o x y c i n n a m a t e s ,  a n o t h e r  
s o lv e n t  s y s t e m  a n d  p o l y a m i d e  c o l u m n  w a s  u s e d .  F ig .  2  a n d  
3 s h o w  t h e  e l u t i o n  o f  h y d r o x y c i n n a m a t e s  w h i le  t h e  a n t h o -  
c y a n in s  w e r e  r e t a i n e d  o n  t h e  c o lu m n .  M a te r i a l  o b t a i n e d  in  
t h i s  m a n n e r  w a s  t h e n  c o n c e n t r a t e d  a f t e r  t r a n s f e r r i n g  i t  
f r o m  t h e  a q u e o u s  s o lv e n t  i n t o  a l c o h o l .  F ig .  4  s h o w s  t h e  
e x t r a c t i o n  p r o f i l e  o f  f o r m i c  a c id  p e a k  c o m p o u n d s .  T h i s  w a s  
o b t a i n e d  b y  m u l t i p l y i n g  e a c h  e x t r a c t i o n  v o l u m e  b y  i t s  
a b s o r b a n c e  a t  3 2 0  n m .

F ig .  5 s h o w s  t h e  H P L C  s e p a r a t i o n  o f  t h e  f o r m i c  a c id  
p e a k  c o m p o u n d s .  P e a k s  3 ,  4 , 6 , 7 , 8 , 9 , 1 0 , 1 1 , a n d  1 2  w e r e  
c o l l e c t e d ,  c o n c e n t r a t e d  a n d  i n d iv id u a l l y  p u r i f i e d  b y  u s in g  
t h e  r e c y c l i n g  m o d e  o f  t h e  H P L C  s y s t e m .  F ig .  6  i l l u s t r a t e s  
t h e  s e p a r a t i o n  o f  t h e  m e t h a n o l  p e a k  c o m p o u n d s .  P e a k s  
2 0 ,  2 1 ,  2 2 ,  2 3 ,  2 4 ,  2 5 ,  a n d  2 6  w e r e  c o l l e c t e d  a n d  a l s o  p u r i 
f i e d  b y  r e c y c l i n g  o n  t h e  H P L C  s y s te m .

— Text continued on page 588



Fig. 4—Ethanol-ammonium sulfate extraction pro file  o f  the com 
bined 25—110 fractions (Fig. 2).

Fig. 6 —H PLC  preparative column separation o f the ethanolic ex
tract o f the combined 240—540 fractions (Fig. 3).

Fig. 5 -H PLCp repara tive  column separation o f  the ethanolic extract Fig. 7 -H P L C  separation o f the ethanolic extract o f cranberry (an- 
o f  the combined 25—110 fractions (Fig. 2). alytica l column).
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F ig .  7 s h o w s  a  t y p i c a l  c h r o m a t o g r a m  o f  c r a n b e r r y  j u i c e  
u s in g  8 % a c e t o n i t r i l e  in  0 .5 %  f o r m i c  a c id  a t  1 . 8  m l / m i n  o n  
t h e  a n a l y t i c a l  c o lu m n .  T h e  p u r i f i e d  c o m p o u n d s  w e r e  
m a t c h e d  w i t h  F ig .  7 b y  t h e i r  r e t e n t i o n  t i m e s  o r  c o - i n j e c t in g  
t h e m  i f  i t  w e r e  n e c e s s a r y .

I t  h a s  b e e n  r e p o r t e d  t h a t ,  p h e n o l i c  c o m p o u n d s  w i t h  
d i f f e r e n t  c a r b o h y d r a t e ,  c o n t e n t  a r e  n o t  m a r k e d l y  d i f f e r e n t  
i n  t h e i r  c h r o m a t o g r a p h i c  b e h a v io r  ( W u l f  a n d  N a g e l ,  1 9 7 6 ) .  
T h e r e f o r e ,  t h e  i n s u f f i c i e n t  r e s o l u t i o n  o f  c o m p o u n d s  7  a n d  
2 1 ,  1 0  a n d  2 2 ,  11 a n d  2 3 ,  a n d  12  a n d  2 4  o n  t h e  H P L C  
r e v e r s e d  p h a s e  s y s t e m  a n d  t h e i r  r e s o l u t i o n  o n  t h e  p o l y 
a m i d e  C C - 6  c o l u m n  c o u ld  s u g g e s t  t h a t  e a c h  p a i r  o f  t h e m  
h a s  t h e  s a m e  p a r e n t  h y d r o x y c i n n a m i c  a c id  b u t  w i t h  a 
d i f f e r e n t  c a r b o h y d r a t e  c o n t e n t .

CONCLUSIONS

P O L Y A M I D E  C C - 6  c o l u m n  c h r o m a t o g r a p h y  is  a  d e p e n d 
a b l e  t e c h n i q u e  f o r  c l e a n u p  a n d  p r e - s e p a r a t i o n  o f  c o m p le x  
m i x t u r e s  o f  h y d r o x y c i n n a m a t e s .  I n d iv id u a l  c o m p o u n d s  c a n  
t h e n  b e  s e p a r a t e d  a n d  p u r i f i e d  b y  H P L C . I d e n t i f y i n g  
c o m p o u n d s  j u s t  b y  c o m p a r i n g  t h e i r  r e t e n t i o n  t i m e s  w i t h  
s t a n d a r d s  o n  H P L C  is  n o t  d e p e n d a b l e ,  s in c e  a s  s h o w n  
h e r e  a  r e s o lv e d  p e a k  o n  t h e  H P L C  a n a ly t i c a l  c o l u m n  m a y  
c o n t a i n  m o r e  t h a n  o n e  c o m p o u n d .  A  t o t a l  o f  15  p h e n o l i c  
c o m p o u n d s  w a s  i s o l a t e d  a n d  p u r i f i e d  f r o m  c r a n b e r r y  j u i c e .  
T h e i r  i d e n t i f i c a t i o n  w il l  b e  t h e  s u b j e c t  o f  a l a t e r  p a p e r .
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E s c h e r i c h i a  c o l i ,  b u t  h a s  n o t  b e e n  s u c c e s s f u l .  S u c h  t r a n s f e r  
o f  v i r u l e n c e  m e d i a t i n g  p la s m id s  m a y  p r o v i d e  a  p la u s ib l e  
e x p l a n a t i o n  f o r  t r a n s f o r m a t i o n  o f  a v i r u l e n t  v a r i e t i e s  o f  
b a c t e r i a  i n t o  v i r u l e n t  f o r m s .
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D e t e r m i n a t i o n  o f  B H A  a n d  B H T  i n  D e h y d r a t e d  M a s h e d  P o t a t o e s

F .  B E A U L I E U  a n d  D . H A D Z I Y E V

---------------------------  ABSTRACT----------------------------
T h e  e x tr a c t io n  s tep  in  B H A  (b u ty la te d  h y d ro x y a n is o le )  o r  B H T 
(b u ty la te d  h y d ro x y to lu e n e )  an a ly sis  o f  p o ta to  g ran u les , un less  
p re c a u tio n s  are  ta k e n , le ad s  to  a  reco v e ry  o f  o n ly  1 0 - 5 0 % . T h is  
s tu d y  sh o w ed  th a t  B H A  (B H T ) is re ta in e d  in  g ran u les  b y  re t ro 
g rad ed  s ta rc h  a n d , m o s tly , i ts  am y lo se  m o ie ty . N o  s a tis fa c to ry  re
co v ery  w as o b ta in e d  usin g  so lv en ts  o f  in c rea sin g  d ie le c tr ic  c o n s ta n t  
un less th e  g ran u les  w ere  f i rs t  h y d ra te d  w ith  w a te r . A ra p id  a n tio x i
d a n t e x tr a c t io n  p ro c e d u re , b ased  o n  th e  h y d ra tio n  p rin c ip le  an d  
su itab le  fo r  q u a lity  c o n tro l  labs , is d e sc rib e d . C o m p ara tiv e  d a ta  
w ere  a c q u ired  fo r  th e  c o n te n t  o f  B H A  (B H T ) in  p o ta to  g ran u les  
an a ly z ed  b y  d if fe re n tia l p u lse  v o lta m m e try  (u sing  a  g lassy  c a rb o n  
e le c tro d e )  an d  gas-liqu id  ch ro m a to g ra p h y .

INTRODUCTION
T H E  R O L E  O F  p h e n o l i c  a n t i o x i d a n t s  i n  p o t a t o  g r a n u l e s  
is  t o  p r e v e n t  o x i d a t i v e  r a n c i d i t y  o f  t h e  n a t u r a l  f a t  o f  t h e  
p o t a t o  d u r in g  s h i p m e n t  a n d  s t o r a g e .  T h e  a m o u n t  a l l o w e d  i n  
f o o d s  is  s u b j e c t  t o  g o v e r n m e n t  r e g u l a t i o n .  G u i d e l i n e s  f o r  
d e h y d r a t e d  p o t a t o  g r a n u l e s  p e r m i t ,  f o r  B H A  ( b u t y l a t e d  
h y d r o x y a n i s o l e )  o r  B H T  ( b u t y l a t e d  h y d r o x y t o l u e n e ) ,  o r  
t h e i r  m i x t u r e ,  n o t  m o r e  t h a n  5 0  p p m  ( C a n a d a ) ,  1 0  p p m  
( U S A ) ,  o r  2 5  p p m  f o r  t h e  U .K .  a n d  F r a n c e .  T h e  t r e n d  in  
g r a n u l e  p r o d u c t i o n  is  t o  d e c r e a s e  t h e  p r o p o r t i o n  o f  B H T  o r  
o m i t  i t  c o m p l e t e l y .  I n  t h e  A d d - B a c k  p r o c e s s ,  a n t i o x i d a n t s  
a r e  u s u a l l y  a p p l i e d  i n  a  f o r m u l a t e d  e m u l s i f i e r  a d d e d  t o  
c o o k e d  p o t a t o e s  i n  t h e  m a s h - m ix in g  s t e p .  S o m e  p l a n t s  
a p p l y  B H A  ( o r  B H T )  s e p a r a t e l y  a s  a n  e t h a n o l  s o l u t i o n .  
S t e a m  d i s t i l l a t i o n  a n d  v o l a t i l i z a t i o n  o c c u r r i n g  d u r in g  t h i s  
s t e p  c a u s e  i n i t i a l  4 0 —5 0 %  lo s s e s  o f  t h e  B H A  a d d e d ,  a n d  f u r 
t h e r  lo s s e s  o f  a b o u t  1 0 %  f o r  e a c h  r e c y c l in g  o f  t h e  A d d -  
B a c k  g r a n u le s .  T h e  e x a c t  n a t u r e  o f  t h e  r e t e n t i o n  o f  a n t i o x i 
d a n t s  i n  d r y  g r a n u l e s  is  u n c l e a r .

A n a l y t i c a l  m e t h o d s  f o r  B H A  ( B H T )  d e t e r m i n a t i o n  i n  
g r a n u le s  c a n  b e  u n r e l i a b l e  a n d  m o s t  a r e  lo n g  a n d  t i m e  c o n 
s u m in g  ( B i e t h  e t  a l . ,  1 9 7 8 ;  H a l o t ,  1 9 7 1 ) .  T h e  A O A C  m e t h 
o d  g iv e s  r e s u l t s  w i t h  4 0 —8 0 %  le s s  a n t i o x i d a n t  t h a n  m e t h o d s  
b a s e d  o n  c o n t i n u o u s  e x t r a c t i o n  o f  g r a n u l e s .  Q u a l i t y  c o n t r o l  
la b s  la c k  a  r e l i a b l e ,  e c o n o m i c a l  a n d ,  a b o v e  a l l ,  a  f a s t  m e t h o d  
w h i c h  c a n  b e  a p p l i e d  i n  t h e  p l a n t  a n d  a l s o  b e  r e c o g n i z e d  as  
v a l i d  o n  t h e  e x p o r t  m a r k e t .

T h i s  s t u d y  e l u c i d a t e s  t h e  s t a t u s  o f  a n t i o x i d a n t  r e t a i n e d  
b y  m o d e l  s y s t e m s  c o n s i s t i n g  o f  m a j o r  p o t a t o  c o n s t i t u e n t s .  
A ls o ,  i t  d e s c r i b e s  a  r a p i d  a n d  q u a n t i t a t i v e  m e t h o d  f o r  e x 
t r a c t i o n  o f  a n t i o x i d a n t s  i n  p o t a t o  g r a n u l e s ,  f o l l o w e d  b y  
t h e i r  d e t e r m i n a t i o n  b y  v o l t a m m e t r y  u s in g  a  g la s s y  c a r b o n  
e l e c t r o d e  a n d  b y  g a s - l i q u id  c h r o m a t o g r a p h y  ( G L C ) .  I n  
a d d i t i o n  c o m p a r a t i v e  d a t a  a r e  p r o v i d e d  f o r  t h e  c o n t e n t  o f  
B H A  i n  g r a n u le s  m a n u f a c t u r e d  b y  a n  A d d - B a c k  g r a n u l e  
p r o c e s s .

MATERIALS & METHODS
P o ta to  tu b e rs

Cv. N e t te d  G em  (R u sse t B u rb a n k ) w ith  sp ec ific  g rav ity  o f

Authors Beaulieu and Hadziyev are with the Dept, o f  Food  Science, 
Univ. o f  A lberta, Fdmonton, A lberta, Canada T6 G 2P5.

1 .0 9 6  ± 0 .0 0 2 , c o rre sp o n d in g  to  a d ry  m a t te r  c o n te n t  o f  25 .0% , 
w as g ro w n  in  S o u th e rn  A lb e rta . T h e  tu b e rs  w ere  s to re d  a t  4 °C  
an d  w ere  re c o n d it io n e d  a t  ro o m  te m p e ra tu re  fo r  1 0  d a y s  b e fo re  use . 
P ro x im a te  an a lysis  gave th e  fo llo w in g  p e rc e n ta g e s  o n  a d ry  m a t te r  
b as is  o f  p ee led  tu b e rs : to ta l-N  8 . 8  (N  x  6 .2 5 ) ;  fa t ,  o il 0 .5 ; c ru d e  
f ib e r  2 .5 ; ash  4 .0 ; an d  s ta rch  7 5 .0 . A m y lo se  c o n te n t  o f  th e  s ta rch  
w as 2 1 .2 %, as d e te rm in e d  b y  p o te n t io m e tr ic  t i t r a t io n  w ith  io d in e  
(C h u n g  an d  H ad ziyev , 1 9 8 0 ).

M ajo r p o ta to  c o n s t i tu e n ts
C ellu lo se . T h e  tu b e r  ce ll w a ll p re p a ra t io n  w as u se d  as a  ce llu lose  

m a tr ix . I t  w as is o la ted  f ro m  b a tc h e s  o f  d r ie d  tu b e rs  m ec h a n ica lly  
d is in te g ra te d  in  ice-co ld  w a te r  (c o n ta in in g  5 0 0  p p m  N a-su lfite ) 
u sing  a V ir tis  h o m o g e n iz e r  a t  fu l l  speed . T h e  s lu rry  w as th e n  
sq u eezed  th ro u g h  M irac lo th  an d  w ash ed  ex te n s iv e ly  w ith  d e io n ize d  
w a te r  u n t i l  th e  re s id u e  w as free  o f  s ta rc h  w h e n  e x a m in e d  u n d e r  a 
p o la rize d -lig h t m ic ro sc o p e  (M o led in a  e t  a l., 1 9 7 8 ) .

P e c tin . C itru s  p e c tin , w ith  a  5 5 - 6 0 %  e s te r if ic a tio n  d eg ree  an d  a 
m o l. w e ig h t ran g e  o f  1 5 0 - 3 0 0  x  1 0 3 , w as u sed  (IC N -N u tr itio n a l 
B io ch em ica ls , C leve lan d , O H ).

P ro te in . C ru d e  p ro te in s  w ere  o b ta in e d  f ro m  p o ta to  sap e x tru d e d  
f ro m  p ee led  an d  d iced  tu b e rs . T h e  d ices  w e re  w ra p p e d  in  a  c o t to n  
c lo th  an d  su b je c te d  to  a p ressu re  o f  25 x  1 0 3  p .s.i. u sing  a h y d ra u lic  
p ress  (F .S . C arver, In c ., S u m m it, N J). T h e  sap  w as c o lle c te d , th e n  
th e  cak e  w as d isp e rsed  in  10%  a q u eo u s  N aC l an d  p ressed  again. 
T h e  co m b in ed  saps w ere  d ilu te d  in  w a te r  an d  th e  p ro te in  w as p re 
c ip ita te d  a t 7 0 °C  fo r  30 m in . T h e  f lu f fy  co a g u la te  w as  co llec ted  
b y  lo w -speed  c e n tr ifu g a tio n  an d  th e n  w ash ed  w ith  a c e to n e  an d  
e th y l  e th e r . T h e  p ro te in , s lig h tly  g rey ish  in  c o lo r , w as a ir-d ried , 
g ro u n d  in to  p o w d e r in  a m o r ta r  w ith  p e s tle  a n d  s to re d  a t  - 2 0 ° C .

S ta rc h . P o ta to  s ta rc h  w as is o la ted  fro m  p ee led  a n d  d ice d  tu b e rs  
w h ich  w ere  h o m o g e n ize d  in  ice-co ld  w a te r  (c o n ta in in g  5 0 0  p p m  
N a-su lfite ) u sing  a W aring B le n d o r a t  low  speed . T h e  s lu rry  w as 
sq u eezed  th ro u g h  a 1 0 0 -m esh  p o ly e s te r  sieve c lo th  a n d  th e  f i l tr a te  
c e n tr ifu g e d  a t  7 0 0  x  g fo r  10  m in . T h e  s u p e rn a ta n t  a n d  th e  am b er- 
b ro w n  p ro te in  la y e re d  o n  th e  s ta rch  s e d im e n t w e re  re m o v e d , an d  
th e  s ta rc h  w as re su sp en d ed  in  w a te r  an d  re c e n tr ifu g e d . T h is  p u r if i
c a tio n  s tep  w as re p e a te d  u n t i l  n o  p ro te in  an d  cell d eb ris  w ere  
ev id en t u n d e r  a  p o la riz e d -lig h t m ic ro sc o p e . T h e  f in a l p ro d u c t  
w as tr e a te d  w ith  e th a n o l, e th y l  e th e r  an d  a c e to n e , an d  air-d ried .

A b a tc h  o f  th e  ab o v e  p re p a ra t io n  w as u sed  to  o b ta in  g e la tin iz ed  
an d  re tro g ra d e d  s ta rc h . G e la tin iz a tio n  w as p e rfo rm e d  a t  7 0 °C  fo r 
20  m in  w ith  lOOg s ta rc h  su sp e n d ed  in  1L  d em in e ra liz e d  w a te r . T h e  
gel o b ta in e d  w as co o led  to  4 °C , th e  w a te r  d e c a n te d  an d  th e  sed i
m e n t f ro z e n  a t - 2 5 ° C  fo r  3 h r. T h e  f ro z e n  gel w as th e n  freeze -d ried  
a n d  g ro u n d  to  a p o w d e r in  a W aring  B le n d o r a t  h igh  speed .

S ta rc h  am y lo se  o f  2 7 3 - 2 7 5 ° C  m .p . (d e c o m p o s itio n )  w ith  a  m o l. 
w e ig h t o ver 1 5 0 ,0 0 0 , an d  a m y lo p e c tin , b o th  f ro m  p o ta to ,  w ere  
su p p lied  b y  A ld ric h  C hem . C o. In c. (M ilw au k ee , W I) an d  b y  BD H  
L ab  C hem ica ls  D iv is io n  (T o ro n to , O n t) .

A n t io x id a n t  in c o rp o ra t io n  in to  m a jo r  p o ta to  c o n s t i tu e n ts
In  o rd e r  to  assay  th e  s tre n g th  o f  a n tio x id a n t  b in d in g  to  p o ta to  

c o n s t i tu e n ts , im p re g n a ted  m a tr ic e s  w e re  p re p a re d  b y  freeze -d ry in g . 
A b o u t  100  p p m  o f  an  e th a n o lic  a n tio x id a n t  s o lu tio n  w ere  ad d ed  
to  a n  a q u e o u s  s lu rry  o f  a  p o ta to  c o n s t i tu e n t  (p ro te in , s ta rch , e tc ) . 
U n ifo rm  d isp e rsa l w as ach iev ed  w ith  a  K itch en -a id  m ix e r  ru n  a t 
lo w  speed  fo r  5 m in . P o r tio n s  o f  th e  s lu rry , 4 0 —60g , w ere  th e n  
tra n s fe rre d  in to  p la s tic  c o n ta in e rs  an d  free ze -d rie d  a t  a co n d e n se r 
se tt in g  o f  - 5 0 ° C  an d  a  sh e lf  te m p e ra tu re  o f  2 5 °C  u sin g  a  V ir tis  
m o d e l R eP P  su b lim a to r . S am p le s  w ere  ta k e n  a f te r  each  0 .5 - 1  h r  
an d  an a ly z ed  fo r  a n tio x id a n t  an d  m o is tu re  c o n te n ts  (K irle is  an d  
S tin e , 1 9 7 8 ) . - Continued on next page
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BHA AND B H T  IN POTA TO G R A N U L E S . . .

A n tio x id a n t  (B H A )—A m y lo se  in c lu s io n  c o m p o u n d  p re p a ra t io n
P o ta to  am y lo se  c o rre sp o n d in g  to  1.5g d ry  m a t te r  w as susp en d ed  

in  15 m l o f  d is tilled  w a te r , tr e a te d  w ith  15 m l o f  0 .5  N N aO H  and  
m ix e d  u n t i l  th e  su sp en s io n  so lu b ilized . T h e  am y lo se  so lu tio n  w as 
ad ju s te d  to  pH  6 . 5 - 6 . 8  w ith  0 .5 N HC1 an d  th e n  10 mM K -phos- 
p h a te  b u f fe r  pH  7 .0  w as ad d ed  (5%  v /v ). T h e  s o lu tio n  w as d ilu te d  to  
1% w ith  w a te r , h e a te d  a t  1 00 °C  fo r  1 h r , th e n  co o led  to  7 0 °C  an d  
d e a e ra te d  w ith  n itro g en . U n d e r th e  n itro g e n  s tre a m , B H A  w as 
in c o rp o ra te d  (2 5 %  o n  am y lo se , d ry  m a t te r  basis) an d  th e  te m p e ra 
tu re  o f  th e  m ix tu re  w as th e n  g rad u a lly  lo w ered  to  25 °C  o v e r 24  h r  
in  a  w a te r  b a th . T h e  p re c ip ita te d  am y lo se -B H A  c o m p le x  w as co l
le c te d  b y  c e n tr i fu g a tio n  a t  6 0 0 0  x  g  fo r  15 m in , free ze -d rie d  an d  
s to re d  a t  - 2 0 ° C  (O sm an -Ism ail, 1 9 7 2 ).

X -ray  d if f ra c t io n  an a lysis
D if fra c tio n  p a tte rn s  o f  am ylose-B H A  in c lu s io n  co m p o u n d s  

w ere  re c o rd e d  o n  a P h ilip s  M o de l P W -1 01 1 -6 0  d if f ra c to m e te r  
eq u ip p e d  w ith  a cu rv ed  c ry s ta l A M R  m o n o c h ro m a to r . C o p p e r  
K a  ra d ia t io n  (1 .5 4 1 8  A ) w as used  w ith  a tim e  c o n s ta n t  o f  4  sec, 
an  an g u la r scan n in g  v e lo c ity  o f  1 ° 2 6 an d  a  c h a r t speed  o f  1  cm /m in .

D e h y d ra te d  m ash ed  p o ta to  g ran u les
T h e  m e th o d  used  b y  an  A lb e r ta  p ro cesso r co n s is te d  o f  s team 

p ee lin g , tr im m in g , slic ing, w ash ing , p rec o o k in g , c o o lin g , s team 
c o o k in g , m ash ing  b y  a d d itio n  o f  d ried  A-B g ran u les , c o n d itio n in g , 
re m ix in g , a ir-lift d ry in g , f lu id ized  b ed  d ry in g , co o lin g  an d  sifting . 
A n t io x id a n t  (1 0 0  p p m  o n  a  d ry  w e ig h t basis) w as ad d ed  as an  
e th a n o l so lu tio n  a t th e  m ash ing  s tep  a long  w ith  o th e r  ad d itives.

A n t io x id a n t  e x tr a c t io n
P o ta to  c o n s t i tu e n ts . D e h y d ra te d  m a jo r p o ta to  m a tr ic e s  w ere 

e x tr a c te d  b y  a 10 h r  c o n tin u o u s  S o x h le t p ro c e d u re  u sing  95%  e th 
a n o l as so lv en t (B ie th  e t  a l ,  1 9 7 8 ) . As em p h as ize d  b y  th e  a u th o rs , 
r e h y d ra t io n  o f  th e  sam p le  ( ra tio  1 : 1 ) h ad  to  b e  p e rfo rm e d  p r io r  to  
th e  e x tra c tio n .

P o ta to  g ran u le s . P e t. e th e r  (b .p . 4 0 - 6 0 ° C )  w as th e  e x tr a c t io n  
so lv e n t w h e n  G L C  assay  w as a p p lie d , w h ile  b e n z e n e  w as ch o se n  fo r  
v o l ta m m e try  s ince it  w as a  c o m p o n e n t o f  th e  su p p o rt in g  e le c tro ly te .

T h e  p ro c e d u re , la stin g  c lose  to  30  m in , in v o lved  e x tr a c t io n  o f  
th e  fu lly  re h y d ra te d  sam p les  w ith  o rg an ic  so lv e n t, fo llo w e d  b y  
re m o v a l o f  w a te r  an d  c o n c e n tra t io n  o f  th e  o rg an ic  p h a se  co n ta in in g  
th e  a n tio x id a n t.

P o ta to  g ran u le  sam p les  o f  5g  w ere  re h y d ra te d  a t  ro o m  te m p e ra 
tu re  w ith  25 m l w a te r  fo r  1 0 - 1 5  m in  o n  a  f r i t te d  glass fu n n e l 
(d ia m e te r  7 .0  cm ; p o re  size 2 5 - 5 0  g m ). A f te r  re m o v in g  th e  excess 
w a te r  b y  su c tio n , th e  cak e  w as  m ix ed  w ith  3 x  10 m l so lv en t an d  
f i l te re d  ea ch  tim e . R e h y d ra tio n  ( fo r  2 m in ) an d  so lv en t e x tr a c t io n  
w ere  re p e a te d . T h e  e x tr a c t  w as tra n s fe rre d  to  a  125 m l se p a ra to ry  
fu n n e l, sh a k e n  g en tly  an d  le f t  to  s tan d  5 m in . I f  n e e d e d , 10  m l o f  a 
1 0 % so d iu m  c h lo rid e  s o lu tio n  w ere  ad d ed  to  b re a k  th e  em u ls io n . 
T h e  o rg an ic  la y e r w as th e n  c o n c e n tra te d  o n  a ro ta ry  e v a p o ra to r  a t  
30°C .

P rio r to  G L C -assay , th e  in it ia l  so lv en t e x tr a c t io n  s tep  w as p re 
ce d ed  b y  a d d it io n  to  th e  cak e  o f  a  1  m l so lu tio n  c o n ta in in g  in te rn a l 
s ta n d a rd  an d  a p reserva tiv e . A s to c k  s o lu tio n , c o n ta in in g  in te rn a l 
s ta n d a rd  (6 2 .5  m g o f  d iB H A ) an d  a p rese rv a tiv e  ( l g  o f  p a ra ff in  o il) 
in  25 m l p e t. e th e r , w as k e p t  in  a  freeze r . F re sh  w o rk in g  s o lu tio n s  
w ere  p re p a re d  d a ily  b y  d ilu tin g  1 m l o f  s to c k  s o lu tio n  w ith  25 m l 
p e t. e th e r .

G as c h ro m a to g ra p h ic  assay
F o r  G L C  assay , th e  p e t. e th e r  e x tr a c t  w as  e v a p o ra ted  ju s t  to  

d ry n ess . T h e  re s id u e  w as d isso lved  in  2 m l o f  c a rb o n  d isu lf id e , 
an d  tra n s fe rre d  to  a  sealed  re a c tio n  viaL A liq u o ts  o f  4 - 5  jd  w ere  
in je c te d  in to  a V a rian  m o d e l 3 7 0 0  gas c h ro m a to g ra p h  eq u ip p e d  
w ith  F ID  d e te c to r  an d  a  6  f t  x  1 /8  in . s ta in less  s tee l co lu m n  p ack ed  
w ith  3% O V -17  o n  G as C h ro m  Q . T h e  ru n s  w ere  p e rfo rm e d  iso th e r- 
m a lly  a t  1 6 5 °C  w ith  n itro g e n  (3 0  m l/m in )  as a  ca rr ie r gas. In je c to r  
an d  d e te c to r  w ere  2 0 0  a n d  2 2 0 °C , re sp ec tiv e ly . R e te n tio n  tim es  
w ere  4 .8  m in  fo r  B H T , 5 .8  fo r  B H A , an d  1 0 .0  fo r  d iB H A . A peak  
w ith  r e te n t io n  tim e  o f  4  m in  w as o b se rv ed  w ith  B H T  w h en  ev apo 
ra te d  e x tra c ts  p ro v id e d  a y e llo w -b ro w n  in s tea d  o f  a  co lo rle ss  re sid u e . 
T h e  p eak  w as o b served  w h e n  p rese rv a tiv e  a d d itio n  w as  o m itte d  in  
th e  g ran u les  e x tr a c t io n  s tep .

D if fe ren tia l p u lse  v o lta m m e tr ic  assay
F o r  th e  v o lta m m e tr ic  a ssay , th e  b e n z e n e  a n tio x id a n t  e x tr a c t  

w as e v a p o ra ted  a t  3 0 °C  to  b e lo w  5 m l. T h e n  th e  v o lu m e  w as ad 
ju s te d  to  5 m l w ith  b e n z e n e , an d  10 m l 95%  e th a n o l an d  1.5 m l sul
fu r ic  acid  in  2 : 1  e th a n o k b e n z e n e  w ere  ad d ed  to  give a f in a l acid  
c o n c e n tra t io n  o f  0 .1 2M (M cB ride an d  E vans, 1 9 7 3 ) . A 1 0 -m l ali
q u o t  w as th e n  tra n sfe rre d  to  th e  v o l ta m m e tr ic  ce ll an d  a n o d ic  
w aves w ere  re co rd ed  a t  ro o m  te m p e ra tu re .

A P r in c e to n  A p p lied  R esea rch  (P r in c e to n , N J) M o d e l 1 74 A  
p o la ro g rap h ic  an a ly z e r  w as u sed  in  d if fe re n tia l p u lse  m o d e  (B ries- 
k o rn  an d  M ah lm e is te r, 1 9 8 0 ) in c o n ju n c tio n  w ith  a  H o u s to n  X-Y 
re c o rd e r . O p e ra tin g  c o n d itio n s  w ere  as fo llow s: p o te n t ia l  scan  ra te  
2 m V /sec ; scan  d ire c t io n  + , w ith  a ran g e  o f  1 .5V  fo r  B H A  and  
3 .0 V  fo r  B H T an d  an  in it ia l  p o te n t ia l  o f  + 0 .3 V ; sen s itiv ity  fo r  a 
fu ll scale re co rd in g  5 0  p A ; lo w  p ass  f i l te r  o f f ;  an d  a  5 0  m V  p u lse  
ap p lied  fo r  5 6 .7  m sec  o n  th e  n o rm a l v o ltag e  ram p .

P eak  p o te n tia ls  w ere  0 .7 4 V  fo r  B H A  an d  1 .0 5 V  fo r  B H T. Q u a n 
t i ta t io n  w as d o n e  b y  c o m p ariso n  o f  p ea k  h e ig h ts  w ith  s ta n d a rd s .

A  g lassy  c a rb o n  e le c tro d e  vs SC E w as used  in  a d d it io n  to  a 
P t-w ire  c o u n te r  e le c tro d e . In  o rd e r  to  o b ta in  re p ro d u c ib le  re su lts , 
th e  e le c tro d e  su rface  w as o cc asio n a lly  re p o lish ed  o n  a fe l t  c lo th  
tissu e  w e t te d  w ith  7 -a lu m in a  s lu rry , an d  re te s te d  fo r  i ts  ran g e  m e m 
o ry  e f fe c t an d  o vera ll p e rfo rm an ce .

RESULTS & DISCUSSION
A n t i o x i d a n t  r e c o v e r y  f r o m  f r e e z e - d r i e d  m a t r i c e s

I n  a  s e r i e s  o f  f r e e z e - d r y i n g  a s s a y s ,  i t  w a s  f o u n d  b y  a n a l y 
s is  o f  v a r i a n c e  t h a t  m o i s t u r e  r e m o v a l  f r o m  m a t r i c e s  ( a t  
m o i s t u r e  c o n t e n t s  o f  6 5 %  o r  l o w e r )  h a d  a  s ig n i f i c a n t  
i n f l u e n c e  o n  t h e  e x t e n t  o f  B H A  r e t e n t i o n .  A s  i l l u s t r a t e d  in  
F ig .  1 , a t  a  6 3 .2 %  m o i s t u r e  l e v e l ,  a m y lo s e  r e t a i n e d  a n  a v e r 
a g e  o f  9 6 .4 %  B H A , a  v a lu e  w h i c h  d id  n o t  c h a n g e  w h e n  t h e  
m o i s t u r e  c o n t e n t  w a s  lo w e r e d  t o  3 3  o r  4  2 % .  O n  t h e  o t h e r  
h a n d ,  a m y l o p e c t i n  a t  6 3 .2 %  m o i s t u r e  l o s t  2 0 %  o f  B H A , b u t  
n o  f u r t h e r  lo s s  w a s  o b s e r v e d  w i t h  r e m o v a l  o f  m o r e  m o i s t u r e .  
S im i l a r l y ,  t h e  8 6 %  B H A  r e t e n t i o n  w i t h  n a t i v e  s t a r c h ,  
a c h ie v e d  a f t e r  h a l f  o f  t h e  m o i s t u r e  w a s  r e m o v e d ,  d id  n o t  
c h a n g e  d u r in g  t h e  r e s t  o f  t h e  d r y in g  p r o c e s s .  T h e  s m a l l  
5 %  B H A  lo s s  a t  a  m a t r i x  m o i s t u r e  c o n t e n t  o f  5 0 %  a n d  t h e  
1 %  B H A  lo s s  f o r  e a c h  a d d i t i o n a l  1 0 %  r e m o v a l  o f  m o i s t u r e  
s u g g e s t  t h e  s t r o n g  a f f i n i t y  o f  B H A  t o w a r d s  p o t a t o  p r o t e i n .

H o w e v e r ,  p e c t i n  m a t r i x  s h o w e d  a  2 0 - 2 5 %  v a r i a t i o n  in  
B H A  r e t e n t i o n ,  b e c a u s e ,  d u e  t o  i t s  h ig h ly  h y d r o p h i l i c  
n a t u r e ,  t h e  p e c t i n - B H A  s lu r r y  w a s  f r e e z e - d r i e d  f o r  1 0  h r  
m o r e  t h a n  t h e  s ix  o t h e r  m a t r i c e s .  T h i s  r e s u l t  a g r e e s  w i t h  
t h o s e  o f  K ir le i s  a n d  S t in e  ( 1 9 7 8 )  t h a t  lo s s e s  o f  B H A  f r o m  a 
f o o d  m o d e l  s y s t e m  in c r e a s e d  s u b s t a n t i a l l y  w h e n  t h e  f r e e z e 
d r y in g  t i m e  w a s  l e n g t h e n e d .  T h e  m e a n s  o f  t h e  s u m s  o f  a l l  
B H A  r e c o v e r i e s  f o u n d  f o r  e a c h  m a t r i x  a t  d i f f e r e n t  m o i s t u r e  
c o n t e n t  le v e ls  w e r e  t h e n  u s e d  f o r  f u r t h e r  c o m p a r i s o n s  u s in g  
s t a t i s t i c a l  t o o l s .

A s  s e e n  f r o m  T a b l e  1 , B H A  r e t e n t i o n  d e p e n d e d  o n  t h e  
n a t u r e  o f  t h e  m a t r i x ,  a n d  v a r i e d  f r o m  7 1 . 4 - 9 6 . 3 % .  T h e  
e x p l a n a t i o n  f o r  t h e s e  h ig h  r e t e n t i o n  v a lu e s  ( w e l l  a b o v e  t h e  
4 0 —5 0 %  r e t e n t i o n  i n  t h e  A -B  p r o c e s s ) ,  p r o b a b l y  l ie s  i n  t h e  
f a c t  t h a t  t h e  f r e e z e - d r y i n g  p r o c e s s  in v o lv e s  ic e  c r y s t a l  s u b 
l i m a t i o n  r a t h e r  t h a n  s t e a m  d i s t i l l a t i o n  a n d  v o l a t i l i z a t i o n .  
I n  o r d e r  t o  f i n d  o u t  i f  t h e r e  w e r e  a n y  s ig n i f i c a n t  d i f f e r 
e n c e s  b e t w e e n  t h e  m a t r i c e s ,  s t a t i s t i c a l  a n a ly s e s  w e r e  c a r r i e d  
o u t  u s in g  t h e  S tu d e n t - N e w m a n - K e u l s  M u l t i p l e  R a n g e  T e s t  
p r o c e d u r e  a t  t h e  9 5 %  le v e l .  T h i s  l e d  t o  t h e  m a t r i c e s  b e in g  
d iv id e d  i n t o  t w o  s u b s e t s .

S e l e c t in g  a  m a t r i x  f r o m  e a c h  s u b s e t ,  t h e  a f f i n i t y  o f  t h e  
a n t i o x i d a n t s  t o w a r d s  p o t a t o  a m y lo s e  ( S u b s e t  I )  a n d  c e l l  
w a l l  c e l l u lo s e  ( S u b s e t  I I )  w a s  t e s t e d  b y  u s in g  s o lv e n t s  o f  
i n c r e a s in g  d i e l e c t r i c  c o n s t a n t .  R e s u l t s  a r e  p r e s e n t e d  i n  
T a b l e  2 .  A s  s e e n  f o r  a m y lo s e  i n  a  s o lv e n t  p o l a r i t y  r a n g e  o f  
e  =  1 .8 9  ( p e t .  e t h e r )  t o  2 4 .3  ( e t h a n o l ) ,  t h e  e x t e n t  o f  B H A  
r e le a s e  w a s  i n d e p e n d e n t  o f  s o lv e n t  p o l a r i t y  a n d  a m o u n t e d
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t o  a n  a v e r a g e  o f  o n l y  3 .5 —4 .3 % . T h e  i n a b i l i t y  o f  s o lv e n t s  
o f  i n c r e a s in g  p o l a r i t y  t o  e x t r a c t  B H A  f r o m  a m y lo s e  s u g 
g e s t e d  t h a t  B H A  is  e i t h e r  e n t r a p p e d  w i t h i n  t h e  r e a l ig n e d  
m o l e c u l a r  n e t w o r k  o r  b o u n d  w i t h i n  i t s  h e l i x  i n  t h e  f o r m  o f  
a n  i n c l u s io n  c o m p o u n d .  H ig h  r e c o v e r i e s  w e r e  f o u n d  w i t h  
c e l l  w a l l  c e l l u lo s e  a s  a  m a t r i x ,  b e in g  c lo s e  t o  9 0 %  f o r  l o w  
p o l a r i t y  a n d  1 0 0 %  f o r  h ig h  p o l a r i t y  s o lv e n t s .

W h e n  a m y lo s e  w a s  h y d r a t e d  f o r  1 0  m in  i n  a  r a t i o  o f  
1 :1  w / w ,  a n t i o x i d a n t  r e c o v e r y  i n c r e a s e d .  L o w  p o l a r i t y  
s o lv e n t s  b r o u g h t  a b o u t  c lo s e  t o  a  4 0 %  B H A  r e c o v e r y ,  
m e d iu m  p o l a r i t y  6 0 %  a n d  h ig h  p o l a r i t y  u p  t o  9 6 % .

Table 1 —Retention o f  BH A  by  major potato constituents during 
freeze-drying

Matrix
BHA retention 

(%)a

Starch, gelatinized and retrograded 96.3 (2.6)b
Amylose 95.7 (0.6)

Ie Protein 91.4 (2.9)
Starch, native 86.0 (3.2)
Amylopectin 78.2 (3.9)

II Cellulose 73.9 (3.1)
Pectin 71.4 (14.7)

M ean o f  th e  sum  o f  a ll B H A  reco verie s  fo u n d  at d if fe re n t  m o is tu re  
. leve ls .
“ S ta n d a rd  d e v ia t io n , n = 3 .
c I and II a re  subse ts ca lc u la te d  f ro m  th e  S tu d e n t-N e w m a n -K e u ls ' 

M u ltip le  Range T e s t  p ro ce d u re .

X - r a y  d i f f r a c t i o n
W h e n  B H A  w a s  a d d e d  t o  s o lu b i l i z e d  a m y l o s e ,  r a p i d  

p r e c i p i t a t i o n  o c c u r r e d .  T h i s  s t r o n g l y  s u g g e s t e d  t h e  f o r m a 
t i o n  o f  a n  i n c l u s i o n  c o m p l e x .  T h e  X - r a y  d i f f r a c t i o n  p a t 
t e r n s  o f  h o s t  a n d  g u e s t  c o m p o u n d s ,  t h e i r  c o m p le x  a n d  a n  
a m y lo s e  m a t r i x  t e n a c i o u s l y  h o l d i n g  B H A  (9 5  p p m )  a r e  
g iv e n  i n  T a b l e  3 .  A s  s e e n  f r o m  i n t e r p l a n a r  s p a c in g s ,  p u r e  
a m y l o s e  w a s  c h a r a c t e r i z e d  b y  t h r e e  s t r o n g  i n t e n s i t y  s p a c 
in g s  b e t w e e n  3 .9 3 —5 .8 3  À .  S im i l a r  s p a c in g s  w e r e  f o u n d  in  
t h e  u n s o l u b i l i z e d  f r e e z e - d r i e d  a m y l o s e  m a t r i x  w i t h  B H A . 
O n  t h e  o t h e r  h a n d ,  s p a c in g s  o f  t h e  i n c l u s i o n  c o m p l e x  w e r e  
n u m e r o u s  in  t h e  r a n g e  2 . 7 3 —1 1 .6 3  A, a n d  w e r e  m o s t l y  
s t r o n g  i n  i n t e n s i t y  a n d  d i f f e r e d  s i g n i f i c a n t l y  f r o m  t h o s e  
o f  p u r e  c r y s t a l l i n e  B H A . T h i s  w a s  f u r t h e r  e v id e n c e  t h a t  
a m y l o s e  a n d / o r  s t a r c h  m a t r i c e s  c o n t a i n  e n t r a p p e d  r a t h e r  
t h a n  i n c l u s i o n  c l a t h r a t e  f o r m s  o f  B H A , a n d  i n d i c a t e d  t h e  
i m p o r t a n c e  o f  h y d r a t i o n ,  s in c e  i t  a p p e a r s  n e c e s s a r y  t o  s e p 
a r a t e  t h e  r e t r o g r a d e d  a m y lo s e  c h a in s  a n d  r e le a s e  t h e  e n 
t r a p p e d  a n t i o x i d a n t s .

A n t i o x i d a n t  e x t r a c t i o n  f r o m  p o t a t o  g r a n u l e s
T h e  r e s u l t s  o b t a i n e d  o n  m a t r i c e s  w e r e  c o n f i r m e d  o n  

s a m p le s  o f  d e h y d r a t e d  g r a n u l e s .  A s  s e e n  f r o m  T a b l e  4 ,
8 .8 —9 .5  p p m  o f  t h e  b o u n d  a n t i o x i d a n t  w e r e  r e c o v e r e d  
f r o m  g r a n u le s  ( m o i s t u r e  c o n t e n t  7 .0 % )  h y d r a t e d  t o  1 :5  
w / w  ( g r a n u l e s : w a t e r )  a n d  t h e n  e l u t e d  a t  r o o m  t e m p e r a 
t u r e  w i t h  3 0  m l  o f  s o lv e n t .  T h e  p o o r  p e r f o r m a n c e  o b t a i n e d  
w i t h o u t  r e h y d r a t i o n  w a s ,  a g a in ,  c l e a r l y  i l l u s t r a t e d .  R e -

Tabie 2—Extent o f  B H A  recovery from some potato constituents by  using solvent systems o f  increasing po la rity

BHA recovery, %

Solvent

Polarity
(Dielectric constant) 

e

Amylose Cellulose

With water3 Without water With water3 Without water

Petroleum ether 1.89 37.6 (5.2)b 4.2 (1.8) 87.0 (11.8)c 8 8 . 1  (1 1 .8 )
Benzene 2.60 40.6 (2.9) 4.3 (0.8) 95.0 (12.2) 90.0 (11.9)
Ethyl ether 4.34 59.5 (2.8) 3.5 (1.1) 93.3 (13.9) 102.4 (16.8)
Acetone 20.70 95.6 (1.0) 4.1 (0.7) 102.4 (13.8) 98.4 (11.7)
Ethanol 24.30 96.5 (5.1) 4.3 (1.1) 105.7 (12.5) 96.9 (11.3)

3 H y d ra t io n  ra tio  1 :1  w /w , t im e  10  m in .
"j V a lu e s  In p aren th eses a re  stan d a rd  d e v ia t io n s , n = 3 .
c V a lu e s  In p aren th eses a re  e s tim ate d  e rro rs  c a lcu la te d  fro m  stan d a rd  cu rv e  in te rv a l e s t im a to rs .

30 50
Moisture Content (*%)

Fig. 1—Effect o f  moisture loss on BHA  
retention b y  major potato constituents.
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p e a t e d  h y d r a t i o n  f o l l o w e d  b y  a d d i t i o n a l  e x t r a c t i o n  w i t h  
3 0  m l  s o l v e n t  r e l e a s e d  t h e  r e m a i n in g  a n t i o x i d a n t .

T h e  r e c o v e r y  a s s a y  u s in g  p e t .  e t h e r  o r  e t h y l  e t h e r  a n d  n o  
r e h y d r a t i o n  s t e p  b r o u g h t  a b o u t  n e a r l y  t o t a l  e x t r a c t i o n  
o f  g r a n u l e  l i p i d s .  H o w e v e r ,  B H A  w a s  o n l y  r e c o v e r e d  i n  
t r a c e  a m o u n t s .  T h i s  f i n d in g  m ig h t  b e  c o n s i d e r e d  a s  e v id e n c e  
t h a t  t h e  b u l k  o f  B H A  w i t h i n  g r a n u le s  is  n o t  a s s o c i a t e d  w i t h  
l i p id s .

A n t i o x i d a n t s  r e t a i n e d  in  a  p o t a t o  g r a n u l e  p r o c e s s  w e r e  
a n a l y z e d  u s in g  t h e  s h o r t  e x t r a c t i o n  p r o c e d u r e  d e v e lo p e d  in  
t h i s  s t u d y .  R e s u l t s  f o r  A -B  g r a n u le s  a r e  g iv e n  in  F ig .  2 .  T h e  
d a t a  d id  n o t  d i f f e r  s ig n i f i c a n t l y  w h e n  b e n z e n e  w a s  s u b s t i 
t u t e d  b y  p e t .  e t h e r .  I n  a d d i t i o n ,  t h e  r e s u l t s  o f  t h e  s t a n d a r d  
G L C  m e t h o d  a n d  v o l t a m m e t r y  w i t h  a  g la s s y  c a r b o n  e l e c 
t r o d e  a g r e e d  c lo s e ly .

D e t e c t i o n  l i m i t s  in  v o l t a m m e t r y  w e r e  0 .2  a n d  1 .5  p p m  
f o r  B H A  a n d  B H T  r e s p e c t i v e ly ,  w h i le  f o r  G L C  t h e  l i m i t s  
w e r e  0 .2  p p m  f o r  b o t h  a n t i o x i d a n t s .  I n  v o l t a m m e t r y ,  t h e  
c a l i b r a t i o n  c u r v e  w a s  a  s t r a ig h t  l i n e .  T h e  b e s t  l e a s t  s q u a r e s  
f i t  c o e f f i c i e n t s  f o r  t h e  e q u a t i o n  x  =  ( y  — a ) / b ,  in  w h i c h  x  
c o r r e s p o n d s  t o  p h e n o l i c  c o n c e n t r a t i o n  i n  p p m  a n d  y  t o  
p e a k  h e ig h t  i n  c m ,  w e r e :  B H A  ( B H T )  i n t e r c e p t  a ,  - 0 . 1 6 3 7  
( —0 . 4 7 1 4 ) ;  s l o p e  b ,  1 .9 2 1 0  ( 0 . 4 2 3 0 ) ,  w i t h  a  c o r r e l a t i o n  
c o e f f i c i e n t  b e t t e r  t h a n  0 . 9 9 9 .

M o r e o v e r ,  f o r  b o t h  m e t h o d s ,  n o  i n t e r f e r e n c e  f r o m  
n a t u r a l  p o t a t o  p h e n o l i c s  w a s  e n c o u n t e r e d ,  t h o u g h  in  
v o l t a m m e t r y  s o m e  o f  t h e i r  w a v e  p o t e n t i a l s  w e r e  c lo s e  t o  
B H A  ( B H T ) .  A s  f o u n d  i n  t h i s  s t u d y ,  c o ld  w a t e r  h y d r a t i o n  
f o l l o w e d  b y  c o ld  o r g a n i c  s o lv e n t  e x t r a c t i o n  r e m o v e s  le s s  
t h a n  h a l f  o f  t h e  c h lo r o g e n i c  a c id  f r o m  g r a n u l e s  a n d  m u c h  
le s s  L - ty r o s i n e  a n d  c a f f e i c  a c id .  I n  t h e  e x t r a c t i o n  p r o c e 
d u r e  o u t l i n e d  i n  M a te r i a l s  a n d  M e t h o d s ,  t h e s e  m a j o r  p h e n 
o l i c s  w e r e  r e m o v e d  b y  t h e  w a t e r  l a y e r .  T h u s ,  t h e  w a t e r  
l a y e r  c a n  p r o v i d e  a n  a d d i t i o n a l  s o u r c e  o f  d a t a  o n  p o t a t o  
p h e n o l i c s .  A s  p r o v e d  i n  o u r  p a r a l l e l  s t u d y ,  c o m p l e t e  q u a n 
t i t a t i o n  o f  b o t h  B H A  ( B H T )  a n d  n a t u r a l  p h e n o l i c s  c a n  r e a d 
i l y  b e  a c h ie v e d  w i t h  h o t  i n s t e a d  o f  c o ld  w a t e r  h y d r a t i o n ,  
a n d  u s in g  h o t  e t h a n o l  a s  a  s o lv e n t .

CONCLUSION

S T U D I E S  o n  t h e  b e h a v i o r  o f  f r e e z e - d r i e d  m a j o r  c o n s t i t u 
e n t s  o f  p o t a t o  s h o w e d  t h a t  r é t r o g r a d a t i o n  o f  t h e  a m y lo s e  
m o i e t y  is  r e s p o n s ib l e  f o r  t h e  s t r o n g  a n t i o x i d a n t  e n t r a p 

m e n t  w i t h i n  p o t a t o  g r a n u l e  c e l ls .
T h e  r a p i d  e x t r a c t i o n  p r o c e d u r e  o f  t h i s  s t u d y  e s s e n t i a l l y  

r e le a s e s  t h e  i m m o b i l i z e d  a n t i o x i d a n t  e n t r a p p e d  i n  t h e  s t a r c h  
a m y lo s e  m a t r i x  u p o n  r e c o n s t i t u t i o n  w i t h  w a t e r .  G L C  a n d  
v o l t a m m e t r y  w e r e  p r o v e d  t o  b e  r e l i a b l e  f o r  q u a n t i t a t i o n  o f

—Continued on page 595

Table 3—Interplanar spacing3 and Intensity10 values from X-ray d if
fraction patterns o f  potato amylose, B H A  and their complex

Potato
amylose BHA

Potato amylose
Solubilized

Not solubilized + BHA +BH A

5.83 s 14.25 s 17.68 m 5.83 s 6.81 s 11.63 m
5.21 s 12.81 s 9.82 m 5.21 s 5.04 s 3.98 m
3.93 s 6.37 s 7.25 m 3.93 s 4.93 s 3.67 m

5.98 s 6 . 6 6  m 4.75 s
5.79 s 4.93 m 4.67 s
4.25 s 4.72 m 4.65 s

4.02 m 4.48 s
3.75 m 3.25 s
3.63 m 2.73 s
3.56 m 
3.04 m 
2.07 m

a
In te rp la n a r  S p a c în g s  are  in  A .

D In te n s it ie s  are  designated  as stro ng  (s) or m ed iu m  (m ) .

Table 4 —Effect o f  hydration o f  potato granules on the extent o f  
BHA  recovery by  solvent systems o f  increasing po larity

Polarity BHA recovery, ppm
(Dielectric constant) -------------------------------

Solvent e With water3 Without water

Petroleum ether 1.89 8 . 8  (0.7)b Trace
Benzene 2.60 8.1 (0.7) Trace
Ethyl ether 4.34 7.8 (0.7) Trace
Acetone 20.70 8.3 (0.7) Trace
Ethanol 24.30 9.5 (0.7) Trace

a H y d ra t io n  ra tio  1 :5  w /w  (g ra n u le s :w a te r ) ; t im e  10  m in ; 3 0  m l o f 
so lve n t c o lle c te d .

D E s tim a te d  e rro r .

Fig. 2—Antiox idan t contents in  freshly 
made Add-Back granules.
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F u n c t i o n a l  P r o p e r t i e s  o f  C h i t i n  a n d  C h i t o s a n

D I E T R I C H  K N O R R

-----------------------------ABSTRACT------------------------------
C h itin  (p o ly - 0  (l= -4 )-N -a ce ty l-D -g lu c o sam in e ), ch ito s a n  (d e a c e ty -  
la te d  c h itin )  an d  m ic ro c ry s ta l lin e  c h it in  (red isp e rs ib le  ch itin  
p o w d e r)  w ere  c o m p a re d  w ith  m ic ro c ry s ta llin e  ce llu lose  to  e x a m in e  
th e  u se  o f  th o se  ce llu lose-lik e  b io p o ly m e rs  as fu n c tio n a l  ad d itiv e s  
fo r  p o te n tia l  a p p lic a t io n  in  fo o d  fo rm u la tio n s . W ater b in d in g , f a t  
b in d in g  an d  em u ls ify in g  p ro p e r t ie s  w ere  s tu d ie d . B ak in g  te s ts  w ere  
p e rfo rm e d  w ith  0 .5 —2.0%  (f lo u r  basis) o f  m ic ro c ry s ta llin e  ch it in  
ad d ed  to  w h e a t f lo u r  b re a d  o r  to  p o ta to  p ro te in  fo r t if ie d  ( 8 % 
p o ta to  p ro te in  c o n c e n tra te )  w h i te  b re a d . W a te r-b in d in g  ca p ac ity  
an d  f a t  b in d in g  ca p a c ity  o f  ch it in , c h ito sa n  a n d  m ic ro c ry s ta llin e  
ch itin  ra n g ed  f ro m  2 3 0 - 4 4 0 %  (w /w ) a n d  f ro m  1 7 0 -3 1 5 %  (w /w ) . 
C h ito sa n  a n d  c h it in  d id  n o t  p ro d u c e  em u ls io n s  b u t  m ic ro c ry s ta llin e  
ch it in  sh o w ed  g o o d  em u ls ify in g  p ro p e r tie s  an d  w as s u p e r io r  to  
m ic ro c ry s ta l lin e  ce llu lose . In c rea s in g  c o n c e n tra t io n  o f  m ic ro c ry s ta l
lin e  c h it in  ( 0 . 1 2 —0 . 8  g / 1 0 0  m l w a te r)  h a d  a p o s itiv e  e f fe c t  o n  
em u ls io n  s ta b il i ty . A d d it io n  o f  m ic ro  c ry s ta llin e  c h it in  in c rea se d  
spec ific  lo a f  v o lu m e  o f  w h ite  b re a d  an d  p ro te in  fo r t if ie d  b rea d s . 
W ater a d d itio n  o f  65%  ( f lo u r  basis) w as  fo u n d  to  b e  o p t im u m  fo r  
“ ch it in  b re a d s .”

INTRODUCTION
C E L L U L O S E - L I K E  B I O P O L Y M E R S  s u c h  a s  c h i t i n  ( p o l y — 
|3 ( l= !,4 ) - N - a c e ty l - D - g l u c o s a m i n e )  w h i c h  is  d i s t r i b u t e d  w id e ly  
in  n a t u r e  ( e .g .  in  m a r i n e  i n v e r t e b r a t e s ,  i n s e c t s ,  f u n g i  a n d  
y e a s t s )  a n d  c h i t o s a n ,  ( 2 - d e o x y - 2 - a m in o g lu c o s e  p o l y m e r ) ,  
a  d e a c e t y l a t e d  c h i t i n ,  a r e  p r o c e s s e d  i n  1 0 6  k g  q u a n t i t i e s  
i n  J a p a n  a n d  in  l e s s e r  a m o u n t s  i n  t h e  U S A  ( A u s t i n  e t  a l . ,
1 9 8 1 ) .  C h i t i n  is  o n e  o f  t h e  m o s t  a b u n d a n t  p o l y s a c c h a r i d e s  
i n  t h e  w o r l d ,  c o m p r i s i n g  1 2 %  o f  f r e s h  w a t e r  c r a y f i s h  m e a l ,  
1 3 %  o f  c r a b  m e a l  a n d  8 %  o f  s h r i m p  m e a l  ( P a t t o n  a n d  C h a n 
d l e r ,  1 9 7 5 ) .  T h e  A n t a r c t i c  K r i l l ,  c o n t a i n i n g  2 . 3 —6 .1 %  o f  
c h i t i n ,  w a s  r e c e n t l y  a l s o  s u g g e s t e d  f o r  f o o d  u s e  ( S i d o r s k i  
e t  a l . ,  1 9 8 0 )  a n d  r e l a t i v e  a m o u n t s  o f  c h i t i n  i n  t h e  c e l l  w a l l  
o f  f u n g i  a t  d i f f e r e n t  m o r p h o l o g i c a l  s ta g e s  a c c o u n t e d  f o r  u p  
t o  4 0 %  o f  m y c e l i u m  a n d  4 4 %  o f  y e a s t  ( R u i z - H e r r a r a ,  1 9 7 8 ) .

M o s t  o f  t h e  a p p l i c a t i o n s  r e s e a r c h  h a s  b e e n  f o c u s e d  o n  
c h i t o s a n  b e c a u s e  t h e  f r e e  a m i n o  g r o u p s  i n  t h i s  m o d i f i e d  
p r o d u c t  c o n t r i b u t e  p o l y c a t i o n i c ,  c h e l a t i n g  a n d  d i s p e r s i o n  
f o r m i n g  p r o p e r t i e s  a lo n g  w i t h  r e a d y  s o l u b i l i t y  in  d i l u t e  
a c e t i c  a c id .

F o o d  a p p l i c a t i o n s  o f  c h i t i n ,  w a s te  o f  t h e  s h e l l f i s h  i n 
d u s t r y ,  a n d  c h i t o s a n  h a v e  b e e n  l i m i t e d  ( M u z z a r e l l i  a n d  
P a r i s e r ,  1 9 7 8 ) ,  a l t h o u g h  c h i t i n  i t s e l f  is  s u b s t a n t i a l l y  l o w e r  
i n  c o s t  a n d  a p p e a r s  a m e n a b l e  t o  m e c h a n i c a l  a n d  c h e m i c a l  
m o d i f i c a t i o n s  ( A u s t i n  e t  a l .  1 9 8 1 ) .  S t u d i e s  o n  t h e  t o x i c i t y  
o f  c h i t o s a n  i n d i c a t e d  l o w  a c u t e  t o x i c i t y  ( A r a i  e t  a l .  1 9 6 8 ) .  
C h i t i n  y i e l d s  p y r a z i n e s  o n  p y r o l y s i s  w h i c h  m i g h t  o p e n  
p o t e n t i a l  f o o d  u s e s  a s  f l a v o r  e n h a n c e r .  C h i t o s a n  h a s  b e e n  
u s e d  a s  a n  e f f e c t i v e  a id  t o  r e c o v e r y  o f  b y - p r o d u c t s  f r o m  
f o o d  p r o c e s s i n g  w a s te s  s u c h  a s  v e g e t a b l e  c a n n in g  w a s te s  
a n d  e g g  b r e a k i n g  w a s te s  ( B o u g h ,  1 9 7 6 ;  L o t r a k u l ,  1 9 7 8 ) .  
T h e  u s e  o f  c h i t o s a n  a s  a  h y p o c h o l e s t e r o l e m i c  a g e n t  h a s  
r e c e n t l y  b e e n  r e p o r t e d  b y  S u g a n o  e t  a l . ( 1 9 8 0 ) .  B u lk  
a n d  s o l u t i o n  p r o p e r t i e s  o f  c h i t o s a n  ( F i l a r  a n d  W ir ic k ,  1 9 7 8 ) ,  
f i lm  f o r m i n g  c a p a b i l i t y  o f  c h i t o s a n  ( A v e r b a c h ,  1 9 7 8 )
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a n d  t h i c k e n i n g  a b i l i t y  o f  m i c r o c r y s t a l l i n e  c h i t i n  ( D u n n  a n d  
F a r r ,  1 9 7 4 )  h a v e  b e e n  e x a m i n e d .  T h e  a b s o r p t i o n  o f  m i n e r a l  
a n d  o r g a n i c  a c id  b y  c h i t i n  ( G i le s  e t  a l . ,  1 9 5 8 )  a s  w e l l  a s  
d e a c id i f y i n g  a  c o f f e e  e x t r a c t  w i t h  c h i t o s a n  h a v e  a l s o  b e e n  
d i s c u s s e d  ( M a g n o la to ,  1 9 7 9 ) .

T h e r e  is  i n c r e a s in g  i n t e r e s t  i n  f u n c t i o n a l  f o o d  i n g r e d i e n t s .  
H ig h ly  f u n c t i o n a l  c e l l u lo s e - l ik e  b i o p o l y m e r s  w i t h  lo w  
d ig e s t i b i l i t y  a n d  s o l u b i l i t y  c o u ld  p r o v i d e  n e w  a s p e c t s  t o  
f o o d  f u n c t i o n a l i t y .  T h i s  p a p e r  r e p o r t s  o n  t h e  e x a m i n a t i o n  
o f  c e l l u lo s e - l ik e  b io p o l y m e r s ,  c h i t i n  a n d  c h i t o s a n ,  a s  
h ig h l y  f u n c t i o n a l  a d d i t i v e s  f o r  p o t e n t i a l  a p p l i c a t i o n s  in  
f o o d  f o r m u l a t i o n s .  C o m p o u n d s  a r e  c o m p a r e d  w i t h  m i c r o 
c r y s t a l l i n e  c e l l u lo s e  a n d  p o t a t o  p r o t e i n  f o r  t h e i r  w a t e r  
b in d i n g ,  f a t  b in d i n g  a n d  e m u l s i f y in g  p r o p e r t i e s .  B a k in g  
t e s t s  w e r e  p e r f o r m e d  w i t h  t h e  a d d i t i o n  o f  c h i t i n  t o  t h e  
b r e a d  f o r m u la .

EXPERIMENTAL
C O M M E R C IA L L Y  A V A IL A B L E  C H IT IN  a n d  c h ito s a n  (M ad era  
P ro d u c ts  In c ., E as t A lb a n y , O R ) w ere  u se d . M ic ro c ry s ta llin e  ch itin  
w as p re p a re d  fro m  c h it in  o n  a la b o ra to ry  scale b y  h y d ro ly s is  w ith  
p h o sp h o r ic  ac id  in  2 -p ro p an o l, shearing  o f  a n  a q u e o u s  d isp e rs io n  
in  a  h ig h  sp eed  W aring B le n d o r an d  f re e z e  d ry in g  o f  th e  f i l te re d  
m a te r ia l (A u s tin  e t  al. 1 9 8 1 ) . A ll sam p les  w ere  g ro u n d  in  a  W iley 
M ill, an d  p assed  th ro u g h  a 4 0  m esh  screen  to  o b ta in  c o m p ara b le  
p a rt ic le  size ranges. C o m m e rc ia lly  av a ilab le  p u r if ie d  m ic ro c ry s ta l
lin e  ce llu lose  (A vicel, P H  101 , F M C  C o rp ., N e w a rk , D E ), w as 
u sed  as a re fe re n c e  m a te r ia l, an d  h e a t  c o a g u la te d , h o t  a ir  d rie d  
p o ta to  p ro te in  c o n c e n tra te  (A g e n a p ro t, O s te rr . A g ra r-In d u s tric  
G m b h ., V ie n n a , A u s tr ia )  w as in c o rp o ra te d  in  th e  h ig h  p ro te in  b rea d  
fo rm u la tio n s .

F a t  b in d in g  c a p a c ity  w as d e te rm in e d  a f te r  L in  e t  al. (1 9 7 4 ) 
u sin g  3 m l o f  co rn  o il a n d  0 .5 g  o f  sam p le . W a te r-b in d in g  ca p ac ity  
w as d e te rm in e d  a f te r  S o su lsk i (1 9 6 2 ) w ith  1.5g sam p le  a n d  30 m l 
d e io n ize d  w a te r . B ak ing  e x p e r im e n ts  w ere  ca rr ied  o u t  a f te r  C arlso n  
e t  al. (1 9 8 1 ) ad d in g  0 .5 —2% m ic ro c ry s ta l lin e  ch it in  to  th e  b re a d  
fo rm u la tio n . A sim p le  fo rm u la tio n  w as u sed  to  re d u c e  a d d itio n a l 
e f fe c ts  o f  o th e r  in g red ie n ts , co n sis tin g  o f  1 0 0 % u n b le a c h e d  w h e a t 
f lo u r  (C e re so ta  f lo u r, S ta n d a rd  M illing  C o ., K an sas C ity , M O ), 
65%  w a te r , 5%  d ry  a c tiv a te d  y ea s t (S ta n d a rd  B ran d s , In c . ,  N ew  
Y o rk , N Y ) an d  2% o f  so d iu m  c h lo rid e  a n d  sugar re sp ec tiv e ly . L o a f  
v o lu m e  w as d e te rm in e d  b y  a ra p e se e d  d isp la c e m e n t m e th o d . W ater 
a c tiv i ty  o f  b rea d  c e n te r  slices w as e x a m in e d  b y  e le c tro d e le ss  co n 
d u c tiv ity  m e a su re m e n t (T y p e  SM T-B , S en a , Z u r ic h , S w itz e r lan d .)

E m u ls ify in g  p ro p e r tie s  w ere  s tu d ie d  b y  em u ls ify in g  c o tto n s e e d  
o il (L o t 2 1 7 8 1  U .S . B io ch em ica l C o rp o ra tio n , C lev e lan d , O H ) in  
an  u ltra s o n ic  u n i t  (B rau n so n ic  1 5 1 0 , B. B ra u n  M elsu n gen  A G , S an  
F ra n c isc o , C A ) a t  a  5 0  w a t t  se ttin g . E m u ls if ie r  levels w e re  b e tw e e n  
0 .1 2  an d  0 .8 0  g /1 0 0  m l w a te r . D e io n iz ed  w a te r  (2 5  m l) w as p lac ed  
in  a 1 5 0  m l b e a k e r , to g e th e r  w ith  50%  o f  th e  em u ls if ie r  u sed  a n d  25 
m l o f  c o tto n s e e d  o il. T h e  b e a k e r  w as p lac ed  in  an  ic e -w a te r b a th  an d  
tr e a te d  fo r  3 m in . D u rin g  th e  firs t  m in u te  th e  re m a in in g  h a lf  o f  th e  
em u ls if ie r  w as  a d d e d  an d  a d d it io n a l  o il w as a d d e d  c o n tin u o u s ly  
w ith  a  p e ris ta ltic  p u m p  (M a ste rfle x  M o d e l 7 0 1 5 , C o le  P a rm er 
In s t ru m e n ts , C h icag o , IL ) a t  a  f lo w ra te  o f  a p p ro x  30  m l p er m in  
( to ta l  6 0  m l). Im m e d ia te ly  a f te r  s o n if ic a tio n , ex cess  o il w as  p ip e tte d  
o f f  an d  m ea su re d  to  o b ta in  th e  a c tu a l a m o u n t o f  o il u se d  an d  th e  
em u ls ify in g  c a p a c ity  d e te rm in e d . E m u ls io n s  w ere  tra n s fe r re d  to  25 
m l g ra d u a te d  cy lin d e rs , a llo w ed  to  s ta n d  fo r  4 8  h r , h e a te d  in  a w a te r  
b a th  a t  80° C fo r  15 m in  a n d  c o o le d  to  ro o m  te m p e ra tu re  (S w ift 
e t  a l., 1 9 5 1 ) . -Continued on next page
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C H ITIN /CH ITO SAN  FU N C T IO N A L  P R O P E R T IE S .  . .

RESULTS & DISCUSSION
W a te r - b in d i n g  c a p a c i t y  o f  c h i t i n ,  c h i t o s a n  a n d  m i c r o 

c r y s t a l l i n e  c h i t i n  r a n g e d  f r o m  2 3 0 —4 4 0 %  ( w / w )  w i t h  c h i t o 
s a n  h a v in g  t h e  g r e a t e s t  w a t e r - b i n d in g  c a p a c i t y  ( F ig .  1 ). 
T h e r e  a r e  s e v e r a l  p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  d i f f e r e n c e s  
i n  w a t e r - b i n d i n g  p r o p e r t i e s  b e t w e e n  c h i t i n  a n d  c h i t o s a n .  
T h e s e  i n c l u d e  d i f f e r e n c e s  i n  t h e  c r y s t a l i n i t y  o f  t h e  p r o d 
u c t s  a n d  d i f f e r e n c e s  i n  t h e  a m o u n t  o f  s a l t  f o r m i n g  g r o u p s .  
S in c e  A u s t i n  e t  a l .  ( 1 9 8 1 )  s h o w e d  t h a t  a p p r o x .  3 - 2 8 %  
o f  t o t a l  d r y  c r a b  s h e l l s  a c c o u n t  f o r  c o v a l e n t l y  b o u n d  p r o 
t e i n  ( t o t a l  p r o t e i n  1 2 —7 3 % )  a n d  s in c e  p r o t e i n  r e s i d u e s  
r e m a i n  w i t h  t h e  c h i t i n  e v e n  a f t e r  t h e  m o s t  d r a s t i c  a l k a l i  
t r e a t m e n t  ( A u s t i n  e t  a l . ,  1 9 8 1 ) ,  d i f f e r e n c e s  i n  t h e  p r o t e i n  
c o n t e n t  o f  t h e  m a t e r i a l ,  e s p e c i a l ly  b e t w e e n  m i c r o c r y s t a l l i n e  
c h i t i n  a n d  c h i t i n  o r  c h i t o s a n  m ig h t  a l s o  a f f e c t  w a t e r - b i n d 
in g  p r o p e r t i e s .  F a t  b in d i n g  c a p a c i t y  r a n g e d  f r o m  1 7 0 — 
2 1 5 % , w i t h  c h i t o s a n  h a v in g  t h e  l o w e s t  a n d  c h i t i n  h a v in g  t h e  
h i g h e s t  f a t  b i n d i n g  c a p a c i t y .  ( F ig .  1 ).

T h e  e f f e c t  o f  i n c r e a s in g  e m u l s i f y in g  a g e n t  c o n c e n t r a t i o n  
o n  e m u l s i f y in g  c a p a c i t y  is  s h o w n  i n  T a b l e  1. A  p r o g r e s s iv e  
d e c r e a s e  i n  t h e  e m u l s i o n  c a p a c i t y  w i t h  i n c r e a s in g  a g e n t  
c o n c e n t r a t i o n  is  s h o w n .  T h i s  e f f e c t  h a s  b e e n  o b s e r v e d  w i t h  
p o t a t o  p r o t e i n  c o n c e n t r a t e s  ( H o lm  a n d  E r ik s e n  1 9 8 0 )  
a n d  o t h e r  s y s t e m s  ( A c t o n  a n d  S a f f l e ,  1 9 7 0 ;  C r e n w e ld g e  
e t  a l . ,  1 9 7 5 ) .  M ic r o c r y s t a l l i n e  c h i t i n  s h o w e d  g o o d  e m u l 
s io n  c a p a c i t y .  C h i t i n  a n d  c h i t o s a n ,  h o w e v e r ,  d id  n o t  p r o 
d u c e  e m u l s io n s  u n d e r  t h e  t e s t  c o n d i t i o n s  e m p l o y e d  a n d  
c h a n g e s  i n  t h e  c o n c e n t r a t i o n  o f  c h i t i n  o r  c h i t o s a n  d id  n o t  
a f f e c t  t h e  e m u l s io n  c a p a c i t y .  T h e  e f f e c t  o f  i n c r e a s in g  a g e n t  
c o n c e n t r a t i o n  o n  t h e  s t a b i l i t y  o f  l a u r y l  s u l f a t e ,  m ic r o c r y s 
t a l l i n e  c h i t i n  a n d  m i c r o c r y s t a l l i n e  c e l l u lo s e  is  g iv e n  i n  F ig .
2 .  A s  e x p e c t e d ,  t h e  e m u l s io n  s t a b i l i t y  w a s  h ig h e s t  f o r  
l a u r y l  s u l f a t e  a t  a l l  c o n c e n t r a t i o n s  w i t h  t h e  v a r y in g  c o n -

Fig. 1—Fat and water-binding capacity o f  m icrocrystalline cellulose 
(A), ch itin  (B), chitosan (C) and m icrocrystalline ch itin  (D), H  water 
binding capacity; □  fat binding capacity.

Table 1—Effect o f  agent concentration on emulsifying capacity o f  
microcrystalline cellulose, m icrocrystalline, ch itin  and lau ry l sulfate

E m uls ify ing  capacity (m l o il/g  agent)

A gent
Cone M icro crys ta lline M icro crys ta lline Lauryl

(g-1 0 0  m l 1 ) cellulose ch itin sulfate

Mean ± S tandard Deviation

0 .1 2 200 ± 47 900 ± 47 1416 ± 71
0 .2 6 167 ± 24 558 ± 35 858 ± 35
0.52 65 ± 5 327 ± 38 588 ± 16
0 .8 0 15 ± 14 185 ± 7 495 ± 7
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c e n t r a t i o n  c a u s in g  u n u s u a l  e f f e c t s  o n  t h e  s t a b i l i t y .  T h e  
e m u l s io n  s t a b i l i t y  f o r  m i c r o c r y s t a l l i n e  c h i t i n  a n d  c e l l u lo s e  
i n c r e a s e d  a s  t h e  a g e n t  c o n c e n t r a t i o n  i n c r e a s e d .  S t a b i l i t y  
d i f f e r e n c e s  w e r e  m o s t  p r o n o u n c e d  a t  l o w e r  a g e n t  c o n c e n 
t r a t i o n s .

T h e  e f f e c t  o f  m i c r o c r y s t a l l i n e  c h i t i n  a d d i t i o n  o n  s p e c i f i c  
l o a f  v o l u m e  o f  w h e a t  f l o u r  b r e a d s  a n d  p o t a t o  p r o t e i n  f o r t i 
f i e d  w h e a t  f l o u r  b r e a d s  ( r e p l a c e m e n t  le v e l  o f  t h e  f l o u r  b y  
p o t a t o  p r o t e i n  c o n c e n t r a t e  w a s  8 % ) is  g iv e n  i n  F ig .  3 . L o a f  
v o l u m e  d e p r e s s i o n s  h a v e  b e e n  r e p o r t e d  w i t h  a d d i t i o n  o f  
v a r i o u s  f i b e r  s o u r c e s  ( P o m e r a n z  e t  a l . ,  1 9 7 7 )  a s  w e l l  a s  w i t h  
p r o t e i n  c o n c e n t r a t e s  ( K n o r r  a n d  B e t s c h a r t ,  1 9 7 8 ) .  T h e  
in c r e a s e  o f  l o a f  v o l u m e  w i t h  i n c r e a s in g  m i c r o c r y s t a l l i n e  
c h i t i n  a d d i t i o n  i n d i c a t e s  t h a t  t h e  s u r f a c t a n t  p r o p e r t i e s  o f  
c h i t i n  m a y  b e  o f  s p e c ia l  i n t e r e s t .  I t  s h o u l d  a l s o  b e  n o t e d  
t h a t  w a t e r  a c t i v i t y  o f  b r e a d  c r u m b  s a m p le s  d e c r e a s e d  f r o m  
a w  =  0 .4 3  t o  a w  =  0 .3 8  w i t h  i n c r e a s in g  m i c r o c r y s t a l l i n e  
c h i t i n  a d d i t i o n .  K n o r r  a n d  B e t s c h a r t  ( 1 9 8 1 )  r e c e n t l y  d is 
c u s s e d  t h e  e f f e c t s  o f  w a t e r  a d d i t i o n  o n  l o a f  v o l u m e  o f  p r o 
t e i n  f o r t i f i e d  b r e a d s .  C o n s e q u e n t l y ,  t h e  c o m b i n e d  e f f e c t s  
o f  v a r i a b le  w a t e r  a n d  m i c r o c r y s t a l l i n e  c h i t i n  a d d i t i o n  o n  
t h e  s p e c i f i c  l o a f  v o l u m e  o f  p o t a t o  p r o t e i n  f o r t i f i e d  w h e a t  
b r e a d s  w a s  e x a m i n e d .

A s  s h o w n  in  F ig .  4 ,  a n  o p t i m u m  l o a f  v o l u m e  o f  6 .0  
c m 3 g _ 1  w a s  r e a c h e d  w i t h  a  6 5 %  w a t e r  a n d  2 %  m i c r o c r y s -

(i)

Fig. 2 — E ffect o f emulsifying agent concentration on emulsion sta
b ility  o f lau ry l sulfate  (□(, microcrystalline cellulose ( V  K end 
microcrystalline chitin (o).

M ICROCRYSTALLINE  
CHITIN ADD ITIO N S)

Fig. 3—Effect o f  Increasing addition o f  m icrocrystalline ch itin  on 
specific loa f volume o f  wheat bread (o) and potato protein fortified  
(8 % replacement level o f wheat flour with potato protein concen
trate) wheat bread (V i.



Fig. 4—Effect o f water and m icrocrystalline ch itin  addition on speci
fic loa f volume o f  potato protein fortified (8 % replacement level o f 
wheat flour with potato protein concentrate) wheat bread.

t a l l i n e  c h i t i n  a d d i t i o n .  W h ile  t h e  l o a f  v o l u m e  d e c r e a s e d  
w i t h  w a t e r  a d d i t i o n  b e y o n d  6 5 % , i t  g e n e r a l l y  in c r e a s e d  
w i t h  i n c r e a s in g  c h i t i n  a d d i t i o n  a t  a l l  le v e ls  o f  w a t e r  a d d i 
t i o n .  T h e  d a t a  f r o m  F ig .  3  a n d  4  i n d i c a t e  a  p o s i t i v e  e f f e c t  
o f  m i c r o c r y s t a l l i n e  c h i t i n  o n  l o a f  v o l u m e  o f  w h e a t  b r e a d s  
w i t h  c h i t i n  p r o v i d in g  s u r f a c t a n t  p r o p e r t i e s  w h i c h  c a n  o v e r 
c o m e  l o a f  v o l u m e  d e p r e s s i o n  t h r o u g h  p r o t e i n  f o r t i f i c a t i o n  
o f  w h e a t  b r e a d s .

I n  s u m m a r y ,  t h e  d a t a  i n d i c a t e  t h a t  c e l l u lo s e - l ik e  b i o 
p o l y m e r s ,  c h i t i n  i n  p a r t i c u l a r ,  c o u ld  p r o v i d e  a  n u m b e r  o f  
u n i q u e  f u n c t i o n a l  p r o p e r t i e s  f o r  f o o d  p r o c e s s i n g .  T h u s ,  
c h i t i n ,  a  n a t u r a l  p o l y m e r  w h i c h  is  i n s o l u b l e  i n  o r d i n a r y  
s o lv e n t s  a n d  h a s  lo w  d ig e s t i b i l i t y ,  c o u ld  b e  a n  “ i n e r t ”  
b u t  h ig h l y  f u n c t i o n a l  a d d i t i v e  w i t h  n u m e r o u s  a p p l i c a t i o n s  
i n  f o o d s .
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t h e  e x t r a c t e d  a n t i o x i d a n t s .  D a t a  f o r  B H A  c o n t e n t  i n  t h e  
g r a n u l e s  o b t a i n e d  w i t h  a n d  w i t h o u t  a  r e h y d r a t i o n  s t e p  
s u g g e s t e d  t h a t  t h e  c u r r e n t  m e t h o d s  o f  i n c o r p o r a t i o n  o f  
a n t i o x i d a n t  i n  a  g r a n u l e  p r o c e s s  a r e  n o t  e f f i c i e n t  s in c e  a n t i 
o x i d a n t  w a s  s h o w n  t o  b e  h e l d  w i t h i n  t h e  s t a r c h - a m y lo s e  
m a t r i x  r a t h e r  t h a n  b e in g  a s s o c i a t e d  w i t h  p o t a t o  l i p id s  
( a  m a j o r  s o u r c e  o f  r a n c i d i t y  i n  g r a n u l e s ) .
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H e a t  T r a n s f e r  a n d  M o i s t u r e  L o s s  o f  S p h e r i c a l  F r e s h  P r o d u c e

K A N - I C H I  H A Y A K A W A  a n d  J O R G E  S U C C A R

-----------------------------ABSTRACT-----------------------------
A  c o m p u te r iz e d  p ro c e d u re  w as d ev e lo p ed  fo r  s im u la tin g  th e  p o s t 
h a rv es t co o lin g  an d  m o is tu re  loss o f  p ro d u c e  b y  u sing  a re liab le  
m a th e m a tic a l m o d e l. T h is  m o d e l w as d erived  b y  assu m in g  te m p e ra 
tu re  an d  tim e  v ariab le  re sp ira tio n  h e a t  g e n e ra tio n  an d  te m p e ra tu re  
v a riab le  th e rm o p h y s ic a l p ro p e r ty  values. T h e  d ev e lo p ed  p ro c e d u re  
w as em p lo y e d  to  e x a m in e  in f lu e n c e  o f  five k e y  d im en sio n le ss  p a ra m 
e te rs  o n  th e  co o lin g  ra te  an d  m o is tu re  loss. T h ese  p a ra m e te rs  a re  
re la te d  to  th e  ra te s  o f  ch ang es  in  d en s ity  an d  th e rm a l c o n d u c tiv ity  
w ith  ch ang es  in  p ro d u c e  te m p e ra tu re , su rfac e  h e a t  tr a n s fe r  c o n d u c 
ta n c e , t r a n s p ira tio n  ra te , an d  e n v iro n m e n ta l re la tiv e  h u m id ity . 
T h e o re tic a l re su lts  o b ta in e d  fro m  o u r e x a m in a tio n  w e re  v erified  
th ro u g h  h e a t  tra n sfe r  an d  m o is tu re  loss e x p e r im e n ts  b y  u sing  fresh  
p o ta to e s  an d  to m a to e s .

INTRODUCTION
M O S T  F R E S H  P R O D U C E  s h o u l d  b e  c o o l e d  t o  p r o p e r  
t e m p e r a t u r e s  s h o r t l y  a f t e r  t h e  h a r v e s t  t o  r e d u c e  t h e  r a t e  o f  
q u a l i t y  d e g r a d a t i o n  a n d  t o  e x t e n d  i t s  s h e l f  l i f e .  T h e  d e t e r 
m i n a t i o n  o f  a  p r o p e r  m e t h o d  f o r  t h i s  c o o l in g  p r o c e s s  c o u ld  
b e  g r e a t l y  a s s i s t e d  t h r o u g h  t h e  u s e  o f  r e l i a b l e  m a t h e m a t i c a l  
p r o c e d u r e s  f o r  e s t i m a t i n g  t h e  h e a t  a n d  m o i s t u r e  t r a n s f e r  
c h a r a c t e r i s t i c s  o f  t h e  p r o d u c e  u n d e r g o i n g  c o o l in g  p r o c e s s e s .  
T h e r e f o r e ,  s e v e r a l  r e s e a r c h e r s  d e v e lo p e d  t h e i r  p r o c e d u r e s  
f o r  t h i s  e s t i m a t i o n .  S o m e  r e p r e s e n t a t i v e  w o r k s  i n  t h i s  o r  
r e l a t e d  a r e a s  w e r e  r e p o r t e d  b y  B a i r d  a n d  G a f f n e y  ( 1 9 7 6 ) ,  
B a k k e r - A r k e m a  e t  a l. ( 1 9 6 7 ) ,  E s h l e m a n  e t  a l. ( 1 9 7 6 ) ,  
B r u g g e r  a n d  B u e lo w  ( 1 9 8 0 ) ,  H a y a k a w a  ( 1 9 7 8 ) ,  M is ra  a n d  
Y o u n g  ( 1 9 7 9 ) ,  a n d  L e n t z  a n d  v a n  d e n  B e r g  ( 1 9 7 3 ) .  T h e  
c lo s e  s t u d y  o f  t h e  a b o v e  a n d  o t h e r  p u b l i s h e d  w o r k s  s h o w s  
t h a t  n e g l ig ib le  t e m p e r a t u r e  g r a d i e n t ,  c o n s t a n t ,  a n d / o r  n o  
h e a t  g e n e r a t i o n  i n  t h e  p r o d u c e  w a s  a s s u m e d  in  m o s t  o f  t h e  
p u b l i s h e d  w o r k .  T h e  a s s u m p t i o n  o n  t h e  n e g l ig ib le  t e m p e r a 
t u r e  g r a d i e n t  is  l i k e ly  v a l i d  f o r  a  s lo w  c o o l in g  p r o c e s s  a n d  
a n o t h e r  o n  c o n s t a n t  o r  n o  h e a t  g e n e r a t i o n  f o r  c o o l in g  
p r o d u c e  o f  lo w  r e s p i r a t o r y  a c t i v i t y  o r  f o r  c o o l i n g  m o s t  
p r o d u c e  a t  a  h ig h  o r  m o d e r a t e  r a t e .  S in c e  t h e s e  a s s u m p t i o n s  
m a y  n o t  b e  a p p l i c a b l e  in  s o m e  c a s e s , t h e  p r e s e n t  a u t h o r  
p u b l i s h e d  h i s  m a t h e m a t i c a l  m o d e l  f o r  s im u l a t i n g  t h e  t h e r 
m a l  r e s p o n s e  a n d  m o i s t u r e  lo s s  w i t h o u t  u s in g  t h e s e  a s s u m p 
t i o n s  ( H a y a k a w a ,  1 9 7 8 ) .  T o  d e v e lo p  t h i s  m o d e l ,  t h e  o v e r a l l  
c o n f i g u r a t i o n  o f  t h e  p r o d u c e  w a s  i d e a l i z e d  t o  b e  a n  i n f i 
n i t e l y  w id e  s la b  a n d  n o  t i m e  e f f e c t  w a s  t a k e n  i n t o  c o n s i d e r 
a t i o n  o n  t h e  r a t e  o f  r e s p i r a t o r y  h e a t  g e n e r a t i o n .  T h e  
p r e s e n t  p a p e r  is  t o  r e p o r t  a  n e w  m a t h e m a t i c a l  m o d e l  a p p l i c 
a b le  t o  s p h e r i c a l  f r e s h  p r o d u c e  b y  a s s u m in g  t h i s  t i m e  
e f f e c t .  I n  a d d i t i o n ,  t e m p e r a t u r e  v a r i a b l e  d e n s i t y  a n d  t h e r 
m a l  c o n d u c t i v i t y  a r e  i n c l u d e d  i n  t h e  s a m e  m o d e l .

MATHEMATICAL MODEL
A C C O R D IN G  T O  close e x a m in a tio n  o f  p u b lish e d  d a ta  o n  th e  th e r
m o p h y s ic a l p ro p e r tie s  o f  fre sh  p ro d u c e  an d  o f  w a te r  (A n o n y m o u s , 
1 9 7 7 ; D ick e rso n , 1 9 6 8 ; G a ffn ey  e t  al., 1 9 8 0 ; P o lley  e t  al., 1 9 8 0 ; 
an d  van  d e n  B erg  an d  L e n tz , 1 9 7 5 ) , th e re  are  less th a n  1 .5 (% ),
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5 , an d  2 0  v a r ia tio n s  in  th e  v alues o f  spec ific  h e a t ,  d e n s ity  an d  th e r 
m al c o n d u c tiv ity  o f  fre sh  p ro d u c e  re sp ec tiv e ly  w h e n  p ro d u c e  te m 
p e ra tu re s  a re  ch an g ed  w ith in  a  ran g e  a p p lic ab le  to  m o s t p o s t h a rv es t 
h an d lin g  o p e ra t io n s . W e also  o bserve  th a t  th e  v a ria tio n s  in  th e  
d en s ity  a n d  th e rm a l c o n d u c tiv ity  m ay  b e  a p p ro x im a te d  w ith  U near 
fu n c tio n s  o f  p ro d u c e  te m p e ra tu re . T h e re fo re  w e o b ta in  th e  fo l
lo w in g  e q u a tio n  fo r s im u la tin g  h e a t  tr a n s fe r  in  an  in d iv id u a l, h o m o 
g en eo u s  sp h erica l p ro d u c e  b y  u sing  a  g en era l re la tio n s h ip  g iven 
b y  C arslaw  an d  Jaeg e r (1 9 5 9 ) . (A ll sy m b o ls  u se d  a re  d e fin e d  in  th e  
n o m e n c la tu re .)

3T  / 3 2 T  2 3T ’
c p (h o  + P i T ) — = ( k 0  + k 1 T ) l — — +

3T  \ 3 r 2  r 3r
+ Q (T ,T ) (1 )

T h e  in it ia l  an d  b o u n d a ry  c o n d itio n s  u sed  fo r  so lv ing  E q  (1 ) are:
T  = T 0  fo r  0 <  r <  R  an d  t  = 0 (2 )

3T
—  = 0 a t r  = 0 fo r  t  >  0 (3 )
3r

(k 0  +  k ¡ T ) ----- = h q o ( I T a - T i ) nq3r
(T a -  T ) -  (L 0  + L jT ) .

, ( P s T  + 2 7 3 .1 5 Pat ) ' (P:s ----------------------- Pa)T  + 2 7 3 .1 5

= C - l ) i h q o (  IT a -  T  l ) n q + 1  -  ( - l ) j  h m 0 (L 0  + L jT ) .“ q o v 1x a

( I P s ----------------------- P a l )T +  2 7 3 .1 5

H

J =

a t  r  = R  an d  t  >  0  (4 )
1 w h e n  T a <  T  a t  r = R
2 w h e n  T „ >  T  a t  r  = R

'  1 w h e n  P„
T a + 2 7 3 .1 5  

T +  2 7 3 .1 5

(5 )
<  P a a t r  = R

T a + 2 7 3 .1 5
^2 w h e n  P s --------------------  >  P a a t r = R

T  + 2 7 3 .1 5

hqo -  h q o w ’ nq -  n qw> ^m o  ~ hmow> n m n m w

w h e n j  = l J

"q o hqod, n q nqd> ^m o  ^ m o d ’ n m nmd

U 6 )

w h e n  j  = 2  J
In  E q (4 ), th e  te m p e ra tu re  ra tio  m u ltip l ie d  to  P s is o b ta in e d  b y  

u sing  an  id ea l gas law  b y  assu m in g  th a t  w a te r  v ap o r tra n ssp ire d  fro m  
th e  p ro d u c e  reach es  th e  su rro u n d in g  m e d iu m  te m p e ra tu re  in  a z o n e  
b e y o n d  a b o u n d a ry  la y e r o f  th e  p ro d u c e  an d  th a t  in  som e cases 
th e re  is th e  p a r t ia l  c o n d e n s a tio n  o f  th e  v a p o r in  th e  s u rro u n d in g  
m e d iu m . In  th e  sam e e q u a tio n , th e  la te n t  h e a t o f  v a p o r iz a tio n  o f  
m o is tu re  is a ssu m ed  to  ch ang e  lin e a rly  w ith  te m p e ra tu re  a n d  e q u a l 
to  th a t  o f  w a te r  b ecau se  o f  h igh  m o is tu re  c o n te n t  in  th e  p ro d u c e . 
A cc o rd in g  to  W eiss (1 9 7 7 ) , w e  have:

L 0  + L jT  = 2 5 0 0 .8 0  -  2 .3 6 6 8 T  (7)
S in ce  T e te n ’s e q u a tio n  is s im ple  to  use  an d  is a c c u ra te  fo r  e s t im a t
ing  s a tu ra tio n  w a te r  v ap o r p ressu re , P s , w e  have;
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1 7 .2 6 9 3 8 8 2 T
P s = 0 .6 1 0 7 8  ex p  [ --------------------- ] ( 8 )

T  + 2 3 7 .3 0
T h e  p o w e rs , n q an d  n m , ap p lie d  to  th e  te m p e ra tu re  d iffe re n c e  and  
v ap o r p re ssu re  d iffe re n c e  in  E q  (4 ) are  fo r  e s tim a tin g  su rface  h e a t 
t ra n s fe r  an d  tr a n s p ira tio n  ra te  c o e ffic ie n ts . T h e y  b e c o m e  eq u a l to  
ze ro  fo r  fo rc e d  co n v e c tio n  an d  to  n o n z e ro  v a lu es  fo r  n a tu ra l  co n 
v ec tio n .

W hen  th e re  is v ap o r c o n d e n s a tio n  o n  th e  p ro d u c e  su rface , i t  is 
lik e ly  th a t  su rface  h e a t tr a n s fe r  an d  tr a n s p ira tio n  c o e ff ic ie n ts  are 
d if f e re n t  fro m  th o se  ap p lic ab le  to  d ry  p ro d u c e  su rface . T h e re fo re , 
E q  ( 6 ) is assum ed .

W e o bserve  th a t  th e  ra te  o f  re sp ira tio n  h e a t g e n e ra tio n  in  fresh  
p ro d u c e  is a  fu n c tio n  o f  p ro d u c e  te m p e ra tu re  an d  e x p o s u re  tim e  to  
te m p ra tu re s  sp ec ific  to  th e  c u ltu ra l  v a rie ty  o f  th e  p ro d u c e  ac co rd in g  
to  d a ta  p re s e n te d  in  p u b lish ed  a rtic le s  (A n o n y m o u s , 1 9 7 7 ; B uescher, 
1 9 7 9 ; F u k u s h im a  e t ah , 1 9 8 0 ; G a ffn e y  an d  B aird , 1975  an d  1 9 7 7 ; 
K u su n o se  an d  S aw am u ra , 1 9 8 0 ; L u tz  an d  H a rd e n b u rg , 1 9 6 8 ; 
W illis an d  M cG lasson , 1 9 7 1 ; W u an d  S a lu n k e , 1 9 7 5 ) . T h e  h e a t  is 
p ro d u c e d  a t  v a riab le  ra te s  w ith in  a rang e o f  te m p e ra tu re s . W hen  th e  
p ro d u c e  is e x p o sed  to  te m p e ra tu re s  o u ts id e  o f  th is  rang e , th e  p ro 
d u c tio n  o f  h e a t  is te m p o ra r ily  o r p e rm a n e n tly  ceased  an d  a lo ca l o r 
e n tire  p ro d u c e  tissu e  is in a c tiv a te d  w h e n  th e  e x p o s u re  tim e  ex ceed s  
a  lim itin g  va lu e  sp ec ific  to  th e  c u ltu ra l v a rie ty  b ec au se  o f  m e ta b o lic  
d am ag e  o n  th e  tissue . T h e  p u b lish e d  a rtic le s  also  in d ica te s  th a t  th e  
h e a t is g e n e ra te d  a t a b n o rm a l ra te s  w h e n  th e  p ro d u c e  su ffe rs  fro m  
co ld  in ju ry . I t  is also  o b se rv ed  fro m  p u b lish e d  d a ta  th a t  th e  ra te  o f  
th e  h e a t p ro d u c t io n  ch an g es  as a fu n c tio n  o f  tim e  a f te r  h a rv es tin g  
u n t i l  i t  re ach es  an  eq u ilib r iu m  ra te .

B ased o n  th e  ab o v e  s ta te d  in fo rm a tio n  ava ilab le  fro m  th e  li te ra 
tu re , w e  assu m e ch an g es  in  th e  eq u ilib r iu m  ra te  o f  h e a t  g e n e ra tio n  
as a fu n c tio n  o f  p ro d u c e  te m p e ra tu re s  as sh o w n  in  F ig . 1. T h e  
sy m b o l T ; an d  T e re sp ec tiv e ly  re p re s e n t th e  lo w er an d  u p p e r  lim its  
fo r  th e  h e a t p ro d u c t io n . C o ld  in a c tiv a tio n  te m p e ra tu re s  ap p licab le  
to  a lo ca l an d  average p ro d u c e  te m p e ra tu re s  a re  re p re s e n te d  re sp e c 
tive ly  w ith  T wd an d  T /m d . I t  is a ssu m ed  th a t  th e  lo ca l o r  w h o le  
tissu e  o f  th e  p ro d u c e  is in a c tiv a te d  w h e n  its  lo ca l te m p e ra tu re  is 
m a in ta in e d  fo r  t/ /d o r lo n g e r o r  w h e n  its  average te m p e ra tu re  is 
k e p t  fo r  t /m d  o r  lo n ger. T h e  co ld  in ju ry  te m p e ra tu re s  an d  e x p o su re  
tim es  a re  re p re s e n te d  sim ila rly  w ith  sy m b o ls  T cj;, T cjm , t cj/ , an d  
t cj m  and  also  h ig h  in a c tiv a tio n  te m p e ra tu re s  an d  tim es  b y  T b ;d , 
T h m d ’ *-h/d’ an(l Ihm d-

C han ges  in  th e  ra te  o f  h e a t  g e n e ra tio n  are  a p p ro x im a te d  w ith  
th e  fo llo w in g  fu n c tio n s  o f  p ro d u c e  te m p e ra tu re s :

ÎajC T  — T ,)  T ; <  T  <  T b
b  j ( T  -  T b ) + b Q T b «  T  <  T c 

l n (T  -  T c) / c2

Cj 10 T c < T  < T d
d jC T  — T d ) + d 0  T d <  T  <  T e

(9)

I t  is assu m ed  th a t  d if f e re n t  v o lu m e tr ic  e le m e n ts  in  o n e  in d iv id u a l 
p ro d u c e  g e n e ra te  h e a t  a t  d if f e re n t  ra te s  as re p re s e n te d  b y  E q  (9 ) 
w h e n  a te m p e ra tu re  d is t r ib u tio n  in  th e  p ro d u c e  is n o t  u n ifo rm . 
W hen  th e  p ro d u c e  su ffe rs  fro m  co ld  in ju ry , E q . 9 a re  s lig h tly  m o d i
fied  b y  rep lac in g  c o n s ta n ts  in  th e se  e q u a tio n s , w ith  re sp ec tiv e  co n 
s tan ts  ap p lic ab le  to  th e  co ld  in ju re d  p ro d u c e , e.g. ajj, b y , . . . d 2 j.

A cc o rd in g  to  a  p u b lish e d  a r tic le  (A n o n y m o u s , 1 9 7 7 ) , th e re  a re  
fo u r  d if f e re n t  ty p e s  o f  ch an g es  in  th e  h e a t  g e n e ra tio n  as fu n c tio n s  
o f  tim e  a f te r  h a rv es tin g , b e fo re  i t  re ach es  an  eq u ilib r iu m  level. 
T h e re fo re  th e  fo llo w in g  fo u r  e q u a tio n s  a re  o b ta in e d :

(a ) M o st v eg e tab les  o th e r  th a n  r o o t  c ro p s
Q /Q e  = 1 +  [(Q o  -  Q e ) /Q e l e x P C - E i t )  ( 1 0 )

(b ) F ru i t  r ip e n e d  a f te r  h a rv es t (c lim a c te ric )

Q a + Q 2 * -  (Q 2 / t d ) t 2  fo r  °  <  1  <  l d ( H )
Q /Q e = 1 +  Q c ex p  [ —E 2 ( t  -  t d )]  fo r  t d <  t  (1 2 )

(c) F ru i t  w h ich  d o es  n o t  r ip e n  a f te r  h a rv es t
Q /Q e  = 1 (1 3 )

(d ) V eg e tab le s  w h ich  lo se  d o rm a n c y  d u r in g  s to rag e
Q /Q e  = 1 -  Q 4  ex p  [ —E 4 t]  (1 4 )

F in a lly  th e  a m o u n t o f  m o is tu re  lo s t fro m  th e  p ro d u c e  m ay  b e  
e s tim a te d  b y : 1-

W/
a ieu  u y . >►
= —4ir R 2  ( - 1 ) 1  h |Ps

T a + 2 7 3 .1 5  

T  + 2 7 3 .1 5 - P a l )
. ntn"^" 1 d t  (1 5 )

In  th e  ab o v e  e q u a tio n , a  m o is tu re  lo ss is re p re s e n te d  w ith  a n eg a
tive v a lu e  an d  a gain  th ro u g h  v ap o r c o n d e n s a tio n  o n  th e  p ro d u c t  
su rface  b y  a p o s itiv e  value.

T h e  e q u a tio n s  g iven ab o ve  are  tra n sfo rm e d  to  d im en sio n le ss  
ex p ress io n s  to  s im p lify  fu r th e r  an a ly ses  as sh o w n  b e lo w :

d 2u 2 d u 3u 2
— ] + q (u , F o r ) + e ki (— ) (16)

d r , 2 V 9rj dr}

,(n) fo r F o r = o  o  <  r\ <  1 (1 7 )

= 0 fo r F ° r

oHp”oII (1 8 )

d U . n +1
Sk —  = ' / - D 1 H q o  ( l u a - u l )  9 -  ( —1}J gL H m o  •

u a + u k  + 2  u 2 0

Q =

( I w ----------------------------- w a D mu + u k + 2  u 2 0

(  P a l (u  -  u /) U; <  U <  Ub
\  pb l  (u  -  u b ) + (¡bo Ub <  u  <  u c

) Pcl 1 0  (u  _  u d lP c 2 UC SÎU <  Ud
(. P d l  (u  -  u d) + Pdo Ud «  u  «  u e

(1 9 )

( 2 0 )

Fig. 1—Assumed rate o f heat generation by  fresh produce. Curve N  
for normal produce and Curve I for co ld  injured produce.

Fig. 2—Four different types o f  changes in the rate o f heat genera
tion by fresh produce as functions o f time measured from the 
harvest.
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D im en s io n less  ex p re ss io n s  fo r  E q  (1 0 )  th ro u g h  (1 4 ) a re  easily  
o b ta in e d  b y  rep lac in g  t  w ith  F o r R 2 / a r . D im en s io n less  m o is tu re  loss, 
r ,  is o b ta in e d  fro m  th e  seco n d  te rm  in  th e  rig h t s ide o f  E q  (1 9 ) .

ua + u k + 2 u 2 o n + ,
( I w ----------------------------- w a l) m d  F o r

u + u k + 2 u 2 0

= L r w , / [c p p r (T 0 - T r) R 3 ] (21)

ANALYSIS OF MATHEMATICAL MODEL
S I N C E  D I M E N S I O N A L  E q  ( 1 )  a n d  i t s  b o u n d a r y  c o n d i t i o n  
a s  w e l l  a s  d im e n s i o n l e s s  E q  ( 1 6 )  a n d  i t s  b o u n d a r y  c o n d i t i o n  
a r e  a l l  n o n l i n e a r ,  t h e  e q u a t i o n s  c a n n o t  b e  s o lv e d  a n a l y t i c 
a l ly .  T h e r e f o r e ,  a  f i n i t e  e l e m e n t  m e t h o d  w a s  u s e d  t o  s o lv e  
t h e s e  e q u a t i o n s  ( H u e b n e r ,  1 9 7 5 ) .  A  f i n i t e  e l e m e n t  f o r m u l a  
w a s  d e r iv e d  b y  a p p ly in g  G a l e r k i n ’s m e t h o d  t o  E q  ( 1 ) o r
( 1 6 )  t o g e t h e r  w i t h  t h e  r e s p e c t i v e  b o u n d a r y  c o n d i t i o n s .  T h e  
d e r iv e d  e l e m e n t  f o r m u l a  is  s h o w n  in  A p p e n d i x  A .

W h e n  a l l  e l e m e n t  e q u a t i o n s  w e r e  a s s e m b le d ,  w e  h a v e  
s i m u l t a n e o u s ,  f i r s t  o r d e r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s .  
S in c e  t h e s e  e q u a t i o n s  a r e  n o n l i n e a r  a n d  c o u ld  b e  s t i f f  b e 
c a u s e  o f  e x p o n e n t i a l l y  p r o d u c e d  h e a t ,  G e a r ’s s t i f f  m e t h o d  
w a s  u s e d  t o  s o lv e  t h e s e  e q u a t i o n s  ( G e a r ,  1 9 7 1 ) .  A  F o r t r a n  
p r o g r a m  p a c k a g e  w a s  p r e p a r e d  t o  s o lv e  E q  ( 1 )  a n d  a n o t h e r  
p a c k a g e  t o  s o lv e  E q  ( 1 6 ) .

A  p r o p e r  n u m b e r  f o r  s u b d i v i d i n g  t h e  d o m a in  o f  r  o r  p  
s h o u l d  b e  d e t e r m i n e d  t o  p r o d u c e  a c c u r a t e  s o l u t i o n s  w h i le  
k e e p in g  c o m p u t e r - t i m e  c o s t s  t o  t h e  m i n i m u m  p o s s i b l e  le v e l .  
F o r  t h i s  d e t e r m i n a t i o n ,  w e  d e r iv e  a n  a n a l y t i c a l  s o l u t i o n  f o r  
e s t i m a t i n g  t r a n s i e n t  h e a t  c o n d u c t i o n  in  a  s p h e r i c a l  s o l i d  in  
w h i c h  h e a t  is  g e n e r a t e d  a t  c o n s t a n t  r a t e  a n d  w h o s e  s u r f a c e  
is  s u b j e c t e d  t o  c o n v e c t i v e  h e a t  e x c h a n g e  w i t h  s u r r o u n d i n g  
m e d iu m .  T h i s  a n a l y t i c a l  s o l u t i o n  is  g iv e n  t o  A p p e n d i x  A .

A l t h o u g h  n o  e v a p o r a t i v e  lo s s  o f  t h e  m o i s t u r e  is  a s s u m e d  
f o r  t h e  d e r i v a t i o n ,  t h e  a n a l y t i c a l  s o l u t i o n  p r o v i d e s  m e a n s  
f o r  s e le c t in g  p r o p e r  n u m b e r  o f  s u b d i v i s io n  t h r o u g h  t h e  
c o m p a r i s o n  o f  n u m e r i c a l  r e s u l t s  p r o d u c e d  b y  t h e  c o m p u t e r  
p r o g r a m  p a c k a g e s  a g a in s t  t h o s e  c o m p u t e d  f r o m  t h e  a n a ly 
t i c a l  s o l u t i o n .

I t  is  m o s t  l i k e ly  t h a t  t h e  s t e e p e r  t e m p e r a t u r e  g r a d i e n t  
i n  a  s a m p le  b o d y  w e  h a v e ,  t h e  l a r g e r  n u m b e r  o f  f i n i t e  e le 
m e n t s  is  r e q u i r e d  a n d  a l s o  t h a t  a  s t e e p  t e m p e r a t u r e  g r a d i e n t  
m a y  r e s u l t  f r o m  a h ig h  r a t e  o f  t h e  i n t e r n a l  h e a t  g e n e r a t i o n

a n d  f r o m  a la r g e  B i o t  n u m b e r  v a lu e .  T h e r e f o r e ,  u s e  r a t e s  f o r  
t h e  h e a t  g e n e r a t i o n ,  w h i c h  a r e  1 0  t o  1 0 0  t i m e s  h ig h e r  t h a n  
t h e  m a x im u m  r a t e  g iv e n  in  a n  a r t i c l e  ( L u t z  a n d  H a r d e n -  
b u r g ,  1 9 6 8 ) .  A c c o r d i n g  t o  o u r  l i t e r a t u r e  s u r v e y ,  t h e  u p p e r  
l i m i t  o f  f r e q u e n t l y  o b s e r v e d  B i o t  n u m b e r  v a lu e s  is  le s s  
t h a n  5 , w h ic h  is  u s e d  f o r  o u r  c o m p a r a t i v e  a n a ly s is .  T h e  
a n a ly s i s  r e v e a l e d  t h a t  a  p r o p e r  n u m b e r  o f  s u b d i v i s i o n s  w a s  
2 8 .  T h e  v a lu e s  o f  1 7 ’s f o r  t h o s e  s u b d i v i s i o n s  a r e  p r e s e n t e d  in  
A p p e n d i x  A .

T o  p e r f o r m  a  p a r a m e t r i c  a n a ly s i s  f o r  t h e  h e a t  t r a n s f e r  
a n d  m o i s t u r e  lo s s  o f  t h e  p r o d u c e  w e  o b t a i n  r a n g e s  o f  a l l  
d im e n s i o n a l  p h y s i c a l  q u a n t i t i e s  i n c l u d e d  in  E q  ( 1 )  t h r o u g h  
( 9 )  f r o m  p u b l i s h e d  a r t i c l e s  ( A n o n y m o u s ,  1 9 7 7 ;  A r c e  a n d  
S w e a t ,  1 9 8 0 ;  B u e s c h e r ,  1 9 7 9 ;  D ic k e r s o n ,  1 9 6 8 ;  F u k u s h i m a  
e t  a l . ,  1 9 8 0 ;  G a f f n e y  e t  a l . ,  1 9 8 0 ;  H a y a k a w a  e t  a l . ,  1 9 7 9 ;  
K u s u n o s e  a n d  S a w a m u r a ,  1 9 8 0 ;  L u t z  a n d  H a r d e n b u r g ,  
1 9 6 8 ;  M il le r ,  1 9 7 8 ;  M is e n e r  a n d  S h o v e ,  1 9 7 6 ;  M o w r y  a n d  
H e l d m a n ,  1 9 7 2 ;  P o l l e y  e t  a l . ,  1 9 8 0 ;  S in g h  e t  a l . ,  1 9 7 5 ;  
S a s t r y  a n d  B u f f i n g t o n ,  1 9 8 0 ;  S a s t r y  e t  a l . ,  1 9 7 8 )  a s  s h o w n  
in  T a b l e  1. T h e  p a r a m e t r i c  v a lu e s  a s s o c i a t e d  w i t h  t h e  h e a t  
p r o d u c t i o n ,  e s p e c i a l ly  t h o s e  o n  t h e  u p p e r  a n d  l o w e r  l i m i t s  
f o r  t h e  p r o d u c t i o n  a n d  o n  t h e  u p p e r  a n d  l o w e r  i n a c t i v a t i o n  
t e m p e r a t u r e s ,  a r e  n o t  a v a i la b l e  in  t h e  l i t e r a t u r e .  T h e r e f o r e ,  
t a b u l a t e d  v a lu e s  o n  t h e s e  p a r a m e t e r  a r e  c h o s e n  t h r o u g h  
c o n s u l t a t i o n  w i t h  a  p l a n t  p h y s i o l o g i s t  a n d  a  f o o d  e n z y -  
m o lo g i s t  a t  C o o k  C o l le g e ,  R u t g e r s  U n i v e r s i t y  t o g e t h e r  
w i t h  i n f o r m a t i o n  p r o v i d e d  i n  a  r e f e r e n c e  b o o k  o n  f o o d  
e n z y m o lo g y  ( W h i t a k e r ,  1 9 7 2 ) .  F r o m  t h e  v a lu e s  g iv e n  
in  T a b l e  1, w e  e s t i m a t e  a  r a n g e  o f  e a c h  d im e n s i o n l e s s  
p a r a m e t e r  in c l u d e d  in  E q  ( 1 6 )  t h r o u g h  ( 1 9 ) .  T h e  r e s u l t s  
a r e  p r e s e n t e d  in  T a b l e  2 .

M o s t  p o s t  h a r v e s t  c o o l in g  p r o c e s s e s  l a s t  f o r  o n l y  a  f e w  
h o u r s  w h i le  i t  t a k e s  f r o m  1 —5 0  d a y s  a f t e r  h a r v e s t  f o r  t h e  
p r o d u c e  t o  r e a c h  e q u i l i b r i u m  r e s p i r a t i o n .  T h e r e f o r e  t i m e -  
v a r i a t i o n s  in  t h e  h e a t  g e n e r a t i o n  a r e  n o t  e x a m i n e d  in  o u r  
p a r a m e t r i c  a n a ly s is .

S in c e  t h e r e  a r e  o v e r  4 0  d im e n s i o n l e s s  p a r a m e t e r s ,  i t  
is  a l m o s t  i m p o s s ib l e  t o  e x a m i n e  t h e  i n f l u e n c e  o f  a l l  t h e s e  
p a r a m e t e r s  o n  t h e  h e a t  t r a n s f e r  a n d  m o i s t u r e  lo s s  o f  t h e  
p r o d u c e .  T h e r e f o r e ,  t h e  i n f l u e n c e  o f  f iv e  p a r a m e t e r s  a s s o 
c i a t e d  w i t h  k e y ,  t h e r m o p h y s i c a l  p r o p e r t y  v a lu e s  a r e  a n 
a l y z e d  b y  s im u l a t i n g  p o s t  h a r v e s t  c o o l i n g  p r o c e s s e s  o f  f r e s h  
p r o d u c e  w i t h  t h e  l e a s t ,  m o d e r a t e ,  o r  m o s t  s i g n i f i c a n t  
c o n t r i b u t i o n s  o f  h e a t  g e n e r a t i o n  t o  t h e  c o o l i n g  r a t e s .  T h e

- ( - l ) j  H r

F o ,

■ /

Table 1—Ranges o f dimensional, physical and biological property values o f  spherical fresh produce *

Symbol Range Symbol Range

c P 3.3 - 4 .1  g/(JC°) Td 21 — 32° C
k0 0 .0 0 5 -0 .0 0 5 9  w/(cmC°) Te 43°C **
ki 8.0(—6 ) —9.0(—6 ) w/(cm (C°)2) 3 1 3.6 ( —6 ) -  2.4(—4) w/(cm3 C ° l* *
Po 0.905 -  1.01 g/cm3 bl 6.1 (-7 ) -  1.1 (-4 ) w/(cm3 C° )**
P i —3.7(—4) -  —4.6(—4) g/(cm3 C°) bo 6.1 (—6 ) — 1.2(—4) w/(cm3 )
^qod 0.005 -  0.0080 w/(cm2 C°) c2 15 - 4 0 ° C
nqd 0 -  0.33 dl -1 .7 (—6 ) -  - 1 ,45(—3) w/(cm3 C°)
^qow 0.0005 -  0.0080 w/(cm2 C°) dp 3.51—5) -  1.61-2) w/lcm3)**
nqw 0 -  0.33 T//d -0 .6  -  -0 .1 °C * *
^mod 5(—8 ) — 7(—7)g/(cm2sec kpa) T/md -0 .6  -  -0 .1 °C **
nmd 0 -  0.33 -0 .6  -  10°C
^mow 8 (—5) — 2 (—4)g/(cm2  sec kpa) T cj/ -0 .6  -  10°C**
nmw 0 -  0.33 Thmd 43 - 4 7 ° C
R 0.5 — 5 cm ^h/d 43 - 5 0 ° C * *
To 25 - 4 0 ° C V/d 1.21+5)-8.61+5) sec**
T a - 7  -  5°C t/md 1.21+5)-8.61+5) sec**rh 0.80 -  0.95 tcjm 8.61+4) — 6.1 (+5) sec
T  / - 1 . 7 ---- 0 .5 °C ** tcj/ 8.61+4) -6.11+5) sec**
T b 0 °C ** thmd 600 sec
Tc 1.7 -  10° C l h/d 600 sec**

5 xsi9 "L d8 inte9er P|aced in a Pair of parenthesis is a power of 1 0  which should be multiplied to obtain a proper value. For example 5 (-8) =
♦»Values assumed through consultation with a plant physiologist and a plant enzymologlst.
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s e l e c t e d  p a r a m e t e r s  a r e :  e p l , e k l , H q o d , H m o d , a n d  W a . 
T h e  f i r s t  t w o  a r e  r e s p e c t i v e ly  r e l a t e d  t o  r a t e s  f o r  c h a n g e s  in  
d im e n s i o n l e s s  d e n s i t y  a n d  d im e n s i o n le s s  t h e r m a l  c o n d u c 
t i v i t y  w i t h  r e s p e c t  t o  in c r e a s e  in  p r o d u c e  t e m p e r a t u r e .  T h e  
t h i r d  a n d  f o u r t h  p a r a m e t e r s  a r e  d im e n s i o n l e s s  s u r f a c e  h e a t  
c o n d u c t a n c e  a n d  d im e n s i o n le s s  t r a n s p i r a t i o n  c o e f f i c i e n t  
r e s p e c t iv e ly .  T h e  l a s t  o n e  is  d im e n s i o n l e s s  w a t e r  v a p o r  
p r e s s u r e .  T a b l e  3  s h o w s  t h e  r a n g e s  o f  t h e  f iv e  p a r a m e t e r s  
w i t h i n  w h i c h  o u r  a n a ly s i s  is  p e r f o r m e d .  T h e  s a m e  t a b l e  a ls o  
s h o w s  a  f r e q u e n t l y  o b s e r v e d  r a n g e  o f  v a lu e s  f o r  e a c h  
p a r a m e t e r .

T o  e x a m i n e  t h e  i n f l u e n c e  o f  t h e  s e l e c t e d  p a r a m e t e r s ,  t h e  
f u l l  r e p l i c a t e  o f  a  c e n t r a l  c o m p o s i t e  d e s ig n  o f  e x p e r i m e n t s  
w a s  u s e d  ( D a v ie s ,  1 9 6 0 ) .  F o r  t h i s  u s e ,  t h e  l i m i t s  o f  e a c h  
p a r a m e t e r  s h o u l d  b e  t r a n s f o r m e d  t o  ± 2 . 3 7 8 4 4 ,  w h i c h  is  
e s t i m a t e d  b y  2 5 / 4  b e c a u s e  t h e  n u m b e r  o f  t h e  p a r a m e t e r s  
is  f iv e  a n d  b e c a u s e  t h e  d e s ig n  is  t h e  f u l l  r e p l i c a t e .  T h e  c o m 
p u t e r i z e d  s i m u l a t i o n  o f  c o o l i n g  p r o c e s s e s  is  p e r f o r m e d  
a t  t h e  f o l l o w in g  v a lu e s  o f  e a c h  t r a n s f o r m e d  v a r i a b le :  
—2 .3 7 8 4 4 ,  — 1, 0 ,  + 1 ,  a n d  + 2 .3 7 8 4 4 .  S in c e  m o s t  o f  t h e s e  
v a lu e s  s h o u l d  b e  p l a c e d  w i t h i n  t h e  f r e q u e n t l y  o b s e r v e d  
r a n g e  o f  e a c h  p a r a m e t e r ,  w e  u s e d  t h e  f o l l o w in g  e q u a t i o n s  
f o r  t r a n s f o r m i n g  p a r a m e t r i c  v a r i a b le s  t o  c o r r e s p o n d i n g
d e s ig n  v a r i a b le s .

e p l  =  0 . 0 0 3 5 7 3 8 X J  -  0 .0 0 8 5  ( 2 2 )
eki =  0 . 0 2 6 9 2 4 9 X 2 +  0 . 0 6 4 0 3 8 5  ( 2 3 )
H q o d  = 1 0 ° -2 8 6 O 3 4 2 X 3 + 0 .2 1 1 7 8 7  ( 2 4 )
H m o d =  1 0 2  -  1 / (0 - 0 2 8 4 7 5 4 X 4  + 0 .2 3 0 1 9 8 6 )  ( 2 5 )

W a =  0 . 0 3 1 5 3 3 8 X S + 0 . 8 7 5  ( 2 6 )

Table 2 —Ranges o f  dimensionless property values o f spherical p ro 
duce*

Symbol Range Symbol Range

ekl 0 — 0.12 ^ohmd 0.025 — 3.6
epi -0 .0 1 7 - 0 ^ohld 0.025 — 3.6
eLI -0 .0 3 8 — -0 .0 2 4 Hal 1 .51-4) — 1.1
^qod 0.04 - 7.5 0bo 2 .0( - 6) - 7.41-2)

0.04 — 7.5 0bi 2 .61-5) — 0.52
Hmod 7 (—5) - 4 .4 (—2) PcO 1.31-5) - 0.10
Hmow 0.018 - 19 0cl 0.38 - 1.6
U1 - 0 .1 0 7 — - 0 .0 3 8 3 .1 1 -5 ) — 0.61
u b - 0 .0 4 — - 0 .0 2 5 Pol - 3 .7 - - 5 .6 1 - 5 )
u c 0.017 — 0.36 Pllj 7.51-4) — 5.5
Ud 0.5 - 1.2 0boj 9 .81-6) - 0.37
Ue 1.1 — 1.7 P blj - 5 .9 — - 2 .3  (-5 )
UCj/ - 0 .0 4 — 0.36 Pcoi 9 .8 1 -7 ) — 3 .7 1 -2 )
Ucjm - 0 .0 4 - 0.36 Pcl'i 2.0
*-*hmd 1.1 — 1.9 Pdoi 1.41-6) — 0.15
U h/d 1.1 — 1.9 Pdlj - 0 .3 5 — - 2 .4 1 - 6 )
Fo cj / 3.5 — 3 .6(+3) u k 6.3 — 10.9
F°cjm 3.5 - 3.6 (+3) U20 0.025 - 0.04

*  A  signed in teg er p laced  in  a p a ir  o f p a re n th es is  is a p o w er o f 10 
w h ich  sh o u ld  be m u lt ip lie d  to  o b ta in  a p ro p e r v a lu e . T h e  va lues o f 
n qd> n qw> n m d ' and  n m w  are assum ed  to  be ze ro s .

Table 3—Selected dimensionless parameters for evaluating their 
influence on heat transfer and moisture loss o f spherical producea

No. Parameter Range examined Range observed frequently

1 6pl -0 .0 1 7 ~  0 -0 .0 1 7  - -0 .0 0 6
2 ekl 0 ~  0.12 0.03 0.12
3 0.04 ~ 7.5 0.70 2.8
4 7.011--5) ~  4 .4 (—2) 5.51—4) - 2 .01- 2)
5 Wa 0.80 - 0 . 9 5 0.80 - 0.95

a A  signed in teg er p laced  w ith in  each  p a ir  o f p aren th eses is a p o w er 
o f 10  w h ic h  sh o u ld  be m u lt ip lie d  to  o b ta in  a p ro p e r v a lu e .

T a b le  4  s h o w s  t h e  v a lu e s  o f  t h e  r e m a i n in g  d im e n s i o n le s s  
p a r a m e t e r s ,  w h ic h  a r e  u s e d  f o r  o u r  a n a ly s is .  T h e s e  v a lu e s  
a r e  o b t a i n e d  t h r o u g h  t h e  c a r e f u l  e x a m i n a t i o n  o f  p u b l i s h e d  
i n f o r m a t i o n  c o l l e c t e d  f o r  t h e  p r e s e n t  in v e s t i g a t i o n .  I t  s h o u l d  
b e  n o t e d  t h a t  s o m e  p a r a m e t r i c  v a lu e s  a p p l i c a b l e  t o  t h e  
m o d e r a t e  h e a t  g e n e r a t i o n  a r e  s k e w e d  t o w a r d  l im i t i n g  v a lu e s  
b e c a u s e  t h e i r  f r e q u e n t l y  o b s e r v e d  v a lu e s  a r e  n o t  l o c a t e d  a t  
t h e  m e d i a n  p o i n t s  o f  t h e  r a n g e s .  W h e n  t h e r e  is  o v e r  1 0  t im e s  
d i f f e r e n c e  b e t w e e n  t h e  u p p e r  a n d  l o w e r  l i m i t s  o f  a  p a r a m 
e t e r ,  a  l o g a r i t h m i c  m id  p o i n t  o r  s k e w e d  l o g a r i t h m i c  m e a n  is 
a s s ig n e d  t o  t h e  c a s e s  f o r  t h e  m o d e r a t e l y  s i g n i f i c a n t  h e a t  
g e n e r a t i o n .  T h e  r e a s o n  f o r  t h i s  a s s i g n m e n t  is  t h a t  t h e  d i s t r i 
b u t i o n  o f  s u c h  p a r a m e t r i c  v a lu e s  is  l i k e ly  l o g a r i t h m i c .  F o r  
a l l  s im u l a t i o n s ,  w e  a s s u m e d  t h a t  t h e  i n i t i a l  a n d  e n v i r o n 
m e n t a l  u  v a lu e s  a r e  e q u a l  t o  1 .0  a n d  0 .0  r e s p e c t i v e ly .  W e 
s im u l a t e  4 3  c o o l in g  p r o c e s s e s  f o r  e a c h  o f  t h e  t h r e e  c a s e s  
r e l a t e d  w i t h  t h e  r a t e  o f  h e a t  g e n e r a t i o n  b y  u s in g  o u r  c o m 
p u t e r  p r o g r a m s  d e v e lo p e d  f o r  t h e  p r e s e n t  s t u d y .

C r i t e r i a ,  w h i c h  a r e  c h o s e n  t o  e v a l u a t e  t h e  e f f i c i e n c y  o f  
s i m u l a t e d  c o o l in g  p r o c e s s e s ,  a r e :  t h e  v a lu e s  o f  m o d i f i e d  
F o u r i e r  n u m b e r ,  F o r , a n d  d im e n s i o n l e s s  m o i s t u r e  lo s s ,  
r ,  w h e n  t h e  d im e n s i o n le s s  a v e r a g e  t e m p e r a t u r e ,  u ,  o f  p r o 
d u c e  b e c o m e s  e q u a l  t o  0 .5 ,  0 .1  o r  0 . 0 2 .  T h e  f i r s t  u  v a lu e  
w a s  s e l e c t e d  s in c e  a  h a l f  c o o l i n g  t i m e  h a s  b e e n  u s e d  t o  e v a l 
u a t e  c o o l i n g  p r o c e s s e s  ( S t e w a r t  a n d  C o u e y ,  1 9 6 3 ) .  T h e  
l a t t e r  t w o  v a lu e s  a r e  c h o s e n  s in c e  t h e  a v e r a g e  p r o d u c e  
t e m p e r a t u r e  is  l i k e ly  l o c a t e d  w i t h i n  t h e s e  v a lu e s  a t  t h e  e n d  
o f  a  c o o l in g  p r o c e s s  a n d  s in c e  a n  e q u i l i b r i u m ,  a v e ra g e  
t e m p e r a t u r e  m ig h t  n o t  r e a c h  l o w e r  t h a n  0 . 0 2  f o r  s o m e  p r o 
d u c e ,  w h i c h  g e n e r a t e s  h e a t  a t  h ig h  r a t e s .

A b r id g e d  r e s u l t s  o f  t h e  e s t i m a t e d  F o r a n d  T  v a lu e s  a r e  
s h o w n  in  T a b l e  5 t o g e t h e r  w i t h  t h e  n u m b e r  o f  c o o l i n g  p r o c 
e s s e s  w i t h  w h i c h  t h e  a v e r a g e  p r o d u c e  t e m p e r a t u r e  d o e s  n o t  
r e a c h  a  s p e c i f i e d  le v e l .  A s  e x p e c t e d ,  t h e  n u m b e r  o f  t h e s e  
p r o c e s s e s  is  l a r g e s t  f o r  t h e  c a s e s  o f  m o s t  s i g n i f i c a n t  h e a t  
g e n e r a t i o n .  S in c e  t h e  F o r a n d  T  v a lu e s  f o r  s u c h  p r o c e s s e s  
a r e  f a i r l y  la rg e  o r  i n f i n i t e l y  l a r g e ,  t h e s e  v a lu e s  a r e  n o t  i n 
c l u d e d  in  t h e  r a n g e s  o f  v a lu e s  s h o w n  in  T a b l e  5 . F r o m  th i s  
t a b l e ,  w e  g e n e r a l l y  o b s e r v e  t h a t  t h e  h ig h e r  r a t e  o f  h e a t  
g e n e r a t i o n  y ie ld s  g r e a t e r  m o i s t u r e  lo s s  a n d  a l s o  r e q u i r e s  
l o n g e r  c o o l in g  t i m e  f o r  t h e  a v e r a g e  t e m p e r a t u r e  t o  r e a c h  a 
s p e c i f i e d  le v e l .

A ll  e s t i m a t e d  v a lu e s  o f  F o r a n d  T  w e r e  s u b j e c t e d  t o  n o n 
l i n e a r  r e g r e s s io n  a n a ly s e s  s e p a r a t e l y  f o r  e a c h  c la s s  o f  
h e a t  g e n e r a t i o n  b y  u s in g  a  s t a t i s t i c a l  c o m p u t e r  p r o g r a m  
p a c k a g e  a v a i la b l e  a t  R u t g e r s  U n i v e r s i t y  ( B a r r  e t  a l . ,  1 9 7 6 ) .  
S in c e  s o m e  o f  t h e  e s t i m a t e d  v a lu e s  a r e  i n f i n i t e l y  la r g e ,  
s e v e ra l  d i f f e r e n t  r e c i p r o c a l  f u n c t i o n s  w e r e  u s e d  t o  t r a n s 
f o r m  F o r a n d  T  v a lu e s .  A m o n g  t h e m ,  ( F o r ) - 1  a n d  
( _ r ) - ° - 2 5  g iv e  t h e  m o s t  s a t i s f a c t o r y  r e s u l t s .  T a b le s  6  a n d  7 
s h o w  t h e  v a lu e s  o f  s i g n i f i c a n t  c o e f f i c i e n t s  f o r  r e g r e s s io n  
p o l y n o m i a l  t e r m s .  W e  g e n e r a l l y  o b s e r v e  f r o m  th e s e  t w o  
t a b l e s  a s  f o l l o w s .  T h e  v a lu e s  o f  t h e  c o e f f i c i e n t s  f o r  t h e  
l e a s t  s i g n i f i c a n t  h e a t  g e n e r a t i o n  a r e  s im i la r  t o  t h o s e  o f  c o r 
r e s p o n d in g  c o e f f i c i e n t s  f o r  t h e  m o d e r a t e l y  s i g n i f i c a n t  h e a t  
g e n e r a t i o n  w h i le  t h o s e  o f  t h e  m o s t  s i g n i f i c a n t  h e a t  g e n e r a 
t i o n  a r e  s o m e w h a t  d i f f e r e n t  f r o m  c o r r e s p o n d i n g  v a lu e s  f o r  
t h e  o t h e r  t w o  g r o u p s .  S u r f a c e  h e a t  a n d  m o i s t u r e  t r a n s f e r  
c o n d u c t a n c e s  g r e a t l y  i n f l u e n c e d  t h e  F o r a n d  T  v a lu e s .  T h e  
e n v i r o n m e n t a l  r e l a t i v e  h u m i d i t y  h a s  s i g n i f i c a n t  i n f l u e n c e  o n  
t h e  m o i s t u r e  lo s s  a l t h o u g h  i t  h a s  a l m o s t  n o  i n f l u e n c e  o n  t h e  
F o r v a lu e s .  T h e  r a t e s  o f  c h a n g e s  in  t h e  p r o d u c e  d e n s i t y ,  
e p \ ,  a n d  t h e r m a l  c o n d u c t i v i t y ,  e k i, h a v e  s l ig h t  i n f l u e n c e  o n  
t h e  F o r  v a lu e s .  T h e  F o r  t e n d s  t o  i n c r e a s e  w i t h  in c r e a s e  in  
e p \ a n d  t o  d e c r e a s e  w i t h  in c r e a s e  i n  e ^ .  H o w e v e r  t h e r e  a r e  
v i r t u a l l y  n o  i n f l u e n c e  o f  t h e s e  t w o  p a r a m e t e r s  o n  t h e  T  
v a lu e s .

SAMPLE APPLICATION

F R E S H  P O T A T O E S  o f  S u p e r i o r  v a r i e t y  a n d  t o m a t o e s  o f
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C O O LIN G  F R E S H  P R O D U C E . . .

A c e  v a r i e t y  a r e  s u b j e c t e d  t o  c o o l i n g  p r o c e s s e s  in  l a b o r a t o r y  
r e f r i g e r a t o r s  i n  o r d e r  t o  c o l l e c t  e x p e r i m e n t a l  d a t a  o n  t h e i r  
t h e r m a l  r e s p o n s e  a n d  m o i s t u r e  lo s s .  T h e s e  c o l l e c t e d  d a t a  
a r e  t h e n  c o m p a r e d  w i t h  r e s u l t s  o b t a i n e d  b y  u s in g  t h e  c o m 
p u t e r  p r o g r a m s  d e v e lo p e d  f o r  t h e  p r e s e n t  i n v e s t i g a t i o n .  
T h e  s a m p le  p o t a t o e s  u s e d  f o r  t h e  c o o l i n g  w e r e  p u r c h a s e d  
f r o m  a  lo c a l  f a r m  a n d  t h e  s a m p le  t o m a t o e s  w e r e  h a r v e s t e d  
a t  a n  e x p e r i m e n t a l  f a r m  i n  m id  S e p t e m b e r ,  1 9 8 0 ,  a b o u t  1 
w k  b e f o r e  i n i t i a t i n g  t h e  e x p e r i m e n t s .  T h e  t o m a t o e s  w e r e  
t r e a t e d  w i t h  e t h y l e n e  g a s  t o  s y n c h r o n i z e  t h e i r  m a t u r i t y  
s h o r t l y  a f t e r  t h e  h a r v e s t .  W h e n  t h e y  w e r e  u s e d  f o r  t h e  
e x p e r i m e n t ,  r e d  c o l o r  w a s  f u l l y  d e v e lo p e d  i n  t h e m .

T w o  c o p p e r  c o n s t a n t a n  t h e r m o c o u p l e  j u n c t i o n s ,  w h i c h  
w e r e  m a d e  f r o m  3 6  g a u g e  w ir e s ,  w e r e  c a r e f u l l y  p la c e d  
e i t h e r  a t  t h e  c e n t e r  o r  s u r f a c e  o f  e a c h  p r o d u c e  u s e d  f o r  t h e  
e x p e r i m e n t .  T h e r m o c o u p l e  w ir e  w i t h  t h i c k  i n s u l a t i o n ,  
D u o - W r a p p e d  W ire  ( T h e r m o - E l e c t r i c  C o . ) ,  is  u s e d  t o  m a k e  
t h e  j u n c t i o n  p l a c e d  a t  t h e  c e n t e r  i n  o r d e r  t o  h a v e  e n o u g h  
p h y s i c a l  s t r e n g t h  i n  p la c in g  i t  a t  t h e  c e n t e r .  T h e  j u n c t i o n s  
p l a c e d  o n  t h e  s u r f a c e  a r e  m a d e  f r o m  t e f l o n  c o a t e d  w ir e .  
P e r s o n a l  i n f o r m a t i o n  p r o v i d e d  b y  G a f f n e y  ( 1 9 8 0 )  w a s  u s e d  
f o r  e x a c t l y  p la c in g  t h e m  o n  t h e  s u r f a c e .  T h e  s a m p le s  w i t h  
t h e r m o c o u p l e s  in s t a l l e d  a r e  p l a c e d  i n  a n  i n c u b a t o r  f o r  o v e r 
n i g h t  t o  o b t a i n  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n  a n d  t h e n  
s u b j e c t e d  t o  c o o l i n g  p r o c e s s e s  e i t h e r  in  a  l a b o r a t o r y  r e f r i g 
e r a t o r  o r  in  a  f o r c e d  a i r  c o n s t a n t  t e m p e r a t u r e  c h a m b e r .  
D u r in g  t h e s e  c o o l in g  p r o c e s s e s ,  s a m p le  t e m p e r a t u r e s  a r e

r e c o r d e d  w i t h  a  d ig i t a l  r e c o r d e r  a n d  s a m p le  w e ig h t s  a r e  
m o n i t o r e d  b y  a  b a l a n c e  p l a c e d  i n  t h e  r e f r i g e r a t o r  o r  in  t h e  
c h a m b e r .  T y p i c a l  r e s u l t s  o b t a i n e d  w i t h  t h e  p o t a t o ,  w h i c h  is 
c o o l e d  i n  t h e  f o r c e d  a i r  c h a m b e r ,  a r e  s h o w n  in  F ig .  3 .  F ig . 
4  s h o w s  o t h e r  t y p i c a l  r e s u l t s  f o r  t h e  t o m a t o  c o o l e d  in  t h e  
r e f r i g e r a t o r .

T o  u t i l i z e  t h e  c o m p u t e r i z e d  p r o c e d u r e  d e v e lo p e d  i n  t h e  
p r e s e n t  i n v e s t i g a t i o n ,  t h e  t h e r m o p h y s i c a l  p r o p e r t y  v a lu e s  
a n d  t h e r m a l  r e s p o n s e  p r o p e r t y  v a lu e s  o f  t h e  s a m p le s  a r e  
r e q u i r e d .  B y  c a r e f u l l y  e x a m i n i n g  p u b l i s h e d  a r t i c l e s ,  w e  
o b t a i n  t h e s e  p r o p e r t y  v a lu e s  a s  s h o w n  in  T a b l e  8 . S in c e  
t h e r e  a r e  n o  d a t a  o n  t h e  r e s p i r a t i o n  h e a t  o f  f u l l y  r i p e n e d  
t o m a t o ,  t a b u l a t e d  c o n s t a n t s  f o r  h e a t  g e n e r a t i o n  b y  t h e  s a m 
p le  t o m a t o e s  a r e  e s t i m a t e d  f r o m  t h o s e  o f  r i p e n i n g  p r o d u c e .  
A m o n g  t h e  v a lu e s  l i s t e d  i n  t h i s  t a b l e ,  t h e  s u r f a c e  h e a t  c o n 
d u c t a n c e  a n d  t r a n s p i r a t i o n  c o e f f i c i e n t  a r e  e s t i m a t e d  b y  
u s in g  t h e  p o l y n o m i a l  e q u a t i o n s  d e v e lo p e d  t h r o u g h  t h e  
p a r a m e t r i c  a n a ly s i s  s in c e  t h e y  a r e  d e p e n d e n t  o n  c o o l i n g  
p r o c e s s e s .

T o  u s e  t h e  p o l y n o m i a l  e q u a t i o n s ,  w e  n e e d  t o  e s t i m a t e  
t h e  a v e ra g e  t e m p e r a t u r e  o f  t h e  p r o d u c e  u n d e r g o i n g  a  c o o l 
in g  p r o c e s s .  T h i s  t e m p e r a t u r e  is  e s t i m a t e d  f r o m  t h e  s u r f a c e  
a n d  c e n t r a l  t e m p e r a t u r e s  o f  a  s a m p le  as  f o l l o w s .  A c c o r d i n g  
t o  o u r  p r e l i m i n a r y  e x p e r i m e n t s ,  w e  o b s e r v e d  t h a t  t e m p e r a 
t u r e  d i s t r i b u t i o n s  i n  b o t h  t o m a t o  a n d  p o t a t o  w e r e  v i r t u a l l y  
q u a d r a t i c .  T h r o u g h  a  s im p le  a n a ly s i s ,  w e  h a v e :

T  =  ( 2  ■ c e n t r a l  t e m p  +  3  • s u r f a c e  t e m p ) / 5  ( 2 7 )

Table 4— Values o f  dimensionless parameters used for computerized simulation o f cooling processesa

Param etric values Param etric value

Sym bol L M H Sym bol L M H

U 1 -0 .0 3 8 -0 .0 7 3 - 0 .1 1 c 1 1.3 (— 5 ) 7 .6  ( - 4 ) 0 .1 0
Ub -0 .0 2 5 -0 .0 3 3 -0 .0 4 c2 0.38 0.70 1.60

u c 0.36 0 .1 0 0.017 do 3.1 ( - 5 ) 7 .9 1 -3 ) 0.61

u d 0.50 0 .8 8 1.25 dl — 5 .6 (— 5) -0 .0 1 4 - 3 .7 0

Ue 1.06 1.38 1.69 alj 7.51— 4) 0 .0 64 5.50

Ucj/ 0.36 0.06 -0 .0 3 9 boj 9 .8 (— 6 ) 2 .6 1 -3 ) 0.37

*dcjm
U //d

0.36 0.06 -0 .0 3 9 blj -2 .3 1 - 5 ) - 0 .0 1 2 - 5 .9 0

- 0 .1 0 -0 .1 5 - 0 .2 0 clj 9 -8 1 -7 ) 1 .8 1 -3 ) 0 .0 37

U/m d - 0 .0 5 -0 .0 8 - 0 .1 0 c2 j 2 .0 2 .0 2 .0
1 .1 0 1.50 1.90 doj 1 .4 (— 6 ) 4 .4 1 -3 ) 0.15

Uh/d 1 .1 0 1.50 1.90 d lj — 2 .4 (— 6 ) - 9 .2 1 - 4 ) - 0 .3 5

F ° CJ/ 3.50 1 1 0 . 3 .6 I+ 3 ) U k 10.9 8.85 6 .8 0

Focjm 3.50 1 1 0 . 3 .6 (+3) U20 0.04 0.03 0 .025

Fo//d 5.00 160. 5.0 (+3) v u/ 26.4 34.3 42 .2

^ °/m d 5.00 160. 5.0 (+3) ^ m o w 19.0 4.35 0.18
0.025 0.30 3.60 ^ q o w 7.01— 5) 1.75 0 .044

F o h/d 0.025 0.30 3.60 n qd 0.0 0.0 0.0
al 1 .5 1 -4 ) 0.013 1 .1 0 0.0 0.0 0.0
bo 2 .0 (— 6 ) 5 .2 (— 4 ) 0 .074 n m d 0.0 0.0 0.0
bl 2 .6 1 -6 ) 3 .6  (— 3 > 0.52 n m w 0.0 0.0 0.0
a S y m b o ls  L ,  M , and H rep resen t re sp e c t iv e ly  th e  least, m o d e ra te ly , and m o st s ig n if ic a n t  c o n tr ib u t io n s  o f heat g en era tio n  to  heat t ra n s fe r , i 

signed in teg e r p laced  w ith in  each p a ir o f  p aren th eses is a p o w er o f 10 w h ich  sh o u ld  be m u lt ip lie d  to  o b ta in  a p ro pe r v a lu e .

Table 5—Summary o f computer output on simulated cooling processesa

Ü

F or
or
r

Least s ign ifican t 
heat generation

M odera te ly  s ign ifican t 
heat generation

M ost s ign ifican t 
heat generation

N f range N f range Nf range

0.5 F o r 1 0.0583 0 .674 1 0.0585 0 .7 25 9 0 .1 5 2  2.10
r -3 .7 1 1 - 4 )  --0 .2 8 0 -5 .0 2 1 - 4 )  -0 .3 0 9 -0 .0 0 1 0 8  - 1 .3 6

0.1 For 1 0 .2 2 2 2.259 1 0 .225  2.38 17 0 .5 9 2  1.93
r -6 .5 2 1 - 4 )  --0 .4 8 8 -8 .4 6 1 - 4 )  -0 .5 1 0 -0 .0 0 1 9 7  - 0 .1 4 3

0 .0 2 F or 1 0.260 3.00 1 0 .298  3.15 21 0 .9 95  1.09
r -7 .0 4 1 - 4 )  --0 .5 3 0 — 9.051— 4) -0 .5 4 8 -0 .0 1 1 8  -0 .1 6 6

T h e  sy m b o l N f  s ig n ifie s  th e  n u m b er o f co o lin g  p rocesses w ith  w h ich  th e  average p ro d u ce  te m p e ra tu re  d id  n o t reach a sp e c ifie d  leve l b ecause  
o f th e  co m b in a tio n  o f p h y s ica l p ro p e rty  va lu es ch o sen  fo r  th e  s im u la t io n . T h e  F o r and  T  va lues asso c ia ted  these  p ro cesses are  no t in c lu d e d  in 
th e  ranges sh o w n  in th e  ta b le .
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T h e  a b o v e  e q u a t i o n  e s t i m a t e s  v e r y  a c c u r a t e l y  t h e  
a v e ra g e  t e m p e r a t u r e  a c c o r d in g  t o  a  s e r i e s  o f  t e s t s  p e r f o r m e d  
b y  u s in g  t e m p e r a t u r e  d i s t r i b u t i o n s  e s t i m a t e d  b y  o u r  c o m 
p u t e r  p r o g r a m s  i f  s u r r o u n d i n g  m e d iu m  t e m p e r a t u r e s  r e 
m a i n  n e a r ly  c o n s t a n t  d u r in g  c o o l i n g  p r o c e s s e s .

W e  o b t a i n  t h e  f o l l o w in g  v a lu e s  f r o m  d a t a  c o l l e c t e d  f r o m  
a  s e p a r a t e  t e s t .  T r  =  T a =  6 .2 8 ° C ,  t 2  =  6 , 5 2 0  s e c ,  W / 2  =  
0 .1 1 3  g r ,  R  =  3 .6 4  c m ,  a n d  W a =  0 .2 2 .

B y  u s in g  t h e  d e f i n i t i o n s  o f  X i , x 2 , a n d  x 5 , w e  h a v e :  x t =  
0 . 1 8 9 ,  x 2  =  — 1 .1 5 0 ,  x 5  =  —2 0 .8 .  B e c a u s e  o f  e x t r e m e l y  
l o w  r e l a t i v e  h u m i d i t y  u s e d  f o r  t h e  e x p e r i m e n t ,  t h e  v a lu e  
o f  x 5  is  o u t  o f  t h e  r a n g e  u s e d  f o r  t h e  p a r a m e t r i c  a n a ly s is .  
B y  a p p ly in g  t h e  d e f i n i t i o n s  o f  F o r  a n d  T ,  w e  h a v e :  F o r 2  =  
0 . 7 2 9  a n d  r 2  =  0 .0 7 9 .  H o w e v e r  w e  p r o c e e d  o u r  c a l c u l a 
t i o n s  s in c e  t h e  i n f l u e n c e  o f  x 5  o n  h e a t  t r a n s f e r  is  a l m o s t  
n e g l ig ib le  a n d  t h a t  o n  m o i s t u r e  lo s s  is  r e l a t i v e l y  s m a l l  f o r  
t h e  r a n g e  o f  x 5  v a lu e s  e x a m i n e d  i n  o u r  s t u d y .  B y  s e le c t in g  
t h e  c o e f f i c i e n t s  o f  F o r 2  a n d  T 2  f o r  t h e  l o w  h e a t  g e n e r a t i o n ,  
w e  h a v e :

1 / 0 .7 2 9  =  1 .1 6 4 3 2  -  0 . 0 0 1 6 8 0  • 0 .1 8 9  +  0 . 0 0 2 2 9 5  -
( - 1 . 1 5 0 )  +  0 . 8 6 3 3 5 5  • x 3  -  0 .0 2 1  1 5 3  • x 4 -------

+  0 .1 1 4 6 2 2  • x 3 4  -  0 . 0 0 2 5 6 9  • ( - 2 0 . 8 ) 3  ( 2 8 )

1 / 0 . 0 7 9 0 -25 =  2 . 2 2 1 9 7 7  -  0 . 0 0 1 0 8 2  • 0 .1 8 9  +  0 .0 0 0 2 1 8  ■
( - 1 . 1 5 0 )  +  0 . 0 4 6 2 0 6 4  • x 3  -  0 . 6 7 9 1 9 5  ■ x 4 -------

+  0 . 0 4 1 9 5 2  • x 3 4  -  0 .0 6 8 0 7 0  • ( - 2 0 . 8 ) 3  ( 2 9 )

T h e  a b o v e  e q u a t i o n s  a r e  s o lv e d  b y  u s in g  N e w to n -  
C o a t e s ’ m e t h o d  w i t h  t h e  f o l l o w in g  i n i t i a l  a p p r o x i m a t i o n s  
f o r  i n i t i a t i n g  i t e r a t i v e  c a l c u l a t i o n s :  h qod  =  0 .0 0 1 5  w /  
( c m 2 C ° )  a n d  h m o d  =  5 .0  x 1 0 ~ 8 g / ( c m 2 K p a  s e c ) .  T h e  
s o l u t i o n  o b t a i n e d  a r e :  x 3  =  0 .1 7 9 8 5  a n d  x 4  =  - 0 . 0 3 8 4 3 .  
W h e n  t h e s e  v a lu e s  a r e  c o n v e r t e d  t o  t h e  r e s p e c t iv e  d im e n 
s io n a l  q u a n t i t i e s ,  w e  h a v e :  h q o d  =  0 .0 0 2 3  a n d  h m o d  =  5 .5  
x 1 0 - 8 . B y  s t a r t i n g  w i t h  t h e s e  v a lu e s ,  w e  r e f i n e d  t h e  
p a r a m e t r i c  v a lu e s  t h r o u g h  i t e r a t i v e  c o m p u t a t i o n s  t o  m i n i 
m iz e  t h e  s u m s  o f  s q u a r e s  o f  d i f f e r e n c e s  b e t w e e n  t h e  e s t i 
m a t e d  a n d  o b s e r v e d  v a lu e s  b y  u s in g  t h e  c o m p u t e r  p r o g r a m s .  
F in a l l y  r e f i n e d  p a r a m e t r i c  v a lu e s  a r e :  h q od  =  0 .0 0 2 8  a n d  
h m od  =  1 .8  x 1 0 - 7 . T h e s e  v a lu e s  a r e  l i s t e d  i n  T a b l e  8 . 
T h e  p a r a m e t r i c  c o n s t a n t s  s h o w n  in  t h i s  t a b l e  a r e  t h e n  u s e d  
t o  e s t i m a t e  t h e  t e m p e r a t u r e  a n d  m o i s t u r e  lo s s  o f  t o m a t o e s  
i n  s e p a r a t e  e x p e r i m e n t s .  T y p i c a l  r e s u l t s  a r e  s h o w n  in  
F ig .  3 .  T h e r e  is  c lo s e  a g r e e m e n t  b e t w e e n  p r e d i c t e d  a n d  
e x p e r i m e n t a l l y  o b s e r v e d  d a t a .

W e  t r i e d  t o  e s t i m a t e  t h e  v a lu e s  o f  h qod  a n d  h m od  f o r  
c o o l i n g  t h e  t o m a t o e s  t h r o u g h  s im i l a r  c o m p u t a t i o n s .  H o w 
e v e r  i n i t i a l l y  e s t i m a t e d  v a lu e s  a r e  a l l  o u t s i d e  o f  t h e  r a n g e s  
u s e d  f o r  t h e  p a r a m e t r i c  a n a ly s i s .  T h i s  s t r o n g l y  i n d i c a t e s  t o  
u s  t h a t  t h e  r a t e  o f  r e s p i r a t i o n  h e a t  o f  t o m a t o e s  w i t h  f u l l y  
d e v e lo p e d  r e d  c o l o r  c o u ld  b e  v e r y  s m a l l  e s p e c i a l ly  w h e n  
t h e y  a r e  k e p t  o v e r n ig h t  a t  a  t e m p e r a t u r e  h ig h e r  t h a n  3 0 ° C .  
T h e r e f o r e  w e  a s s u m e d  t h a t  T h m d  =  T j,;d =  1 0 ° C  a n d  t hm d  
=  t h/d =  0 .  T h i s  a s s u m p t i o n  s ig n i f ie s  n o  h e a t  g e n e r a t e d  b y

Table 6 —Regression coefficients fo r estimating Fo r j, Fo r2 , Fo fj *

Low heat generation Medium heat generation High heat generation
Coefficient •Ho”

LL For2 T1 O
GO Fon For2 F° r3 F ° r j F ° r 2 F ° r 3

c o 3.910300 1.164321 0.892934 3.856530 1.152934 0.883182 2.542207 0.598941 0.193073
X1 -0.010816 -0.001680 -0.001056 -0.010693 -0.001647 -0.001030 -0.007412 -0.000858 -0.000277
x2 0.012324 0.002295 0.001342 0.012243 0.002551 0.001732 0.012934 0.002209 0.000891
x3 3.005669 0.863355 0.660460 3.013170 0.864865 0.661574 3.076038 0.832733 0.467152
x4 -0.073738 -0.021153 -0.018412 -0.099295 -0.026537 -0.022435 -0.174339 0.005494 -0.022427
x5 0.001808 0.001427 0.001805 0.001819 0.001427 0.001808 0.001092 0.001235 0.001729

xl ' xl 0.000171 -0.000266 -0.000248 0.000224 -0.000244 -0.000227 0.001857 -0.001284 -0.003230
xr x3 -0.000172 -0.001061 -0.000672 -0.007206 -0.001076 -0.000683 -0.007187 -0.000973 -0.000375
x2'x2 0.000178 -0.000152 -0.000234 -0.000034 -0.000378 -0.000360 0.001588 -0.001240 -0.003230
x2 ‘x3 0.013027 0.002195 0.001098 0.012945 0.002613 0.001579 0.013718 0.002557 0.001206
x3'x3 0.843684 0.194620 0.144123 0.848679 0.195579 0.144964 0.944174 0.255150 0.242850
x3'x4 0.010770 0.003397 0.002627 0.015954 0.004103 0.002861 0.049657 -0.016218 -0.018462
x4 -x4 -0.042444 -0.012219 -0.010509 -0.580041 -0.015547 -0.012766 -0.088726 -0.044183 -0.003230

x3'x3'x3 0.114622 0.014674 0.009214 0.111560 0.014047 0.008731 0.049564 -0.000614 0.020882
x4 ‘x4'x4 -0.009358 -0.002569 -0.002149 -0.012864 -0.003218 -0.002543 -0.016259 -0.021712 0.003965

r2 0.999997 0.999910 0.999862 0.999996 0.999923 0.999884 0.999682 0.997741 0.968367

*  T a b u la te d  c o e f f ic ie n ts  are for computing l/F o r¡ (i = 1, 2 , o r 3 ) . S u b sc r ip ts  1 , 2 , 3 s ig n ify  F o  o r T  va lu es a p p lic a b le  to  average p ro d u ce  tem per«
tu re s  o f 0 .5 , 0 . 1 , and 0 . 0 2  respectively.

Table 7—Regression Coeffic ient for estimating r 2, r 2, end  r 3
*

Low heat generation Medium heat generation High heat generation

Coefficient r l r 2 r 3 IT r 2 r 3 IT r 2 r 3

c o 2.557997 2.221977 2.180138 2.364127 2.076072 2.041941 1.678860 1.213386 0.721926
X 1 -0.001657 -0.001082 -0.000994 -0.001537 -0.001032 -0.000960 -0.001081 -0.000570 -0.000326
x2 0.000045 0.000218 0.000208 -0.000084 0 . 0 0 0 1 2 0 0.000161 0.000327 0.000284 0.000192
x3 0.545825 0.462064 0.450992 0.520889 0.444864 0.435559 0.969279 1.314122 1.270405
x4 -0.783595 -0.679195 -0.666405 -0.731571 -0.640259 -0.629668 -0.831717 -0.231766 -0.433364
x5 0.013335 0.022575 0.026851 0.009256 0.016452 0.019838 0.004596 0.008329 0.007845

X1 * X 1 -0.000539 -0.000677 -0.000800 -0.000416 -0.000481 -0.000553 0.004055 0.007246 -0.012077
X p ’X p -0.000521 -0.000643 -0.000780 -0.000436 -0.000511 -0.000588 0.004033 0.007251 -0.012077
X3 X3 -0.107304 -0.095169 -0.094632 -0.098015 -0.087165 -0.086707 -0.054482 -0.36014 0.231431
X3 X4 -0.168659 -0.143802 -0.140054 -0.155274 -0.134479 -0.131557 0.017049 -0.367302 -0.356754
x4 *x4 0.310673 0.269771 0.264371 0.286395 0.251660 0.247358 0.234111 0.135045 -0.012077

x3'x3'x3 0.046724 0.041952 0.041046 0.040939 0.037757 0.037078 -0.053099 -0.127723 -0.122198
x4 -x4 -x4 -0.078249 -0.068070 -0.066795 -0.072520 -0.063725 -0.062688 -0.023758 -0.135536 0.076610

r 2 0.999848 0.999813 0.999787 0.999884 0.999863 0.999846 0.989135 0.965852 0.895127

*  T a b u la te d  c o e f f ic ie n ts  are  fo r  c o m p u tin g  ( T ¡ )  ®'2 8  (¡ = l ,  2 , o r 3 )
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C O O LIN G  F R E S H  P R O D U C E . . .

t h e  s a m p le  t o m a t o .  T h e  v a lu e s  o f  h qod  a n d  h m o d  a r e  i t e r a 
t i v e ly  e s t i m a t e d  b y  u s in g  t h e  c o m p u t e r  p r o g r a m s .  T h e  e s t i 
m a t e d  v a lu e s  a r e :  h q o d  =  0 .0 0 1 7  a n d  h m o d  =  3 .0  x 1 0 ~ 7 . 
T h e s e  e s t i m a t e d  v a lu e s  a r e  s h o w n  in  T a b le  8 . F in a l l y  a l l  
t a b u l a t e d  v a lu e s  a r e  u s e d  t o  e s t i m a t e  t h e  c o o l i n g  p e r f o r m 
a n c e  o f  a n o t h e r  t o m a t o .  F ig . 4  s h o w s  t y p i c a l  r e s u l t s  o b 
t a i n e d .  T h e r e  is  e x c e l l e n t  a g r e e m e n t  in  t h e  v a lu e s  p r e d i c t e d  
a n d  o b s e r v e d .  T h e  d e t e r m i n e d  s u r f a c e  h e a t  c o n d u c t a n c e s  
a r e  w i t h in  t h e  r a n g e  o f  v a lu e s  a p p l i c a b l e  t o  t h e  c o o l in g  
p r o c e s s e s  o f  s im i la r  p r o d u c e  ( A r c e  a n d  S w e a t ,  1 9 8 0 ) .  
A c c o r d i n g  t o  S a s t r y  e t  a l . ( 1 9 7 8 ) ,  t h e  l i t e r a t u r e  v a lu e s  o f  
t r a n s p i r a t i o n  c o e f f i c i e n t  a p p l i c a b l e  t o  c u r e d  p o t a t o e s  a r e  
b e t w e e n  4  x 1 0 ~ 8  ( g / ( c m 2 s e c  K p a ) )  a n d  7  x 1 0 ~ 8 . O u r  
v a lu e  is  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  u p p e r  l i m i t  o f  th i s  
l i t e r a t u r e  v a lu e .  E x t r e m e l y  lo w  r e l a t i v e  h u m i d i t y  u s e d  f o r  
o u r  e x p e r i m e n t  c o u ld  b e  a  c a u s e  f o r  t h i s  d i f f e r e n c e .  O n  t h e  
o t h e r  h a n d ,  o u r  v a lu e  o f  t h e  c o e f f i c i e n t  f o r  c o o l i n g  t o m a 
t o e s  is  c l o s e  t o  t h e  l i t e r a t u r e  v a lu e s  w h i c h  r a n g e  f r o m  4 .0  x 
1 0 “ 7  t o  7 .8  x 1 0 " 7 .

Fig. 3—Average temperature and moisture loss o f Superior potato 
exposed to a 22% relative hum id ity forced air. A  = a ir temperature, 
E  =  observed curve, and p = predicted curve.

E s t i m a t e d  a n d  o b s e r v e d  c e n t r a l  a s  w e l l  a s  s u r f a c e  t e m 
p e r a t u r e s  a r e  n o t  p r e s e n t e d  i n  F ig .  1 a n d  2  t o  a v o id  t h e  
c o m p l e x i t y .  W e  o b s e r v e  t h a t  t h e r e  a r e  le s s  t h a n  1 C  d i f f e r 
e n c e s  b e t w e e n  e x p e r i m e n t a l l y  d e t e r m i n e d  a n d  t h e o r e t i c 
a l ly  c o m p u t e d  t e m p e r a t u r e s  a p p l i c a b l e  t o  e i t h e r  o n e  o f  
t h e s e  t w o  l o c a t i o n s .

DISCUSSION & CONCLUSION
T O  D E V E L O P  t h e  m a t h e m a t i c a l  m o d e l ,  r e a l i s t i c  r a t e s  f o r  
t h e  r e s p i r a t i o n  h e a t  g e n e r a t i o n  a r e  a s s u m e d  b y  c a r e f u l l y  
e x a m i n i n g  t h e  p u b l i s h e d  i n f o r m a t i o n  o n  t h e  p h y s i o l o g i c a l  
r e s p o n s e  o f  f r e s h  p r o d u c e  t o  t e m p e r a t u r e .  I n  a d d i t i o n ,  
t e m p e r a t u r e  v a r i a b l e  d e n s i t y  a n d  t h e r m a l  c o n d u c t i v i t y  a r e  
a s s u m e d .  I n  o u r  k n o w le d g e ,  t h e r e  is  n o  c o m p a r a b l e  a s s u m p 
t i o n s  u t i l i z e d  f o r  t h e  a n a ly s i s  o f  h e a t  t r a n s f e r  i n  f r e s h  p r o 
d u c e  i n  t h e  p u b l i s h e d  a r t i c l e s  e x c e p t  o n e  p u b l i s h e d  b y  t h e  
s e n i o r  a u t h o r  a n d  a n o t h e r  b y  G a f f n e y  e t  a l .  ( 1 9 8 0 ) .  T h e  
l a t t e r  a u t h o r s  a s s u m e d  t h a t  a  t e r m  c o r r e s p o n d i n g  t o

Time (sec)

Fig. 4—Average temperature and moisture loss o f Ace  tomato ex
posed to a 85% relative hum id ity still air. A  -  air temperature, E  = 
observed curve, and P  = predicted curve.

Table 8—Parametric values used for computerized simulation o f  cooling potatoes and tomatoes

Symbol Unit Potato Tomato Symbol Unit Potato Tomato

CP g/(gc°) 3.46 4.00 C 2 C° 43.3 24.4
ko W/(cmC°) 0.0054 0.0051 dl W/(cm3 C°) - 1 .50(—5) -3 .3 1 -5 )
kl W/(cmC°2 ) 9 (—6 ) 9 ( - 6 ) do W/cm3 8.35(—5) 3.671-4)
Po g/cm3 1.0043 1.0643 T//d °C - 0 . 6 -0 .5
p  1 g/(cm3 C°) -0.00041 -0.00041 °C - 0 . 6 -0 .5
hqod W/(cm2 C°) 0.0028 0.0017 "̂ cjm °C 1.7 4.4
nqd - 0 0 T Cj / °C 0 0

hqow W/(cm2 C°) 0.0028 0.0017 Thmd °C 46.1 1 0 *
nqw - 0 0 ^h/d °C 48.9 1 0 *
hmod g/(cm3 skp) 1 .8 (—7) 3.0 (—7 ) Via sec 604,800 604,800
n md — 0 0 sec 604,800 604,800
hfnow g/(cm2 skp) K - 4 ) 3 (-4) tcjm sec 259,200 259,200
nmw — 0 0 tcj/ sec 259,200 259,200
T i °C 0 0 thmd sec 600 0 *
T b °C 1 . 1 2 . 2 tfild sec 600 0 *
T c °c 4.4 4.4 a 1 j W/(cm3 C°) 6.39I—6 ) 1.21 (-5 )
T d °c 37.8 32.2 b1 j W/(cm3 C°) -5 .331-7) -6 .0 31 -6 )
T e °c 43.3 43.3 W/cm3 3.551-6) 2.681-5)
3 1 W/(cm3 C°) 3 . 2 0  (—6 ) 6.03(—6) C|j W/cm3 1.771-6) 1.341-5)
bl W/(cm3 C°) 3.20(—6 ) 6.03I—6) c 2 j C° 88.9 55.6
bo W/cm3 3.55(—6 ) 1.34 (-5 ) dlj W/(cm3 C°) -7 .581-7) —3.81 (—6 )
C 1 W/cm3 1.421-5) 2 .6 8 (—5) doj W/cm3 4.211-6) 4.241-5)
*

See the  t e x t  fo r  a reason o f using these va lu es .
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k i ( 9 ï / 9 r ) 2  i n  E q  ( 1 )  w a s  n e g l ig ib le .  T h i s  a s s u m p t i o n  c o u ld  
b e  v a l id  f o r  a  l o w  t o  m o d e r a t e  r a t e  o f  c o o l i n g  s in c e  w e  h a v e  
a  s m a l l  t e m p e r a t u r e  g r a d i e n t  i n  t h i s  c a s e .  B e c a u s e  o f  t h e  
r e a l i s t i c  n a t u r e  o f  t h e  m o d e l ,  t h e  c o m p u t e r  p r o g r a m s ,  
w h i c h  a r e  o b t a i n e d  f r o m  i t ,  c o u l d  b e  u s e d  f o r  t h e  p r e l i m i 
n a r y  e x a m i n a t i o n  o f  i n t e r r e l a t i o n s h i p  b e t w e e n  t h e  t h e r m a l  
r e s p o n s e  a n d  p h y s i o l o g i c a l  a c t i v i t y  o f  s p h e r i c a l  f r e s h  p r o 
d u c e  p r o v i d e d  t h a t  i t  is  r e a s o n a b l y  h o m o g e n e o u s .

T h e  m o d e l ,  w h i c h  is  r e p r e s e n t e d  w i t h  a  h e a t  c o n d u c t i o n  
e q u a t i o n ,  m a y  b e  s o lv e d  b y  u s in g  a  p r o p e r  f i n i t e  d i f f e r e n c e  
m e t h o d .  H o w e v e r ,  t h e  f i n i t e  e l e m e n t  m e t h o d  is  u s e d  f o r  
t h e  p r e s e n t  i n v e s t i g a t i o n  s in c e  t h i s  m e t h o d  m a y  e a s i ly  
a c c o m o d a t e  d i f f e r e n t  i n t e r v a l s  f o r  s u b d i v i d i n g  o n e  r a d i a l  
l e n g t h .  A c c o r d i n g  t o  M is ra  a n d  Y o u n g  ( 1 9 7 9 ) ,  t h e y  o b 
t a i n e d  a c c u r a t e  s o l u t i o n s  w h e n  t h e  n u m b e r  o f  s u b d i v i d e d  
e l e m e n t s  is  a s  s m a l l  a s  1 0  t o  s o lv e  t h e i r  h e a t  c o n d u c t i o n  
e q u a t i o n  a p p l i c a b l e  t o  a  s p h e r i c a l  b o d y .  H o w e v e r ,  2 8  
e l e m e n t s  a r e  r e q u i r e d  i n  o u r  c a s e  f o r  a  v e r y  h ig h  r a t e  o f  
h e a t  g e n e r a t i o n  a n d  f o r  a  m o d e r a t e l y  la r g e  B i v a lu e .  T h i s  
d i f f e r e n c e  c o u l d  b e  d u e  t o  t h e  f a c t  t h a t  n o  i n t e r n a l  h e a t  
g e n e r a t i o n  w a s  a s s u m e d  i n  t h e i r  a n a ly s is .

T h e  p o l y n o m i a l  e q u a t i o n s  o b t a i n e d  t h r o u g h  t h e  p a r a 
m e t r i c  a n a ly s i s  c o u l d  p r o v i d e  u s e f u l  m e a n s  f o r  e s t i m a t i n g  
t h e  t h e r m a l  r e s p o n s e  a n d  m o i s t u r e  lo s s  o f  s p h e r i c a l  p r o 
d u c e  w h e n  o n e  h a s  r e l i a b l e  p h y s i c a l  p r o p e r t y  v a lu e s  a n d  
p a r a m e t r i c  c o n s t a n t s  f o r  t h e  r e s p i r a t i o n  h e a t  g e n e r a t i o n  
e s p e c i a l l y  w h e n  t h e r e  a r e  s l ig h t  o r  m o d e r a t e  c o n t r i b u t i o n s  
o f  h e a t  g e n e r a t i o n  t o  h e a t  c o n d u c t i o n  in  t h e  p r o d u c e .  W h e n  
t h i s  c o n t r i b u t i o n  is  h ig h ,  t h e  p o l y n o m i a l  e q u a t i o n s  a r e  
n o t  r e l i a b l e  s in c e  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  p r o d u c e  
d o e s  n o t  r e a c h  t h e  s p e c i f i e d  le v e ls  i n  t h i s  c a s e .

I n  c o n c l u s i o n ,  t h e  c o m p u t e r i z e d  p r o c e d u r e s  a r e  d e v e l 
o p e d  f o r  p r e d i c t i n g  t h e  t h e r m a l  r e s p o n s e  a n d  m o i s t u r e  lo s s .  
F o r  t h i s  d e v e l o p m e n t ,  t h e  t i m e  v a r i a b l e  a n d  t e m p e r a t u r e  
v a r i a b l e  r a t e s  o f  h e a t  g e n e r a t i o n  a r e  a s s u m e d .  T h e  c o m 
p u t e r i z e d  p r o c e d u r e s  a r e  u s e d  f o r  t h e  p a r a m e t r i c  a n a ly s i s  
t o  e x a m i n e  t h e  i n f l u e n c e  o f  f iv e  s e l e c t e d  d im e n s i o n le s s  
g r o u p s  w h i c h  a r e  a s s o c i a t e d  w i t h  t h e  r a t e s  o f  c h a n g e s  in  
t h e r m a l  c o n d u c t i v i t y  a n d  i n  d e n s i t y ,  s u r f a c e  h e a t  c o n d u c t 
a n c e ,  t r a n s p i r a t i o n  c o e f f i c i e n t ,  a n d  e n v i r o n m e n t a l  r e l a t i v e  
h u m i d i t y .  A m o n g  t h o s e  f iv e ,  t h e  s u r f a c e  h e a t  c o n d u c t a n c e  
a n d  t r a n s p i r a t i o n  c o e f f i c i e n t  s t r o n g l y  i n f l u e n c e  t h e  t h e r m a l  
r e s p o n s e  a n d  m o i s t u r e  lo s s  o f  p r o d u c e .  S a m p le  a p p l i c a t i o n s  
o f  t h e  c o m p u t e r i z e d  p r o c e d u r e  a n d  o f  t h e  p o l y n o m i a l  
r e g r e s s i o n  e q u a t i o n s  a r e  p r e s e n t e d  t o  p r e d i c t  t h e  t e m 
p e r a t u r e  a n d  m o i s t u r e  lo s s  o f  f r e s h  p o t a t o e s  a n d  t o m a t o e s ,  
w h i c h  a r e  u n d e r g o i n g  c o o l i n g  p r o c e s s e s .

APPENDIX A
Finite element equations

S in c e  t h e  f i n i t e  e l e m e n t  e q u a t i o n s  o f  t h e  d im e n s i o n a l  
h e a t  c o n d u c t i o n  e q u a t i o n ,  E q  ( 1 ) ,  is  s im i la r  t o  t h o s e  o f  t h e  
d im e n s i o n l e s s  e q u a t i o n ,  E q  ( 1 6 ) ,  o n l y  t h e  f o r m e r  o n e s  a r e  
g iv e n  b e lo w .

G a l e r k i n ’s m e t h o d  is  a p p l i e d  t o  a  f i n i t e  e l e m e n t ,  w h o s e  
n o d a l  v a lu e s  a r e  r e p r e s e n t e d  w i t h  s u b s c r i p t s  1  a n d  2 .

I><

9 T
-  c p p  —  > r 2 d r  =  0  ( a l )

9 t
w h e r e  I j  is  t h e  f o l l o w in g  l i n e a r  i n t e r p o l a t i o n  f u n c t i o n .

I i  =  ( r 2  -  r ) / ( r 2  -  r j )  a n d  I 2  =  ( r  — r t ) / ( r 2  -  ) ( a 2 )
T h e  i n t e g r a t i o n  o f  t h e  f i r s t  t e r m  b e c o m e s :

/J  r i

9 2 T  9 T
L ; r 2 k --------d r  =  L ; r 2 k  —

9 r 2  9 r

r2

r -/,2 9  9 T
—  ( L : r 2 k ) —  d r  
9 r  d r

( a 3 )

T h e  f i r s t  t e r m  o f  t h e  r i g h t  s id e  o f  E q  ( a 3 )  b e c o m e s  e q u a l  
t o  n i l  f o r  a l l  e l e m e n t s  e x c e p t  o n e  h a v in g  a  b o u n d a r y  n o d a l  
p o i n t ,  a t  w h e r e  t h e  b o u n d a r y  c o n d i t i o n ,  E q  ( 3 )  o r  ( 4 ) ,  
is  i n t r o d u c e d .  B y  p e r f o r m i n g  i n t e g r a t i o n  a s  d e s c r i b e d  in  
m o s t  r e f e r e n c e  b o o k s  o n  f i n i t e  e l e m e n t  a n a ly s i s ,  w e  o b t a i n  
t h e  f o l l o w in g  e q u a t i o n s .

9 T r .
6 0  1

C p ( r 2 - r i )  m 1 m 3 - m 2

V ,

c p ( m 1 m 3 -  m 2)  ( V 2) c p ( m ! m 3  -  m | )

6 0 <

i - n i 2 S l
{ m jS  /fc]

—m2 - m 3 m 2 + m 3 1 " P i - P i "

_ m i + m 2 I 3 I 3 OJ I__ 1 2 ( r 2  -  r3)2 _P2 - P2_

>
T :

5 k ,
(T t - T 2)2Cp(m !m3 -  m 2)

(  m 3 A — m 2 B ■ )
I — m2A + mjB j

w h e r e
A  =  3 r t 2  +  2 r j r 2  +  r 2 2  B  =  r j 2  +  2 r j r 2  +  3 r 2 2  

m j  =  l O r ^ p c T j )  +  2 ( 2 r ]1 r 2 p ( T 1 ) +  r t 2 p ( T 2 ))  
+  r 2 2 p ( T ! ) +  2 r ! r 2 p ( T 2 ) +  r 2 2 p ( T 2 ) 

m 2  =  2 r 1 2 p ( T 1 ) +  2 r 1 r 2 p ( T 1 ) +  r j 2 p ( T 2 )
+  r 2 2 p ( T 1 ) +  2 r j r 2 p ( T 2 ) +  2 r 2 2 p ( T 2 ) 
m 3  = r 1 2 p ( T 1 ) +  2 r 1 r 2 p ( T 1 )  +  r 1 2 p ( T 2 )

+  2 ( r 2 2 p ( T  ! )  +  2 r i r 2 ( T 2 ) +  1 0 r 2 2 p ( T 2 ) )

S =  R 2  <  h q o  ( — l ) * ( |T a — T 2  | ) n g + 1  

T a +  2 7 3 .1 5

( a 4 )

( a 5 )

( a 6 )

( a 7 )

( a 8 )

- L h m o  ( - 1 ) 1  ( |P _
T 2  +  2 7 3 .1 5

V i  = m 3 [ J 1 Q ( T 1 ) +  J 2 Q ( T 2 )]  
— m 2  [ J 2 Q ( T j ) +  J  3 Q ( T 2  ) ]

V 2  =  - m 2 [ J 1 Q ( T 1 ) +  J 2 Q ( T 2 )] 
+  m 1 [ J 2 Q ( T 1 ) +  J 3 Q ( T 2 )]

Jj = 12r j 2 + 6r!r2 + 2r2 2

P a |) n m + i >  ( a 9 )

( a l O )

( a l l )

J 3  =  2 r j 2  +  6 r j r 2  +  1 2 r 2 2

J 2  =  3 r j 2  +  4 r t r 2  +  3 r 2 2 ( a l 2 )

P i  = - m 3 A [ k ( T 1 ) - k ( T 2 ) ]  +  m 2 B [ k ( T 1 ) - k ( T 2 ) h  
P 2  = m 2 A [ k ( T 1 ) - k ( T 2 ) ]  - m i B [ k ( T ! ) - k ( T 2 ) ]  J

F  =  —  ( 2 r 1 2 k ( T 1 ) +  2 r 2 2 k ( T 2 ) +  ( r 1  + r 2 ) 2  [ k ( T i )  12 \  x 
+  k ( T 2 ) ] j

( a  13  )

( a l  4 )

I t  s h o u l d  b e  n o t e d  t h a t  t h e  f i r s t  t e r m  in  t h e  r i g h t  s id e  o f  
E q  ( a 3 )  a p p e a r s  o n l y  i n  t h e  o u t m o s t  b o u n d a r y  e l e m e n t .

—Continued on next page
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C O O LIN G  F R E S H  P R O D U C E . . .

A n a l y t i c a l  s o l u t i o n  f o r  h e a t  c o n d u c t i o n  
i n  a  s p h e r i c a l  b o d y

W h e n  h e a t  is  g e n e r a t e d  a t  a  c o n s t a n t  r a t e ,  Q , a n d  w h e n  
t h e r e  a r e  t h e  f o l l o w in g  b o u n d a r y  a n d  i n i t i a l  c o n d i t i o n s ,  o n e  
m a y  e a s i ly  d e r iv e  a n  a n a l y t i c a l  s o l u t i o n  f o r  e s t i m a t i n g  a 
t r a n s i e n t  s t a t e  t e m p e r a t u r e  d i s t r i b u t i o n  i n  a  s p h e r e .

v =  1.0 when F0  =  0 and 0 <  77 <  1 ( b l ) H q o

9v H m o

— =  0 at 77 =  0 f o r  F 0  >  0 
d ri

( b 2 ) hqr

d v ljJ 1 , J— =  B iv  at 77 =  1 f o r  F 0  >  0 3t? ( b 3 )

E q  ( b 3 )  a s s u m e s  t h a t  t h e r e  is  c o n v e c t i v e  h e a t  e x c h a n g e  
b e t w e e n  t h e  s p h e r i c a l  s u r f a c e  a n d  s u r r o u n d i n g  m e d iu m  
w h o s e  t e m p e r a t u r e  is  k e p t  a t  z e r o .  T h e  f o l l o w in g  s o l u t i o n  
is  d e r i v e d  b y  u s in g  a  s u p e r p o s i t i o n  t h e o r e m  ( C a r s l a w  a n d  
J a e g e r ,  1 9 5 9 ) .

Q , . 2 °°
v  =  ------  \B i(  1 — t?2 ) +  2 }  + — 2  e x p ( — (3n2Fo) •

6  B i n  n= i
f in 2 +  (B i  — 1 ) 2  1

f i n 2 +  B i( B i  -  1 )  f t ,  3
■ s in  ( p n T)) ' s in  )3n

[ > - 6 2 tBi ( —  + — )} 
P n Z  B i

B i ( b 4 )

O p t i m u m  n o d a l  v a lu e s  o f  e t a
T h e  n o d a l  v a lu e s  o f  a  n o r m a l i z e d  l o c a t i o n  v a r i a b l e ,  7 7 , 

f o r  t h e  o p t i m u m  f i n i t e  e l e m e n t  s u b d i v i s io n  a r e  o b t a i n e d  
a f t e r  a  s e r i e s  o f  c o m p u t a t i o n a l  e x p e r i m e n t s .  T h e s e  v a lu e s  
a r e :  0 .0 ,  0 .0 2 5 ,  0 . 0 5 ,  0 .1 ,  0 .1 5 ,  0 .2 ,  0 .2 5 ,  0 .3 0 ,  0 . 3 5 ,  0 .4 ,  
0 .4 5 ,  0 .5 ,  0 .5 5 ,  0 .6 ,  0 .6 5 ,  0 .6 7 5 ,  0 .7 ,  0 . 7 2 5 ,  0 .7 5 ,  0 .7 7 5 ,  
0 .8 ,  0 . 8 2 5 ,  0 .8 5 ,  0 . 8 7 5 ,  0 .9 ,  0 . 9 2 5 ,  0 . 9 7 5 ,  a n d  1 .0 .

A P P E N D IX  B  -  N O M E N C L A T U R E
A  E x p r e s s io n  d e f i n e d  b y  E q  ( a 5 ) .
a j  R a t e  o f  c h a n g e s  in  h e a t  g e n e r a t i o n  w i t h  r e s p e c t  t o

p r o d u c e  t e m p e r a t u r e s  w h e n  t h e y  a r e  w i t h i n  T ; 
a n d  T b [ W / ( c m 3 C ° ) ] .

B  E x p r e s s io n  d e f i n e d  b y  E q  ( a 5 )
B i B io t  n u m b e r  =  h q R / k ,  w h e r e  h q a n d  k  a r e  a s s u m e d

t o  b e  i n v a r i a b le .
B ir M o d i f i e d  B io t  N u m b e r  =  h q r R / k r . 
b ( S im i l a r  t o  a ^  T h i s  is  a p p l i c a b l e  t o  p r o d u c e  t e m 

p e r a t u r e s  b e t w e e n  T b a n d  T c [ W / ( c m 3 C ° ) )  
b Q R a t e  o f  h e a t  g e n e r a t i o n  a t  T b ( W / c m 3 ) 
c p S p e c i f i c  h e a t  o f  p r o d u c e  [ J o u l e / ( g C ° ) ]
C j R a t e  o f  h e a t  g e n e r a t i o n  a t  T c ( w / c m 3 )
c 2  C o n s t a n t  u s e d  in  o n e  o f  E q  ( 9 )  ( C ° )

S im i l a r  t o  a j .  T h i s  is  a p p l i c a b l e  t o  p r o d u c e  t e m 
p e r a t u r e s  b e t w e e n  T d a n d  T e [ W / ( c m 3 C ° ) l  

d Q R a t e  o f  h e a t  g e n e r a t i o n  a t  T d ( W / c m 3 ).
E  j , E 2 , E 4  C o n s t a n t s  u s e d  in  E q  1 0 , 1 2 ,  a n d  1 4  r e s p e c 

t i v e ly  ( 1  / s e c ) .
F  E x p r e s s io n  d e f i n e d  b y  E q  ( a  1 3 ) .
F o  F o u r i e r  n u m b e r  =  a t / R 2 , w h e r e  a  is  a s s u m e d  t o  

b e  i n v a r i a b l e
F o r M o d i f i e d  F o u r i e r  n u m b e r  =  a r t / R 2

F o a d , F o ,m d ,  F o cj;, F o cjm , F o h m d , F o h/d v a lu e s  o f  m o d i 
f i e d  F o u r i e r  n u m b e r ,  w h i c h  c o r r e s p o n d  t o  t ’s 
w i t h  s a m e  s u b s c r ip t s .

8 k — b /  k r
gp = P/Pr
h qo  C o n s t a n t  f o r  e s t i m a t i n g  s u r f a c e  h e a t  c o n d u c t a n c e .

k „ ,  k ,

E q j L j

N f
P

F o r  a  f o r c e d  c o n v e c t i v e  h e a t  e x c h a n g e  p r o c e s s ,  
t h i s  is  e q u a l  t o  s u r f a c e  h e a t  c o n d u c t a n c e  s in c e  
n q =  0 [ W / ( c m 2 C ° ) ]
C o n s t a n t  f o r  e s t i m a t i n g  t h e  t r a n s p i r a t i o n  c o e f f i 
c i e n t .  F o r  a  f o r c e d  c o n v e c t i v e  m a s s  e x c h a n g e  p r o c 
e s s ,  t h i s  is  e q u a l  t o  t h e  t r a n s p i r a t i o n  c o e f f i c i e n t  
s in c e  n m =  0  [ g / ( c m 2 s e c  k p a ) ] .
=  h q r R  • ¡U a r | - n q / k r  
=  L r  h m o  R  P  r n m  + 1  / [  k r ( T 0  — T r )]
=  h m o  O T a r — T r |) n q  S u r f a c e  h e a t  c o n d u c t a n c e  
w h e n  s u r r o u n d i n g  m e d iu m  t e m p e r a t u r e  is  Taj. 
a n d  p r o d u c e  s u r f a c e  t e m p e r a t u r e  is  e q u a l  t o  T r . 
L in e a r  i n t e r p o l a t i o n  f u n c t i o n .  S e e  e q s .  a 2 .

T h e r m a l  c o n d u c t i v i t y  o f  p r o d u c e  w h i c h  is  l i n e a r ly  
r e l a t e d  t o  p r o d u c e  t e m p e r a t u r e ,  k  =  k G +  k j T  
[ W / ( c m C ° ) l .
S e e  k  f o r  t h e i r  d e f i n i t i o n s .  

k ( T j ) ,  k ( T 2 ) V a lu e s  o f  k  a t  T j  a n d  T 2 r e s p e c t i v e ly  [W / 
( c m C ° ) ] .

L  L a t e n t  h e a t  o f  m o i s t u r e - v a p o r i z a t i o n ,  w h i c h  is
l i n e a r ly  r e l a t e d  t o  p r o d u c e  t e m p e r a t u r e .  L  =  
L 0 +  L j T  ( J o u l e / g ) .
S e e  L  f o r  t h e i r  d e f i n i t i o n ,  

m j ,  m 2 , m 3 E x p r e s s io n s  d e f i n e d  b y  E q  ( a 6 ) ,  ( a 7 )  a n d  ( a 8 )  
r e s p e c t i v e ly .

n m , n q C o n s t a n t s  u s e d  f o r  e s t i m a t i n g  s u r f a c e  h e a t  c o n 
d u c t a n c e  o r  t r a n s p i r a t i o n  c o e f f i c i e n t .
S e e  T a b le  5 .
W a te r  v a p o r  p r e s s u r e  ( K p a )

P j , p 2 E x p r e s s io n s  d e f i n e d  b y  ( a  1 3 ) .
Q ( T , t )  R a t e  o f  h e a t  g e n e r a t i o n  p e r  u n i t  v o l u m e  o f  p r o 

d u c e .  T h i s  r a t e  is  g e n e r a l l y  a  f u n c t i o n  o f  p r o d u c e  
t e m p e r a t u r e  a n d  t i m e  m e a s u r e d  f r o m  t h e  h a r v e s t  
( W / c m 3 ).

Q O U  Q ( T 2 ) T h e  v a lu e s  o f  Q  a t  T j  a n d  T 2 r e s p e c t i v e ly  
( W / c m 3 ).

Q e E q u i l i b r i u m  r a t e  o f  h e a t  g e n e r a t i o n  ( W / c m 3 )
Q a , Qc> Qo> Q 2 » Q 4  C o n s t a n t s  u s e d  in  E q  ( 1 0 ) ,  ( 1 1 ) ,  ( 1 2 )  

a n d  ( 1 4 ) .
q ( u ,  F o r ) =  R 2 Q ( T , t ) / ( k r ( T 0 — T r )
R  R a d iu s  o f  s p h e r i c a l  p r o d u c e  ( c m ) ,
r  R a d ia l  v a r i a b le  ( c m ) ,
r j , r t N o d a l  v a lu e s  o f  f i n i t e  e l e m e n t  ( c m ) ,  
r h  R e l a t i v e  h u m i d i t y  ( f r a c t i o n ) .
S E x p r e s s io n  d e f i n e d  b y  E q  ( a 8 ) .
T  T e m p e r a t u r e  ( ° C ) .
T b , T c , T d , T e , T ;  P r o d u c e  t e m p e r a t u r e s  w h ic h  d e f i n e  a p 

p l i c a b l e  r a n g e s  o f  t e m p e r a u r e s  t o  e s t i m a t e  t h e  r a t e  
o f  h e a t  g e n e r a t i o n .  S e e  E q  ( 9 )  ( ° C ) .

Tfld> T /m d  C o ld  i n a c t i v a t i o n  t e m p e r a t u r e s  w h i c h  a r e  a p p l i c 
a b l e  t o  t h e  lo c a l  a n d  a v e ra g e  p r o d u c e  t e m p e r a t u r e s  
r e s p e c t i v e ly .  T h e  l o c a l  t i s s u e  is  i n a c t i v a t e d  w h e n  
l o c a l  p r o d u c e  t e m p e r a t u r e  is  h e ld  a t  o r  l o w e r  t h a n  
T ad  f o r  t sd  s e c . o r  l o n g e r .  S im i l a r ly ,  t /m d  is  r e 
l a t e d  t o  T /m d  ( ° C ) .

T cy , T cjm  C o ld  i n j u r y  t e m p e r a t u r e s  w h i c h  a r e  r e s p e c t i v e ly  
a p p l i c a b l e  t o  l o c a l  a n d  a v e r a g e  p r o d u c e  t e m p e r a 
t u r e s .  C o ld  i n j u r y  t i m e s  t cy  a n d  t ^  a r e  r e s p e c 
t i v e ly  a s s o c i a t e d  w i t h  T cj/ a n d  T cjm ( C ).

Thid> T b m d  T h e r m a l  i n a c t i v a t i o n  t e m p e r a t u r e s  w h ic h  a r e  
r e s p e c t i v e ly  a p p l i c a b l e  t o  l o c a l  a n d  a v e r a g e  p r o 
d u c e  t e m p e r a t u r e s ,  a n d  w h i c h  a r e  r e s p e c t i v e ly  
a s s o c i a t e d  w i t h  t h e r m a l  i n a c t i v a t i o n  t i m e s  t h ;d  a n d  
th m d  ( ° C )

T r R e f e r e n c e  t e m p e r a t u r e  ( ° C ) .
tad> t/m d  B ee  T ^ d a n d  T ;m d  ( s e c )
4cjz> tc jm  B ee  T cÿ a n d  T cjm  ( s e c )  
th /d i  th m d  B ee T b id a n d  T b m d  ( s e c ) ,  
u  =  ( T  -  T r ) / ( T 0  -  T r )
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U b, u c> u d> u e , U; Dimensionless tem peratures of T’s with 
same subscripts.

uk = (273.15 — Tr)/(T 0 — Tr) 
u 2o ~  Tr /(TQ -  Tr )
u «d, uimd, u Cjj, u cjm , uhmd, uwd Dimensionless tem pera

tures of T’s with same subscript, 
v Dimensionless tem perature estim ated by Eq (b4).
Y», = (1,056.62 ) Tr )/(T0 - T r)
v1,v 2 Expressions defined by Eq (alO) and ‘all’ respec

tively, 
w = p /p r
W, moisture loss (g)
Xj, x2 , x 3, x4 , x 5 Statistical design variables defined by 

Eq (22), (23), (24), (25) and (26) respectively. 
a  Nonvariable thermal diffusivity (cm2/sec)
ai = k r/(cpPr)- Thermal diffusivity of produce at

Tr(cm2/sec).
ftjo, Pco, Pdo Dimensionless parameters obtained from con

stants identified with their subscripts by m ulti
plying them  with R2/[(T Q — Tr ) • kr ] . For example, 
0bo = b o R 2 / [ ( T o ~ T r ) - k r ],

0bi> (3dj Dimensionless parameters obtained from constants 
identified with their subscripts by multiplying
them  with R2/k r . For example, (¡bi = R2b j /k r .

Pd = C 2/(T 0 ~ T r).
Pn The n th  positive root of j3 cot /3 = 1 — Bi. 
r  = Lr W j/[(T 0 — Tr) CpPr R2 ]
p density of produce, which is linearly related to  its

tem perature, p = p 0 + p ,T  (g/cm 3)
P o ,  P i  Seep for their definition.
p (T i) , p (T 2) Produce densities at T 3 and T2 respectively. 
*qd — (T0 — Tr ) k j /k r
e pi =  (T0 -  Tr) p j / p r
7? = r/R
s u b s c r i p t
a Quantities related to surrounding heat exchange

medium.
d Quantities associated with dry produce surface,
o Initial value when it is used with T.
r Quantities at reference tem perature,
s Saturation
w Quantities related to wet produce surface.

REFERENCES
A nonym ous. 19 77 . Thermal properties o f  foods. In “ ASHRAE  Handbook & Product D irectory,” p. 29 .1 . American Society  o f  Heating, Refrigerating, and Air Conditioning Engineers, New  York, NY.Arce, J.A. and Sweat, V .E. 19 80 . Survey o f published heat transfer coefficients encountered in food  refrigeration process. ASHRAE  Trans. 86 , Part 2.Baird, C.D. and G affney, J.J. 1 9 7 6 . A numerical procedure for calculating heat transfer in bulk loads of fruits or vegetables. Presented at the annual Meeting o f  American Society  o f Heating, Refrigerating, and Air Conditioning Engineers. Seattle, WA. Bakker-Arkema, R.W., Bickert, W.G., and Patterson, R.J. 1967 . Sim ultaneous heat and mass transfer during cooling of a deep bed of biological products under varying in let air conditions. J. Agr. Eng. Res. 12: 297.Barr, A .J., G oodnight, J.H ., Sail, J.P., and Helwig, J.Y. 1 9 7 6 . “ A User’s Guide to  SA S ,” SAS Institute, Inc. Raleigh, NC.Brugger, M.F. and Buelow , F.H . 19 80 . Two-dim ensional finite  difference m odel o f  the transient environm ent within a potato  pile. Presented at the 1980  Winter M eeting o f  American Society  of Agricultural Engineers, Chicago, IL D ec. 2—5.Buescher, R.W. 1 9 7 9 . Influence of high temperature on physiological and com positional characteristics o f tom ato fruits. Leben- sm.-Wiss, U .-Technol. 12: 162.Carslaw, H.S. and Jaeger, J.C. 19 59 . “ Conduction o f  Heat in Solid s,” 2nd ed., Oxford Univ. Press, London, England.Davies, O.L. 1 9 6 0 . “The Design and Analysis o f  Industrial Experim ents,” 2nd ed. Imperial Chemical Industries Ltd. London, 

England.

Dickerson, R.W. Jr. 1968 . Thermal properties o f foods. In “ The 
Freezing Preservation o f F ood s,” V ol. 2, p. 26. AVI Publishing Co., W estport, CT.Eshleman, W .D., Baird, C.D., and G affney, J.J. 1 9 7 6 . A num erical sim ulation o f transient heat flow  in irregular shaped foods. ASAE paper N o. 76 -6504 . Presented at the 1976 Winter Meeting o f American Society o f Agricultural Engineers, Chicago, IL.Fukushima, T ., Yarimizu, K ., Kitamura, T., and Iwata, T. 1980. The relation betw een water stress and the climacteric in respiration  o f som e fruits. Scientia Horticulture, 12: 259.G affney, J.J. and Baird, C.D. 19 75 . Susceptibility o f West Indian avocados to  chilling injury as related to  rapid cooling with low  temperature air or water. Florida State Horticultural Society  88: 49 0 .G affney, J.J. and Baird, C.D. 19 77 . Forced-air cooling of bell peppers in bulk. Trans. ASAE. 20: 11 74 .G affney, J.J. 1980 . M ethod for accurately positioning therm ocouples in fruits and vegetables. Personal com m unications.G affney, J.J., Baird, C.D. and Eshleman, W.D. 1 9 8 0 . Review and analysis of the transient m ethod for determ ining thermal diffusivity o f  fruits and vegetables. ASH RAE Trans. 86 , Part 2: 261 .Gear, C.W. 19 71 . “Num erical Initial Value Problems in Ordinary Differential E quations,” Prentice-Hall, Englew ood Cliffs, NJ.Hayakawa, K. 19 78 . Com puterized sim ulation for heat transfer and moisture loss from an idealized fresh produce. Trans. ASAE, 21: 1015 .Hayakawa, K., Brian, D., Vaccaro, E., and Gilbert, S.G. 1979 . D evelopm ent o f a new procedure for direct determ ination o f  respiration heat generation by fresh produce. Lebensm.-Wiss. u-Technol. 12: 189 .Huebner, K.H. 19 75 . “The Finite Elem ent M ethod for Engineers,” John Wiley & Sons, N ew  York, NY.Kusunose, H. and Sawamura, M. 1 9 8 0 . Ethylene production and respiration o f post harvest acid citrus fruits and Wase Satsuma Mandarin fruit. Agric. Biol. Chem. 44: 1 9 1 7 .L entz, C.P. and van den Berg, L. 1 9 7 3 . Factors affecing tem perature, relative hum idity and m oisture loss in fresh fruit. ASHRAE  J. 15 (8): 55.Lutz, J.M. and Hardenburg, R.E. 19 68 . The com m ercial storage of fruits, vegetables, and florist and nursery stocks. Agricultural H andbook N o. 66 . Superintendent o f D ocum ents, U .S. Government Printing O ffice, W ashington, DC.Miller, W.M. 1978 . Surface moisture drying characteristics o f  citrus fruit. Presented at the 19 78  Summer M eeting o f American Society  of Agricultural Engineers, Logan, UT, June 27—30.Misener, G.C. and Shove, G.C. 1 9 7 6 . Moisture loss from Kennebec p otato  tubers during initial storage period. Trans. ASAE 19: 967.Misra, R .N . and Young, J.H. 1 9 7 9 . The finite elem ent approach for solution  o f transient heat transfer in a sphere. Trans. ASAE  22: 944.M owry, J.K. and Heldman, D.R. 19 72 . Analysis o f moisture removal from the surface o f blueberry fruit using air flow . Presented at the 1 9 72  Winter Meeting o f American Society o f  Agricultural Engineers, Chicago, IL, Dec. 11 —15.Polley , S.L ., Snyder, O.P., and Kotnour. 19 80 . A com pilation of thermal properties o f  foods. F ood  Technol. 34 (1 1 ): 76 .Sastry, S.K. and B uffington, D .E. 1 9 8 0 . Transpiration rates o f  stored tom atoes under various environm ental conditions. Presented at the 1980  Winter Meeting o f American Society  o f  Agricultural Engineers, Chicago, IL Dec. 2—5.Sastry, S .K ., Baird, C.D ., and Buffington, D .E. 19 78 . Transpiration rates o f  certain fruits and vegetables. ASHRAE Trans. 84, Part 1.Stewart, J.K. and C oney, H.M. 1 9 6 3 . Hydrocooling vegetables. A practical guide to  predicting final temperatures and cooling tim es. Marketing Research Report N o. 63 7 . USDA Ag. Marketing Service , Market Quality Res. Unit, Fresno, CA.Singh, R.P., Heldman, D .R ., Cargill, B .F ., and Bedford, C.L. 1975 . Trans. ASAE 18: 1975 .Van den Berg, L. and L entz, C.P. 1 9 7 5 . E ffect o f com position  on  thermal conductivity o f fresh and frozen foods. J. Inst. Can. Sci. Technol. 8: 79.Weiss, A. 19 77 . Algorithm s for the calculation of m oist air properties on a hand calculator. Trans. ASAE 20: 1133 .Whitaker, J.R. 19 72 . E ffect o f  temperature on enzym e-catalyzed  reactions. In “ Principles o f  E nzym ology for F ood Sciences,” Marcel Dekker, Inc., New York, NY.Wills, R.B.H . and McGlasson, W.B. 1 9 7 1 . E ffect o f storage tem peratures on apple volatiles associated with low  temperature breakdow n. J. Hort. Sci. 46: 115 .Wu, M.T. and Salunkhe, D.K. 1 9 7 5 . E ffect o f alternating storage temperatures on ripening o f tom ato fruits. Lebensm.-Wiss. u.- Technol. 8: 119.Ms received 6 /2 2 /8 1 ; revised 1 0 /1 6 /8 1 ;  accepted 1 0 /1 8 /8 1 .
A paper of the Journal Series, New Jersey Agricultural Experim ental Station, Cook College, Rutgers, The State Univ. o f  New Jersey , Dept, o f F ood Science, New Brunswick, NJ 08 9 0 3 .This work was perform ed as a part o f NJAES Project N o. 1024, supported by the New Jersey Agricultural Experim ent Station, by  Hatch Act Fund and by Com puter Time Fund provided by the  Center for Com puter and Inform ation Services, Rutgers, The State  Univ. o f New  Jersey.

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-605



Volatile Flavor C om pounds from Shallots
J. L. WU, C. C. CHOU, M. H. CHEN, and C. M. WU

------------------------------- ABSTRACT----------------------------------
Approximately 0.030%, 0.012% and 0.005% (v/w), in wet weight, 
of volatile oils were obtained from raw, baked and deep-fried shal
lots, respectively. These oils have been studied by a gas chromato
graph coupled to a mass spectrometer. The flavor components of 
these oils can be classified in the following categories: thiols, mono- 
sulfides, disulfides, trisulfides, thiophenes and oxygen compounds. 
After heating (baking or deep-frying) of the shallot, a sharp increase 
in the amount of dimethylthiophenes was observed and the alkyl 
propenyl disulfides decreased.

INTRODUCTION
S H A L L O T  (A l i u m  c e p a  L . ,  A g g r e g a tu m  g . )  is  a n  i m p o r t a n t  
f l a v o r in g  v e g e ta b le  i n  a  w id e  r a n g e  o f  C h in e s e  d i s h e s .  I t  is  
c o m m o n l y  u s e d  a s  s e a s o n in g  o n l y  a f t e r  d e e p  o i l  f r y i n g .  
H o w e v e r ,  t h e  d e e p  o i l  f r i e d  s h a l l o t  c o u ld  n o t  b e  u s e d  a s  a  
s e a s o n in g  in  c o m m e r c i a l i z e d  f o o d  p r o d u c t s  b e c a u s e  o f  i t s  
c o n t a i n i n g  t h e  r a n c id  o i l s .  I n  o u r  s t u d y ,  b o t h  b a k e d  a n d  
d e e p  o i l  f r i e d  s h a l l o t s  w e r e  u s e d  a s  t h e  e x p e r i m e n t a l  s a m 
p le s .  T h e  v o l a t i l e  o i l s  o b t a i n e d  f r o m  r a w ,  b a k e d  a n d  d e e p -  
f r i e d  s h a l l o t s  w e r e  a n a ly z e d  b y  G C -M S  a n a ly s e s ,  l e a d in g  t o  
a n  u n d e r s t a n d i n g  o f  t h e  f l a v o r  o f  f o r m a t i o n  m e c h a n i s m .  
D e m b e l e  a n d  D u b o i s  ( 1 9 7 3 )  r e p o r t e d  t h e  c o m p o s i t i o n  o f

AH authors are a ffiliated with the Dept, o f  Fo o d  Science, Fo o d  ind. 
Res. & Dev. In st., P.O. B ox  246, Fisinchu 300, Taiwan, Republic 
o f  China.

r a w  s h a l l o t s .  H o w e v e r ,  t h i s  s t u d y  e m p h a s i z e s  t h e  c o m 
p a r i s o n  o f  r a w ,  b a k e d  a n d  d e e p - f r i e d  s h a l lo t s .

EXPERIMENTAL
Isolation o f  volatile shallot oils

The AOAC (1975) method was used to isolate the volatile shal
lot oils. For the deep-fried shallot volatile oils, shallots deep-fried 
at 150-160°C for 10 min were used; for the baked shallot volatile 
oils, shallots were baked at 70°C for 60 min and then at 140°C for 
30 min. These heating conditions were judged to produce the best 
flavor shallots.
GC-MS analyses o f  shallot volatile oils

A Hewlett Packard 5985B GC-MS was used. The GC column was 
a SCOT Carbowax 20M, 0.02 in. i.d. x 50 ft, stainless steel column. 
One microliter of shallot oil sample was injected. It was in the 
splitter mode with a split ratio of 80:1. The carrier gas was helium. 
GC operating conditions: initial temperature, 80°C, held for 10 min, 
then programmed first at 2°C/min to 140°C, and then at l°C/min 
to 180°C. Operating conditions of the mass spectrometer were: 
ionization voltage, 70 eV; source temperature, 200°C; accelerating 
voltage, 1800 V.

RESULTS & DISCUSSION
A P P R O X I M A T E L Y  0 .0 3 0 % ,  0 .0 1 2 %  a n d  0 .0 0 5 %  ( v /w ) ,  
i n  w e t  w e i g h t ,  o f  v o l a t i l e  s h a l l o t  o i l s  w e r e  o b t a i n e d  f r o m  
r a w ,  b a k e d  a n d  d e e p - f r i e d  s h a l l o t s ,  r e s p e c t i v e l y .  T h e  G C  
c h r o m a t o g r a m s  o f  r a w ,  b a k e d  a n d  d e e p - f r i e d  v o l a t i l e  s h a l l o t  
o i ls  o b t a i n e d  o n  a  S C O T  C a r b o w a x  2 0 M  c o l u m n  a r e  s h o w n  
i n  F ig .  1 , 2  a n d  3 ,  r e s p e c t i v e ly .  P e a k  i d e n t i f i c a t i o n  w a s  i n

3S

Fig. 2 -G a s  chromatogram o f  baked shallot oil. 
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a c c o r d a n c e  w i t h  t h e  r e t e n t i o n  t i m e s  a n d  m a s s  s p e c t r a  c i t e d  
i n  t h e  p r e v io u s  l i t e r a t u r e s .

T h e  c o m p o u n d s  i d e n t i f i e d  a s  p r e s e n t e d  i n  T a b l e  1 w i t h  
t h e i r  m a s s  s p e c t r a l  d a t a  a n d  t h e i r  p e a k  n u m b e r s  c o r r e s p o n d  
t o  t h e  n u m b e r s  i n  F ig .  1 , 2  a n d  3 .  P r o p a n e t h i o l ,  2 ,5 - d i -  
m e t h y l t h i o p h e n e ,  3 ,4 - d i m e t h y l t h i o p h e n e ,  d i p r o p y l  d i s u l 
f i d e ,  p r o p y l  c i s - p r o p e n y l  d i s u l f i d e ,  p r o p y l  t r a n s - p r o p e n y l  
d i s u l f i d e ,  m e t h y l  p r o p y l  t r i s u l f i d e  a n d  d i p r o p y l  t r i s u l f i d e

w e r e  i d e n t i f i e d  i n  t h e s e  s h a l l o t  o i l s  ( p e a k s  3 ,  7 ,  1 2 ,  1 3 ,  1 8 ,  
2 7 ,  2 9 ,  3 1 ,  3 5  a n d  4 3 )  b y  c o m p a r i n g  t h e i r  r e l a t i v e  r e t e n t i o n  
t i m e s  w h i c h  w e r e  r e p o r t e d  b y  D e m b e l e  a n d  D u b o i s  ( 1 9 7 3 )  
a n d  m a s s  s p e c t r a l  p a t t e r n s  w i t h  t h o s e  b y  M S D C  ( 1 9 7 4 ) .
3 ,4 - D i m e t h y l t h i o p h e n e  a n d  d i m e t h y l  t r i s u l f i d e  ( p e a k s  18  
a n d  2 6 )  w e r e  i d e n t i f i e d  b y  c o m p a r i n g  t h e i r  r e l a t i v e  r e t e n 
t i o n  t i m e s  ( D e m b e le  a n d  D u b o i s ,  1 9 7 3 )  a n d  m a s s  s p e c t r a l  
p a t t e r n s  ( T N O ,  1 9 8 0 ) .  M e t h y l  c i s - p r o p e n y l  d i s u l f i d e  a n d

T a b le  1—Id e n t i t y  o f  v o la tile  c o m p o u n d s  o f  s h a llo t

Peak Characteristic MS data15
No.a compound M.W. m/e (relative intensity)

1 methanethiol 47.2(100.0! 48.2(100.0) 45.2( 64.7) 18.3( 64.7)
48 18.31 64.70 45.2( 64.7) 47.2(100.0) 48.2(100.0)

3 propanethiol 76.3(100.0) 47.2( 7.6) 78.3( 6.8) 61.3( 5.0)
76 69.3 ( 3.1) 76.3(100.0) 77.3( 4.8) 78.3 ( 6.8)

4 propylenethiol 74.2(100.01 73.31 15.9) 18.3 ( 13.1) 76.2( 12.1)
74 71.3( 11.2) 73.31 15.9) 74.2(100.0) 76.2 ( 12.1)

7 dimethyl disulfide 94.2(100.0) 79.2( 28.8) 9 6 .2( 9.9) 95.8 ( 3.9)
94 95.3( 3.9) 9 6 .2( 9.9) 97.3( 0.5) 98.3 ( 0.3)

11 propyl propenyl sulfide 98.3(100.0) 111.3 ( 63.9) 112.3( 52.8) 97.3( 45.8)
116 98.3(100.0) 111.3 ( 63.9) 112.3( 52.8) 116.3 ( 41.7)

13 2,5-dimethylthiophene 111.3(100.0) 112.3 ( 78.0) 97.3  ( 34.5) 113.3 ( 10.1)
112 111.3(100.0) 112.3( 78.0) 113.3( 10.1) 114.3( 4.4)

17 methyl propyl disulfide 122.2(100.0) 80.2( 52.8) 124.2( 9.5) 123.2( 6.4)
122 124.2 ( 9.5) 125.2( 0.6) 126.2( 0.3) 138.4( 0.5)

18 3,4-dimethyl thiophene 111.3(100.0) 112.3 ( 70.7) 97.3( 33.4) 113.3 ( 9.5)
112 112.3( 70.7) 113.31 9.5) 1 14.3( 3.4) 122.2( 1.5)

19 methyl cis-propenyl disulfide 120.2(100.0) 72.3 ( 13.9) 8 0 .2( 10.2) 75.3 ( 10.1)
120 120.2(100.0) 121,2( 6.1) 122.2( 9.2) 123.2( 0.5)

20 methyl trans-propenyl disulfide 120.2(100.0) 72.3 ( 12.8) 75.3 ( 11.8) 80.2  ( 9.9)
120 121.2( 5.9) 122.2( 9.5) 123.21 0.5) 124.2 ( 0.3)

26 dimethyl trisulfide 126.2(100.0) 79.2( 22.2) 111.1 ( 17.9) 128.2( 13.8)
126 127.2( 4.9) 128.21 13.8) 129.2 ( 0.5) 130.2( 0.7)

27 dipropyl disulfide 150.3(100.0) 108.3 ( 64.2) 152.3( 9.2) 126.2 ( 8.7)
150 151.3( 7.9) 152.31 9.2) 153.3( 0.6) 154.3 ( 0.4)

29 propyl cis-propenyl disulfide 148.3(100.0) 106.2( 65.5) 150.4( 10.1) 72.2( 9.6)
148 148.3(100.0) 149.4( 8.7) 150.4( 10.1) 151.2( 0.9)

31 propyl trans-propenyl disulfide 148.3(100.0) 106.31 66.2) 72.2 ( 8.9) 150.3( 8.8)
148 148.3(100.0) 149,3( 8.2) 150.31 8.8) 151.3( 0.7)

35 methyl propyl trisulfide 154.3(100.0) 1 1 2 .K 63.5) 156.3 ( 13.3) 79.2( 11.7)
154 156.3( 13.3) 157.3( 0.8) 158.3 ( 0.6) 182.4( 0.3)

39 methyl propenyl trisulfide 152.3(100.0) 88.3 ( 62.1) 154.3( 21.7) 73.3( 20.5)
152 154.3( 21.7) 155.4( 1.5) 156.3 ( 1.9) 158.3 ( 1.4)

43 dipropyl trisulfide 182.4(100.0) 75.3 ( 45.4) 98.1 ( 13.6) 184.4( 13.5)
182 184.4( 13.5) 185.4( 1.0) 186.4( 0.6) 207.5( 0.6)

47 1-methylthiopropyl ethyl disulfide 89.3(100.0) 79.2 ( 8.2) 73.2( 5.9) 61 .2( 5.9)
182 160.3 ( 1.2) 166.3 ( 0.6) 168.3( 1.9) 182.4( 2.4)

50 propyl cis-propenyl trisulfide 180.4(100.0) 106.2( 53.3) 115.3( 43.4) 116.3 ( 33.1)
180 182.4( 15.5) 183.4( 1.4) 184.4( 1.2) 2 0 7 ,6( 1.3)

52 propyl trans-propenyl trisulfide 180.4(100.0) 106.31 59.5) 115.3 ( 46.3) 116.3 ( 35.3)
180 182.4( 16.0) 183.3 ( 1.4) 184.4( 1.0) 207.6( 1.8)

65 2-n-hexyl-5-methyl-2,3-dihydrofuran-3-one 98.3(100.0) 111.31 64.1) 182.5( 8.2) 99.2( 6.0)
182 183.6( 1.1) 186.4( 0.3) 205.61 0.2) 207.6 ( 0.5)

78 2-n-octyl-5-methyl-2,3-dihydrofuran-3-one 98.2(100.0) 111.3 ( 74.6) 8 9 .3( 15.7) 99.3 ( 8.7)
210 207.6( 3.0) 208.7( 0.7) 210.7( 6.4) 211 ,6( 0.8)

a R e fe rs  to  p eaks in  F ig . 1 , 2 and  3 .
°  D e te rm in e d  w ith  a H e w le tt  P a c ka rd  5 9 8 5 B  gas ch ro m ato g rap h -m ass sp e c tro m e te r .
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V O L A T I L E  F L A V O R  C O M P O U N D S  F R O M  S H A L L O T S .  . .

m e t h y l  t r a n s - p r o p e n y l  d i s u l f i d e  ( p e a k s  1 9  a n d  2 0 )  w e r e  
i d e n t i f i e d  b y  c o m p a r i n g  t h e i r  r e l a t i v e  r e t e n t i o n  t i m e s  a n d  
m a s s  s p e c t r a l  p a t t e r n s  ( B r o d n i t z  e t  a l . ,  1 9 6 9 ) .  2 - n - H e x y l - 5 -  
m e t h y l - 2 , 3 - d i h y d r o f u r a n - 3 - o n e  ( p e a k  6 5 )  w a s  i d e n t i f i e d  
b y  c o m p a r i n g  i t s  r e l a t i v e  r e t e n t i o n  t i m e  ( D e m b e le  a n d  
D u b o i s ,  1 9 7 3 )  a n d  m a s s  s p e c t r a l  p a t t e r n  ( B o e l e n s  e t  a l . ,  
1 9 7 1 ) .  1 - M e t h y l t h i o p r o p y l  e t h y l  d i s u l f i d e  ( p e a k  4 7 )  w a s  
i d e n t i f i e d  b y  c o m p a r i n g  i t s  m a s s  s p e c t r a l  p a t t e r n  ( B o e l e n s  
e t  a l . ,  1 9 7 4 ) .  M e t h y l  p r o p y l  d i s u l f i d e ,  p r o p y l  c i s - p r o p e n y l  
t r i s u l f i d e ,  p r o p y l  t r a n s p r o p e n y l  t r i s u l f i d e  a n d  2 - n - o c ty l - 5 -  
m e t h y l - 2 , 3 - d i h y d r o f u r a n - 3 - o n e  ( p e a k s  1 7 ,  5 0 ,  5 2  a n d  7 8 )  
w e r e  i d e n t i f i e d  b y  c o m p a r i n g  t h e i r  r e l a t i v e  r e t e n t i o n  t i m e  
( D e m b e le  a n d  D u b o i s ,  1 9 7 3 )  a n d  m a s s  s p e c t r a l  p a t t e r n s  
( S c h r e y e n  e t  a l . ,  1 9 7 6 ) .  M e t h a n e t h i o l  a n d  p r o p y l e n e t h i o l  
( p e a k s  1 a n d  4 )  w e r e  i d e n t i f i e d 'b y  c o m p a r i n g  t h e i r  m a s s  
s p e c t r a l  p a t t e r n s  ( M S D C , 1 9 7 4 ) .  P r o p y l  p r o p e n y l  s u l f id e  
( p e a k  1 1 ) w a s  i d e n t i f i e d  b y  c o m p a r i n g  i t s  r e l a t i v e  r e t e n t i o n

T a b le  2 —P e rce n ta g e s  o f  c o n s t itu e n ts  o f  ra w , b a k e d  a n d  d e e p - f r ie d  
s h a llo t  o ilsa

Shallot oil (%)

Peak Deep-
no, Compound Raw Baked fried

1
Thiols

methanethiol b b 0.12
3 propanethiol 0.06 0.07 0.45

11
Unsat. monosulfide

propyl propenyl sulfide 0.28 0.09 0.40

7
Sat. disulfides

dimethyl disulfide 1.99 0.38 3.75
17 methyl propyl disulfide 3.59 2.95 10.93
27 dipropyl disulfide 4.16 3.42 4.50

19
Unsat. disulfides

methyl cis-propenyl disulfide 2.91 0.39 0.48
20 methyl trans-propenyl disulfide 5.09 0.63 0.83
29 propyl cis-propenyl disulfide 2.79 1.38 0.71
31 propyl trans-propenyl disulfide 4.43 1.99 0.98

26
Sat. trisulfides

dimethyl trisulfide 18.81 2.76 5.61
35 methyl propyl trisulfide 19.93 15.32 12.93
43 dipropyl trisulfide 5.55 2.63 4.13
47 1-methylthiopropyl ethyl disulfide 6.41 3.12 3.14

39
Unsat. trisulfide

methyl propenyl trisulfide 4.85 14.38 b
50 propyl cis-propenyl trisulfide 4.50 9.18 9.21
52 propyl trans-propenyl trisulfide 5.47 10.58 9.59

12
Thiophenes

2,4-dimethylthiophene b b b
13 2,5-dimethylthiophene 0.17 0.51 1.70
18 3,4-dimethylthiophene 1.36 3.93 11.65

65
Oxygen compounds

2-n-hexy l-5-methyl-2,3- 
dihydrofuran-3-one 3.13 7.77 1.42

78 2-n-octyl-5-methyl-2,3-
dihydrofuran-3-one 1.11 4.21 1.46

5
Unknown compounds 

(M.W. 282) 0.13 0.50 1.57
8 (M.W. 268) b 0.46 1.25

54 ? b 0.39 1.72
59 (M.W. 191) 1.43 3.32 2.29
64 (M.W. 205) 1.02 7.41 3.57
69 ? 0.84 2.24 5.63

a Percen tages w e re  c a lcu la te d  acco rd in g  to  th e  peak  area  o f  each 
p eak  to  th e  to ta l peak  area in  G C -M S  ch ro m a to g ra m .

D A m o u n ts  o f  th ese  c o n s titu e n ts  w ere  to o  lit t le  to  e s tim a te .

t i m e  ( D e m b e le  a n d  D u b o i s ,  1 9 7 3 )  a n d  m a s s  s p e c t r a l  d a t a  
w h i c h  w a s  s h o w n  in  T a b l e  1 . M e th y l  p r o p e n y l  t r i s u l f i d e  
( p e a k  3 9 )  w a s  i d e n t i f i e d  b y  c o m p a r i n g  i t s  r e l a t i v e  r e t e n t i o n  
t i m e  ( B r o d n i t z  e t  a l . ,  1 9 6 9 )  a n d  m a s s  s p e c t r a l  d a t a  w h i c h  
w a s  a l s o  s h o w n  in  T a b le  1 . T h e  m e t h a n e t h i o l ,  p r o p y l e n e 
t h i o l ,  m e t h y l  c i s - p r o p e n y l  d i s u l f i d e ,  m e t h y l  p r o p e n y l  
t r i s u l f i d e  a n d  1 - m e t h y l t h i o p r o p y l  e t h y l  d i s u l f i d e  w e r e  
n o t  p r e v io u s ly  r e p o r t e d  t o  o c c u r  i n  t h e  s h a l l o t  e s s e n t i a l  
o i l  ( D e m b e le  a n d  D o b o i s ,  1 9 7 3 ) .

A ll  o f  t h e  i d e n t i f i e d  c o m p o n e n t s  o f  s h a l l o t  v o l a t i l e  o i l s  
c o n t a i n  a t  l e a s t  o n e  s u l f u r  a t o m  p e r  m o le c u l e  e x c e p t  
c o m p o u n d s  6 5  a n d  7 8 ,  a n d  a l l  a r e  a l i p h a t i c  s u l f i d e s  e x c e p t  
c o m p o u n d s  1 2 ,  1 3  a n d  1 8 .  T h e  p e r c e n t a g e s  o f  m a i n  c o n s t i 
t u e n t s  o f  r a w ,  b a k e d  a n d  d e e p - f r i e d  s h a l l o t  o i l s  a r e  s h o w n  
in  T a b l e  2 .

T h e  m a in  c o n s t i t u e n t s  o f  s h a l l o t  o i l s  a r e :  ( 1 )  m e t h y l  
p r o p y l  t r i s u l f i d e ,  d i m e t h y l  t r i s u l f i d e ,  p r o p y l  p r o p e n y l  
d i s u l f i d e  a n d  1 - m e t h y l t h i o p r o p y l  e t h y l  d i s u l f i d e  ( r a w  
s h a l l o t  o i l ) ;  ( 2 ) p r o p y l  p r o p e n y l  t r i s u l f i d e ,  m e t h y l  p r o p y l  
t r i s u l f i d e ,  m e t h y l  p r o p e n y l  t r i s u l f i d e ,  2 - n - h e x y  1-5- m e th y l -
2 ,3 - d i h y d r o f u r a n - 3 - o n e  a n d  2 - n - o c t y l - 5 - m e t h y l - 2 , 3 - d i h y -  
d r o f u r a n - 3 - o n e  ( b a k e d  s h a l l o t  o i l ) . ;  a n d  ( 3 )  p r o p y l  p r o p e n y l  
t r i s u l f i d e ,  m e t h y l  p r o p y l  t r i s u l f i d e ,  3 , 4 - d i m e t h y l t h i o p h e n e ,  
m e t h y l  p r o p y l  d i s u l f i d e ,  a n d  d i m e t h y l  t r i s u l f i d e  ( d e e p -  
f r i e d  s h a l l o t  o i l ) .

A c c o r d i n g  t o  t h e  p e r c e n t a g e s  o f  i m p o r t a n t  c o m p o n e n t s  
in  t h e  w h o le  s h a l l o t  v o l a t i l e  o i l s ,  t h e  f o l l o w in g  r e s u l t s  w e r e  
o b t a i n e d :

1 . I n  t h e  h e a t i n g  p r o c e s s in g  e i t h e r  b y  b a k in g  o r  d e e p -  
f r y i n g ,  t h e  a m o u n t  o f  d i m e t h y l t h i o p h e n e s ,  u n s a t u r a t e d  
a l k y l  t r i s u l f i d e s  a n d  s e v e r a l  s m a l l  h ig h  m o l e c u l a r  c o m 
p o u n d s  i n c r e a s e d  w h i le  s a t u r a t e d  a l k y l  t r i s u l f i d e s  a n d  
u n s a t u r a t e d  a l k y l  d i s u l f i d e s  d e c r e a s e d .

2 .  M e th y l  p r o p y l  t r i s u l f i d e  h a d  t h e  h ig h e s t  p e r c e n t a g e  o f  
c o n t e n t  in  a l l  t h r e e  s h a l l o t  v o l a t i l e  o i l s .  M e t h y l  p r o p e n y l  
d i s u l f i d e  a n d  p r o p y l  p r o p e n y l  d i s u l f i d e  h a d  l e s s e r  a m o u n t s ,  
b u t  t h e i r  c h a n g e s  i n  h e a t i n g  w e r e  c o n s p i c u o u s .  T h e  f o l l o w 
in g  e q u a t i o n  is  p r o p o s e d  a s  t h e  m a in  c h e m i c a l  r e a c t i o n  
o c c u r r i n g  in  t h e  b a k in g  o r  f r y i n g .  T h i s  r e a c t i o n  w a s  a ls o  
p r o p o s e d  b y  B o e le n s  e t  a l .  ( 1 9 7 1 )  in  t h e  o n i o n .

2  C H 3  C H = C H - S - S -R  -*  H 3  C  c h 3  +  R -S -S -R  +  H 2  S
S  R = m e t h y l  o r  n - p r o p y l

3 . C o m p a r e d  w i t h  b a k e d  s h a l l o t s ,  d e e p - f r i e d  s h a l l o t s  
t r e a t e d  a t  a  h ig h e r  t e m p e r a t u r e  a n d  s h o r t e r  t i m e  h a d  h ig h e r  
c o n t e n t s  o f  d i m e t h y l t h i o p h e n e s ,  s a t u r a t e d  a l k y l  d i s u l f i d e s ,  
p r o p a n e t h i o l  a n d  m e t h a n e t h i o l  in  t h e  v o l a t i l e s .  H o w e v e r ,  
t h e  b a k e d  s h a l l o t s  h a d  h ig h e r  o x y g e n  c o m p o u n d s .
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Bioavailability of Iron Produced by the 
Corrosion of Steel in Apples

A. ROSANOFF and B. M. KENNEDY

--------------------------------ABSTRACT----------------------------------
The bioavailability of iron formed by the corrosion of low-carbon 
steel (99% Fe) in contact with Red Delicious apples was measured 
in a rat model using a depletion-repletion experiment. The percentage of ingested iron converted to hemoglobin iron (Conversion Effi
ciency) was 74, 57, and 56%, respectively, for daily doses of 110, 
190, and 285 jag of this iron. (Conversion Efficiency for FeS04 
was 46-50%). When compared with FeS04 = 100, the relative biological value of this iron was found to range from 93—153. Ingestion 
of one Red Delicious apple that has been exposed to eight large 
iron nails for 24 hr could provide 10-15 mg iron having good bio
availability.

INTRODUCTION
A D D I T I O N  O F  I R O N  T O  F O O D S  d u e  t o  p r e p a r a t i o n  in  
i r o n  c o o k w a r e  h a s  o f t e n  b e e n  c i t e d  a s  b e in g  s ig n i f i c a n t  
( B u r r o u g h s  a n d  C h a n ,  1 9 7 2 ;  W a lk e r  a n d  A r v id s s o n ,  1 9 5 3 ;  
M o o r e ,  1 9 6 5 ) .  A l t h o u g h  t h e  p o s s i b l e  r o l e  o f  i r o n  c o o k w a r e  
i n  i r o n  n u t r i t i o n  h a s  b e e n  d e b a t e d  ( S h a r o n ,  1 9 7 2 ;  M o n s e n  
e t  a l . ,  1 9 6 7 ;  M a c K a y  e t  a l . ,  1 9 4 5 ) ,  s o m e  s t u d i e s  h a v e  
s h o w n  t h a t  i n t a k e  o f  f o o d  e x p o s e d  t o  i r o n  c o o k w a r e  
c a n  p r o d u c e  a  s i g n i f i c a n t  r i s e  in  h e m o g l o b i n  v a lu e s  in  
h u m a n s  ( D e v a d a s  e t  a h ,  1 9 7 3 ) .  H o w e v e r ,  n o  b io a v a i l 
a b i l i t y  s t u d i e s  f o r  s u c h  n u t r i t i o n a l  i r o n  h a v e  b e e n  f o u n d  i n  
t h e  l i t e r a t u r e .  S in c e  t h e  c o n t r i b u t i o n  o f  i r o n  t o  f o o d s  b y  
c o n t a c t  w i t h  i r o n  a l l o y s  a p p e a r s  t o  b e  s i g n i f i c a n t  i n  s o m e  
c a s e s ,  t h e  s t u d y  o f  t h e  n u t r i t i o n a l  p r o p e r t i e s  o f  s u c h  i r o n ,  
e s p e c i a l ly  b i o a v a i l a b i l i t y ,  s e e m s  w a r r a n t e d .

A p p le s  s h o w  a  p a r t i c u l a r l y  h ig h  r a t e  o f  i r o n  u p t a k e  w h e n  
in  c o n t a c t  w i t h  r e d u c e d  i r o n .  M o o r e  ( 1 9 6 5 )  s h o w e d  a  1 0 0 -  
f o ld  in c r e a s e  i n  i r o n  c o n t e n t  f o r  a p p l e  b u t t e r  c o o k e d  2  h r  
in  a n  i r o n  D u t c h  o v e n .  R o s a n o f f  a n d  K e n n e d y  ( 1 9 7 9 )  
f o u n d  t h a t  t h e  i r o n  c o n t e n t  o f  r a w  a p p l e s  i n  c o n t a c t  w i t h  
s t e e l  ( 9 9 %  F e )  c a n  in c r e a s e  b y  s e v e r a l  m i l l ig r a m s  o v e r  a  
d a y ’s e x p o s u r e  t i m e .

T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  m e a s u r e  t h e  b io a v a i l 
a b i l i t y  o f  i r o n  f o r m e d  b y  t h e  c o r r o s i o n  o f  i r o n  i n t o  a p p l e  
( i r o n / a p p l e )  in  a  r a t  m o d e l .

MATERIALS & METHODS
Bioavailability test

Sixty-eight male weanling rats of the Sprague-Dawley albino 
strain, weighing 39 -5 lg (Simonson Labs, Inc.) were placed on an 
iron-deficient diet (1.8 ppm Fe) for 23 days (Table 1). Hemoglobin values determined after this depletion period were all less than
6.0 g/dl. One animal died during the depletion period. The remain
ing 67 anemic rats were randomly assigned into eight groups (eight 
or nine per group) which had mean weights ranging from 95-110g 
and mean hemoglobin values from 3.5-3.6 g/dl. Each group was 
placed on one of the eight repletion regimes shown in Table 2. 
Lyophilized apple was found to be extremely hygroscopic and 
therefore inappropriate for direct incorporation into the basal 
diet. Therefore, each animal repleted on the test iron (iron/apple) 
was fed, in addition to the basal diet, 0, 0.22, 0.38, or 0.57 mg iron

A u t h o r s  R o s a n o f f  a n d  K e n n e d y  a re  w ith  th e  D e p t , o f  N u tr it io n a l  
S c ie n c e s ,  1 1 9  M o rg a n  H a ll, U n iv . o f  C a lifo rn ia , B e r k e le y ,  C A  9 4 7 2 0 .

every other day as frozed iron/apple supplements that had been 
allowed to thaw before presentation. In every case, these iron/apple 
supplements were consumed by the animals within an hour of 
presentation, which was always during morning, daylight hours. 
There was no loss of supplement due to dropping. Four groups were 
fed the basal diet having 0, 6, 12, or 24 ppm iron as ferrous sulfate 
which w'as added dry to the basal diet rather than incorporated into 
frozen apple supplements or another form of liquid supplement in 
order to insure that the chemical form of the iron presented to these 
animals was, in fact, ferrous sulfate. These four groups were fed ad- 
libitum. After 12 days, hemoglobin values were again determined 
for each animal.
Preparation of iron/apple supplements

Iron/apple was prepared using Red Delicious apples grown in the 
Pacific Northwest Region and newly purchased, round, common 
nails of low-carbon steel (SAE 1008, 99% iron). Consistent doses of the iron/apple in three levels (200, 400, and 600 jug iron/dose) 
were prepared from apples with 10-15 nails inserted for 20-50 
hr. The apples were peeled, cored, and crushed with an acid-washed 
procelain mortar and pestle. The resulting liquid-pulp was divided 
into three aliquots. These were diluted with similarly prepared 
pulp made from apples that had not been in contact with iron to 
give the desired iron concentrations. Mixed blends were frozen into
1-g cubes. Analysis of iron for four to six cubes chosen at random 
from each preparation showed less than 1% internal variation for all 
three iron/apple supplements (Table 2). Each cube contained a 2- 
day supply of iron and was thus fed every other day to minimize the 
intake of apple with the iron/apple. A preparation of frozen un
treated apple cubes contained less than 10 jug Fe/cube. One group of 
iron-depleted animals and a group of positive control animals that 
were never depleted of iron received untreated frozen apple cubes 
every other day.
Iron analyses

Iron determinations were made using 2,2’-bypyridine (AACC, 
1969). Specimens to be analyzed were weighed, dried 4 -8  hr in acid-washed quartz crucibles under an infra-red lamp, and ashed in a 
muffle furnace at 550°C for 24 hr. Ash residues were dissolved in 
HC1 while heating; the solutions were filtered and brought to vol
ume using distilled water. Iron was reduced to the ferrous state 
with hydroquinone and the pH of the solutions adjusted to 4.5

T a b le  1—C o m p o s it io n  o f  b a sa i d ie t

Ingredient g/100g Diet

Casein 21.0
Sucrose (confectioners) 67.5
Corn oil 5 .0
Choline pre-mix3 1.0
B-vitamin pre-mixb 1.0
Vitamins A , D , E , pre-mixc 1.0
Mineral pre-mix0 3.5

3 C h o lin e  p re -m ix  in  su c ro se , g /kg : c h o lin e  b ita r t ra te , 1 8 0 .
D B -v ita m in  p re -m ix  in  su c ro se , m g /kg : th ia m in  H C I , 5 0 0 ; r ib o f la v in , 

1 ,0 0 0 ; n ia c in a m id e , 6 ,0 0 0 ;  ca lc iu m -d -p a n to th e n a te , 3 ,0 0 0 ; p y ri-  
d o x in e  H C I , 9 6 0 ; f o l ic  a c id , 2 0 0 ; b io t in , 1 0 0 ; B 12  t r itu ra te  in  
m a n n ito l, 2 ,0 0 0 ; m e n a d io n e , 4 0 .

c  V ita m in s  A ,  D , E ,  p re -m ix  in  co rn  o i l ,  IU /g : v ita m in  A ,  1 ,0 0 0 ; 
v ita m in  D , 1 0 0 ; v ita m in  E ,  2 2 .

a  M in era l p re -m ix  a f te r  W illia m s  & B rig g s , less Iro n  c it r a te , g /kg : 
C a C 0 3 , 2 0 7 ; C a H P 0 4 , 3 2 3 ; N a 2 H P 0 4 , 1 8 6 ; K C I ,  2 0 8 .6 ; M g S 0 4 , 
6 5 .7 ;  M n S 0 4-H 20 ,  4 .4 ;  C u S 0 4 , 0 .3 7 ;  Z n C 0 3 , 0 .4 8 ;  K I 0 3 , 0 .0 3  
(C o h e n  et a l . ,  1 9 6 7 ) .
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with acetate buffer. The solutions were allowed to stand for 30 
min for complete color development and then read on a spectro
photometer at 520 nm. Standard solutions were prepared using 
analytical grade FeS0 4  • 7H20.
Hemoglobin tests

Percent hemoglobin values were determined using the cyan- 
methemoglobin method (Crosby et al., 1954). Blood was taken 
from the tail vein after cutting the tip with a razor blade, drawn 
directly into heparinized microcaps (Drummond, 20 microliters, 
1 lA% volumetric tolerance), and shaken immediately with 5.0 ml 
Drabkins reagent (Sigma Chemicals). Within 10 min, each solution 
was poured into a spectrophotometer tube and the color read in a 
spectrophotometer at 540 nm. Determinations were made in dupli
cate. Reference standards used were by Hycel.
General animal care

Animals were caged individually in stainless steel, mesh-bot- 
tomed cages. Each animal was given the diet (Table 1) in a glass jar; 
all animals had free access to distilled water. Iron/apple supple
ments were administered in glass castor cups that had been rinsed 
with distilled water. The temperature of the animal room ranged 
from 21-29°C throughout the experiment except for 1 day when 
the temperature reached 32°C. Weights of animals and food intakes 
were determined three times per week. Food intakes took into 
account spills collected from beneath the cages. About 30% of the 
animals developed diarrhea at some point in the experiment. All but 
one of these diarrhetic animals were on low-iron diet regimes. 
Cages were kept clean and changed as necessary.
Calculations

Gain or loss in hemoglobin-iron (Hb-iron) over the repletion 
period was calculated for each animal on the assumption that 
blood volume = 5.56% of body weight for Sprague-Dawley rats 
(Everett et al., 1956) and that hemoglobin is 0.34% iron by weight.

Regression of net gain in Hb-iron (mg) on iron intake (mg) was 
calculated for the four standard groups and the four test groups. 
In the case of the four standard groups, each group’s mean iron in
take in mg was used as the fixed x-value for every animal in that 
group. Both lines were tested for assumption of linearity using 
the analysis of variance technique described by Chiang and Selvin
(1974) with an alpha level = 0.05.Iron conversion efficiency, or the percentage of iron intake con
verted to Hb-iron, was calculated by dividing the net change in Hb- 
iron in mg by iron intake in mg and multiplying by 100.

Relative biological value (RBV) was calculated using the graphic 
technique (Pla and Fritz, 1970). The least squares estimate for a 
straight line was calculated using the 34 FeSC>4 standard data pairs 
where y = iron intake in mg and x = change in Hb-iron in mg. The 
95% confidence band for this least squares line was also calculated 
(Fig. 4) using techniques described by Chiang and Selvin (1974). 
The intake of iron as ferrous sulfate that produced the same gain 
in hemoglobin-iron as each of the three test doses of iron/apple

was determined using this regression line with its 95% confidence 
limits, and the following formula was used to calculate RBV for 
each test dose:

mg Fe intake from test doseRBV = 100 x------------——-------------—— --------mg Fe intake from standard that gavethe same change in Hb-iron

RESULTS
I r o n / a p p l e  p r o d u c t i o n

W h e n  a  n a i l  w a s  i n s e r t e d  i n t o  a n  a p p l e  a n d  r e m o v e d  
s o m e  h o u r s  l a t e r ,  a  b r o w n - b l a c k  a r e a  o f  a b o u t  0 .2 5  c m  w a s  
f o u n d  a r o u n d  t h e  w o u n d .  W h e n  d r y - a s h e d ,  t h i s  s a m e  a r e a  
a p p e a r e d  r e d d i s h  b r o w n  in  c o l o r .  N o  s u c h  a r e a  a p p e a r e d  
w h e n  a n  a p p l e  w a s  p ie r c e d  w i t h  a  w o o d e n  s t i c k  s h a r p e n e d  
t o  a  p o i n t .  I r o n  a n a ly s e s  o f  a p p l e s  w i t h  n a i l s  i n s e r t e d  a t  
r o o m  t e m p e r a t u r e  s h o w e d  t h e  in c r e a s e  i n  i r o n  c o n t e n t  t o  
v a r y  d i r e c t l y  w i t h  b o t h  m e t a l l i c  s u r f a c e  a r e a  a n d  t i m e  o f  
e x p o s u r e  ( F ig .  1 a n d  2 ) .

B io a v a i l a b i l i ty  o f  i r o n / a p p l e
T a b l e  3  s h o w s  t h e  r e s u l t s  o f  t h e  h e m o g l o b i n  r e p l e t i o n  

t e s t .  G r o u p s  o n  z e r o  a d d e d  i r o n  ( b a s a l  g r o u p s ,  T a b l e  2 )  
b o t h  s h o w e d  a  n e t  lo s s  i n  H b - i r o n  w h e r e a s  a l l  o t h e r  g r o u p s  
d i s p l a y e d  a  g a in  t h a t  w a s  p o s i t i v e ly  c o r r e l a t e d  w i t h  i r o n  
i n t a k e .  G r a p h i c a l  r e p r e s e n t a t i o n  ( F ig .  3 )  s h o w e d  a  p o s i t i v e  
c o r r e l a t i o n  b e t w e e n  n e t  g a in  i n  H b - i r o n  a n d  t o t a l  i r o n  i n 
t a k e  f o r  b o t h  t h e  s t a n d a r d  ( r 2  =  0 . 9 7 )  a n d  t e s t  ( r 2 =  0 . 9 5 )  
g r o u p s .  S t a t i s t i c a l  t e s t  s h o w e d  a s s u m p t i o n  o f  l i n e a r i t y  t o  
b e  v a l i d  f o r  t h e  r e g r e s s i o n  o f  g a in  i n  H b - i r o n  o n  i r o n  i n t a k e  
a s  F e S 0 4  ( T a b l e  4 )  b u t  i n v a l i d  i n  t h e  c a s e  o f  t h e  3 2  i r o n /  
a p p l e  d a t a  p a i r s  ( T a b l e  5 ) .  T h e  e f f e c t  o f  s m a l l  a m o u n t s  o f  u n 
t r e a t e d  a p p l e  i n t a k e  o n  w e i g h t  g a in  a n d  H b  g a in  w e r e  i n s ig 
n i f i c a n t  ( S t u d e n t ’s f - t e s t ,  a  =  0 . 0 5 )  f o r  i r o n - d e p l e t e d  a n i 
m a ls  a n d  p o s i t i v e  c o n t r o l  a n im a l s  t h a t  w e r e  n e v e r  d e p l e t e d  
o f  i r o n  ( T a b l e  6 ).

T h e  r a n g e  f o r  t h e  c o n v e r s io n  e f f i c i e n c y  o f  i r o n  s u l f a t e  
w a s  4 6 —5 0 %  ( T a b l e  3 )  a n d  c o m p a r e s  w e l l  w i t h  o t h e r  
s t u d i e s  ( M i l l e r ,  1 9 7 7 ;  M a h o n e y  e t  a l . ,  1 9 7 4 ) .  T h e  c o n v e r 
s i o n  e f f i c i e n c y  o f  i r o n / a p p l e  w a s  g r e a t e r  t h a n  t h a t  o f  
F e S C > 4  i n  e a c h  c a s e  s h o w in g  7 4 %  i n  t h e  l o w  le v e l  s u p p l e 
m e n t  g r o u p  a n d  5 7 %  a n d  5 6 %  f o r  t h e  m e d i u m  a n d  h ig h  
s u p p l e m e n t  g r o u p s ,  r e s p e c t i v e ly .  M a h o n e y  e t  a l .  ( 1 9 7 4 )  
h a v e  s h o w n  t h e  e f f i c i e n c y  o f  c o n v e r t i n g  d i e t a r y  i r o n  t o  H b -  
i r o n  r e m a i n s  c o n s t a n t  o v e r  t h e  r a n g e  o f  i r o n  i n t a k e s  f r o m  
0 . 1 2 —0 .5  m g / d a y  w h e n  f e d  a d  l i b i t u m .  H o w e v e r ,  S m i t h  
a n d  O t i s  ( 1 9 3 7 )  s h o w e d  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  
h e m o g l o b i n  r e s p o n s e  a n d  i r o n  i n t a k e  o n l y  f o r  d o s e s  b e l o w

T a b le  2 —Ir o n  in ta k e  o f  F e S O 4 (s ta n d a rd ) a n d  iro n / a p p le  (te s t)  g ro u p s

Group
Number of 

animals

Addition  
basal dieta 

(mg/kg)

Iron

Apple
supplement13’0

(mg/cube)

Total iron intake 
for 12-day repletion0 

(mg)

Standard (FeSC^) Basal 9 0 0 0
Low 8 6 0 0.7  ± 0 .13d
Medium g 12 0 1.6 + 0 .2 1 d
High 8 24 0 3.4 + o ^ g d

Test (iron/apple) Basal 7e 0 <0.01 <0.08
Low 8 0 0.22 + 0 .0080f 1.3 ± 0.020
Medium g 0 0.38 + 0 .0 1 1f 2.3  ± 0.027
High 8 0 0.57 + 0 .043f 3.4 ± 0.11

?  Iro n  as F eS O ^ -Z H ^ O , d ie ts  fed  ad  l ib itu m .
°  Iro n  as a p p le / lro n  in  f ro ze n  cu b e s , o n e  cu b e  fed  e v e ry  o th e r d a y .
0 M ean and  s tan d a rd  d e v ia t io n . 
d C a lc u la te d  d ire c t ly  w ith  d ie t in ta k e  d a ta .
?  O n e  a n im a l d ied  d u rin g  re p le t io n .
' N u m b e r o f  f ro ze n  cub es a n a ly ze d  fo r  b a sa l, lo w , m e d iu m , and high w e re  6, 6, 4 ,  and 8 , re sp e c t iv e ly .
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0 .2 5  m g  i r o n / d a y  w h e n  r a t s  c o n s u m e d  t h e  w h o l e  d a y ’s 
s u p p l y  o f  i r o n  w i t h i n  a  1 -h r  p e r i o d .  T h e  m e d i u m  a n d  h ig h  
i r o n / a p p l e  d o s e s  in  t h i s  e x p e r i m e n t  w e r e  b o t h  a b o v e  0 .2 5  
m g  i r o n  a n d  w e r e  v e r y  l i k e ly  n o t  o n  t h e  l i n e a r  p o r t i o n  o f  
t h e  d o s e  r e s p o n s e  c u r v e  e s t a b l i s h e d  b y  S m i t h  a n d  O t i s  
( 1 9 3 7 )  f o r  t h e s e  f e e d in g  c o n d i t i o n s .  T h e  9 5 %  p r o b a b i l i t y  
o f  n o n l i n e a r i t y  f o r  t h e s e  d a t a  ( T a b l e  5 )  s u p p o r t  t h i s  h y p o 
t h e s i s .  T h e  r e l a t i v e  b io lo g i c a l  v a lu e s  c a l c u l a t e d  b y  t h e  
g r a p h i c  t e c h n i q u e  ( F ig .  4 )  a r e  s h o w n  in  T a b l e  7  a s  t h e  9 5 %  
c o n f i d e n c e  l i m i t s .  T h e  R B V  a s  m e a s u r e d  i n  t h e  l o w  le v e l  
s u p p l e m e n t  g r o u p  w a s  i n  t h e  r a n g e  1 3 2 - 1 5 2  ( R B V  s t a n d 
a r d :  F e S 0 4  =  1 0 0 ) .  R B V  v a lu e s  f o r  t h e  m e d i u m  a n d  h ig h  
d o s e s  o f  i r o n / a p p l e  w e r e  le s s ,  r a n g in g  f r o m  9 3 — 1 1 2  o r  
a b o u t  e q u a l  t o  t h a t  o f  f e r r o u s  s u l f a t e .

I t  is  c l e a r  t h a t  b o t h  s t a n d a r d  a n d  t e s t  g r o u p s  o f  a n im a ls  
r e s p o n d e d  s im i la r l y  i n  b o t h  h e m o g l o b i n  a n d  w e i g h t  g a in ,  
p la c in g  t h e  b io a v a i l a b i l i t y  o f  i r o n / a p p l e  i n  t h e  s a m e  r a n g e  
a s  t h a t  o f  f e r r o u s  s u l f a t e .  H o w e v e r ,  t h e  d i f f e r i n g  m e t h o d s  
o f  i r o n  p r e s e n t a t i o n  d u e  t o  t h e  p h y s i c a l  a n d  c h e m i c a l  
l i m i t a t i o n s  m e n t i o n e d  a b o v e  m a k e s  t h e  d i r e c t  m a t h e 

m a t i c a l  c o m p a r i s o n  o f  t h e  t w o  s e t s  o f  d a t a  i n a p p r o p r i a t e .  
A  5 6 - 7 4 %  c o n v e r s io n  e f f i c i e n c y  r a t i o  d e n o t e s  t h i s  i r o n /  
a p p l e  t o  b e  o f  r e l a t i v e l y  h ig h  b i o a v a i l a b i l i t y  ( M a h o n e y  e t  
a l . ,  1 9 7 4 ) ,  a n d  a l t h o u g h  a  p r e c i s e  v a lu e  f o r  R B V  is  n o t  
a v a i l a b l e  f r o m  th e s e  d a t a ,  b y  t h e  c r i t e r i a  o f  P la  a n d  F r i t z
( 1 9 7 0 )  t h i s  f o r m  o f  i r o n  f a l l s  i n t o  t h e  c a t e g o r y  o f  g o o d  
s o u r c e s  o f  i r o n ,  i . e . ,  R B V  >  7 0 .

DISCUSSION
M O S T  O R G A N I C  S A L T S  o f  i r o n  s h o w  a n  a v a i l a b i l i t y  s im i
l a r  t o  t h a t  o f  f e r r o u s  s u l f a t e ,  i .e . ,  R B V  =  1 0 0 ,  a n d  i n o r g a n i c  
c o m p o u n d s  o f  i r o n  g e n e r a l l y  s h o w  a  s im i la r  o r  l o w e r  R B V  
t h a n  f e r r o u s  s u l f a t e  ( P la  a n d  F r i t z ,  1 9 7 0 ) .  T h e  R B V  o f  e l e 
m e n t a l  i r o n  p o w d e r s  is  r e p o r t e d  i n  t h e  r a n g e  1 0 - 6 0  a n d  
a p p e a r s  t o  b e  a t  l e a s t  p a r t l y  d e p e n d e n t  o n  p a r t i c l e  s iz e  a n d  
m e t h o d  o f  i r o n  r e d u c t i o n  ( P e n n e l l  e t  a l . ,  1 9 7 5 ;  M o t z o k  e t  
a l . ,  1 9 7 8 ) .  T h e  a b s o r p t i v e  p r o p e r t i e s  o f  i r o n  c h e l a t e s  h a v e  
b e e n  s t u d i e d  i n  v a r i o u s  e x p e r i m e n t a l  a n im a l s  a n d  i n  m a n .  
S e v e r a l ,  b u t  n o t  a l l ,  o f  t h e  F e  ( I I I )  c h e l a t e s  s t u d i e d  s o  f a r  
h a v e  s h o w n  a b s o r p t i v e  r a t e s  s im i l a r  t o  o r  g r e a t e r  t h a n  t h a t
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Fig. 1—Effe ct o f  insertion time and num ber o f  nails on total iron 
per apple. T  denotes + one std deviation.

Fig, 2 —E ffe ct o f  nail size Isurface areaI on total iron p er apple (24- 
hr treatment!. T denotes ± one std deviation.

Table 3 —Initial and final weights and hemoglobin values for repletion period, calculated change in hemoglobin-iron, and change in hemoglobin- 
iron as percent o f  iron intake (conversion efficiency) for FeSC>4 (standard) and iron/apple (test) groups

Weight3 Hemoglobin3

Group code
No. of 

animals

Iron
intake3

(mg)
Initial

(g)
Final

(g)
Initial
(g/dl)

Final
(g/dl)

Gain or loss 
in Hb-lron3 

(mg)

%  of iron intake 
converted to 
Hb-lronb,a

Ferrous sulfate standard

Basal 9 0 111 ± 2 1 1 2 9  ± 2 8 3 .6  ± 0 .4 9 2 .8  ± 0 .2 4 —0 .0 5 7 c + 0 .0 7 9 -
Low 8 0 .7 0  ± 0 .1 3 1 0 6  ± 18 1 47  ± 28 3 .6  ± 0 .4 8 3 .8  ± 0 .4 6 0 .3 2 ± 0 .1 5 4 6 c ± 18
Medium 9 1 .6 ± 0 .2 1 1 0 8  ± 16 1 6 4  ± 2 6 3 .5  ± 0 .4 1 4 .6  ± 0 .4 9 0 .7 3 ± 0 .1 6 4 7  ± 6 .9
High 8 3 .4 ± 0 .2 9 9 8 .4  ± 17 1 7 3  ± 17 3 .6  ± 0 .4 3 8 .0  ± 1.1 1 9 ± 0 .4 1 5 6  ± 9 9

Iron/apple tests

Basal 7 0 .0 5 ± 0 .0 0 5 4 9 8 .6  ± 21 1 1 0  ± 2 9 3 .6  ± 0 .6 2 5 6  ± 0 .3 6 - 0 .0 5 1 ± 0 .0 8 8 -
Low 8 1 .3 + 0 .0 2 1 0 2  ± 12 1 6 8  ± 13 3 .6  ± 0 .5 5 .2  ± 0 .5 6 0 9 6 ± 0 .1 4 7 4  ± 1 0 .6
Medium 9 2 .3 ± 0 .0 2 7 1 0 9  ± 10 1 8 9  ± 13 3 .5  ± 0 .4 7 5 .7  ± 0 .5 3 1 .3 ± 0 .1 6 5 7  ± 6 .9
High 8 3 .4 ± 0 .1 1 1 0 6  ± 15 1 87  ± 22 3 .6  ± 0 .5 2 7 .4  ± 1 .0 1 .9 ± 0 .3 5 5 6  ± 1 0 .6

3 Mean ± standard deviation.
0 Conversion efficiency. 
c Calculated from individual values.
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B IO A  V A !L A B I L I T Y  O F  IR O N / A P P L E . . .

o f  f e r r o u s  s u l f a t e  ( C h r i s t o p h e r  e t  a l . ,  1 9 7 4 ;  P o l l y c o v e  e t  a l . ,
1 9 7 2 ) .  I n  a b s o r p t i v e  p r o p e r t i e s ,  t h e  i r o n / a p p l e  o f  t h i s  s t u d y  
w o u l d  b e s t  b e  c a t e g o r i z e d  w i t h  t h e  i r o n  c h e l a t e s  o r  f e r r o u s  
s a l t s .  T h e  p r o d u c t i o n  o f  a n  i r o n  c h e l a t e  o r  c h e l a t e s  o r  t h e  
c o n v e r s i o n  o f  r e d u c e d  i r o n  t o  t h e  h ig h l y  a v a i la b l e  f e r r o u s  
i o n  f o r m  v ia  t h i s  c o r r o s i o n  p r o c e s s  a r e  p o s s i b i l i t i e s  w o r t h  
f u r t h e r  i n v e s t i g a t i o n .

T o x i c i t y  o f  i r o n / a p p l e  m u s t  b e  c o n s i d e r e d .  T h e  p o s s i 
b i l i t y  o f  i r o n  o v e r lo a d  f r o m  t h e  i n g e s t i o n  o f  a p p l e s  t o o  lo n g  
e x p o s e d  t o  s t e e l  is  n o w  b e in g  in v e s t i g a t e d  a n d  w i l l  b e  d i s 
c u s s e d  in  a  f o r t h c o m i n g  p a p e r .  T h e  a m o u n t  o f  n o n - i r o n  
m e t a l s  i n  v a r i o u s  s t e e l s  i s  v e r y  s m a l l  ( N B S  2 6 0 )  a n d  t h e i r  
r a t e  o f  c o r r o s i o n  i n t o  a p p l e  f r o m  s t e e l  h a s  n o t  b e e n  m e a 
s u r e d .  T h e  p o s s i b i l i t y  o f  t o x i c  e l e m e n t s  p r e s e n t  i n  i r o n /  
a p p l e  is  s m a l l  b u t  s h o u l d  b e  in v e s t i g a t e d  b e f o r e  c o n c lu s io n s  
o n  t h e  s a f e t y  o f  t h i s  p r o d u c t  c a n  b e  m a d e .

CONCLUSION
A P P L E S  h a v in g  c o n t a c t  w i t h  r e d u c e d  i r o n  s h o w  b o t h  a n  
i r o n  n u t r i e n t  d e n s i t y  a n d  c o n t e n t  t h a t  a r e  o n e  t o  t w o  
o r d e r s  o f  m a g n i t u d e  g r e a t e r  t h a n  t h o s e  o f  o t h e r  c o m m o n  
f o o d s  ( T a b l e  8 ) . T h i s  s t u d y  h a s  s h o w n  t h a t  t h i s  c o r r o s i o n

T a b le  4 —A n a ly s is  o f  va ria n ce  te s t in g  a s s u m p t io n  o f  l in e a r i ty  fo r  
re g re ss io n  o f  g a in  In  H b -lro n  (m g ) o n  ir o n  in ta k e  (m g ) a s fe r ro u s  s u l 
fa te a
Source SS d.f. MS

Regression 18.16682675 1 18.1668275
About 0.1320273 2 0.0660136
Within 1.578917 30 0.05263056

Residual 1.710944 32 0.053467

Total 19.87777 33

3 T h e  m ean iro n  in ta k e  o f  each g ro u p  w as used as th e  f ix e d  x  va lu e  
fo r  e ve ry  a n im a l in  th a t  g ro u p . H g : E ( y /x )  = a + b x ;  H j :  E ( y /x )  
f  a + b x ;  a  = 0 .0 5 .

C r it ic a l p o in t :  F ( 2 30J.9 5  = 3 .3 2 .
a b o u t regression 0 ,0 6 6 0 1 3 6  

F w ith in  regression  0 .0 5 2 6 3 0 5  ' '  acceP t 0-

T a b le  5 —A n a ly s i s  o f  va ria n ce  te s t in g  a s s u m p t io n  o f  l in e a r i ty  fo r  
re g re ss io n  o f  g a in  in  H b -iro n  (m g ) o n  i ro n  in ta k e  (m g ) a s i r o n /  
a p p le a
Source SS d.f. MS

Regression 14.314 1 14.314
About 0.446138 2 0.223069
Within 1.247862 28 0.0445665

Residual 1.694 30 0.0564666

Total 16.008 31

a H g : E ( y /x )  = a + b x ;  H j :  E ( y /x )  f  a + b x ;  a  = 0 .0 5 . 
C r it ic a l p o in t :  F (2 ,2 8 ) .9 5  = 3 .3 4 .

0 .2 2 3 0 6 9
0 .0 4 4 5 6 6 5 = 5 .0 0 5 3 , re je c t H g .

o f  i r o n  i n t o  a p p l e s  c a n  n o t  o n l y  g e n e r a t e  a  d r a m a t i c  i n 
c r e a s e  i n  f o o d  i r o n  b u t  a l s o  p r o d u c e s  a  f o r m  o f  i r o n  s h o w 
in g  g o o d  b io a v a i l a b i l i t y  ( T a b l e  9 ) .  I t  c a n  b e  a s s u m e d  t h a t

I r o n  i n t a k e  f o r  r e p l e t i o n  p e r i o d  ( m g )

Fig. 3 —E f f e c t  o f  i ro n  in ta k e  o n  c h a n g e  in  H b -iro n  f o r  ir o n  s u p p l ie d  
as FeSC>4 (A )  a n d  as i r o n /a p p le  ('■ ). V e r tic a l l in e s  d e n o te  s t d  d e v ia 
tio n .

T a b le  7 —B io lo g ic a l va lu es  f o r  th r e e  i r o n /a p p le  t e s t  d o s e s  r e la tiv e  
to  th e  s ta n d a r d  (F e S 04)

Intake of 
standard giving 
same response
as test dose3 Relative biological 

Iron intake of (mg of Fe) value of
test group ------------------  iron/apple

Test group (mg) Low High (%)

Low 1.3 1.71 1.98 132 -  152
Medium 2.3 2.24 2.57 97 -  112
High 3.4 3.16 3.64 9 3 -  107

3 U p p e r and  lo w e r va lues o f  95%  c o n fid e n c e  in te rv a l.

T a b le  6 — T e s t  o f  p o s i t iv e  a n d  n e g a tiv e  c o n tr o l  g r o u p s  f e d  o r  n o t  f e d  u n t r e a te d  a p p le  fo r  d i f f e r e n c e  in  g a in  in  h e m o g lo b in  c o n c e n tr a t io n  a n d  
w e ig h t

Adequate diet Iron-deficient diet
+

Untreated apple 
fed every other day

No
supplement

+
Untreated apple No 

fed every other day supplement

n 8 8 7 9
Repletion weight gain (g) 78.2 ± 6.31 75.9 ± 6.63 NS 11.7 ± 9 .7 18.3 ± 7.6  NS
Gain in Hb concentration (g/dl) 1.4 ± 0.99 1.1 ± 0 .76 NS - 0 .6 6  ± 0.33 - 0 .8 2  ± 0.28 NS

N S : N o  s ig n if ic a n t d if fe re n c e  b y  t- te s t (C h ian g  a nd  S e lv in , 1 9 7 4 ).
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T a b le  8—Io n  c o n c e n tr a t io n  a n d  n u t r i e n t  d e n s i ty  o f  s o m e  c o m m o n  
f o o d s a

Gain or loss in Hb-Fe 
during repletion (mg)

Fig. 4 — R e g r e s s io n  l in e  w i th  9 5 %  c o n f id e n c e  b a n d  f o r  i ro n  in ta k e  as  
a fu n c t io n  o f  c h a n g e  in  H b -iro n  fo r  s ta n d a r d  (FeSC>4)  g ro u p s . U sed  
to  c a lc u la te  i n ta k e  o f  F e S O 4 t h a t  s h o w e d  th e  sa m e  ga in  in  H b -iro n  
as th r e e  t e s t  d o s e s  o f  i r o n /a p p le .

i n g e s t i o n  o f  a p p l e s  i n  c o n t a c t  w i t h  p l a i n  s t e e l  o r  c a s t  i r o n  
d u r in g  c o o k i n g  o r  p r o c e s s i n g  m a y  c o n t r i b u t e  s i g n i f i c a n t  
a m o u n t s  o f  n u t r i t i o n a l l y  a v a i l a b l e  i r o n  t o  t h e  d i e t .
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Prediction of Time Correction Factor for Come-up 
Heating of Packaged Liquid Food

JORGE SUCCAR and KAN-ICHI KAYAKAWA

------------------------------------------- A B S T R A C T --------------------------------------------
All physical properties and operational conditions which have an 
influence on the come-up heating correction factor (Cf), of packaged 
liquid food were examined and subjected to a dimensional analysis. 
Five dimensionless groups which uniquely define the correction 
factor were obtained. The influence of the parameters on the 
values of Cf was studied through application of a central composite 
experimental design and a nonlinear regression analysis, from which 
a regression equation for the prediction of the correction factor 
was obtained. It was found that the Cf values may vary between 
+0.86 to -0.37, having an average value of 0.31. Mathematical 
examination of the regression equation obtained indicates that a 
dimensionless group which is related to the temperature history of 
the heating medium during the come-up phase is the most impor
tant in determining the value of Cf, while another which is a func
tion of the processing time has a negligible influence on this param
eter. The reliability of our regression equation was verified experi
mentally with distilled water, 0.1% locust bean gum and tomato 
soup packed in cans 211 X 300 and 307 X 409. Good agreement 
between experimental and predicted Cf values was observed.

I N T R O D U C T I O N
D U R I N G  M O S T  h e a t  s t e r i l i z a t i o n  p r o c e d u r e s ,  t h e  h e a t i n g  
p e r i o d  i n c l u d e s  a  C o m e - u p  t i m e ,  w h i c h  is  d e f i n e d  a s  t h e  
t i m e  f o r  t h e  t e m p e r a t u r e  o f  t h e  r e t o r t  t o  r e a c h  a  c o n s t a n t  
h o l d i n g  t e m p e r a t u r e  a f t e r  s t e a m  is  i n t r o d u c e d .  R e c o m 
m e n d e d  p r o c e s s i n g  t i m e s  a r e  u s u a l l y  d e f i n e d  o n  t h e  b a s is  o f  
a  n e g l ig ib le  c o m e - u p  p e r i o d ;  t h e r e f o r e ,  d e t e r m i n a t i o n  o f  a n  
a d e q u a t e  t h e r m a l  p r o c e s s  t i m e  r e q u i r e s  a  r e l i a b l e  e s t i m a t i o n  
o f  t h e  p r o c e s s  l e t h a l i t y  a t t a i n e d  d u r in g  t h i s  c o m e - u p  p h a s e .  
T h e  t a s k  m a y  b e  a c c o m p l i s h e d  b y  t h e  a p p l i c a t i o n  o f  a  
c o r r e c t i o n  f a c t o r  o f  t h e  c o m e - u p  h e a t i n g ,  Cf. S in c e  B a l l  
(1923) r e p o r t e d  t h a t  t h e  e m p i r i c a l  Cf f o r  t h e  c o m e - u p  h e a t 
in g  f o r  c o n d u c t i o n  h e a t i n g  w a s  0 .4 2 ,  t h i s  v a lu e  h a s  b e e n  
w id e l y  p r e s u m e d  t o  b e  c o n s t a n t  in  i n d u s t r i a l  p r o c e s s e s .  
H o w e v e r ,  H a y a k a w a  a n d  B a l l  (1971) p o i n t e d  o u t  t h a t  t h e  
C f  c o u ld  d e p e n d  u p o n  o p e r a t i o n a l  c o n d i t i o n s  a n d  t h e r m a l  
p r o p e r t i e s  o f  t h e  f o o d  s a m p le ,  t h u s  v a r i a t i o n s  i n  p r o c e s s i n g  
c o n d i t i o n s  w il l  y i e l d  c o r r e s p o n d i n g  c h a n g e s  in  t h e  v a lu e s  
o f  C f .

I n  t h e  p r e s e n t  s t u d y  t h e  c o r r e c t i o n  f a c t o r  is  d e f i n e d  as  
t h e  d im e n s i o n l e s s  l a r a m e t e r  i n t r o d u c e d  b y  U n o  a n d  H a y a 
k a w a  ( 1 9 8 0 ) :

t x  — ( t p —t u )
Cf = ----- 7------ -----  (1)xu

w h e r e :  t p =  p r o c e s s i n g  t i m e  in  a  p r o c e s s  w i t h  a  c o m e - u p  
p h a s e ;  t x =  e q u i v a l e n t  p r o c e s s  t i m e  in  a  s t a n d a r d  p r o c e s s  
w i t h  a  n e g l ig ib le  c o m e - u p  p h a s e ,  w h i c h  m a k e s  t h e  s t e r i l i z 
in g  v a lu e  o f  t h i s  p r o c e s s  i d e n t i c a l  t o  t h a t  o f  t h e  p r o c e s s  
w i t h  c o m e - u p  p h a s e ;  a n d  t u =  c o m e - u p  t i m e .

U n o  a n d  H a y a k a w a  ( 1 9 8 0 )  d e v e lo p e d  r e g r e s s io n  e q u a 
t i o n s  f o r  t h e  p r e d i c t i o n  o f  t h e  Cf v a lu e  o f  t h e  c o m e - u p

h e a t i n g  b a s e d  o n  c r i t i c a l  p o i n t  in  c y l i n d r i c a l  c a n s  o f  f o o d s  
h e a t i n g  b y  c o n d u c t i o n .  H o w e v e r ,  t h e r e  a r e  n o  p u b l i s h e d  
p r o c e d u r e s  a v a i la b l e  f o r  i n - p l a n t  d e t e r m i n a t i o n  o f  t h e  c o r 
r e c t i o n  f a c t o r  f o r  t h e  c o m e - u p  h e a t i n g  o f  c o n v e c t i v e ly  h e a t 
in g  p r o d u c t s ,  i n c l u d i n g  l i q u id  p r o d u c t s  s u b j e c t e d  t o  m e c h 
a n ic a l  a g i t a t i o n .

S u c c a r  ( 1 9 8 0 )  m a t h e m a t i c a l l y  e x a m i n e d  t h e  p h y s i c a l  
p r o p e r t i e s  a n d  o p e r a t i o n a l  c o n d i t i o n s  w h i c h  h a v e  a n  i n f l u 
e n c e  o n  t h e  v a lu e  o f  t h e  c o r r e c t i o n  f a c t o r  f o r  l i q u id  f o o d s ,  
a n d  e s t a b l i s h e d  a  c o m p u t e r i z e d  p r o c e d u r e  t o  d e t e r m i n e  t h i s  
p a r a m e t e r .

T h e  p r e s e n t  w o r k  w a s  u n d e r t a k e n  t o  t h e o r e t i c a l l y  
e x a m i n e  t h e  i n f l u e n c e  o f  t h e s e  p h y s i c a l  q u a n t i t i e s  o n  C f  
v a lu e s  a n d  t o  d e v e lo p  a  t h e o r e t i c a l  r e g r e s s i o n  e q u a t i o n  f o r  
t h e  p r e d i c t i o n  o f  t h e  c o r r e c t i o n  f a c t o r  o f  p a c k a g e d  l i q u i d  
f o o d  s u b j e c t e d  t o  m e c h a n i c a l  a g i t a t i o n .

M a th e m a t i c a l  d e t e r m i n a t i o n  o f  Cf
A s  o b s e r v e d  b y  S u c c a r  ( 1 9 8 0 ) ,  t h e  m a t h e m a t i c a l  p r o 

c e d u r e  f o r  t h e  e s t i m a t i o n  o f  a  c o r r e c t i o n  f a c t o r  r e q u i r e s  
t h e  f o l l o w in g  e q u a t i o n s  ( A l l  s y m b o l s  u s e d  a r e  d e f i n e d  in  
t h e  n o m e n c a t u r e ) :

( 1 )  E s t i m a t i o n  o f  t h e  l i q u id  t e m p e r a t u r e  T v 2  a n d  T s , 
w h e n  t h e  h e a t i n g  m e d i u m  t e m p e r a t u r e  T j ,  r e m a i n s  c o n 
s t a n t :

T s =  T i  — ( T , - T 0 ) e x p ( - t / c )  ( 2 ) 1

T v a  =  T j -  ( T ,  -  T g )  e x p  ( - t / c )  ( 3 )
w h e r e

C  =  v p C v /U A  ( 3 a )
T s =  p r o d u c t  t e m p e r a t u r e  d u r in g  a  s t a n d a r d  p r o c e s s ,  a s  a 
f u n c t i o n  o f  t i m e ;  T 0  =  i n i t i a l  p r o d u c t  t e m p e r a t u r e ;  T ^  =  
p r o d u c t  t e m p e r a t u r e  d u r in g  t h e  h o l d i n g  p e r i o d  o f  a  p r o c e s s  
w i t h  a  c o m e - u p  p h a s e ;  a n d  T g =  p r o d u c t  t e m p e r a t u r e  a t  t h e  
e n d  o f  t h e  c o m e - u p  p h a s e .

( 2 )  E s t i m a t i o n  o f  t h e  l i q u id  t e m p e r a t u r e  w h e n  t h e  h e a t 
in g  m e d i u m  t e m p e r a t u r e  v a r i e s  d u r in g  t h e  c o m e - u p :

d T vi 1

d t  V T - - T ] ( 4 )

w h e r e T cu =  ( T i  -  m D) ( t / t u ) m  +  m 0 ( 4 a )
m 0  =  i n i t i a l  h e a t i n g  m e d iu m  t e m p e r a t u r e ,  a n d  m  is  a n  e m 
p i r i c a l ly  d e t e r m i n e d  p a r a m e t e r  f o r  t h e  c o m e - u p  p r o c e s s  in  
q u e s t i o n .

( 3 )  E s t i m a t i o n  o f  t h e  e q u iv a l e n t  p r o c e s s  t i m e  ( t x ) ,  a t  
a  r e f e r e n c e  t e m p e r a t u r e  T r , s u c h  t h a t  t h e  v a r i a b l e  p r o c e s s  
w i t h  a  c o m e - u p  h e a t i n g  o f  t u a n d  a  t o t a l  p r o c e s s i n g  t i m e  
o f  t p , a n d  a s t e p  f u n c t i o n a l  p r o c e s s  o f  t i m e  t x , w i t h  a  n e g 
l ig ib le  c o m e - u p ,  h a v e  i d e n t i c a l  s t e r i l i z i n g  v la u e s :

j  1 0 (T 4 _ T r ) /z d t  = J  1 0 (T v l “ T r ) / z d t + J P l O ^ v l - T r l / z d t i S )
o o o

-   --------------------------------------------------------------------------- — --------- E q  ( 2 )  a n d  ( 3 )  a r e  s o lv e d  a n a l y t i c a l l y .  E q  ( 4 )  m a y  b e
A u th o r s  S u c c a r  a n d  H a y a k a w a  a re  a f f i l ia te d  w i th  th e  F o o d  S c ie n c e  s o lv e d  a n a l y t i c a l l y  w h e n  t h e  e m p i r i c a l  c o n s t a n t  m  =  1. F o r
D e p t . ,  C o o k  C o lleg e , R u tg e r s  U n iv ., P .O . B o x  2 3 1 ,  N e w  B r u n s w ic k , m  f  1 i t  m a y  b e  s o lv e d  n u m e r i c a l l y  b y  a p p l i c a t i o n  o f  i n t e -  
N J  0 8 9 0 3 . g r a t i o n  t e c h n i q u e s  s u c h  a s  R u n g e  K u t t a  o f  o r d e r  f o u r t h  a s
___________________________ ______ ________________________________________  is  d o n e  h e r e  ( H i l d e b r a n d ,  1 9 5 6 ) .  E q  ( 5 )  w a s  s o lv e d  n u m e r -
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i c a l ly  b y  u s in g  S im p s o n ’s r u l e  ( A n o n y m o u s ,  1 9 6 4 ) ,  f o r  
n a r r o w  t i m e  in t e r v a l s  w h i le  t x is  e s t i m a t e d  t h r o u g h  a  f iv e  
p o i n t  in v e r s e  i n t e r p o l a t i o n  t e c h n i q u e  ( S a l z e r ,  1 9 4 4 ) .  O n c e  
t x is  c a l c u l a t e d ,  t h e  c o r r e c t i o n  f a c t o r  is  d e t e r m i n e d  b y  
e n t e r i n g  t h i s  v a lu e  i n t o  E q  ( 1 ) .

F o r  c o n v e n i e n c e  w e  a s s u m e d  t h a t  T r  =  T f  in  E q  ( 5 ) ,  
w h e r e  T  j  is  t h e  h e a t i n g  m e d i u m  t e m p e r a t u r e .

D im e n s io n a l  a n a ly s is
C a r e f u l  e x a m i n a t i o n  o f  t h e  s y s t e m  o f  e q u a t i o n s  s h o w s  

t h a t  e i g h t  i n d e p e n d e n t  p h y s i c a l  q u a n t i t i e s  a r e  r e q u i r e d  f o r  
t h e  e s t i m a t i o n  o f  a  c o r r e c t i o n  f a c t o r :  T 1; T 0 , m 0 , t u , 
t p , z  a n d  t h e  e m p i r i c a l  f a c t o r s  m  a n d  C . T h e r e  a r e  t h r e e  
p r i m a r y  d im e n s i o n s  a s s o c i a t e d  w i t h  t h e s e  p h y s i c a l  q u a n t i 
t i e s :  t e m p e r a t u r e  ( C ) , t e m p e r a t u r e  d i f f e r e n t i a l  ( C ° ) ,  a n d  
t i m e  ( m i n ) .

T h r o u g h  a p p l i c a t i o n  o f  B u c k in g h a m - ^  t h e o r e m  ( S h a c k ,
1 9 6 5 )  w e  h a v e :

N u m b e r  o f  d im e n s i o n l e s s  g r o u p s  r e q u i r e d  =  p  — r  =  5 
w h e r e  p  =  n u m b e r  o f  p h y s i c a l  q u a n t i t i e s  a n d  r  =  n u m b e r  o f  
p r i m a r y  d im e n s i o n s .

A p p l i c a t i o n  o f  t h e  a l g o r i t h m  f o r  a  d i m e n s i o n a l  a n a ly s is ,  
o r  i n s p e c t i o n  t o  o u r  s y s t e m  o f  e q u a t i o n s ,  y i e l d s  t h e  f o l l o w 
in g  f iv e  d im e n s i o n l e s s  p a r a m e t e r s  S y  w h i c h  u n i q u e l y  d e f i n e  
t h e  c o r r e c t i o n  f a c t o r :

S k i  =  ( T 1  -  m 0 ) / z ( 6 )
S k 2  =  C / t „ ( 7 )
S k 3  =  ( T f  — T 0 ) / z ( 8 )
S k 4  =  ( t p  -  t j / c ( 9 )
S k s  =  m ( 1 0 )

E x p e r i m e n t a l  d e s ig n
T h e  i n f l u e n c e  o f  e a c h  g r o u p  o n  t h e  c o r r e c t i o n  f a c t o r  C f 

w a s  t h e n  e x a m i n e d  t h r o u g h  a p p l i c a t i o n  o f  a  f a c t o r i a l  c e n 
t r a l  c o m p o s i t e  e x p e r i m e n t a l  d e s ig n  ( D a v ie s ,  1 9 7 8 ) . F o r  t h i s  
a n a ly s i s  t h e  f iv e  d im e n s i o n l e s s  g r o u p s  a r e  t r e a t e d  a s  i n d e 
p e n d e n t  v a r i a b le s ,  a n d  C f  a s  a  d e p e n d e n t  v a lu e .  T h e  e x p e r i 
m e n t a l  d e s ig n  c o n s i s t s  o f  c o m b in in g  f a c t o r s  a t  t w o  le v e ls ,  
a n d  s t a r  p o i n t  c o m b i n a t i o n s ,  a g a in  a t  t w o  le v e ls ,  w i t h  t h e  
c e n t r a l  v a lu e  p o i n t  c o m b i n a t i o n  t o  t h e  f iv e  f a c t o r s .  F o r  
e a c h  o f  t h e s e  c o m b i n a t i o n s  a  v a lu e  o f  C f  w a s  d e t e r m i n e d  
t h r o u g h  t h e  u s e  o f  a  c o m p u t e r  p r o g r a m  f o r  t h e  e s t i m a t i o n  
o f  C f v a lu e s  o f  p a c k a g e d  l i q u id  f o o d  ( S u c c a r ,  1 9 8 0 ) . I n  
t h e  f a c t o r i a l  d e s ig n ,  e a c h  S y  h a s  t w o  le v e ls ,  d e s ig n a t e d  a t  
+ 1  ( l a r g e r  v a lu e )  a n d  a s  — 1  ( s m a l l e r  v a lu e ) ,  t h u s  t h e  n u m b e r  
o f  a l l  t h e  p o s s i b l e  c o m b i n a t i o n s  o f  t h e  f iv e  f a c t o r s  a t  t w o  
le v e ls  is  g iv e n  b y  2 n  =  3 2 .  T h e  s t a r  p o i n t  d e s ig n  f o r m s  a  
s e t  o f  a d d i t i o n a l  p o i n t s ,  w h e r e  t h e  le v e l  o f  e a c h  p a r a m e t e r  
is  s e l e c t e d  t h r o u g h  t h e  u s e  o f  a n  i n t e r v a l  o f  ±  A  w h i c h  is 
g iv e n  b y :

A  =  2 n / 4  =  2 .3 7 8 4  f o r  n  =  5 ( 1 1 )
E a c h  s t a r  p o i n t  r e p r e s e n t s  a  c o m b i n a t i o n  o f  f a c t o r i a l  

le v e ls ,  w h e r e  t h e  le v e l  o f  o n l y  o n e  f a c t o r  is  e i t h e r  + A  o r  
—A , a n d  t h o s e  o f  a l l  o t h e r s  a r e  a t  m id - l e v e l  ( 0 )  o f  i t s  + 1  a n d  
— 1 le v e ls . T h e r e f o r e  t h e  t o t a l  n u m b e r  o f  c o m b i n a t i o n s  o f  
t h e s e  a d d i t i o n a l  p o i n t s  is  2  n  =  1 0 .

A  t h i r d  a n d  l a s t  c o m p o n e n t  o f  t h e  e x p e r i m e n t a l  d e s ig n  
c o n s i s t s  o f  o n e  c e n t e r  p o i n t  a t  w h i c h  t h e  le v e l  o f  e a c h  f a c 
t o r  is  a t  m id - l e v e l  o .  T h e  t o t a l  n u m b e r  o f  e x p e r i m e n t a l  
d e s ig n  p o i n t s  is  g iv e n  b y :  2 n +  2 n  +  1=  4 3  e x p e r i m e n t s .

A f t e r  e x a m i n i n g  c o m m e r c i a l  h e a t  p r o c e s s i n g  a s  r e p o r t e d  
b y  S t o m b o ,  1 9 7 3 ;  L o p e z ,  1 9 7 5 ;  N C A , 1 9 7 6 ,  m a x i m u m  a n d  
m i n i m u m  v a lu e s  o f  t h e  e i g h t  p h y s i c a l  q u a n t i t i e s  a s  w e l l  
a s  t h o s e  v a lu e s  m o s t  l i k e ly  t o  b e  f o u n d  i n  c o m m e r c i a l  p r o 
c e d u r e s  w e r e  e s t a b l i s h e d  ( T a b l e  1 ).

F r o m  t h e  v a lu e s  o f  T a b l e  1, m a x i m u m ,  f r e q u e n t ,  a n d  
m in i m u m  le v e ls  f o r  t h e  f iv e  d im e n s i o n l e s s  g r o u p s  w e r e  
d e t e r m i n e d .  T h e s e  v a lu e s  ( + A , 0 , —A )  a r e  s h o w n  i n  T a b l e  2 .

T h e  m a x i m u m  a n d  m in i m u m  v a lu e s  f o r  S k 5  w e r e  s e l e c t e d  
t h r o u g h  t h e  e x a m i n a t i o n  o f  a c t u a l  p r o c e s s  h i s t o r i e s  o f  
h e a t i n g  m e d i u m  t e m p e r a t u r e s  d u r in g  c o m e - u p  p e r i o d s .

T h e  m a x i m u m  a n d  m i n i m u m  v a lu e s  o f  e a c h  d im e n s i o n 
le s s  p a r a m e t e r  m u s t  b e  e q u a l  t o  + A  a n d  —A  r e s p e c t iv e ly ,  
i n  o r d e r  t o  a p p ly  t h e  e x p e r i m e n t a l  d e s ig n  t o  t h e  r e g i o n  
e n c o u n t e r e d  i n  p r a c t i c e .  T h e r e f o r e ,  t h e  v a lu e s  o f  t h e  S k j ’s 
m u s t  b e  p r o p e r l y  t r a n s f o r m e d .  S in c e  i t  is  d e s i r a b l e  t o  e m 
p h a s i z e  t h e  e x p e r i m e n t a l  d e s ig n  a r o u n d  t h o s e  v a lu e s  o f  
c o m m e r c i a l  i n t e r e s t  ( 0  le v e l ) ,  t h e  v a r i a b l e  s p a c e  w a s  c o n 
d e n s e d  b y  u s in g  e x p o n e n t i a l  t r a n s f o r m a t i o n  f o r  e a c h  o f  t h e  
f iv e  p a r a m e t e r s .

T h e  t r a n s f o r m a t i o n  o f  t h e  d im e n s i o n l e s s  g r o u p s  i n t o  t h e  
f iv e  e x p e r i m e n t a l  d e s ig n  le v e ls  is  s h o w n  in  E q  ( 1 1 )  t h r o u g h
( 1 5 ) :

X 1 =  - 7 . 4 7 6 6  e x p  ( - 0 . 2 5  S k l )  +  2 . 3 8 8 9  ( 1 1 )
X 2 =  - 5 . 1 2 3 3  e x p  ( - 1 . 7 1  S k 2 )  +  2 .3 7 8 3  ( 1 2 )
X 3 =  - 5 . 4 9 5 9  e x p  ( - 0 . 3 0  S k 3 ) +  2 .3 8 0 6  ( 1 3 )
X 4 =  - 4 . 7 5 6 8  e x p  ( - 0 . 0 3  S k 4 )  +  2 .3 7 8 4  ( 1 4 )
X 5 =  1 .2 5 8 6  e x p  ( 1 . 6 0  S k 5 ) - 3 . 8 5 3 3  ( 1 5 )

T h e  v a lu e s  o f  S y  f o r  t h e  f iv e  e x p e r i m e n t a l  d e s ig n  le v e ls  
o b t a i n e d  b y  s o lv in g  E q  ( 1 1 )  t h r o u g h  ( 1 5 ) ,  f o r  X ; =  A , + 1 ,  
0 , - 1 ,  a n d  —A  r e s p e c t i v e ly  a r e  s h o w n  i n  T a b l e  2 .

A  c o m p u t e r  p r o g r a m  w a s  d e v e lo p e d  t o  e s t i m a t e  t h e  p h y 
s ic a l  p r o p e r t y  v a lu e s  a n d  o p e r a t i o n a l  c o n d i t i o n s  w h i c h  s a t i s 
f y  t h e  le v e l  o f  t h e  s t a t i s t i c a l  d e s ig n  v a r i a b le s  f o r  e a c h  o f  t h e  
4 3  e x p e r i m e n t s  ( S u c c a r ,  1 9 8 0 ) . T h e s e  q u a n t i t i e s  w e r e  t h e n  
u s e d  f o r  t h e  e s t i m a t i o n  o f  t h e  c o r r e c t i o n  f a c t o r  f o r  e a c h  
d e s ig n  c o m b i n a t i o n  o f  t h e  f iv e  d im e n s i o n l e s s  g r o u p s .  T h e  
v a lu e s  o f  C f o b t a i n e d  v a r y  b e t w e e n  + 0 .3 0 7 0 .  O u t  o f  t h e  
4 3  c o r r e c t i o n  f a c t o r s  o b t a i n e d ,  s ix  (1 4 % ) h a d  a  n e g a t i v e  
v a lu e .

A  n o n l i n e a r  r e g r e s s io n  a n a ly s i s  ( B a r r  e t  a l . ,  1 9 7 6 )  w a s  
a p p l i e d  i n  o r d e r  t o  e v a lu a t e  t h e  i n f l u e n c e  o f  t h e s e  f iv e  
d im e n s i o n le s s  p a r a m e t e r s  o n  Cf, a s  w e l l  a s  t o  o b t a i n  a  
r e g r e s s i o n  e q u a t i o n  f o r  t h e  p r e d i c t i o n  o f  t h i s  p a r a m e t e r .  
F o r  o u r  a n a ly s i s  w e  u s e d  l i n e a r ,  q u a d r a t i c ,  a n d  c u b i c  t e r m s .  
T h e  e q u a t i o n  o b t a i n e d  h a s  a  c o r r e l a t i o n  c o e f f i c i e n t  o f  
0 .9 9 9 9 9 0  a n d  s u m s  o f  s q u a r e d  r e s i d u a l s  o f  0 .3 3 4 5  x 
1 0 - 4  w i t h  s e v e n  d e g r e e s  o f  f r e e d o m .— Continued on next page

T a b le  1 —M a x im u m  a n d  m in im u m  va lu es  o f  d im e n s io n a l  p a ra m e te r s  
f o r  d e te r m in in g  th e  c o r r e c tio n  fa c to r  o f  l iq u id  fo o d s

Physical
quantities

Minimum
value

Most frequent 
value

Maximum
value

T i  (°C) 90.0 95.0 121.1
T 0 P C I 5.0 65.0 82.0
C (min) 0.4 1.3 6.5

N o O 4.4 10.6 16.7ooaE 4 .4 45.0 60.0
t u (min) 0.5 3.0 10.0
t p (min) tu 5 x tu 20 x tu
m 0.1 0.7 1.0

T a b le  2 —N o m in a l  va lu es  o f  f iv e  d im e n s io n le s s  p a r a m e te r s  w h ic h  
c o r r e s p o n d  to  fiv e  d e s ig n  lev e ls

Values of dimensionless parameters corresponding 
to the following design levels

Parameter - A -1 0a +1 +A

Ski 1.800 3.165 4.564 6.733 26.277
S k 2 0.043 0.244 0.449 0.768 13.029
Sk3 0.480 1.620 2.789 4.605 26.151
s k4 0.000 11.406 23.105 41.288 459.360
s k5 0.100 0.512 0.700 0.844 1.000

a F re q u e n t  S k j va lues
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C O R R E C T IO N  F A C T O R  O F  L IQ U ID  FO O D  . . .

A l l  n o n s i g n i f i c a n t  t e r m s  w e r e  e l i m i n a t e d  f o r  f u r t h e r  
r e g r e s s i o n  a n a ly s i s  i n  o r d e r  t o  o b t a i n  a  a lg e b r a i c  e q u a t i o n  
w i t h  f e w e r  t e r m s .  T h e  f i n a l  r e g r e s s io n  e q u a t i o n  o b t a i n e d  is  
s h o w n  b e lo w :
Cf = 0 . 3 2 4 3 9 -  0 . 1 1 3 6 8 . X j  -  0 . 0 0 9 7 7 . X 2 + 0 . 1 5 5 8 3 . X 3

+  0 . 0 0 1 6 5 . X 4 -  0 . 0 4 9 6 . X 5 -  0 . 0 3 5 4 7 . X J . X ¡
-  0 . 0 1 2 1 3 . X 2 X 2 — O .9 0 5 1 5 .X 3 .X 3

+  O.OO3 3 I . X 4 .X 4  +  0 . 0 3 2 2 3 .X 5 .X 5 -  0 . 0 3 7 1 3 . X ! , X 2
+  0 . 0 2 1 2 6 .X 1 .X 3  -  0 .0 0 4 9 1  .X j  .X 5

+  0 . 0 5 4 4 8 . X 2 .X 3 -  0 . 0 1 2 4 9 . X 2 .X 5 +  0 . 0 0 9 1 6 . X 3 .X 5
-  0 . 0 1 6 7 3 . X i . X 1 . X 1 +  0 . 0 0 7 0 1 . X 2 .X 2 .X 2
+  O .O I 4 1 3 . X 3 .X 3 .X 3  -  0 . 0 0 1 6 5 . X 4 .X 4 .X 4

-  0 .0 1 1  i 2 .X 5 . X 5 .X 5  +  0 . 0 1 6 1 7 . X j . X 2 .X 3
-  0 . 0 0 5 9 1 . X j . X 2 .X 5 +  0 . 0 0 6 7 1 . X 2 . X 3 .X 5
-  0 . 0 0 1 0 8 . X j , X 3 .X 5

T h e  c o r r e l a t i o n  c o e f f i c i e n t  o f  e q u a t i o n  1 6  is  0 .9 9 9 9 9 0 .  
I n  o r d e r  t o  u s e  t h e  e q u a t i o n ,  t h e  v a u e s  o f  S^) t h r o u g h  
s h o u l d  b e  s u b s t i t u t e d  in  E q  ( 1 1 )  t h r o u g h  ( 1 5 )  r e s p e c t i v e ly ,  
t o  c o n v e r t  t h e m  i n t o  t h e  S¡ v a lu e s  t h a t  a p p e a r  in  t h i s  
e x p r e s s i o n .

E X P E R I M E N T A L
TWO CAN SIZES wer eused for our experiments: 211 x 300 and 
307 x 409. Temperatures were sensed by using copper and constan- 
tan thermocouples, 0.02 in diameter, 0.006 in. teflon covered single 
wire. In order to place the thermocouple junctions inside the can, 
the two wires were inserted through opposite sides of the can wall, 
welded in place, then positioned at the desired locations. Epoxy 
resin was used to tightly seal the small holes in the can wall, and to 
fix the thermocouple junction at the prescribed location. Up to five 
thermocouples were placed in the 307 x 409 can and three thermo
couples in the smaller size 211 x 300. The approximate location of 
these junctions is shown in Fig. 1. The headspace in all cans was 
10% of its internal height.

The cans were filled with distilled water, 0.1% aqueous solution 
of locust bean gum, and content of canned tomato soup packaged 
by Campbell Soup Co.

Since sample consistency greatly influences convection heat 
transfer, a Brookfield Synchro-Electric Viscometer (Model HAT) 
was used to determine the apparent viscosity of the locust bean 
gum solution and the tomato soup. Total solids and density of 
tomato soup were determined by using appropriate AOAC methods.

In order to assure uniform temperature distribution throughout

the can contents, a precision shaker bath, Fisher Sc. Co. (Model 
25) of 17 liters capacity was utilized. The system was adjusted so 
that come-up times ranging from 2 to 10 minutes could be simulated 
(Succar, 1980). An almost step functional process was obtained by 
suddenly submerging a can at an initial temperature (T0) into the 
water bath at a holding temperature T j , rapidly followed by the 
start of the mechanical agitation. Rates of agitation selected were 
120 strokes/min and 140 strokes/min for cans 211 x 300 and 
307 x 409 respectively (1 stroke = horizontal displacement of a can 
in two opposite directions of length 3.7 cm each). At these rates of 
agitation, a uniform temperature distribution of the liquid product 
was obtained.

R E S U L T S  &  D I S C U S S I O N
T H E  S H E A R - S T R E S S  r e s p o n s e s  o f  0 .1 %  a q u e o u s  s o l u t i o n  
o f  l o c u s t  b e a n  g u m  a n d  t o m a t o  s o u p  a r e  s h o w n  in  T a b l e  3 . 
I t  is  a p p a r e n t  f r o m  t h i s  t a b l e  t h a t  t h e  g u m  s o l u t i o n  a n d  
t o m a t o  s o u p  a r e  d i l a t a n t  a n d  p s e u d o p l a s t i c  l i q u id s  r e s p e c 
t i v e ly .  W a te r  is  k n o w n  t o  b e  N e w t o n i a n .

T h e  v a lu e s  o f  d e n s i t y ,  t o t a l  s o l i d s  c o n t e n t ,  a n d  f i l l  
v o l u m e  w h i c h  c h a r a c t e r i z e  t h e  p r o d u c t s  u s e d  in  o u r  e x p e r i 
m e n t  a r e  s h o w n  in  T a b l e  4 .

E a c h  e x p e r i m e n t  c o n s i s t s  o f  a  c o m e - u p  p r o c e s s  a n d  a  
s t e p  f u n c t i o n a l  p r o c e s s .  A l t h o u g h  e a c h  e x p e r i m e n t  r u n  w a s  
c a r e f u l l y  e x e c u t e d ,  s o m e  d i f f e r e n c e s  b e t w e e n  t h e  h o l d i n g  
t e m p e r a t u r e s  o f  t h e  v a r i a b l e  a n d  s t e p  f u n c t i o n a l  p r o c e s s e s  
w e r e  f o u n d ,  in  a d d i t i o n  t o  d i f f e r e n c e s  b e t w e e n  i n i t i a l  t e m 
p e r a t u r e  ( T 0 )  f o r  b o t h  p r o c e s s e s .  S in c e  d im e n s i o n l e s s  
t e m p e r a t u r e  r a t i o s  a r e  v i r t u a l l y  i n d e p e n d e n t  o f  i n i t i a l  f o o d  
t e m p e r a t u r e  a n d  h o l d i n g  m e d iu m  t e m p e r a t u r e ,  a c c o r d in g  
t o  o u r  p r e l i m i n a r y  t e s t s ,  t h e  l i q u id  t e m p e r a t u r e  [ T ^ q ] 
a c tu a l l y  m e a s u r e d  d u r in g  t h e  s t e p  f u n c t i o n a l  p r o c e s s  w a s  
m o d i f i e d  s o  t h a t  i t  w o u ld  m a t c h  t h e  i n i t i a l  t e m p e r a t u r e  o f  
t h e  l i q u id  a n d  t h e  h o l d i n g  t e m p e r a t u r e  T  t o f  t h e  c o m e - u p  
h e a t i n g .

T h i s  a d j u s t m e n t  w a s  a c c o m p l i s h e d  t h r o u g h  a p p l i c a t i o n  
o f  t h e  f o l l o w in g  e q u a t i o n :

( T ! ) s - T s( t )
T s m ( t ) = ( T 1 ) v - [ ( T 1 ) v - ( T o ) v ] ------------------ -------- ( 1 7 )

( T i ) s — ( T 0 ) s
T h e  a d j u s t e d  l i q u id  t e m p e r a t u r e s  f o r  t h e  s t e p  f u n c t i o n a l  

p r o c e s s  t o g e t h e r  w i t h  t h e  v a lu e s  o b t a i n e d  f o r  t h e  p r o c e s s

HEAD SPACE

- a / 2  ------ ĵ-*------a/ 7

H

TO
RECORDER 

(CONSTAN TAN)

TO
RECORDER
(COPPER)

Fig. 1 — T h e r m o c o u p le  j u n c t io n s  in  c a n s  3 0 7  x  4 0 9  a n d  2 1 1  x  3 0 0 . 
H e ig h t  o f  l iq u id  c o n te n t  = h . L o c a t io n  1 — 0 .9 0 h ;  lo c a t io n  2  —
0 .7 0 h ;  L o c a t io n  3  — 0 .5 0  h . L o c a t io n  4  — 0 .3 3 h ;  L o c a t io n  5  — 
0 .1 0  h . C an s iz e  3 0 7  x  4 0 5 :  L o c a t io n s  1, 2 ,  3 , 4 ,  a n d  5 . C an  s iz e  
2 1 1  x  3 0 0 ,  L o c a t io n s  1, 3 ,  a n d  5.

T a b le  3 —A p p a r e n t  v is c o s i ty a as a fu n c t io n  o f  sh e a r-s tr e s s  o f  th e  
l iq u id  s a m p le s  u s e d

Apparent viscosity (g/cm-S) at (rpm)
Product 2.5 5.0 10.0 20.0 50.0 100.0

0.1 % Locust 
bean gum 

Tomato soup 19.2 11.3
0.080
6.07

0.100
3.93

0.168
2.16

0.205
1.40

a M easu rem ents w e re  p erfo rm e d  at 2 3 .6 ° C .

T a b le  4 —S o m e  p h y s ic a l  c o n s ta n ts  o f  th e  s a m p le  l iq u id s  u s e d  d u r in g  
th e  e x p e r im e n ta l  p r o c e d u r e s 3

Product
Density13

(g/ml)

Total
solids

content
(%)

Distilled H20 0.9698 0.0
0.1% locust bean gum 0.9698 0.1
Tomato soup 0.9425 9.0

3 F i l l  v o lu m e  In can  s ize  2 1 1  x  3 0 0  = 2 2 0  m l and  In th e  can s ize  
3 0 7  x  4 0 9  = 5 5 0  m l, m easured  at 8 8 ° C .

D D e te rm in e d  at 8 3 ° C .
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w i t h  c o m e - u p  w e r e  u s e d  t o  d e t e r m i n e  a  c o r r e c t i o n  f a c t o r  a s  
d e s c r i b e d  p r e v io u s ly .

I n  a d d i t i o n  T b  T 0 , m Q, t u , t p , a n d  z  w h i c h  a r e  d i r e c t l y  
c o l l e c t e d  f o r m  t h e  e x p e r i m e n t a l  d a t a ,  t h e  t h e o r e t i c a l  p r e 
d i c t i o n  o f  a  c o r r e c t i o n  f a c t o r  r e q u i r e s  t h e  e s t i m a t i o n  o f  m  
a n d  C  [ E q  ( 7 )  a n d  ( 1 0 ) ,  r e s p e c t i v e l y ] .  T h e  p a r a m e t e r  m  is  
o b t a i n e d  t h r o u g h  a  m e t h o d  o f  l e a s t  s q u a r e  f i t ,  ( U n o  a n d  
H a y a k a w a ,  1 9 8 0 ) ,  w h i l e  C  is  d e t e r m i n e d  e x p e r i m e n t a l l y  a s  
fh  f r o m  t h e  p l o t  o f  h e a t  p e n e t r a t i o n  d a t a :

E x p e r i m e n t a l  c o r r e c t i o n  f a c t o r s  w e r e  d e t e r m i n e d  t h r o u g h  
l i n e a r  i n t e r p o l a t i o n  o f  t h e  e q u i v a l e n t  p r o c e s s  t i m e  ( t x ) 
a t  w h i c h  b o t h  t h e  v a r i a b l e  p r o c e s s  w i t h  a  c o m e - u p ,  a n d  t h e  
s t e p  f u n c t i o n a l  p r o c e s s  h a d  i d e n t i c a l  s t e r i l i z i n g  v a lu e s  a t  a  
g iv e n  t i m e  t p . O n c e  t x  is  k n o w n  a  C f  v a lu e  is  d e t e r m i n e d  
t h r o u g h  a p p l i c a t i o n  o f  E q  (  1).

E x p e r i m e n t a l  v a lu e s  o f  C f  w e r e  c o m p a r e d  a g a in s t  o u r  
m o d e l  r e g r e s s i o n  e q u a t i o n  f o r  t h e  e s t i m a t i o n  o f  t h e  c o r r e c 
t i o n  f a c t o r  i n  l i q u id s  [ E q  ( 1 6 ) ] .  T h e s e  v a lu e s  a r e  s h o w n  in  
T a b l e  5 .

A n  o v e r a l l  d e v i a t i o n  o f  8 . 6 %  f r o m  t h a t  o f  t h e  e x p e r i 
m e n t a l  v a lu e  w a s  o b s e r v e d .  H o w e v e r ,  w e  o b s e r v e  t h a t  t h e  
s m a l l e r  c a n  s iz e  r e s u l t s  i n  t h e  l a r g e r  d e v i a t i o n .  E r r o r s  i n  t h e  
e x p e r i m e n t a l  m e a s u r e m e n t  o f  t h e  t e m p e r a t u r e s  a r e  m o r e  
s e r i o u s  i n  s m a l l e r  c a n s  d u e  t o  s m a l l e r  t e m p e r a t u r e  d i f f e r 
e n c e s  b e t w e e n  t h e  f o o d  a n d  h e a t i n g  m e d iu m .  D e v ia t i o n s  
m a y  c a u s e  c o n s i d e r a b l e  e r r o r s  in  s t e r i l i z i n g  v a lu e s  b e c a u s e  
o f  t h e  e x p o n e n t i a l  r e l a t i o n  o f  t h i s  p a r a m e t e r  t o  p r o d u c t  
t e m p e r a t u r e s  ( U n o  a n d  H a y a k a w a ,  1 9 8 0 ) .

A s  o b s e r v e d  in  T a b l e  5 , m a x i m u m  d e v i a t i o n s  o f  1 4%  
a n d  m i n i m u m  o f  1%  w e r e  o b t a i n e d .  C a r e f u l  a n a ly s i s  o f  t h e  
p a r a m e t r i c  v a lu e s  u s e d  d u r in g  o u r  e x p e r i m e n t s  s h o w  t h a t  
g r e a t e r  d e v i a t i o n s  b e t w e e n  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  
r e g r e s s i o n  e q u a t i o n  ( p r e d i c t e d )  C f  o c c u r r e d  m a i n l y  w h e n :

1. T h e r e  w a s  d i f f i c u l t y  i n  f i n d in g  a n  a p p r o p r i a t e  e x p e r i 
m e n t a l  m  v a lu e  t o  a c c u r a t e l y  d e s c r i b e  t h e  h e a t i n g  m e d iu m  
t e m p e r a t u r e  d u r in g  t h e  c o m e - u p .

2 . T h e  v a lu e s  o f  S k l  a n d / o r  S k 3  a n d / o r  S k 5  a r e  n o t  
w i t h i n  o r  c l o s e  t o  t h e  + 1 , — 1  le v ie s  u s e d  f o r  t h e  c e n t r a l  
c o m p o s i t e  e x p e r i m e n t a l  d e s ig n .  I n  e x p e r i m e n t  1 2  f o r  e x 
a m p le  t h e  v a lu e s  o f  S k j ’s a r e  a s  f o l l o w s :  S k i =  —2 .3 4 8 ,  
S k 2  =  - 0 . 1 2 6 ,  S k 3  =  0 . 7 2 2 ,  S k 4  =  - 0 . 5 1 2 ,  S k s  =  - 1 . 2 2 8 .  
I n  t h i s  c a s e  S k l  a n d  S k s  a r e  b e y o n d  t h e  h ig h  a n d  l o w  
le v e ls  i n d i c a t e d ,  a n d  a  d e v i a t i o n  o f  + 1 4 %  w a s  o b s e r v e d .

T h e  i m p o r t a n c e  o f  t h e  p a r a m e t e r s  S k j , S k 3  a n d  S k 5  

i n  t h e  d e t e r m i n a t i o n  o f  t h e  c o r r e c t i o n  f a c t o r  is  e x a m i n e d  in  
t h e  d i s c u s s io n  o f  o u r  e r r o r  a n a ly s is .  I n  a g r e e m e n t  w i t h  t h e  
o b s e r v a t i o n s  o f  U n o  a n d  H a y a k a w a  ( 1 9 8 0 ) ,  t h e  s m a l l e r  
v a lu e s  o f  m  p r o d u c e d  h ig h e r  v a lu e s  o f  C f.

I t  is  o b s e r v e d  t h a t  t h  e x p e r i m e n t a l  C f  v a lu e s  a r e  f o u n d  
t o  b e  c o n s i s t e n t l y  h i g h e r  t h a n  t h o s e  t h e o r e t i c a l l y  p r e d i c t e d .  
T h i s  r e s p o n d s  t o  t h e  f a c t  t h a t  t h e  h e a t i n g  m e d i u m  t e m p e r a 
t u r e  d r o p p e d  s l ig h t ly ,  s h o r t l y  a f t e r  t h e  s t a r t  o f  t h e  s im u la 
t i o n  o f  t h e  s t e p  f u n c t i o n a l  p r o c e s s ,  a n d  t h i s  c a u s e s  t h e  
e q u i v a l e n t  p r o c e s s  t i m e  t o  b e  g r e a t e r  t h a n  t h e  o n e  t h e o r e 
t i c a l l y  p r e d i c t e d .  A s  a  c o n s e q u e n c e  t h e r e  is  a  s l ig h t  o v e r e s t i 
m a t i o n  o f  t h e  p r e d i c t e d  l i q u i d  t e m p e r a t u r e s  d u r in g  t h e  s t e p  
f u n c t i o n a l  p r o c e s s e s ,  t h u s  e x p e r i m e n t a l  t xe v a lu e s  w h i c h  
y i e l d  a  t a r g e t  s t e r i l i z i n g  v a lu e  a r e  g r e a t e r  t h a n  t h e  p r e d i c t e d  
e q u i v a l e n t  p r o c e s s  t i m e s .  T h e r e f o r e ,  w e  h a v e  t h a t  C fe >  
C f. A s  m e n t i o n e d ,  t h e  v a lu e s  o f  C f  m a y  b e c o m e  n e g a t i v e .  
F r o m  E q  ( 1 )  i t  m a y  b e  s e e n  t h a t  a  c o r r e c t i o n  f a c t o r  is  
n e g a t i v e  o n l y  w h e n  t h e  f o l l o w in g  is  t r u e :

t x <  t p -  t u ( 1 9 )
A  n e c e s s a r y  c o n d i t i o n  f o r  a  C f  t o  b e  n e g a t i v e  is  t h a t  T 0  >  
m 0 . T h i s  w a y  t h e  l i q u i d  t e m p e r a t u r e  w i l l  d e c r e a s e  d u r in g  a  
c o m e - u p ,  so  t h a t  a t  t h e  e n d  o f  t h i s  p h a s e  t h e  p r o d u c t

t e m p e r a t u r e  is  b e lo w  t h a t  o f  T 0  a t  t h e  b e g in n in g  o f  t h e  
p r o c e s s .  A n  a d d i t i o n a l  r e q u i r e m e n t  is  t h a t  t h e  l e t h a l i t y  
g a in e d  d u r in g  t h e  c o m e - u p  m u s t  b e  n e g l ig ib le .

I n  g e n e r a l  w e  o b s e r v e d  t h a t  t h e  v a lu e s  o f  C f  m a y  b e  p o s i 
t i v e ,  z e r o  o r  n e g a t i v e .  I f  t h e  s t e r i l i z i n g  v a lu e  g a in e d  d u r in g  
a  c o m e - u p  is  n e g l i g i b l e ,  a n y  o f  t h e  t h r e e  r a n g e s  o f  v a lu e s  
m a y  b e  o b t a i n e d  i f  t h e  f o l l o w in g  c o n d i t i o n s  a r e  s a t i s f i e d :

( 1 )  t p — t u  =  t x w h e n  T g =  T 0 . V a l u e s  o f  C f  i n  t h i s  c a s e  
a r e  z e r o ;

( 2 )  t p — t u <  t x w h e n  T g >  T 0 . V a lu e s  o f  C f  a r e  p o s i 
t i v e ;

( 3 )  t p — t u >  t x w h e n  T g <  T 0 . V a l u e s  o f  C f  a r e  n e g a 
t i v e ,  w h e r e  T g is  r e f e r r e d  t o  t h e  t e m p e r a t u r e  o f  t h e  c o n 
t e n t s  a t  t h e  e n d  o f  t h e  c o m e - u p  p h a s e  ( t u ).

F r o m  ( 3 )  a b o v e  w e  m a y  d e d u c t  t h a t  a  c o r r e c t i o n  f a c t o r  
m a y  b e  n e g a t i v e  o n l y  i f  S k 3  >  S y ,  w h i c  r e f l e c t s  t h e  f a c t  
t h a t  T 0  >  m Q.

E r r o r  a n a ly s is
T h e  r e g r e s s i o n  e q u a t i o n  o b t a i n e d ,  E q  ( 1 6 ) ,  w a s  m a t h e 

m a t i c a l l y  e x a m i n e d  i n  o r d e r  t o  o b t a i n  m a x i m u m  C f  e r r o r s  
m o s t  l i k e ly  t o  o c c u r  w h e n  t h e r e  a r e  e r r o r s  i n  t h e  p h y s i c a l  
p r o p e r t i e s  a n d  o p e r a t i o n a l  c o n d i t i o n s  o f  a  p r o c e s s ,  T a b l e
6 . F o r  o u r  e x a m i n a t i o n ,  w e  a s s u m e d  t h a t  t h e  v a lu e  o f  a l l

T a b le  5 —C o m p a r is o n  o f  e x p e r im e n ta l  a n d  p r e d ic t e d  c o r r e c t io n  fa c 
to r s  in  c a n s  2 1 1  x  3 0 0  a n d  3 0 7  x  4 0 9

No. Product tu Predicted Exp . D iff. (%)

1 Dist. water 5.5 10.0 0.3682 0.4026 8.5
2 5.0 25.0 0.4427 0.5119 13.5
3 (211 x 300) 7.0 27.5 0.3656 0.4026 9.2
4 5.5 35.0 0.3518 0.4084 13.9

5 0.1% lbga 4.0 10.0 0.3441 0.3934 12.5
6 (211 x 300) 4.0 15.0 0.3409 0.3934 13.3
7 4.0 20.0 0.3425 0.3934 12.9

8 tomato 3.5 12.0 0.2298 0.2188 - 5 .0
9 (211 x 300) 3.5 16.0 0.2255 0.2188 -3 .1

10 4.0 19.5 0.4741 0.4788 1.0

11 Dist. water 3.0 10.0 0.3917 0.4416 11.3
12 (307 x 409) 3.0 12.0 0.4394 0.5112 14.0
13 3.0 15.0 0.3901 0.4416 11.7

14 0.1% Ibg 3.5 10.0 0.5004 0.5393 7.2
15 (307 x 409) 3.5 15.0 0.4962 0.5393 8.0
16 3.5 20.0 0.4971 0.5393 7.8

17 tomato 6.5 10.0 0.4217 0.4254 0.9
18 (307 x 409) 5.5 17.0 0.4420 0.4541 2.7
19 5.0 20.0 0.1915 0.2060 7.0

3 Ibg - - locust bean gum

T a b le 6 —M a x im u m e x p e c t e d  erro rs  in  m e a s u r e m e n t  o f  p h y s ic a l
p r o p e r t y  va lu es a n d  o p e r a tio n a l  c o n d i t io n s

Frequent Expected
Physical values error A Absolute3

quantities observed measu rement value deviation

T  ]L 95.0 °C 0 .1 °C A T i 0 .1 °C
T c, 65.0'3C 0 .1 °C A T 0 0 .1 °C
C 1.3 min 10% A C 0.13 min
z 10.6C° 10% A Z 0.106° C
m,,  45.0 °C 0 .1 °C A m 0 0 .1 °C
tu 180 sec 9 sec A tu 9 sec
tp 3000 sec 9 sec A tp 9 sec
m 0.7 15% Am 0.105

3 From column 1

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-617



C O R R E C T IO N  F A C T O R  O F  L IQ U ID  FO O D  . . .

d e s ig n  v a r i a b l e s  w e r e  e q u a l  t o  z e r o  a r o u n d  w h i c h  f r e q u e n t l y  
o b s e r v e d  v a lu e s  w e r e  l o c a t e d .

T h e r e f o r e ,  w e  o b t a i n e d  E q  ( 2 0 )  d i f f e r e n t i a t i n g  E q  ( 1 6 ) :
A C f  =  —0 . 1 1 3 6 8 0 A X j  -  0 . 0 0 9 7 7 2 A X 2 

+  0 . 1 5 5 8 3 1 A X 3 +  0 . 0 0 1 6 5  2 A X 4  

-  0 .0 4 9 6 8 7 A X 5 ( 2 0 )
A n a l y t i c a l  e x p r e s s i o n s  f o r  t h e  S kj ’s o b t a i n e d  f r o m  E q

( 6 )  t h r o u g h  ( 1 0 ) a r e  g iv e n  a s  f o l l o w s :
1

— H 1 3 0

1

A S k l = - icE<
1

H<
1 -------------------  • A z

z z
1 C  A t u  1

A S k 2 = - A C -  —
tu L ^  J
1 H 1 H o ___

1

A S k 3  =  — cH<
11

H< --------------------- A z
z z  J

1
“ tp  t u

A S k 4  =  — A t p -  A t u - • A C
C C

A S k s  =  A m

(21)

(22)

( 2 3 )

( 2 4 )

( 2 5 )

T h r o u g h  t h e  d i f f e r e n t i a t i o n  o f  E q  ( 1 1 )  t h r o u g h  ( 1 5 ) ,  
w e  o b t a i n e d :

A X j  =  1 .8 6 9 1 4 9  e x p  ( - 0 . 2 5 S k j ) A S k i ( 2 6 )
A X 2  =  8 . 7 6 0 7 5 9  e x p  ( - 1 . 7 1 S k 2 ) A S k2 ( 2 7 )
A X 3  =  1 . 6 4 8 7 6 2  e x p  ( - 0 . 3 0 S k 3 ) A S k3  ( 2 8 )
A X 4  =  0 . 1 4 2 7 0 4  e x p  ( - 0 . 0 3 S k 4 ) A S k4  ( 2 9 )
A X S =  - 2 . 0 1 3 7 1 5  e x p  ( 1 . 6 0 S k s ) A S k s  ( 3 0 )

T h r o u g h  t h e  c o m b i n e d  u s e  o f  E q  ( 2 1 )  t h r o u g h  ( 3 0 )  
a n d  T a b l e  6 , w e  h a v e :

A C fm ax =  0 .0 6 7 9 A S k i +  0 .0 3 9 7 A S k2 +  0 . 1 1 1 3 A S k3
+  0 . 0 0 0 l A S k 4  +  0 .3 0 6 6 A S k5 =  0 .0 4 0  ( 3 1 )

A s  m e n t i o n e d ,  a t  t h e  s t a t i s t i c a l  z e r o  le v e l ,  C f  =  0 .3 2 4 ,  
t h e r e f o r e  a t  t h i s  le v e l  e x p e r i m e n t a l  e r r o r s  m a y  c a u s e  m a x i 
m u m  d e v i a t i o n s  o f  ± 1 2 . 2 %  o n  t h e  v a lu e  o f  a  c o r r e c t i o n  
f a c t o r .

I n  a g r e e m e n t  w i t h  t h e  p r e v io u s  d i s c u s s io n s ,  w e  o b s e r v e  
f r o m  t h a t  e r r o r  a n a ly s i s  t h a t  t h e  p a r a m e t e r s  t h a t  s ig n i f i 
c a n t l y  i n f l u e n c e  t h e  v a lu e  o f  C f  a r e  S k j ,  S k 3 , a n d  S k s .  
A s  i n d i c a t e d  b y  U n o  a n d  H a y a k a w a  ( 1 9 8 0 ) ,  t h e  v a lu e  o f  
m ( —S k 5 ) h a s  a  c o n s i d e r a b l e  e f f e c t  o n  t h e  v a lu e  o f  C f.

I n  o u r  a n a ly s i s  w e  o b s e r v e d  t h a t  e r r o r s  o f  ± 1 5 %  in  t h e  
e s t i m a t i o n  o f  m  c a u s e s  d e v i a t i o n s  o f  ± 9 .9 %  in  t h e  v a lu e s  
o f  C f. F u r t h e r m o r e ,  a n a ly s is  o f  e x p r e s s i o n  3 1  i n d i c a t e s  
t h a t  e x p e c t e d  e r r o r s  in  t h e  e s t i m a t i o n  o f  S k 4  h a v e  a  n e g 
l ig ib le  e f f e c t  in  t h e  v a lu e  o f  C f.

N O M E N C L A T U R E
T H E  F O L L O W I N G  L I S T  o f  s y m b o l s  a r e  n o t a t i o n s  u s e d  in  
t h i s  a r t i c l e .  O c c a s io n a l l y  t h e  s a m e  s y m b o l s  h a v e  b e e n  u s e d  
t o  d e s ig n a t e  m o r e  t h a n  o n e  q u a n t i t y .  T h e y  a r e ,  h o w e v e r ,  
p r o p e r l y  d e f i n e d  w h e n  i n t r o d u c e d .
A  s t a r  p o i n t  v a lu e  u s e d  i n  s t a t i s t i c a l  a n a ly s i s  
A  e x p o s e d  s u r f a c e  a r e a  o f  a  c a n  
C  c o n s t a n t  g iv e n  b y :  C  =  v p C v /U A  
C f  c o r r e c t i o n  f a c t o r  o f  c o m e - u p  h e a t i n g  
C v s p e c i f i c  h e a t  
F 0  s t e r i l i z in g  v a lu e
fh  s lo p e  in d e x  o f  s e m i lo g  p l o t  o f  u n a c h i e v e d  l i q u id  t e m 

p e r a t u r e  v s  t i m e  
h  h e ig h t  o f  c a n  c o n t e n t s  
m  p o w e r  in d e x  in  c o m e - u p  c u r v e s  
m 0  i n i t i a l  r e t o r t  t e m p e r a t u r e
n  n u m b e r  o f  f a c t o r s  in  f a c t o r i a l  c e n t r a l  c o m p o s i t e  

d e s ig n  o f  e x p e r i m e n t

S s t e p  f u n c t i o n a l  p r o c e s s  
T  t e m p e r a t u r e
T t c o n s t a n t  h e a t i n g  m e d iu m  t e m p e r a t u r e  
t  t i m e
U  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t
V  c o m e - u p  h e a t i n g  o r  v a r i a b l e  p r o c e s s
V  in  E q  ( 3 a )  v o l u m e  o f  c o n t e n t s  in  a  p a c k a g e
X  t r a n s f o r m e d  v a r i a b l e  u s e d  in  f a c t o r i a l  c e n t r a l  c o m p o 

s i t e  d e s ig n  o f  e x p e r i m e n t  
z  s lo p e  in d e x  o f  T D T  c u r v e  
p  d e n s i t y  
A  e r r o r

S u b s c r i p t s
1 , 2  r e f e r  t o  t h e  c o m e - u p  p h a s e  o r  h o l d i n g  p e r i o d  p h a s e  o f  

p r o c e s s  V  r e s p e c t i v e ly
c u  h e a t i n g  m e d iu m  t e m p e r a t u r e  d u r in g  c o m e - u p  t i m e  
e  r e f e r s  t o  a  v a lu e s  o b t a i n e d  d u r in g  e x p e r i m e n t a l  r u n s  
g  v a lu e s  a t  t h e  e n d  o f  t h e  c o m e - u p  h e a t i n g  t i m e  
i  a n d  1 , 2 ,  3  . . . r e f e r r e d  t o  d u m m y  in d e x  
k  d im e n s i o n le s s  p a r a m e t e r
m  r e f e r s  t o  m o d i f i e d  e x p e r i m e n t a l  v a lu e ,  e .g . in  E q  ( 1 7 )  

T s m ( t )  =  m o d i f i e d  l i q u id  t e m p e r a t u r e  i n  p r o c e s s  S , 
e v a lu a t e d  a t  t i m e  t

o  r e f e r s  t o  v a lu e s  a t  t h e  b e g in n in g  o f  a  p r o c e s s  
p  v a lu e s  a t  t h e  e n d  o f  t h e  p r o c e s s i n g  t i m e  o f  p r o c e s s  V  
r  r e f e r e n c e  v a lu e
s T o  v a lu e  o f  s t e p  f u n c t i o n a l  p r o c e s s  S
t  t i m e  v a r i a b le  
u  c o m e - u p  h e a t i n g  t i m e
v  v a lu e  a t  c o n s t a n t  v o l u m e ,  e .g . C v =  s p e c i f i c  h e a t  a t  

c o n s t a n t  v o l u m e
Vj v a lu e  d u r in g  c o m e - u p  h e a t i n g  t i m e  o f  v a r i a b l e  p r o c e s s  
v 2  v a lu e  d u r in g  h o l d i n g  p e r i o d  o f  v a r i a b l e  p r o c e s s  
x  v a lu e s  a t  t h e  e n d  o f  a  s t e p  f u n c t i o n a l  p r o c e s s
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Performance of a Scraped-Surface Heat Exchanger 
Under Ultra High Temperature Conditions:

A Dimensional A nalysis
ROBERTO CUEVAS, MUNIR CHERYAN, and VERNON L. PORTER

------------------------------------------ A B S T R A C T ---------------------------------------------
Performance characteristics of a pilot-scale scraped-surface heat 
exchanger (Contherm Model 6 x 2 )  under UHT operating condi
tions were evaluated. Outlet temperature and overall heat transfer 
coefficient (U) were significantly affected by rotational speed of the 
blades, mass flow rate of feed, feed inlet temperature, steam pres
sure and solids content of the model low-acid liquid food (soy ex
tracts). The scraping action of the blades greatly improved the per
formance up to about 350 rpm; higher blade speeds had little or no 
effect and sometimes decreased U values. Application of dimension
less models showed that the effect of axial Reynolds number (ReA) 
on the Nusselt number was more significant in the turbulent regime 
(ReA > 1800), while rotational Reynolds number above 10s had 
a significant effect at all values of ReA between 1200 and 3700. 
At very high values of the Taylor number (> 1010) when laminar 
axial flow conditions prevailed, Nusselt number decreased with 
increase in rotational Reynolds number.

I N T R O D U C T I O N
O N E  O F  T H E  M O R E  I M P O R T A N T  m e a n s  o f  f o o d  p r e s e r 
v a t i o n  is  u l t r a - h ig h  t e m p e r a t u r e  ( U H T )  p r o c e s s i n g .  B y  i n 
c r e a s in g  t e m p e r a t u r e  a n d  d e c r e a s i n g  p r o c e s s i n g  t i m e ,  t h e  
d e s i r e d  l e t h a l  e f f e c t  o f  m ic r o o r g a n i s m s  m a y  b e  a c h i e v e d ,  
w h i le  t h e  lo s s  o f  n u t r i e n t s  is  r e d u c e d .  S in c e  t h e  p r o d u c t  
t e m p e r a t u r e  m u s t  b e  r a i s e d  a n d  lo w e r e d  a s  q u i c k l y  a s  p o s 
s ib l e ,  t h e  r a t e  o f  h e a t  t r a n s f e r  m u s t  b e  h ig h .  O n e  r a p i d l y  
d e v e lo p in g  t e c h n o l o g i c a l  a l t e r n a t i v e  w h e n  i n d i r e c t  h e a t i n g  
is  u s e d  is  t h e  u s e  o f  t h e  s c r a p e d - s u r f a c e  h e a t  e x c h a n g e r  
( S S H E ) .  T h e s e  u n i t s  a r e  f i t t e d  w i t h  b l a d e s  t h a t  c o n t i n u 
o u s ly  s c r a p e  t h e  h e a t  t r a n s f e r  w a l l ,  t h u s  m in im i z in g  f o u l i n g  
a n d  b u m - o n  p r o b l e m s  a n d  im p r o v i n g  t h e  r a t e s  o f  h e a t  
t r a n s f e r  b y  t h e  c o m b i n e d  e f f e c t  o f  m e c h a n i c a l l y - i n d u c e d  
t u r b u l e n c e ,  f i lm  r e m o v a l ,  a n d  m ix in g  o f  t h e  p r o d u c t .  
S c r a p e d - s u r f a c e  h e a t  e x c h a n g e r s  a r e  p a r t i c u l a r l y  u s e f u l  f o r  
p r o c e s s i n g  l i q u id  f o o d s  e x h i b i t i n g  n o n - N e w t o n i a n  r h e o 
lo g ic a l  p r o p e r t i e s ,  c o n t a i n i n g  s u s p e n d e d  s o l i d s ,  o r  w h i c h  
t e n d  t o  f o r m  f o u l i n g  d e p o s i t s  d u r in g  t h e r m a l  p r o c e s s in g  
( C u e v a s - G a r c i a ,  1 9 8 1 ) .

T h e  h e a t  t r a n s f e r  p h e n o m e n a  i n  S S H E  h a v e  b e e n  s t u d i e d  
b y  m a n y  w o r k e r s ,  in c l u d in g  a m o n g  o t h e r s  H o u l t o n  ( 1 9 4 4 ) ,  
H o s k in g  ( 1 9 6 2 ) ,  K o o l  ( 1 9 5 8 ) ,  H a r r i o t  ( 1 9 5 9 ) ,  P e n n e y  a n d  
B e ll ( 1 9 6 9 ) ,  R a m d a s  e t  a l . ( 1 9 7 7 ) ,  S k e l l a n d  ( 1 9 5 8 )  a n d  
T r o m m e l e n  e t  a l . ( 1 9 7 1 ) .  H o w e v e r ,  m o s t  s t u d i e s  w e r e  r e 
s t r i c t e d  t o  v e r y  l o w  m a s s  f l o w  r a t e s  ( w h e r e  a x ia l  R e y n o ld s  
n u m b e r s  w e r e  i n  t h e  l o w  l a m i n a r  f l o w  r e g i o n )  a n d  r e l a t i v e l y  
l o w  t e m p e r a t u r e s .  T h e r e  is  v e r y  l i t t l e  p u b l i s h e d  d a t a  o n  
t h e  u s e  o f  S S H E  f o r  U H T  p r o c e s s i n g ,  w h e r e  t e m p e r a t u r e s  
r a n g e  f r o m  2 5 0 - 3 0 0 ° F  ( 1 2 0 - 1 5 0  C ) , a n d ,  s in c e  v e r y  
s h o r t  h o l d i n g  t i m e s  a r e  n e e d e d ,  w h e r e  m a s s  f l o w  r a t e s  t e n d  
t o  b e  m u c h  h ig h e r .  T h i s  p a p e r  p r e s e n t s  r e s u l t s  o f  a  s t u d y  o f  
t h e  p e r f o r m a n c e  o f  a  v e r t i c a l ,  l i q u i d - f u l l  p i l o t  s iz e  S S H E  
u s e d  u n d e r  U H T  c o n d i t i o n s ,  w i t h  t h e  u l t i m a t e  a im  o f  d e 

A u th o r s  C u eva s , C h e ry a n , a n d  P o r te r  are , r e s p e c tiv e ly ,  g ra d u a te  
re sea rch  a s s is ta n t, a ss o c ia te  p r o fe s s o r  o f  f o o d  e n g in e e r in g , a n d  
p r o fe s s o r  a ss is ta n t. D e p t, o f  F o o d  S c ie n c e , D a iry  M a n u fa c tu r e s  
B u ild in g , U n iv . o f  I l lin o is , 1 3 0 2  W. P e n n s y lv a n ia  A v e . ,  U rb a n a , IL  
6 1 8 0 1 .  A d d r e s s  in q u ir ie s  t o  Dr. C h e ry a n .

v e lo p in g  m o d e l s  b y  d im e n s i o n a l  a n a ly s i s  t h a t  c o r r e l a t e  
d e s i r e d  r e s p o n s e s  o f  t h e  u n i t  w i t h  o p e r a t i n g  p a r a m e t e r s .

E X P E R I M E N T A L

Overall UHT system
The scraped-surface heat exchangers used in this study were the 

Contherm model 6 x 2  units (The DeLaval Separator Co., Newbury- 
port, MA) mounted vertically on a portable-column frame, each 
fitted with two scraping blades of the “floating” type. No modifi
cations were made of the units themselves for this study. Further 
details of the experimental set-up, instrumentation and procedures 
are available elsewhere (Cuevas and Cheryan, 1981).
Model working liquids

In order to compare our data to previous published work, pure 
water was a logical choice for preliminary studies. Water extracts of 
soybeans was used as the model low-acid liquid food. They were 
prepared as described by Omosaiye et al. (1978) by a series of 
unit operations that involved soaking of whole soybeans, blanching 
briefly, grinding hot and separating the coarse insolubles by means 
of a plate-and-frame filter press or a continuous disc-bowl centri
fugal desludger. Solids content of the extract were varied by modi
fying the soybeans/water ratio in the grinding, rising and separa
tion steps. Bacterial growth in the extracts prior to use was con
trolled by adding 100 ppm thimerosal (Sigma Chemical Co., St. 
Louis, MO). Physical properties of the working liquids such as 
viscosity and density were experimentally determined while thermal 
conductivity and specific heat were calculated using well-established 
models (see Cuevas and Cheryan, 1981 for details).
Experimental design

The original design for preliminary experiments was a multi
factorial experiment with all factors quantitative and at different 
levels from each other (Davies, 1956). The literature review had 
indicated that the effects of product mass flow rate and blade 
rotational speed (acting independently and together) on heat trans
fer needed to be clarified and analyzed, especially in the UHT range. 
In addition, careful choice of operating levels would allow us to 
span the fluid flow range from laminar to turbulent (axial) flows. 
Hence a wide range of these variables (product mass flow rate and 
blades RPM) was selected, within the physical constraints of the 
system.

The five independent variables and their levels are shown below:
Mass Flow Rate (W, lb/min): 10, 15, 20, 25, 30, 35
Blades Rotational Speed (N, rpm): 0,100, 200, 300, 400, 575
Steam Pressure (Ps, psig): 60, 110
Product Inlet Temperature (T;, °F): 120, 160
Solids Content of Feed (S, % w/w): 0-6.14
Data presented in this paper are means of several replicates (at 

least 3 for the water data and 2 for the soy extracts). The data were 
analyzed following the standard analysis of variance procedure to 
test for main effects and interactions (Davies, 1956) using a statis
tical package available at the Computing Services Office, Univ. of 
Illinois, Urbana.
Heat transfer calculations and presentation of data

The basic heat transfer equation used in this research is:
Q = U A ATln (1)

where Q is the rate of heat transfer, A the outside heat transfer area 
and ATln the log mean temperature difference. The assumptions
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made in using this equation are (i) the overall heat transfer coeffi
cient is constant over the range of temperatures considered, (ii) 
no heat losses to or gains from the surrounding, and (iii) steady-state 
flow of heat. This results in the development of the ATjn term, i.e., 
a logarithmic mean temperature drop between the working liquid 
and the heat transfer medium. Furthermore, the use of ATln 
implies that any axial dispersion of heat or backmixing effects 
have been neglected. (See later discussion for justification).

The energy contributed by the power to the motor rotating the 
shaft has been neglected since calculations show it is a small fraction 
(less than 0.5%) of that being transmitted by the condensing steam 
(Cuevas-Garcia, 1981).

The Q value was calculated from an enthalpy balance for the 
working fluid:

Q = WCP (T0 -Tj)  (2)
The scraped-side (internal) heat transfer coefficient (hj) was 

calculated using the resistance concept (Cuevas and Cheryan, 1981):

f  hQ flphy.

Fig. 1—E f f e c t  o f  m a ss  f lo w  ra te  (W ) a n d  b la d e  r o ta t io n a l  s p e e d  o n  
th e  h e a te r  o u t l e t  te m p e r a tu r e  fo r  w a te r  a s fe e d .

Fig. 2 —E f f e c t  o f  m a ss  f lo w  ra te  !W ) a n d  b la d e  r o ta t io n a l  s p e e d  o n  
h e a te r  o u t l e t  t e m p e r a tu r e  f o r  w a te r  e x t r a c t s  o f  s o y b e a n s :  o = 1 .65%  
t o ta l  s o l id s  w /w ;  ■  = 2 .9 1 % ;  * = 3 .1 3 % ;  x = 3 .1 6 %  o = 3  9 7 % -  
¿ = 6 .1 4 % .

The steam-side coefficient (hQ) was estimated using the Nusselt 
theory, assuming film-type condensation of steam, and an iteration 
procedure to estimate the wall temperature, as described by Cuevas 
and Cheryan (1981). The wall transfer coefficient (hw) was ob
tained from the thermal conductivity and thickness of the wall, as 
specified by the manufacturer, and was calculated as 1500 BTU/hr 
ft2°F(8517W/m2°K).

R E S U L T S  &  D I S C U S S I O N

T e m p e r a t u r e  p r o f i l e s  o f  h e a t e r
T h e  o u t l e t  t e m p e r a t u r e  w a s  t h e  d e p e n d e n t  v a r i a b l e  m e a 

s u r e d  i n  a l l  e x p e r i m e n t s .  T h e  m e a n  v a lu e s  o f  b o t h  d e p e n d 
e n t  a n d  i n d e p e n d e n t  v a r i a b le s  a r e  p r e s e n t e d  in  g r a p h i c a l  
f o r m  in  F ig .  1 a n d  2  w h i c h  s h o w  t y p i c a l  e f f e c t s  o f  b l a d e  
r o t a t i o n a l  s p e e d  ( N )  a n d  w o r k i n g  l i q u id  m a s s  f l o w  r a t e  (W ) 
o n  t h e  o u t l e t  t e m p e r a t u r e .  T w o  i m p o r t a n t  f a c t s  a r e  e v i d e n t  
f r o m  t h e s e  g r a p h s :  ( 1 )  t h e  e f f e c t  o f  b l a d e  r o t a t i o n  is  m o r e  
s i g n i f i c a n t  a t  lo w  b la d e  s p e e d s ,  w h e r e  o u t l e t  t e m p e r a t u r e  
i n c r e a s e s  s h a r p ly  a s  r p m  is  i n c r e a s e d ,  w h e r e a s  t h i s  e f f e c t  
is  n e g l ig ib le  o r  e v e n  n e g a t i v e  a t  h i g h e r  v a lu e s  o f  r p m ; a n d  
( 2 ) h ig h e r  o u t l e t  t e m p e r a t u r e s  c o r r e s p o n d  t o  l o w e r  m a s s  
f l o w  r a t e s ,  a s  m a y  b e  e x p e c t e d  f r o m  t h e  h e a t  t r a n s f e r  E q  
1 a n d  2 . F o r  a  g iv e n  s t e a m  p r e s s u r e  a n d  p r o d u c t  i n l e t  t e m 
p e r a t u r e ,  t h e  s y s t e m  r e s p o n s e ,  w h e n  e x p r e s s e d  a s  o u t l e t  
t e m p e r a t u r e s ,  is  m o r e  s e n s i t iv e  t o  t h e  e f f e c t  o f  s c r a p i n g  a t  
h ig h e r  f l o w  r a t e s ,  w h i c h  i l l u s t r a t e s  t h e  i n t e r a c t i o n  b e t w e e n  
b o t h  v a r i a b le s .  O t h e r  s t e a m  p r e s s u r e s  a n d  f e e d  i n l e t  t e m 
p e r a t u r e s  r e s u l t e d  i n  s im i la r  t r e n d s  o f  o u t l e t  t e m p e r a t u r e s  
f o r  t h e  s a m e  le v e ls  o f  W  a n d  N  c o n s i d e r e d  i n  F ig .  1 a n d  2  
( n o t  s h o w n :  S e e  C u e v a s  e t  a l . ,  1 9 8 0 ;  C u e v a s - G a r c ia ,  1 9 8 1 ) .

T h e  d a t a  f o r  s o y  e x t r a c t s  ( F ig .  2 )  i n d i c a t e  t h a t ,  a s  c o n 
c e n t r a t i o n  in c r e a s e s ,  t h e  e f f e c t  o f  s c r a p i n g  b e c o m e s  m o r e  
u n i f o r m  f o r  t h e  d i f f e r e n t  f l o w  r a t e s .  F o r  a  g iv e n  m a s s  
f l o w  r a t e ,  h ig h e r  s o l i d s  c o n t e n t  r e s u l t s  i n  l o w e r  o u t l e t  
t e m p e r a t u r e s  d u e ,  n o  d o u b t ,  t o  t h e  e f f e c t  o f  s o l i d s  o n  p h y 
s ic a l  p r o p e r t i e s .

T h e  s ig n i f i c a n c e  o f  t h e s e  d a t a  o n  U H T  p r o c e s s i n g  o f  
l i q u id  f o o d s  m u s t  b e  s t r e s s e d .  I f  t e m p e r a t u r e s  a b o v e  2 5 0  F  
( 1 2 1  C )  a r e  c o n s i d e r e d  a s  t h e  U H T  r a n g e ,  t h e  d a t a  i n d i c a t e  
t h a t  o n l y  c e r t a i n  m a s s  f l o w  r a t e s  w i l l  r e s u l t  i n  s u c h  o u t l e t  
t e m p e r a t u r e s .  M o r e o v e r ,  i t  w a s  n o t i c e d  i n  t h e s e  e x p e r i 
m e n t s  t h a t  w e a r  o f  t h e  b l a d e s  ( i . e . ,  a s  a  r e s u l t  o f  i n t e n s iv e  
u s e )  r e s u l t e d  in  le s s  e f f e c t i v e  s c r a p i n g  a n d ,  c o n s e q u e n t l y ,  
l o w e r  o u t l e t  t e m p e r a t u r e s .

O v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s
U  v a lu e s  a s  a  f u n c t i o n  o f  b l a d e  r o t a t i o n a l  s p e e d  a t  d i f 

f e r e n t  m a s s  f l o w  r a t e s  a r e  p r e s e n t e d  in  F ig .  3 a n d  4 .  T h o s e  
c u r v e s  s h o w  t h a t  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  i n 
c r e a s e s  a s  a  r e s u l t  o f  s c r a p i n g ,  b u t  o n l y  u p  t o  a  c e r t a i n  
p o i n t ,  a n d  f u r t h e r  i n c r e m e n t s  i n  b l a d e  s p e e d  d o  n o t  i n d u c e  
a n y  s i g n i f i c a n t  i m p r o v e m e n t  i n  t h e  t r a n s f e r  o f  h e a t ,  a n d  i n 
d e e d  m a y  a c t u a l l y  l o w e r  t h e  U  v a lu e  a t  v e r y  h ig h  v a lu e s  
o f  b la d e s  s p e e d .  T h e  e f f e c t s  o f  m a s s  f l o w  r a t e ,  b l a d e s  s p e e d  
a n d  s t e a m  p r e s s u r e  w e r e  a n a ly s e d  s t a t i s t i c a l l y  ( C u e v a s - G a r 
c ia ,  1 9 8 1 ) ;  t y p i c a l  a n a ly s i s  o f  v a r i a n c e  f o r  a  p a r t i c u l a r  f e e d  
i n l e t  t e m p e r a t u r e  is  s h o w n  in  T a b l e  1 . A l l  v a r i a b l e s  a n d  
t h e i r  i n t e r a c t i o n s  a r e  s i g n i f i c a n t .  T h e s e  f i n d in g s  a r e  e s p e c i a l ly  
s i g n i f i c a n t  s in c e  t h e  h e a t  t r a n s f e r  p h e n o m e n o n  in  S S H E  h a s  
f r e q u e n t l y  b e e n  a n a ly s e d  a s s u m in g  t h a t  a x ia l  v e l o c i t y  
e f f e c t s  ( i . e . ,  m a s s  f l o w  r a t e  e f f e c t s )  a r e  n e g l ig ib le  ( T r o m m e -  
l e n  e t  a l . ,  1 9 7 1 ;  K o o l ,  1 9 5 8 ;  H a r r i o t ,  1 9 5 9 ) ,  a s  d e v e lo p e d  
i n  t h e  P e n e t r a t i o n  T h e o r y .  H o w e v e r ,  a s  t h e  d a t a  i n  F ig .  3 
s h o w ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  s i g n i f i c a n t l y  a f 
f e c t e d  b y  e v e n  r e la t iv e ly  lo w  v a lu e s  o f  t h e  a x ia l  R e y n o l d s  
n u m b e r .  T h e  U  v a lu e s  o b t a i n e d  h e r e  a r e  c o m p a r a b l e  t o  
t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  w a t e r  ( B o l a n o w s k i ,  
1 9 6 7 ;  H o u l t o n ,  1 9 4 4 ; G h o s a l  e t  a l . ,  1 9 6 7 ) .

V is u a l  i n s p e c t i o n  o f  t h e  d a t a  i n  F ig .  3  a n d  4  s u g g e s t  t h a t  
t h e r e  m a y  b e  a n  “ o p t i m u m ”  b l a d e s  s p e e d ,  i . e . ,  a  v a lu e  o f  N
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a b o v e  w h i c h  t h e  U  v a lu e s  a c t u a l l y  d e c r e a s e .  T o  c o n f i r m  
t h i s ,  t h e  d a t a  w e r e  f i t t e d  t o  a  p o l y n o m i a l  o f  t h e  f o r m :

U = b0 + bjW  + b2N + b 3S + b u W2 + b22N2
+  b 3 3 S 2 + b 12W N  +  b 1 3 W S  +  B 2 3 N S  ( 4 )

T h e  c o e f f i c i e n t s  o f  t h e  m o d e l  o b t a i n e d  b y  m u l t i p l e  
r e g r e s s i o n  a n a ly s i s  a r e  s h o w n  i n  T a b l e  2 ,  t o g e t h e r  w i t h  t h e  
a p p r o p r i a t e  s t a t i s t i c s .  F r o m  t h e  s t a t i s t i c a l  v i e w p o i n t ,  t h e  
r e s u l t s  i n d i c a t e  t h e  m o d e l s  f i t t e d  a r e  a c c e p t a b l e .  F r o m  t h e  
p h e n o m e n o l o g i c a l  v i e w p o i n t ,  t h e  m o d e l s  i n d i c a t e  t h a t ,  
w i t h i n  t h e  e x p e c t e d  o p e r a t i n g  r a n g e  o f  t h e  S S H E  h e a t e r  
s t u d i e d  h e r e ,  t h e r e  is  a  t r u e  m a x i m u m  in  t h e  U  v s  N  c o r r e 
l a t i o n  ( s in c e  t h e  v a lu e  o f  b 2 2  is  n e g a t i v e :  s e e  C u e v a s  e t  a l . ,  
1 9 8 0  a n d  C u e v a s - G a r c ia ,  1 9 8 1 ) .  C a l c u l a t i o n s  u s in g  t h e  
m o d e l  i n d i c a t e  t h a t  t h e  o p t i m u m  b l a d e s  s p e e d  is  3 5 0 —4 3 0  
r p m ,  t e n d i n g  t o  b e  l o w e r  a t  h ig h e r  s o l i d s  c o n t e n t  in  t h e  
f e e d  ( C u e v a s  e t  a l . ,  1 9 8 0 ) .  T h e  r e a s o n s  f o r  t h i s  o p t i m u m  
i n  t h e  b l a d e s  s p e e d  a r e  n o t  c l e a r ,  b u t  t h e r e  e x i s t s  t h e  p o s 
s ib i l i t y ,  e s p e c i a l l y  in  u n i t s  w i t h  r e l a t i v e l y  s m a l l  d i a m e te r s ,  
t h a t  s o m e  o f  t h e  m a t e r i a l  s c r a p e d  a w a y  f r o m  t h e  w a l l  m a y  
b e  t h r o w n  b a c k  a g a in s t  t h e  w a l l  d u e  t o  h ig h  c e n t r i f u g a l  
f o r c e s  a t  h ig h  b l a d e  s p e e d s  ( a  “ s l i n g s h o t ”  e f f e c t ) ,  t h u s  l o w 
e r in g  t h e  U  v a lu e  ( K o o l ,  1 9 5 8 ) .

E f f e c t  o f  b a c k m i x i n g  o n  U  v a lu e s
U  v a lu e s  c a l c u l a t e d  u s in g  E q  1 a s s u m e s  t h a t  b a c k m ix in g  

e f f e c t s  a r e  n e g l ig ib le .  E q  1 ( a n d  t h e  l o g a r i t h m i c  m e a n  t e m 
p e r a t u r e  d i f f e r e n c e )  h a s  b e e n  u s e d  as  t h e  b a s is  f o r  S S H E  
h e a t  t r a n s f e r  c a l c u l a t i o n s  b y  m a n y  w o r k e r s  ( H o u l t o n ,  
1 9 4 4 ;  S k e l l a n d ,  1 9 5 8 ;  S k e l l a n d  e t  a l . ,  1 9 6 2 ;  B la is d e l l  a n d  
Z a h r a d n i k ,  1 9 5 9 ) .  D e p e n d in g  o n  t h e  o p e r a t i n g  c o n d i t i o n s ,

T a b le  1 —A n a ly s i s  o f  va ria n ce  o f  U  va lu es  a s a f f e c t e d  b y  m a ss  f lo w  
ra te , b la d e  s p e e d ,  a n d  s te a m  p re s s u r e  [ F e e d  (w a te r )  in le t  t e m p e r a 
tu r e  o f  1 2 2 °  F ]

Source
Sum of 
Squares d.f.

Mean
square F

Mass flow rate (W) 232855.22 5 46571.06 1719 .76**
Blades speed (N) 443930.98 4 110982.75 4 0 98 .3 3 **
Steam pressure (Ps) 17563.68 1 17563.68 6 4 8 .58 **
W x N 60800.09 20 3040.00 112.26**
W x Ps 1676.38 5 335.28 1 2 .3 8**
N x Ps 10241.81 4 2560.45 9 4 .5 5 **
W x N x P s 2189.76 20 109.49 4 .0 4 **
Within all 3250.00 120 27.08
T O T A L 772508.08 179

* * H ig h ly  s ig n ific a n t

T a b le  2 — R e g r e s s io n  c o e f f i c ie n t s  fo r  p o ly n o m ia l  m o d e l  f o r  o v e r a ll  
h e a t  tr a n s fe r  c o e f f i c ie n t s  [a c c o r d in g  to  E q  (4 )1

Water Soybean extracts

Regression
coefficient t value

Regression
coefficient t value

b 0 138.3 1 2 .9 6** 174.2 2 .15*
b l 8.19 8 .9 9 ** 17.07 3 .1 4 **
b 2 0.965 3 4 .0 1 ** 0.762 4 .3 2 **
b 3 — - -6 2 .4 5 2 .31*
b n -0 .1 8 9 9 .8 0 ** -0 .4 2 2 4 .4 1 **
b 22 -1 .4 1  x 10- 3 3 8 .3 9 ** - 1 .0 8  x 10~ 3 4 .4 1 **
b 33 - - 7.41 2 .45*
b 12 1.31 x 10~ 2 1 6 .3 4** 1.03 x 1 0~ 2 1.91 (NS)
b 13 — — -0 .1 9 2 0.18 (NS)
b 23 - - 1.66 x 1 0 ~ 2 0.43 (NS)

Ft2 0.9467 0.8295
C .V . 5.4% 10.7%

*  S ig n if ic a n t  at 5%  le v e l; » » S ig n if ic a n t  a t 1%  le v e l; N S  = N o t s ig n if i
can t

t h i s  m a y  o r  m a y  n o t  b e  a  v a l i d  a s s u m p t i o n .  F l u i d  f l o w  in  
S S H E  is  v e r y  c o m p le x  s in c e  i t  is  c o n t r o l l e d  b y  t h e  p r e s e n c e  
o f  t w o  n o n v a n i s h in g  c o m p o n e n t s  o f  t h e  v e lo c i t y  f i e ld .  A n  
i n d i c a t i o n  o f  t h e  m ix in g  p a t t e r n s  i n  t h e  o v e r a l l  S S H E  s y s 
t e m  w a s  o b t a i n e d  f r o m  a p r e l i m i n a r y  r e s i d e n c e  t i m e  d i s t r i 
b u t i o n  s t u d y  c o n d u c t e d  u n d e r  o p e r a t i n g  c o n d i t i o n s  m o s t  
l i k e ly  t o  p r o d u c e  t h e  g r e a t e s t  b a c k m i x i n g  e f f e c t s  ( i .e . ,  
l o w e s t  m a s s  f l o w  r a t e s ,  1 0 — 1 5  l b / m i n ,  a n d  h ig h  b la d e s  
r o t a t i o n a l  s p e e d ,  >  4 0 0  R P M ) . T h e  r e s u l t s  ( n o t  s h o w n  h e r e :  
s e e  C u e v a s  e t  a l . ,  1 9 8 0 :  C u e v a s - G a r c ia ,  1 9 8 1 )  i n d i c a t e d  
t h a t ,  a l t h o u g h  a  m o d e r a t e  a m o u n t  o f  b a c k m ix in g  w a s  
a p p a r e n t ,  t h e  r e s i d e n c e  t i m e  d i s t r i b u t i o n  f u n c t i o n  m o r e  
c lo s e ly  a p p r o x i m a t e d  p lu g  f l o w  b e h a v i o r  t h a n  a  c o m p l e t e l y  
m ix e d  s y s t e m .  S im i l a r  c o n c lu s io n s  c o u ld  b e  a r r iv e d  a t  b y  
a p p l y i n g  t h e  w o r k  o f  C h e n  a n d  Z a h r a d n i k  ( 1 9 6 7 ) ,  P e n n e y  
a n d  B e l l  ( 1 9 6 9 )  a n d  T r o m m e l e n  e t  a l .  ( 1 9 7 1 ) ,  a m o n g  
o t h e r s ,  t o  t h e  c o n d i t i o n s  p r e v a i l in g  i n  o u r  p a r t i c u l a r  s t u d i e s .

T h e  s t u d i e s  o f  B o t i  e t  a l  ( 1 9 6 8 )  a r e  e s p e c i a l l y  s i g n i f i c a n t .  
T h e y  d e v e lo p e d  a  t h e o r e t i c a l  m o d e l  o f  t h e  e f f e c t  o f  b a c k -  
m ix in g  o n  h e a t  t r a n s f e r  in  S S H E . T h e i r  c o n c lu s io n s  w e r e  
t h a t  b a c k m ix in g  e f f e c t s  c o u ld  b e  i g n o r e d  a t  lo w  v a lu e s  o f  
t h e  S t a n t o n  n u m b e r  a n d  h ig h  v a lu e s  o f  t h e  P e c l e t  ( B o d e n -  
s t e i n )  n u m b e r .  B a s e d  o n  t h e i r  m o d e l  a n d  o u r  p r e l i m i n a r y

Fig. 3 —E f f e c t  o f  m a s s  f lo w  ra te  (W ) a n d  b la d e  s p e e d  o n  th e  o v era ll  
h e a t  t r a n s fe r  c o e f f i c ie n t  (U ) in  h e a te r . F e e d  is w a te r . [1  B T U /h r  
f t 2 0 F  = 5 .6 7 8  W /m 2 ° K ]

Fig. 4 —E f f e c t  o f  m a ss  f lo w  ra te  (W ), b la d e  s p e e d  a n d  s o y  e x t r a c t  
c o m p o s i t io n  o n  th e  o v e r a ll  h e a t  t r a n s fe r  c o e f f ic ie n t .  S y m b o l s  h a ve  
s a m e  m e a n in g  a s  in  F ig. 2 . [1  B T U /h r  f t ? 0 F  -  5 .6 7 8  W / m ^ ° K ] .
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S C R A P E D - S U R F A C E  H E A  T  E X C H A N G E R  . . .

r e s i d e n c e  t i m e  d i s t r i b u t i o n  d a t a ,  a n d  c o n s i d e r in g  t h e  r a n g e  
o f  S t a n t o n  n u m b e r s  i n  o u r  s t u d y  ( a p p r o x i m a t e l y  0 .0 1  —
1 .6 ) , w e  h a v e  a s s u m e d  t h a t  o u r  s y s t e m  w a s  o p e r a t i n g  c lo s e  
e n o u g h  t o  t h e  p lu g  f l o w  m o d e  t o  n e g l e c t  b a c k m ix in g  e f 
f e c t s ,  a t  l e a s t  a s  a  f i r s t  a p p r o x i m a t i o n .  T h e  s t u d i e s  o f  
P e n n e y  a n d  B e l l  ( 1 9 6 9 ) ,  F l o w e r  e t  a l .  ( 1 9 6 9 )  a n d  T r o m m e l -  
e n  a n d  B e e k  ( 1 9 7 1 )  a p p e a r  t o  c o n f i r m  t h i s  a s s u m p t i o n .  
I n  a d d i t i o n ,  T r o m m e l e n  e t  a l . ( 1 9 7 1 )  c o n c lu d e d  t h a t  
a x i a l  d i s p e r s i o n  e f f e c t s  f o r  t h e i r  s y s te m  w e r e  n e g l ig ib le  
a b o v e  R e A  > 4 1 .  O u r  v a lu e s  o f  R e A a r e  i n  g r e a t  e x c e s s  o f  
t h i s  ( T a b l e  3 ) .

F i n a l l y ,  t h e  s t e a m - s id e  ( e x t e r n a l )  h e a t  t r a n s f e r  c o e f f i 
c i e n t  ( h 0 ) w a s  c a l c u l a t e d  u s in g  t h e  N u s s e l t  t h e o r y  a n d  a n  
i t e r a t i o n  p r o c e d u r e  t o  e s t i m a t e  t h e  m e a n  f i lm  t e m p e r a t u r e  
( C u e v a s  a n d  C h e r y a n ,  1 9 8 1 ) .  T h e  c a l c u l a t e d  v a lu e s  o f  h 0  

( 1 4 0 4 - 1 5 1 3  B T U / h r  f t 2 ° F ;  7 9 7 2 - 8 5 9 1  W /m 2 ° K )  a r e  
w i t h i n  t h e  e x p e c t e d  r a n g e  f o r  v e r t i c a l  c o n d e n s a t i o n  a n d  
o n l y  t h r e e  i t e r a t i o n s  w e r e  n e e d e d  f o r  t h e  m e t h o d  t o  c o n 
v e r g e ,  s u g g e s t in g  t h a t  t h e  o r i g in a l  a s s u m p t i o n s  a n d  t h e  u s e  
o f  lo g  m e a n  t e m p e r a t u r e  d i f f e r e n c e  a r e  a p p l i c a b l e  in  o u r  
c a s e .  T h e r e  is  l i t t l e  d o u b t ,  h o w e v e r ,  t h a t  s o m e  o f  t h e  U  
v a lu e s  p r e s e n t e d  h e r e ,  e s p e c i a l ly  a t  t h e  l o w e r  m a s s  f lo w  
r a t e s ,  m a y  b e  in  e r r o r  d u e  t o  n e g l e c t i n g  a x ia l  d i s p e r s i o n  
e f f e c t s  a n d  i t  m a y  b e  m o r e  a p p r o p r i a t e  t o  r e f e r  t o  t h e m  a s  
“ a p p a r e n t ”  U  v a lu e s .

D im en sio n a l ana lysis
P r e v io u s  a t t e m p t s  a t  m o d e l l i n g  t h e  S S H E  d a t a  ( C u e v a s  

a n d  C h e r y a n ,  1 9 8 1 )  s h o w e d  t h a t  c l a s s ic  m e t h o d s  s u c h  as  
t h e  P e n e t r a t i o n  T h e o r y  w e r e  i n a d e q u a t e  o v e r  m o s t  o f  t h e  
c o n d i t i o n s  s t u d i e d  h e r e  e x c e p t  a t  lo w  m a s s  f l o w  r a t e s .  D i
m e n s io n a l  a n a ly s i s  w a s  u s e d  h e r e  i n s t e a d  s in c e  i t  is  a  p o w e r 
f u l  h e a t  t r a n s f e r  m e t h o d o l o g y  w h e n  n o  s a t i s f a c t o r y  t h e o r y  
e x i s t s  ( B i r d  e t  a l . 1 9 6 0 ;  M c C a b e  a n d  S m i t h  1 9 5 6 ) .  I n  t h i s  
c a s e ,  a s  s e e n  in  T a b l e  3 ,  a x ia l  R e y n o l d s  n u m b e r s  ( R e A ) 
w e r e  in  t h e  h ig h - l a m i n a r ,  l o w - t u r b u l e n t  r e g io n s  f o r  w a t e r  
a n d  in  t h e  l a m i n a r  r e g i o n  f o r  s o y  e x t r a c t s .  R o t a t i o n a l  R e y 
n o l d s  n u m b e r  w a s  r e l a t i v e l y  h ig h ,  a n d  p r o b a b l y  c o r r e s p o n d s  
t o  f l o w  r e g i o n s  in  w h i c h  T a y l o r  v o r t i c e s  e x i s t  ( s e e  l a t e r ) .  
I t  is  i m p o r t a n t  t o  m e n t i o n  t h a t  in  t h e  e x p e r i m e n t s  d e 
s c r i b e d  h e r e ,  a n y  v a r i a t i o n  i n  t h e  P r a n d t l  n u m b e r  f o r  w a t e r  
is  d u e  s o le ly  t o  t h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  p h y s i c a l  
p r o p e r t i e s  a n d  t h e r e f o r e  r e l a t e d  t o  t h e  t e m p e r a t u r e  p r o f i l e s  
in  t h e  e x c h a n g e r .

T h e  d im e n s i o n a l  c o r r e l a t i o n s  w e r e  d e r iv e d  b y  t h e  7r 
t h e o r e m  ( n o t  s h o w n ;  s e e  C u e v a s - G a r c ia ,  1 9 8 1 ) .  N o  g e o 
m e t r i c a l  f a c t o r s  a r e  i n c l u d e d  i n  a n  e x p l i c i t  m a n n e r ,  s in c e  
t h e y  w e r e  n o t  i n d e p e n d e n t  v a r i a b le s  in  t h e  e x p e r i m e n t s .  
T h e r e f o r e ,  t h e  v a lu e s  o f  t h e  p a r a m e t e r s  w i l l  a b s o r b  a n y  
a s s u m p t i o n s  u n d e r t a k e n  a n d  t h e  e f f e c t s  o f  t h e  v a r i a b le s

T a b le  3 —R a n g e  o f  d im e n s io n le s s  n u m b e r s  in  h e a t  tr a n s fe r  e x p e r i 
m e n t s a
Dimensionless
number Formula Water

Soybean
extracts

Nu hi (Dt- D s)/k 145--1950b 1 7 7 -7 7 4
ReA W (Dt—Ds)//iAf 1197--3692 5 9 6 -1 9 4 9
R eR x IO - 5 D 2 p N/p 0.086--7 .32 3 ° 0 .351—3.808d
Pr C p p/k 1.76- 2.90 3 .0 5 -5 .1 6
F/Mw — 1.15- 1.75 1 .3 0 -2 .3 7

N2p2 (Dt- D s)3 Ds2 (2rr)2
Ta x 10 B . 0 .04--27.57 0 .0 6 -7 .4

p2 (Dt + Ds)/2

P h y s ic a l p ro p e rtie s  e s tim ated  at b u lk  average te m p e ra tu re .
V a lu e s  o f N u at b lades speeds 10  <  N <  1 00  w e re  ca lcu la ted  
based on h | e s tim a ted  fro m  p o ly n o m ia ls  re la tin g  o v e ra ll heat 
t ra n s fe r  c o e f f ic ie n t  (U )  and te m p e ra tu re  p ro file  to  o p e ra tin g  
p a ram ete rs  (See  t e x t ) .  

d B la d es  speed (N ) = 1 0 —5 7 5  rp m .
B la d e s  speed (N ) = 1 0 0 —5 7 5  rp m .

i n c l u d e d  in  t h e  c o r r e l a t i o n s .  T h e s e  c o r r e l a t i o n s  a r e  c o m 
m o n l y  t a k e n  a s  l o g a r i t h m i c  f u n c t i o n s  ( p o w e r - l a w  t y p e )  
a n d  f o r  t h i s  r e a s o n ,  t h e  e f f e c t s  o f  z e r o  b l a d e s  s p e e d  c o u ld  
n o t  b e  i n c l u d e d  e v e n  t h o u g h  i t  w a s  s t u d i e d  ( F ig .  1 —4 ) .  
H o w e v e r ,  e f f e c t s  i n  t h e  i m p o r t a n t  lo w  b l a d e s  s p e e d  r e g i o n  
(N  <  1 0 0  r p m )  c o u ld  b e  s t u d i e d  u s in g  t h e  p o l y n o m i a l  
c o r r e l a t i o n  d e v e lo p e d  e a r l i e r  [ E q  ( 4 ) ] .  T h e s e  p o l y n o m i a l s  
w e r e  u s e d  t o  s im u l a t e  t e m p e r a t u r e  p r o f i l e s  a n d  o v e r a l l  
h e a t  t r a n s f e r  c o e f f i c i e n t s  ( a n d  t h u s  t h e  N u s s e l t  n u m b e r )  a s  
a  f u n c t i o n  o f  t h e  o p e r a t i n g  p a r a m e t e r s  ( i . e . ,  a x ia l  a n d  r o t a 
t i o n a l  R e y n o l d s  n u m b e r s ,  P r a n d t l  n u m b e r  a n d  v i s c o s i t y  
f a c t o r )  o v e r  t h e  e n t i r e  r a n g e  o f  e x p e r i m e n t a l  c o n d i t i o n s  
s h o w n  in  F ig .  1 —4  ( f o r  v a lu e s  o f  N  >  0 ) .  T h i s  a p p r o a c h  
s e r v e d  t o  r e d u c e  t h e  n u m b e r  o f  e x p e r i m e n t a l  r u n s  n e e d e d  
t o  c o n f i r m  t h e  d im e n s i o n a l  a n a ly s is .

C orre la tion s o f  th e  ty p e  N u  = f  (R e A , R e R , Pr, / i / / iw )
F ig .  5 —7 c l e a r ly  s h o w  t h a t ,  d e s p i t e  t h e  v a s t  d i f f e r e n c e s  

i n  t h e  o r d e r  o f  m a g n i tu d e  b e t w e e n  a x ia l  a n d  r o t a t i o n a l  
R e y n o l d s  n u m b e r s ,  N u s s e l t  n u m b e r s  a r e  s ig n i f i c a n t l y  
a f f e c t e d  b y  b o t h  v a r i a b le s .  I t  h a d  e a r l i e r  b e e n  s h o w n  t h a t  
t h e  o u t l e t  t e m p e r a t u r e  d e c r e a s e d  a s  t h e  m a s s  f l o w  r a t e  w a s  
in c r e a s e d .  F o r  p u r e  p ip e  f l o w ,  t h e r e  a r e  tw o  r e g i o n s  i n  
w h i c h  t h i s  h a p p e n s ;  a s  t h e  f l o w  r a t e  ( a n d  h e n c e  t h e  a x ia l  
R e y n o l d s  n u m b e r )  is  i n c r e a s e d ,  t h e  o u t l e t  t e m p e r a t u r e  
w il l  f i r s t  d e c r e a s e  u n t i l  R e A  r e a c h e s  a p p r o x i m a t e l y  2 1 0 0 ,  
t h e n  i n c r e a s e  ( u n t i l  R e A  is a b o u t  8 0 0 0 ) ,  a n d  t h e n  d e 
c r e a s e  a g a in .  I n  t h e  c a s e  o f  t h e  S S H E , t h i s  c o u ld  b e  a p 
p l i e d  in  t w o  w a y s ;  e i t h e r  t h e  e f f e c t  o f  b l a d e  r o t a t i o n  w il l  
i n t e r a c t  w i t h  t h e  a x ia l  f l o w  a n d  t r i g g e r  t r a n s i t i o n  t o  t u r b u 
l e n t  f l o w  a t  l o w e r  v a lu e s  o f  R e A ; o r  e x a c t l y  t h e  o p p o s i t e  
e f f e c t ,  v iz . ,  t h a t  t h e  r o t a t i o n a l  v e l o c i t y  e f f e c t s  r e s u l t  in  a 
d a m p e n in g  o f  t h e  o n s e t  o f  t u r b u l e n c e  in  t h e  a x ia l  d i r e c t i o n .  
I n  t h i s  p a r t i c u l a r  c a s e ,  t h e  s t a t e  o f  m ix in g  g e n e r a t e d  d u e  t o  
t h e  a c t i o n  o f  t h e  b l a d e s  w o u ld  s e e m  t o  f a v o r  t h e  f o r m e r  
t y p e  o f  s i t u a t i o n .

O n  t h e  o t h e r  h a n d ,  F ig .  5 —7 a ls o  s h o w  t h a t  t h e  N u s s e l t  
n u m b e r  d o e s  n o t  in c r e a s e  w i t h  in c r e a s e s  i n  R e R a f t e r  a  
c e r t a i n  v a lu e  o f  t h e  r o t a t i o n a l  s p e e d  h a s  b e e n  r e a c h e d ,  a  
t r e n d  s im i la r  t o  t h a t  s e e n  in  F ig .  3  a n d  4 .  T h e  s h a p e s  o f  
t h e  g r a p h s  s u g g e s t  t h a t  t h e  v a lu e  o f  R e R f o r  w h i c h  n o  
f u r t h e r  i m p r o v e m e n t  is  o b t a i n e d  is  s l ig h t ly  h ig h e r  f o r  
h ig h e r  a x ia l  R e y n o l d s  n u m b e r s .  T h i s  w o u ld  m e a n  t h a t  t h e  
b e n e f i c i a l  e f f e c t  o f  s c r a p in g  is  e n h a n c e d  b y  i n c r e a s e d  a x ia l  
v e lo c i t i e s .

F ig .  5 a l s o  i n d i c a t e s  t h a t  a t  lo w  b l a d e  s p e e d s  ( N  <  1 0 0  
R P M )  w h e r e  R e R <  1 0 s , a x ia l  R e y n o l d s  n u m b e r  h a s  a  
s m a l l  e f f e c t  o n  N u s s e l t  n u m b e r .  A x i a l  e f f e c t s  a p p e a r  t o  b e  
f i r s t  n o t i c e a b l e  a t  R e R >  1 .5  x 1 0 4  a n d  a r e  q u i t e  s ig n i f i 
c a n t  a t  R e R >  1 0 5 . N o t e  t h a t  a  p a r t i c u l a r  v a lu e  o f  R e R in  
F ig .  5 —7  d o e s  n o t  m e a n  a  s in g le  v a lu e  o f  N  f o r  a l l  v a lu e s  
o f  R e A , s in c e  t h e s e  t w o  g r o u p s  i n c l u d e  o t h e r  v a r i a b le s  b e 
s id e s  t h e  a x ia l  a n d  r o t a t i o n a l  v e lo c i t i e s .

T h e  p a r a m e t e r s  i n  t h e  d im e n s i o n l e s s  c o r r e l a t i o n  e q u a 
t i o n  w e r e  o b t a i n e d  b y  m u l t i p l e  r e g r e s s i o n  a n a ly s i s  r a t h e r  
t h a n  b y  t h e  g r a p h i c a l  m e t h o d ,  s in c e  t h e  f o r m e r  a l lo w s  f o r  
s i m u l t a n e o u s  a s s e s s m e n t  o f  t h e  e f f e c t s  o f  t h e  v a r i a b le s  
t a k e n  a l o n e  a n d  i n  c o m b i n a t i o n  w i t h  o n e  a n o t h e r .  T h e  
i n d e p e n d e n t  v a r i a b le s  w e r e  R e A a n d  R e R , w h i le  t h e  d e 
p e n d e n t  v a r i a b l e  w a s  N u P , . “ 0 - 2 2  (/x //u w ) - t U 8 . T h e  e x p o 
n e n t s  o n  t h e  P r a n d t l  n u m b e r  a n d  v i s c o s i t y  f a c t o r  a r e  b a s e d  
o n  w e l l - e s t a b l i s h e d  h e a t  t r a n s f e r  m o d e l s :  f o r  e x a m p l e ,  f o r  
d e v e lo p e d  f l o w  in  s m o o t h  t u b e s ,  t h e  S i e d e r - T a t e  m o d e l  
( B i r d  e t  a l . ,  1 9 6 0 )  p r e d i c t s  t h a t  t h e  N u s s e l t  n u m b e r  is  a  
f u n c t i o n  o f  t h e  P r a n d t l  n u m b e r  t o  t h e  p o w e r  o f  0 . 3 3 ,  a n d  
o f  t h e  v i s c o s i t y  c o r r e c t i o n  f a c t o r  t o  t h e  p o w e r  o f  0 . 1 4 .  
O n  t h e  o t h e r  h a n d ,  f o r  a g i t a t e d  v e s s e ls ,  a n  e x p o n e n t  o f  0 .1 8  
is  g e n e r a l l y  u s e d  f o r  t h e  v i s c o s i t y  c o r r e c t i o n  f a c t o r  ( U h l ,
1 9 6 6 ) .  S in c e  t h e  s c r a p e d - s u r f a c e  h e a t  e x c h a n g e r  is  e s s e n 
t i a l l y  a  c o m b i n a t i o n  o f  p u r e  t u b e  f l o w  a n d  p u r e  r o t a t i o n a l
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f l o w ,  t h e  v a lu e s  o f  0 .3 3  a n d  0 .1 8  w e r e  u s e d  a s  t h e  e x p o 
n e n t s  f o r  t h e  P r a n d t l  a n d  t h e  v i s c o s i t y  g r o u p s .  T h e  s ig n i f i 
c a n c e  o f  t h e  v i s c o s i t y  c o r r e c t i o n  f a c t o r  is  d i s c u s s e d  l a t e r .

I t  w a s  f o u n d  t h a t  t h e  d a t a  f i t  t h e  m o d e l s  b e t t e r  ( i . e . ,  
s u m s  o f  s q u a r e s  d e c r e a s e d )  i f  t h e  d a t a  w e r e  d iv id e d  b y  t h e  
w o r k i n g  l i q u id  ( w a t e r  v s  s o y b e a n  e x t r a c t s )  a n d  f u r t h e r  
s u b d i v i d e d  a c c o r d in g  t o  t h e  s t a t e  o f  a x i a l  f l o w ,  w h e t h e r  i t  
w a s  l a m i n a r  ( R e A <  1 8 0 0 )  o r  t u r b u l e n t  ( C u e v a s  a n d  
C h e r y a n ,  1 9 8 1 ) ,  i n d i c a t i n g  t h a t  t h e r e  c o u ld  b e  d i f f e r e n t  
p h e n o m e n a  b e in g  e x h i b i t e d  in  t h e  h e a t e r  d e p e n d i n g  o n  
a x ia l  f l o w  c o n d i t i o n s ,  a t  l e a s t  i n  t h e  r a n g e  c o n s i d e r e d  i n  
t h i s  s t u d y .

T h e  f o l l o w in g  c o r r e l a t i o n s  w e r e  o b t a i n e d  f o r  w a t e r :
Nu = 0.304 Re°-504 Re°-322 Pr0-33 (Wmw)0-18.A K

for ReA < 1800 (5)

Nu = 4.599 x 10“ 4 Re°-942 Re9-637 Pr0-33 (m/mw)0 18 .
for ReA > 1800 (6)

M u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t s  w e r e  in  t h e  r a n g e  
0 . 9 3 9 3 —0 .9 4 7 6  a n d  c o e f f i c i e n t s  o f  v a r i a t i o n  ( C .V . )  1 .8 — 
2 .4 % . F o r  s o y b e a n  w a t e r  e x t r a c t s  o f  s o l i d s  c o n t e n t s  v a r y in g  
f r o m  1 .6 5 —6 .1 4 %  w / w ,  t h e  f o l l o w in g  c o r r e l a t i o n  b e s t  f i t  
t h e  d a t a :

Nu = 0.0982 Re9-468 R e^400 Pr0 33 (m/mw)° '18>
for ReA < 1800 (7)

w i t h  a  m u l t i p l e  R  =  0 . 7 7 8 4  a n d  C .V . =  5 .0 % .
F o r  p u r e  a x i a l  t u b e  f l o w ,  t h e  e x p o n e n t  o n  t h e  R e A t e r m  

is  g e n e r a l l y  0 .3 3  i n  t h e  l a m i n a r  r e g im e  a n d  0 .8  f o r  t u r b u 
l e n t  f l o w  ( B i r d  e t  a l . ,  1 9 6 0 ) .  T h e  v a lu e s  o f  t h e  R e A e x p o 
n e n t  o b t a i n e d  h e r e  a r e  m u c h  h i g h e r  ( 0 . 4 7 - 0 . 5 0  f o r  l a m i n a r  
f l o w ,  0 .9 4  f o r  t u r b u l e n t  f l o w ) .  O n  t h e  o t h e r  h a n d ,  f o r  a g i
t a t e d  v e s s e ls ,  t h e  e x p o n e n t  o n  t h e  r o t a t i o n a l  R e y n o l d ’s 
n u m b e r  s h o u l d  b e  0 . 6 6 —0 .7  f o r  R e R  >  3 0 0  ( U h l ,  1 9 6 6 ;  
P e n n e y  a n d  B e l l ,  1 9 6 9 ) .  O u r  v a lu e s  s p a n  a  w id e  r a n g e ,  
t e n d i n g  t o  b e  l o w e r  ( 0 . 3 2 —0 .4 )  f o r  a x i a l  l a m i n a r  f l o w  c o n 
d i t i o n s  a n d  in  g o o d  a g r e e m e n t  ( 0 . 6 3 7 )  f o r  t u r b u l e n t  a x ia l  
f l o w .  I n  g e n e r a l ,  s o m e  d e v i a t i o n s  f r o m  t h e  i d e a l  c a s e s  
s h o u l d  b e  e x p e c t e d ,  c o n s i d e r in g  t h e  c o m p o s i t e - t y p e  o f  f lo w

t h a t  e x i s t s  i n  s c r a p e d - s u r f a c e  h e a t  e x c h a n g e r s  ( S e e  l a t e r ) .

C o m p a r i s o n  w i t h  o t h e r  S S H E  s y s t e m s
T a b le  4  is  a  c o m p i l a t i o n  o f  s o m e  o f  t h e  m o d e l s  a v a i la b le  

in  t h e  l i t e r a t u r e  b a s e d  o n  t h e  f o l l o w in g  g e n e r a l  m o d e l :
Nu = A ReA ReR Prc (M/Mw)d (8)

T h e r e  is  a  w id e  v a r i a t i o n  in  t h e  v a lu e s  o f  t h e  e x p o n e n t s ,  
w h i c h  is  p a r t l y  a n  i n d i c a t i o n  o f  t h e  c o m p l e x i t y  o f  t h e  p r o b 
le m  i n  d e f i n i n g  p a r a m e t e r s  o f  i m p o r t a n c e  i n  S S H E  a n d  p a r t 
l y  d u e  t o  t h e  w id e  v a r i a t i o n  i n  t h e  t y p e s  o f  f l u i d s ,  e q u i p 
m e n t  a n d  o p e r a t i n g  c o n d i t i o n s  e n c o m p a s s e d  in  T a b l e  4 . 
A  v a lu e  o f  z e r o  a g a in s t  a n  e x p o n e n t  im p l i e s  e i t h e r  t h a t  i t  
is  i n s i g n i f i c a n t  o r  t h a t  t h e  i n v e s t i g a t o r s  d id  n o t  e x p l i c i t y  
a c c o u n t  f o r  t h a t  d im e n s i o n l e s s  g r o u p .  I n  s o m e  c a s e s ,  s u c h  
a s  t h e  m o d e l s  o f  S k e l l a n d  ( 1 9 5 8 )  a n d  R a m d a s  e t  a l .  ( 1 9 7 7 ) ,  
t h e  r a t e  o f  h e a t  t r a n s f e r  d o e s  n o t  s e e m  t o  b e  d o m i n a t e d  b y  
b l a d e s  s p e e d .  I n  m o s t  c a s e s ,  t h e  a x ia l  f l o w  r a t e  t e n d s  t o  
h a v e  a  f a i r l y  s ig n i f i c a n t  e f f e c t  o n  h e a t  t r a n s f e r .  H o w e v e r ,

Rec

Fig. 6 —E f f e c t  o f  a x ia l ( R e ^ )  a n d  r o ta t io n a l  ( R e p )  R e y n o ld s  n u m 
b e rs  o n  N u s s e l t  n u m b e r  (N u ) . D a ta  f o r  w a te r  a t  f e e d  i n le t  t e m p e r a 
tu r e  = 1 2 3 °  F , s te a m  p re s s u r e  = 6 5  p s ig .

SO YBEAN  EXTR ACTS  
P, = 10 8  psig 
Ti * 130° F 

t.65<  S £  6  14

4yd ° " j

A

* S

11685 Re. < 1355

600 < Re. < 900

j __ i__i i i l i-L i i i i i i i I itf
Fig. 5 —E f f e c t  o f  a x ia l  (R e /^ l  a n d  r o ta t io n a l  ( R e p )  R e y n o ld s  n u m 
b e r  o n  N u s s e l t  n u m b e r  (N u ) . D a ta  fo r  w a te r  a t  f e e d  in le t  t e m p e r a 
tu re  = 1 2 2 °  F , s t e a m  p re s s u re  = 1 0 9  p sig . P o in ts  a re  e x p e r im e n ta l  
d a ta . L in e s  are  p r e d ic t e d  b e h a v io r  b a s e d  o n  p o ly n o m ia l  m o d e ls  
fo r  o v e r a ll  h e a t  tr a n s fe r  c o e f f i c ie n t  a n d  te m p e r a tu r e  rise . S e e  t e x t  
fo r  d e ta ils .

ReR

Fig. 7 - E f f e c t  o f  a x ia l  R e y n o ld s  n u m b e r  ( R e ¿ )  a n d  r o ta t io n a l  R e y 
n o ld s  n u m b e r  (R e  p )  o n  N u s s e l t  n u m b e r  fo r  s o y b e a n  w a te r  e x tr a c ts :  
S  = s o l id s  c o n te n t :  □  = 1 .65% , ■  = 2 .9 1 % , A = 3 .1 3 % , •  = 3 .1 6 % ,  
o = 3 .9 7 % ,  *  = 6 .1 4 % .
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S C R A P E D - S U R F A C E  H E A T  E X C H A N G E R  . . .

u n l i k e  t h i s  w o r k ,  s o m e  o f  t h e s e  d a t a  w e r e  o b t a i n e d  a t  v e r y  
lo w  f l o w  r a t e s  a n d  w i t h  h ig h ly  v i s c o u s  f l u i d s ,  w h e r e  t h e  r e a l  
c a u s e  m a y  b e  a x ia l  d i s p e r s i o n  o r  b a c k m i x i n g  e f f e c t s  a n d  n o t  
a x i a l  v e l o c i t y  e f f e c t s .

V i s c o s i t y  c o r r e c t i o n  f a c t o r ,  ju/juw
I n  t h e  o r ig in a l  d im e n s i o n a l  a n a ly s i s  t h e  v i s c o s i t y  c o r r e c 

t i o n  f a c t o r  w a s  i n c l u d e d  as  a  d im e n s i o n l e s s  g r o u p  t h a t  
c o u ld  a f f e c t  t h e  N u s s e l t  n u m b e r .  F o r  a  g iv e n  s e t  o f  e x p e r i 
m e n t a l  c o n d i t i o n s  a  l o w e r  h e a t e r  o u t l e t  t e m p e r a t u r e  r e 
s u l t s  in  a  l a r g e r  r a d i a l  t e m p e r a t u r e  g r a d i e n t  ( T w  — T b ), 
a n d  t h e r e f o r e  a  l a r g e r  r a t i o  /i/jUw . I n  a  p a r a l l e l  w a y ,  a  la rg e  
r a d i a l  t e m p e r a t u r e  g r a d i e n t  r e s u l t s  i n  a  s m a l l e r  N u s s e l t  
n u m b e r .  T h e  o u t l e t  t e m p e r a t u r e  a t  a  f i x e d  f l o w  r a t e  i n 
c r e a s e s  a s  b l a d e  s p e e d  is  i n c r e a s e d  ( F ig .  1 a n d  2 )  a n d  t h e r e 
f o r e ,  t h e  r a d i a l  t e m p e r a t u r e  g r a d i e n t  d e c r e a s e s ,  r e s u l t i n g  in
( i )  a  s m a l l e r  v a lu e  o f  jU/jUw  ( a s  s h o w n  in  F ig .  8 ) ,  a n d  ( i i )  
a  g r e a t e r  v a lu e  o f  t h e  N u s s e l t  n u m b e r  ( a s  s h o w n  in  F ig .  5 ) . 
T h e r e f o r e ,  b o t h  N u  a n d  t h e  v i s c o s i t y  c o r r e c t i o n  f a c t o r  a r e  
f u n c t i o n s  o f  b la d e  s p e e d  a n d  m a s s  f l o w  r a t e ,  a s  s h o w n  
h e r e  i n  F ig .  5 - 8 .

T h e  o r ig in a l  p u r p o s e  f o r  w h i c h  t h e  v i s c o s i t y  r a t i o  w a s  
d e f i n e d  w a s  a s  a  c o r r e c t i o n  f a c t o r ,  t o  a c c o u n t  f o r  e f f e c t s  
o f  t e m p e r a t u r e  g r a d i e n t s  o n  v i s c o s i t y  ( M c C a b e  a n d  S m i t h  
1 9 5 6 ;  B i r d  e t  a l . 1 9 6 0 ) .  H e n c e  t h e  v i s c o s i t y  c o r r e c t i o n  f a c 
t o r  w a s  n o t  i n c l u d e d  a s  o n e  o f  t h e  i n d e p e n d e n t  v a r i a b le s  
in  t h e  r e g r e s s io n  a n a ly s is .  I f  t h a t  w e r e  d o n e ,  a  h ig h ly  
s i g n i f i c a n t  c o r r e l a t i o n  b e t w e e n  N u  a n d  /x //rw , a n d  v e r y  
s m a l l  n o n s i g n i f i c a n t  p a r t i a l  r e g r e s s io n  c o e f f i c i e n t s  f o r  R e A 
a n d  R e R w o u ld  h a v e  b e e n  o b t a i n e d  ( C u e v a s - G a r c i a ,  1 9 8 1 ) .  
A  s ig n i f i c a n t  c o r r e l a t i o n  b e t w e e n  t w o  f a c t o r s  y  a n d  x j  
d o e s  n o t  p r o v i d e  e v id e n c e  t h a t  t h e s e  v a r i a b le s  a r e  n e c e s s a r 
i ly  c a u s u a l l y  r e l a t e d  s in c e ,  a s  in  t h i s  c a s e ,  a  v a r i a b le  x 2  

c o u ld  p r o d u c e  a  c h a n g e  in  b o t h  y  a n d  X j .  T h u s  a n  e x p o 
n e n t  v a lu e  o f  0 .1 8  w a s  u s e d  h e r e  s in c e  i t  h a s  b e e n  d e m o n 
s t r a t e d  t o  b e  a p p r o p r i a t e  u n d e r  a  w id e  v a r i e t y  o f  e x p e r i 
m e n t a l  c o n d i t i o n s  ( B i r d  e t  a l . ,  1 9 6 0 ;  M c C a b e  a n d  S m i t h ,
1 9 5 6 ) .

T a b le  4 —C o m p a r is o n  o f  l i te r a tu r e  va lu es fo r  th e  e x p o n e n t s  in  th e  
d im e n s io n le s s  c o r r e la tio n  [E q  (8 )]  fo r  sc ra p e d -su r fa c e  h e a t  e x 
c h a n g e r sa
Data Source A a b c d

Bott and Romero 
(1963)

0.013 0.46 0.60 0.87 0

Ghosal et al. 
(1967)

0.123 0.79 0.65 0.60 0

Penney and Bell 
(1969)

0.123 0 0.78 0.33 0.18

Ramdas et al. 
(1977)

57.0 0.059 0.113 0.063 -0 .0 1 8

Skelland
(1958)

3.26 0.57 0.17 0.47 0

Skelland et al. 
(1962)

0.0306 1.00 0.062 0.70 0

Sykora & Navratil 
(1966)

0.565 -0 .0 1 0.48 0.40 0

Sykora et al. 
(1968)

4.09 0 0.48 0.24 0

Uhl (1966) 
This work:

0.036 0 0.66 0.33 0.18

Water0 0.304 0.50 0.32 0.33 0.18
Water0 0.0004 0.94 0.64 0.33 0.18
Soy extracts0 0.098 0.46 0.40 0.33 0.18

a D im e n s io n le ss  n u m b ers  m a y  not be d e fin e d  in  e x a c t ly  th e  sam e 
m an n e r as in  th is  p ap e r. V a lu e s  o f A  rep o rted  are  th o se  th a t w o u ld  
a p p ly  I f  th e  m o de ls w e re  ap p lied  to  o u r  s y s te m . R ange  o f  ap p llca- 
b l l i t y  o f In d iv id u a l m o de ls v a ry  w id e ly .

D L a m in a r  f lo w  ( R e A  <  1 8 0 0 ) 
c T u rb u le n t  f lo w  ( R e A  >  1 8 0 0 )

C o r r e l a t i o n s  o f  t h e  f o r m  N u  =  {2 ( T a ,  R e A )
T h e  f l o w  p h e n o m e n o n  in  S S H E  is  b e s t  d e s c r i b e d  a s  h e l i 

c a l  o r  s p i r a l  f l o w ,  w h e r e  t h e  p a t h  t r a c e d  o u t  b y  i n d iv id u a l  
f l u id  p a r t i c l e s  a r e  c i r c u l a r  h e l i c e s .  W h e n  a  c e r t a i n  v a lu e  o f  
b l a d e s  r o t a t i o n a l  s p e e d  is  r e a c h e d ,  t h e r e  a p p e a r  p a i r s  o f  
c o u n t e r - r o t a t i n g  v o r t i c e s ,  a n d  t h e  f l o w  is  s a id  t o  b e c o m e  
u n s t a b l e .  H e l ic a l  f lo w  is  u s u a l l y  c h a r a c t e r i z e d  in  t e r m s  o f  
t h e  a x ia l  R e y n o l d s  n u m b e r  a n d  t h e  T a y l o r  n u m b e r .  T a y l o r  
n u m b e r s  f o r  t h e  s y s t e m s  s t u d i e d  in  t h i s  w o r k  a r e  g iv e n  i n  
T a b l e  3 .

A x i a l  f l o w  w il l  t e n d  t o  “ s t a b i l i z e ”  t h e  r o t a t i o n a l  f l o w ,  
w h i c h  im p l i e s  t h a t  t h e  o n s e t  o f  t h e  f o r m a t i o n  o f  t h e  s o -  
c a l l e d  T a y l o r  v o r t i c e s  w il l  b e  d e l a y e d .  T h e r e f o r e  t h e  “ c r i 
t i c a l ”  T a y l o r  n u m b e r  T a ^ t h e  v a lu e  o f  T a  a t  w h i c h  v o r t i c e s  
f i r s t  a p p e a r )  w i l l  b e  a  f u n c t i o n  o f  t h e  a x ia l  R e y n o l d s  n u m 
b e r  ( K a y e  a n d  E lg a r  1 9 5 8 ;  S im m e r s  a n d  C o n e y  1 9 7 9 ;  
H a s o o n  a n d  M a r t i n  1 9 7 7 ) .  I n  g e n e r a l ,  t h e  f u n c t i o n a l  r e l a 
t i o n s h i p  b e t w e e n  R e A  a n d  T a c r  s e e m s  t o  f o l l o w  a  p o w e r -  
la w  t y p e  o f  b e h a v io r ;  T a b l e  5 p r e s e n t s  s o m e  f u n c t i o n s  o b 
t a i n e d  b y  a p p ly in g  n o n l i n e a r  r e g r e s s i o n  m e t h o d s  t o  d a t a  
g a t h e r e d  f r o m  t h e  l i t e r a t u r e .

A  p l o t  o f  N u s s e l t  n u m b e r  v s  T a y l o r  n u m b e r  a t  d i f f e r e n t  
a x ia l  R e y n o l d s  n u m b e r s  f o r  o u r  s y s t e m  is  s h o w n  in  F ig .  
9 . B a s e d  o n  r e l a t i o n s h i p s  a s  s h o w n  in  T a b l e  5 t h e  c r i t i c a l  
T a y l o r  n u m b e r  f o r  t h e  w a t e r  r u n s  is  o f  t h e  o r d e r  o f  1 0 s —
1 0 6 . T h e  N u s s e l t  n u m b e r  a p p e a r s  t o  r e m a i n  p r a c t i c a l l y  
c o n s t a n t  u p  t o  s l ig h t ly  a b o v e  t h i s  v a lu e .  W h e n  t h e  f l o w  
c h a n g e s  f r o m  l a m in a r  t o  l a m in a r - p l u s - v o r t i c e s  ( o r  t u b u l e n t  
t o  t u r b u l e n t - p l u s - v o r t i c e s ) ,  w h i c h  o c c u r s  a t  T a  >  T a c r , 
t h e  N u s s e l t  n u m b e r  in c r e a s e s  g r a d u a l l y ,  a n d  t h e n  s h a r p ly  
w i t h  T a y l o r  n u m b e r  a t  T a  >  10 9 . S im i l a r  p h e n o m e n o n  h a v e  
b e e n  r e p o r t e d  b y  K a y e  a n d  E lg a r  ( 1 9 5 8 ) ,  B e c k e r  a n d  K a y e
( 1 9 6 2 ) ,  a m o n g  o t h e r s .  A p p a r e n t l y ,  t h e  v o r t i c e s  a c t  a s  a  
h ig h ly  e f f i c i e n t  m ix in g  m e a n s  t o  r e d u c e  a n y  t e m p e r a t u r e  
d i f f e r e n c e s  in  t h e  b u l k .  A s  a  r e s u l t  o f  t h i s  m ix in g  a c t i o n ,  
t h e  t e m p e r a t u r e  g r a d i e n t s  a t  t h e  w a l l s  a r e  c o n s i d e r a b l y  
l a r g e r  t h a n  t h o s e  w i t h o u t  v o r t i c e s .  T h e  s c r a p i n g  b l a d e s  
w o u ld  i m p r o v e  t h e  e f f e c t  o f  t h e  v o r t i c e s  e v e n  f u r t h e r  b y  
r e d u c i n g  t h e  t h i c k n e s s  o f  t h e  s t a g n a n t  l a y e r  c lo s e  t o  t h e  
w a l l ,  a n d  t h e r e f o r e  in c r e a s in g  t h e  r e l a t i v e  i m p o r t a n c e  o f  
c o n v e c t i o n  w i t h  r e s p e c t  t o  c o n d u c t i o n  m e c h a n i s m s .

C O N C L U S I O N S
D I M E N S I O N A L  A N A L Y S I S  o f  t h e  h e a t  t r a n s f e r  p h e n o m e 
n a  i n  a  v e r t i c a l ,  l i q u id - f u l l  s c r a p e d - s u r f a c e  h e a t  e x c h a n g e r  
( C o n t h e r m )  i n d i c a t e d  t h a t  u n d e r  t h e  n o r m a l  o p e r a t i n g  
c o n d i t i o n s  e x p e c t e d  f o r  U H T  p r o c e s s i n g  o f  l i q u i d  f o o d s ,  
t h e  s c r a p e d - s id e  h e a t  t r a n s f e r  c o e f f i c i e n t  is  a  f u n c t i o n  o f
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BLADE SPEED, rpm
Fig. 8 - D e p e n d e n c e  o f  th e  v is c o s ity  c o r r e c tio n  fa c to r  o n  b la d e s  
r o ta t io n a l  s p e e d  a n d  m a ss  f lo w  ra te .
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Table 5—Critical Taylor number (Tacr) as a function o f  axial Reynolds number

Range of R eA Dt/D sa Function13 R 2 Source of data

3 0 0 -6 0 0 0.955 T acr = 162.87 R e9 -916 0.988 Simmers and Coney (1979)

4 0 0 -2 0 0 0 0.900 Tacr = 41.79  Re^-18 0.999 Hasoon and Martin (1977)

4 0 0 -2 0 0 0 0.500 Tacr = 106.24 R e ^ 09 0.999 Hasoon and Martin (1977)

? R a t io  o f  o u te r c y l in d e r  d ia m e te r to  sh a ft  d ia m e te r
D O b ta in ed  b y  n o n lin e a r reg ression  o f  th e  e x p e r im e n ta l data In th e  so u rce

b o t h  r o t a t i o n a l  a n d  a x i a l  v e l o c i t y  c o m p o n e n t s .  T h e  e f f e c t  
o f  a x ia l  R e y n o l d s  n u m b e r  w a s  m o r e  s i g n i f i c a n t  i n  t h e  
t u r b u l e n t  r e g i m e  ( R e A  >  1 8 0 0 ) .  R o t a t i o n a l  R e y n o l d s  
n u m b e r s  >  1 0 s h a d  a  s i g n i f i c a n t  e f f e c t  o n  N u s s e l t  n u m b e r  
r e g a r d le s s  o f  t h e  v a lu e  o f  R e A . A t  v e r y  h ig h  v a lu e s  o f  r o t a 
t i o n a l  R e y n o l d s  n u m b e r s ,  t h e  N u s s e l t  n u m b e r  n o  l o n g e r  i n 
c r e a s e s  a n d  i n  f a c t  m a y  a c t u a l l y  d e c r e a s e ,  t h e  n a t u r e  o f  
t h e  d e c r e a s e  b e in g  a  f u n c t i o n  o f  a x ia l  R e y n o l d s  n u m b e r .  
T h e  e x i s t e n c e  o f  T a y l o r  v o r t i c e s  in  S S H E  a f f e c t s  n o t  o n l y  
t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s ,  b u t  m a y  a ls o  a f f e c t  r e s i 
d e n c e  t i m e  d i s t r i b u t i o n s  i n  t h e  u n i t ,  w h i c h  w il l  h a v e  t o  b e  
c o n s i d e r e d  i n  t h e  d e s ig n  o f  t h e r m a l  p r o c e s s e s .

N O M E N C L A T U R E
A = a r e a  f o r  h e a t  t r a n s f e r
A f = a n n u l a r  a r e a  f o r  f l o w
b = r e g r e s s io n  c o e f f i c i e n t
C P = s p e c i f i c  h e a t  ( h e a t  c a p a c i t y  a t  c o n s t a n t  p r e s s u r e )
C .V . = c o e f f i c i e n t  o f  v a r i a t i o n
D e = e q u i v a l e n t  d i a m e t e r  =  D t — D s
d l = l o g a r i t h m i c  m e a n  d i a m e t e r
D 0 = o u t s i d e  d i a m e t e r  o f  h e a t  t r a n s f e r  t u b e
D s = s h a f t  d i a m e t e r
D t = h e a t  t r a n s f e r  t u b e  d i a m e t e r  ( i n s id e  d i a m e t e r )
f = m a t h e m a t i c a l  f u n c t i o n s
h i = s c r a p e d - s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t
h 0

= s t e a m - s id e  h e a t  t r a n s f e r  c o e f f i c i e n t
h w = w a l l  h e a t  t r a n s f e r  c o e f f i c i e n t
k = t h e r m a l  c o n d u c t i v i t y
N = b la d e  s p e e d ,  r e v o l u t i o n s  p e r  m i n u t e  ( r p m )
N u = N u s s e l t  n u m b e r
P r = P r a n d t l  n u m b e r
P s = s t e a m  p r e s s u r e
Q = r a t e  o f  h e a t  t r a n s f e r
R , R 2 = c o r r e l a t i o n  c o e f f i c i e n t
R e A = a x ia l  R e y n o l d s  n u m b e r
R e R = r o t a t i o n a l  R e y n o l d s  n u m b e r
S = s o l i d s  c o n t e n t  (%  w /w )
T a = T a y l o r  n u m b e r
T a cr = c r i t i c a l  T a y l o r  n u m b e r
T b = b u l k  a v e r a g e  t e m p e r a t u r e
T i = w o r k i n g  l i q u id  i n l e t  t e m p r a t u r e
T o = w o r k i n g  l i q u id  o u t l e t  t e m p e r a t u r e
T w = w a l l  t e m p e r a t u r e  o f  h e a t e r
A T m = l o g a r i t h m i c  m e a n  t e m p e r a t u r e  d i f f e r e n c e
U = o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t
w = m a s s  f l o w  r a t e

G r e e k  L e t t e r s
F = v i s c o s i t y  o f  w o r k i n g  l i q u i d  a t  b u l k  a v e r a g e  t e m 

p e r a t u r e
F w = v i s c o s i t y  o f  w o r k i n g  l i q u i d  a t  w a l l  t e m p e r a t u r e
P = d e n s i t y  o f  w o r k i n g  l i q u id  a t  b u l k  a v e r a g e  t e m 

p e r a t u r e

R E F E R E N C E S
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Com parison of Formula M ethods for Calculating Thermal P rocess Lethality
TRUDI SMITH and MARVIN A. TUNG

------------------------------------------A B S T R A C T ----------------------------------------------
Accuracy of five formula methods for determining process lethality 
in conduction heating foods was examined. Finite-difference simu
lation was used to generate temperature history curves for a range 
of cans and processing conditions. Delivered lethality was evaluated 
using the formula methods and compared to the lethality calculated 
using a numerical general method. Deviations exhibited trends re
lated to container dimensions and unaccomplished temperature 
difference (g), the largest errors occurring when g was large and the 
height-to-diameter ratio was close to unity. Errors were mostly on 
the “safe” side, but the energy use implications could be significant 
for high retort temperature processes.

I N T R O D U C T I O N
S I N C E  P U B L I C A T I O N  o f  t h e  f i r s t  g e n e r a l  m e t h o d  f o r  
t h e r m a l  p r o c e s s  e v a l u a t i o n  b y  B ig e lo w  a n d  c o w o r k e r s  
( 1 9 2 0 ) ,  m u c h  h a s  b e e n  w r i t t e n  a b o u t  t h e  d e t e r m i n a t i o n  o f  
s a f e  p r o c e s s e s  f o r  t h e r m a l l y  s t e r i l i z e d  f o o d s .  S e v e r a l  r e v ie w s  
a n d  c o m p a r i s o n s  o f  p r o c e s s  e v a l u a t i o n  m e t h o d s  h a v e  a p 
p e a r e d  ( H a y a k a w a ,  1 9 7 7 ,  1 9 7 8 ;  M e r s o n  e t  a l . ,  1 9 7 8 ;  
S t u m b o  a n d  L o n g le y ,  1 9 6 6 ) ,  a l t h o u g h  n o n e  o f f e r s  e x t e n s iv e  
n u m e r i c a l  e v a lu a t i o n s .

I n  t h e  l a s t  d e c a d e ,  m o r e  a t t e n t i o n  h a s  b e e n  g iv e n  t o  t h e  
e f f e c t s  o f  p r o c e s s i n g  o n  n u t r i t i o n a l  a n d  s e n s o r y  q u a l i t y .  
T h e  d e s i r e  t o  i m p r o v e  q u a l i t y  a n d  t h e  n e e d  t o  c o n t r o l  
p r o c e s s i n g  c o s t s  h a v e  r e s u l t e d  i n  a  m o v e  t o  r e d u c e  u n n e c e s 
s a r y  o v e r p r o c e s s in g .  P a c k a g in g  c h a n g e s ,  i n  c o n t a i n e r  t y p e s ,  
s iz e s  a n d  s h a p e s ,  a n d  p r o c e s s  c o n d i t i o n  c h a n g e s ,  s u c h  a s  
e l e v a t e d  r e t o r t  t e m p e r a t u r e s  a n d  h ig h e r  f i l l i n g  t e m p e r a 
t u r e s ,  a r e  b e c o m in g  i m p o r t a n t .  T h e  i n t r o d u c t i o n  o f  c o m 
p u t e r  t e c h n o l o g y  f o r  r e t o r t  c o n t r o l  is  m a k in g  p o s s i b l e  m o r e  
p r e c i s e  c o n t r o l  o f  p r o c e s s i n g  c o n d i t i o n s .  B e c a u s e  o f  t h e s e  
d e v e l o p m e n t s ,  t h e r e  is  a n  i n c r e a s in g  i n t e r e s t  i n  t h e  a c c u r a c y  
a n d  r e l i a b i l i t y  o f  t h e  c u r r e n t l y  a v a i l a b l e  t h e r m a l  p r o c e s s  
e v a l u a t i o n  m e t h o d s .  T h u s ,  t h e  o b j e c t i v e  o f  t h i s  s t u d y  w a s  
t o  p r e p a r e  a n  e v a l u a t i o n  o f  t h e  s e l e c t e d  f o r m u l a  m e t h o d s  
u s in g  a  w id e  r a n g e  o f  c o n d i t i o n s  t h a t  w o u ld  i n c l u d e  t r a 
d i t i o n a l  a n d  n o v e l  t h e r m a l  p r o c e s s i n g  a p p l i c a t i o n s .

E X P E R I M E N T A L
FIVE FORMULA METHODS for center point lethality determination were examined. These were chosen to be representative of cur
rently applied methods as well as the most recent developments in process evaluation.
Process calculation methods

Ball’s table method. This formula method was a great milestone 
in thermal processing and has been the industry standard since it 
was first introduced (Ball, 1923). Ball developed tables of process 
value (U) with respect to heating rate index (f^) and temperature 
difference between the product cold spot and the retort at the end 
of the heating cycle (g). The straight-line heating and cooling por
tions of the time-temperature history curves were evaluated mathe
matically using exponential integrals. The cooling lag factor (jcc) 
was assumed to be 1.41 and the curve was approximated by an 
hyperbola. The start of straight-line cooling was determined empiric-
A u th o r s  S m i t h  a n d  T u n g  a re  w i th  th e  D e p t , o f  F o o d  S c ie n c e , U n iv . 
o f  B r i t is h  C o lu m b ia , V a n c o u v e r , B .C ., C a n a d a  V 6 T  2 A 2 .

ally through observation of experimental data, and heating and cool
ing rates were assumed to be equal. The heating lag factor was used 
for the calculation of g but its lethal effect was not accounted for. 
Merson et al. (1978) provide a good description of the principles of 
this method.

The American Can Company has since developed more detailed 
tables, interpolating and extrapolating the tables that were pub
lished by Ball. These tables were used for the evaluation of this 
method.

Ball’s equation method. While trying to develop a method for 
implementing Ball’s formula method without using the tables, it 
was discovered that the values in his tables did not agree with the 
equations that were used to develop them (Smith and Tung, 1979). 
This was confirmed by the findings of Steele et al. (1979). The 
second method investigated, therefore, was Ball’s method using the 
equations developed for the production of the tables.

Stumbo’s method. Stumbo and Longley (1966) published tables 
for process evaluation taking into account the variability of jcc 
values. The values in these tables were obtained through planimeter 
measurements of hand-drawn temperature histories plotted on lethal 
rate paper, and subsequent interpolation of graphs. Revised tables 
(used in this evaluation) were developed through use of computer 
integration of thermal histories generated from heat transfer equa
tions, using Finite difference simulations (Stumbo, 1973). In all 
other particulars, the method is similar to Ball’s.

Steele and Board’s method. Ball and Olson (1957) developed 
tables for evaluation of processes exhibiting broken heating curves 
or unequal heating and cooling rates. These tables were based on the 
same concepts as Ball’s original tables except that the heating and 
cooling portions of the process were kept separate. This method was 
improved upon by Griffin et al. (1971) through the use of a re
lationship between the curved and straight-line portions of the cool
ing curve. Steele and Board (1979) adapted this method for calcula
tion using sterilizing ratios, to simplify calculations. This method 
was evaluated using the equations developed rather than the tables 
provided.

Hayakawa’s method. Hayakawa (1970) developed a method of 
lethality evaluation similar to those previously described except that 
circular functions were used to estimate the curved portions of the 
heating and cooling curves. The process was divided into four sec
tions for evaluation: curved heating, straight-line heating, curved 
cooling, and straight-line cooling. The lengths of the curved portions 
were estimated using an empirical relationship between f and j.

During testing of the procedures developed for computer solution, 
errors in the published tables were found. A correction to the tables 
was found elsewhere (Downes and Hayakawa, 1977). This method 
was evaluated using the equations developed rather than the tables.

Reference method. The reference method to which the others 
were compared was a numerical general method with data points 
taken every 0.05 min. The arithmetic mean temperature over each 
time interval (At) was determined and the lethal rate (L) for this 
temperature was considered to apply for the duration of the inter
val (Teixeira et al., 1969). A z value of 10C° (18 F°) and a reference 
temperature of 121.1°C (250°F) were used for lethal rate calculations. Thus,

L  = io (T -1 2 1 .1 )/1 0

Lethalities were calculated as LAt and summed to determine the 
total process lethality (F0). Because of the small time intervals 
(0.05 min), this method was assumed to estimate the continuous 
process curve and hence the graphical general method, and its leth
ality was used to judge the accuracy of the alternate calculation 
methods.
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Generation of heat penetration data
Thermal history curves, for conduction heating foods in cylin

drical cans of various shapes and sizes, were generated using a 
FORTRAN language simulation program adapted from Teixeira et 
al. (1969). The University of British Columbia Amdahl 470/V8 
computer was used for all simulations and calculations in this study.

The finite-difference model was based on the Fourier simplifica
tion of the differential heat conduction equation for a finite cylin
der:

32T + 1 3T + 32T = 1 3T
3r2 r 3r 3y2 a 3t (2)

where a is thermal diffusivity, T is temperature, t is time, r is radial 
distance from the central axis and y is vertical distance from the 
center plane. A numerical solution using the finite-difference form 
of this equation was the basis of the simulation program. Carlaw and 
Jaeger (1959) indicated that a sufficient condition for stability of 
the finite difference solution is:

M = aAt ^  1 
Ax2 2 (3)

where Ax is the grid spacing in either radial or axial direction. In 
this study, time increments of 0.05 min and grid spacings of 0 .3- 
0.4 cm were used, corresponding to M values of 0.02-0.07 for the 
conditions tested, well below the requirements for stability of the 
solution. The number of vertical and radial elements used ranged 
from 6-25 and was determined for each simulation by the con
tainer shape and size.

For most of the processes simulated the retort temperature was 
120°C, but some tests at 140°C were performed to test whether 
the relative errors in process lethality calculation were affected by 
retort temperature. Cooling water temperature was 100C° below 
retort temperature, to be consistent with the assumptions of Ball’s 
and Stumbo’s f^/U to g tables. Instant come-up to retort tempera
ture and instant environment temperature collapse to cooling water 
temperature were assumed, as would be the case for a continuous 
rather than batch processing situation. Thermal properties were held 
constant within each simulation, and the initial temperature distrib
ution was uniform. Resistance to heat transfer at the surface was 
considered to be negligible, and the effect of headspace on heat 
transfer was not considered.

Thermal diffusivity values ranging from 0.075-0.125 cm2/min 
were used, covering the range of thermal properties encountered 
commercially for conduction heating foods (Rha, 1975). Various 
initial temperature differences (retort temperature - product temp
erature) from 15-95C° and g values (temperature difference at 
steam off) from 0.05-15C0 were investigated. Height-to-diameter 
(H/D) ratios from 0.1-3 were studied. For most of the study can 
diameters of 8 cm were used, except for cans with very small H/D 
ratios (0.1 and 0.25) for which larger diameters were used, to allow 
a minimum height of 2 cm to be used.

Error = F0 (ref)-F0 (test) x 100%_ (4)
F0 (ref)

A positive percentage difference would indicate that the test 
method underestimated the actual process lethality.

R E S U L T S  &  D I S C U S S I O N
I N I T I A L  S T U D I E S  w e r e  c o n d u c t e d  t o  d e t e r m i n e  w h i c h  
f a c t o r s  h a d  t h e  g r e a t e s t  e f f e c t  o n  t h e  a c c u r a c y  o f  t h e  
v a r i o u s  p r o c e s s  c a l c u l a t i o n  m e t h o d s  i n  a n  a t t e m p t  t o  r e d u c e  
t h e  n u m b e r  o f  e x p e r i m e n t s  r e q u i r e d  t o  c o m p a r e  t h e i r  p e r 
f o r m a n c e .  E v e n  a f t e r  t h i s  r e d u c t i o n ,  o v e r  2 0 0  t h e r m a l  
h i s t o r y  c u r v e s  w e r e  e v a l u a t e d .  T h e  i n i t i a l  s t u d i e s  s h o w e d  
t h a t  t h e  t e m p e r a t u r e  d i f f e r e n c e  a t  t h e  e n d  o f  t h e  c o o k  (g )  
a n d  t h e  h e i g h t - t o - d i a m e t e r  r a t i o  ( H / D )  w e r e  t h e  m o s t  s ig 
n i f i c a n t  f a c t o r s ,  r e s u l t i n g  i n  a  w id e  v a r i a t i o n  o f  e r r o r  m a g n i 
t u d e ,  w i t h  c o n s i s t e n t  e r r o r  p a t t e r n s .  V a r y i n g  t h e  i n i t i a l  
t e m p e r a t u r e  d i f f e r e n c e  r e s u l t e d  i n  s m a l l  d i f f e r e n c e s ,  m o s t l y  
d u e  t o  t h e  e f f e c t  o n  t h e  e v a l u a t i o n  o f  f h a n d  j c h . A  r a n g e  o f  
i n i t i a l  t e m p e r a t u r e  d i f f e r e n c e s  f r o m  2 0 —9 5 C °  w a s  i n c l u d e d  
i n  t h e  s t u d y ;  b u t  d a t a  f r o m  i n i t i a l  t e m p e r a t u r e  d i f f e r e n c e s  
o f  2 0  C° w e r e  l a t e r  e x c l u d e d  b e c a u s e  e s t i m a t e s  o f  f h w e r e  
p o o r ,  e s p e c i a l l y  w h e n  g  w a s  l a r g e ,  s in c e  s t r a i g h t - l i n e  h e a t i n g  
b e h a v i o r  w a s  n o t  w e l l  e s t a b l i s h e d  b e f o r e  t h e  e n d  o f  t h e  
h e a t i n g  c y c le .

C a n  s iz e ,  t h e r m a l  d i f f u s i v i t y  a n d  f h d id  n o t  h a v e  la r g e  e f 
f e c t s  o n  e r r o r  m a g n i t u d e s .  S o m e  v a r i a b i l i t y  w a s  n o t e d  
( T a b l e s  1 a n d  2 )  b u t  t h e  e f f e c t s  w e r e  s m a l l  c o m p a r e d  t o  t h e  
e f f e c t s  o f  o t h e r  f a c t o r s  b e in g  s t u d i e d .

P a r a l l e l  t h e r m a l  h i s t o r i e s  f o r  r e t o r t  t e m p e r a t u r e s  o f  
1 2 0 ° C  a n d  1 4 0 °  C  w e r e  e v a lu a t e d  a n d  t h e  c a l c u l a t e d  p e r 
c e n t a g e  e r r o r s  w e r e  f o u n d  t o  b e  c o m p a r a b l e  ( T a b l e  3 ) .  A l l  
s u b s e q u e n t  t h e r m a l  h i s t o r i e s  w e r e  g e n e r a t e d  u s in g  a  r e t o r t  
t e m p e r a t u r e  o f  1 2 0 ° C  b u t  t h e  p e r c e n t a g e  e r r o r s  p r e s e n t e d  
c a n  b e  c o n s i d e r e d  t o  a p p l y  f o r  h i g h e r  r e t o r t  t e m p e r a t u r e s  
a s  w e l l .  T h i s  is  o f  p a r t i c u l a r  s i g n i f i c a n c e  w h e n  c o n s i d e r in g  
la r g e  g  v a lu e s  s in c e  t h e s e  a r e  o f  g r e a t e r  i m p o r t a n c e  f o r  
h ig h e r  r e t o r t  t e m p e r a t u r e  p r o c e s s e s  t h a n  f o r  p r o c e s s e s  a t  
1 2 0 °  C .

E f f e c t s  o f  c a n  s h a p e  a n d  g v a lu e
F ig .  1 t h r o u g h  5 s h o w  t h e  e r r o r s ,  r e l a t i v e  t o  t h e  r e f e r e n c e  

m e t h o d ,  t h a t  r e s u l t e d  f r o m  c a l c u l a t i o n  o f  p r o c e s s  l e t h a l i t y  
u s in g  e a c h  o f  t h e  f iv e  t e s t  m e t h o d s .  E a c h  p o i n t  r e p r e s e n t s  
a n  a v e r a g e  e r r o r  f o r  i n i t i a l  t e m p e r a t u r e  d i f f e r e n c e s  o f  3 5 ,  
6 5 ,  a n d  9 5  C ° . T h e  d e v i a t i o n s  a r e  f u n c t i o n s  o f  b o t h  c a n  
s h a p e  ( H / D )  a n d  g . T h e  s h a p e s  o f  t h e  e r r o r  c u r v e s  a r e

Adaptation for computer solution
Adaptation of the various formula methods for solution solely 

by computer required two major systems. One was a table accessing 
system and the other a system for determining f and j values from 
the time-temperature input data. Table access was accomplished by 
setting up files organized so that the line number corresponded to 
the g-value for each part of the table. The information on the file
line varied slightly from one method to another. In cases where 
tables were to be accessed in the course of a lethality determination, 
g values were converted from C° to F° to be compatible with 
available tables.Determination of f  and j values was accomplished using an 
iterative regression technique to locate the start of the straight-line 
portion of the heating and cooling curves (log g vs t and log m vs t, respectively). Linear regression was performed iteratively, deleting 
points up to the crossover of the fitted straight line and the data 
curve. This procedure was continued until the fitted line crossed 
the data curve close to the first point included in the regression 
(maximum relative difference 0.1%).Each temperature history curve was evaluated for process 
lethality (F0) using the reference method and each of the formula 
(test) methods. Deviations between F0 values of the reference and 
test methods were calculated as percentages of the reference F0 
using:

T a b le  1—E rro rs  in  c a lc u la te d  le th a l i t ie s  u s in g  f iv e  fo r m u la  m e th o d s  
f o r  v a r io u s  c a n  s iz e s  a n d  va lu es  o f  g  (H /D = 1 .3 5 )

g Radius
(C°) (cm)

Percent error

Ball's Ball's 
tables equation

Steele 
& Board Hayakawa Stumbo

15 3 59.4 67.8 56.6 46.8 17.1
15 4 60.3 68.6 57.3 47.5 15.9
15 5 60.7 69.0 57.7 47.5 13.8

5 3 31.3 40.4 29.2 20.9 10.1
5 4 32.1 41.2 30.0 21.8 10.7
5 5 32.4 41.4 30.0 21.4 9.2
1.5 3 18.0 22.7 15.1 9.5 4.9
1.5 4 18.4 23.0 15.6 10.2 5.9
1.5 5 18.5 23.1 15.7 10.2 5.5
0.5 3 12.1 14.5 9.4 5.7 2.1
0.5 4 12.3 14.7 9.6 5.8 2.1
0.5 5 12.3 14.7 9.7 6.0 2.2
0.15 3 9.1 9.8 6.3 3.8 1.9
0.15 4 9.2 9.8 6.4 3.8 1.6
0.15 5 9.2 9.7 6.4 3.8 1.5
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C O M P A R ISO N  O F  F O R M U L A  M E T H O D S . . .

T a b le  2 —E rro rs  in  c a lc u la te d  le th a l i t ie s  u s in g  f iv e  fo r m u la  m e th o d s  
f o r  v a r io u s  th e r m a l  d i f f u s i v i t i e s  a n d  f ^  (H /D = 1 .0 ;  g = 5  C° )

fh(min)
Oi

(cm2/min)

Percent error
Bali's

tables
Ball's

equation
Steele 

& Board Hayakawa Stumbo
30 0.075 35.2 43.8 32.6 24.2 11.4
30 0.100 35.6 44.2 32.9 24.4 11.4
30 0.125 35.9 44.5 33.2 24.7 11.6
50 0.075 35.7 44.3 33.1 24.7 11.8
50 0.100 36.2 44.7 33.7 25.5 12.8
50 0.125 36.4 44.9 33.9 25.7 13.1
70 0.075 36.1 44.7 33.3 24.7 11.0
70 0.100 36.4 44.9 33.6 25.1 11.1
70 0.125 36.7 45.2 33.9 25.4 11.7
90 0.075 36.4 44.9 33.7 25.2 11.7
90 0.100 36.6 45.1 33.9 25.4 11.9
90 0.125 36.8 45.2 34.1 25.6 12.2

F ig. 1—E rro rs  in  p r o c e s s  l e th a l i t y  d e te r m in a t io n s  u s in g  B a ll 's  ta b le s .

F ig . 3 —E rro rs  in  p r o c e s s  l e th a l i t y  d e te r m in a t io n s  u s in g  S t e e l e  a n d  
B o a r d 's  m e th o d .

T a b le  3 —E rro rs  in  c a lc u la te d  le th a l i t ie s  u s in g  f iv e  fo r m u la  m e th o d s  
f o r  v a r io u s  va lu es  o f  g  a n d  tw o  r e to r t  te m p e r a tu r e s  (H /D = 1 .3 5 )

9(C°)
Retort

<°C)

Percent error
Ball's
tables

Ball's
equation

Steele 
& Board Hayakawa Stumbo

15 120 60.3 68.6 57.3 47.5 15.9
15 140 60.3 68.7 57.5 47.6 16.1

5 120 32.1 41.2 30.0 21.8 10.7
5 140 32.1 41.2 30.0 21.8 10.7
1.5 120 18.4 23.0 15.6 10.2 5.9
1.5 140 18.5 23.2 15.8 10.5 6.4
0.5 120 12.3 14.7 9.6 5.8 2.1
0.5 140 12.5 14.9 9.8 6.1 2.5
0.15 120 9.2 9.8 6.4 3.8 1.6
0.15 140 9.4 10.0 6.6 4.0 1.9
0.05 120 5.8 7.0 4.7 2.9 0.9
0.05 140 6.1 7.4 4.8 2.9 0.8

0 0.5 1.0 1 5 2 0 2 .5  3 0
H /  D r a t i o

F ig. 2 —E rro rs  in  p r o c e s s  l e th a l i t y  d e te r m in a t io n s  u s in g  B a ll 's  e q u a 
tio n .

F ig . 4 —E rro rs  in  p r o c e s s  l e th a l i t y  d e te r m in a t io n s  u s in g  H a y a k a w a 's  
m e th o d .
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s im i la r  f o r  B a l l ’s t a b l e  m e t h o d ,  B a l l ’s e q u a t i o n  m e t h o d ,  
S t e e l e  a n d  B o a r d ’s m e t h o d  a n d  H a y a k a w a ’s m e t h o d ,  a l 
t h o u g h  t h e  m a g n i t u d e s  o f  t h e  e r r o r s  d i f f e r .  T h e  e r r o r  c u r v e s  
f o r  S t u m b o ’s m e t h o d  h a v e  s im i la r  c h a r a c t e r i s t i c s ,  b u t  d o  
n o t  a p p e a r  t o  b e  s im p le  f u n c t i o n s  o f  H / D ,  e s p e c i a l ly  f o r  
la r g e  v a lu e s  o f  g . I n  a l m o s t  a l l  c a s e s  t h e s e  e r r o r s  w e r e  
u n d e r e s t i m a t i o n s  o f  p r o c e s s  l e t h a l i t y ,  t h a t  i s ,  e r r o r s  o n  t h e  
“ s a f e ”  s id e .

T h e s e  d e v i a t i o n s  w e r e  s m a l l e s t  f o r  s m a l l  H / D ,  i n c r e a s e d  
t o  a  m a x i m u m  w h e n  H /D  w a s  n e a r  u n i t y ,  t h e n  d e c r e a s e d  
s lo w ly  t o  a n  i n t e r m e d i a t e  v a lu e  a s  H /D  b e c a m e  l a r g e .  I t  
m i g h t  b e  e x p e c t e d  t h a t  t h e  e r r o r s  i n f l u e n c e d  b y  c a n  s h a p e  
w o u l d  b e  a  f u n c t i o n  o f  t h e  c o o l i n g  la g  f a c t o r ,  s in c e  a  p l o t  
o f  j  a s  a  f u n c t i o n  o f  H /D  h a s  a  s h a p e  s im i la r  t o  t h e  p l o t  o f  
e r r o r  m a g n i t u d e  ( B a l l  a n d  O l s o n ,  1 9 5 7 ) .  F ig .  6  s h o w s  t h a t  
a l t h o u g h  t h e  e r r o r s  t e n d e d  t o  b e  g r e a t e r  f o r  l a r g e r  j cc  
v a lu e s ,  t h e  t r e n d  w a s  n o t  a  s m o o t h  f u n c t i o n .  T h e r e f o r e ,  
s o m e  o t h e r  f a c t o r  o r  f a c t o r s ,  m u s t  a l s o  b e  i n f l u e n c i n g  t h e  
e r r o r  m a g n i t u d e ,  a n d  t h e s e  w o u ld  b e  e x p e c t e d  t o  b e  r e l a t e d  
t o  t h e  H /D  r a t i o ,  s in c e  t h e  p l o t  o f  e r r o r  m a g n i t u d e  a s  a  
f u n c t i o n  o f  H /D  is  a  s m o o t h  a n d  c o n t i n u o u s  c u r v e  i n  m o s t  
c a s e s .  T h e  s h a p e  e f f e c t  is  b e l i e v e d  t o  b e  a  r e s u l t  o f  d i f f e r 
e n c e s  i n  c o o l i n g  c u r v e  s h a p e  r e s u l t i n g  f r o m  t h e  t e m p e r a t u r e  
g r a d i e n t  t h r o u g h  t h e  c a n  a t  t h e  e n d  o f  t h e  h e a t i n g  c y c le .

E r r o r s  i n  l e t h a l i t y  d e t e r m i n a t i o n  w e r e  a l s o  f o u n d  t o  b e  
a  f u n c t i o n  o f  g , i n c r e a s in g  a s  t h e  v a lu e  o f  g  i n c r e a s e d .  T h e  
e f f e c t  o f  g  v a lu e  o n  l e t h a l i t y  d e t e r m i n a t i o n  e r r o r s  m a y  b e  
a  r e s u l t  o f  t h e  t e m p e r a t u r e  g r a d i e n t  f r o m  t h e  s u r f a c e  t o  t h e  
c e n t e r  o f  t h e  c o n t a i n e r  a t  t h e  e n d  o f  t h e  h e a t i n g  c y c le .  
D u r in g  t h e  h e a t i n g  c y c l e ,  t h e  t e m p e r a t u r e  n e a r  t h e  s u r f a c e  
o f  t h e  c a n  is  h i g h e r  t h a n  t h a t  n e a r  t h e  c e n t e r .  I f  t h e  h e a t i n g  
c y c le  is  c o n t i n u e d  u n t i l  g  is  s m a l l ,  t h i s  t e m p e r a t u r e  g r a d i e n t  
b e c o m e s  i n s i g n i f i c a n t .  H o w e v e r ,  i f  t h e  p r o c e s s  is  s t o p p e d  
w h e n  g  is  l a r g e ,  t h e  g r a d i e n t  c a u s e s  t h e  t e m p e r a t u r e  a t  t h e  
c e n t e r  o f  t h e  c a n  t o  c o n t i n u e  t o  r i s e  f o r  a  p e r i o d  o f  t i m e  
a f t e r  t h e  s t a r t  o f  t h e  c o o l i n g  c y c le  a n d  t h e  c e n t e r  t e m p e r a 
t u r e  o f  t h e  c a n  m a y  n o t  b e g in  t o  d r o p  f o r  s e v e r a l  m i n u t e s .  
T h i s  e f f e c t  is  n o t  a c c o u n t e d  f o r  i n  a n y  o f  t h e  f o r m u l a  
m e t h o d s  t e s t e d .

C o m p a r i s o n  o f  m e t h o d s
F ig .  7  s h o w s  a  c o m p a r i s o n  o f  t h e  e r r o r s  a s s o c i a t e d  w i t h  

t h e  f iv e  f o r m u l a  m e t h o d s  t e s t e d .  E r r o r s  f o r  o n l y  o n e  v a lu e  
o f  g  a r e  s h o w n ,  b u t  t h e  t r e n d s  w e r e  s im i la r  f o r  o t h e r  v a lu e s  
o f  g , a l t h o u g h  t h e  e r r o r  m a g n i t u d e s  d i f f e r  ( F ig .  1 —5 ) .  T h e  
v a lu e  o f  g = 5 C °  u s e d  i n  F ig .  7  is  i n  t h e  r a n g e  o f  t h e  l a r g e s t

Fig. 5 —E rro rs in  p r o c e s s  l e th a l i t y  d e te r m in a t io n s  u s in g  S t u m b o 's  
m e th o d .

g  v a lu e s  t h a t  w o u ld  b e  e n c o u n t e r e d  i n  c o n v e n t i o n a l  p r o c 
e s s in g .

C a l c u l a t i o n  o f  p r o c e s s  l e t h a l i t y  u s in g  B a l l ’s t a b l e  m e t h o d  
r e s u l t e d  i n  r e l a t i v e l y  l a r g e  e r r o r s ,  i n d i c a t i n g  t h a t  t h e  f o r m u 
la  m e t h o d  a p p r o a c h  h a s  b e e n  s ig n i f i c a n t l y  im p r o v e d  b y  
m o r e  r e c e n t  m o d i f i c a t i o n s .  S t e e l e  a n d  B o a r d ’s m e t h o d ,  
h a v in g  e l i m i n a t e d  t h e  a s s u m p t i o n s  o f  o n l y  o n e  v a lu e  f o r  
j cc a n d  e q u a l  h e a t i n g  a n d  c o o l in g  r a t e s ,  p e r f o r m e d  s l ig h t ly  
b e t t e r  t h a n  B a l l ’s t a b l e  m e t h o d  u n d e r  m o s t  c o n d i t i o n s .  
H a y a k a w a ’s m e t h o d ,  w h i c h  e s t i m a t e d  t h e  c o o l in g  la g  
u s in g  c i r c u l a r  f u n c t i o n s ,  r e s u l t e d  i n  s m a l l e r  e r r o r s  t h a n  
e i t h e r  o f  t h e s e  m e t h o d s .  T h e  l a r g e s t  e r r o r  f o r  a  g  v a lu e  o f  
5 C  u s in g  H a y a k a w a ’s m e t h o d  w a s  2 5 %  c o m p a r e d  t o  3 6 %  
u s in g  B a l l ’s t a b l e s  a n d  3 3 %  u s in g  S t e e l e  a n d  B o a r d ’s m e t h 
o d .  U s e  o f  B a l l ’s e q u a t i o n  m e t h o d  r e s u l t e d  i n  t h e  la r g e s t  
e r r o r s  ( u p  t o  4 4 %  f o r  g = 5  C ° ) .

S t u m b o ’s m e t h o d  a p p e a r s  t o  b e  t h e  m o s t  a c c u r a t e  f o r m 
u l a  m e t h o d  o f  t h o s e  t e s t e d .  H o w e v e r ,  w h e n  g  w a s  v e r y  
s m a l l ,  t h i s  m e t h o d  o v e r e s t i m a t e d  t h e  p r o c e s s  l e t h a l i t y  
s l i g h t l y ,  in  s o m e  c a s e s .  S t u m b o ’s m e t h o d  a l s o  r e s u l t e d  in  
h ig h l y  v a r i a b l e  a c c u r a c y  w h e n  g  w a s  la r g e  ( F ig .  5 ) .

— Continued on next page

Jcc
F ig. 6 —E rro rs  in  p r o c e s s  l e th a l i t y  d e te r m in a t io n s  a s r e la te d  to  th e  
c o o lin g  lag  fa c to r  (g= 5CB).

F ig. 7 - E r r o r s  in  p r o c e s s  l e th a l i t y  d e te r m in a t io n s  u s in g  f iv e  fo r m u la  
m e t h o d s  (g= 5C °).
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C O M P A R ISO N  O F  F O R M U L A  M E T H O D S . . .

C a l c u l a t i o n  e r r o r s  i n  t e r m s  o f  p r o c e s s i n g  t i m e
S in c e  a l l  o f  t h e  m e t h o d s  u n d e r e s t i m a t e d  t h e  l e t h a l i t y  o f  

t h e r m a l  p r o c e s s e s  f o r  c o n d u c t i o n  h e a t i n g  f o o d s ,  t h e  p r o c e s s  
t i m e s  c a l c u l a t e d  u s in g  t h e s e  m e t h o d s  w o u ld  b e  l o n g e r  t h a n  
r e q u i r e d  t o  a c h ie v e  a  s p e c i f i e d  t a r g e t  p r o c e s s  l e t h a l i t y .  F ig . 
8  s h o w s  t h a t  B a l l ’s m e t h o d  o v e r e s t i m a t e d  r e q u i r e d  p r o c e s s  
t i m e s  b y  6  t o  7  m i n  f o r  a  p r o c e s s  o f  o n e  h o u r  o r  m o r e .  
A l t h o u g h  t h i s  f i g u r e  s h o w s  d a t a  f o r  o n l y  o n e  c a n  s iz e  a n d  
i n i t i a l  t e m p e r a t u r e ,  e r r o r s  w e r e  s im i la r  f o r  o t h e r  c o n d i t i o n s .  
S t u m b o ’s m e t h o d  o v e r e s t i m a t e d  r e q u i r e d  p r o c e s s  t i m e s  b y  
o n l y  a b o u t  2  m i n ,  w h i c h  is  a p p r o a c h i n g  t h e  a c c u r a c y  o f  
p r o c e s s  c o n t r o l  f o r  m a n u a l l y  o p e r a t e d  r e t o r t s .

A l t h o u g h  t h e s e  e r r o r s  c o u ld  b e  c o n s i d e r e d  t o  b e  e x t r a  
s a f e t y  f a c t o r s ,  t h e y  a r e  i n f l u e n c e d  b y  c a n  s h a p e  a n d  p r o c 
e s s in g  c o n d i t i o n s  a n d  t h e r e f o r e  d o  n o t  p r o v i d e  a  c o n s t a n t  
m a r g i n  f o r  e r r o r .  S a f e ty  m a r g in s  a r e  c e r t a i n l y  n e c e s s a r y ,  
b u t  s h o u l d  b e  w e l l  d e f i n e d ,  t o  h e lp  t o  a s s u r e  p r o d u c t  
s a f e t y .  S t a t i s t i c a l  a n a ly s i s  o f  v a r i a b i l i t y ,  a s  s u g g e s t e d  b y  
L u n d  ( 1 9 7 8 )  m a y  b e  a  r e a s o n a b l e  a p p r o a c h  t o  t h i s  p r o b 
le m .

C o n v e c t i o n  h e a t i n g  p r o d u c t s
I t  m u s t  b e  n o t e d  t h a t  t h e  r e s u l t s  r e p o r t e d  h e r e  a p p ly  

t o  f o o d s  t h a t  h e a t  a n d  c o o l  b y  c o n d u c t i o n  o n l y .  P r o d u c t s  
o r  p r o c e s s i n g  m e t h o d s  f o r  w h i c h  n a t u r a l  o r  f o r c e d  c o n v e c 
t i o n  a r e  s i g n i f i c a n t  f a c t o r s  i n  h e a t  t r a n s f e r  w i l l  e x p e r i e n c e  a  
s h o r t e n e d  la g  b e f o r e  c o o l in g  b e g in s .  T h u s  t h e  f o r m u l a  
m e t h o d s  c a n  b e  e x p e c t e d  t o  e s t i m a t e  l e t h a l i t y  m o r e  a c c u r 
a t e l y  f o r  c o n v e c t i o n  h e a t i n g  p r o d u c t s  t h a n  f o r  c o n d u c t i o n  
h e a t i n g  p r o d u c t s .  I n  o r d e r  t o  a c h ie v e  s im i la r  a c c u r a c y  in  
p r o c e s s  e s t i m a t i o n  f o r  b o t h  c o n d u c t i o n  a n d  c o n v e c t i o n  
h e a t i n g  p r o d u c t s ,  d i f f e r e n t  e v a l u a t i o n  m e t h o d s  m a y  b e  
r e q u i r e d .

C O N C L U S I O N S
T H E  F I V E  F O R M U L A  M E T H O D S  f o r  d e t e r m i n i n g  p r o c e s s  
l e t h a l i t y  s h o w e d  d e v i a t i o n s  f r o m  t h e  r e f e r e n c e  g e n e r a l

Fig. 8 —C a lc u la te d  le th a l  e f f e c t  r e la tiv e  to  p ro c e s s in g  t im e  (H /D =  
1 .0 , lh = 9 5 C ° ).

m e t h o d  f o r  c o n d u c t i o n  h e a t i n g  f o o d s  i n  c y l i n d r i c a l  c o n 
t a i n e r s  u n d e r  a  w id e  r a n g e  o f  c o n d i t i o n s .  D e v i a t i o n s  w e r e  
g r e a t e s t  w h e n  g  v a lu e s  w e r e  l a r g e ,  a s  m ig h t  b e  e n c o u n t e r e d  
i n  h ig h  r e t o r t  t e m p e r a t u r e  p r o c e s s i n g .  E r r o r s  w e r e  a l s o  
f o u n d  t o  v a r y  a c c o r d in g  t o  t h e  s h a p e  ( H / D )  o f  t h e  c a n ,  
w i t h  t h e  g r e a t e s t  e r r o r s  c o r r e s p o n d i n g  t o  H /D  c lo s e  t o  
u n i t y .  C a n  s iz e ,  t h e r m a l  d i f f u s i v i t y ,  h e a t i n g  r a t e  ( f h ) ,  
i n i t i a l  t e m p e r a t u r e  d i f f e r e n c e  a n d  r e t o r t  t e m p e r a t u r e  d id  
n o t  g r e a t l y  a f f e c t  e r r o r  m a g n i tu d e s .  U n d e r  a l l  c o n d i t i o n s  
e x a m i n e d ,  S t u m b o ’s m e t h o d  w a s  f o u n d  t o  g iv e  t h e  b e s t  
e s t i m a t e s  o f  p r o c e s s  l e t h a l i t y ,  b u t  t h e  m e t h o d  w a s  m o r e  
s e n s i t iv e  t o  s l ig h t  v a r i a t i o n s  i n  fj, a n d  j cc t h a n  w e r e  t h e  
o t h e r  m e t h o d s .

U s e  o f  t h e s e  f o r m u l a  m e t h o d s  t o  c a l c u l a t e  p r o c e s s  
t i m e s  w o u ld  r e s u l t  i n  s l ig h t  o v e r e s t i m a t e s  o f  r e q u i r e d  
p r o c e s s i n g  t i m e  f o r  c o n d u c t i o n  h e a t i n g  p r o d u c t s .  T h i s  
o v e r p r o c e s s in g  r e p r e s e n t s  a n  e x t r a  s a f e t y  m a r g i n ,  b u t  
c o u ld  a l s o  b e  s i g n i f i c a n t  in  t e r m s  o f  e n e r g y  u s e  a n d  p l a n t  
t h r o u g h p u t .
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Rheological Evaluation of Maturing Cheddar C h eese
LAWRENCE K. CREAMER and NORMAN F. OLSON

------------------------------------------- A B S T R A C T --------------------------------------------
A number of Cheddar cheese samples of different age, pH and mois
ture content have been examined Theologically and electrophoretic- 
ally to determine whether the progressive changes in cheese texture 
were related to casein proteolysis. The force-compression curves 
obtained by crushing cubes of cheese between small flat plates at 
constant speed were different for the different cheese samples and 
were affected by the moisture content, pH and extent of as]-casein 
proteolysis that had taken place in the cheese. These results support 
a model of cheese micro structure in which an extensive network in
volving asj- casein molecules traverses the cheese and as the cheese 
ripens, chymosin cleavage of as[-casein weakens the protein net
work. Such a model explains the rapid decrease in Cheddar cheese 
yield-force that occurs during the early stages of ripening.

I N T R O D U C T I O N
T H E  T E X T U R E  O R  B O D Y  o f  a  c h e e s e  is  o n e  o f  t h e  i m p o r 
t a n t  c h a r a c t e r i s t i c s  t h a t  d e t e r m i n e s  t h e  i d e n t i t y  a n d  t h e  
q u a l i t y  o f  a  c h e e s e .  E a r l y  s t u d i e s ,  w h i c h  h a v e  b e e n  s u m m a r 
iz e d  b y  B a r o n  ( 1 9 5 2 )  a n d  B a r o n  a n d  S c o t t  B la i r  ( 1 9 5 3 )  
c o n c e n t r a t e d  o n  t h e  r e l a t i o n s h i p  b e t w e e n  m a n u f a c t u r i n g  
p a r a m e t e r s  a n d  t h e  r h e o l o g i c a l  q u a l i t y ,  o r  a c c e p t a b i l i t y ,  o f  
t h e  f i n i s h e d  c h e e s e .  S in c e  t h a t  t i m e  c h e e s e s  h a v in g  a  s u r f a c e  
“ r i n d ”  w h i c h  e x h i b i t e d  u n e v e n  a n d  t i m e - d e p e n d e n t  m o i s 
t u r e  c o n t e n t s  h a v e  v i r t u a l l y  d i s a p p e a r e d  f r o m  t h e  m a r k e t ,  
p a s t e u r i z a t i o n  o f  c h e e s e  m i l k  h a s  b e c o m e  w i d e s p r e a d ,  s o m e  
o f  t h e  m a j o r  s t e p s  i n  c a s e in  p r o t e o l y s i s  d u r in g  c h e e s e  r i p e n 
in g  h a v e  b e e n  e l u c i d a t e d  ( C r e a m e r ,  1 9 7 9 )  a n d  t e x t u r a l  
a n a ly s i s  h a s  b e e n  s im p l i f i e d  b y  t h e  u s e  o f  c o n s t a n t - s p e e d  
m a t e r i a l s  t e s t i n g  i n s t r u m e n t s  l e a d in g  t o  t h e  d e v e l o p m e n t  o f  
t h e  t e x t u r e  p r o f i l e  a n a ly s i s  ( T P A )  t e c h n i q u e  ( S z c z e s n i a k ,  
1 9 7 5 ) .  A l t h o u g h  t h e s e  l a t t e r  m e t h o d s  h a v e  b e e n  a p p l i e d  
t o  a  la r g e  r a n g e  o f  c h e e s e  s a m p le s  a n d  c h e e s e  v a r i e t i e s  i n  
r e c e n t  y e a r s  ( S h a m a  a n d  S h e r m a n ,  1 9 7 3 ;  C u l io l i  a n d  S h e r 
m a n ,  1 9 7 6 ;  L e e  e t  a l . ,  1 9 7 8 ;  V e r n o n - C a r t e r  a n d  S h e r m a n ,  
1 9 7 8 ;  C h e n  e t  a l . ,  1 9 7 9 ;  I m o t o  e t  a l . ,  1 9 7 9 ;  D ic k i n s o n  a n d  
G o u l d i n g ,  1 9 8 0 ;  E m m o n s  e t  a l . ,  1 9 8 0 ) ,  s u r p r i s i n g ly  f e w  
s tu d i e s  o n  t h e  r e l a t i o n s h i p  b e t w e e n  m a n u f a c t u r i n g  p a r a m 
e t e r s ,  c o m p o s i t i o n a l  d a t a  a n d  r h e o l o g i c a l  p r o p e r t i e s  o f  
c h e e s e  h a v e  b e e n  r e p o r t e d .

T h e  p r e s e n t  s t u d y  h a s  b e e n  r e s t r i c t e d  t o  a  s in g le  c h e e s e  
v a r i e t y ,  C h e d d a r ,  a l t h o u g h  s o m e  o f  t h e  s a m p le s  w e r e  d e 
l i b e r a t e l y  m a n u f a c t u r e d  so  t h a t  t h e i r  c o m p o s i t i o n s  w e r e  
o u t s i d e  t h e  n o r m a l  r a n g e  f o r  g o o d  q u a l i t y  c h e e s e .  I n  t h i s  
w a y  i t  h a s  b e e n  p o s s i b l e  t o  m a k e  a  p r e l i m i n a r y  e x a m i n a t i o n  
o f  h o w  c h e e s e  c o m p o s i t i o n  a n d  c a s e in  p r o t e o l y s i s  i n  C h e d 
d a r  c h e e s e  is  r e l a t e d  t o  t h e  r h e o l o g i c a l  b e h a v i o r  o f  t h e  
c h e e s e  a t  r o o m  t e m p e r a t u r e .

M A T E R I A L S  &  M E T H O D S
CHEDDAR CHEESE was manufactured in the University of Wis
consin Dairy Plant as required using 160 liter vats, purchased from 
a single commercial factory or was taken from store as surplus from

A u t h o r  O lso n  is  w i th  th e  D e p t , o f  F o o d  S c ie n c e  a n d  th e  C h e ese  R e 
se a rc h  I n s t i tu t e  o f  th e  U n iv . o f  W isc o n s in , M a d iso n , W l 5 3 7 0 6 .  
A u t h o r  C re a m e r  is  o n  le a v e  f r o m  th e  N e w  Z e a la n d  D a iry  R e s e a r c h  
I n s t i tu t e ,  P a lm e r s to n  N o r th ,  N e w  Z e a la n d .

other (unrelated) experiments. Lower pH in the manufactured cheese 
was achieved by attaining a lower curd pH when the whey was 
drained from the curd and conversely a higher pH was achieved 
by rinsing the curd prior to salting to remove some of the lactose. 
Some compensation in the other manufacturing parameters was 
made to attain a more nearly constant moisture content in the fin
ished cheeses (Table 1).

Cheese samples were cut into 2 cm cubes with the cheese cutter 
shown in Fig. 1. Some of these samples were weighed and sealed 
into individual polyethylene plastic bags together with small (0.2— 
0.8 ml) quantities of 4% (w/v) NaCl solution to adjust moisture 
content of these samples. Although these solutions were fully 
absorbed into the cheese samples within 36 hr at room temperature 
(20-25°C), the samples were held for about 72 hr at room tem
perature prior to compression testing.

Samples for compositional analysis were taken when the cheeses 
were ten days old or when they were purchased. Samples for elec
trophoresis were taken at the time of compression testing and were 
stored frozen.

Fig. 1—P h o to g r a p h  o f  th e  c h e e s e  c u t t e r  u s e d  to  o b ta in  th e  2  c m  
c u b e s  o f  c h e e se . A H  s a m p le s  w e re  c o o le d  to  b e tw e e n  0  a n d  4 °C 
b e fo r e  c u t t i n g  to  p r e v e n t  t h e m  b e in g  d is to r te d .

T a b le  1—M a n u fa c tu r in g  c o n d i t i o n s  u s e d  f o r  p r e p a r in g  a  se r ie s  o f  
C h e d d a r  c h e e s e

V A T  1a V A T  2b V A T  4

Initial m ilk pH 6.60 6.60 6.60
Starter added, % .6 1.0 1.5
Cooking temp, °C  (°F ) 40  (104) 40  (104) 36.7 (98)
Draining pH 6.35 - 6.08
Draining time, hr:m in 3 :00 3 :00 3 :2 0
Milling pH 5.90 5.55 5.08
Milling time, hr:m in 4 :1 5 4 :1 5 5 :15

a O n e -th ird  o f  th e  w h e y  In V a t  1 w a s  rep laced  w ith  w a te r  a t 4 0  C 
a t th e  beg inn ing  o f  co o k in g  and  th e  q u g n t lty  o f  w h e y  red u ce d . 
T h e  cu rd  w as a lso  w ash ed  w ith  4 6  C  (1 1 5  F )  \giater a t m ill in g . 

“ T h e  cu rd  in  V a t  2 w a s  r in sed  w ith  4 7 .8  C  (1 1 5  F )  w a te r  a t m ill in g .
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R H E O L O G IC A L  E V A L U A T IO N  O F  C H E D D A R  C H E E S E . . .

Electrophoresis and densitometry were carried out essentially 
as outlined earlier (Creamer, 1970; Richardson and Creamer, 1974).

The compression testing was carried out using the T5002 MTS 
Tensile Testing Machine manufactured by J.J. Lloyd Instruments 
Ltd. (Southhampton, England), and the data recorded on a Hewlett 
Packard 7045A X-Y recorder. The tensile tester was fitted with 
a compression cage and the recorder was generally run at a speed 
(X-axis) of 0.254 cm/sec. The MTS tester was usually run in its 
cycling mode with the compression plates opening to 2.1 cm and 
closing to 0.4 cm to give a compression ratio (on a 2 cm piece of 
cheese) of 80% and the crosshead speed was usually adjusted to 5 
cm/min in both directions. Two small blocks were made so that 
each had a 2 cm square face and these could be used in the com
pression cage to provide 2 cm square compression plates (Fig. 2).

R E S U L T S
P r e l im i n a r y  e x a m i n a t i o n

A  2 - w k  a n d  a  3 - y r  o ld  C h e d d a r  c h e e s e  o f  e s s e n t i a l l y  t h e  
s a m e  f a t  a n d  m o i s t u r e  c o n t e n t s  w e r e  e x a m i n e d  u s in g  t h e

Fig. 2 —C o m p r e s s io n  ca g e  o f  th e  M T S  te s te r  w i th  th e  s m a ll  b lo c k s  
in  p o s i t io n  a t  th e  b e g in n in g  o f  th e  c o m p r e s s io n  c y c le .

M T S  t e s t e r  w i t h  t h e  c o m p r e s s i o n  c a g e .  T h e  s m a l l  b l o c k s  
w e r e  a l s o  u s e d  t o  p r o v i d e  2  c m  s q u a r e  f a c e s  t o  c r u s h  s o m e  
o f  t h e  2  c m  c u b e s  o f  c h e e s e .  F ig .  3 s h o w s  t h e  f o r c e - c o m 
p r e s s i o n  c u r v e s  o b t a i n e d  w h e n  t h e  p l a t e s  w e r e  b r o u g h t  a s  
c lo s e  a s  p o s s i b l e  t o  e a c h  o t h e r ,  i . e .  t o  t h e  g r e a t e s t  p r a c t i c a l  
c o m p r e s s i o n .  I n  a l l  c a s e s  t h e  c h e e s e  d e f o r m e d  o n  c o m p r e s 
s io n  a n d  t h e  f o r c e  o n  t h e  c h e e s e  i n c r e a s e d  u n t i l  t h e  y i e l d  
p o i n t  w a s  r e a c h e d .  A s  t h e  c o m p r e s s i o n  i n c r e a s e d  b e y o n d  
t h e  y i e l d  p o i n t ,  t h e  f o r c e  d e c r e a s e d  t o  g iv e  a  t r o u g h  o r  p l a 
t e a u  a n d  t h e n  r o s e  s h a r p l y  a g a in  w h e n  t h e  c o m p r e s s i o n  
p l a t e s  a p p r o a c h e d  c lo s e ly .  T h i s  e f f e c t  w a s  g r e a t e s t  a s  i l l u s 
t r a t e d  i n  F ig .  3 A  w h e n  t h e  n o r m a l  c o m p r e s s i o n  p l a t e s  w e r e  
u s e d  b e c a u s e  a t  h ig h  c o m p r e s s i o n s  t h e  c h e e s e  w a s  b e in g  
c o m p r e s s e d  o v e r  a n  i n c r e a s in g ly  w id e  a r e a  w h i l e  t h e  m a x i 
m u m  a r e a  b e in g  c o m p r e s s e d  w i t h  t h e  s m a l l  b l o c k s  w a s  4  
s q u a r e  c m  a s  s h o w n  in  F ig .  3 B . T h u s  t h e  c u r v e s  o b t a i n e d  
w i t h  t h e  s m a l l  b l o c k s  w e r e  le s s  d i s t o r t e d  t h a n  w h e n  t h e  n o r 
m a l  c o m p r e s s i o n  p l a t e s  w e r e  u s e d .  I n  s o m e  i n s t a n c e s  a  
y i e l d  p o i n t  c o u ld  n o t  b e  d i s c e r n e d  w h e n  t h e  n o r m a l  c o m 
p r e s s i o n  p l a t e s  w e r e  u s e d .  I n  s o m e  i n s t a n c e s  a  y i e l d  p o i n t  
c o u ld  n o t  b e  d i s c e r n e d  w h e n  t h e  n o r m a l  c o m p r e s s i o n  p l a t e s  
w e r e  u s e d .  T h e  r e m a i n d e r  o f  t h e  d a t a  r e p o r t e d  w e r e  o b t a i n e d  
u s in g  t h e  s m a l l  b lo c k s  t o  p r o v i d e  s m a l l  c o m p r e s s i o n  p l a t e s .

C r o s s h e a d  s p e e d
T h e  e f f e c t  o f  r a t e  o f  c o m p r e s s i o n  o n  t h e  f o r c e  r e q u i r e d  

t o  c o m p r e s s  t h e  c h e e s e  t o  t h e  y i e l d  p o i n t  w a s  m e a s u r e d .  
T h e  r e s u l t s  f o r  a  s a m p le  o f  y o u n g  c h e e s e  a r e  p r e s e n t e d ,  
i n  lo g - lo g  f o r m ,  in  F ig .  4 .  T h e  c o m p r e s s i o n  a t  t h e  y i e l d  
p o i n t  w a s  t h e  s a m e  a t  a l l  c r o s s h e a d  s p e e d s  a l t h o u g h  t h e  
f o r c e  in c r e a s e d  w i t h  in c r e a s e d  c r o s s h e a d  s p e e d .  T h e  r e c o r d 
e r  u s e d  w a s  e s p e c i a l ly  d e s ig n e d  f o r  h ig h  s p e e d  p l o t t i n g  
o f  c o m p l e x  s ig n a ls  a n d  t h e  p e n  w a s  c a p a b l e  o f  a  s p e e d  o f  
9 7  c m / s e c .  C o n s e q u e n t l y  t h e  p e n  s p e e d  o f  t h e  r e c o r d e r  
w a s  u n l i k e l y  t o  b e  a  l i m i t a t i o n  a t  t h e  h ig h e s t  c r o s s h e a d  
s p e e d  u s e d .  S im i l a r  r e s u l t s ,  b u t  w i t h  l o w e r  y i e l d  c o m 
p r e s s i o n s  a n d  f o r c e s ,  w e r e  o b t a i n e d  w i t h  a  s a m p le  o f  o l d e r  
c h e e s e .  T h e  r e m a i n d e r  o f  t h e  d a t a  r e p o r t e d  w e r e  o b t a i n e d  
u s in g  a  c r o s s h e a d  s p e e d  o f  5 c m / m in .

C o m p r e s s i o n ,  %
Fig. 3 —F o r c e -c o m p r e s s io n  c u rv e s  f o r  y o u n g  a n d  o l d  c h e e s e  u s in g  th e  M T S  te s te r  w i th  th e  c o m p r e s s io n  cage. I n  (B ) tw o  s m a ll  b lo c k s  a re  p la c e d  
a b o v e  a n d  b e lo w  th e  c h e e s e  c u b e  s o  th a t  i t  is  c o m p r e s s e d  o v e r  a  c o n s ta n t  area  o f  4  sq u a r e  c m .

632-Volume 47 (1982)-JOURNAL OF FOOD SCIENCE



E f f e c t  o f  a g e  a n d  e x t e n t  o f  p r o t e o l y s i s
F ig .  5 s h o w s  t h e  f o r c e - t i m e  c u r v e s  f o r  t h e  1 4 - d a y  a n d  

1 0 7  w k  c h e e s e  s a m p le s  ( T a b l e  2 )  u s in g  t h e  M T S  t e s t e r  in  
t h e  c o n s t a n t - s p e e d  c y c l in g  m o d e  ( t h e  d o u b l e  “ b i t e ”  o f  t h e  
t e x t u r e  p r o f i l e  a n a ly s i s  m e t h o d ;  s e e  S z c z e s n ia k ,  1 9 7 5 ) .  
I t  c a n  b e  s e e n  t h a t  t h e  i n i t i a l  u p w a r d  s l o p e  o f  t h e  f o r c e 
t i m e  c u r v e  w a s  c o n c a v e  f o r  t h e  y o u n g e r  c h e e s e  b u t  s t e e p e r  
a n d  c o n v e x  f o r  t h e  o l d e r  c h e e s e .  H o w e v e r ,  t h e  y i e l d  p o i n t  
o c c u r r e d  a t  b o t h  g r e a t e r  f o r c e  a n d  g r e a t e r  c o m p r e s s i o n  f o r  
t h e  y o u n g e r  c h e e s e .  E x a m i n a t i o n  o f  t h e  s e c o n d  “ b i t e ”  
c u r v e s  s h o w  t h a t  t h e  y o u n g e r  c h e e s e  r e c o v e r e d  m o r e  a f t e r  
t h e  f i r s t  c o m p r e s s i o n  a n d  t h e  r a t i o  o f  t h e  a r e a s  u n d e r  t h e  
s e c o n d  p e a k  t o  t h e  f i r s t  p e a k  w a s  g r e a t e r  f o r  t h e  y o u n g e r  
c h e e s e  ( i . e .  t h e  y o u n g e r  c h e e s e  w a s  m o r e  s p r i n g y  a n d  m o r e  
c o h e s iv e ) .  A l l  t h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  y o u n g e r  
c h e e s e  b e in g  m o r e  e l a s t i c  t h a n  t h e  o l d e r  c h e e s e .  S a m p le s  
3  t o  8  ( T a b l e  2 )  i n  t h i s  s e r i e s  a l l  h a d  f o r c e - t i m e  c u r v e s  t h a t  
w e r e  i n t e r m e d i a t e  b e t w e e n  t h o s e  s h o w n  i n  F ig .  5 ( s a m p le s  
2  a n d  9 ) .  T h e  p r i n c i p l e  c h a r a c t e r i s t i c s  o f  t h e  y i e l d  p o i n t s  
a r e  l i s t e d  i n  T a b l e  2 .  T h e  y i e l d  f o r c e s  w e r e  m u c h  h i g h e r  f o r  
t h e  t w o  y o u n g e s t  c h e e s e  a n d  m u c h  l o w e r  f o r  a l l  t h e  o t h e r  
s a m p le s .  H o w e v e r  t h e  y i e l d  c o m p r e s s i o n  w a s  m o r e  n e a r l y

Fig. 4 —P lo t  o f  th e  v a r ia tio n  in  th e  fo r c e  a t  th e  y ie ld  p o i n t  v e r su s  th e  
ra te  o f  c o m p r e s s io n . T h e  c o r r e la tio n  c o e f f i c i e n t  o f  th e  re g re ss io n  
l in e  w as 0 .9 9 7 .

r e l a t e d  t o  t h e  a g e  o f  t h e  c h e e s e .  T h e  e l e c t r o p h o r e t i c  p a t 
t e r n s  o f  c a s e in  p r o t e o l y s i s  ( F ig .  6 )  a n d  t h e  d e r iv e d  c a s e in  
c o n t e n t s  o f  t h e s e  c h e e s e  s a m p le s  ( T a b l e  2 )  s h o w  t h a t  s a m 
p le s  3  t o  7  a r e  q u i t e  s im i la r  w i t h  m o s t  o f  t h e  - c a s e in  d e 
g r a d e d  t o  a ^ - I  b u t  w i t h  t h e  j3 -c a se in  e s s e n t i a l l y  i n t a c t  w h i le  
s a m p le s  1 a n d  2  s h o w  v e r y  l i t t l e  p r o t e o l y s i s  a n d  s a m p le  9 
h a s  v e r y  l i t t l e  i n t a c t  c a s e in  r e m a i n i n g .  T h e  y i e l d  f o r c e  
r e s u l t s  f o r  t h e s e  c h e e s e  s a m p le s  s e e m  t o  b e  r e l a t e d  t o  t h e  
c o n t e n t  o f  i n t a c t  a s ] - c a s e in  i n  t h e  c h e e s e  w h i le  t h e  c h a n g e s  
i n  c o m p r e s s i o n  a t  t h e  y i e l d  p o i n t  s e e m  t o  b e  r e l a t e d  t o  N P N  
c o n t e n t  o f  t h e  c h e e s e s .

E f f e c t  o f  p H  a n d  m o i s t u r e  c o n t e n t
T w o  a t t e m p t s  w e r e  m a d e  t o  m a n u f a c t u r e  c h e e s e s  w i t h  

t h e  s a m e  f a t ,  s a l t  a n d  m o i s t u r e  c o n t e n t s  b u t  w i t h  d i f f e r e n t  
p H s .  T h e  a n a ly s e s  o f  t h e s e  c h e e s e  a r e  s h o w n  i n  T a b l e  3 . 
T h e  f i r s t  a t t e m p t  p r o d u c e d  c h e e s e  o f  m o d e r a t e l y  d i f f e r e n t  
p H  b u t  m a r k e d l y  d i f f e r e n t  m o i s t u r e  c o n t e n t s .  T h i s  p r e 
s e n t e d  a n  o p p o r t u n i t y  t o  e x a m i n e  t h e  e f f e c t  o f  a d d e d  s a l t

Fig. 5 — V a r ia tio n  in  c o m p r e s s io n  fo r c e  w i th  t im e  o v e r  2  c y c le s  o f  
c o m p r e s s io n .  T h e  y o u n g  a n d  o ld  c h e e s e s  a re  s a m p le s  2  a n d  9  o f  
T a b le  2 . T h e  u p p e r  c u rv e  s h o w s  th e  v a r ia tio n  in  th e  d is ta n c e  b e tw e e n  
th e  fa c e s  o f  th e  c o m p r e s s io n  p la te s .

T a b le  2 —C o m p o s it io n  a n d  r h e o lo g ic a l  d a ta  o n  c o m m e r c ia l  C h e d d a r  c h e e s e s  o f  v a r io u s  ag es p u r c h a s e d  fr o m  o n e  m a n u fa c tu r in g  p l a n t

Cheese Age at Fat Moisture NaCI
sample analysis pH (%) (%) (%)

Casein content 
(% of fresh curd

NPNa NCNa TN a |3-casein content)6* Compression
--------------------------------  ------------------------------ at yield point

(mg/g cheese) a S|— ckS|—I f!— (%)

Force at 
yield point 

(N)

1 6 d 5.23 32.5 37.6
2 14 d 5.26 34.5 34.5
3 10 wk 5.07 32.5 36.3
4 18 wk 5.07 34.5 35.9
5 28 wk 5.07 34.5 35.9
6 35 wk 5.04 34.5 35.7
7 44 wk 5.04 35.5 35.1
8 49 wk 5.10 33.5 36.6
9 109 wk 5.08 33.5 36.0

1.88 2.29 5.46 41.8 95
1.88 3.12 6.72 43.5 85
1.89 4.91 8.24 42.6 10
1.91 4.13 7.89 41.9 45
2.02 6.10 9.48 39.6 15
2.06 6.06 10.41 40.3 15
2.05 6.48 10.03 41.8 15
1.89 7.52 10.79 42.3 5
2.00 10.84 14.40 40.2 5

5 100 72 45.0
15 105 64 37.0
60 95 50 14.7
50 100 42 19.5
40 90 46 14.6
35 85 32 18.1
40 80 36 20.5
20 50 30 18.8

5 30 24 13.4

a N P N —n o n p ro te in  n it ro g e n ; N C N - n o n c a s e ln  n it ro g e n ; T N - t o t a l  n itro g e n  c o n te n t . A l l  th ese  w e re  d e te rm in e d  b y  th e  K je ld a h l m eth o d  
b E a c h  cheese  sam p le  w a s  th e  sam e w e ig h t an d  each  sam p le  (2 %  w /v ) used fo r  e le c tro p h o re s is  w as th e  sam e s ize  (2 0  p\) .  T h e  d e n s ito m e te r data 

w e re  ro und ed  to  th e  nearest 5% .
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P  - C a s e i n

O isr  C a s e i n
O f . . - 1

1 2 3 4 5 6 7  8  9

F ig . 6 —E le c t r o p h o r e t i c  p a t te r n s  o f  c h e e s e s  o f  
v a rio u s  ages. T h e  sa m p le  n u m b e r s  c o r r e s p o n d  
to  th o se  in  T a b le  2.

T a b le  3 —C o m p o s it io n  o f  b o th  s e r ie s  o f  C h e d d a r  c h e e s e  m a n u fa c 
t u r e d  f o r  rh e o lo g ic a l s tu d y

Vat
no. pH

Fat
(%)

Moisture
(%)

Salt
(%) M N FSa S/Ma

Manufactured Nov., 1980

1 5.12 32.0 39.7 1.24 58.4 3.1
3 4.93 34.5 34.9 1.79 55.0 5.1
4 5.00 33.5 37.2 1.38 55.9 3.7

Manufactured Feb., 1981

1 5.40 32.5 39.1 1.30 57.9 3.3
2 5.15 33.0 37.5 1.34 56.0 4.1
4 4.88 33.0 37.7 1.20 56.3 3.2

3 M N F S — Moisture in the nonfat substance; S /M —Salt In moisture

M oisture con ten t, %
F ig . 7 — V a ria tio n  in  th e  fo r c e  a t  th e  y ie ld  p o i n t  f o r  th re e  c h e e s e s  
w h o s e  sa m p le s  h a d  h a d  sm a ll  q u a n t it ie s  o f  4 %  (w /v ) N a C I a d d e d  to  
th e m . •, lo w  p H  (V a t  3 ;  N o v .,  1 9 8 0 ) ;  o, m e d iu m  p H  (V a t  4 ;  N o v .,  
1 9 8 0 ) ;  A, h ig h  p H  ( V a t  1 ; N o v .,  1 9 8 0 ). S e e  T a b le  3  f o r  c h e e s e  
c o m p o s it io n .  T h e  c o r re la t io n  c o e f f i c ie n t  f o r  th e  re g re ss io n  lin e  w as  
0 .8 2 0 .

o r  w a t e r  ( a s  4 %  w / v  N a C I  s o l u t i o n )  o n  t h e  p r o p e r t i e s  o f  
t h e  c h e e s e  s a m p le s .  I t  w a s  f o u n d  t h a t  u p  t o  0 .5 %  ( w / w )  
a d d e d  s a l t  ( e i t h e r  a s  s o l id  c r y s t a l s ,  o r  a s  c o n c e n t r a t e d  
s o l u t i o n s  w i t h  4 %  N a C I  s o l u t i o n  a s  a  c o n t r o l )  d id  n o t  h a v e  
a n  o b s e r v a b l e  e f f e c t  o n  t h e  f o r c e - t i m e  c u r v e s  o f  t h e  c h e e s e .  
H o w e v e r ,  a d d e d  m o i s t u r e  i n  t h e  f o r m  o f  4 %  ( w / v )  N a C I  
s o l u t i o n  d e c r e a s e d  t h e  f o r c e  a t  t h e  y i e l d  p o i n t  b u t ,  w i t h  
a  f e w  e x c e p t i o n s ,  t h e  c o m p r e s s i o n  a t  t h e  y i e l d  p o i n t  w a s  
t h e  s a m e  f o r  e a c h  c h e e s e  s a m p le  r e g a r d le s s  o f  t h e  q u a n 
t i t y  o f  a d d e d  w a t e r .

F ig .  7  s h o w s  t h e  y i e l d  f o r c e  v e r s u s  m o i s t u r e  c o n t e n t  f o r  
a l l  t h r e e  c h e e s e  s a m p le s  w h o s e  c o m p o s i t i o n s  a r e  s h o w n  in  
t h e  u p p e r  p a r t  o f  T a b l e  3 . I t  c a n  b e  s e e n  t h a t  a l l  t h e  p o i n t s  
a r e  c lo s e  t o  a  s in g le  s t r a ig h t  l i n e .  E l e c t r o p h o r e t i c  e x a m i n a 
t i o n  o f  t h e  t h r e e  c h e e s e  s a m p le s  s h o w e d  t h a t  c l o s e  t o  5 0 %  
o f  t h e  a s]- c a s e in  h a d  b e e n  c o n v e r t e d  t o  «<4 -I i n  a l l  t h r e e  
c h e e s e s .  C o n s e q u e n t l y  i t  s e e m s  l i k e ly  t h a t  w i t h i n  e x p e r i 
m e n t a l  e r r o r  C h e d d a r  c h e e s e  o f  s im i la r  p H  a n d  a t  t h e  s a m e  
e x t e n t  o f  p r o t e o l y s i s  h a v e  y i e l d  f o r c e s  t h a t  a r e  i n f l u e n c e d  
b y  m o i s t u r e  c o n t e n t  a l o n e .  C o m p r e s s io n  a t  t h e  y i e l d  p o i n t  
h o w e v e r ,  w a s  p e r c e p t i b l y  i n f l u e n c e d  b y  s o m e  f a c t o r  ( p o s 
s ib l y  p H )  t h a t  v a r i e d  w i t h  t h e  c h e e s e  s a m p le s  ( T a b l e  4 )  b u t  
w a s  n o t  a f f e c t e d  b y  m o i s t u r e  c o n t e n t  o f  t h e  c h e e s e .

T h e  s e c o n d  s e t  o f  c h e e s e  s a m p le s  w a s  m a n u f a c t u r e d  t o  
o b t a i n  c lo s e r  m o i s t u r e  c o n t e n t s  a n d  a  w id e r  r a n g e  o f  p H . 
T h e  c o m p o s i t i o n s  o f  s a m p le s  a r e  a l s o  s h o w n  i n  T a b l e  3 .  
U n f o r t u n a t e l y  i t  w a s  n e t  p o s s ib l e  t o  m a k e  c h e e s e s  w i t h  
t h i s  p H  r a n g e  a n d  w i t h  a  l o w e r  m o i s t u r e  c o n t e n t .  T y p i c a l  
f o r c e - t i m e  c u r v e s  f o r  t h e  t h r e e  c h e e s e  s a m p le s  a r e  s h o w n  
in  F ig .  8 . I t  c a n  b e  s e e n  t h a t  t h e s e  a r e  m a r k e d l y  d i f f e r e n t .  
T h e  lo w  p H  c h e e s e  h a s  a  s t e e p  c o n v e x  f o r c e - t i m e  c u r v e  w i t h  
a  lo w  y i e l d - p o i n t  f o r c e  a n d  c o m p r e s s i o n .  T h e  h ig h  p H  
c h e e s e  h a s  t h e  o p p o s i t e  c h a r a c t e r i s t i c s  w h i le  t h e  t h i r d  
c h e e s e  is  i n t e r m e d i a t e .  T h e  y i e l d  f o r c e s  a n d  m o i s t u r e  c o n 
t e n t s  a r e  p l o t t e d  f o r  a l l  t h e  s a m p le s  a t  7  w k  in  F ig .  9  w h i le  
F ig .  1 0  s h o w s  t h e  y i e l d  c o m p r e s s i o n s  v e r s u s  m o i s t u r e  c o n 
t e n t  f o r  t h e  s a m e  s a m p le s .  I t  c a n  b e  s e e n  t h a t  t h e  y ie ld  
f o r c e  d e c r e a s e s  w i t h  i n c r e a s in g  m o i s t u r e  c o n t e n t  w h i le  t h e  
c o m p r e s s i o n  r a t i o  is  v i r t u a l l y  i n v a r i a n t .  I t  c a n  a l s o  b e  s e e n  
t h a t  a t  e a c h  p H  t h e  y i e l d  f o r c e  d e c r e a s e s  a s  t h e  c h e e s e s  
a g e  ( T a b l e  4 )  b u t  c o m p r e s s i o n  in c r e a s e s  w i t h  t h e  h ig h  p H  
c h e e s e  w h e r e a s  i t  d e c r e a s e s  w i t h  t h e  o t h e r  t w o  c h e e s e s  
( T a b l e  4 ) .

O n e  f e a t u r e  o f  t h e  b e h a v i o r  o f  t h e  h ig h  p H  c h e e s e  w a s  
t h e  g r e a t e r  v a r i a t i o n  f r o m  s a m p le  t o  s a m p le  ( F ig .  9 ) .  T h i s  
w a s  c a u s e d ,  i n  p a r t ,  b y  t h e  d i f f e r e n c e  i n  r e s p o n s e  o f  t h e  
h ig h  a n d  lo w  p H  c h e e s e  t o  c o m p r e s s i o n .  T h e  h ig h  p H  
c h e e s e  s t r e t c h e d  u n t i l  a  s u d d e n  s p l i t  i n  t h e  c h e e s e  o c c u r r e d
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a n d  t h u s  t h e  f o r c e  a t t a i n e d  f o r  a n y  i n d iv id u a l  s a m p le  w a s  
d e p e n d e n t  u p o n  t h e  n u m b e r  o f  m i n o r  d e f e c t s  in  t h e  c o n s i s 
t e n c y  o f  t h e  c h e e s e .  T h e  lo w  p H  c h e e s e ,  h o w e v e r ,  w a s  
g r a d u a l l y  c r u s h e d  b e t w e e n  t h e  c o m p r e s s i o n  p l a t e s  w i t h  n o  
s u d d e n  c h a n g e  i n  r e s p o n s e  o f  t h e  c h e e s e  t o  t h e  a p p l i e d  
f o r c e .

F ig .  11 s h o w s  t h e  e l e c t r o p h o r e t i c  p a t t e r n s  o f  t h e  c h e e s e s  
m a n u f a c t u r e d  i n  F e b r u a r y  1 9 8 1  a t  t h e  t i m e s  w h e n  t h e y  
w e r e  e x a m i n e d  T h e o lo g ic a l ly . I t  c a n  b e  s e e n  t h a t  t h e  lo w  p H  
c h e e s e  h a d  t h e  l o w e s t  c o n t e n t  o f  c y - c a s e i n  a t  e a c h  a g e  a n d  
t h a t  t h e  h ig h  a n d  m e d i u m  p H  c h e e s e s  w e r e  s im i la r l y  d e 
g r a d e d  a t  e a c h  a g e .

D IS C U S S IO N

T H E  P R E S E N T  R E S U L T S  o f  t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  
i n t o  t h e  c o m p o s i t i o n a l  f a c t o r s  t h a t  m ig h t  a f f e c t  t h e  t e x t u r e  
o f  c h e e s e ,  h a v e  s h o w n  t h a t  m o i s t u r e  c o n t e n t ,  p H  a n d  c a s e in  
p r o t e o l y s i s  a r e  a l l  i m p o r t a n t .

C h e d d a r  c h e e s e  is  p a r t i c u l a r l y  i n t e r e s t i n g  b e c a u s e  i t  is  
i n t e r m e d i a t e  ( S h a m a  a n d  S h e r m a n ,  1 9 7 3 )  i n  i t s  t e x t u r a l  
p r o p e r t i e s  b e t w e e n  t h e  c r u m b l y  c h e e s e s  s u c h  a s  C h e s h i r e  o r  
F e t a  ( V e r n o n - C a r t e r  a n d  S h e r m a n ,  1 9 7 8 ;  D ic k i n s o n  a n d  
G o u ld in g ,  1 9 8 0 )  a n d  t h e  s o f t ,  p l a s t i c  c h e e s e s  s u c h  a s  G o u d a  
o r  C o l b y  ( C u l io l i  a n d  S h e r m a n ,  1 9 7 6 ) .  T h e  p r e s e n t  s t u d y  
h a s  s h o w n  t h a t  i t  is  p o s s i b l e  t o  u s e  t h e  C h e d d a r  p r o c e s s  t o  
p r o d u c e  e i t h e r  o f  t h e s e  t w o  t y p e s  o f  c h e e s e  b y  a l t e r i n g  t h e

0 0.5 1.0 1.5
Time, min

Fig. 8 —Force-tim e compression curves at 7  wk o f  age fo r the low  
(upper curve), medium (m iddle curve), and high (lower curve) pFI 
cheeses manufactured F e b .,1981.

Fig. 9—Plots o f  variation in force at the yie ld  po in t fo r 7 wk o ld  
cheese samples with added N a d  solution • , low  p H  (Vat 4 ; Feb ., 
1981); o, medium p H  (Vat 2 ; F e b ., 1981); A , high p H  (Vat 1; Feb ., 
1981). See Table 3  fo r cheese com position. The correlation co e ffi
cients o f  the regression Unes were 0 .849 , 0 .811 , and 0 .592 fo r the 
low , medium and high p H  cheese respectively.

M o is tu re  c o n te n t, %

Fig. 10—Plots o f  variation in compression with m oisture content 
at the y ie ld  po in t fo r 7 wk o ld  cheese samples. See Fig. 9  fo r sym 
bols.

Table 4 —Yield  p o in t data fo r  the specially manufactured Cheddar cheesea

Vat
Number pH

Compression (%) Force (N)

1 wk 3 wk 7 wk 1 wk 3 wk 7 wk

Manufactured Nov., 1980

3 4.93 26 ± 0.7 42 ± 0.3
4 5.00 39 ± 4.0 36 ± 0.9
1 5.12 55 ± 0.7 25 + 0.1

Manufactured Feb., 1981

4 4.88 32 ± 0.1 27 ± 0.7 22+1 .0 37 ± 2.2 32 ± 0.5 28 ± 0.8
2 5.15 48 ± 2.0 48 ± 2.0 42 ± 1.8 47 + 4 35 ± 2.5 24 ± 1.5
1 5.40 56 ± 1.2 61 ± .7 67 ± .7 60 + 6 55 ± 3 44 ± 2.5

a E a c h  re su lt is th e  average o f  3 o r  4  in d iv id u a l m e a su rem e n ts ; s tan d a rd  d e v ia t io n s  a re  sh o w n .
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/ ] -  Casein
O i s e  Casein 
O C s i ' l

V a t  1  2  k  1  2  4  1  2  4

A g e  1 w k  3  w k  7 w k

Fig. 11— Electrophoretic patterns o f  the cheeses 
made in Feb ., 1981, at each time a rheological 
study was made.

p a r a m e t e r s  t h a t  a f f e c t  t h e  f i n a l  p H  o f  t h e  c h e e s e .  A  lo w  p H  
c h e e s e  h a s  a  s t e e p  c o n v e x  f o r c e - c o m p r e s s io n  c u r v e  a n d  
c r u m b le s  a t  t h e  y i e l d  p o i n t  w h i le  a  h ig h  p H  c h e e s e  h a s  a  le s s  
s t e e p ,  c o n c a v e ,  f o r c e - c o m p r e s s io n  c u r v e  ( F ig .  8 )  a n d  a t  
t h e  h ig h e r  y i e l d  p o i n t  i t  s p l i t s  i n t o  l a r g e  f r a g m e n t s .  Y o u n g  
C h e d d a r  c h e e s e  o f  n o r m a l  p H  h a s  t h e  c u r v e  s h a p e  c h a r a c 
t e r i s t i c s  o f  t h e  h ig h  p H  c h e e s e  b u t  t h e s e  c h a n g e  t o  b e  m o r e  
s im i la r  t o  t h o s e  o f  a  lo w  p H  c h e e s e  a s  t h e  C h e d d a r  m a t u r e s ,  
F ig .  3 .

B a r o n  ( 1 9 4 9 )  e x a m i n e d  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  a  
g r o u p  o f  C h e d d a r  c h e e s e  o v e r  a  p e r i o d  o f  n e a r ly  a  y e a r .  
S h e  f o u n d  t h a t  t h e  h a r d n e s s  in c r e a s e d  a n d  t h e  e l a s t i c i t y  
d e c r e a s e d  w i t h  t h e  a g e  o f  t h e  c h e e s e  w i t h  t h e  g r e a t e s t  
c h a n g e s  o c c u r r i n g  d u r in g  t h e  f i r s t  3 0  d a y s .  T h e  e l a s t i c i t y  
r e s u l t s  s u p p o r t  t h e  p r e s e n t  c o n c lu s io n s  b u t  t h e  h a r d n e s s  
in c r e a s e  s e e m s  t o  b e  i n  d i r e c t  c o n t r a d i c t i o n  t o  t h e  p r e s e n t  
r e s u l t s  ( T a b l e  2 ) .  H o w e v e r ,  c o n s i d e r a t i o n  o f  t h e  m e t h o d s  
u s e d  in  t h e  t w o  s tu d i e s  s u g g e s t s  a n  e x p l a n a t i o n .  B a r o n  u s e d  
a  w e i g h t e d  b a l l  a n d  m e a s u r e d  i t s  d e p t h  o f  p e n e t r a t i o n  
i n t o  la r g e  p ie c e s  o f  c h e e s e ,  w h e r e a s  t h e  p r e s e n t  s t u d y  m e a 
s u r e d  t h e  f o r c e  a t  t h e  y i e l d  p o i n t  o f  a  p i e c e  o f  c h e e s e .  C o n 
s e q u e n t l y  B a r o n ’s m e a s u r e  o f  h a r d n e s s  s h o u l d  b e  m o r e  
c lo s e ly  r e l a t e d  t o  t h e  i n i t i a l  s lo p e  o f  t h e  f o r c e - c o m p r e s s io n  
c u r v e ,  w h i c h  i n d e e d  in c r e a s e d  w i t h  t h e  a g e  o f  t h e  c h e e s e  
( s e e  F ig .  5 ) .  T h u s  t h e r e  is  c o n c u r r e n c e  b e t w e e n  t h e  e a r l i e r  
a n d  t h e  p r e s e n t  r e s u l t s .

A t  f i r s t  s ig h t  i t  is  n o t  e a s y  t o  s e e  w h y  m a n y  c h e e s e s  
s h o u l d  h a v e  e i t h e r  o f  t w o  d i s t i n c t l y  d i f f e r e n t  t e x t u r e s ;  
“ p l a s t i c ”  o r  “ g r a n u l a r . ”  t h e  h ig h - p H  p l a s t i c  c h e e s e s  a r e  
e l a s t i c  b u t  f l o w  r e a d i l y  w h i le  t h e  l o w  p H  g r a n u l a r  c h e e s e s  
a r e  le s s  e a s i ly  d e f o r m e d  b y  s h a t t e r  a t  t h e i r  y i e l d  p o i n t .

C h e e s e  is  m a d e  u p  f r o m  t h e  f a t  a n d  p r o t e i n  ( c a s e i n )  
o f  m i lk  a n d  c l e a r ly  t h e  f a t  g lo b u l e s  a r e  u n l i k e l y  t o  b e  
a f f e c t e d  b y  t h e  p H  o f  t h e i r  s u r r o u n d i n g s .  T h e  m a j o r  c a s e in  
f r a c t i o n s  h a v e  i s o e l e c t r i c  p o i n t s  n e a r  4 .5  w h i c h  is  c lo s e  t o  
t h a t  o f  lo w  p H  c h e e s e  ( T a b l e  3 ) .  A t  t h e i r  i s o e l e c t r i c  p o i n t s  
t h e  c a s e in  f r a c t i o n s  f o r m  c o m p a c t  a g g r e g a te s  w h i c h  a r e  h e ld  
t o g e t h e r  w i t h  s t r o n g  i o n i c  a n d  h y d r o p h o b i c  i n t r a - a g g r e g a te  
f o r c e s  w h i le  t h e  in t e r - a g g r e g a t e  f o r c e s  a r e  w e a k e r .  M o s t  o f  
t h e  w a t e r  i n  s u c h  a  s y s t e m  is  i n e r t ,  i n t e r s t i t i a l  a n d  n o t  d i s 
t r i b u t e d  e v e n ly  t h r o u g h o u t  t h e  c u r d  m a s s .  B y  c o n t r a s t ,  a t  
a  h ig h e r  p H , t h e  c a s e in  m o le c u l e s  a c q u i r e  a  n e t  n e g a t i v e  
c h a r g e  a n d  w h i le  t h e  h y d r o p h o b i c  i n t e r a c t i o n s  p e r s i s t  t h e  
i o n i c  i n t e r a c t i o n s  c h a n g e  f r o m  a t t r a c t i o n  b e t w e e n  t h e  
p r o t e i n  m o le c u l e s  t o  r e p u l s i o n .  T h u s  t h e  t i g h t  p r o t e i n  
a g g r e g a te s  a b s o r b  w a t e r  p a r t l y  t o  s o lv a te  t h e  u n - n e u t r a l i z e d

i o n i c  c h a r g e s  a n d ,  i f  t h e  p H  is  h ig h  e n o u g h  a n d  t h e r e  is  
e n o u g h  w a t e r  p r e s e n t ,  t h e  p r o t e i n s  c a n  t h e n  d i s s o lv e .  I n  
c h e e s e ,  h o w e v e r ,  d i s s o l u t i o n  is  p r e v e n t e d  b o t h  b y  t h e  
p r e s e n c e  o f  c a lc iu m  w h i c h  b i n d s  t i g h t l y  t o  t h e  c a s e in  a n d  
r e d u c e d  i t s  s o l u b i l i t y  a n d  b y  t h e  l i m i t e d  q u a n t i t y  o f  w a t e r  
a v a i l a b l e .  N e v e r th e l e s s  t h e  t e n d e n c y  t o  a b s o r b  w a t e r  i n t o  
t h e  p r o t e i n  m a t r i x  is  s t r o n g  a n d  t h e r e  i s  u n l i k e l y  t o  b e  i n 
t e r s t i t i a l  w a t e r  in  t h e  h ig h  p H  c h e e s e .  T h u s ,  t h e  p i c t u r e  o f  
h ig h  p H  c h e e s e s  a s  c o n c e n t r a t e d  p r o t e i n  e m u l s io n s  a n d  lo w  
p H  c h e e s e s  a s  p o r o u s  m a s s e s  o f  c a s e in  a n d  f a t  p a r t i c l e s  is  
a n  a id  t o  o u r  u n d e r s t a n d i n g  o f  t h e  r h e o lo g i c a l  p r o p e r t i e s  
o f  C h e d d a r  c h e e s e  w h i c h  is  i n t e r m e d i a t e  b e t w e e n  t h e s e  
t w o  e x t r e m e s  d e s c r i b e d  a b o v e .

N o w  w h y  s h o u l d  a g in g  a f f e c t  C h e d d a r  c h e e s e  a s  i t  d o e s ,  
a l t e r i n g  i t s  s t r u c t u r e  t o  b e  le s s  e l a s t i c  a n d  p l i a n t ?  I t  s e e m s  
l i k e ly  t h a t  « S|- c a s e in  c a n  i n t e r a c t  s t r o n g l y  w i t h  t w o ,  o r  p o s 
s ib l y  m o r e ,  c a s e in  m o le c u l e s  ( e i t h e r  a ^ -  o r  (3 -c a se in )  a n d  c a n  
t h u s  b e  a  l i n k  i n  a  p r o t e i n  n e t w o r k .  ( T h i s  p r o p o s a l  h a s  b e e n  
s u g g e s t e d  ( L in  e t  a l . ,  1 9 7 2 )  a s  t h e  b a s is  o f  o n e  m o d e l  f o r  
t h e  c a s e in  m ic e l l e . )  C o n s e q u e n t l y  i f  t h e  f t s j -c a s e in  m o le c u l e  
is  c l e a v e d  s o  t h a t  i t  lo s e s  i t s  a b i l i t y  t o  a c t  a s  a  l i n k  i n  t h e  
p r o t e i n  n e t w o r k ,  t h e n  t h e  n e t w o r k  w o u l d  lo s e  i t s  s t r e n g t h .  
T h i s  m o d e l  e x p l a i n s  w h y  c le a v a g e  o f  a  f e w  p e p t i d e  b o n d s  
c a n  c a u s e  a  r e l a t i v e l y  la rg e  c h a n g e  i n  t h e  y i e l d  f o r c e  o f  
y o u n g  C h e d d a r  c h e e s e  ( T a b l e  2 ) .  A t  h i g h e r  a n d  l o w e r  p H  
t h e  e f f e c t  o f  p r o t e o l y s i s  w o u ld  a l s o  b e  t o  d e c r e a s e  t h e  e x 
t e n t  o f  t h e  p r o t e i n  n e t w o r k  a n d  h e n c e  t h e  y i e l d  f o r c e .  I t  
is  t e m p t i n g  t o  e x t e n d  t h i s  m o d e l  o f  t h e  r h e o l o g i c a l  b e h a v io r  
o f  y o u n g  C h e d d a r  c h e e s e  t o  o t h e r  v a r i e t i e s ,  e s p e c i a l ly  
c h e e s e s  s u c h  a s  M o z z a r e l l a  a n d  S w is s  i n  w h i c h  c h y m o s in  
d e s t r u c t i o n  h a s  o c c u r r e d  d u r in g  c h e e s e  m a n u f a c t u r e  ( M a th e -  
s o n ,  1 9 8 1 ) ,  b u t  i t  w o u ld  b e  p r e m a t u r e  t o  d o  t h i s  b e f o r e  t h e  
h y p o t h e s i s  h a d  b e e n  t e s t e d  f u r t h e r .

T h e  o t h e r  f e a t u r e  o f  t h e  c h a n g e s  i n  t h e  f o r c e - c o m p r e s 
s io n  c u r v e s  w i t h  a g e  o f  c h e e s e  t h a t  r e q u i r e s  c o m m e n t  i s  t h e  
d e c r e a s i n g  c o m p r e s s i o n  a t  t h e  y ie l d  p o i n t ,  a n  i n c r e a s in g  
b r i t t l e n e s s  o r  f r a g i l i t y  i n  t h e  c h e e s e .  I n  p a r t  i t  i s  c a u s e d  b y  
t h e  lo s s  o f  e l a s t i c  s t r u c t u r a l  e l e m e n t s  b u t .  a n o t h e r  f e a t u r e  
o f  p r o t e o l y s i s  is  p r o b a b l y  i m p o r t a n t .  N o t a b l y ,  a s  e a c h  
p e p t i d e  b o n d  is  c l e a v e d  t w o  n e w  i o n i c  g r o u p s  a r e  g e n e r a t e d  
a n d  e a c h  o f  t h e s e  w i l l  c o m p e t e  f o r  t h e  a v a i l a b l e  w a t e r  i n  
t h e  s y s t e m .  T h u s  t h e  w a t e r  p r e v io u s ly  a v a i l a b l e  f o r  s o lv a 
t i o n  o f  t h e  p r o t e i n  c h a in s  w i l l  b e c o m e  t i e d  u p  w i t h  t h e  n e w  
i o n i c  g r o u p s  m a k in g  t h e  c h e e s e  h a r d e r  a n d  le s s  e a s i ly  
d e f o r m e d .  T h e  e f f e c t  i n  c o m b i n a t i o n  w i t h  lo s s  o f  a n  e x t e n 
s iv e  p r o t e i n  n e t w o r k  g iv e s  t h e  o b s e r v e d  e f f e c t .

-Continued on page 646
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I n t e r a c t i o n  B e t w e e n  O v o m u c o i d  a n d  L y s o z y m e

T S U K A S A  M A T S U D A , K E N J I  W A T A N A B E , a n d  Y A S U S H I  S A T O

--------------------------------------- A B S T R A C T -----------------------------------------

The interaction between ovomucoid and lysozyme was investigated 
by precipitation experiments, polyacrylamide gel electrophoresis 
and inactivation experiments on ovomucoid. The ovomucoid- 
lysozyme mixture produced turbidity at low salt concentrations 
over the pH range 6—11. Although both ovomucoid and lyso
zyme solutions (0.2%, pH 8.5) yielded no precipitation when heated 
separately at 80°C for 10 min, about 40% of the proteins in the 
0.2% solution of the ovomucoid-lysozyme mixture (2:3, in weight; 
1:3, in mole) was precipitated by the same treatment. Ovomucoid 
was found to form complexes with lysozyme, some of which were 
precipitated by centrifugation (2000 X  g , 20 min), and it was pre
sumed that ovomucoid and lysozyme molecules were brought 
close together by the electrostatic attractive force, unfolded by 
heating, and then aggregated through intermolecular forces such as 
hydrophobic forces, hydrogen bonds and disulfide bonds.

IN T R O D U C T IO N

I N  C O M M E R C I A L  F O O D  P R O C E S S I N G ,  t h e  i n t e r a c t i o n  
o f  t w o  o r  m o r e  k i n d s  o f  p r o t e i n s  is  a n  i m p o r t a n t  f a c t o r  in  
d e t e r m i n i n g  t h e  s t r u c t u r e  a n d  t e x t u r e  o f  e n d  p r o d u c t s ,  a n d  
t h e  c a p a c i t y  o f  p r o t e i n s  t o  a g g r e g a te  o r  c o a g u l a t e  u n d e r  
p r a c t i c a l  c o n d i t i o n s  is  a  u s u a l  f u n c t i o n a l  p r o p e r t y  i n  m a n y  
f o o d  s y s te m s .

O v o m u c o i d  is  a  g l y c o p r o t e i n  w i t h  a  t r y p s i n  i n h i b i t o r y  
a c t i v i t y  w h i c h  a c c o u n t s  f o r  a b o u t  1 0 %  o f  t h e  p r o t e i n  in  eg g  
w h i t e  ( R h o d e s  e t  a l . ,  1 9 6 0 ) .  I t  h a s  b e e n  r e p o r t e d  a s  i n t e r 
a c t i n g  n e i t h e r  w i t h  i t s e l f  n o r  o t h e r  p r o t e i n s .  F o r  e x a m p le ,  
o v o m u c o i d  i n  d i l u t e  s o l u t i o n  is  n o t  p r e c i p i t a t e d  b y  h o t  5%  
t r i c h l o r o a c e t i c  a c id ;  n o r  d o e s  i t  a g g r e g a te  a t  t h e  i s o e l e c t r i c  
p o i n t  w h e n  i t s  a c t i v i t y  is  c o m p l e t e l y  d e s t r o y e d  b y  h e a t  
( L i n e w e a v e r  a n d  M u r r a y ,  1 9 4 7 ) .  M o r e o v e r ,  e v e n  a f t e r  m o s t  
o f  t h e  p r o t e i n  i n  eg g  w h i t e  w a s  p r e c i p i t a t e d  b y  h e a t i n g ,  
o v o m u c o i d  r e m a i n e d  i n  t h e  s u p e r n a t a n t  ( M a t s u d a  e t  a l . ,  
1 9 8 1 b ) .

L y s o z y m e  is  a  h ig h l y  b a s ic  p r o t e i n  w h i c h  a c c o u n t s  f o r  
3 %  o f  t h e  p r o t e i n  i n  eg g  w h i t e  ( O s u g a  a n d  F e e n e y ,  1 9 7 4 ) .  
I t  is  k n o w n  t o  f o r m  e l e c t r o s t a t i c  c o m p l e x e s  w i t h  o t h e r  p r o 
t e in s ,  s u c h  a s  o v o m u c i n  ( C o t t e r i i  a n d  W in te r ,  1 9 5 5 ;  G a r i 
b a l d i  e t  a l . ,  1 9 6 8 ) ,  o v o t r a n s f e r r i n  ( E h r e n p r e i s  a n d  W a r n e r ,  
1 9 5 6 ) ,  o v a lb u m i n  ( F o r s y t h e  a n d  F o s t e r ,  1 9 5 0 ;  N ic h o l  a n d  

W in z o r ,  1 9 6 4 )  a n d  b o v in e  s e r u m  a l b u m i n  ( S t e i n e r ,  1 9 5 3 ) .
A l t h o u g h  h e a t - i n d u c e d  a g g r e g a t io n  o r  c o a g u l a t i o n  o f  

eg g  w h i t e  p r o t e i n s  h a s  b e e n  i n v e s t i g a t e d  i n  s i n g l e - p r o t e in  
s y s t e m s  ( N a k a m u r a  e t  a l . ,  1 9 7 8 ;  H e g g  e t  a l . ,  1 9 7 8 ,  1 9 7 9 ;  
E g e la n d s d a l ,  1 9 8 0 ) ,  f e w  r e p o r t s  a r e  a v a i l a b l e  o n  s y s t e m s  
c o n t a i n i n g  t w o  o r  m o r e  p r o t e i n s  ( S a t o  e t  a l . ,  1 9 7 7 ) .  I n  t h i s  
s t u d y ,  w e  e x a m i n e  t h e  i n t e r a c t i o n  b e t w e e n  o v o m u c o i d  a n d  
l y s o z y m e ,  a n d  d e s c r i b e  t h e  h e a t - i n d u c e d  a g g r e g a t i o n  o f  
o v o m u c o i d  w i t h  l y s o z y m e .

M A T E R IA L S  &  M E T H O D S

OVOMUCOID AND LYSOZYME (6X crystallized) were purchased 
from Worthington Biochemical Corporation and Seikagaku Kogyo

A uthors Matsuda, Watanabe, and Sato are with the Dept, o f  Fo o d  
Science & Technology, Facu lty  o f  Agricu lture, Nagoya Univ., 
Chikusaku, Nagoya 464, Japan.

Co., Ltd. (Tokyo), respectively. Trypsin (2X crystallized) was ob
tained from the Shigma Chemical Company. All materials were used 
without further purification.
Heat treatment

Four mg of ovomucoid or lysozyme was dissolved in 2 ml of dis
tilled water. Equal volumes of the 0.2% solutions containing each 
protein were mixed. Two hundred id of the protein solution con
taining ovomucoid or lysozyme or both, pH of which was adjusted 
to the desired value with 20 mM NaOH or 20 mM HC1, were placed 
in test tubes (0.8 x  14 cm). No correction for ionic strength of the 
solution was made. The test tubes were positioned in a rack and 
immersed in a controlled temperature water bath, shaken gently for 
30 sec, and then kept at definite temperatures for various periods 
of time. Each sample was cooled immediately after heat treatment 
by placing the tubes in ice water.
Analysis of the precipitated protein amount

Measurement of the precipitation was performed after centrifu
gation of samples at 2000 x  g  for 20 min. The protein and neutral 
hexose concentrations of the supernatant were measured according 
to the method of Lowry et al. (1951) and the phenol/sulfuric acid 
method (Dubois et al., 1956), respectively. The percentage of pre
cipitated protein (P) was calculated as [P = (1-C /C Q) x 100], 
where C is the protein concentration o f the supernatant and CQ 
is that measured before heat treatment. The percentage of precipi
tated neutral hexose, which is the constituent of ovomucoid carbo
hydrate chain, was also calculated in a similar manner as above by 
using the neutral hexose concentration instead of the protein 
concentration, and this percentage was taken as that of precipitated 
ovomucoid, because only ovomucoid contains the neutral hexose 
(17 residues/mole) (Osuga and Feeney, 1968).
Measurement of turbidity

Turbidity of ovomucoid-lysozyme mixture was measured imme
diately after the pH of the mixture was adjusted to the desired value. 
It was expressed as the absorbance at 600 nm of the sample solution 
which was measured with a Shimadzu double beam spectrophoto
meter model UV-200S.
Polyacrylamide gel slab electrophoresis

Gel sheets (0.1 X  13 X  13 cm) of 7.5% polyacrylamide and elec
trophoresis buffer of tris-glycine were prepared as described by 
Davis (1964). Sodium dodecylsulfate (NaDodSC>4) polyacrylamide 
gel electrophoresis was performed according to the method of 
Laemmli (1970). The gel sheets were stained with a solution of 
0.25% Coomassie Brilliant Blue R-250 in water/isopropanol/acetic 
acid (5:5:1, v/v/v) and destained with 7% acetic acid containing 3% 
methanol overnight.
Measurement of trypsin inhibitory activity

Trypsin inhibition was assayed by measuring the initial rate of 
increase in absorbance at 420 nm with a-N-benzoyl-L-arginine p- 
nitroanilide as described by Waheed and Salahuddin (1975).

R E S U L T S

T H E  O V O M U C O I D - L Y S O Z Y M E  M I X T U R E  p r o d u c e d  
t u r b i d i t y  o v e r  t h e  p H  r a n g e  6 — 1 1 , a n d  t h e  m a x i m u m  t u r 
b i d i t y  w a s  o b s e r v e d  a t  p H  9 .2  a s  s h o w n  i n  F ig .  1 . T h e  s o lu 
t i o n  c o n t a i n i n g  o v o m u c o i d  a l o n e  p r o d u c e d  n o  t u r b i d i t y  a t  
a n y  p H  b e t w e e n  2  a n d  1 2  a n d  t h a t  c o n t a i n i n g  l y s o z y m e  
a l o n e  p r o d u c e d  t u r b i d i t y  a t  a b o v e  p H  1 0 .

—Continued on next page
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F ig .  2  s h o w s  t h e  e f f e c t  o f  p H  o n  t h e  h e a t - i n d u c e d  p r e 
c i p i t a t i o n  in  t h e  s a m p le  s o l u t i o n  c o n t a i n i n g  o v o m u c o i d ,  
l y s o z y m e  o r  b o t h .  O v o m u c o id  c o u ld  n o t  b e  p r e c i p i t a t e d  
o v e r  t h e  p H  r a n g e  2 - 1 2  w h e n  h e a t e d  w i t h o u t  l y s o z y m e ,  
a n d  l y s o z y m e  w a s  n o t  p r e c i p i t a t e d  e i t h e r  a t  b e lo w  p H  9 
w h e n  h e a t e d  s e p a r a t e ly .  O n  t h e  o t h e r  h a n d ,  a  c o n s i d e r a b l e  
a m o u n t  o f  p r e c i p i t a t i o n  w a s  o b s e r v e d  in  t h e  o v o m u c o i d -  
l y s o z y m e  m i x t u r e  w h e n  t h e  m i x t u r e  w a s  h e a t e d  a t  t h e  p H  
r a n g e  b e t w e e n  7 . 2 — 1 1 .5 .  T h e  a m o u n t  o f  p r e c i p i t a t e d  h e x -  
o s e  in  o v o m u c o i d - l y s o z y m e  m i x t u r e  w a s  i n c r e a s e d  w i t h  a  
r i s e  a b o v e  p H  7 , a n d  i t s  m a x i m u m  v a lu e  w a s  o b s e r v e d  f o r  
t h  s a m p le  h e a t e d  a t  p H  9 .9 .

Fig. 1—E ffe c t  o f  p H  on the turb id ity o f  ovomucoid-lysozyme m ix
ture ( 1: 1, in weight). Equal volumes o f  0.2% solutions containing 
each protein were m ixed, and p H  o f  the solutions was adjusted at 
the desired values.

Fig. 2 —E ffe c t  o f  p H  on the precipitation o f  ovom ucoid, lysozym e  
or ovom ucoid-lysozym e m ixture ( 1: 1,  in weight) heated at 8 0 °C 
fo r 10 m in : - - o - - Relative amount o f  precip itated proteins in the 
ovom ucoid-lysozym e m ixtu re ; — •  -  Relative amount o f  precip i
tated hexose, or precipitated ovom ucoid in the ovomucoid-lyso
zym e m ixtu re ; - — - a  . — . Relative amount o f  precip itated lyso
zym e when lysozym e was heated separately; Relative
am ount o f  precip itated ovom ucoid when ovom ucoid was heated 
separately.

A s  s e e n  in  F ig .  3 ,  t h e  o v o m u c o i d - l y s o z y m e  m i x t u r e  
( p H  8 .3 )  y i e l d e d  l i t t l e  p r e c i p i t a t i o n  w h e n  h e a t e d  a t  b e lo w  
6 0  C , a n d  t h e  a m o u n t  o f  p r e c i p i t a t i o n  w a s  g r a d u a l l y  i n 
c r e a s e d  w i t h  a n  e l e v a t i o n  i n  h e a t i n g  t e m p e r a t u r e  a b o v e  
6 0  C . A  s im i la r  t e n d e n c y  w a s  o b s e r v e d  w i t h  t h e  p r e c i p i 
t a t e d  h e x o s e  o r  p r e c i p i t a t e d  o v o m u c o i d  a m o u n t .

F ig .  4  s h o w s  t h e  e f f e c t  o f  h e a t i n g  t i m e  o n  t h e  p r e c i p i t a 
t i o n  i n d u c e d  b y  h e a t i n g  a t  8 0  C  in  t h e  o v o m u c o i d - ly s o 
z y m e  m i x t u r e  ( p H  9 .2 ) .  B o t h  p r e c i p i t a t e d  p r o t e i n  a n d  
h e x o s e s  a m o u n t s  w e r e  i n c r e a s e d  b y  in c r e a s in g  h e a t i n g  t i m e  
u p  t o  5 m in .  M o r e o v e r ,  b o t h  w e r e  v i r t u a l l y  i n d e p e n d e n t  o f  
h e a t i n g  t i m e  o v e r  5 m in .

F ig .  5 s h o w s  t h e  e f f e c t  o f  t h e  m ix in g  r a t i o  o f  o v o m u c o i d  
t o  l y s o z y m e  o n  t h e  p r e c i p i t a t i o n  c a u s e d  b y  h e a t i n g  t h e  
m i x t u r e .  T h e  t o t a l  p r o t e i n  c o n c e n t r a t i o n  o f  t h e  o v o m u c o i d -  
l y s o z y m e  m i x t u r e  w a s  f i x e d  a t  0 . 2 % , a n d  t h e  t w o  p r o t e i n  
s o l u t i o n s  o f  t h e  s a m e  c o n c e n t r a t i o n s  w e r e  m ix e d  in  v a r i o u s  
r a t i o s .  M a x i m u m  a m o u n t  o f  p r e c i p i t a t e d  p r o t e i n  a n d  h e x 
o s e  w e r e  b o t h  o b s e r v e d  a t  t h e  m ix in g  r a t i o  o f  2 : 3  ( o v o m u -  
c o i d : l y s o z y m e )  in  w e ig h t .

T h e  p H  o f  o v o m u c o i d - l y s o z y m e  m i x t u r e  w a s  v a r i e d  b y  
a d d in g  N a C l.  T h e r e f o r e ,  a f t e r  t h e  a d d i t i o n  o f  N a C l  t o  t h e  
m i x t u r e ,  p H  w a s  r e - a d j u s t e d  t o  9 .2  w i t h  2 0  m M  N a O H  o r  
H C 1. A s  s h o w n  in  F ig .  6 , t h e  a m o u n t  o f  h e a t - i n d u c e d  p r e 
c i p i t a t i o n  w a s  d e c r e a s e d  r a p i d l y  u p o n  a d d i t i o n  o f  a  s m a l l  
a m o u n t  o f  N a C l  ( l e s s  t h a n  1 0  m M ). H o w e v e r ,  w h e n  N a C l 
o f  m o r e  t h a n  1 0  m M  w a s  a d d e d  t o  t h e  m i x t u r e ,  t h e  a m o u n t  
o f  p r e c i p i t a t e d  p r o t e i n  w a s  in c r e a s e d  w i t h  i n c r e a s e  i n  t h e  
N a C l  c o n c e n t r a t i o n  a n d  l i t t l e  o r  n o  a d d i t i o n a l  p r e c i p i t a t i o n  
t o o k  p l a c e  i n  0 .2 M  N a C l. T h e  a m o u n t  o f  p r e c i p i t a t e d  
h e x o s e  w a s  r a p i d l y  d e c r e a s e d  b y  a d d in g  N a C l  ( l e s s  t h a n  1 0  
m M ) , a n d  in c r e a s e d  N a C l c o n c e n t r a t i o n s  h a d  l i t t l e  e f f e c t  
o n  t h e  a m o u n t  o f  h e x o s e  p r e c i p i t a t e d .  W h e n  l y s o z y m e  w a s  
h e a t e d  s e p a r a t e l y ,  t h e  a m o u n t  o f  p r e c i p i t a t e d  p r o t e i n  w a s  
in c r e a s e d  w i t h  i n c r e a s e  in  t h e  N a C l c o n c e n t r a t i o n  ( m o r e  
t h a n  0 .1  M ). O n  t h e  o t h e r  h a n d ,  n o  p r e c i p i t a t i o n  w a s  o b 
s e r v e d  i n  a n y  c o n c e n t r a t i o n  o f  N a C l  ( 0  «  1 ,0 M )  w h e n  o v o 
m u c o i d  w a s  h e a t e d  s e p a r a t e l y .

T e n  / i l  o f  t h e  s u p e r n a t a n t  o b t a i n e d  b y  c e n t r i f u g i n g  t h e  
h e a t - t r e a t e d  s a m p le s  w a s  a p p l i e d  t o  t h e  p o l y a c r y l a m i d e  g e l 
e l e c t r o p h o r e s i s .  A s  s e e n  in  F ig . 7 ,  in  t h e  p H  r a n g e  b e t w e e n
7 .8  a n d  1 0 .1 ,  t h e  i n t e n s i t y  o f  t h e  s t a i n e d  b a n d  o f  o v o m u 
c o id  c l e a r ly  d e c r e a s e d ,  a n d  t h e  l a r g e - p a r t i c l e  c o m p le x e s  
w h i c h  m ig r a t e d  o n l y  w i t h  d i f f i c u l t y  i n t o  t h e  s m a l l  p o r e  g e l  
w e r e  o b s e r v e d  a t  t h e  t o p  o f  t h e  g e l. S o m e  w e a k  b a n d s  w e r e  
s e e n  a t  t h e  p o s t  r e g i o n  o f  t h e  o v o m u c o i d  b a n d  i n  t h e  p a t -

Fig. 3 - E f fe c t  o f  heating temperature on the precipitation o f  ovo
m ucoid-lysozym e m ixture (1 :1 , in weight) heated at p H  8 .3  fo r 10 
m in : - - o - - Relative amount o f  precip itated p rote in s; -  •  -  Rela
tive amount o f  precip itated hexose.
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t e r n  o f  s e v e r a l  s a m p le s .  P r o t e i n s  in  t h e s e  b a n d s  w e r e  r e 
g a r d e d  a s  o v o i n h i b i t o r  ( M a t s u d a  e t  a l . ,  1 9 8 1 b ) ,  w h i c h  is  
f r e q u e n t l y  a  c o n t a m i n a n t  o f  c o m m e r c i a l  o v o m u c o i d .

A f t e r  t h e  p r e c i p i t a t e  o b t a i n e d  b y  t h e  c e n t r i f u g a t i o n  w a s  
w a s h e d  tw i c e  w i t h  d i s t i l l e d  w a t e r  i n  o r d e r  t o  p r e v e n t  t h e  
c o n t a m i n a t i o n  w i t h  n o n - p r e c i p i t a t e d  p r o t e i n s ,  t h e  p r e c i p i 
t a t e  w a s  c o m p l e t e l y  d is s o lv e d  i n  5 0  i l l  o f  0 .1 M  t r i s - H C l  
b u f f e r  ( p H  6 . 8 ) c o n t a i n i n g  2 %  N a D o d S 0 4 , 5 %  2 - m e r c a p t o -  
e t h a n o l ,  1 0 %  g ly c e r o l  a n d  0 . 0 0 1 %  b r o m o p h e n o l  b lu e  a s  t h e  
d y e  b y  h e a t i n g  a t  1 0 0  C  f o r  5 m in .  T w e n t y  jul o f  t h e  s o lu 
t i o n  w a s  a p p l i e d  t o  t h e  N a D o d S 0 4 - e l e c t r o p h o r e s i s .  T h e  
e l e c t r o p h o r e t o g r a m  is  s h o w n  in  F ig .  8 . T h e  o v o m u c o i d  
b a n d  w a s  o n l y  s l ig h t ly  d e t e c t e d  a t  b e lo w  p H  6 .9 ,  b u t  b e 
t w e e n  p H  7 .8  a n d  1 0 .1  t h e  s t r o n g  b a n d  c o r r e s p o n d i n g  t o  
t h e  o v o m u c o i d  w a s  c l e a r l y  o b s e r v e d  i n  t h e  s t a i n e d  g e l .  A  
s t r o n g  b a n d  c o r r e s p o n d i n g  t o  t h e  l y s o z y m e  w a s  a l s o  o b 
s e r v e d  a t  a b o v e  p H  7 .8 .  S o m e  b a n d s  w h i c h  w e r e  n o t  d e 
t e c t e d  i n  t h e  u n h e a t e d  s a m p le  a p p e a r e d  i n  t h e  p a t t e r n  o f  
s a m p le s  h e a t e d  a t  b e t w e e n  p H  7 .8  a n d  1 0 .7 .

F ig .  9  s h o w s  t h e  e f f e c t  o f  l y s o z y m e  o n  t h e  i n a c t i v a t i o n  
o f  o v o m u c o i d  b y  h e a t i n g  a n d  t h e  r e l a t i v e  a m o u n t  o f  o v o 
m u c o i d  w h i c h  r e m a i n e d  i n  t h e  s u p e r n a t a n t .  T r y p s i n  i n h i b i t 
o r y  a c t i v i t y  w a s  a s s a y e d  f o r  t h e  s u p e r n a t a n t  o b t a i n e d  b y  
c e n t r i f u g i n g  t h e  h e a t - t r e a t e d  s a m p le s .  T h e  a c t i v i t y  w a s  n o t  
d e c r e a s e d  b y  h e a t i n g  a t  b e lo w  8 0  C . M o r e o v e r ,  n o  le s s  t h a n  
5 0 %  o f  t h e  a c t i v i t y  r e m a i n e d  e v e n  a f t e r  h e a t i n g  a t  9 0  C  f o r  
1 0  m in ,  w h e n  o v o m u c o i d  w a s  h e a t e d  w i t h o u t  l y s o z y m e .  
I n  t h e  p r e s e n c e  o f  l y s o z y m e ,  h o w e v e r ,  o v o m u c o i d  w a s  
c o m p l e t e l y  i n a c t i v a t e d  b y  h e a t i n g  a t  8 0  C  f o r  1 0  m in .

D IS C U S S IO N
O V O M U C O I D  is  a  h ig h l y  a c id ic  p r o t e i n  ( p i  =  4 .1 ) ,  a n d  
l y s o z y m e  is  a  h ig h l y  b a s ic  p r o t e i n  ( p i  =  1 0 .7 )  ( O s u g a  a n d  
F e e n e y ,  1 9 7 4 ) .  L y s o z y m e  a n d  o v a lb u m i n  a r e  k n o w n  t o  
p r o d u c e  e l e c t r o s t a t i c  c o m p le x e s  w i t h  a  r e l a t i v e l y  lo w  d e 
g r e e  o f  a g g r e g a t io n ,  a n d  b o t h  s h o w e d  a  h ig h  d e g r e e  o f  a s s o 
c i a t i o n  ( s o l u t i o n  v i s i b l y  t u r b i d )  a t  a  l o w  s a l t  c o n c e n t r a t i o n  
( D o n o v a n  a n d  B e a r d s l e e ,  1 9 7 9 ) .  F r o m  t h e s e  o b s e r v a t i o n s ,

Fig. 4 —E ffe c t  o f  heating tim e on the precipitation o f  ovomucoid- 
lysozym e m ixture (1 :1 , in weight) heated at p H  8 .2  at 8 0 °C : 
- - o - - Relative am ount o f  precip ita ted  p rote in s; — •  — Relative 
amount o f  precip itated hexose.

o v o m u c o i d  a n d  l y s o z y m e  w o u l d  p r e s u m a b l y  h a v e  b e e n  
a t t r a c t e d  a n d  a s s o c i a t e d  m u t u a l l y  w i t h  e a c h  o t h e r  b y  t h e  
e l e c t r o s t a t i c  f o r c e s  in  t h e  p H  r a n g e  b e t w e e n  t h e  i s o e l e c t r i c  
p o i n t s  o f  t h e  t w o  p r o t e i n s .

L y s o z y m e
Fig. 5—E ffe c t  o f  m ixing ratio on the precipitation o f  ovomucoid- 
lysozym e m ixture (pH  9 .0 ) heated at 8 0 °C fo r 10 m in : -  -  o  -  -  

Relative am ount o f  precip ita ted  p rote in s: — •  — Relative am ount o f  
precip ita ted  hexose.

C o n e ,  o f  N a C l  ( M  )

Fig. 6 —E ffe c t  o f N a d  concentration on the precip itation o f  ovomu
co id , lysozym e or ovomucoid-lysozyme m ixture ( 1: 1,  in weight) 
heated at p H  9 .2  at 80° C  fo r 10 m in : -  -  o  -  -  Relative am ount o f  
precip itated proteins in the ovom ucoid-lysozym e m ixtu re ; — •  — 
Relative amount o f  precip ita ted  hexose, o r precip ita ted  ovom ucoid  
in the ovom ucoid-lysozym e m ixtu re ; - — * - — Relative am ount o f  
precip itated lysozym e when lysozym e was heated separately; 
. . . . . . .  Relative am ount o f  precip ita ted  ovom ucoid when ovomu
co id  was heated separately.
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T h e  p r e s e n t  a u t h o r s  h a v e  a l r e a d y  r e p o r t e d  t h a t  t h e  c o n 
f o r m a t i o n a l  c h a n g e s  o f  t h e  o v o m u c o i d  m o le c u l e  w e r e  
c a u s e d  b y  h e a t i n g  i n  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  6 0  a n d  
9 0 ° C , a n d  t h e s e  s t r u c t u r a l  c h a n g e s  w e r e  a l m o s t  c o m p l e t e l y  
r e v e r s ib l e  ( M a t s u d a  e t  a l . ,  1 9 8 1 a ) .  O v o m u c o id  w a s  p r e c i p i 
t a t e d  b y  h e a t i n g  a t  a b o v e  6 0 ° C  in  t h e  p r e s e n c e  o f  l y s o z y m e  
( F i g .  3 ) .  T h e  c o i n c i d e n c e  o f  t h e  p r e c i p i t a t i o n  t e m p e r a t u r e  
w i t h  t h e  c o n f o r m a t i o n a l  c h a n g e - t e m p e r a t u r e  s u g g e s t e d  
t h a t  o v o m u c o i d  w h i c h  u n f o l d e d  a t  t e m p e r a t u r e s  a b o v e  
6 0 ° C  i n t e r a c t e d  w i t h  l y s o z y m e  a n d  r e s u l t e d  i n  t h e  f o r m a 
t i o n  o f  la r g e r  p a r t i c l e  c o m p le x e s .

T h e  a m o u n t  o f  p r e c i p i t a t e d  p r o t e i n  w a s  m o r e  o r  le s s  
c o n s t a n t  w h e n  t h e  m i x t u r e  w a s  h e a t e d  a t  8 0  C  f o r  o v e r  1 0  
m i n  ( F ig .  4 ) .  T h e  p r o t e i n  c o n c e n t r a t i o n  i n  t h e  s u p e r n a t a n t  
s o l u t i o n  w a s  d e c r e a s e d  b y  t h e  e l i m i n a t i o n  o f  a s s o c i a t e d  
p r o t e i n s  a s  t h e  p r e c i p i t a t i o n  a n d ,  m o r e o v e r ,  t h e  s u p e r n a -  

- t a n t  n o  l o n g e r  c o n t a i n s  a  1 : 1  ( w e i g h t )  m i x t u r e  b e c a u s e  t h e

pH

Fig. 7—Polyacrylamide gel electrophoresis o f  the supernatant ob
tained b y  centrifuging the ovom ucoid-lysozym e m ixture heated at 
80 ° C  fo r  10 m m : (N) Unheated ovom ucoid; (OM ) ovom ucoid; 
(0 1 ) ovolnhlbltor.

pH

N 6.4 6.0 U  7.8 8.4 9.0 9.6 10.1 10.7 N

Fig. 8 ~NaDodSO 4 -poly acrylamide gel electrophoresis o f  the pre
cip itation obtained b y  centrifuging the ovomucoid-lysozyme m ix
ture (1 :1 , in weight) heated a t 80° C fo r  10 m in : (N) Unheated p ro
teins; (OM ) ovom ucoid; (O l) ovo inhib itor; (L  Y ) lysozym e.

p r e c i p i t a t e  c o n t a i n s  u n e q u a l  q u a n t i t i e s  o f  e a c h  p r o t e i n  
p r e c i p i t a t e d  f r o m  a  1 :1  w e i g h t  m i x t u r e  ( F ig .  2 ,  3 ,  4 ) .  
T h e r e f o r e ,  t h e  c o n c e n t r a t i o n  a n d  r a t i o  o f  p r o t e i n s  w o u l d  b e  
le s s  f a v o r a b l e  t h a n  t h o s e  o f  t h e  o r i g in a l  p r o t e i n  s o l u t i o n  
( 0 . 2 % , 1 : 1  w e i g h t  m i x t u r e ) .

T h e  c o i n c i d e n c e  o f  t h e  o p t i m u m  m ix in g  r a t i o  f o r  t h e  
t o t a l  p r o t e i n  p r e c i p i t a t i o n  t o  t h a t  f o r  t h e  o v o m u c o i d  p r e 
c i p i t a t i o n  ( F ig .  5 )  s u g g e s t e d  t h a t  t h e  o v o m u c o i d - l y s o z y m e  
i n t e r a c t i o n  p r o c e e d e d  s t o i c h i o m e t r i c a l l y  a n d  t h e  o p t i m u m  
m o l a r  r a t i o  o f  o v o m u c o i d  t o  l y s o z y m e  f o r  t h e  i n t e r a c t i o n  
w a s  n e a r l y  1 :3 .

V a r io u s  n e u t r a l  s a l t s  h a v e  g e n e r a l l y  b e e n  k n o w n  t o  
d im in i s h  t h e  r e p u l t i v e  f o r c e  b e t w e e n  t h e  p r o t e i n s  w h i c h  
p r e d o m i n a n t l y  h a v e  t h e  s a m e  k i n d  o f  c h a r g e  a n d  t o  d im in i s h  
t h e  a t t r a c t i v e  f o r c e  b e t w e e n  t h e  p r o t e i n s  w h i c h  p r e d o m i 
n a n t l y  h a v e  t h e  o p p o s i t e  c h a r g e .  T h e  d e c r e a s e  o f  h e a t -  
i n d u c e d  p r e c i p i t a t i o n  o f  t o t a l  p r o t e i n  o r  o v o m u c o i d  b y  
a d d i t i o n  o f  s m a l l  a m o u n t  o f  N a C l  i n d i c a t e d  t h a t  t h e  e l e c t r o 
s t a t i c  i n t e r a c t i o n  b e t w e e n  o v o m u c o i d  a n d  l y s o z y m e  w a s  
w e a k e n e d  a n d ,  m o r e o v e r ,  t h e  in c r e a s e  o f  t o t a l  p r o t e i n  p r e 
c i p i t a t i o n  b y  f u r t h e r  a d d i t i o n  o f  N a C l  w a s  w e l l  e x p l a i n e d  
b y  t h e  d e c r e a s e  o f  t h e  r e p u l t i v e  f o r c e  a m o n g  l y s o z y m e  
m o le c u l e s .  T h e  N a C l  w o u ld  a l s o  d e c r e a s e  t h e  r e p u l t i v e  
f o r c e  a m o n g  o v o m u c o i d  m o le c u l e s  b u t  o v o m u c o i d  a p 
p e a r e d  n o t  t o  a s s o c i a t e  e v e n  w h e n  o v o m u c o i d  m o le c u l e s  
w e r e  b r o u g h t  c lo s e  t o g e t h e r  b y  d e c r e a s i n g  t h e  r e p u l s iv e  
f o r c e  ( F ig .  6 ) . T h o u g h  i t  is  u n c e r t a i n  w h y  t h e  o b s e r v e d  
b r e a k  i n  e f f e c t s  o f  in c r e a s in g  N a C l  c o n c e n t r a t i o n  o c c u r r e d  
a t  1 0  m M , t h e  a m o u n t  o f  p r e c i p i t a t e d  p r o t e i n  s e e m e d  t o  
r e l a t e  t o  t h e  e f f e c t  o f  N a C l  o n  b o t h  o f  t h e  o v o m u c o i d - l y s o 
z y m e  i n t e r a c t i o n  a n d  t h e  ly s o z y m e - ly s o z y m e  i n t e r a c t i o n .  
F r o m  t h e  e f f e c t  o f  p H  a n d  N a C l  o n  t h e  i n t e r a c t i o n  b e t w e e n  
o v o m u c o i d  a n d  l y s o z y m e ,  i t  is  p r e s u m e d  t h a t  o v o m u c o i d  
a n d  l y s o z y m e  m o le c u l e s  a r e  b r o u g h t  c lo s e  t o g e t h e r  b y  t h e  
e l e c t r o s t a t i c  a t t r a c t i v e  f o r c e ,  u n f o l d e d  b y  h e a t i n g ,  a n d  t h e n  
a g g r e g a te d  t h r o u g h  i n t e r m o l e c u l a r  f o r c e s  s u c h  a s  h y d r o -  
p h o b i c  f o r c e s ,  h y d r o g e n  b o n d s  a n d  d i s u l f i d e  b o n d s .

T h e  p H  a t  w h i c h  t h e  w e a k e s t  i n t e n s i t y  o f  t h e  s t a i n e d  
b a n d  o f  o v o m u c o i d  w a s  o b s e r v e d  i n  t h e  e l e c t r o p h o r e t o -  
g r a m  ( F ig .  7 )  w a s  n o t  c o n s i s t e n t  w i t h  t h e  o p t i m u m  p H  f o r  
t h e  o v o m u c o i d  p r e c i p i t a t i o n  ( F ig .  2 ) .  T h i s  s u g g e s t s  t h a t  
t h e r e  a r e  s o m e  c o m p l e x e s  t o o  s m a l l  t o  b e  p r e c i p i t a t e d  b y  
t h e  c e n t r i f u g a t i o n  ( 2 0 0 0  x  g ,  2 0  m in )  a n d ,  s i m u l t a n e o u s l y ,  
t o o  la rg e  t o  m ig r a t e  i n t o  t h e  s e p a r a t i o n  g e l  u n d e r  t h e  
e l e c t r o p h o r e s i s .  I t  is  n a t u r a l  t h a t  l y s o z y m e  d i d  n o t  m ig r a t e

Fig. 9 —E ffe c t  o f  lysozym e on the inactivation o f  ovom ucoid caused  
b y  heating at various temperatures a t p H  8 .6  fo r  10 m in : — o -  
Inactivation p ro file  o f  ovom ucoid heated alone; — •  — Inactivation  
p ro file  o f  ovom ucoid heated in the presence o f  lysozym e (ovomu
co id  :  lysozym e = 1 :1 ) ; ............Relative am ount o f  the residual ovo
m ucoid  In the supernatant when ovom ucoid was heated in the 
presence o f  lysozym e.
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i n t o  th e  g e l  ( F ig .  7 ) ,  b e c a u s e  l y s o z y m e  ( p i  =  1 0 .7 )  h a d  a  
p r e d o m i n a n t l y  p o s i t i v e  c h a r g e  i n  t h e  e l e c t r o p h o r e s i s  b u f f e r  
( p H  8 .6 ).

T h e  s t a i n e d  b a n d s  c o r r e s p o n d i n g  t o  o v o m u c o i d  a n d  ly s o 
z y m e  i n  t h e  N a D o d S 0 4 - e l e c t r o p h o r e t o g r a m  d e m o n s t r a t e d  
t h e  e x i s t e n c e  o f  b o t h  p r o t e i n s  i n  t h e  p r e c i p i t a t e .  T h e  
s t a i n e d  b a n d s  o t h e r  t h a n  t h o s e  c o r r e s p o n d i n g  t o  o v o m u 
c o id  o r  l y s o z y m e  s u g g e s t e d  t h a t  t h e  p r o t e i n s  r e m a i n  p a r 
t i a l l y  u n d i s s o c i a t e d  e v e n  a f t e r  t h e  d is s o lv in g  t r e a t m e n t  
d e s c r i b e d  a b o v e .

M o r e  t h a n  7 0 %  o f  t h e  o v o m u c o i d  r e m a i n e d  i n  t h e  s u p e r 
n a t a n t  e v e n  w h e n  t h e  o v o m u c o i d - l y s o z y m e  m i x t u r e  w a s  
h e a t e d  a t  8 0  C . N e v e r th e l e s s ,  t h e  s u p e r n a t a n t  h a d  n o  t r y p 
s in  i n h i b i t o r y  a c t i v i t y  ( F ig .  9 ) .  T h i s  r e s u l t  s u p p o r t s  t h e  
a b o v e  d e s c r i b e d  s u g g e s t io n  t h a t  o v o m u c o i d  f o r m e d  c o m 
p l e x e s  w i t h  l y s o z y m e  w h i c h  c o u ld  n o t  b e  p r e c i p i t a t e d  b y  
t h e  c e n t r i f u g a t i o n  ( 2 0 0 0  x  g ,  2 0  m in ) .  M o r e o v e r ,  i t  is  p r e 
s u m e d  t h a t  o v o m u c o i d  c o u ld  b e  r e v e r s ib ly  u n f o l d e d  b y  
h e a t i n g  s e p a r a t e l y  a t  8 0 ° C  b u t  t h e  r e v e r s ib i l i t y  o f  u n f o l d 
in g  w a s  l o s t  b y  t h e  p r e s e n c e  o f  l y s o z y m e .

I n  t h i s  s t u d y ,  t h e  i n t e r a c t i o n  b e t w e e n  o v o m u c o i d  a n d  
l y s o z y m e  w a s  i n v e s t i g a t e d  m a i n l y  f r o m  t h e  v i e w p o i n t  o f  
t h e  h e a t - i n d u c e d  a g g r e g a t i o n  o r  p r e c i p i t a t i o n ,  a n d  t h e  h e a t -  
i n d u c e d  a g g r e g a t io n  o f  o v o m u c o i d  w a s  f o u n d  t o  b e  e n 
h a n c e d  b y  t h e  p r e s e n c e  o f  l y s o z y m e .  H o w e v e r ,  t h e  e x c e s 
s iv e  a g g r e g a t io n  o f  p r o t e i n s  i n  f o o d  s y s t e m s  m a y  n o t  n e c e s 
s a r i ly  r e s u l t  i n  t h e  d e s i r a b l e  s t r u c t u r e  a n d  t e x t u r e  o f  f i n a l  
p r o d u c t s .  S tu d i e s  o n  t h e  e f f e c t  o f  h e a t - i n d u c e d  a g g r e g a t io n  
o f  p r o t e i n s  o n  t h e  p r o p e r t i e s  o f  t h e  p r o t e i n  s o l u t i o n  o r  p r o 
t e i n  c o a g u lu m  a r e  n o w  i n  p r o g r e s s .
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C o r r e c t i o n  F a c t o r  o f  D e v i a n t  T h e r m a l  P r o c e s s e s  A p p l i e d  t o  
P a c k a g e d  H e a t  C o n d u c t i o n  F o o d

E R N E S T O  B . G I A N N O N I - S U C C A R  a n d  K A N -IC H I  H A Y A K A W A

----------------------------------------A B S T R A C T -----------------------------------------

A procedure was developed to estimate the values of correction fac
tor, Cf, for deviant thermal processes applied to canned or other 
packaged heat conduction food. Sterilizing values at the thermal 
center of the food were used as a criterion for this estimation. In 
this procedure empirical heat transfer parameters, f and j values, 
were used to estimate Cf values. The devleoped procedure is based 
on the use of a regression equation, which was obtained through 
the dimensional and statistical analyses of theoretically deter
mined Cf values. According to a series of experiments which were 
performed by using 307 X 409 and 211 X 300 cans of 8% bentonite 
suspension, there was reasonably good agreement in Cf values esti
mated theoretically and determined experimentally.

IN T R O D U C T IO N

H E A T I N G  M E D IU M  T E M P E R A T U R E S  d e v ia t e  s ig n i f i 
c a n t l y  f r o m  s p e c i f i e d  le v e ls  in  t h e  h e a t i n g  p h a s e s  o f  s o m e  
t h e r m a l  p r o c e s s e s .  S in c e  t h e s e  d e v i a t i o n s  c o u l d  l e a d  t o  
u n d e r  s t e r i l i z a t i o n ,  t h e r e  is  a n  i m p o r t a n t  n e e d  f o r  e x a m i n 
in g  t h e  i n f l u e n c e  o f  t e m p e r a t u r e  d e v i a t i o n s  o n  p r o c e s s  
l e t h a l i t y .

A c c o r d i n g  t o  o u r  l i t e r a t u r e  s u r v e y  t h e r e  is  a  s c a r c i t y  o f  
p u b l i s h e d  s t u d i e s  o n  t h e  i n f l u e n c e  o f  h e a t i n g  m e d iu m  t e m 
p e r a t u r e  d e v i a t i o n s  o n  p r o c e s s  l e t h a l i t y .  H o u t z e r  a n d  H il l
( 1 9 7 7 )  in v e s t i g a t e d  e x p e r i m e n t a l l y  t h e  l e t h a l i t i e s  o f  d e v i a n t  
t h e r m a l  p r o c e s s e s  h a v in g  t h e  t e m p e r a t u r e  d r o p s  o f  d i f f e r 
e n t  m a g n i t u d e s  a t  d i f f e r e n t  l o c a t i o n s  i n  t h e  h e a t i n g  c y c le s  
o f  t h e r m a l  p r o c e s s e s .

A c c o r d i n g  t o  t h e  c o d e  o f  F e d e r a l  R e g u l a t i o n s  T i t l e  21  
a  c a n  c o n v e y i n g  s y s t e m  s h o u l d  b e  s t o p p e d  p r o m p t l y  w h e n  
t h e  t e m p e r a t u r e  o f  a  c o n t i n u o u s  s t e r i l i z e r  d r o p s  s ig n i f i 
c a n t l y  b e lo w  o n e  s p e c i f i e d  in  a  n o r m a l l y  s c h e d u l e d  p r o c e s s .  
T h e r e f o r e ,  H o u t z e r  a n d  H il l  s t o p p e d  t h e  r o t a t i o n  o f  c a n s  
w h e n  a  t e m p e r a t u r e  d r o p  w a s  e x p e r i m e n t a l l y  p r o d u c e d  
u n t i l  i t  w a s  r e s t o r e d  t o  a  n o r m a l  le v e l .  T h e i r  r e s u l t s  s h o w  
t h a t  t h e  l e t h a l i t y  o f  d e v i a n t  p r o c e s s  is  g r e a t e r  t h a n  t h a t  o f  
a  n o r m a l  p r o c e s s  r e g a r d le s s  o f  w h e t h e r  t h e  t e m p e r a t u r e  
d r o p  o c c u r s  i n  a n  e a r l y  o r  l a t e  p a r t  o f  t h e  h e a t  p r o c e s s .  T h e  
r e s u l t s  a l s o  s h o w  t h a t  c a n  s iz e s  d o  n o t  a p p e a r  t o  i n f l u e n c e  
a n  in c r e a s e  in  t h e  p r o c e s s  l e t h a l i t y  o b s e r v e d  w i t h  t h e  d e v i
a n t  p r o c e s s .

I t  w o u ld  b e  u s e f u l  t o  d e v e lo p  a  r e l i a b l e  p r o c e d u r e  f o r  
d e t e r m i n i n g  a  p r o p e r  c o r r e c t i v e  p r o c e s s i n g  s c h e d u l e  w h e n  
t h e r e  is  a  d e v i a t i o n  i n  t h e  h e a t i n g  m e d iu m  t e m p e r a t u r e .  
T h e r e f o r e  t h e  p r e s e n t  in v e s t i g a t i o n  w a s  i n i t i a t e d  t o  a t t a i n  
t h i s  o b j e c t i v e .

D E V E L O P M E N T  O F  M E T H O D  F O R  

P R E D IC T IN G  C O R R E C T IO N  F A C T O R

FOR OUR INVESTIGATION, a correction factor is introduced 
to estimate a proper corrective schedule for a deviant heat process. 
This correction factor is defined as follows:

A u th o r Hayakawa is with the Fo o d  Science Dept. Cook College, 
Rutgers Univ., P.O. B ox  231, New Brunsw ick , N J 08903. A u thor  
Giannoni-Succar, form erly a ffiliated with Rutgers Univ., is currently  
at Universidad Nacional Agraria, Apartado 456, La Molina, Lim a, 
Peru.

Cf = tx/tb (1)
(All symbols used are defined in the Nomenclature.)

For a normal process, a proper heating time, tb, may be obtained 
from recommended heat processing schedules (Anon. 1976; Lopez, 
1975) or may be estimated by using any reliable mathematical pro
cedure for thermal process evaluation when a desired process 
lethality is given. For a deviant process, we assume a step functional 
drop and step functional restoration of heating medium temperature 
in the heating phase of a thermal process (Fig. 1). When temperature 
deviation is not step functional, as for many commercial processes, a 
Cf value estimated by the present investigation may be treated as an 
upper limit of an actual Cf value.

To determine a Cf value, the lethalities of normal and deviant 
processes are estimated. These lethalities are applicable to the 
slowest heating point of packaged heat conduction food. A proper 
heating time of the deviant process, tx , is estimated from food tem
peratures of the same process, Tj, and from those of a normal proc
ess, T, or a desired process lethality, Fp, Eq (2).

F = / ‘b 10^T — Tr)/Z dt + /*e 10<T - Tr)/z dtp o tb
= J x 10<Td "  1 t ) ! z d t  + j ted i()(T d -  T r ) /Z d t (2)
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Fig. 1—Graphical representation o f  idealized normal and deviant 
heat processes.



For the present investigation, at tx value is determined by using a 
computer program package developed in our laboratory (Giannoni 
et al., 1980). In this program, modified Duhamel’s theorem (Haya- 
kawa, 1971) as well as a slightly modified version of the same theo
rem are applied to estimate food temperature. This slightly modified 
version may be used when there are changes in surface heat conduct
ance during a thermal process. Since these theorems are based on 
the use of empirical heat transfer constants, f  and j values, the 
results of our analysis presented below are applicable to any cans 
or any packages of heat conduction food.

Through the careful examination of computational processes 
for estimating Cf values, we found that the following twelve inde
pendent parameters were required for the estimation: T0, Tj, 
Tw, ATd, tj, t2, tj,, fh, fc, jh, jc, and z. When a dimensional analy
sis (Kreith, 1973) was applied to these independent parameters, we 
obtained the following nine dimensionless parameters, which were 
required to uniquely define Cf:

P l = T 0 / T i  
P2 “ tb /t2 
P 3 = f h / t2 
P 4  “  fc / ‘ 2  

P 5 = T w / T !

p 6  = A T d /z  
P7 = Jh 
P 8 = i c  
P9 _ t l / t 2

(3)

The influence of each dimensionless parameter on Cf was evalu
ated by using a fractional central composite experimental design 
(Davies, 1978). For this usage, the dimensionless parameters were 
treated as independent variables and Cf as a dependent variable. The 
fractional design used was a quarter replicate of a full design, with 
which all main effects and all quadratic effects were measurable.

The values of Cf were estimated for all combinations of the 
dimensionless groups, which were specified in the selected experi
mental design. These combinations are represented by points in a 
multi-dimensionless design space. The points consist of those 
defined in a 2n factorail design (Anon., 1957), star-points, and of a 
central point. The fractional points were obtained from a quarter 
replicate of 29 factorial design, the total number of points being: 
2(n—r) = 2 (9 -2 )  = 128. The star-points are determined through 
use of an s value (Davies, 1978) given by: s = 2(n -r)/4 =2 (9~ 2)/4 = 
3.3636. The star-points were generated by assigning a value of +s 
and - s  to one independent variable while all others were kept at 
zero level. The total number of star-points is 2n = 18. For the cen-

Table 1—Maximum and minimum values o f  dimensional parameters

Physical
quantity

Minimum
values

Most frequent 
values

Maximum
values

To 0.0 37.0 93.3
T i 105.0 117.0 125.0
Tw 5.0 20.0 40.0
fh 5.0 30.0 250.0

5.0 40.0 300.0
Jh 0.6 2.3 4.0
ic 0.6 2.8 5.0

10.0 60.0 400 .0
h 0.0 30.0 392.0
x2 0.2 39.0 400.0
ATd 0.0 4.0 22.0
z 4.0 9.5 15.0

Table 2 —Values o f  dimensionless parameters corresponding to the 
five design levels

Values of dim ensionless param eters corresponding 
to  th e  following design levels

uim ensiom ess 
param eter —s -1 0 +1 + S

p i 0.0 0 .2029 0.32 0 .4580 0.8888
P 2 1.0 1.1376 1.54 3 .0748 50.00
P  3 0 .0125 0 .0959 0.77 6 .8712 1250.0
P 4 0 .0125 0 .1292 1.03 8 .9592 1500.0
P5 0.04 0 .1257 0.1713 0 .2238 0 .3810
P6 0.0 0 .1805 0.42 0.9232 5.5
P7 0.6 1.7946 2.3 2.8054 4.0
P8 0.6 2.1454 2.8 3.4541 5.0
P9 0.0 0 .6699 0.77 0 .8486 0 .98

tral point the level of each factor is kept at a zero level (mid-level). 
Therefore, the experimental design consisted of 147 combinations 
o f dimensionless parameters.

The following five levels are assigned to each design variable 
for estimating Cf values: - s ,  - 1 ,  0, +1, +s. To use the selected 
experimental design, each dimensionless parameter should be 
transformed to a proper design variable so that the lower and upper 
limits of the transformed variable become equal to - s  and +s re
spectively. In addition, the three other design coordinates, -1 , 0, 
+ 1, should be placed within the range of parametric values observed 
frequently. Since the range of values of each dimensional parameter 
is required to obtain a proper transformation function, it was 
determined through literature survey (Anon., 1976; Houtzer, 1980; 
Lopez, 1975; Stumbo, 1973) as shown in Table 1. From the tabu
lated values, the lower and upper limits and most frequently ob
served values of all dimensionless parameters were estimated, Table
2. The limits are listed under design coordinates - s  and +s and the 
most frequently observed values under 0. To locate the design coor
dinates around the frequently observed values, many different equa
tions were tried to transform dimensionless parameters to design 
variables. Among them, the following equations were found to be 
best.

xj = 14.1453 [log10 (pi + 0.46)] + 1.5255
x2 = 1.7227 logjo (P2 -  0.9939) + 0.4517
x 3 = 1.0455 logi0 (P3 “  0.01209) + 0.1256
x4 = 1.0626 logjo (p4 - 0.0118) -0 .0113  (4)
x s = 16.5979 logic (P5 + 0.18) +7.5176
x 6 =3.1027 logic (P6 + 0-0379) + 1.0535
x7 = 1.9786 P7 -  4.5508
xg = 1.5289 P8 -  4.2809
x9 = 0.3387 exp (3.1 P9) -  3.7023

Table 2 shows the parametric values which correspond to all design 
coordinates, which were estimated by using Eq (4).

The values of Cf were computed for all combinations of para
metric values specified by the design of experiments. The computed 
Cf values range from 1.0000 to 1.3390. These values were subjected 
to nonlinear regression analyses by using a program in a statistical 
computer program package (Barr et al., 1976). When Cf is corre
lated with a quadratic equation of all nine design variables, we ob
tained a regression formula whose r2 value is 0.899. This quadratic 
equation produced some Cf values less than unit for some combina
tions although they should all be greater than unity according to the 
definition of Cf.

To obtian a better regression formula, several different func
tions were used to transform Cf to new dependent variables before 
the regression analysis. Among them, the following regression equa
tion of a transformed dependent variable yielded the best results.

Y =  1.073772 -  0.024692X2 -  0.058306X3
+ 0.033920X6 -  0.022598X9 -  0.006917X3 
+ 0.009977X62 + 0.027350X2X 3 -  0.011302X2X6 
+ 0.008141X2X9 -  0.029534X3X6 + 0.018966X3X9 
-  0.008449X6X9 (5)

Cf = 1 + Iy -  1 110/8-58 (6)
The value of r2 of Eq (5) is 0.904. This equation yielded Cf 

values greater than unity for all combinations of parametric values 
tested. According to the comparison of Cf values estimated by Eq
(5) and (6) against those determined by using the computer program 
(Giannoni et al., 1980), the maximum deviation of the former Cf 
values from the latter ones was less than 3.5% when the values of 
design variables are within - 1  and +1 and less than 11.5% when 
they are within - s  and +s. Parametric values for most thermal proc
esses are within two limiting values, which correspond to ±1 in 
design coordinates. Therefore, Eq (5) and (6) likely produce satis
factory results for most commercial processes.

E X P E R IM E N T A L  V E R IF IC A T IO N

E X P E R I M E N T A L  c o r r e c t i o n  f a c t o r s  w e r e  d e t e r m i n e d  b y  
u s in g  t h r e e  3 0 7  X 4 0 9  a n d  t h r e e  2 1 1  X 3 0 0  c a n s  o f  8 %  
( w / w )  b e n t o n i t e  s u s p e n s io n .  B e f o r e  f i l l i n g  t h i s  s u s p e n s io n  
i n  t h e  c a n s ,  t h r e e  c o p p e r  c o n s t a n t a n  t h e r m o c o u p l e  j u n c t i o n s ,  
w h i c h  w e r e  m a d e  o f  T e f l o n - c o a t e d  0 . 0 1 2 7  m m  d i a m e t e r  
w i r e s ,  w e r e  p l a c e d  o n  t h e  c e n t r a l  a x is  o f  e a c h  c a n .  O n e  
j u n c t i o n  w a s  p l a c e d  a t  t h e  c e n t e r  o f  t h e  s u s p e n s io n  w h e n  i t  
w a s  f i l le d  a n d  t w o  o t h e r s  a t  o f f  c e n t r a l  p o s i t i o n s .  T h e  t h r e e
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j u n c t i o n s  w e r e  i n s t a l l e d  t o  l o c a t e  a  s l o w e s t  h e a t i n g  l o c a t i o n  
in  e a c h  s a m p le .

T h e  b e n t o n i t e  s u s p e n s io n  w a s  f i l le d  u p  t o  a  p r o p e r  le v e l  
o f  e a c h  c a n  s o  t h a t  t h e r e  w a s  1 0 %  h e a d  s p a c e  in  e a c h  s a m 
p le .  T h e  f i l l e d  c a n s  w e r e  p r o p e r l y  s e a l e d  w i t h  a  v a c u u m  
s e a m e r  a n d  h e a t e d  tw i c e  f o r  2 .5  h r  a t  1 2 1 9 ° C  t o  t h e r m a l l y  
s t a b i l i z e  t h e  b e n t o n i t e  s u s p e n s io n  ( T o w n s e n d  e t  a l . ,  1 9 4 9 ) .  
T h e  p r e p a r e d  s a m p le s  w e r e  t h e n  s u b j e c t e d  t o  n o r m a l  p r o c 
e s s e s  o r  t o  d e v i a n t  p r o c e s s e s .  F o r  a l l  p r o c e s s e s ,  c o m e - u p  
t i m e s  a t  t h e  b e g in n i n g  o f  h e a t i n g  c y c le s  w e r e  le s s  t h a n  3 0  
s e c  a n d  g o - d o w n  t i m e s  a t  t h e  b e g in n i n g  o f  c o o l i n g  c y c le s  
w e r e  le s s  t h a n  1 m in .  D u r in g  e a c h  t h e r m a l  p r o c e s s ,  t h e  
t e m p e r a t u r e s  o f  s a m p le s  a n d  o f  s u r r o u n d i n g  m e d ia  w e r e  
r e c o r d e d  w i t h  a  s t r i p - c h a r t  r e c o r d e r .  F r o m  t e m p e r a t u r e  
d a t a  r e c o r d e d  f o r  t h e  n o r m a l  p r o c e s s e s ,  f  a n d  j  v a lu e s  a t  
t h e  t h e r m a l  c e n t e r  o f  e a c h  s a m p le  w e r e  d e t e r m i n e d  b y  
u s in g  a  c o m p u t e r  p r o g r a m  d e v e lo p e d  in  o u r  l a b o r a t o r y ,  
T a b l e  3 .  W e  f o u n d  t h a t  t h e  t h e r m a l  c e n t e r  w a s  v i r t u a l l y  
a t  t h e  g e o m e t r i c a l  c e n t e r  o f  c a n n e d  c o n t e n t .  A s  e x p e c t e d ,  
t h e  f  v a lu e s  o f  c o o l i n g  c u r v e s  w e r e  s i g n i f i c a n t l y  g r e a t e r  
t h a n  t h e  f  v a lu e s  o f  c o r r e s p o n d i n g  h e a t i n g  c u r v e s .

A c c o r d i n g  t o  p r e l i m i n a r y  e x p e r i m e n t s ,  8 .5  C  w a s  t h e  
m a x i m u m  l i m i t  f o r  n e a r ly  s t e p - f u n c t i o n a l  d e v i a t i o n  in  
r e t o r t  t e m p e r a t u r e ,  w h i c h  w e  c o u ld  p r o d u c e  w i t h o u t  a n y  
c o n t r o l  p r o b l e m .  T h e  p r e l i m i n a r y  e x p e r i m e n t s  s h o w  f u r 
t h e r  t h a t  i t  t o o k  a b o u t  1 0  s e c  t o  s t e p  d o w n  r e t o r t  t e m p e r a 
t u r e  b y  3 C  a n d  a b o u t  2 0  s e c  t o  d r o p  b y  8 .5  C  a n d  a ls o  
t h a t  i t  t o o k  a s  l o n g  a s  t h r e e - q u a r t e r s  o f  s t e p - d o w n  t i m e  t o  
r e s t o r e  t h e  r e t o r t  t e m p e r a t u r e  f r o m  a d e v i a t e d  le v e l  t o  a  
n o r m a l  le v e l .

B a s e d  o n  t h e  p r e l i m i n a r y  e x p e r i m e n t s ,  d e v i a n t  p r o c e s s e s  
s h o w n  in  T a b le  4  w e r e  s i m u l a t e d  b y  u s in g  a n  e x p e r i m e n t a l  
r e t o r t .  R u n  n u m b e r s  1 a n d  2  h a v e  r e l a t i v e l y  s m a l l  t e m 
p e r a t u r e  d r o p s  f o r  r e l a t i v e l y  s h o r t  t i m e  i n  t h e  i n i t i a l  a n d  
l a t e r  p a r t s  o f  h e a t i n g  p h a s e s  r e s p e c t i v e ly .  R u n  n u m b e r s  3 
a n d  4  a r e  s im i la r  t o  r u n  n u m b e r s  1 a n d  2 ,  r e s p e c t i v e ly ,  a l-

Table 3 —f  and j  values a t the thermal center o f  a 3 0 7  x  409  and 
211 x 3 0 0  can sizes

Can size Can no.

Experim ental param eter
fh(min) fc(min) )h ic

307 x 409 1 48.25 61.37 2.146 1.480
2 50.74 63.57 1.955 1.441
3 51.56 63.51 1.933 1.450

mean 50.18 62.82 2.011 1.457
211 x 300 1 29.49 35.51 2.116 1.583

2 29.34 35.71 2.123 1.571
3 29.27 35.14 2.158 1.520

mean 29.37 35.451 2.132 1.558

t h o u g h  t h e y  h a v e  t h e  l o n g e r  d u r a t i o n  o f  t e m p e r a t u r e  d e v ia 
t i o n s .  I n  r u n  n u m b e r s  5 a n d  6 , t e m p e r a t u r e  d e v i a t i o n s  
a r e  l o c a t e d  i n  t h e  m e d ia n  p a r t  o f  t h e  h e a t i n g  p h a s e s .  R u n  
n u m b e r  6  h a s  t h e  l a r g e s t  t e m p e r a t u r e  d r o p ,  8 .3  C  .

T h e  s t e r l i z i n g  v a lu e s  o f  e a c h  d e v i a n t  p r o c e s s  w e r e  c o m 
p u t e d  b y  u s in g  c e n t r a l  s a m p le  t e m p e r a t u r e s  c o l l e c t e d  e x 
p e r i m e n t a l l y .  T h e s e  v a lu e s  a r e  g iv e n  i n  T a b l e  4 .

T o  e s t i m a t e  C f  v a lu e s ,  t h e  h e a t i n g  t i m e s ,  t b , o f  n o r m a l  
p r o c e s s e s  a r e  r e q u i r e d .  T h e s e  p r o c e s s e s  s h o u l d  p r o d u c e  
s t e r i l i z i n g  v a lu e s  i d e n t i c a l  t o  r e s p e c t i v e  d e v i a n t  p r o c e s s e s .  
T h e  d e t e r m i n a t i o n  o f  t b v a lu e s  w a s  a c c o m p l i s h e d  b y  p e r 
f o r m i n g  t w o  n o r m a l  p r o c e s s e s  f o r  e a c h  c a n  s iz e ,  w h o s e  
s t e r i l i z i n g  v a lu e s  p r o v i d e d  m e a n s  f o r  i n t e r p o l a t i n g  t h e  
h e a t i n g  t i m e  w h i c h  p r o d u c e d  t h e  s t e r i l i z i n g  v a lu e  o f  e a c h  
d e v i a n t  p r o c e s s .  T a b l e  5 s h o w s  t h e  n o r m a l  p r o c e s s e s  a n d  
t h e i r  s t e r i l i z i n g  v a lu e s .  S h ig a ’s m e t h o d  ( S h ig a ,  1 9 7 6 )  w a s  
u s e d  t o  o b t a i n  t h e  t b v a lu e s  s h o w n  in  T a b l e  4 .  F i n a l l y ,  
C f  v a lu e s  w e r e  c o m p u t e d  b y  u s in g  t h e  t x a n d  t b v a lu e s ,  
T a b le  6 . T h e  v a lu e s  o f  C f ,  w h i c h  w e r e  p r e d i c t e d  b y  E q
( 5 )  a n d  ( 6 ) a r e  a l s o  i n c l u d e d  in  t h e  s a m e  t a b l e .

R e s u l t s  g iv e n  in  T a b le  6  c l e a r l y  s h o w  t h a t  t h e r e  is  r e a 
s o n a b l y  g o o d  a g r e e m e n t  i n  C f  v a lu e s  p r e d i c t e d  w i t h  t h o s e  
d e t e r i n e d  e x p e r i m e n t a l l y  e s p e c i a l ly  i f  o n e  r e a l i z e s  t h a t  d a t a  
o b t a i n e d  f r o m  t h r e e  s e p a r a t e  t h e r m a l  p r o c e s s e s  w e r e  u s e d  
t o  d e t e r m i n e  o n e  C f  v a lu e .

D IS C U S S IO N
W E  O B S E R V E  f r o m  T a b l e  6  t h a t  t h e  t h e o r e t i c a l l y  e s t i 
m a t e d  C f  v a lu e s  o f  3 0 7  X 4 0 9  c a n s  a r e  s l i g h t l y  le s s  t h a n  
t h o s e  d e t e r m i n e d  e x p e r i m e n t a l l y .  H o w e v e r ,  t h e  c o m p a r a 
t i v e  r e l a t i o n s h i p  o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  C f  v a lu e s  
is  r e v e r s e d  w i t h  2 1 1  X 3 0 0  c a n s .  T o  e x a m i n e  c a u s e  f o r  t h i s  
r e v e r s a l  r e l a t i o n s h i p ,  w e  p e r f o r m e d  t h e  f o l l o w in g  a n a ly s e s .

L e t  A t x a n d  A t b b e  e r r o r s  i n  e x p e r i m e n t a l l y  d e t e r 
m i n e d  t x  a n d  t b v a lu e s ;  t h e n  a n  e x p e r i m e n t a l  C f  v a lu e  b e 
c o m e s :

c f P =  ( t x  +  A t x ) / ( t b +  A t b )
=  t x / t b - ( t x / t b ) A t b / t b + A t x / t „

T h e r e f o r e  a n  e r r o r  in  C f p b e c o m e s :
A C f  =  C f  -  C f p =  (A  t b / t b ) ( t x / t b - 1 )  ( 7 )

Table 5 —Operational conditions for standard processes

Can size Run no. J o<°C) J l<°C) Tw(°C) (min) Fo(min)
307 x 409 1 21.1 121.1 19.3 83 3.998

2 20.9 121.1 19.3 75 1.918
211 x 300 1 25.0 121.1 19.3 52 4 .047

2 23.9 121.1 19.3 46 1.621

Table 4 —Operational conditions for deviant Processes
Run J o J l J w tx t l t2 ATd A td F o t bCan size no.a (°C) (°C) (°c) (min) (min) (min) (C°) (min) (min) (min)

307 x 409 2 22.8 121.1 19.3 83 65 70 5.6 5 3.84 82.453 22.9 121.1 19.1 83 10 25 5.6 15 3.72 82.114 22.7 121.1 19.3 86 55 70 5.6 10 3.49 81.105 23.9 121.1 19.4 84 36 46 2.8 10 3.70 81.86
6 20.1 121.1 19.1 86 36 46 8.3 10 3.73 81.96211 x 300 1 23.3 121.1 19.4 52 10 15 3.3 5 3.65 51.06
2 24.2 121.1 19.3 54 35 40 5.6 5 3.66 51.083 25.1 121.1 18.9 53 10 25 5.6 15 2.85 49.154 24.1 121.1 19.3 58 30 45 5.6 15 3.41 50.505 24.7 121.1 19.2 55 21 31 2.8 10 4 .42 52.92
6 23.6 121.1 19.1 57 21 31 8.3 10 3.80 51.49

Run No. 1 was not included due to  a failure in th e  re to rt contro ller.
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D a t a  o n  t h e  t e m p e r a t u r e s  o f  s a m p le  c a n s  w e r e  c o l l e c t e d  
a t  u n i f o r m  t i m e  in t e r v a l s  t h r o u g h  t h e  l i n e a r  i n t e r p o l a t i o n  o f  
t h o s e  r e c o r d e d  o n  t h e  s t r i p - c h a r t  r e c o r d e r .  T h e  i n t e r p o 
l a t e d  d a t a  a r e  u n d e r e s t i m a t e d  i n  t h e  h e a t i n g  p h a s e  o f  a  
p r o c e s s  b e c a u s e  t h e  t e m p e r a t u r e  h i s t o r y  c u r v e  o f  t h e  s a m 
p l e  c o n c a v e s  d o w n w a r d .  T h e  m a g n i t u d e  o f  t h i s  u n d e r e s t i 
m a t i o n  d e c r e a s e s  w i t h  i n c r e a s e s  i n  p r o c e s s i n g  t i m e  b e c a u s e  
t h e  c u r v a t u r e  o f  t h e  t e m p e r a t u r e  h i s t o r y  c u r v e  b e c o m e s  le s s  
a s  h e a t  p r o c e s s i n g  p r o g r e s s e s .

T h e r e  is  a  d i f f e r e n t  r e l a t i o n s h i p  o n  e r r o r s  a p p l i c a b l e  t o  
t h e  t e m p e r a t u r e  d a t a  i n  t h e  c o o l i n g  p h a s e  o f  a  h e a t  p r o c e s s .  
S in c e  t h e  t e m p e r a t u r e  h i s t o r y  c u r v e  o f  t h e  s a m p le  c o n c a v e s  
u p w a r d  d u r in g  t h i s  p h a s e ,  t h e  i n t e r p o l a t e d  t e m p e r a t u r e  
d a t a  a r e  o v e r e s t i m a t e d .  T h e  m a g n i t u d e  o f  t h i s  o v e r e s t i m a 
t i o n  is  l a r g e s t  i n  t h e  e a r l y  p a r t  o f  t h e  c o o l i n g  p h a s e  a n d  d e 
c r e a s e s  a s  c o o l i n g  t i m e  in c r e a s e s .

W ith  t h e  s m a l l e r  c a n ,  t h e  s a m p le  t e m p e r a t u r e  q u i c k ly  
r e a c h e s  a  le v e l  c l o s e  t o  t h e  h e a t i n g  m e d i u m  t e m p e r a t u r e  i n  
t h e  h e a t i n g  p h a s e .  T h e r e f o r e ,  a n  e r r o r  i n  a  s t e r i l i z i n g  v a lu e  
d u e  t o  t h e  i n t e r p o l a t i o n  e r r o r  is  r e l a t i v e l y  s m a l l  i n  t h e  
h e a t i n g  p h a s e  s in c e  s a m p le  t e m p e r a t u r e s  i n  t h e  i n i t i a l  p o r 
t i o n  o f  t h e  t e m p e r a t u r e  h i s t o r y  c u r v e  i n  t h i s  p h a s e  c o n 
t r i b u t e  n e g l ig ib ly  t o  t h e  s t e r i l i z i n g  v a lu e  a l t h o u g h  t h e  c u r v e  
i n  t h e  s a m e  p o r t i o n  c o n c a v e s  g r e a t l y  d o w n w a r d .  H o w e v e r ,  
t h e  t e m p e r a t u r e  o f  t h e  s m a l l  c a n  d r o p s  r a t h e r  q u i c k l y  d u r 
in g  t h e  c o o l i n g  p h a s e  o f  a  p r o c e s s - t h e  t e m p e r a t u r e  h i s t o r y  
c u r v e  o f  t h e  s m a l l e r  c a n  c o n c a v e s  g r e a t l y  d o w n w a r d .  T h e r e 
f o r e ,  t h e  s t e r i l i z i n g  v a lu e  o f  t h e  c o o l i n g  p h a s e  is  o v e r e s t i 
m a t e d .  A  m a g n i t u d e  f o r  t h i s  o v e r e s t i m a t i o n  is  g r e a t e r  t h a n  
t h a t  f o r  t h e  u n d e r e s t i m a t i o n  o f  t h e  s t e r i l i z i n g  v a lu e  o f  t h e  
h e a t i n g  p h a s e .  T h e r e f o r e  w e  h a v e  a  n e g a t i v e  e r r o r  i n  t h e  
t b , A t b <  0 .  S in c e  t x / t b  >  1 , w e  h a v e  a  s l ig h t ly  u n d e r e s t i 
m a t e d  C f  v a lu e  a c c o r d i n g  t o  E q  ( 7 ) .

W ith  t h e  l a r g e r  c a n  t h e  s i t u a t i o n  is  r e v e r s e d .  S in c e  t h e  
s a m p le  t e m p e r a t u r e  c h a n g e s  r e l a t i v e l y  s lo w ly  d u r in g  t h e  
h e a t i n g  a n d  c o o l i n g  p h a s e s ,  t h e  i n t e r p o l a t i o n  e r r o r s  o f  t e m 
p e r a t u r e  d a t a  a p p l i c a b l e  t o  t h e  f o r m e r  p h a s e  b e c o m e  
g r e a t e r  t h a n  t h o s e  a p p l i c a b l e  t o  t h e  l a t t e r  p h a s e  i n s o f a r  
a s  t h e i r  c o n t r i b u t i o n s  t o  a  s t e r i l i z i n g  v a lu e  a r e  c o n c e r n e d .  
T h e r e f o r e ,  t h e  u s e  o f  t h e s e  t e m p e r a t u r e  d a t a  c a u s e s  a n

Table 6 —Comparison b etw een  th eo retica l a n d  experim en ta l Cf 
values

Can size Run no. Theoretical Experim ental
307 x 409 2 1.018 1.007

3 1.031 1.012
4 1.068 1.060
5 1.027 1.026
6 1.055 1.049

211 x 300 1 1.015 1.018
2 1.036 1.057
3 1.071 1.078
4 1.098 1.148
5 1.040 1.040
6 1.081 1.108

Table 7—Maximum expected  errors in measurement o f  physical 
pro p erty  values and operational conditions
Physical F requently
quantity observed values Deviations

fh 30.0  min 3 min
60  min 0.3 min

t i 30  min 0 .15  min
t 2 39  min 0 .19  min
ATd 4 C° 0.2  C°
z 9.5  C° 0 .95  C°

u n d e r e s t i m a t e d  s t e r i l i z i n g  v a lu e ,  w h i c h  r e s u l t s  i n  a  p o s i t i v e  
e r r o r  i n  t b , A t b >  0 . T h i s  y i e l d s  a  s l ig h t ly  o v e r e s t i m a t e d  C f  
v la u e  a c c o r d i n g  t o  E q  ( 7 ) .

F r o m  E q  ( 5 ) ,  o n e  o b s e r v e s  t h a t  t h e r e  a r e  o n l y  f o u r  
d im e n s i o n l e s s  p a r a m e t e r s ,  w h i c h  s i g n i f i c a n t l y  i n f l u e n c e  
t h e  c o r r e c t i o n  f a c t o r  o u t  o f  t h e  n i n e  p a r a m e t e r s  o b t a i n e d  
t h r o u g h  t h e  d im e n s i o n a l  a n a ly s i s .  A c c o r d i n g  t o  t h e  s a m e  
e q u a t i o n ,  a  C f  v a lu e  s h o u l d  d e c r e a s e  w i t h  in c r e a s e  i n  t h e  
v a lu e  o f  t b / t 2 , f b / t 2 , o r  1 2 / t 2  a n d  i n c r e a s e  w i t h  i n c r e a s e  
in  A t d / z .  T h e s e  r e l a t i o n s h i p s  a r e  c l e a r ly  o b s e r v a b l e  f r o m  
t h e  r e s u l t s  g iv e n  i n  T a b le s  4  a n d  6 . F o r  e x a m p l e ,  w e  o b s e r v e  
f r o m  th e s e  t a b l e s  t h a t  t h e  g r e a t e r  t h e  v a lu e  o f  A T d , t h e  
g r e a t e r  t h e  C f  v a lu e .

I t  is  o f  i n t e r e s t  t o  e x a m i n e  t h e  i n f l u e n c e  o f  e r r o r s  in  
d im e n s i o n a l  p a r a m e t e r s  o n  a  C f  v a lu e .  T h e r e f o r e  a n  e r r o r  
a n a ly s i s  w a s  p e r f o r m e d  b y  u s in g  E q  ( 5 ) .  S in c e  m o s t  f r e 
q u e n t l y  o b s e r v e d  v a lu e s  a r e  l o c a t e d  a r o u n d  z e r o  i n  t h e  d e 
s ig n  v a r i a b le s ,  w e  a s s u m e d  t h e  v a lu e s  o f  a l l  d e s ig n  v a r i 
a b le s  t o  b e  e q u a l  t o  z e r o .

T h e  m a x i m u m  e x p e c t e d  e r r o r s  o f  a l l  d i m e n s i o n a l  p a r a m 
e t e r s  i n c l u d e d  in  x 2 , x 3 , x 6 , a n d  x 9  a r e  g iv e n  i n  T a b l e  7 . 
T h e s e  e r r o r s  w e r e  u s e d  i n  t h e  f o l l o w in g  a n a ly s i s .  F r o m  
E q  ( 5 )  w e  h a v e :

lA y  Imax =  0 . 0 2 4 6 9 2 A x 2 +  0 . 0 5 8 3 0 6  A x 3  +  0 . 0 3 3 9 2 0 A x 6 
+  0 . 2 2 5 9 8 A x 9 ( 8 )

I t  s h o u l d  b e  n o t e d  t h a t  in  E q .  ( 8 )  a l l  e r r o r  c o m p o 
n e n t s  a r e  a d d e d  ( 8 )  s in c e  w e  a r e  i n t e r e s t e d  i n  t h e  m a x i m u m  
e r r o r  i n  C f  a n d  s in c e  A x j  m a y  b e  e i t h e r  p o s i t i v e  o r  n e g a 
t i v e .  E r r o r s  a s s o c i a t e d  w i t h  t h e  q u a d r a t i c  t e r m s  o f  E q  ( 5 )  
a r e  n i l  s in c e  a l l  x  j ’s a r e  z e r o .

T h e  r e l a t i o n s h i p  b e t w e e n  e r r o r s  i n  t h e  d im e n s i o n a l  
p a r a m e t e r s  a n d  P j ’s a r e :

A P 2  =  A t b / t 2  +  ( t b / t | )  A t 2

A P 3  =  A f h / t 2  +  ( t h / t 2 ) A t 2

A P 6  =  A ( A T d / z )  +  ( A T d / z 2 ) A z  ( 9 )
A P 9  =  A  t d / t 2  +  ( t j / t f )  A t 2

T h e  r e l a t i o n s h i p s  b e t w e e n  e r r o r s  i n  P j ’s  a n d  X j’s  a r e :
A x 2  =  [ 0 . 1 4 8 1 7 / ( P 2 -  0 . 9 9 3 9 ) ]  A P 2

A x 3  =  [ 0 . 4 5 4 0 6 / ( P 3 -  0 . 0 1 2 0 4 ) ]  A P 3  (1 Q )
A x 6  =  [ 1 . 3 4 9 6 7 / ( P 6 +  0 . 0 3 7 9 ) ]  A P 6

A x 9  =  1 .0 5 0 0  e x p  (3 .1  P 9 ) A P 9

W h e n  w e  s u b s t i t u t e d  t h e  v a lu e s  g iv e n  i n  T a b l e  7 ,  w e  o b t a i n :  
lA y lm a x =  0 .0 1 1 6  

T h e r e f o r e ,  w e  f i n a l l y  h a v e :
A C f l m ax  =  ( 1 0 / 8 . 5 8 ) l y  — 1 11 -4 2 / 8 - 5 8  . iA y lm ax 

=  0 . 0 0 8 7 8  o r  ± 0 . 8 2 %
S in c e  t h e  a b o v e  e s t i m a t e d  e r r o r  is  n e g l ig ib le ,  w e  m a y  

c o n c l u d e  t h a t  t h e  a s s u m e d  m a g n i t u d e s  o f  e r r o r s  in  t h e  d i 
m e n s io n a l  p a r a m e t e r s  d o  n o t  r e s u l t  i n  a n  a p p r e c i a b l e  e r r o r  
i n  t h e  C f  v a lu e .  W e  o b s e r v e d  t h a t  t h e  d i f f e r e n c e s  b e t w e e n  
e x p e r i m e n t a l  a n d  p r e d i c t e d  C f  v a lu e s ,  T a b l e  6 , a r e  4 .5 %  
o r  le s s .  T h e s e  g r e a t e r  d i f f e r e n c e s ,  c o m p a r e d  w i t h  t h e  e r r o r  
e s t i m a t e d  a b o v e ,  a r e  c a u s e d  l i k e ly  b y  e r r o r s  a s s o c i a t e d  
w i t h  t h e  l i n e a r  i n t e r p o l a t i o n  o f  t e m p e r a t u r e  d a t a  r e c o r d e d  
o n  a  s t r i p  c h a r t  a s  s t a t e d  p r e v io u s ly .

C O N C L U S IO N S
I D E A L I Z E D  d e v i a n t  t h e r m a l  p r o c e s s e s  w e r e  s i m u l a t e d  b y  
a  c o m p u t e r i z e d  p r o c e d u r e  t o  d e t e r m i n e  t h e  c o r r e c t i o n  f a c 
t o r s  o f  t h e s e  p r o c e s s e s  a p p l i e d  t o  p a c k a g e d ,  h e a t - c o n d u c t i v e  
f o o d s .

T h r o u g h  a  d im e n s i o n a l  a n a ly s i s  i t  w a s  f o u n d  t h a t  t h e r e  
a r e  n in e  d im e n s i o n l e s s  p a r a m e t e r s  t h a t  u n i q u e l y  d e f i n e  c o r 
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r e c t i o n  f a c t o r s .  T h e  i n f l u e n c e  o f  e a c h  p a r a m e t e r  w a s  d e 
t e r m i n e d  t h r o u g h  n o n l i n e a r  r e g r e s s io n  a n a ly s is  w h i c h  w a s  
b a s e d  o n  a  f r a c t i o n a l  c e n t r a l  c o m p o s i t e  e x p e r i m e n t a l  d e 
s ig n .  O u t  o f  t h e  n i n e  d im e n s i o n le s s  p a r a m e t e r s  t h e  o n e s  
t h a t  s h o w e d  a  s i g n i f i c a n t  i n f l u e n c e  o n  t h e  c o r r e c t i o n  f a c t o r  
w e r e  t h o s e  c o n t a i n i n g  p r o c e s s  t i m e ,  d r o p  l o c a t i o n ,  f j , ,  z ,  
a n d  d r o p  m a g n i t u d e .  T h o s e  w i t h  le s s  i n f l u e n c e  w e r e  i n i t i a l  
f o o d  t e m p e r a t u r e ,  r e t o r t  t e m p e r a t u r e ,  c o o l i n g  w a t e r  t e m 
p e r a t u r e ,  f c , a n d  j  v a lu e s .

A  r e a s o n a b ly  g o o d  a g r e e m e n t  w a s  o b t a i n e d  b e t w e e n  
t h e o r e t i c a l  a n d  e x p e r i m e n t a l  c o r r e c t i o n  f a c t o r s  f o r  t h e r m a l  
p r o c e s s e s  a p p l i e d  t o  c a n n e d  b e n t o n i t e  s u s p e n s io n .
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P u r i f i c a t i o n  a n d  P r o p e r t i e s  o f  C a r p  M u s c l e  C a t h e p s i n  D

Y A S U O  M A K I N O D A N , T A K E S H I  A K A S A K A , H A R U H I K O  T O Y O H A R A , a n d  S H I Z U N O R I  IK E D A

--------------------------------------A B S T R A C T ----------------------------------------
A  ca rp  m u sc le  c a th e p s in  w as p u r if ie d  as a n  e le c tro p h o re tic a l ly  
h o m o g e n e o u s  p re p a ra t io n . T h e  p re p a ra t io n  re p re s e n te d  a b o u t 2 ,0 0 0 - 
fo ld  p u r if ic a t io n  an d  a b o u t  4% y ie ld  ag a in s t th e  c ru d e  e x tr a c t .  T h e  
ac tiv i ty  ag a inst h e m o g lo b in  w as  m a x im a l a t  pH  2 .6 - 2 .8  w ith  0 .6M  
b u f fe r  an d  n e a r  3 .2  w ith  0 .1 2M  b u f fe r  an d  a t  5 0 °C . T h e  m o lec u la r 
w e ig h t w as fo u n d  to  b e  4 1 ,0 0 0  a n d  th e  is o e le c tr ic  p o in t  to  b e  pH
5 .4 . F ro m  th e  e f fe c t  o f  v a rio u s  in h ib ito rs  o n  th e  en z y m e  ac tiv i ty , 
th e  en z y m e  w as id e n tif ie d  as c a th e p s in  D  u n d e r  th e  c lass ific a tio n  
o f  B a rre t t . C arp  m u sc le  ca th e p s in  D h y d ro ly z e d  m y o f ib r ils  o p 
tim a lly  a t  pH  3 - 4 ,  b u t  d id  n o t  ab o v e  pH  6 .0 . T h e  p a r t ic ip a tio n  o f  
th e  e n z y m e  in  a u to ly s is  is v e ry  d o u b tfu l.

IN T R O D U C T IO N
T H E R E  A R E  a t  l e a s t  t h r e e  k i n d s  o f  p r o t e i n a s e s  in  f i s h  
m u s c le  ( o r d i n a r y  m u s c l e ) :  a c id ,  n e u t r a l ,  a n d  a l k a l i n e  p r o -  
t e i n a s e s  ( M a k i n o d a n ,  1 9 8 1 ) .  A c id  p r o t e i n a s e  h a s  b e e n  in v e s 
t i g a t e d  f r o m  r e l a t i v e l y  e a r l y  o n ,  a n d  i t  m a y  b e  s a id  t o  b e  
a l m o s t  t h e  o n l y  f i s h  m u s c l e  p r o t e i n a s e  r e c o g n i z e d  b e f o r e  
1 9 6 0 .

F r o m  t h e  f a c t  t h a t  t h e  o p t i m u m  p H  f o r  p r o t e o l y s i s  o f  
f i s h  m u s c l e  h o m o g e n a t e  is  a b o u t  p H  4 .8  ( O y a  a n d  S h i m a d a ,  
1 9 2 3 ) ,  t h e  e x i s t e n c e  o f  a  p r o t e a s e  a c t i v e  i n  t h e  a c id  r a n g e  
h a s  b e e n  r e c o g n i z e d  f o r  a  l o n g  t i m e .  H o w e v e r ,  e n z y m o lo g i -  
c a l  s t u d y  w i t h  e n z y m e  p r e p a r a t i o n s  s e p a r a t e d  f r o m  m u s c u l a r  
t i s s u e  is  r e l a t i v e l y  n e w  ( S i e b e r t ,  1 9 5 8 ;  S a i t o  a n d  S a m e s h im a ,
1 9 5 8 ) .  S in c e  t h e n ,  t h e  a c id  p r o t e i n a s e  h a s  b e e n  s t u d i e d  
e n z y m o lo g i c a l l y  a n d  i n  r e l a t i o n  t o  d e g r a d a t i o n  o f  m u s c u l a r  
p r o t e i n  ( S i e b e r t  e t  a l . ,  1 9 6 5 ;  T in g  e t  a l . ,  1 9 6 8 ;  M a k i n o d a n  
a n d  I k e d a ,  1 9 6 9 a ,b ;  T a k a h a s h i  a n d  Y a m a s a w a ,  1 9 6 9 ;  
M u s h  a n d  S i e b e r t ,  1 9 7 1 ;  W o j to w ic z  a n d  O d e n s e ,  1 9 7 2 ;  
R e d d i  e t  a l . ,  1 9 7 2 ;  G e i s t  a n d  C r a w f o r d ,  1 9 7 4 ;  D o k e  e t  a l . ,
1 9 8 0 ) .

S i e b e r t  e t  a l . ( 1 9 6 5 )  p u r i f i e d  a  c a t h e p s i n  f r o m  c o d  
m u s c l e  a b o u t  3 ,0 0 0 - f o l d  a g a in s t  c r u d e  e x t r a c t  a n d  d e t e r 
m i n e d  t h e  e n z y m e  w a s  v e r y  s im i la r  t o  c a t h e p s i n  D . F i s h  
m u s c le  c a t h e p s i n  D , o r  a c id  p r o t e i n a s e ,  s e e m s  t o  e x i s t  in  
ly s o s o m e s ,  l i k e  c a t h e p s i n  D  o f  m a n y  o t h e r  a n im a l  t i s s u e s  
( B i r d  e t  a l . ,  1 9 6 9 ;  R e d d i  e t  a l . ,  1 9 7 2 ) .  R e d d i  e t  a l .  ( 1 9 7 2 )  
r e p o r t e d  t h e  h y d r o l y s i s  o f  t h e  s a r c o p l a s m i c  f r a c t i o n  b y  t h e  
m u s c u l a r  l y s o s o m a l  f r a c t i o n  o f  w i n t e r  f l o u n d e r s  a t  p H
3 . 0 —7 .0 ,  a n d  D o k e  e t  a l .  ( 1 9 8 0 )  s h o w e d  t h a t  o p t i m a l  
h y d r o l y s i s  o f  s a r c o p l a s m i c  f r a c t i o n  b y  c r u d e  m u s c l e  e x t r a c t  
o f  T i l a p ia  m o s s a m b i c a  o c c u r s  a t  p H  5 .0 .  H o w e v e r ,  t h e r e  is  
n o  e v id e n c e  t h a t  t h e  h y d r o l y s i s  d e p e n d s  o n  t h e  p r o t e i n  
d e g r a d a t i o n  b y  c a t h e p s i n  D .

C a t h e p s i n  D  is  p h y s i o l o g i c a l l y  c o n s i d e r e d  t o  t a k e  p a r t  in  
i n t r a c e l l u l a r  d i g e s t i o n  o f  p r o t e i n s  ( B a r r e t t ,  1 9 7 7 c ) .  O n  t h e  
o t h e r  h a n d ,  t h e  r e l a t i o n  b e t w e e n  f i s h  m u s c l e  c a t h e p s i n  D  
a n d  p r o t e o l y s i s  a f t e r  t h e  d e a t h  o f  f i s h  is  u n c e r t a i n .  T o  
c l a r i f y  t h i s  r e l a t i o n s h i p ,  i t  is  n e c e s s a r y  t o  p u r i f y  t h e  e n z y m e  
a n d  e x a m i n e  i t s  a c t i o n  o n  f i s h  m u s c l e  p r o t e i n s .

I n  t h e  p r e s e n t  s t u d y ,  w e  h a v e  p u r i f i e d  a n  a c id  p r o t e i n a s e

Authors Makinodan, Akasaka, Toyohara, and ikeda are with the 
Dept, o f  Fisheries, Faculty o f  Agriculture, K yo to  Univ., Kitashira- 
kawa, K yo to  606, Japan.

f r o m  c a r p  m u s c le  a s  a  h o m o g e n e o u s  p r e p a r a t i o n  i n  d is c  
e l e c t r o p h o r e t i c  a n a ly s i s .  T h e n  w e  d e t e r m i n e d  t h a t  t h e  p r e s 
e n t  e n z y m e  w a s  c a t h e p s i n  D , a n d  e x a m i n e d  w h e t h e r  t h e  
e n z y m e  p a r t i c i p a t e s  i n  f i s h  m u s c l e  p r o t e o l y s i s .

M A T E R IA L S  &  M E T H O D S
M ateria ls

C u l tu re d  ca rp  ( C y p r in u s  c a rp io )  o f  a p p ro x im a te ly  9 0 0 g  w ere  
o b ta in e d  live fro m  c o m m erc ia l su p p lie rs . T h e  fish  w as k ille d  b y  
d e c a p ita t io n , ev isce ra ted  an d  w ash e d  b y  c i ty  w a te r  im m e d ia te ly . 
O n ly  o rd in a ry  m u sc le  w as c o lle c te d  in  a n  ic ed  b ea k e r . D E A E - 
S e p h a d e x  A -50  an d  S ep h a ro se  6 B w ere  o b ta in e d  fro m  P h a rm a c ia  
F in e  C h em ica ls , U p p sa la , S w e d e n ; h e m o g lo b in  w as a  p ro d u c t  o f  
D ifco  L a b o ra to r ie s , D e tro it ,  M I; b o v in e  se ru m  a lb u m in , o v a lb u m in , 
c h y m o try p s in o g e n  A , a n d  c y to c h ro m e  c w e re  o b ta in e d  fro m  S igm a 
C h e m ic a l C o ., S t. L o u is , M O ; case in , s y n th e tic  s u b s tra te s , an d  all 
o th e r  ch em ica ls  w ere  p u rc h a s e d  f ro m  N a k a ra i C h e m ic a ls  C o ., K y o 
to ,  J a p a n . C arp  m u sc le  m y o f ib r ils  w e re  p re p a re d  b y  th e  m e th o d  
o f  T o k iw a  an d  M a tsu m iv a  (1 9 6 9 ).

M easu re m en t o f  e n z y m e  ac tiv i ty
A c tiv itie s  o f  c a th e p s in s  A , B , a n d  C w ere  m e a su re d  b y  h y d ro ly s is  

o f  fo llo w in g  s u b s tra te s , re sp ec tiv e ly : ca rb o b e n z o x y -L -g lu tam y l-L - 
p h e n y la la n in  (M a k in o d a n  an d  Ik e d a , 1 9 7 6 ) , b en zo y l-D L -arg in in e
0 -n a p h ty la m id e  (B a rre tt ,  1 9 7 7 b ) , an d  g ly cy l-L -ty ro s in ea m id e  (d e  
la  H ab a  e t  al., 1 9 5 9 ) . C a th e p s in  D  ac tiv i ty  w as d e te rm in e d  b y  a 
m o d if ic a tio n  o f  th e  m e th o d  o f  A n s o n  (1 9 3 8 ) :  th e  re a c tio n  m ix tu re , 
c o n ta in in g  1.5 m l o f  fo rm a te  b u f fe r , pH  3 .0 , p re p a re d  b y  m ix in g  
1.0M  so d iu m  fo rm a te  w ith  1.0M  fo rm ic  ac id  (B a r re t t ,  1 9 7 7 c ) , 
0 .5 m l o f  5%  (w /v ) ac id  d e n a tu re d  h em o g lo b in , pH  3 .0 , a n d  0 .5 m l 
o f  en z y m e  so lu tio n , w as  in c u b a te d  a t  3 7°C  fo r  1 h o u r . T h e  re a c tio n  
w as s to p p e d  b y  th e  a d d it io n  o f  2 .5  m l o f  5% (w /v ) tr ic h lo ro a c e t ic  
ac id  (T C A ). A f te r  s ta n d in g  fo r  4 5  m in u te s  a t  ro o m  te m p e ra tu re , th e  
so lu tio n  w as  f i l te re d  th ro u g h  W h a tm a n  N o . 4 2  p a p e r . A  b la n k  w as 
p re p a re d  in  th e  sam e m a n n e r  e x c e p t  th a t  h em o g lo b in  w as  in cu 
b a te d  sep a ra te ly  f ro m  th e  o th e r  c o m p o n e n ts  o f  th e  re a c tio n  m ix 
tu re  a n d  th e n  c o m b in e d  a f te r  ad d in g  T C A . T h e  C u -F o lin  v a lu e  o f  
lm l o f  T C A  f i l t r a te  w as m ea su re d  b y  th e  m e th o d  o f  L o w ry  e t  al. 
(1 9 5 1 ) . A c tiv ity  w as ex p resse d  as n a n o m o le s  o f  ty ro s in e  re leased  
p e r  m l o f  e n z y m e  s o lu tio n  p e r  h o u r  a n d  sp ec ific  a c tiv i ty  as n a n o 
m o le s  o f  ty ro s in e  re leased  p e r  m g p ro te in  p e r  h o u r . N e u tra l p ro 
te in ase  a c tiv ity  w as d e te rm in e d  as re p o r te d  p rev io u sly  (M a k in o d an  
e t  a l., 1 9 7 9 ). A c tiv ity  o f  a lk a lin e  p ro te in a se  w as m ea su re d  b y  th e  
m o d if ie d  m e th o d  o f  a  p rev io u s  p a p e r  (M a k in o d an  a n d  Ik e d a , 
1 9 6 9 b ): th e  re a c tio n  m ix tu re , co n ta in in g  1.5 m l o f  p h o s p h a te  b u f 
fe r  (M /1 0  K H 2 P O 4 -M /20  N a 2 B 4 0 7 ) .  p H  8 .0  0 .5  m l o f  5%  (w /v ) 
case in  so lu tio n  a n d  0 .5  m l o f  e n z y m e  s o lu tio n , w as  in c u b a te d  a t 
6 3 °C  fo r  1 h r. A f te r  th is , th e  p ro c e d u re  w as th e  sam e as fo r  c a th e p 
sin  D .

P ro te in  w as d e te rm in e d  b y  th e  m e th o d  o f  L o w ry  e t  al. (1 9 5 1 ) 
u sin g  b o v in e  seru m  a lb u m in  as th e  s ta n d a rd , o r  th e  a b so rb a n c e  a t 
2 8 0  n a n o m e te r .

P u r if ic a tio n  o f  ca rp  m u sc le  ca th e p s in  D
U n less  o th e rw ise  in d ic a te d , all o p e ra t io n s  w ere  d o n e  a t 5 °C . 

O rd in a ry  m u sc le  o f  a b o u t 1 k g  w as h o m o g e n iz e d  w ith  tw o  v o lu m es  
o f  0 .1M  N aC l co n ta in in g  Y m M  2 N a-E D T A  in  a  W aring  B len d o r. 
A f te r  s tan d in g  fo r  3 h r , h o m o g e n a te  w as c e n tr ifu g e d  a t  1 3 ,0 0 0  x g  
fo r  3 0  m in . T h e  s u p e rn a ta n t w as  d ia ly z ed  o v e rn ig h t ag a in s t 0 .1M  
N aC l co n ta in in g  Im M  2 N a-E D T A  a n d  c e n tr ifu g e d  a t 1 3 ,0 0 0  x g 
fo r  10  m in  (c ru d e  e n z y m e  so lu tio n ) . T o  th e  c ru d e  e x tr a c t ,  1M H C1 
w as a d d e d  to  ad ju s t pH  to  4 .2  an d  th e  su sp en s io n  w as h e a te d  a t 
30°C  fo r  10  m in . T h e  p re c ip ita te  w as  re m o v e d  b y  c e n tr ifu g a tio n ,
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an d  th e n  th e  pH  o f  th e  s u p e rn a ta n t w as  re a d ju s te d  to  th e  o rig in a l 
pH  w ith  1M N aO H  a n d  th e  so lu tio n  w as c e n tr ifu g e d  again  to  rem ov e 
p re c ip ita te  (a c id  tr e a te d  fra c tio n ) . P o w d e re d  a m m o n iu m  su lfa te  w as 
a d d e d  to  th e  s u p e rn a ta n t  to  60%  sa tu ra tio n . A f te r  s tan d in g  fo r  3 h r , 
th e  p re c ip ita te  w as  c o lle c te d  b y  c e n tr ifu g a tio n  a t  1 3 ,0 0 0  x g  fo r  30  
m in  an d  d isso lv ed  in  co ld  0 .1M  N aC l c o n ta in in g  Im M  2 N a-E D T A . 
T h is  f r a c t io n  w as d ia ly z ed  o v e rn ig h t ag a in s t th e  sam e N aC l s o lu tio n  
as  ab o v e  a n d  c e n tr ifu g e d  to  rem o v e p re c ip ita te  (a m m o n iu m  su lfa te  
f ra c tio n ) . C o ld  a c e to n e  ( - 2 0 ° C )  w as a d d e d  to  th is  f ra c tio n  to  give 
a  3 0 - 6 0 %  sa tu ra te d  f ra c tio n . A f te r  s tan d in g  fo r  2 h r  a t  - 2 0 ° C ,  
th e  p re c ip ita te  w as co lle c ted  b y  c e n tr i fu g a tio n  a n d  d isso lved  in  
5 m M  T ris-H C l b u f fe r , pH  8 .0 , co n ta in in g  20  m M  N aC l, 1 mM  2 
N a-E D T A , an d  lOOmM  sucro se. T h e  s o lu tio n  w as d ia ly z e d  o v e rn ig h t 
ag a ins t th e  sam e b u f fe r  an d  c e n tr ifu g e d  to  rem o v e  p re c ip ita te  
(a c e to n e  fra c tio n ) . T h e  a c e to n e  f r a c t io n  (a b o u t  1 6 0  m g p ro te in )  
w as ap p lie d  to  a  D E A E -S ep h ad ex  A -50  c o lu m n  (2 .2  x 18 cm ) eq u ili
b ra te d  w ith  T ris  b u f fe r  as ab o ve  an d  e lu te d  s tep w ise  w ith  0 .0 2M , 
0 .1 2 M , 0 .2 2 M , an d  0 .52M  N aC l in  th e  sam e b u f fe r . T h e  f lo w  ra te  
w as  4 0  m l p e r  h o u r . E ach  fra c tio n  w as 5 m l. T h e  f ra c tio n s  e lu te d  
w ith  0 .1 2M  N aC l w ere  p o o le d  (D E A E -S ep h a d e x  fr a c t io n ) . T h e  
D E A E -S ep h ad ex  f r a c t io n  (a b o u t 35 m l) w as d ia ly z e d  o v e rn ig h t 
ag a in s t 1%  g ly c in e  s o lu tio n , c o n c e n tra te d  to  3 - 4  m l w ith  a  C o llo 
d io n  Bag a n d  ap p lie d  to  a  p rep a ra tiv e  e lec tro fo cu s in g . T h e  e lec tro - 
fo cu s in g  w as p e rfo rm e d  a t  8  w a t ts  fo r  10  h r. T h e n  th e  en z y m e  fra c 
t io n s  w ere  d e so rb e d  fro m  th e  gel b y  5 0  m M  p h o s p h a te  b u f fe r , pH
7 .0 , an d  d ia ly z e d  ag a in s t th e  sam e b u f fe r  (e le c tro fo c u s in g  f ra c tio n ) . 
T h e  e le c tro fo c u s in g  f ra c tio n  (a b o u t 10 m l) w as c o n c e n tra te d  to  3 - 4  
m l w ith  a  C o llo d io n  Bag an d  ap p lie d  to  a S ep h a ro se  6 B co lu m n  (1 .5  
x 9 0  cm ). T h e  en z y m e  w as e lu te d  w ith  5 0  m M  p h o s p h a te  b u f fe r , 
pH  7 .0 , co n ta in in g  2 0  m M  N aC l, 1 m M  2 N a-E D T A , an d  1 0 0  mM  
su c ro se  a t  a f lo w  ra te  o f  4  m l p e r  h o u r . E ac h  f r a c t io n  w as 3 m l. 
P ro te o ly tic a lly  ac tiv e  f r a c tio n s  w e re  p o o le d  (S e p h a ro se  f ra c tio n ) .

D e te rm in a tio n  o f  m o lec u la r w eigh t
M o lecu la r w e ig h t o f  th e  p u r if ie d  c a th e p s in  D w as d e te rm in e d  

b y  S ep h a d ex  G -1 0 0  gel f i l t r a t io n  (A n d rew s , 1 9 6 4 ) . T h e  co lu m n  
(1 .5  x  9 0  cm ) w as e lu te d  w ith  2 0  m M  p h o s p h a te  b u f fe r , p H  7 .0 . 
T h e  f lo w  ra te  w as 7 m l/h r  w ith  2 .5  m l f r a c tio n  v o lu m e . T h e  m o le c u 
la r w e ig h ts  ta k e n  fo r  th e  re fe re n c e  p ro te in s  w ere : b o v in e  seru m  
a lb u m in , 6 7 ,0 0 0 ; o v a lb u m in , 4 5 ,0 0 0 ; c h y m o try p s in o g e n , 2 5 ,0 0 0 ; 
c y to c h ro m e  c, 1 2 ,4 0 0 .

E lec tro p h o re s is
D isc  e le c tro p h o re s is  o f  th e  p u r if ied  en z y m e  p re p a ra t io n  w as 

ca rr ied  o u t  ac co rd in g  to  th e  m e th o d  o f  D avis (1 9 6 4 ) :  th e  en z y m e  
(4 0  pg) w as lo ad ed  o n  a  7 .5%  p o ly a c ry la m id e  gel co lu m n , a n d  p e r
m it te d  to  m ig ra te  in  th e  d ire c t io n  o f  th e  a n o d e  a t  4 m A  p er c o lu m n  
using  5 0  m M  T ris-g ly c ine  b u f fe r , p H  8 .8 . T h e  gel w as  s ta in e d  w ith

C o o m assie  B rillian t B lu e . S lab  S D S-gel e le c tro p h o re s is  o f  m y o f ib 
rils  t r e a te d  w ith  ca th e p s in  D w as d o n e  b y  th e  m e th o d  o f  S u z u k i
(1 9 7 7 )  w ith  15%  p o ly a c ry la m id e  gel. In  th e  t r e a tm e n t  o f  m y o f ib 
rils  w ith  ca te h p s in  D , th e  re a c tio n  m ix tu re  c o n ta in in g  1 .3  m l o f  
0 .2M  b u f fe r , 0 .1  m l o f  c h lo ra m p h e n ic o l s o lu tio n  (f in a l c o n c e n tra 
t io n , 1 0 0  p p m ) , 0 . 1  m l o f  p e p s ta t in  (f in a l c o n c e n tra t io n , 1  p g /m l)  
o r 0 .1  m l o f  b u f fe r , 0 .5  m l o f  m y o f ib r ils  so lu tio n  (1 m g p ro te in ) ,  
an d  0 .5  m l o f  en z y m e  s o lu tio n  w as in c u b a te d  a t  3 7°C  fo r  2 4  h r. 
P re p a ra tiv e  e lec tro fo cu s in g  a n d  th e  d e te rm in a tio n  o f  is o e le c tr ic  
p o in t  w ere  p e rfo rm e d  w ith  a n  a p p a ra tu s  o f  L K B -P ro d u k te r  A B , 
B ro m m a , S w ed en .

R E S U L T S

P u r i f i c a t i o n  o f  c a r p  m u s c le  c a t h e p s i n  D
F ig .  1 s h o w s  a  c h r o m a t o g r a p h i c  p a t t e r n  o f  D E A E - S e p h a 

d e x  A - 5 0  c o l u m n  e l u t i o n  f r a c t i o n s .  C a t h e p s i n  D  w a s  e l u t e d  
w i t h  0 . 1 2 M  N a C l  in  5 m M  T r is -H C l b u f f e r ,  p H  8 .0 .  I n  t h e  
f r a c t i o n  e l u t e d  w i t h  0 .2 2 M  N a C l  n o  c a t h e p s i n  D  a c t i v i t y  
w a s  o b s e r v e d ,  b u t  i t  c o n t a i n e d  c a t h e p s i n  A  a c t i v i t y .  T h e  
D E A E - S e p h a d e x  f r a c t i o n  w a s  s e p a r a t e d  i n t o  m a n y  p r o 
t e i n  f r a c t i o n s  b y  e l e c t r o f o c u s i n g  ( F i g  2 ) .  T h e  h i g h e s t  c a t h e p 
s in  D  a c t i v i t y  w a s  o b s e r v e d  i n  t h e  p H  5 . 3 —5 .4  f r a c t i o n s .  T h e  
e l u t i o n  p a t t e r n  o f  e l e c t r o f o c u s i n g  f r a c t i o n  f r o m  S e p h a r o s e  
6 B c o l u m n  is  s h o w n  in  F ig . 3 .  T h e  e n z y m e  w a s  e l u t e d  a s  a  
s in g le  p e a k  w h i c h  c o r r e s p o n d s  t o  o n e  o b v io u s  p r o t e i n  p e a k .  
T a b l e  1 g iv e s  d a t a  o n  a  t y p i c a l  p u r i f i c a t i o n  o f  c a r p  m u s c l e  
c a t h e p s i n  D .

P u r i t y  o f  t h e  e n z y m e
P u r i f i c a t i o n  o f  t h e  f i n a l  e n z y m e  p r e p a r a t i o n  ( S e p h a r o s e  

f r a c t i o n )  w a s  a b o u t  2 ,0 0 0 - f c ld  o v e r  t h e  c r u d e  e n z y m e  s o l u 
t i o n .  A s  s h o w n  in  F ig .  4 ,  t h e  p u r i f i e d  e n z y m e  p r e p a r a t i o n  
g a v e  a  s in g le  b a n d  i n  d is c  e l e c t r o p h o r e t i c  a n a ly s i s  a n d  t h e  
b a n d  c o in c i d e d  w i t h  t h e  a c t i v i t y  p e a k  w h i c h  w a s  d e t e r 
m in e d  f r o m  a n o t h e r  g e l .  N e i t h e r  a c t i v i t i e s  o f  c a t h e p s i n s  
A , B , C , n o r  n e u t r a l  o r  a l k a l i n e  p r o t e i n a s e  w a s  o b s e r v e d  in  
t h e  p u r i f i e d  p r e p a r a t i o n .

E n z y m i c  p r o p e r t i e s
E f f e c t  o f  p H  o n  a c t i v i t y .  E f f e c t  o f  p H  o n  h y d r o l y s i s  o f  

h e m o g l o b i n  is  s h o w n  in  F ig .  5 a n d  6 . W h e n  1 .0 M  b u f f e r  
w a s  u s e d  ( f i n a l  c o n c e n t r a t i o n ,  0 .6 M ) ,  o p t i m u m  p H  w a s  
f o u n d  t o  b e  2 . 6 —2 .8  ( F ig .  5 ) .  A t  t h e  a c id i c  l i m i t ,  a c t i v i t y

0.02 M | 0.12 M | 0.22 M | Q52M

1.5

l ì
1 . 0

05;

J o

Fig. 1—D E A E - S e p h a d e x  A - 5 0  c o lu m n  
c h r o m a to g r a p h y  o f  a c e to n e  f r a c tio n .
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f e l l  o f f  r a p i d l y  w i t h  p H  a n d  o n  t h e  le s s  a c id i c  s id e ,  t h e  
c u r v e  s h o w e d  a  d i s t i n c t  s h o u l d e r  n e a r  p H  4 .0 .  T h e  p H  c u r v e  
o b t a i n e d  w i t h  0 .2 M  b u f f e r  ( f i n a l  c o n c e n t r a t i o n ,  0 . 1 2 M )  
s h o w e d  o p t i m u m  a c t i v i t y  n e a r  p H  3 .2  a n d  d id  n o t  f o r m  a n y  
s h o u l d e r  ( F ig .  6 ) .  W h e n  t h e  e n z y m e  w a s  p r e i n c u b a t e d  i n  t h e  
a b s e n c e  o f  s u b s t r a t e  a t  3 7 ° C  f o r  3 0  m i n  w i t h  5 0  m M  
g ly c in e - H C l  ( p H  1 .0 —2 .7 ) ,  f o r m a t e  ( p H  3 . 0 —5 .0 ) ,  a c e t a t e  
( p H  5 . 0 —6 .0 ) ,  a n d  p h o s p h a t e  ( p H  6 . 0 —8 .0 )  b u f f e r s ,  t h e  
a c t i v i t y  w a s  s t a b l e  i n  t h e  r a n g e  p H  3 . 0 —5 .0 ,  f a i r l y  s t a b l e  
b e t w e e n  p H  5 . 0 —7 .0  b u t  a t  p H  2 .0  i t  w a s  q u i t e  l o s t .

E f f e c t  o f  t e m p e r a t u r e  o n  a c t i v i t y .  T h e  o p t i m u m  t e m 
p e r a t u r e  f o r  1 h r  i n c u b a t i o n  w a s  a b o u t  5 0  C  ( F ig .  7 ) .  W h e n  
t h e  e n z y m e  w a s  p r e i n c u b a t e d  i n  t h e  a b s e n c e  o f  s u b s t r a t e  i n  
1 .0 M  f o r m a t e  b u f f e r ,  p H  3 .2 ,  f o r  3 0  m i n ,  i t  w a s  f a i r l y  
s t a b l e  a t  4 0  C , r e t a i n i n g  a b o u t  8 5 %  o f  t h e  a c t i v i t y ,  b u t  l o s t  
t h e  a c t i v i t y  a b o u t  8 5 %  a t  5 0 ° C .

E f f e c t  o f  i n h i b i t o r s  o n  a c t i v i t y .  T h e  r e s u l t s  a r e  s h o w n  in  
T a b l e  2 .  T h e  e n z y m e  w a s  c o m p l e t e l y  i n h i b i t e d  b y  t h e  a d d i -

Fig. 2 —Preparative electrofocusing o f  D E A E S e p h a d ex  fraction in 
an am phoryte p H  gradient from  p H  4  to 6 .

t i o n  o f  p e p s t a t i n  ( 1  / j g / m l )  a n d  d i a z o a c e t y l n o r l e u c i n e  
m e t h y l e s t e r  ( D A N )  +  C u + +  ( e a c h  1 m M ) ,  b o t h  a r e  i n h i b i 
t o r s  o f  c a r b o x y l  p r o t e i n a s e .  D ip - F  a n d  s o y  b e a n  t r y p s i n  
i n h i b i t o r ,  w h i c h  i n h i b i t  s e r i n e  p r o t e i n a s e ,  h a d  n o  e f f e c t .  
D i t h i o t h r e i t o l  ( D D T )  +  E D T A  ( e a c h  2  m M ) ,  w h i c h  a c t i 
v a t e  t h i o l  p r o t e i n a s e ,  a n d  4 - c h l o r o m e r c u r i b e n z o a t e  (p C M B , 
I m M ) ,  w h i c h  i n h i b i t s  t h i o l  p r o t e i n a s e ,  h a d  n o  e f f e c t  o n  t h e  
e n z y m e  a c t i v i t y .  D T T  +  E D T A  a n d  o - p h e n a n t h r o l i n e  (1 
m M )  w h i c h  i n h i b i t  m e t a l l o  p r o t e i n a s e  h a d  n o  e f f e c t .  S o lv 
e n t s  s u c h  a s  e t h a n o l ,  m e t h a n o l  a n d  i s o - p r o p a n o l  a s  w e l l  a s  
1 m M  c y s t e i n e  a n d  g l u t a t h i o n e  h a d  n o  e f f e c t .  2 - m e r c a p t o -  
e t h a n o l  in c r e a s e d  t h e  a c t i v i t y  a b o u t  4 0 % .

P h y s i c o c h e m i c a l  p r o p e r t i e s
F ig .  8  i l l u s t r a t e s  t h e  d e t e r m i n a t i o n  o f  m o l e c u l a r  w e ig h t  

b y  g e l  f i l t r a t i o n .  T h e  e x t r a p o l a t e d  m o l e c u l a r  w e i g h t  w a s  
e s t i m a t e d  t o  b e  4 1 , 0 0 0 .  F r o m  t h e  p o s i t i o n  o f  t h e  m o s t  
a c t i v e  f r a c t i o n  in  e l e c t r o f o c u s i n g  ( F ig .  2 ) ,  t h e  i s o e l e c t r i c  
p o i n t  w a s  d e t e r m i n e d  t o  b e  p H  5 .4 .

A c t i o n  o f  t h e  e n z y m e  o n  c a s e in  a n d  c a r p  m u s c l e  m y o f i b r i l s
T h e  p H - a c t i v i t y  c u r v e s  o f  c a s e in  a n d  m y o f i b r i l s  a r e  p r e 

s e n t e d  in  F ig .  9 .  F o r  c a s e in  s u b s t r a t e ,  m a x i m u m  a c t i v i t y  
w a s  s h o w n  a t  p H  5 .0 —5 .5 ,  b u t  h a r d l y  a n y  a c t i v i t y  w a s  
o b s e r v e d  a t  p H  6 .5 .  O p t i m u m  p H s  f o r  m y o f i b r i l s  in  t h e  
a b s e n c e  a n d  t h e  p r e s e n c e  o f  3  M  u r e a  w e r e  f o u n d  t o  b e  3 .2  
a n d  4 .0 ,  r e s p e c t i v e ly .  M y o f ib r i l s  w e r e  n o t  h y d r o l y z e d  a b o v e  
p H  6 .0 .  T h e  a c t i v i t y  i n  t h e  p r e s e n c e  o f  3 M  u r e a  w a s  l o w e r  
t h a n  t h a t  in  t h e  a b s e n c e  a t  e v e r y  p H  e x a m i n e d .  T h e  a u t o -

Fig. 3 —Elution  pattern o f  electrofocusing fraction on Sepharose 6 B.

Table 1—Typical purification  chart fo r  carp muscle cathepsin D

Fraction
Volume

(ml)
Protein
(mg/ml) Activity3

Purification
(fold)

Yield
_______ (ftl_

Crude enzyme 2720 6.54 124 1 100
Acid treatment 1570 3.80 140 1.9 65

(pH 4.2)
Ammonium sulfate 85 10.2 1150 5.9 29

fractionation (0— 60%)
Acetone fractionation 50 3.50 1120 17 17

(30-60%)
DEAE-Sephadex A-50 40 0.200 910 240 11

chromatography
Electrofocusing 17 0.075 800 560 4.0
Sepharose 6B gel 15 0.022 815 2000 3.6

filtration -----— — ------------------------------- -------------------------------------------------
a N a n o m o le s  ty ro s in e  e q u iv a le n t  p e r m l o f  e n z y m e  s o lu t io n  p e r h o u r
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P R O P E R T IE S  O F  CA R P  M U S C L E  C A TH EP SIN  D . . .

ly s i s  o f  m y o f i b r i l s  w a s  n o t  o b s e r v e d .  H y d r o l y s i s  o f  m y o 
f i b r i l s  w a s  a l s o  e x a m i n e d  b y  S D S - s la b  g e l  e l e c t r o p h o r e s i s  
( F ig .  1 0 ) .  A t  p H  3 .2 ,  t h e  h ig h  m o l e c u l a r  w e i g h t  a n d  4 5 , 0 0 0  
d a l t o n - b a n d s  v a n i s h e d  a n d  m a n y  d i s t i n c t  b a n d s  a p p e a r e d  
a t  d a l t o n  l o w e r  t h a n  6 7 , 0 0 0  a f t e r  2 4  h r  i n c u b a t i o n .  T h i s  
p h e n o m e n o n  w a s  n o t  o b s e r v e d  i n  t h e  p r e s e n c e  o f  p e p s t a -  
t i n .  A t  p H  6 .5 ,  e l e c t r o p h o r e s i s  p a t t e r n  h a r d l y  c h a n g e d  a f t e r  
i n c u b a t i o n .

D IS C U S S IO N
PREVIOUSLY, w e  ( M a k i n o d a n  a n d  I k e d a ,  1 9 6 9 c )  r e p o r t e d  
s o m e  p r o p e r t i e s  o f  c a r p  m u s c le  a c id  p r o t e i n a s e  w i t h  a  p a r 
t i a l l y  p u r i f i e d  e n z y m e  p r e p a r a t i o n .  T h e  r e p o r t e d  r e s u l t s  
c o i n c i d e  w i t h  t h e  p r e s e n t  o n e s .  A  m o r e  p u r i f i e d  p r e p a r a t i o n  
( M a k i n o d a n  a n d  I k e d a ,  1 9 7 6 )  w a s  o b t a i n e d  l a t e r ,  b u t  i t  
s t i l l  s e e m e d  t o  c o n t a i n  s o m e  c o n t a m i n a t i n g  p r o t e i n s .  T h e  
p r e s e n t  c a th e p s i n  D  p r e p a r a t i o n ,  h o w e v e r ,  w a s  h o m o 
g e n e o u s  in  d is c  e l e c t r o p h o r e t i c  a n a ly s is .

O p t i m u m  p H  w i t h  1M  b u f f e r  ( f i n a l  c o n c e n t r a t i o n ,  0 .6 M )  
w a s  2 . 6 - 2 . 8 , b u t  w i t h  0 .2 M  b u f f e r  ( f i n a l  c o n c e n t r a t i o n ,  
0 . 1 2 M )  i t  w a s  n e a r  3 .2 .  T h e  c a u s e  o f  s u c h  d i f f e r e n c e  o f  
o p t i m u m  p H  is  n o t  c l e a r .  T h e  p o s i t i o n  o f  t h e  o p t i m u m  p H  
is  p o s s i b l y  i n f l u e n c e d  b y  a n  e f f e c t  o f  i o n i c  s t r e n g t h  o n  
h e m o g l o b i n  ( C u n n in g h a m  a n d  T a n g ,  1 9 7 6 ) .  T h e  p H  c u r v e  
w i t h  t h e  1 .0 M  b u f f e r  s h o w e d  a  s h o u l d e r  n e a r  p H  4 .0 .  I t  is  
w e l l  k n o w n  t h a t  c a t h e p s i n  D  s h o w s  a  s h o u l d e r  o n  t h e  le s s  
a c id i c  s id e  o f  t h e  o p t i m u m  p H  ( B a r r e t t ,  1 9 7 7 c ) .  T h e  o p t i 
m u m  p H  v a lu e ,  3 .2 ,  w a s  l o w e r  i n  c o m p a r i s o n  w i t h  4 .6  f o r  
c o d  m u s c le  c a t h e p s i n  a g a in s t  u r e a  d e n a t u r e d  h e m o g l o b i n  
( S i e b e r t  e t  a l . ,  1 9 6 5 ) .  A b o u t  2 5 %  o f  m a x i m u m  a c t i v i t y  w a s  
f o u n d  n e a r  p H  6 .5  o n  c o d  m u s c l e  c a t h e p s i n ,  b u t  n o  a c t i v i t y  
w a s  o b s e r v e d  a t  s u c h  p H  u s in g  t h e  c a r p  m u s c l e  e n z y m e .  
O p t i m u m  p H  o f  m u s c l e  c a t h e p s i n  D  o f  T i l a p ia  m o s s a m b i c a  
w i t h  0 .0 4 M  ( f i n a l  c o n c e n t r a t i o n )  a c e t a t e  b u f f e r  a g a in s t  
a c id  d e n a t u r e d  h e m o g l o b i n  is  2 .8  a n d  t h e  p H  c u r v e  s h o w s  
a  s h o u l d e r  n e a r  p H  4 .0  ( D o k e  e t  a l . ,  1 9 8 0 ) .  T h e  d i f f e r e n c e  
i n  o p t i m u m  p H  v a lu e  d e p e n d s  p o s s i b l y  o n  t h e  d i f f e r e n t  s u b 
s t r a t e  u s e d  in  a d d i t i o n  t o  s p e c ie s  s p e c i f i c i t y .  A s  f o r  p u r i f i e d  
m u s c le  c a t h e p s i n  D  o f  l a n d  a n im a l s ,  a n  o p t i m u m  p H  o f
4 .0  is  r e p o r t e d  w i t h  0 . 0 5 —0 .2 5 M  ( f i n a l  c o n c e n t r a t i o n )

Fig. 4 —Disc electrophoresis o f  the purified  enzym e preparation. 
Graph demonstrates the activ ity  o f  3  mm sections o f  another gel.
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a c e t a t e  b u f f e r  a g a in s t  u r e a  d e n a t u r e d  h e m o g l o b i n  ( S u z u k i  
a n d  F u j i m a k i ,  1 9 6 8 ;  F u k u s h i m a  e t  a l . ,  1 9 7 1 ) .

T h e  o p t i m u m  t e m p e r a t u r e  f o r  1 h r  i n c u b a t i o n  w a s  a b o u t  
5 0 ° C ,  b u t  t h e  e n z y m e  w a s  v e r y  l a b i l e  a t  t h e  s a m e  t e m p e r a 
t u r e  i n  t h e  a b s e n c e  o f  t h e  s u b s t r a t e .  T h e  p r o t e c t i v e  e f f e c t  
a g a in s t  h e a t i n g  b y  s u b s t r a t e  is  g e n e r a l l y  k n o w n  ( M a k i n o d a n

Table 2 —E ffe c t  o f  inhibitors on activity

Inhibitor Cone
Relative 

activity (%)

None 100
Pepstatin 1 >jg/ml 0
DTT + EDTA 2 mM (each) 102
Dip-F 1 mM 107
Soy bean trypsin inhibitor 100 jug/ml 112
o-Phenanthroline 1 mM 100
pCMB 1 mM 90
DAN + Cu++ 1 mM (each) 0

- £ 1 2 0 0  '
a
o

Fig. 5 —E ffe c t  o f  p H  on hydrolysis o f  hemoglobin in 0 .6M  bu ffe r  
(final concentration). The buffers were glycine-HCI (pH  1.8—2 .4 ), 
formate (pH  2 .1 —4 .6 ). and acetate (pH  4 .0—6.0 ).

pH
Fig. 6 —E ffe c t  o f  p H  on hydrolysis o f  hemoglobin in 0 .12M bu ffer  
(final cone). The bu ffers were formate (pH  2 .2 —4 .5 ), acetate (pH  
4 .5 —6.0 ). and phosphate (pH  6 .0 —7.0).



a n d  I k e d a ,  1 9 6 9 b ) .  O p t i m u m  t e m p e r a t u r e  o f  c h i c k e n  m u s 
c le  c a t h e p s i n  D  is  4 0 ° C  ( F u k u s h i m a  e t  a l . ,  1 9 7 1 )  a n d  t h e  
a c t i v i t y  a t  5 0 ° C  is  v e r y  lo w .  T h i s  p r o p e r t y  is  d i f f e r e n t  f r o m  
t h a t  o f  c a r p  m u s c l e  c a t h e p s i n .

T h e  a c t i v i t y  w a s  i n h i b i t e d  b y  p e p s t a t i n  a n d  D A N  +  C u -*-1", 
b u t  h a r d l y  a f f e c t e d  b y  D T T  +  E D T A , D ip - F ,  S o y  b e a n  
t r y p s i n  i n h i b i t o r ,  o - p h e n a n t h r o l i n e  a n d  p C M B . T h e  m o l e c u 
l a r  w e i g h t  w a s  4 1 , 0 0 0  a n d  i s o e l e c t r i c  p o i n t  w a s  5 .4 .  F r o m  
th e s e  r e s u l t s  t h e  e n z y m e  w a s  i d e n t i f i e d  a s  c a t h e p s i n  D  
u n d e r  t h e  c l a s s i f i c a t i o n  o f  B a r r e t t  ( 1 9 7 7 a ) .  C a r p  m u s c le  
c a t h e p s i n  D  w a s  n o t  a f f e c t e d  b y  c y s t e i n e ,  a  s i m i l a r i t y  w i t h

6 0 0

« 4 0 0a
Í E
>  \

5 *
4  i .
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E
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Fig. 7—Temperature-activity curve o f  the enzyme at p H  3 .2  fo r 1 hr.

c a t h e p s i n  D  o f  c h i c k e n  m u s c l e  ( F u k u s h i m a  e t  a l . ,  1 9 7 1 )  
a n d  o f  T i l a p ia  m o s s a m b i c a  m u s c le  ( D o k e  e t  a l . ,  1 9 8 0 ) .  
T h e  a c t i v i t y  w a s  s t i m u l a t e d  a b o u t  4 0 %  b y  2 - m e r c a p t o -  
e t h a n o l .  T h i s  r e s u l t  c o in c i d e s  w i t h  t h e  p r e v io u s  r e p o r t  
( M a k i n o d a n  a n d  I k e d a ,  1 9 6 9 c ) .

M o le c u l a r  w e i g h t s  o f  3 2 , 0 0 0 ,  3 8 , 0 0 0  a n d  5 0 , 0 0 0  a r e  
r e p o r t e d  f o r  t h e  m u s c l e  a c id  p r o t e i n a s e  o r  c a th e p s i n  D  o f  
w i n t e r  f l o u n d e r  ( R e d d i  e t  a l . ,  1 9 7 2 ) ,  T i l a p ia  m o s s a m b i c a  
( D o k e  e t  a l . ,  1 9 8 0 )  a n d  c o d  ( S i e b e r t  e t  a l . ,  1 9 6 5 ) ,  r e s p e c 
t i v e ly .  S i e b e r t  ( 1 9 7 3 )  s t a t e d  t h a t  a s  t h e  m o l e c u l a r  w e ig h t  o f  
c a t h e p s i n  D  s h o w s  s p e c ie s  a n d / o r  t i s s u e  s p e c i f i c i t y ,  i t  
s h o u l d  n o t  b e  t a k e n  a s  a  s t r o n g  c r i t e r i o n  f o r  c a t h e p s i n  D . 
A s  f o r  m u s c le  c a t h e p s i n  D  o f  l a n d  a n im a l s ,  t h e  m o l e c u l a r  
w e i g h t  is  3 6 , 0 0 0  f o r  c h i c k e n  ( F u k u s h i m a  e t  a l . ,  1 9 7 1 )  
a n d  4 2 , 0 0 0 —4 5 , 0 0 0  f o r  r a t  ( S c h w a r t  a n d  B i r d ,  1 9 7 7 ) .

T h e  a c id  p r o t e i n a s e  a c t i v i t y  h a s  b e e n  o b s e r v e d  in  f i s h  
m u s c l e  f o r  a  l o n g  t i m e  a n d  i t  w a s  a l m o s t  t h e  o n l y  p r o t e i n -

Fig. 9 -pH -activ ity  curves fo r casein and carp muscle m yofibrils. 
The buffers were 0 .12  M  (final concentration) formate (pH  2 .4 — 
4 .5 ), acetate (pH  4 .5 —6 .0 ), and phosphate (pH  6 .0 —7.0). o —o : No 
urea addition ; Urea (3M ) addition.

M olecular
weight

6 7  0 0 0  —

Fig. 8 —Determination o f  molecular weight o f  carp muscle cathepsin 
D by Sephadex G-100 gel filtration.

12  o o o  —  m
a f

Fig. 10—Slab SD S  polyacrylam ide gel electrophoretic patterns o f  
m yofibrils treated with cathepsin D : (a) Zero hour-incubation at 
p H  3 .2 ; (b) W ithout pepstatin at p H  3 .2 ; (c) With pepstatin at pH  
3 .2 ; (d) Zero hour-incubation at pH  6 .5 ; (e) W ithout pepstatin at 
p H  6 .5 ; (f) With pepstatin at p H  6.5.
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P R O P E R T IE S  O F  CA R P  M U S C L E  C A T  H E  PS IN D . . .

a s e  a c t i v i t y  o f  m u s c u l a r  t i s s u e  o b s e r v e d  b e f o r e  1 9 6 0 .  T h e  
a c id  p r o t e i n a s e  h a s  o f t e n  b e e n  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  
t h e  a u t o l y s i s  o f  f i s h  m u s c le  ( O y a  a n d  S h i m a d a ,  1 9 2 3 ;  
S i e b e r t  a n d  S c h m i t t ,  1 9 6 5 ; M a n i t a  e t  a l . ,  1 9 6 9 ) .  H o w e v e r ,  
t h e  p H  o f  f i s h  m u s c le  d o e s  n o t  d e c r e a s e  s o  m u c h  a f t e r  t h e  
d e a t h  o f  f i s h ,  t h e  u l t i m a t e  p H  f o r  c a r p  o r d i n a r y  m u s c le  
is  6 . 3 —6 . 6  ( M a k in o d a n  e t  a l . ,  1 9 8 0 ) .  T h i s  f a c t  m a k e s  i t  
d i f f i c u l t  t o  r e l a t e  t h e  e n z y m e  t o  t h e  a u t o l y s i s .  O n  t h e  
o t h e r  h a n d ,  c a t h e p s i n  D  is  a  t y p i c a l  e n d o p e p t i d a s e .  C a r p  
m u s c l e  c a t h e p s i n  D  a c t s  o n  h e m o g l o b i n  a n d  r e le a s e s  n o n a  
o r  d e c a  p e p t i d e s  ( M a k i n o d a n  e t  a l . ,  1 9 7 9 ) ,  a n d  t h e  r e l e a s e d  
p r o d u c t s  f r o m  h e m o g l o b i n  a r e  f u r t h e r  h y d r o l y z e d  b y  
m u s c le  c a t h e p s i n  A  ( M a k i n o d a n  a n d  I k e d a ,  1 9 7 6 ) .  T h e s e  
f a c t s  s e e m  t o  s u g g e s t  t h a t  m u s c le  c a t h e p s i n  D  is  p o s s i b l y  
i n v o lv e d  i n  t h e  i n i t i a l  s t a g e s  o f  m e a t  p r o t e i n  d e g r a d a t i o n .

W e  s o u g h t  t h e  a c t i v i t y  n e a r  n e u t r a l i t y  o f  t h e  c a r p  m u s c le  
c a t h e p s i n  D . T h e  p H  o p t i m u m  f o r  h e m o g l o b i n  w a s  n e a r
3 .2  w i t h  0 .2 M  f o r m a t e  b u f f e r ,  b u t  f o r  c a s e in  i t  w a s  5 . 0 —
5 .5 .  T h e  r e s u l t  s e e m e d  t o  s u g g e s t  t h a t  c a t h e p s i n  D  m ig h t  b e  
a c t i v e  n e a r  n e u t r a l i t y  a g a in s t  s o m e  s u b s t r a t e .  T h e r e f o r e  
t h e  a c t i v i t y  a g a in s t  m y o f i b r i l s  w a s  e x a m i n e d .  T h e  o p t i m u m  
p H  in  t h e  p r e s e n c e  o f  3 M  u r e a  i n  c o m p a r i s o n  w i t h  t h a t  in  
i t s  a b s e n c e  s h i f t e d  o n e  p H  u n i t  t o  a  n e u t r a l  r a n g e .  H o w e v e r ,  
c o n s i d e r in g  t h e  d e c r e a s e  i n  t h e  m a x i m u m  a c t i v i t y ,  t h i s  
s h i f t  p o s s i b l y  r e l a t e s  t o  t h e  u n s t a b i l i t y  o f  t h e  e n z y m e  u n d e r  
l o w  p H  c o n d i t i o n s  a n d  t h e  p r e s e n c e  o f  u r e a  ( B a r r e t t ,  1 9 7 7 c ;  
W o j to w ic z  a n d  O d e n s e ,  1 9 7 0 ) .  M y o f ib r i l s ,  h o w e v e r ,  w e r e  
n o t  h y d r o l y z e d  a b o v e  p H  6 .0 .  T h e  s a m e  r e s u l t  w a s  o b s e r v e d  
b y  s la b  S D S -g e l  e l e c t r o p h o r e s i s .  T h e s e  f a c t s  d o  n o t  s u p p o r t  
t h e  p o s s i b i l i t y  o f  p a r t i c i p a t i o n  in  t h e  a u t o l y s i s  o f  t h e  
c a t h e p s i n  D . R e d d i  e t  a l .  ( 1 9 7 2 )  c a r r i e d  o u t  a n  i n t e r e s t i n g  
s t u d y  a b o u t  c a t h e p t i c  a c t i v i t y  o f  w i n t e r  f l o u n d e r  m u s c le  
a n d  r e c o g n i z e d  t h a t  m u s c le  l y s o s o m a l  f r a c t i o n  h y d r o l y z e d  
t h e  s a r c o p l a s m i c  f r a c t i o n  a t  p H  3 —7 . B u t  t h e s e  f r a c t i o n s  
m a y  c o n t a i n  c o m p o n e n t s  o t h e r  t h a n  p r o t e i n s  a n d  p r o t e i n -  
a s e s .  A c c o r d i n g ly  i t  s e e m s  t h a t  i t  is  s t i l l  o p e n  t o  d i s c u s s io n  
w h e t h e r  t h e  h y d r o l y s i s  o f  s a r c o p l a s m i c  f r a c t i o n  n e a r  n e u 
t r a l i t y  r e f l e c t s  t h e  h y d r o l y s i s  o f  p r o t e i n s  b y  a  p r o t e i n a s e .

K a z a k o v a  a n d  O r e k h o v ic h  ( 1 9 7 5 )  r e p o r t e d  t h a t  w h e n  r a t  
l i v e r  c a t h e p s i n  D  w a s  c o u p l e d  t o  a c t i v a t e d  S e p h a r o s e ,  t h e  
p r e p a r a t i o n s  w e r e  t o t a l l y  in a c t i v e  i n  a c id  m e d i a  a n d  e x 
h i b i t e d  m a x i m u m  a c t i v i t y  a t  p H  7 .0  a g a in s t  h e m o g l o b i n .  I f  
t h i s  is  t r u e ,  t h e  r e l a t i o n  o f  l y s o s o m e - b o u n d  c a t h e p s i n  D  t o  
a u t o l y s i s  m a y  b e  c l a r i f i e d  t o  s o m e  d e g r e e .  H o w e v e r ,  t h e  
s a m e  e x p e r i m e n t s  in  o t h e r  l a b o r a t o r i e s  c o u ld  d e t e c t  n o  
c h a n g e  i n  p H  o p t i m u m  in  c o m p a r i s o n  w i t h  t h e  f r e e  e n z y m e  
( B a r r e t t ,  1 9 7 7 c ) ,  n o r  c o u ld  w e  f o r  c a r p  m u s c le  c a t h e p s i n  D .

F r o m  t h e  a b o v e  r e s u l t s ,  t h e  p a r t i c i p a t i o n  o f  m u s c le  
c a t h e p s i n  D  in  a u t o l y s i s  is  v e r y  d o u b t f u l .  G e i s t  a n d  C r a w 
f o r d  ( 1 9 7 4 )  r e p o r t e d  t h a t  f i s h  m u s c l e  c a t h e p s i n s  d id  n o t  
p l a y  a  s i g n i f i c a n t  r o l e  i n  m u s c l e  d e g r a d a t i o n  d u r in g  c o ld  
s t o r a g e .  C a t h e p s i n  D , h o w e v e r ,  e x i s t s  g e n e r a l l y  i n  t i s s u e s  o f  
c r e a t u r e s ,  so  t h e r e  is  p r o b a b l y  a  p u r p o s e  f o r  i t s  e x i s t e n c e .  
C a t h e p s i n  D  is  p o s s i b l y  a  p h y s i o l o g i c a l l y  i m p o r t a n t  e n z y m e  
w h i c h  e x i s t s  i n  l y s o s o m e s  i n  t h e  l iv in g  b o d y  a n d  t a k e s  p a r t  
i n  m e t a b o l i s m  o f  p r o t e i n s .
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I n s t r o n  M e a s u r e m e n t s  a n d  S e n s o r y  S c o r e s  f o r  
T e x t u r e  o f  P o u l t r y  M e a t  a n d  F r a n k f u r t e r s

K E N N E T H  J .  P R U S A ,  J A N E  A . B O W E R S , a n d  E D G A R  C H A M B E R S  IV

---------------------------------------A B S T R A C T ----------------------------------------
T h e  re la tio n s h ip  o f  sen so ry  sco res  an d  In s t ro n  m e a su re m e n ts  o f  
p o u lt ry  m e a t a n d  f r a n k fu r te r s  w as s tu d ie d . C h ick en  sam p les  w ere  
s e p a ra te d  b y  te n s ile  g rip s ; tu rk e y  sam p les  w ere  sh e a re d  w ith  a 
W a m er-B ra tz le r sh ea r a t ta c h m e n t  a n d  c o m p resse d  w ith  a  s im u la ted - 
m o la r  a t ta c h m e n t ;  an d  p o u lt ry  f r a n k fu r te r s  w ere  te s te d  w ith  th e  
W a m er-B ra tz le r sh e a r, p u n c tu r e  p ro b e , an d  s im u la te d -te e th  a t ta c h 
m en ts . G e n e ra lly , fo r  c h ic k e n  h ig h e r c o rr e la t io n  c o e ff ic ie n ts  b e tw e e n  
sen so ry  sco res  a n d  In s t ro n  m e a su re m e n ts  re su lte d  w h e n  b ase lin e  
le n g th  a n d  a re a  m e a su re m e n ts  o f  cu rves w ere  m ad e  th a n  w h e n  p ea k  
h e ig h t w as m ea su re d . F o r  tu rk e y , In s t ro n  m e a su re m e n ts  w ith  e i th e r  
th e  W arn e r-B ra tz le r sh ea r o r  th e  s im u la ted -m o la r a t ta c h m e n t  w ere  
n o t  re la te d  s ig n if ic an tly  to  sen so ry  sco res . F o r  f r a n k fu r te r s , In s t ro n  
m e a su re m e n ts  u su a lly  w ere  s ig n if ic an tly  c o rre la te d  w ith  sen so ry  
sco res  fo r  f irm n ess .

IN T R O D U C T IO N
T H E  I N S T R O N  U n iv e r s a l  T e s t i n g  M a c h in e ,  u s e d  w id e l y  in  
f o o d  r e s e a r c h ,  h a s  b e e n  u s e d  t o  e v a lu a t e  t e x t u r e  o f  m e a t ,  
m e a t  p r o d u c t s ,  a n d  i n t a c t  p o u l t r y  m u s c le .

T o  e s t a b l i s h  t h e  r e l a t i o n s h i p  b e t w e e n  I n s t r o n  m e a s u r e 
m e n t s  o f  m e a t  t e x t u r e  a n d  s e n s o r y  a n a ly s i s  o f  m e a t  t e x 
t u r e ,  V o i s e y  e t  a l .  ( 1 9 7 5 )  u s e d  a  c o m p r e s s i o n  a t t a c h m e n t  
m o u n t e d  o n  t h e  I n s t r o n ;  f o r  f r a n k f u r t e r s ,  t h e y  f o u n d  
h ig h  c o r r e l a t i o n  w i t h  s e n s o r y  s c o r e s  ( f i r m n e s s  r = 0 .9 2 ,  a n d  
c h e w in e s s  r = 0 .8 9 ) .  Q u i n n  e t  a l .  ( 1 9 7 8 )  i n  e v a lu a t i n g  f r a n k 
f u r t e r s  d e t e r m i n e d  t h e s e  c o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  
s e n s o r y  s c o r e s  a n d  I n s t r o n  m e a s u r e m e n t s :  f i r m n e s s ,  0 . 9 4 ;  
c o h e s iv e n e s s ,  0 . 9 5 ;  a n d  r e s i l i e n c e ,  0 .3 6 .  S i m o n  e t  a l . ( 1 9 6 5 ) ,  
u s in g  p u n c t u r e  p r o b e s  s h a p e d  a s  m o la r s  a n d  in c i s o r s  t o  
e v a lu a t e  t e x t u r e  o f  w h o l e  f r a n k f u r t e r s ,  f o u n d  e x c e l l e n t  
c o r r e l a t i o n  ( r = —0 . 8 7 )  b e t w e e n  p u n c t u r e  t e s t s  a n d  t a s t e  
p a n e l  e v a l u a t i o n  o f  t e n d e r n e s s .  B a k e r  e t  a l .  ( 1 9 7 0 ) ,  w h o  
e v a lu a t e d  t e x t u r a l  c h a n g e s  o f  c h i c k e n  f r a n k f u r t e r s  o f  
d i f f e r e n t  p H ,  f o u n d  t h a t  I n s t r o n  p u n c t u r e  m e a s u r e s  a n d  
t a s t e  p a n e l  s c o r e s  w e r e  r e l a t e d  ( r = 0 . 9 4 8 ) .

A l t h o u g h  s o m e  i n f o r m a t i o n  e x i s t s  o n  u s e  o f  t h e  I n s t r o n  
f o r  e v a lu a t i n g  p o u l t r y  p r o d u c t s ,  m o r e  w o r k  n e e d s  t o  b e  
d o n e .  W e  d e v e lo p e d  s i m u l a t e d  t e e t h  a t t a c h m e n t s  f o r  t h e  
I n s t r o n  a n d  c o m p a r e d  t h e m  a n d  o t h e r  I n s t r o n  a t t a c h m e n t s  
w i t h  s e n s o r y  s c o r e s  f o r  i n t a c t  p o u l t r y  m u s c le  a n d  a  p r o c e s s e d  
p o u l t r y  p r o d u c t  ( f r a n k f u r t e r s ) .

E X P E R IM E N T A L
S en so ry  an a lysis

C h ic k e n  (P ru sa  e t  a l., 1 9 8 1 ) a n d  tu rk e y  (C h am b ers  e t  a l., 1 9 8 2 ) 
sam p les  (4  x  1% x  Vi cm ) f ro m  p e c to ra l is  m a jo r  m u sc les  tr e a te d  w ith  
th re e  leve ls  o f  p a p a in  a n d  c o o k e d  in  m ic ro w av e  a n d  c o n v e n tio n a l 
o v en s  w ere  c u t  p e rp e n d ic u la r  to  th e  m u sc le  f ib e rs  a n d  serv ed  to  a  1 0  

o r  1 1 -m em b er, s em i-tra in ed  p a n e l fo r  sen so ry  ana lysis . P an e lis ts  
w ere  g iven  a  2 1  cm  s tru c tu re d , lin e a r scale  (d iv id ed  a n d  lab e led  
ev e ry  3 cm  b eg in n in g  1.5 cm  fro m  th e  e n d ) to  u se  in  ev a lu a tin g  
te n d e rn e ss  a n d  m ea liness .

P o u lt ry  f r a n k fu r te r s  co n ta in in g  tw o  levels o f  n i tr i te  an d  p o ta s s iu m  
s o rb a te  o r  so rb ic  ac id  w ere  p re p a re d  a c c o rd in g  to  C h a m b e rs  e t  al.

A uthors Prusa, Bowers, and Chambers are a ffiliated with the Dept, 
o f  Foods & N utrition , Kansas State Univ., Manhattan, K S  66506.

(1 9 8 2 )  a n d  p re s e n te d  to  a  1 0 -m em b er, s em i-tra in ed  sen so ry  p an e l, 
w h o  sco red  th e m  fo r  firm n ess  o n  a  2 1  cm  s tru c tu re d , lin e a r  scale 
d iv id ed  th e  sam e as fo r  c h ic k e n  an d  tu rk e y .

In s t ro n  m ea su re m en ts
D u p lic a te  sam p les  (4  x  1 x  Vi cm ), c u t  p e rp e n d ic u la r  to  th e  

m u sc le  fib e rs , w ere  u se d  to  m ea su re  c o n n e c tiv e  tissu e  s tre n g th  
b e tw e e n  f ib e rs ; o th e r  sam p les  (4  x Vi x Vi cm ) fo r  m ea su rin g  f ib e r  
s tre n g th  w ere  c u t  p a ra lle l to  th e  m u sc le  fib e rs . S am p le s  w ere  p laced  
b e tw e e n  ten s ile  g rip s  m o u n te d  o n  a n  In s t ro n  U n iversa l T es tin g  
M ach in e , M o d e l 1 1 2 2  a n d  p u lle d  a p a r t  w ith  2 kg  o f  fo rc e  (c ro ssh e ad  
sp e ed , 20  m m  p e r m in ; c h a r t  sp e ed , 1 00  m m  p e r  m in ). T h ree  
m e a su re m e n ts  w ere  ta k e n  fro m  th e  cu rv es: ( 1 ) a rea  u n d e r  th e  cu rve, 
(2 )  p e a k  h e ig h t, a n d  (3 ) b ase lin e  le n g th  fro m  b eg in n in g  o f  cu rv e  
to  a  lin e  d ra w n  p e rp e n d ic u la r  f ro m  p e a k  h e ig h t to  b ase line .

D u p lic a te  tu rk e y  sam p les  ( 4 x 1 x 1  cm , p e c to ra l is  m a jo r  m uscle) 
w ere  c o m p resse d  b y  using  a  s im u la te d  m o la r  a t ta c h m e n t  m o u n te d  
o n  th e  In s t ro n  (w ith  a  fo rc e  o f  10 k g , c ro ssh ea d  sp eed  o f  1 00  m m  
p e r  m in , a n d  re c o rd e r  c h a r t  sp eed  o f  2 0 0  m m  p e r  m in ). A d d it io n a lly , 
co re  sam p les  (1 .2 7  cm  d iam ) c u t  p a ra lle l to  th e  f ib e rs  w ere  sh ea red  
w ith  a  W arn e r-B ra tz le r shear a t ta c h m e n t  m o u n te d  o n  th e  In s tro n . 
P ea k  h e ig h t a n d  area  u n d e r  th e  cu rv e  w ere  m easu red .

In s t ro n  m e a su re m e n ts  (sh e a r , c o m p ress io n , a n d  p u n c tu re )  w ere  
m ad e  o n  sam ples o f  p o u lt ry  f r a n k fu r te r s . O n e  sam p le , a  2 .5 -cm  
s e c tio n , w as sh ea red  b y  u sing  a  W arn e r-B ra tz le r sh ear a t ta c h m e n t 
m o u n te d  o n  th e  In s t ro n . A d d it io n a lly , a  s im u la te d  in c iso r a t ta c h 
m e n t w as u se d  to  m ea su re  te x tu r e  o f  a  2 .5 -cm  se c tio n  ( th ro u g h  th e  
sk in ) an d  a  m o la r  a t ta c h m e n t  (w ith  th e  m o la rs  b itin g  th ro u g h  th e  
sk in ) to  m ea su re  th e  co m p ress io n  o f  a  6 .2 5  cm  se c tio n  is sh o w n  in  
F ig . 1. A n o th e r  m e a su re m e n t w as m ad e  o n  1 cm  s e c tio n s  (sam e  
s ty le  o f  sam p le  as fo r  ta s te  p a n e l) , p la c e d  u p r ig h t  a n d  c o m p resse d  
w ith  th e  m o la r  a t ta c h m e n t  b itin g  th ro u g h  th e  in te r io r  o f  th e  sam p le  
w ith o u t  f i r s t  ru p tu r in g  th e  o u te r  sk in . M o la r (3 .8  in . d iam ) an d  
in c iso r  (Vi in . x 1 /1 6  in .) a t ta c h m e n ts  w ere  m a d e  o f  a lu m in u m  b y  
th e  K an sas  S ta te  U n iv e rs ity  P h y sics  L a b o ra to ry . T h e  la s t m e a su re 
m e n t  w as w ith  a  0 .3 1 7 -c m  p u n c tu re  p ro b e  m o u n te d  o n  th e  In s t ro n ;

Fig. 1—Sim ulated incisor attachm ent fo r instron.
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IN ST R O N /S EN SO R Y  S C O R E S  O F  P O U L T R Y  T E X T U R E .  . .

the probe moved through samples (2.5 cm), first rupturing the top 
skin, continuing through the interior and also puncturing the bottom 
skin. All measurements were taken with 10 kg of force, applied at a 
crosshead speed of 100 mm per min and graphed at a chart speed of 
200 mm per min. Peak height and area under the curve were mea
sured.Correlation coefficients were determined for Instron measure
ments and sensory scores for firmness (frankfurters) and tenderness 
and mealiness (chicken and turkey) by using both the means of six 
treatments (n=6) and for the 58 or 60 individual observations (n=58 
or 60).

R E S U L T S  &  D IS C U S S IO N
C O R R E L A T I O N  C O E F F I C I E N T S  b a s e d  o n  b o t h  t r e a t m e n t  
m e a n s  a n d  i n d iv id u a l  o b s e r v a t i o n s  a r e  p r e s e n t e d  i n  T a b l e  1. 
C o r r e l a t i o n s  w e r e  h ig h e r  w h e n  t r e a t m e n t  m e a n s  w e r e  u s e d  
t h a n  w h e n  i n d iv id u a l  o b s e r v a t i o n s  w e r e  u s e d  b e c a u s e  
a v e r a g in g  1 0  o b s e r v a t i o n s  f o r  e a c h  t r e a t m e n t  r e d u c e d  
v a r i a t i o n .  F o r  c h i c k e n  a n d  t u r k e y ,  t h e  c o r r e l a t i o n  c o e f 
f i c i e n t s  w o u ld  b e  e x p e c t e d  t o  b e  n e a g t i v e  b e c a u s e  as  
t e n d e r n e s s  a n d  m e a l i n e s s  in c r e a s e ,  I n s t r o n  m e a s u r e m e n t s  
s h o u l d  d e c r e a s e .  F o r  f r a n k f u r t e r s ,  c o e f f i c i e n t s  w o u ld  b e  
e x p e c t e d  t o  b e  p o s i t i v e  b e c a u s e  a s  f i r m n e s s  s c o r e s  in c r e a s e ,  
I n s t r o n  v a lu e s  s h o u l d  i n c r e a s e .

Table 1—Correlation coefficients fo r Instron measurements and 
sensory attributes o f  intact chicken and turkey muscle and frank
furters

Tenderness Mealiness
n=6a n=60b n=6a n=60b

Chicken
Fiber0

Peak height —0.20 ns —0.01 ns -0 .1 9  ns —0.13 ns
Baseline length —0.58  ns —0.19 ns —0.33 ns - 0.22  ns
Area under curve 

Connective tissued
-0 .9 0  * —0.08 ns —0.75 ns —0.13 ns

Peak height —0.70  ns - 0.12 ns —0.78 ns —0.05  ns
Baseline length —0.70 ns -0 .2 4  ns -0 .9 0  * -0 .3 8  **
Area under curve —0.66  ns —0.02 ns —0.78 ns —0.2 5  ns

T urkey
Warner-Bratzler

Area under curve 0 .13 ns -0 .3 2  * 0.50 ns —0.06  ns
Peak height 

Sim ulated molar
0 .47 ns 0 .30 * 0.75 ns 0 .06  ns

Area under curve —0.49 ns - 0.20  ns —0.70 ns - 0.21 ns
Peak height —0.53  ns -0 .2 3  ns - 0 .7 7  ns —0.20  ns

Firmness
Frankfurter

Warner-Bratzler
n=6a n=60b

Area under curve 0.88 * 0 .47 ***
Peak height 

Puncture probe
0.92 ** 0.59 ***

Area under curve 0.99 **♦ 0.25 ns
Peak height 

Sim ulated incisor
0 .98 *** 0.68 ***

Area under curve 0.96 ** 0.59 ***
Peak height 

Sim ulated molars 1
0 .98 *** 0 .59  ***

Area under curve 0 3 5  ** 0 .55  ***
Peak height 

Sim ulated molars II
0 .57 ns 0.11 ns

Area under curve 0.74 ns 0 .39 **
Peak height 0.53 ns 0 .19 ns

a T re a tm e n t  m eans (tre a tm e n t  d escribed  in  C h am b e rs  and B o w e rs  (19 8 1 ), C h am b e rs  et a l . (19 82) and  Prusa  et a l . (1981) 
°  In d iv id u a l o b se rv a tio n s , o n ly  58 fo r  ch ic k e n  
i  S a m p le  c u t  p a ra lle l to  m u sc le  f ib e r 
°  S a m p le  c u t  p e rp e n d lcu a lr  to  m u sc le  f ib e r 
* * * ,  s ig n ific a n c e  at 0 .1 %  level 
* * ,  s ig n ific a n ce  at 1%  level 
* ,  s ig n ific a n ce  at 5% level 
n s , n o t s ig n ific a n t

C h ic k e n
F o r  r e l a t i n g  I n s t r o n  m e a s u r e m e n t s  o f  f i b e r  s t r e n g t h  t o  

b o t h  t e n d e r n e s s  a n d  m e a l i n e s s  o f  c h i c k e n  ( T a b l e  1 ) , c o r r e 
l a t i o n  c o e f f i c i e n t s  w e r e  h ig h e r  ( u s i n g  t r e a t m e n t  m e a n s )  f o r  
m e a s u r e m e n t s  o f  a r e a  u n d e r  t h e  c u r v e  o r  o f  b a s e l i n e  l e n g t h  
t h a n  f o r  t h o s e  o f  p e a k  h e ig h t .  G e n e r a l l y ,  p e a k  h e i g h t  
m e a s u r e m e n t s  f r o m  t h e  I n s t r o n  c u r v e s  p r o d u c e d  lo w  a n d  
n o n s i g n i f i c a n t  c o r r e l a t i o n  c o e f f i c i e n t s  w h e n  r e l a t e d  t o  
t e n d e r n e s s  a n d  m e a l i n e s s  s c o r e s .

I n s t r o n  m e a s u r e m e n t s  ( p e a k  h e i g h t ,  b a s e l i n e  l e n g t h ,  a r e a  
u n d e r  c u r v e )  o f  c o n n e c t i v e  t i s s u e  s t r e n g t h  b e t w e e n  f i b e r s  
w e r e  r e l a t e d  m o d e r a t e l y  ( r = —0 .6 6  t o  —0 .9 0 )  t o  m e a l i n e s s  
a n d  t e n d e r n e s s  s c o r e s  w h e n  t r e a t m e n t  m e a n s  w e r e  u s e d .  
F o r  t r e a t m e n t  m e a n s  a n d  i n d iv id u a l  o b s e r v a t i o n  c a l c u l a 
t i o n s ,  b a s e l i n e  l e n g t h  m e a s u r e m e n t s  o f  I n s t r o n  c u r v e s  h a d  
h ig h e r  c o r r e l a t i o n  c o e f f i c i e n t s  w i t h  s e n s o r y  s c o r e s  t h a n  t h e  
o t h e r  t w o  m e a s u r e m e n t s .

I n  g e n e r a l ,  m o r e  c o r r e l a t i o n  c o e f f i c i e n t s  w e r e  s i g n i f i c a n t  
b e t w e e n  s e n s o r y  s c o r e s  a n d  I n s t r o n  m e a s u r e m e n t s  w h e n  
b a s e l i n e  l e n g t h  a n d  a r e a  m e a s u r e m e n t s  o f  c u r v e s  w e r e  m a d e  
t h a n  w h e n  p e a k  h e i g h t  w a s  m e a s u r e d .

T u r k e y
C o r r e l a t i o n  c o e f f i c i e n t s  f r o m  t h e  t u r k e y  d a t a ,  p r e s e n t e d  

i n  T a b l e  1 , w e r e  n e g a t i v e  w h e n  t h e y  i n d i c a t e d  g o o d  a g r e e 
m e n t  b e t w e e n  s e n s o r y  s c o r e s  a n d  I n s t r o n  m e a s u r e m e n t s .  
G e n e r a l l y ,  m e a s u r e m e n t s  w i t h  t h e  W a r n e r - B r a t z l e r  s h e a r  
a t t a c h m e n t  d id  n o t  r e l a t e  t o  t e n d e r n e s s  o r  m e a l i n e s s  
o f  t u r k e y ,  a s  i n d i c a t e d  b y  t h e  lo w  a n d  i n  s o m e  c a s e s  p o s i 
t i v e  c o r r e l a t i o n  c o e f f i c i e n t s .  M e a s u r e m e n t s  u s in g  t h e  
s i m u l a t e d  m o l a r  a t t a c h m e n t  h a d  h ig h e r  c o r r e l a t i o n  c o e f 
f i c i e n t s  w i t h  s e n s o r y  s c o r e s  ( u s u a l l y  n e g a t i v e  a s  e x p e c t e d )  
t h a n  d id  t h o s e  u s in g  t h e  W a r n e r - B r a t z le r  s h e a r ;  b u t  e v e n  s o ,  
n o n e  w a s  s i g n i f i c a n t .

F r a n k f u r t e r s
F o r  f r a n k f u r t e r s ,  p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  

f i r m n e s s  s c o r e s  a n d  I n s t r o n  m e a s u r e m e n t s  w e r e  e x p e c t e d  
( T a b l e  1 ). I n  m o s t  c a s e s  a l l  c o r r e l a t i o n  c o e f f i c i e n t s  w e r e  
m o d e r a t e  o r  h ig h .  M e a s u r e m e n t s  u s in g  t h e  W a r n e r - B r a t z l e r  
s h e a r ,  p u n c t u r e  p r o b e ,  a n d  s i m u l a t e d  i n c i s o r  a t t a c h m e n t  
w e r e  m o r e  h ig h l y  r e l a t e d  t o  f i r m n e s s  s c o r e s  t h a n  w e r e  
m e a s u r e m e n t s  w i t h  t h e  s i m u l a t e d  m o la r  a t t a c h m e n t .

T h e  r e s u l t s  o f  o u r  w o r k  i n d i c a t e  t h a t  b y  u s in g  t h e  
I n s t r o n  U n iv e r s a l  T e s t i n g  M a c h in e  o n e  c a n  o b t a i n  a  g o o d  
m e a s u r e  o f  f i r m n e s s  o f  f r a n k f u r t e r s ,  b u t  a t t a c h m e n t s  f o r  
m e a s u r e  o f  t h e  t e x t u r e  o f  i n t a c t  m u s c le  s h o u l d  b e  f u r t h e r  
r e f i n e d .
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P r o t e i n  E f f i c i e n c y  R a t i o  a n d  A m o u n t s  o f  S e l e c t e d  N u t r i e n t s  
i n  M e c h a n i c a l l y  D e b o n e d  S p e n t  L a y e r  M e a t

E . L . M O T T , J .  H . M a c N E I L ,  M . G . M A S T , a n d  R . M . L E A C H

-------------------------------------- A B S T R A C T ----------------------------------------
T h re e  ty p e s  o f  m e c h a n ic a lly  d e b o n e d  s p e n t la y e r m e a t (M D S L ) 
w e re  fo u n d  to  h av e  a d ju s te d  p ro te in  e f f ic ie n c y  ra t io s  (P E R ) eq u iv a 
le n t  o r  s u p e rio r to  a  s ta n d a rd  (case in ) d ie t . T h e se  sam e m a te r ia ls  
p ro v e d  to  b e  g o o d  so u rces  o f  c a lc iu m , iro n  a n d  z in c . P e rc e n ta g e  p r o 
te in  ra n g ed  f ro m  1 5 .3 9  fo r  M D S L  fro m  w h o le  s p e n t lay e rs  to  1 6 .55  
fo r  M D S L  f ro m  sp e n t la y e r  fram e s  w ith  w ings. F a t  levels w e re  h ig h 
e s t fo r  w h o le  b ird s  (2 0 .4 1 % ) an d  lo w es t fo r  f ram e s  w ith o u t  sk in  
(1 6 .8 4 % ). H ig h  leve ls  o f  u n s a tu ra te d  f a t ty  ac id s  w e re  fo u n d  to  b e  
asso c ia ted  w ith  th e se  p ro d u c ts .

IN T R O D U C T IO N
M E C H A N I C A L L Y  D E B O N E D  p o u l t r y  m e a t  (M D P M )  f r o m  
s p e n t  l a y e r s  is  c u r r e n t l y  b e in g  u s e d  i n  a  v a r i e t y  o f  f o o d  
p r o d u c t s —s p e c i f i c a l l y  i n  s a u s a g e - ty p e  f o o d s  s u c h  a s  f r a n k 
f u r t e r s  a n d  b o l o g n a .  T h e s e  p r o d u c t s  h a v e  m e t  w i t h  c o n 
s u m e r  a p p r o v a l  a n d  e x p a n d e d  u s a g e  i n  o t h e r  f o o d  i t e m s  is  
u n d e r w a y .

C h e m ic a l  a n d  p h y s i c a l  c h a r a c t e r i s t i c s  o f  M D P M  w e r e  
f i r s t  i d e n t i f i e d  b y  G r u n d e n  e t  a l .  ( 1 9 7 2 ) .  F u r t h e r  s t u d i e s  b y  
C u n n in g h a m  a n d  M u g le r  ( 1 9 7 4 ) ,  D h i l l o n  a n d  M a u r e r
( 1 9 7 5 )  a n d  M a s t  a n d  M a c N e i l  ( 1 9 7 6 )  p r o v i d e d  i n f o r m a t i o n  
o n  t h e  f u n c t i o n a l  p r o p e r t i e s  o f  M D P M . M ic r o b i a l  q u a l i t i e s  
o f  M D P M  w e r e  i d e n t i f i e d  b y  O s t o v a r  e t  a l .  ( 1 9 7 1 ) ,  M a x c y  
e t  a l .  ( 1 9 7 3 )  a n d  M u ld e r  a n d  D o r r e s t e j j n  ( 1 9 7 5 ) .

S e v e r a l  s t u d i e s  o n  t h e  n u t r i t i o n a l  c h a r a c t e r i s t i c s  o f  
M D P M  h a v e  b e e n  c o n d u c t e d .  E s s a r y  a n d  R i t c h e y  ( 1 9 6 8 )  
d e t e r m i n e d  t h e  a m i n o  a c id  p r o f i l e  o f  m e c h a n i c a l l y  d e b o n e d  
t u r k e y  m e a t .  M a c N e i l  e t  a l .  ( 1 9 7 8 )  r e p o r t e d  s im i la r  a m i n o  
a c id  p r o f i l e s  f o r  m e c h a n i c a l l y  d e b o n e d  b r o i l e r  m e a t  a n d  
g r o u n d  b e e f .  B io lo g i c a l  e v a l u a t i o n  o f  p r o t e i n  q u a l i t y ,  a s  
e x p r e s s e d  b y  P r o t e i n  E f f i c i e n c y  R a t i o  ( P E R ) ,  f o r  r a w  
m e c h a n i c a l l y  d e b o n e d  b r o i l e r  m e a t  w a s  f o u n d  t o  b e  c o m 
p a r a b l e  t o  a  s t a n d a r d  c a s e i n - l a c t a l b u m i n  d i e t  ( B r i n k m a n  
a n d  M a c N e i l ,  1 9 7 6 )  a n d  a  s t a n d a r d  c a s e in  d i e t  ( M a c N e i l  
e t  a l . ,  1 9 7 8 ) .  M e c h a n i c a l l y  d e b o n e d  t u r k e y  m e a t  (M D T M )  
w a s  a l s o  f o u n d  t o  h a v e  a  s i g n i f i c a n t l y  h i g h e r  P E R  v a lu e  
w h e n  c o m p a r e d  t o  a  c a s e in  d i e t  ( M a c N e i l  e t  a l . ,  1 9 7 9 ) .

L i t t l e  c o m p r e h e n s iv e  i n f o r m a t i o n  c o n c e r n i n g  m e c h a n 
ic a l l y  d e b o n e d  s p e n t  l a y e r  m e a t  ( M D S L )  is  a v a i l a b l e  i n  t h e  
l i t e r a t u r e .  I t  is  t h e  i n t e n t  o f  t h i s  p a p e r  t o  p r o v i d e  t h i s  i n 
f o r m a t i o n .

E X P E R IM E N T A L
T H R E E  T Y P E S  O F  M D S L  w ere  o b ta in e d  f r o m  a co m m e rc ia l p o u l
t r y  p ro cess in g  p la n t  in  N ew  Je rse y . S am p le s  c o n s is te d  o f  d e b o n e d  
m e a t fro m  ra w  w h o le  s p e n t la y e rs , sp e n t la y e r fra m e s  w ith  w ings 
(M D S L  w ith  sk in ) a n d  sp e n t la y e r  fra m e s  (M D S L  w ith o u t  sk in ). 
P o u lt ry  fram e s  in c lu d e  b ac k s , b re a s t  cage a n d  r ib s , a n d  pelv ic  
g ird le  areas. F o u r  10  kg  b o x e s  o f  e a ch  ty p e  o f  m e a t w e re  o b ta in e d . 
O n e  b o x  f ro m  ea ch  ty p e  w as p a c k e d  in  in su la te d  c o n ta in e rs  an d

Authors MacNeil and Mast are w ith the Dept, o f  Fo o d  Science, The 
Pennsylvania State Univ., University Park, PA 16802. A u thor Leach  
is with the Dept, o f  Pou ltry Science, The Pennsylvania State Univ., 
University Park, PA 16802. A u th o r M ott, form erly w ith The Penn
sylvania State Univ., is now  with the School o f  Public Health, Univ. 
o f  Michigan, Ann A rbo r, M l 48109.

im m e d ia te ly  tr a n s p o r te d  u n f ro z e n  to  th e  u n iv e rs ity  fo r  in it ia l  
an a lys is . T h e  re m a in in g  b o x e s  re p re s e n tin g  sam p les  o f  e a ch  g ro u p  
w ere  p lac ed  in  th e  p la n t ’s fre e z e r  a lo n g  w ith  th e  re g u la r  p ro d u c t io n  
ru n  o f  m ech a n ica lly  d e b o n e d  p o u l t ry  m e a t. T h is  m a te r ia l  w as  r e 
m o v e d  f ro m  th e  f re e z e r  a n d  t r a n s p o r te d  to  th e  u n iv e rs i ty  a f te r  1  

w k . T h e  s tu d y  w as re p lic a te d  th re e  tim e s  w ith  a ll c h e m ica l an a lyses  
c o n d u c te d  in  d u p lic a te .

O ffic ia l m e th o d s  o f  th e  A O  A C  (1 9 7 5 )  w e re  u se d  to  d e te rm in e  
f a t  (p e tro le u m  e th e r  e x tra c ta b le s ) , m o is tu re , ash , f a t ty  ac id s  (p re p 
a ra t io n  ac co rd in g  to  M e tca lfe  e t  a l ., 1 9 6 6 ) an d  p ro te in  b y  K je ld ah l 
n i tro g e n  d e te rm in a tio n  (N  x 6 .2 5  f o r  m e a t p ro te in ) . I ro n  a n d  z in c  
w ere  m ea su re d  b y  a to m ic  a b s o rp tio n  s p e c tro p h o to m e try  (P e rk in - 
E lm e r C o ., N o rw a lk , C T ), c a lc iu m  c o n te n t  b y  a  C o rn in g  ca lc iu m  
a n a ly z e r  (C o rn in g  S c ie n tif ic  In s t . ,  M e d fo rd , M A ), ca lo rie  c o n te n t  b y  
a  P a rr  A u to m a tic  A d ia b a tic  C a lo r im e te r , P a rr  In s t ru m e n t  C o ., 
M o in e , IL ) , am in o  ac id s  w ith  a  B e c k m a n  M o d e l 121  am in o  ac id  
an a ly z e r  (B e ck m an  In s t ru m e n ts , P a lo  A lto , C A ), u sing  p ro c e d u re s  
o u t lin e d  in  B ec k m a n  In s t ru c t io n  M an u a l A -IM 3 f lu o r id e  c o n te n t  
u sing  a  sp ec if ic  io n  e le c tro d e  (D o la n  e t  a l. 1 9 7 7 ) a n d  o x id a tiv e  
s ta b il i ty  ch ang es  b y  th e  2 - th io b a rb itu r ic  a c id  (T B A ) te s t  (T arladg is  
e t  a l ., 1 9 6 0 ) .

A m in o  ac id  an a ly s is  a n d  th e  P E R  s tu d y  w e re  c o n d u c te d  o n  
p o o le d  sam ples o f  e a ch  ty p e  o f  m e a t  f ro m  th e  th re e  re p lic a te s . 
F ro z e n  b lo c k s  o f  m e a t w ere  c u t  in to  sm all cu b es  u sing  a  m e a t  b a n d  
saw , a n d  fre e ze -d rie d . T h e  m a te r ia l w as  th e n  g ro u n d  in  a  H o b a r t  
m e a t g r in d e r , p lac ed  in  sea led  c o n ta in e rs  a n d  h e ld  a t  2 1 °C  u n t i l  
in c o rp o ra te d  in to  th e  e x p e r im e n ta l d ie ts . P ro x im a te  an a lysis , am in o  
ac id s  a n d  f a t ty  ac id s  w ere  d e te rm in e d  o n  free ze -d r ie d  m a te r ia l as  
w e ll as  fre s h  M D S L  to  d e te c t  p o ss ib le  ch an g es  d u r in g  freeze -d ry in g .

A O A C  (1 9 7 5 )  p ro c e d u re s  f o r  P E R  w ere  fo llo w e d  e x c e p t  t h a t  f a t  
c o n te n ts  o f  th e  d ie ts  w ere  a d ju s te d  to  c o m p le m e n t th e  h ig h e r fa t  
c o n te n t  o f  th e  te s t  m a te r ia l. F o r  e x a m p le , in c lu s io n  o f  th e  te s t  
m a te r ia l  a t  th e  re c o m m e n d e d  level to  p ro v id e  th e  re q u ir e d  9% 
p ro te in  re su lte d  in  a n  18%  d ie ta ry  f a t  c o n te n t .  T h u s  a  s ta n d a rd  
case in  d ie t  w ith  a n  18%  fa t  leve l w as in c lu d e d  as w e ll as a  9%  fa t  
leve l case in  d ie t . T h is  p ro c e d u re  is s im ila r to  t h a t  sug gested  b y  
H u r t  e t  al. (1 9 7 4 ) . I t  h a s  b e e n  sh o w n  in  tw o  p rev io u s  s tu d ie s , M ac
N eil e t  al. (1 9 7 8 )  an d  M acN eil e t  a l. ( 1 9 7 9 ) ,  th a t  th e re  w e re  n o  
s ig n if ic an t d iffe re n c es  b e tw e e n  th e  P E R  v alu es  o b ta in e d  w ith  th e  
h ig h  an d  lo w  fa t  case in  d ie ts . S u b s e q u e n t te s t in g  u se d  th e  c o n 
v e n tio n a l 9%  fa t  leve l d ie ts  fo r  a d ju s tin g  th e  P E R  v alu es . E ach  
te s t  d ie t  w as  fe d  to  10  m ale  w ean lin g  r a ts  (W istar s tra in , C h a rles  
R iv er B reed in g  L ab s , W ilm in g to n , M A ) w h ic h  w e re  in d iv id u a lly  
h o u se d  in  sta in less  s te e l cages w ith  ra ised  w ire  b o t to m s . F o o d  an d  
w a te r  w e re  s u p p lied  a d  l ib i tu m .  P E R  v alu es  w ere  c o m p u te d  fo r  each  
r a t  as g ram s o f  w e ig h t p e r  g ram  o f  p ro te in  c o n su m e d . P E R  v alues 
o b ta in e d  w e re  ad ju s te d  w ith  th e  re fe re n c e  case in  d ie t  b e in g  g iven 
th e  v a lu e  o f  2 .5 .

D a ta  w ere  a n a ly z e d  b y  an a ly s is  o f  v a rian ce  to  d e te rm in e  e f fe c ts  
o f  tr e a tm e n t  an d  re p lic a tio n  o n  th e  c h a ra c te r is tic s  o f  M D PM . 
W h en  s ig n ific an t d iffe re n c e s  w ere  fo u n d  b y  th e  an a ly s is  o f  v a ri
a n c e , D u n c an s  N ew  M u ltip le  R an g e  T e s t  (1 9 5 5 )  w as a p p lie d .

R E S U L T S  &  D IS C U S S IO N
M D S L  p r o d u c e d  f r o m  w h o le  s p e n t  l a y e r s  ( T a b l e  1 ) c o n 
t a i n e d  1 5 .3 9 %  p r o t e i n ,  2 0 .4 1 %  f a t ,  a n d  6 2 .4 7 %  m o i s t u r e .  
T h e  p r o t e i n a n d  m o i s t u r e  le v e ls  w e r e  s i g n i f i c a n t l y  l o w e r  a n d  
f a t  c o n t e n t  w a s  s i g n i f i c a n t l y  h i g h e r  f o r  t h i s  t y p e  o f  m e a t  
t h a n  t h o s e  le v e ls  o b s e r v e d  i n  p r e v io u s  s t u d i e s  ( M a c N e i l  
e t  a l . ,  1 9 7 8 ,  1 9 7 9 ) .  T h i s  r e f l e c t s  t h e  c o m p o s i t i o n  o f  t h e  
s a m p le  p r i o r  t o  d e b o n i n g :  M D S L  f r o m  w h o le  s p e n t  l a y e r s  
h a s  a  h ig h  m e a t - t o - b o n e  r a t i o  a n d  i n c l u d e s  t h e  h e a v y  c a r c a s s  
f a t  d e p o s i t s  a n d  s k in  o f  t h e  b i r d .  T h u s ,  t h e  i n c r e a s e d  f a t  
c o n c e n t r a t i o n  r e f l e c t s  t h e  p r e s e n c e  o f  c a r c a s s  f a t  a s  w e l l  a s
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t h e  f a c t  t h a t  f a t  f r o m  s k in  is  e x p r e s s e d  w i t h  t h e  m e a t .  
R e d u c e d  p r o t e i n  c o n c e n t r a t i o n  is  t h o u g h t  t o  b e  d u e  t o  a  
d i l u t i o n  e f f e c t  a n d  a ls o  d u e  t o  t h e  f a c t  t h a t  s k in  p r o t e i n  
( c o l l a g e n )  is  d i s c a r d e d  w i t h  t h e  b o n e  d u r in g  t h e  d e b o n i n g  
p r o c e s s .  W o r k  o n  t h e  e f f e c t  o f  s k in  o n  t h e  r e s u l t a n t  c o m p o 
s i t i o n  o f  t h e  M D S L  p r o d u c t  w a s  f i r s t  d o n e  b y  F r o n i n g  e t  
a l .  ( 1 9 7 3 )  a n d  l a t e r  c o n f i r m e d  b y  M a c N e i l  e t  a l . ( 1 9 7 7 ) .  
W h o le  M D S L  a n d  M D S L  w i t h  s k in  h a d  a  s ig n i f i c a n t l y  
l o w e r  a s h  c o n c e n t r a t i o n  a s  c o m p a r e d  t o  M D S L  w i t h o u t  
s k in .  T h i s  is  t h o u g h t  t o  b e  d u e  t o  t h e  d i l u t i o n  e f f e c t  o f  
f a t  f r o m  s k in  o n  t h e  s a m p le s .

Table 1 —Proxim ate analysis3 and selected nutrien t content o f  
mechanically deboned spent layer meat (wet wt)

C haracteristic Whole W/Skin W/O Skin

Protein (%) 15.39b 16.19a 16.55a
Fat (%) 20.41a 16.91b 16.84b
M oisture (%) 62.47b 66.35a 66.63a
Ash (%) 1.19b 1.28b 1.39a
Calcium (%) 0.19a 0 .20a 0.23a
Iron (mg/100g) 1.20b 4.25a 4.05a
Zinc (mg/100g) 1.87 a 2.48a 2.40a
Fluoride (ppm) — 12.27b 14.58a
Kilocalories/100g 2 7 1 ,4a 234.4b 23.13b
3 M eans fo llo w e d  b y  th e  sam e le tte r  are  n o t s ig n if ic a n t ly  d iffe re n t  

(p  <  0 .0 1 )  fro m  each  o th e r . E a ch  m ean rep resen ts  s ix  d e te rm in a 
t io n s .

Table 2 —Am ino a d d  analysis o f  freeze dried  deboned spent layers 
meat (grams o f  amino acid residue per 100  g o f  total amino acid  
residues)

Amino acid Whole W/Skin W /O Skin
Essential Amino Acids

Histidine 3.47b 5.00a 5.07a
Lysine 9.59a 11.19a 9 .17a
Threonine 4 .81a 4.84a 4.42a
Vi Cystine 0.42a 0.41a 0.65a
Valine 4.01b 4.42ab 4 .74a
M ethionine 2.95a 2.52b 2 .66b
Isoleucine 3.95b 5.61a 5.62a
Leucine 8 .46a 7.87b 7.91b
Phenylalanine 4.02b 4.09ba 4.32a
T ryptophan ND ND ND
Total 41.68 45.95 44.56

Nonessential Amino Acids
Arginine 6.60a 6.25a 4.34b
Aspartic 10.73a 8.74b 9.08b
Serine 4.39a 4.21b 4.29b
Glutam ic 16.95a 15.91a 17.11a
Proline 4.26a 4 .11a 5.01a
Glycine 5.12b 4 .45a 5.51a
Alanine 6.28a 5.71ab 5.51b
Tyrosine 3.62a 3.62a 3.67a
Total 58.45 53.95 54.52
3 E a ch  va lu e  rep rese n ts  th e  m ean of four determ inations on the

poo led  sam p le .
B N D  — not d e te rm in ed
c M eans fo llo w e d  by th e  sam e le tte r  are  n o t s ig n if ic a n t ly  d iffe re n t  

(p  >  0 .0 1 )  fro m  each o th e r .

T a b l e  1 ( S e l e c t e d  n u t r i e n t  c o n t e n t  o f  t h e  t h r e e  t y p e s  o f  
M D S L )  s h o w s  t h a t  M D S L  is  a  g o o d  s o u r c e  o f  c a l c iu m ,  i r o n  
a n d  z i n c .  I r o n  c o n c e n t r a t i o n  is  s i g n i f i c a n t l y  l o w e r  i n  w h o l e  
M D S L  d u e  t o  t h e  p r e s e n c e  o f  a d d i t i o n a l  m e a t  o n  t h e  c a r 
c a s s  p r i o r  t o  d e b o n in g .  H ig h  f l u o r i d e  c o n c e n t r a t i o n s ,  d u e  
t o  t h e  a g e  o f  t h e  b i r d  a n d  t h e  b r i t t l e n e s s  o f  t h e  b o n e s ,  in  
M D S L  w i t h  s k in  a n d  M S D L  w i t h o u t  s k in  c o u ld  b e  r e d u c e d  
b y  m a k in g  t h e  a p p r o p r i a t e  a d j u s t m e n t  t o  t h e  d e b o n e r  
s c r e e n .  K i l o c a lo r i e s ,  a s  e x p e c t e d ,  r e f l e c t  t h e  f a t  c o n c e n 
t r a t i o n s  o f  t h e  i n d iv id u a l  s a m p le s .

A m in o  a c id  p r o f i l e s  o f  t h e  t h r e e  M D S L  t y p e s  a r e  s h o w n  
i n  T a b l e  2  a n d  a r e  g r o u p e d  i n t o  e s s e n t i a l  a n d  n o n e s s e n t i a l  
a m i n o  a c id s .  T h i s  s t u d y  d id  n o t  i n c l u d e  a  d e t e r m i n a t i o n  o f  
t r y p t o p h a n  s in c e  i t  is  r e a d i l y  d e s t r o y e d  b y  t h e  a c id  h y 
d r o ly s i s  p r o c e d u r e  u s e d .  H i s t i d in e  is  i n c l u d e d  a s  a n  e s s e n t i a l  
a m i n o  a c id  b e c a u s e  i t  is  e s s e n t i a l  i n  t h e  d i e t s  o f  i n f a n t s  a n d  
r a t s .  C y s t i n e  is  i n c l u d e d  s in c e  i t  m a y  r e p l a c e  p a r t  o f  m e t h i o 
n i n e .  T h e r e  w a s  l i t t l e  v a r i a t i o n  in  t h e  a m i n o  a c id  p r o f i l e  
o f  e a c h  M D S L  t y p e .  A n a ly s i s  o f  v a r i a n c e  o n  t h e  e s s e n t i a l  
a m i n o  a c id  g r o u p i n g  s h o w e d  t h a t  w h o l e  M D S L  w a s  s ig n i f i 
c a n t l y  d i f f e r e n t  f r o m  M D S L  w i t h  s k in  a n d  w i t h o u t  s k in  
f o r  h i s t i d i n e ,  m e t h i o n i n e ,  i s o l e u c i n e ,  a n d  l e u c i n e .  S tu d i e s  
o n  c o m m e r c i a l  l e a n  g r o u n d  b e e f  p e r f o r m e d  i n  t h i s  l a b o r a 
t o r y  r e v e a l e d  a  t o t a l  o f  4 0 g  e s s e n t i a l  a m i n o  a c id s  p e r  lO O g  
o f  t o t a l  a m i n o  a c id s  a s  c o m p a r e d  t o  4 1 . 6 8 g ,  4 5 . 9 8 g ,  a n d  
4 4 . 5 6 g  e s s e n t i a l  a m i n o  a c id s  p e r  lO O g  o f  t o t a l  a m i n o  a c id s  
f o r  w h o le  M D S L , M D S L  w i t h  s k in ,  a n d  M D S L  w i t h o u t  s k in .

T h e  r e s u l t s  o f  t h e  P E R  t e s t  a r e  s h o w n  i n  T a b l e  3 . I n  t e s t  
1 w h e n  w h o l e  f o w l  w a s  e v a lu a t e d  t h e  P E R  v a lu e  f o r  t h i s  
m a t e r i a l ,  w h i l e  h ig h e r ,  w a s  n o t  s i g n i f i c a n t l y  b e t t e r  t h a n  t h e  
h ig h - f a t  s t a n d a r d  c a s e in  d i e t  b u t  w a s  h i g h e r  t h a n  t h e  lo w -  
f a t  d i e t .  I n  t e s t  2  w h e n  t w o  t y p e s  o f  M D S L  w a s  c o m p a r e d  
t o  t h e  c o n v e n t i o n a l  9 %  f a t  c a s e in  d i e t  b o t h  w e r e  f o u n d  t o  
b e  s ig n i f i c a n t l y  h ig h e r .  I t  is  e v id e n t  t h e n  t h a t  t h e  w h o le  
f o w l  o r  M D S L  o b t a i n e d  f r o m  f o w l  f r a m e s ,  w i t h  o r  w i t h o u t  
s k in ,  is  a  g o o d  s o u r c e  o f  h ig h  q u a l i t y  p r o t e i n .

F a t t y  a c id  c o m p o s i t i o n  ( T a b l e  4 )  s h o w s  l i t t l e  d i f f e r e n c e  
b e t w e e n  t w o  t y p e s  o f  M D S L  t e s t e d .  I t  s h o u l d  b e  n o t e d  t h a t  
M D S L  c o n t a i n s  t h e  e x p e c t e d  h ig h  le v e l  o f  u n s a t u r a t e d  
f a t t y  a c id s  n o r m a l l y  a s s o c i a t e d  w i t h  p o u l t r y  p r o d u c t s .

—Continued on page 663

Table 3 —Growth and protein e ffic iency ratios (P E R ) fo r rats fed  
mechanically deboned spent layer meat

Total w t Total feed Total p rotein
Diet

gained
(g)

consum ed
(g)

consum ed
(g)

Adjusted
PER

Test I
Casein (8% fat) 111 ,69b 401.88b 36.17b 2.36b
Casein (18% fat) 111,88b 381.91b 34.37b 2.50ab
Whole fowl 142.97a 461.97a 41.58a 2.65a

Test II
Casein (9% fat) 106.69b 435.67b 39.21b 2.50b
Fowl w/skin 146.57a 505.50a 45.49a 2.94a
Fowl w /o  skin 139.88a 503.91a 43.35a 2.73a

3 M eans w ith in  co lu m n s  fo llo w e d  b y  th e  sam e le tte r  are  no t s ig n if i
c a n t ly  d iffe re n t  (p  <  0 .0 1 )  fro m  each  o th e r .

Table 4 —Fa tty  acid com position in mechanically deboned spent layer meat

T reatm ent Laurie Myristic Palmitic Palmitoleic Stearic Oleic Linoleic Linolenic
12:0 14:0  16:0 16:1 18:1 18:1 18:2 18:3

Wh°le  0 .94 21.18  5 .36 4 .10  45 .50  22 11 0 79
w /skin_____________________________ L 13_________ 26,26___________  7 .06 4 .43 41.82 19.30 trace
3 E a c h  va lu e  rep resen ts  th e  m ean  o f 4  d e te rm in a t io n s  on  th e  p o o led  sam p le
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B o v i n e  B o n e  M a r r o w  L i p i d s

G . J .  M I L L E R ,  M . R . F R E Y ,  J .  E . K U N S M A N  a n d  R . A . F I E L D

---------------------------------------A B S T R A C T ----------------------------------------
C h a ra c te r is tic s  o f  m a rro w  lip id s  in  b o n e s  fro m  th re e  d if fe re n t 
a n a to m ic a l lo c a tio n s  (cerv ica l, lu m b a r, fe m u r)  in  s tee rs  an d  cow s o n  
lo w  en e rg y  (ran g e ) o r  h ig h  en e rg y  (fe e d lo t)  d ie ts  a re  re p o r te d . C er
v ica l m a rro w  c o n ta in e d  th e  le a s t an d  fe m u r m a rro w  th e  m o s t to ta l  
lip id  an d  tr ig ly ce rid e s  (T G ) w ere  th e  m a jo r  ty p e  o f  lip id  p re s e n t in  
a ll m arro w s. P h o s p h a t id y l c h o lin e  w as th e  m a jo r  P L  p re s e n t in  all 
m arro w s. T h e  p re d o m in a n t f a t ty  ac id s  w ere  1 6 :0 , 1 8 :0  an d  cis 
1 8 :1 . T h e re  w e re  n o  c o n s is te n t e f fe c ts  d u e  to  a n a to m ic a l lo c a tio n  
o f  b o n e , d ie t  o r  sex  u p o n  a n y  o f  th e  ac id s  m ea su re d . T G  s tru c tu re s  
w ere  s im ila r in  a ll m a rro w s  an d  th e  f a t ty  ac id  c o m p o s itio n  o f  T G  
fro m  s tee r m a rro w  re se m b led  th a t  o f  s te e r in tra m u sc u la r  T G .

IN T R O D U C T IO N
A T  P R E S E N T ,  b o v in e  b o n e  m a r r o w  is  a  p a r t  o f  t h e  A m e r i 
c a n  d i e t  v ia  s o u p s ,  s a u c e s  a n d  m e c h a n i c a l l y  d e b o n e d  r e d  
m e a t  (M D M )  in  f o o d  p r o d u c t s .  T h e r e  is  a  p o s s i b i l i t y  t h a t  
t h e  l a t t e r  s o u r c e  o f  m a r r o w  m a y  i n c r e a s e  a n d  t h e  U S D A  
S e l e c t  P a n e l  r e p o r t  o n  M D M  ( K o l b y e  a n d  N e l s o n ,  1 9 7 7 )  
n o t e d  a  n e e d  f o r  a d d i t i o n a l  i n f o r m a t i o n  c o n c e r n i n g  s p e c i f i c  
l i p i d  p a t t e r n s  o f  b o v in e  b o n e  m a r r o w  f r o m  b o n e s  s u i t a b l e  
f o r  m e c h a n i c a l  d e b o n i n g .  M e llo  e t  a l .  ( 1 9 7 6 )  r e p o r t e d  t h e  
t y p e s  o f  l i p i d s  p r e s e n t  i n  w h o le  b o n e s  f r o m  s ix  d i f f e r e n t  
a n a t o m i c a l  l o c a t i o n s  o f  c a lv e s ,  h e i f e r s  a n d  c o w s  a n d  t h e  
m a j o r  p o r t i o n  o f  t h a t  l i p id  r e p r e s e n t e d  m a r r o w  l i p i d .  
C h r i s t i e  ( 1 9 7 8 ) ,  i n  a  r e c e n t  r e v i e w  o f  l i p i d s  i n  r u m i n a n t  
t i s s u e s ,  r e p o r t e d  s o m e  v a lu e s  f o r  b o v in e  b o n e  m a r r o w  l i p id s .  
T h i s  r e p o r t  c o n c e r n s  l i p i d s  p r e s e n t  i n  b o n e  m a r r o w  f r o m  
t h r e e  d i f f e r e n t  b o n e s  o f  s t e e r s  a n d  c o w s  o n  lo w  e n e r g y  
( r a n g e )  a n d  h ig h  e n e r g y  ( f e e d l o t )  d i e t s .

M E T H O D O L O G Y
F IV E  S T A N D A R D  G R A D E  S T E E R S  an d  five u t i l i ty  g rad e  cow s, 
re fe rre d  to  a s  ran g e  s tee rs  a n d  ran g e  co w s, w e re  g razed  o n  n a tiv e  
ran g e  a t  le as t 4  m o n th s  p r io r  to  s lau g h te r an d  five ch o ice  g rad e  
s tee rs  an d  five c o m m erc ia l g rad e  co w s, re fe r re d  to  as fe e d lo t s tee rs  
an d  fe e d lo t  co w s, rece iv ed  a fa tte n in g  ra t io n  fo r  a t le as t 4  m o n th s  
p r io r  to  s lau g h te r. T h e  fa tte n in g  ra t io n  c o n s is te d  o f  a b o u t 9 kg  o f  
a  g ra in  m ix  ( c o m , b a r le y , o a ts , b e e t  p u lp ; 4 :2 :2 :1  b y  w e ig h t)  and  
a b o u t  4 .5  kg  h a y  p e r d ay . B e tw e en  1 5 - 2 0 g  m arro w  fro m  cerv ical, 
lu m b a r  an d  fe m u r  b o n e s  o f  th e  an im a ls  w ere  o b ta in e d  24  h r  p o s t
m o rte m . M arro w  w as rem o v ed  f ro m  ce rv ica l an d  lu m b a r b o n e s  
b y  c e n tr ifu g a tio n  (S a n c h e z  e t  a l., 1 9 7 8 ) an d  fro m  sp lit fe m u r  b o n es . 
T h e  m arro w s  w ere  s to re d  a t 4 °C  p r io r  to  lip id  e x tr a c t io n  (n o t  m o re  
th a n  4 8  h r) . T h e  m arro w s  w ere  h o m o g e n ize d  an d  1 0 .Og w ere  ex 
tr a c te d  (K u n sm a n  an d  F ie ld , 1 9 7 6 ) an d  th e  e x tr a c ts  w ash ed  as 
d e sc rib e d  b y  F o lc h  e t  aL, (1 9 5 7 ) . T h e  c h lo ro fo rm  w as rem o v ed  
b y  ro ta ry  e v a p o ra tio n , lip id s  red isso lved  in  h e x a n e , an d  th e  so lu tio n  
p assed  th ro u g h  1 m ic ro n  p o re  size T e f lo n  m e m b ra n e  fi l te rs  (M ille r 
e t  al., 1 9 7 9 ) . A liq u o ts  w e re  e v a p o ra te d  fo r  g rav im e tric  an a ly s is  o f  
to ta l  lip id s  an d  th e  re m a in d e r  s to re d  in  h e x a n e  a t —2 0 °C  u n t i l  an 
a ly z ed  (m a x im u m  o f  6  m o n th s ) .

C h o le s te ro l w as d e te rm in e d  b y  th e  m e th o d  o f  K ovacs e t  al.
(1 9 7 9 )  an d  re su lts  h av e  b e e n  in c o rp o ra te d  in to  a  p rev io u s  r e p o r t  
(K u n sm an  e t  a l., 1 9 8 1 ) . L ip id  p h o sp h o ru s  in  th e  ce rv ica l an d  lu m 
b a r  m arro w  w as d e te rm in e d  b y  th e  p ro c e d u re  o f  D od g e  an d  Phil-

A uthors M iller, Frey , Kunsman, and F ie ld  are with the Div. o f  
Anim al Science, Univ. o f  Wyoming, Laramie, W Y 82971.

lip s  (1 9 6 7 ) . L ip id  fro m  fe m u r  m arro w  c o n ta in e d  lo w  levels o f  
p h o sp h o ru s  an d  i t  w as n ec essa ry  to  d ry  ash  (5 5 0 °C ) re la tiv e ly  
large a m o u n ts  o f  lip id  p r io r  to  c o lo rim e tr ic  an a ly s is  fo r  p h o sp h o ru s . 
S am p le s  o f  th e  to ta l  lip id s  fro m  th e  s ix ty  m arro w s  b ased  o n  e q u a l 
w e ig h ts  o f  lip id  w ere  co m p o s ite d  b y  b o n e , d ie t  an d  sex  p r io r  to  
th e  an a lysis  o f  tr ig ly ce r id e s  (T G ), T G  s tru c tu re s  an d  in d iv id u a l 
p h o sp h o lip id s  (P L ).

T G  an d  PL  w ere  iso la ted  b y  co lu m n  c h ro m a to g ra p h y  u sin g  a  1.5 
cm  ( I d . )  co lu m n  c o n ta in in g  5g  silic ic  acid  (B iosil A , B io -R ad  L a
b o ra to rie s , R ic h m o n d , C A ). T h e  c o lu m n  w as lo ad ed  w ith  2 0 0  m g 
lip id  in  h e x a n e  an d  w ashed  w ith  12 m l h e x a n e . T G  w as  e lu te d  w ith  
6 0  m l h e x a n e :e th y l  e th e r  (9 5 :5 ) . e ig h ty  m l c h lo ro fo rm  w ere  th e n  
passed  th ro u g h  th e  co lu m n  to  re m o v e  n e u tra l  lip id s  an d  2 0  m l 
c h lo ro fo rm :a c e to n e  ( 1 : 1 ) to  rem o v e  g ly co lip id s  [g ly co lip id s  w ere  
n o t  d e te c te d  u n d e r  th e se  c o n d i t io n s  u sing  th e  c o lo r im e tr ic  p ro c e 
d u re s  o f  R ad in  e t  a l. ( 1 9 5 5 ) ] .  PL  w ere  e lu te d  b y  in c rea sin g  th e  
a m o u n t o f  m e th a n o l in  c h lo ro fo rm  (5 0  m l c h lo ro fo rm :m e th a n o l, 
1 8 :3 2 , 6 0  m l 3 :5 7  an d  fin a lly  2 0  m l m e th a n o l) . T h in  la y e r c h ro m a 
to g ra p h y  w as u sed  to  ch e ck  c o n te n ts  o f  e a ch  co lu m n  f ra c tio n .

T G  w ere  d e te rm in e d  g rav im e tric a lly  a f te r  re m o v a l o f  so lv en t. 
E n z y m a tic  h y d ro ly s is  o f  T G  fo r  d e te rm in a tio n  o f  f a t ty  ac id s  in  th e  
sn-2 p o s itio n  w as p e rfo rm e d  ac co rd in g  to  B re ck en rid g e  (1 9 7 8 )  
as m o d if ie d  b y  M iller e t  al. ( 1 9 8 1 ) . P re p a ra t io n  o f  d ig ly ce rid es , 
sy n th es is  o f  p h o s p h a tid y l  p h e n o ls  an d  e n z y m a tic  h y d ro ly s is  o f  th e  
p h e n o ls  fo r  d e te rm in a tio n  o f  f a t ty  ac id s  in  th e  sn-1 p o s it io n  w ere  
p e rfo rm e d  ac co rd in g  to  B ro c k e rh o ff  (1 9 6 7 ) . Ophiophagus hannah 
v e n o m  w as used  as th e  so u rc e  o f  p h o sp h o lip a se  A 2  a c tiv ity . F a t ty  
ac id s  in  th e  sn-3 p o s itio n  w ere  o b ta in e d  b y  d iffe re n c e .

A fte r  so lv en t re m o v a l fro m  th e  P L  f r a c t io n , th e  P L  w ere  d is 
solved  in  c h lo ro fo rm  an d  su b je c te d  to  h ig h  p e rfo rm a n c e  th in - 
la y e r c h ro m a to g ra p h y  (H P K  p la te s , W h a tm a n  In c . ,  C li f to n , N J) 
u sing  so lv en t sy s tem  F  o f  T o u c h s to n e  e t  aL (1 9 8 0 ) . A reas  d e fin e d  
b y  ch a rrin g  a f te r  su lfu r ic  ac id  sp ray  w ere  sc ra p e d  in to  tu b e s  and  
p h o sp h o ru s  d e te rm in e d  (D o d g e  an d  P h illip s , 1 9 6 7 ) . In d iv id u a l PL  
w ere  id e n tif ie d  b y  c o m p a riso n  to  s ta n d a rd s  (S u p e lc o , In c ., B elle- 
f o n te ,  PA ).

F a t ty  ac id  m e th y l  e s te rs  w ere  p re p a re d  as d e sc rib e d  fo r  b u t te r  
o il  b y  M acgee an d  A llen  (1 9 7 7 )  u sing  c a rb o n  te tra c h lo r id e  as ex 
tra c tin g  so lv en t. P ac k e d  c o lu m n s  o f  SP 2 3 3 0  (10%  o n  1 0 0 /1 2 0  
m esh  C h ro m o so rb  W /A W , S u p e lc o , B e lle fo n te , P A ) w ere  used  fo r  
an a ly s is  o f  lo n g  ch a in  f a t ty  ac ids (L C F A ) an d  O V  101 (10%  o n  1 0 0 / 
1 20  m esh  G as C h ro m  Q , A p p lied  S c ien ces , S ta te  C o llege , P A ) fo r 
m ed iu m  ch a in  f a t ty  ac id s  (M C F A ; M ille r e t  a l., 1 9 8 0 ) . Id e n tif ic a t io n  
w as b y  b o th  co m p arin g  to  k n o w n  gas c h ro m a to g ra p h /m a s s  sp e c tro 
m e te r  s ta n d a rd s  (M ille r e t  a l., 1 9 8 0 ) an d  b y  re c h ro m a to g ra p h in g  
h y d ro g e n a te d  an d  a rg e n ta t io n  th in - la y e r  c h ro m a to g ra p h  s ep a ra te d  
sam p les . F o r  q u a n t if ic a t io n  h e n e ic o sa n o ic  ac id  (2 1 :0 )  served  as 
in te rn a l  s tan d a rd  fo r  L C F A  an d  te tra d e c a n o ic  ac id  ( 1 4 :0 ) ,  an a ly z ed  
u sing  2 1 : 0  as in te rn a l  s ta n d a rd , th e n  served  as  in te rn a l  s ta n d a rd  fo r  
M C F A  (M iller e t  aL, 1 9 8 1 ) . Cis an d  tra u s -o c ta d e c e n o ic  ac id s  (1 8 :1 )  
w ere  d e te rm in e d  b y  ca p illa ry  g as  c h ro m a to g ra p h y  u sin g  a  w all- 
c o a te d  (p o ly c y a n o p ro p y ls i lo x a n e -A ll te c h  A sso c ia te s , A rlin g to n  
H e ig h ts , IL ) 5 0  m  x .5 m m  glass c o lu m n . In je c to r  te m p e ra tu re  w as 
1 4 0 °C , d e te c to r  te m p e ra tu re  2 0 0 °C  a n d  th e  co lu m n  w as p ro g ram m ed  
fro m  1 4 0 - 2 0 0 ° C  a t  l° C /m in . H e liu m  a t 3 m l/m in  served  as c a rr ie r 
gas, n itro g e n  w as used  as m ak e-u p  fo r  th e  f lam e  io n iz a tio n  d e te c to r  
an d  th e  in s t ru m e n t w as  ru n  in  th e  sp lit m o d e  (2 0 :1 ) .  M ix tu re s  o f  
th e  m e th y l  e s te rs  o f  cis 6 -, 9-, 11-, 1 8 :1  an d  trans 6 -, 9-, 11-, 18:1  
w ere  c h ro m a to g ra p h e d  an d  i t  w as fo u n d  t h a t  th e  sy s tem  w o u ld  n o t  
se p a ra te  th e  in d iv id u a l ac id s  b u t  w o u ld  se p a ra te  trans 1 8:1  fro m  cis 
1 8 :1 . T h e re fo re , s ta n d a rd  m ix tu re s  o f  trans 11- 1 8 :1  ( 1 8 : lc u 7 t)  an d  
cis 9- 1 8 :1  (18:1oj9c) in  ra tio s  o f  .0 1 :1 , .0 5 :1 ,  .0 7 :1  w ere  p rep a red  
an d  c h ro m a to g ra p h e d . P eak  h e ig h t ra t io s  o f  trans 1 8:1  an d  cis 
18:1  w ere  d e te rm in e d  f ro m  re c o rd e r  tra c e  an d  c o m p a re d  to  th e  
k n o w n  w e ig h t ra tio s . T h e re  w as a n  a g re e m e n t o f  9 5 :1  ± 7 .9%  
(average ± s ta n d a rd  d ev ia tio n ) . U sing  th e s e  ra tio s  an d  to ta l  18:1
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B O V IN E  B O N E M ARRO W  L IP ID S . . .

o f  th e  m ix tu re s  a s  d e te rm in e d  b y  p a c k e d  co lu m n  c h ro m a to g ra p h y  
to  c a lc u a lte  th e  a m o u n t o f  tra n s  1 8 :1  in  th e  s ta n d a rd  m ix tu re s  gave 
a n  ac c u ra c y  o f  9 5 .6  ± 6 . 8  w h e n  co m p a re d  to  a c tu a l  am o u n ts .

R E S U L T S  &  D IS C U S S IO N
A L L  L I P I D  V A L U E S  a r e  r e p o r t e d  a s  q u a n t i t y  o f  l i p id  p e r  
lO O g  f r e s h  m a r r o w .  W h ile  m a n y  o f  t h e  v a lu e s  r e p o r t e d  a r e  
s in g le  v a lu e s  f r o m  c o m p o s i t e d  s a m p le s ,  t h e y  c a n  b e  u s e f u l  
t o  p r o c e s s o r s  a n d  n u t r i t i o n i s t s  in  e s t i m a t i n g  t h e  a m o u n t  o f  
e a c h  l i p id  p r o v i d e d  b y  b o v in e  b o n e  m a r r o w  in  a  f o o d  p r o d 
u c t .

L ip id  v a lu e s  f o r  m a r r o w s  a r e  s h o w n  in  T a b l e  1 . C e r v ic a l  
m a r r o w  c o n t a i n e d  t h e  l e a s t  a n d  f e m u r  t h e  m o s t  t o t a l  l i p id .  
T h e  r e a s o n  f o r  t h i s  is  p r o b a b l y  t h a t  c e r v ic a l  m a r r o w  is  m o r e  
in v o lv e d  i n  h e m a t o p o i e s i s  a n d  is  n o t  h e a v i l y  i n f i l t r a t e d  w i t h  
a d i p o c y t e s  a s  is  “ y e l l o w ”  b o n e  m a r r o w  ( C h r i s t i e ,  1 9 7 8 ) .  
T h e r e  d id  n o t  a p p e a r  t o  b e  c o n s i s t e n t  e f f e c t s  o f  d i e t  o r  s e x  
u p o n  le v e ls  o f  t o t a l  l i p id  i n  m a r r o w s .  C e r v i c a l  m a r r o w  o f  
s t e e r s  a p p e a r e d  t o  c o n t a i n  m o r e  l i p id  t h a n  t h a t  o f  c o w s ,  
w h e r e a s  l u m b a r  m a r r o w  o f  c o w s  c o n t a i n e d  m o r e  t h a n  t h a t  
o f  s t e e r s .  I n  a l l  c a s e s ,  f e m u r  m a r r o w  c o n t a i n e d  v e r y  h ig h  
le v e ls  o f  l i p i d .  T h e r e  w e r e  c o n s i d e r a b l e  v a r i a t i o n s  w i t h i n  
g r o u p s  i n  t o t a l  l i p i d ,  c h o l e s t e r o l  a n d  P L .

F o o d s  m a y  c o n t a i n  a n y  o r  a l l  o f  t h e  v a r i o u s  c la s s e s  o f  
l i p i d s  b u t  t h o s e  o f  g r e a t e s t  c o n c e r n  a r e  T G ,  P L  a n d  c h o l e s 
t e r o l .  A s  s h o w n  in  T a b l e  1 , t h e  p r e d o m i n a n t  l i p i d  p r e s e n t  
i n  a l l  m a r r o w s  w a s  T G  a n d  i n  t h i s  r e s p e c t  m a r r o w  r e s e m b l e s  
b o v in e  a d ip o s e  t i s s u e  ( C h r i s t i e ,  1 9 7 8 ) .  T h e r e f o r e ,  o n e  o f  
t h e  m a j o r  f o o d  v a lu e s  o f  m a r r o w  l i p i d  w i l l  r e s i d e  i n  f o o d  
e n e r g y  d e r iv e d  f r o m  f a t t y  a c id s  a n d / o r  t h e  p r e s e n c e  o f  d i e t 
a r y  e s s e n t i a l  f a t t y  a c id s .  M a r r o w s  c o n t a i n e d  l o w e r  le v e ls  o f  
c h o l e s t e r o l  a n d  P L  t h a n  T G  a n d  t h e s e  v a lu e s  d e c l i n e d  f r o m  
c e r v ic a l  m a r r o w  t o  f e m u r  m a r r o w ,  i n d i c a t i n g  t h a t  t h e  
h ig h e r  v a lu e s  o f  t o t a l  l i p id  i n  f e m u r  m a r r o w  r e p r e s e n t e d  a n  
in c r e a s e  i n  T G . T h e  a v e r a g e  r a t i o  o f  c h o l e s t e r o L P L  in  
m a r r o w  a n d  l i p i d  is  a b o u t  1 :4  i n  c e r v ic a l ,  1 :3  in  l u m b a r  a n d  
1 :1  i n  f e m u r  b o n e s .  V a lu e s  c a l c u l a t e d  f r o m  d a t a  i n  o t h e r  
r e p o r t s  ( C h r i s t i e ,  1 9 7 8 ;  M il le r  e t  a l . ,  1 9 7 9 ,  1 9 8 1 )  s h o w  t h a t  
s u c h  r a t i o s  v a r y  f r o m  a b o u t  1 : 1  — 1 :3  in  a d i p o s e  t i s s u e  l i p i d , 
1 : 1 2 —1 : 1 4  i n  s k e l e t a l  m u s c le  l i p id  a n d  1 : 1 2 — 1 :1 8  in  l iv e r  
l i p i d s  o f  r u m i n a n t s .  T h e r e f o r e ,  m a r r o w  r e s e m b l e s  a d ip o s e  
t i s s u e  r a t h e r  t h a n  m u s c le  o r  l iv e r  t i s s u e  w i t h  r e s p e c t  t o  
t h e s e  r a t i o s .

I n d iv id u a l  P L ,  e x p r e s s e d  a s  p e r c e n t  o f  t o t a l  m e a s u r e d ,  
a r e  s h o w n  in  T a b l e  1 . P h o s p h a t i d y l c h o l i n e  ( P C )  w a s  t h e  
p r e d o m i n a n t  P L  in  a l l  m a r r o w s .  F e m u r  m a r r o w  P L  d id  n o t  
c o n t a i n  a n y  m e a s u r a b l e  ly s o P C ,  l y s o p h o s p h a t i d y l e t h a n o l a -  
m in e  a n d  v e r y  l i t t l e  i f  a n y  p h o s p h a t i d y l s e r i n e .  I n  a d d i t i o n ,  
f e m u r  m a r r o w  P L  c o n t a i n e d  r e l a t i v e l y  m o r e  P C  a n d  le s s  
s p h i n g o m y e l i n  ( S P H )  t h a n  d id  P L  o f  t h e  o t h e r  t w o  m a r 
r o w s .  A  d e c r e a s e  i n  S P H  w a s  a l s o  n o t e d  i n  t h e  l u m b a r  a n d

f e m u r  m a r r o w  P L  o f  c o w s  w h e n  c o m p a r e d  t o  t h o s e  o f  
s t e e r s .

A s  m e n t i o n e d ,  o n e  o f  t h e  m a j o r  c o n t r i b u t i o n s  o f  b o n e  
m a r r o w  l ip id  t o  f o o d  is  f a t t y  a c id s ,  s in c e  a  m a j o r i t y  o f  t h e  
l i p i d s  a r e  T G . T a b l e  2  s h o w s  t h e  a m o u n t s  o f  f a t t y  a c id s  i n  
t o t a l  l i p i d s  f r o m  lO O g  m a r r o w .  F e m u r  m a r r o w  p r o v i d e s  
m o r e  o f  a l l  f a t t y  a c id s  t h a n  c e r v ic a l  m a r r o w  b e c a u s e  t h e  
h ig h e s t  le v e ls  o f  l i p id  a r e  f o u n d  i n  f e m u r  m a r r o w .  L u m b a r  
m a r r o w  is  i n t e r m e d i a t e  w i t h  r e s p e c t  t o  le v e ls  o f  f a t t y  a c id s  
p r o v i d e d .  A s  w i t h  m o s t  r u m i n a n t  t i s s u e ,  t h e  p r e d o m i n a n t  
a c id s  p r e s e n t  in  b o n e  m a r r o w s  w e r e  1 6 : 0 ,  1 8 : 0  a n d  1 8 : 1 .  
T h e  b r a n c h e d  c h a in  a c id s  p r e s e n t ,  B r  1 3 : 0  a n d  B r  1 5 : 0 ,  
w e r e  m i x t u r e s  o f  i s o  a n d  a n t e i s o  i s o m e r s .  A s s u m in g  1 8 : 2  
w a s  e s s e n t i a l l y  a l l  l i n o l e i c  a c id ,  t h e n  lO O g  b o v in e  m a r r o w  
c o u ld  p r o v i d e  a b o u t  8 0 0  m g  ( r a n g e  c o w ,  c e r v ic a l )  t o  1 7 0 0  
m g  ( f e e d l o t  s t e e r ,  f e m u r )  o f  d i e t a r y  e s s e n t i a l  f a t t y  a c id s  
( l i n o l e i c ,  l i n o l e n i c - 1 8 : 3 ,  a r a c h i d o n i c - 2 0 : 4  a c id s ) .  T a b l e  3 
l i s t s  t h e  a m o u n t s  o f  a c id s  p r o v i d e d  b y  t r i g l y c e r i d e s  i n  lO O g  
b o n e  m a r r o w .  A s  e x p e c t e d ,  t h e  a m o u n t s  o f  f a t t y  a c id s  i n  
t o t a l  l i p i d s  ( T a b l e  2 )  a n d  t r i g l y c e r i d e s  a r e  s im i la r .  T h e r e  
w e r e  n o  c o n s i s t e n t  e f f e c t s  o f  b o n e ,  d i e t  o r  s e x  u p o n  a n y  o f  
t h e  a c id s  m e a s u r e d  in  t o t a l  l i p i d s  o r  t r i g l y c e r i d e s  w h e n  e x 
p r e s s e d  a s  w e ig h t / lO O g  m a r r o w  ( T a b l e s  2  a n d  3 ) .

E x t e n s i v e  d i e t a r y  t r i a l s  h a v e  s u g g e s t e d  t h e  T G  s t r u c t u r e  
o f  a  f a t  is  in v o lv e d  i n  i t s  a t h e r o g e n i c  p o t e n t i a l  ( M y h e r  e t  
a l . ,  1 9 7 7 ) .  F o r  e x a m p l e ,  i t  is  p r o p o s e d  t h a t  t h e  h ig h e r  
a t h e r o g e n i c i t y  o f  n a t i v e  p e a n u t  o i l  i n  c o m p a r i s o n  t o  r a n 
d o m i z e d  p e a n u t  o i l  m a y  a r i s e  f r o m  a  r e l a t i v e  m e t a b o l i c  
u n a v a i l a b i l i t y  o f  l i n o l e i c  a c id  i n  t h e  s n - 2  p o s i t i o n  o f  n a t i v e  
p e a n u t  o i l  T G  d u e  i n  p a r t  t o  t h e  p r e s e n c e  o f  l o n g  c h a in  
s a t u r a t e d  a c id s  ( 2 0 : 0 —2 4 : 0 )  in  t h e  o t h e r  p o s i t i o n s ,  p a r t i c u 
l a r l y  t h e  s n - 3 p o s i t i o n  ( M y h e r  e t  a l . ,  1 9 7 7 ) .  I t  h a s  a l s o  b e e n  
s u g g e s t e d  t h a t  i n c r e a s e s  i n  s e r u m  c h o l e s t e r o l  a r e  n o t  m e r e l y  
d e p e n d e n t  u p o n  le v e ls  o f  1 4 : 0  i n  b u t t e r f a t  T G  b u t  a r e  
p r o b a b l y  r e l a t e d  t o  i t s  d i s t r i b u t i o n  a m o n g  t h e  v a r i o u s  t y p e s  
o f  T G  a n d  t h e  p o s i t i o n  i t  o c c u p i e s  i n  t h e m  ( M u k h e r j e e  a n d  
S e n g u p t a ,  1 9 8 1 ) .  P o s i t i o n a l  d i s t r i b u t i o n  o f  t h e  f a t t y  a c id s  
i n  m a r r o w  T G  w e r e  d e t e r m i n e d  a n d  i t  w a s  f o u n d  t h a t  d i e t ,  
s e x  a n d  a n a t o m i c a l  l o c a t i o n  o f  b o n e  d id  n o t  h a v e  a n y  c o n 
s i s t e n t  e f f e c t s  u p o n  d i s t r i b u t i o n s  o f  a n y  o f  t h e  a c id s  m e a 
s u r e d .  T h e r e f o r e ,  v a lu e s  o b t a i n e d  f r o m  a l l  m a r r o w s  i n  t h e  
s t u d y  w e r e  c o m p o s i t e d  a n d  a p p e a r  i n  T a b l e  4 .  W i th  r e s p e c t  
t o  e v e n - n u m b e r e d  s a t u r a t e d  a c id s  i n  m a r r o w  T G , 1 0 : 0  
p r e d o m i n a t e d  i n  p o s i t i o n s  in - 1  a n d  3 ;  1 2 : 0  a n d  1 4 : 0  i n  
i n - 1  a n d  2 ; 1 6 : 0  i n  i n - 1 ; 1 8 : 0  a n d  2 0 : 0 , t h e  m a j o r  lo n g  
c h a in  s a t u r a t e d  a c id s  o f  m a r r o w  T G ,  in  in - 1  a n d  3 .  I n  t h e  
c a s e  o f  o d d - n u m b e r e d  s a t u r a t e d  a c id s ,  1 3 : 0  r e s e m b l e d  1 2 : 0  

a n d  p r e d o m i n a t e d  in  p o s i t i o n s  s n - 1 a n d  2 ;  1 5 : 0  w a s  l i k e  
1 6 : 0  a n d  p r e d o m i n a t e d  i n  p o s i t i o n  i n - 1 ; 1 7 : 0  w a s  s im i la r  
t o  1 8 : 0  a n d  2 0 : 0 ,  w i t h  p r e f e r e n c e  f o r  in - 1  a n d  3 . I n  r e g a r d s  
t o  b r a n c h e d  s a t u r a t e d  a c id s ,  B r  1 3 : 0  s h o w e d  l i t t l e  p r e f e r -

Table 1- L ip id  com positions o f  cervical, lumbar and femur marrows from range and feedlot steers and cows

Cervical_______________ ______  Lumbar Femur
Lipid R Sa FSa R C a FC a RS FS RC FC RS FS RC FC

Total lipidb 
Triglycerideb

26.6±3.1 27.8±3.8 22.7+5.8 23.9±5.6 43.3±9.8 46.6± 15.2 62.7±18.2 73.3±9.5 82.6±1.1 84.3±3.2 87.4+0.5 87.0+5.324.9 25.2 21.2 22.2 40.9 43.9 60.3 71.8 80.1 82.6 85.7 85 6Cholesterol0 1 5 U 3 2 223±22 182±32 201±24 106±14 155±31 115±23 127±9 77+16 95+11 92+12 99+9Phospholipid0 603±96 791±97 736+129 882±71 336±71 502±150 378±120 329±116 97+17 101+10 81 + 14 78+9LPCa 5.5 6.1 6.0 7.0 4.4 6.1 4.3 4.1 0 0 0 0SPHd
PC'*

18.8 19.0 17.6 17.3 16.3 17.4 10.3 9.4 7.0 10.1 5.2 5 140.8 39.6 37.8 38.6 40.2 38.5 41.6 46.9 71.4 60.8 61.6 62 2PS& LPEd 8.0 9.0 7.6 7.8 7.4 7.6 6.6 5.8 0 0 0 0P|d 6.4 7.6 6.8 7.1 6.3 7.8 7.1 8.6 5.2e 3.6e 13.7e 12.3ePAd
PEd
PG8iDPGd

6.4 4.6 7.5 6.2 7.8 8.1 10.1 8.6 8.0 10.2 6.3 9.86.9
7.1

8.4
5.6

10.6
6.1

10.5
5.5

10.0
7.6

10.4
4.2

12.8
7.1

11.0
5.6

6.4
2.0

10.6
4.8

7.6
5.6

5.5
5.1

. RS-range steer; FS—feedlot steer; RC—range cow; FC—feedlot cow.Expressed as g/lOOg fresh marrow ± standard deviation where appropriate. d Expressed as mg/lOOg fresh marrow ± standard deviation.
DCph° l! ^ L SHP^ S[>hil!90,Tlyelln: n<̂ r PrilOSPh.at,f yl chol,ne; pS—phosphatidyl serine; LPE-lysophosphandyl ethanolamine; Pl-phosphatidyl inositol; e Phosphatidic acid, PE phosphatidyl ethanolamine; PG Phosphatidyl glycerol; DPG—diphosphatidyl glycerol: all expressed as percent of total May be contaminated with PS. Good separations were not obtained with femur samples.
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e n c e  f o r  a n y  o n e  p o s i t i o n  a n d  B r  1 5 : 0  p r e d o m i n a t e d  i n  t h e  
s n - 2  p o s i t i o n .  T h e  m o n o e n o i c  a c id s  1 4 : 1 ,  1 6 :1  a n d  c is  
1 8 :1  p r e d o m i n a t e d  i n  t h e  s n - 2  p o s i t i o n ,  w h e r e a s  t r a n s  
1 8 :1  w a s  s im i la r  t o  l o n g  c h a in  s a t u r a t e d  a c id s  i n  p r e f e r e n c e  
f o r  s n - 1 a n d  3 .  T h e  l o n g e s t  c h a in  m o n o e n o i c  a c id ,  2 0 : 1 ,  
p r e d o m i n a t e d  i n  p o s i t i o n  s n - 3 .  W i th  r e s p e c t  t o  p o l y u n s a t u r 
a t e d  a c id s  1 8 : 2 ,  1 8 : 3  a n d  2 0 : 4 ,  a l l  p r e d o m i n a t e d  i n  p o s i 
t i o n s  2  a n d  3 w i t h  p r e f e r e n c e  f o r  t h e  s n - 2  p o s i t i o n .  T h e s e  
r e s u l t s  a r e  s im i la r  t o  t h o s e  r e p o r t e d  f o r  b e e f  a d i p o s e  T G  
( C h r i s t i e ,  1 9 7 8 )  a n d  b e e f  i n t r a m u s c u l a r  T G  ( M i l le r  e t  a l . ,
1 9 8 1 ) .

B o n e  m a r r o w  T G  c o n t a i n e d  r e l a t i v e l y  l o w  le v e ls  o f  1 4 : 0  
a n d  t h i s  a c id  p r e d o m i n a t e d  i n  p o s i t i o n s  1 a n d  2  ( T a b l e s  3 
a n d  4 ) .  A n  i n c r e a s e  i n  s e r u m  c h o l e s t e r o l  p r o d u c e d  b y  d i e t 
a r y  b u t t e r f a t  h a s  b e e n  r e p o r t e d  t o  b e  r e l a t e d  t o  i t s  c o n t e n t  
o f  1 4 : 0  a n d  t h e  r e s e a r c h e r s  s h o w e d  t h a t  t h e  1 4 : 0  i n  b u t t e r -

f a t  w a s  p r e s e n t  e x c lu s iv e l y  i n  t h e  2  p o s i t i o n  o f  t r i s a t u r a t e d  
T G  ( M u k h e r j e e  a n d  S e n g u p t a ,  1 9 8 1 ) .  T h e  1 8 : 2  o f  b o n e  
m a r r o w  T G  w a s  f o u n d  m a i n l y  i n  t h e  2  a n d  3  p o s i t i o n s  
w i t h  a  p r e f e r e n c e  f o r  t h e  2  p o s i t i o n  ( T a b l e  4 )  w h e r e a s  
n a t i v e  p e a n u t  o i l  T G  c o n t a i n e d  1 8 : 2  m a i n l y  i n  1 a n d  
2  p o s i t i o n s  w i t h  m o s t  i n  2  p o s i t i o n  ( M y h e r  e t  a l . ,  1 9 7 7 ) .  
M a r r o w  T G  a l s o  d i f f e r e d  f r o m  n a t i v e  p e a n u t  o i l  T G  in  
t h a t  l i t t l e  o r  n o  2 2 : 0  o r  2 4 : 0  w a s  p r e s e n t .

T h e  f a t t y  a c id  c o m p o s i t i o n s  o f  i n t r a m u s c u l a r  T G  f r o m  
r a n g e  a n d  f e e d l o t  s t e e r s  a r e  a v a i l a b l e  f r o m  a n o t h e r  r e p o r t  
( M i l l e r  e t  a l . ,  1 9 8 1 )  a n d  t h e y  a r e  c o m p a r e d  t o  f a t t y  a c id  
c o m p o s i t i o n s  o f  f e e d l o t  a n d  r a n g e  s t e e r  b o n e  m a r r o w  T G  
in  T a b l e  5 . I n  t h i s  t a b l e ,  f a t t y  a c id s  a r e  e x p r e s s e d  a s  p e r 
c e n t  o f  t o t a l  f a t t y  a c id s  t o  a l lo w  m e a n i n g f u l  c o m p a r i s o n s  
A l t h o u g h  t h e r e  w a s  c o n s i d e r a b l e  s i m i l a r i t y  a m o n g  m a r r o w  
a n d  i n t r a m u s c u l a r  T G  w i t h i n  d i e t a r y  g r o u p s ,  t h e r e  w e r e

Table 2 —Fa tty  acids from total lip ids o f  cervical, lumbar and fem ur marrows from range and feedlot steers and cows

Cervical Lumbar Femur

Fatty acida FtSb FSb RCb FCb RS FS RC FC RS FS RC FC

10:0 10.2 7.7 9.1 11.3 16.5 17.4 42.0 38.3 57.7 40.5 63.3 50.8
12:0 12.6 9.9 18.5 19.4 26.8 23.0 60.4 52.3 119 75.6 67.3 64.2

Br 13:0 3.1 1.8 5.0 4.7 5.7 4.8 11.9 10.3 10.4 7.6 6.8 8.4
13:0 2.3 1.4 3.3 3.6 6.2 5.7 12.1 13.2 20.1 11.9 9.9 11.0
14:1 28.9 23.7 31.1 29.5 68.2 70.1 141 160 242 310 171 150
20:0 16.3 12.5 13.8 13.1 20.2 13.6 34.1 46.6 66.9 40.4 66.6 48.8
20:4 25.7 25.3 20.2 20.9 23.4 25.6 24.0 24.3 45.4 42.8 33.4 31.5

14:0 0.42 0.32 0.49 0.38 0.59 0.58 1.24 1.33 2.64 2.55 2.26 2.20
Br 15:0 0.09 0.06 0.10 0.08 0.17 0.15 0.30 0.40 0.52 0.46 0.42 0.47

15:0 0.12 0.08 0.13 0.11 0.22 0.19 0.46 0.61 0.76 0.70 0.59 0.76
16:0 5.96 5.48 5.36 5.29 9.03 9.29 15.6 17.7 21.1 22.0 24.8 24.3
16:1 0.52 0.48 0.46 0.51 1.00 0.88 1.64 2.06 2.01 1.99 1.93 1.84
17:0 0.32 0.29 0.25 0.28 0.44 0.42 0.61 0.75 1.10 1.08 0.95 1.00
18:0 5.73 5.21 4.54 4.60 7.92 7.66 10.5 11.5 16.3 15.5 14.7 15.5

Cis 18:1 8.26 9.99 6.94 7.89 15.8 18.5 23.5 28.7 23.8 26.0 27.8 28.5
Trans 18:1 0.44 0.41 0.35 0.27 0.90 0.80 1.10 0.90 2.00 1.50 2.00 1.20

18:2 0.62 0.80 0.62 0.75 1.00 1.09 1.20 1.14 1.04 1.22 0.82 0.83
18:3 0.24 0.08 0.19 0.18 0.40 0.19 0.43 0.36 0.53 0.48 0.32 0.33
20:1 0.13 0.10 0.10 0.11 0.28 0.21 0.35 0.42 0.54 0.54 0.44 0.40

3 F a t t y  a c id s  1 0 :0  th ru  2 0 :4  a re  e xp re ssed  as m g /100g  m a rro w  an d  1 4 :0  th ru  2 0 :1  as g/lO Og m a rro w ; F a t t y  a c id s  a re  f ro m  p o o led  sa m p le s . B r  
re fe rs  to  m ix tu re s  o f  Iso and  a n te iso  b ra n c h e d  ch a in  a c id s .

D R S —range s te e r ; F S —fe e d lo t  s te e r ; R C —range c o w ; F C —fe e d lo t  c o w .

Table 3 —Fa tty  acids from triglycerides o f  cervical, lumbar and fem ur marrows from  range and feedlot steers and cows

Cervical Lumbar Femur

Fatty acid3 RSb FSb RCb FCb RS FS RC FC RS FS RC FC

10:0 13.1 5.5 7.3 7.7 17.5 17.8 38.2 41.0 38.0 45.0 58.0 52.6
12:0 19.1 6.1 12.5 11.9 24.5 24.0 48.6 56.2 101 77.8 80.3 75.2

Br 13:0 3.2 2.9 4.5 3.6 4.7 3.0 8.9 10.1 11.1 7.9 10.8 9.6
13:0 4.8 1.2 2.8 2.6 5,4 5.0 11.0 13.6 18.5 12.9 11.4 13.7
14:1 24.7 19.6 26.0 28.6 69.5 70.7 152 165 278 290 150 168
20:0 12.8 10.9 11.3 10.4 15.1 10.6 27.2 35.3 56.0 32.2 55.8 41.7
20:4 16.0 19.7 12.5 16.8 27.2 23.9 23.6 30.9 38.4 43.4 25.8 24.0

14:0 0.42 0.26 0.36 0.36 0.58 0.56 1.23 1.32 2.56 2.42 2.17 2.02
Br 15:0 0.09 0.07 0.09 0.07 0.17 0.15 0.32 0.40 0.53 0.45 0.43 0.53

15:0 0.12 0.07 0.11 0.10 0.20 0.19 0.46 0.59 0.75 0.70 0.74 0.77
16:0 5.47 4.84 4.68 4.97 8.54 8.97 15.0 17.1 19.9 21.1 23.7 23.3
16:1 0.44 0.36 0.46 0.48 0.99 0.90 1.50 1.97 1.89 2.16 1.86 1.85
17:0 0.29 0.25 0.25 0.21 0.37 0.33 0.61 0.65 0.84 0.84 0.81 0.82

18:0 5.26 5.20 4.32 4.25 6.91 7.01 9.94 10.2 15.6 12.8 14.1 15.2

Cis 18:1 7.82 9.40 6.61 7.16 14.7 17.3 22.5 26.5 22.5 26.5 26.5 26.3

Trans 18:1 0.34 0.30 0.33 0.36 0.84 0.71 1.06 0.86 2.13 1.28 1.68 1.21
18:2 0.59 0.72 0.53 0.68 0.88 0.95 1.01 1.07 1.01 1.30 0.80 0.75

18:3 0.24 0.12 0.20 0.13 0.36 0.15 0.34 0.31 0.48 0.20 0.42 0.27
20:1 0.12 0.10 0.10 0.10 0.27 0.21 0.33 0.39 0.61 0.70 0.46 0.39

a F a t t y  a c id s  1 0 :0  th ru  2 0 :4  a re  e xp re ssed  as m g/lO O g m a rro w  an d  1 4 :0  th ru  2 0 :1  as g/lO Og m a r ro w ; F a t t y  a c id s  a re  f ro m  p o o led  sa m p le s . B r  
re fe rs  to  m ix tu re s  o f  iso  and  a n te iso  b ra n ch ed  c h a in  a c id s .
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s o m e  s p e c i f i c  d i f f e r e n c e s .  I n t r a m u s c u l a r  T G  c o n t a i n e d  le s s  
1 8 : 0  t h a n  d id  t h e  b o n e  m a r r o w  T G . I n t r a m u s c u l a r  T G  
c o n t a i n e d  c o n s i d e r a b l y  le s s  1 8 : 2  a n d  1 8 : 3  t h a n  c e r v ic a l  a n d  
l u m b a r  m a r r o w  T G . H ig h e r  le v e ls  o f  p o l y u n s a t u r a t e d  f a t t y  
a c id s  i n  b o v i n e  b o n e  m a r r o w  a s  c o m p a r e d  t o  a d ip o s e  t i s s u e  
h a s  b e e n  n o t e d  p r e v io u s ly  ( C h r i s t i e ,  1 9 7 8 ) .  F a t t y  a c id  c o m 
p o s i t i o n  o f  i n t r a m u s c u l a r  T G  m o r e  c l o s e l y  r e s e m b l e d  t h a t  
o f  f e m u r  T G  t h a n  d id  t h e  o t h e r  t w o  b o n e  m a r r o w  T G ,  
p a r t i c u l a r l y  w i t h  r e s p e c t  t o  1 4 : 0 ,  1 8 : 2  a n d  1 8 : 3 .

I t  a p p e a r s  t h a t  l i p i d  o f  b o v in e  b o n e  m a r r o w s  r e s e m b l e s  
t h a t  o f  b o v in e  a d ip o s e  t i s s u e  w i t h  r e s p e c t  t o  le v e ls  o f  T G  
a n d  P L  w i t h  s o m e w h a t  m o r e  c h o l e s t e r o l  p r e s e n t  i n  m a r r o w s  
( T a b l e  1 ; C h r i s t i e ,  1 9 7 8 ) .  I n  a d d i t i o n ,  b o v in e  b o n e  m a r r o w  
T G ,  t h e  m a j o r  l i p id  p r e s e n t ,  r e s e m b l e s  b o v in e  l o n g i s s i m u s  
i n t r a m u s c u l a r  T G  w i t h  r e s p e c t  t o  f a t t y  a c id  c o m p o s i t i o n

Table 4 —Positional distribution o f  fatty acids in bovine bone mar
row  triglycerides

sn-1 sn-2 sn-3
mole p ercen t3

10:0 0.08 + 0.03 0 .04 ± 0.03 0.18 ± 0.05
12:0 0.21 + 0.05 0 .13 ± 0.04 0.05 ± 0 .04

Br 13:0 0.02 ± 0.003 0.02 ± 0.003 0.02 ± 0.01
13:0 0.03 + 0.01 0.03 ± 0.01 0.01 ± 0.01
14:0 3.42 + 0.47 5.36 ± 0.59 0.29 + 0.38
14:1 0.02 + 0.05 0 .89 ± 0.07 0.05 ± 0.06

Br 15:0 0 .24 + 0.13 1.64 ± 0.16 0.15 ± 0.16
15:0 1.35 + 0.18 0 .50  ± 0.10 0.40 ± 0.18
16:0 63.7 ± 3.6 13.1 ± 2.7 10.6 ± 2.4
16:1 1.78 + 0.52 4 .66 ± 0.28 2.22 ± 0.70
17:0 1.65 + 0.23 0 .52 ± 0.20 1.19 ± 0.35
18:0 18.7 + 0.3 8 .48 ± 1.44 30.0 ± 3.7

Cis 18:1 7.32 + 1.18 58.5 ± 2.1 47.2 ± 1.9
Trans 18:1 0.84 + 0.29 0 5.06 ± 0.32

18:2 0.28 + 0.08 3.89 ± 0.36 1.30 ± 0 .40
18:3 0.15 + 0.04 1.33 ± 0.14 0.23 ± 0 .16
20:0 0.07 + 0.02 0 0.08 ± 0.03
20:1 0.12 + 0.04 0 .74  ± 0.09 0.95 ± 0.06
20.4 0.02 + 0.004 0.07 ± 0.01 0.06 ± 0 .004

3 Means ± standard deviations of values obtained from  cervical, lum bar and fem ur marrows o f range and feedlot steers and cows. Br refers to  m ixtures of iso and anteiso branched chain acids.
Table 5—Fa tty  acid com positions o f  triglycerides from

( T a b l e  5 ) .  T h e r e f o r e ,  t h e  i n c o r p o r a t i o n  o f  b o v in e  b o n e  m a r 
r o w  i n t o  t h e  A m e r i c a n  d i e t  p r o v i d e s  l i p i d  t h a t ,  i n  t e r m s  o f  
c o m p o s i t i o n ,  h a s  b e e n  a  p a r t  o f  t h a t  d i e t  i n  t h e  p a s t  a n d  
d o e s  n o t  r e p r e s e n t  t h e  a d d i t i o n  o f  a n y  n e w  o r  s t r a n g e  
d i e t a r y  l i p id  c o m p o n e n t s .  W h ile  t r a n s  m o n o u n s a t u r a t e d  
1 8  c a r b o n  a c id s  a r e  p r e s e n t ,  t h e y  a r e  p r e s e n t  a t  l o w  le v e l s  
( T a b l e  2 ) .  I t  h a s  b e e n  e s t i m a t e d  t h a t  t h e  a v e r a g e  A m e r i c a n  
d i e t  c o n t a i n s  a b o u t  8 %  t r a n s  f a t t y  a c id s  d u e  m a i n l y  t o  t h e  
u s e  o f  h y d r o g e n a t e d  v e g e t a b l e  o i l s  a s  a  m a j o r  s o u r c e  o f  
d i e t a r y  f a t  ( E m k e n  e t  a l . ,  1 9 7 9 ) .  I n c r e a s e d  u s e  o f  b o v in e  
b o n e  m a r r o w  w o u ld  n o t  a d d  a  s i g n i f i c a n t  a m o u n t  o f  
t r a n s  1 8 :1  t o  t h a t  t o t a l .
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and feedlot steer bone marrows and longissimus muscles

F atty  acid3

Range steer Feedlot steer

Bone m arrow
Longissimus

m uscleb Bone m arrow
Longissimus

m uscleb
Cervical Lumbar Fem ur Cervical Lumbar Fem ur

10:0 0.06 0.05 0.05 0.08 0.03 0.05 0.06 0.06
12:0 0.09 0.07 0.15 0.10 0.03 0.06 0.11 0.08Br 13:0 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.00413:0 0.02 0.02 0.03 0.01 0.01 0.01 0.02 0.0114:0 1.97 1.66 3.69 3.46 1.19 1.49 3.41 3.3714:1 0.12 0.20 0 .40 0.43 0.09 0.19 0.41 0.46Br 15:0 0.42 0.49 0.76 0.56 0.34 0.39 0.63 0.2015:0 0.56 0.57 1.08 0.56 0.33 0 .50 0.99 0.5116:0 25.7 24.4 28.7 30.6 22.2 23.8 29.7 29.216:1 2.07 2.83 2.73 4.19 1.65 2.39 3.04 4 .3517:0 1.36 1.06 1.21 - 1.13 0.88 1.1818:0 24.7 19.8 22.5 16.2 23.9 18.6 18.1 13.0

Cis 18:1 36.7 42.0 32.4 38.7 43.2 46.1 37.3 44.6
Trans 18:1 1.60 2.40 3.07 2.54 1.38 1.90 1.80 1.3718:2 2.77 2.52 1.46 1.39 3.31 2.52 1.83 1.7918:3 1.13 1.03 0.69 0.65 0.55 0.40 0.28 0.2120:0 0.06 0 .04 0.08 0.16 0.05 0.03 0 .05 0 .0920:1 0.56 0.77 0.88 0.33 0.46 0.56 0.99 0 .6020:4
a r-.. ______, .

0 .08 0 .08 0.06 — 0.09 0.06 0.06

muscular. Br refers to  m ixtures of iso and anteiso branched chain acids. Data calculated from  Miller et al. (1981).
s. M uscle  t r ig ly c e r id e s  are  In tra-
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A Research Note
W a t e r  A c t i v i t y  o f  F r e s h  F o o d s

J O R G E  C H I R I F E  a n d  C O N S T A N T I N O  F E R R O  F O N T A N

-------------------------------------- A B S T R A C T ----------------------------------------
T h is  w o rk  p re s e n ts  a  c o m p ila tio n  o f  w a te r  a c tiv i ty  (aw ) v a lu es  fo r  
fre sh  fo o d s  n am e ly  fru i ts , v eg e tab les  an d  m ea ts . W ater a c tiv itie s  
w ere  ca lc u la te d  fro m  re p o r te d  d a ta  o n  th e  c ry o s c o p ic  te m p e ra tu re  
(o r  in it ia l  freez in g  p o in t)  o f  f ru i ts , v eg e tab les  a n d  m ea ts , a m o u n tin g  
to  e ig h ty  six  d if f e re n t  i tem s . In  p ra c tic a lly  a ll cases s tu d ie d  th e  
w a te r  a c tiv i ty  is in  th e  ran g e  0 .9 7 0 - 0 .9 9 6 .

IN T R O D U C T IO N
I T  IS  N O W  g e n e r a l l y  a c c e p t e d  t h a t  w a t e r  a c t i v i t y  ( a w ) is  
m o r e  c lo s e ly  r e l a t e d  t o  t h e  p h y s i c a l ,  c h e m i c a l  a n d  b io lo g ic a l  
p r o p e r t i e s  o f  f o o d s  t h a n  is  t h e  t o t a l  m o i s t u r e  c o n t e n t  
( T r o l l e r  a n d  C h r i s t i a n ,  1 9 7 8 ) .  S e v e r a l  t r a d i t i o n a l  a s  w e l l  a s  
r e c e n t  m e t h o d s  o f  f o o d  p r e s e r v a t i o n  ( d r y in g ,  c u r i n g ,  s a l t 
i n g ,  f r e e z in g ,  i n t e r m e d i a t e  m o i s t u r e  f o o d s )  a r e  a t  le a s t  
p a r t i a l l y  b a s e d  o n  t h e  r e d u c t i o n  o f  w a t e r  a c t i v i t y  ( L e i s t n e r  
a n d  R o d e l ,  1 9 7 5 ;  T r o l l e r ,  1 9 7 9 ;  P l i t m a n  e t  a l . ,  1 9 7 5 ,  V ig o  
e t  a l . ,  1 9 8 1 ) .  B y  t h i s  r e a s o n  v a r i o u s  m e t h o d s  h a v e  b e e n  d e 
v e lo p e d  f o r  m e a s u r i n g  t h e  a w  o f  f o o d s  a n d  e x t e n s iv e  
i n f o r m a t i o n  is  a v a i l a b l e  o n  aw  v a lu e s  o f  r a w / p r o c e s s e d  lo w  
m o i s t u r e  a n d  i n t e r m e d i a t e  m o i s t u r e  f o o d s  ( T r o l l e r  a n d  
C h r i s t i a n  1 9 7 8 ;  V ig o  e t  a l . ,  1 9 8 1 ,  C h i r i f e ,  1 9 7 8 ;  S t o l o f f ,  
1 9 7 8 ;  L a b u z a  e t  a l . ,  1 9 7 6 ) .  L i t t l e  i n f o r m a t i o n  is  a v a i l a b l e ,  
h o w e v e r ,  o n  t h e  a^ , v a lu e s  o f  r a w  f o o d s  s u c h  a s  f r e s h  
f r u i t s ,  v e g e t a b l e s  a n d  m e a t s .  B e s id e s  t h e  t h e o r e t i c a l  i n t e r s t ,  
t h i s  t y p e  o f  i n f o r m a t i o n  m a y  b e  u s e f u l  f o r  a  m o r e  o p t i m a l  
d e s ig n  o f  f o o d  p r e s e r v a t i o n  m e t h o d s  b a s e d  o n  a w  lo w e r in g  
( F a v e t t o  e t  a l . ,  1 9 8 1 ) .

T h e  p u r p o s e  o f  t h e  p r e s e n t  w o r k  is  t o  c a l c u l a t e  t h e  a w  
o f  a  d i v e r s i t y  o f  f r e s h  f o o d s ,  n a m e l y  f r u i t s ,  v e g e t a b l e s  a n d  
m e a t s .

R E S U L T S  &  D IS C U S S IO N
W A T E R  is  t h e  m a j o r  c o m p o n e n t  o f  f r e s h  f r u i t ,  v e g e ta b le s  
a n d  m e a t s  c o m p r i s i n g  a b o u t  7 5 —9 5 %  o f  t h e  f o o d  w e ig h t .  
T h e  w a t e r  a c t i v i t y  o f  t h e s e  f o o d s  i s  s o l e ly  d e t e r m i n e d  b y  
t h e  n a t u r e  a n d  c o n c e n t r a t i o n  o f  t h e  d is s o lv e d  c h e m i c a l  
s p e c ie s  n a t u r a l l y  o c c u r r i n g  i n  i t ,  s u c h  a s  s u g a r s ,  o r g a n i c  
a c id s ,  i n o r g a n i c  s a l t s ,  a n d  o t h e r  s o lu b l e  s u b s t a n c e s .  I n 
s o lu b l e  c o n s t i t u e n t s  a r e  n o t  e x p e c t e d  t o  m a k e  a n y  s ig n i f i 
c a n t  c o n t r i b u t i o n  t o  a w  lo w e r in g  d u e  t o  t h e  h ig h  m o i s t u r e  
c o n t e n t s  c o n s i d e r e d  ( C h i r i f e ,  1 9 7 8 ) .  A s  t h e  c o n c e n t r a t i o n  
o f  s o l u t e s  ( n o n i o n i c  a n d / o r  i o n i z a b l e )  n a t u r a l l y  p r e s e n t  in  
t h e  w a t e r  p h a s e  o f  f r e s h  f o o d s  is  r e l a t i v e l y  s m a l l ,  w a t e r  
a c t i v i t y  is  e x p e c t e d  t o  b e  c l o s e ,  b u t  d i f f e r e n t  f r o m  o n e .

I t  is  w e l l  k n o w n  t h a t  d i r e c t  m e a s u r e m e n t  o f  a w  a t  v e r y  
h ig h  w a t e r  a c t i v i t i e s  ( i . e .  >  0 . 9 8 )  p r e s e n t s  s e v e r a l  d i f f i 
c u l t i e s  w h e n  u s in g  t h e  a d m e a s u r e m e n t  d e v ic e s  m o s t  u s e d  
i n  t h e  f o o d  a r e a  ( P r i o r  e t  a l . ,  1 9 7 7 ) .  B y  t h i s  r e a s o n  i t  w a s

A u tho r Chirife is with the Departamento de Industrias Facultad de 
Ciencias Exactas y Naturales, Universidad de Buenos A ires, (1428) 
Buenos A ires, República Argentina. A u th o r Ferro Fontan is with 
the Departamento de Fisica, Facultad de Ciencias Exactas y Natur
ales, Universidad de Buenos A ires and is a member o f  Consejo Na
cional de Investigaciones Científicas y Técnicas de la República  
Argentina.

d e c id e d  t o  d e r iv e  t h e  w a t e r  a c t i v i t y  o f  f r e s h  f o o d s  f r o m  
r e p o r t e d  v a lu e s  o f  i t s  c r y o s c o p i c  t e m p e r a t u r e  ( o r  i n i t i a l  
f r e e z in g  p o i n t ) ,  s in c e  t h e  i n c i p i e n t  ic e  f o r m a t i o n  i n  f r u i t s ,  
v e g e ta b le s  a n d  m e a t s  is  w e l l  d o c u m e n t e d  i n  t h e  l i t e r a t u r e .  
R e c e n t l y ,  M ir a c c o  e t  a l .  ( 1 9 8 1 ) ,  C h i r i f e  e t  a l .  ( 1 9 8 1 ) ,  
A lz a m o r a  e t  a l .  ( 1 9 8 1 )  a n d  R e y  a n d  L a b u z a  ( 1 9 8 1 )  c o n 
c l u d e d  t h a t  c r y o s c o p i c  m e a s u r e m e n t s  c o n s t i t u t e  a n  a c c u r 
a t e  a n d  c o n v e n i e n t  m e a s u r e  o f  h ig h  w a t e r  a c t i v i t y  s o l u t e  
s y s t e m s .

T h e  r e l a t i o n s h i p  b e t w e e n  w a t e r  a c t i v i t y  a n d  f r e e z in g  
p o i n t  d e p r e s s i o n  ( 0 p )  m a y  b e  a c c u r a t e l y  e x p r e s s e d  b y  t h e  
f o l l o w in g  e q u a t i o n  ( F e r r o  F o n t a n  a n d  C h i r i f e ,  1 9 8 1 )

-  I n  a w  =  9 . 6 9 3 4  • 1 0 “  3  0 F  +  4 .7 6 1  ■ 1 ( T 6  • 0 |  ( 1 )
E q u a t i o n  ( 1 )  w a s  a p p l i e d  t o  a  d iv e r s i t y  o f  l i t e r a t u r e  d a t a  

o n  f r e e z in g  p o i n t s  o f  f r u i t s ,  v e g e t a b l e s ,  m e a t s  a n d  o t h e r  
f r e s h  f o o d s ,  a n d  t h e  r e s u l t s  a r e  s h o w n  in  T a b l e  1 . S t r i c t l y  
s p e a k in g  E q .  ( 1 )  p r o v i d e s  t h e  w a t e r  a c t i v i t y  a t  t h e  f r e e z in g  
t e m p e r a t u r e  a n d  n o t ,  l e t  u s  s a y  a t  “ r o o m ”  t e m p e r a t u r e .  
H o w e v e r  f o r  h ig h  w a t e r  a c t i v i t i e s ,  s u c h  a s  t h o s e  c o n s i d e r e d  
h e r e ,  a w  m a y  b e  s a f e ly  a s s u m e d  t o  b e  i n d e p e n d e n t  o f  
t e m p e r a t u r e  ( F e r r o  F o n t a n  a n d  C h i r i f e ,  1 9 8 1 ) .

I n  a  r e c e n t  w o r k  o n  t h e  d e t e r m i n a t i o n  o f  t h e  c r y o s c o p i c  
t e m p e r a t u r e  o f  f r u i t s  a n d  v e g e t a b l e s ,  G u e g o v  ( 1 9 8 0 )  
d e m o n s t r a t e d ,  a s  i t  w a s  t o  b e  e x p e c t e d ,  t h a t  t h e  c r y o s c o p i c  
t e m p e r a t u r e  ( a n d  h e n c e  t h e  a w )  w a s  c o r r e l a t e d  w i t h  t h e  
c o n c e n t r a t i o n  o f  s o lu b l e  s o l i d s  i n  t h e  f o o d .  T h u s ,  r a n g e s  o f  
a w  v a lu e s  r e p o r t e d  i n  T a b l e  1 c o r r e s p o n d  t o  v a r i a t i o n s  
f o u n d  i n  a  s a m e  f o o d  h a v in g  d i f f e r e n t  c o n c e n t r a t i o n s  o f  
s o lu b l e  s o l i d s  ( e f f e c t  o f  v a r i e t y ,  d e g r e e  o f  r i p e n e s s ) .

C O N C L U S IO N S
T H E R E  a r e  s o m e  o b s e r v a t i o n s  w h i c h  c a n  b e  m a d e  a b o u t  
t h e  r e s u l t s  s h o w n  o n  T a b l e  1 . I t  i s  n o t e w o r t h y  t h a t  t h e  aw  
v a lu e s  d e r iv e d  f r o m  f r e e z in g  p o i n t  d a t a  r e p o r t e d  b y  d i f f e r 
e n t  a u t h o r s  a g r e e  r e a s o n a b l y  w e l l .  T h e  a w  o f  t h e  la rg e  
m a j o r i t y  o f  f r e s h  f r u i t s ,  v e g e t a b l e s  a n d  m e a t s  is  i n  t h e  r a n g e  
0 . 9 7 0 —0 . 9 9 6 .  I n  t h e  a v e r a g e ,  f r u i t s  h a v e  s o m e w h a t  l o w e r  
a w  t h a n  v e g e t a b l e s ;  t h e  a v e r a g e  a w  f o r  4 2  f r u i t s  is  0 .9 8 3  
w h i le  f o r  3 9  v e g e ta b le s  i t  is  0 . 9 9 0 .  T h e  d i f f e r e n t  m e a t s  
( f i s h ,  p o r k ,  l a m b ,  b e e f )  h a v e  m u c h  t h e  s a m e  a w  =  0 . 9 9 0 .  
T h i s  r e s u l t  is  i n  a g r e e m e n t  w i t h  r e s u l t s  o f  L e i s t n e r  a n d  
R o d e l  ( 1 9 7 5 )  w h o  r e p o r t e d  t h a t  d i f f e r e n t  p o r c i n e  a n d  b o 
v in e  m u s c le s  h a v e  p r a c t i c a l l y  t h e  s a m e  a w .

F ig u r e  1 s h o w s  a  h i s t o g r a m  f o r  t h e  a w  ( a v e r a g e )  d i s t r i 
b u t i o n  i n  v e g e ta b le s  a n d  f r u i t s ;  a  g a u s s ia n  f i t  t o  t h e  h i s t o 
g r a m  is  a l s o  s h o w n  f o r  i l l u s t r a t i v e  p u r p o s e s .  H o w e v e r ,  i t  
s h o u l d  b e  n o t e d  t h a t  t h e  h i s t o g r a m s  s h o w  c o n s i d e r a b l e  
s k e w n e s s .

M e l lo r  ( 1 9 8 1 )  h a s  s u g g e s t e d  t h a t  t h e  f r e e z in g  p o i n t  o f  
s o m e  i n t a c t  b io lo g i c a l  t i s s u e  m a y  b e  m is le a d in g  a s  i t  m a y  
b e  l o w e r  t h a n  t h e  v a lu e  f o r  t h e  s o lu b l e  l i q u i d  f r a c t i o n .  
G u e g o v  ( 1 9 8 1 ) ,  h o w e v e r ,  r e p o r t e d  t h a t  t h e  c r y o s c o p i c  
t e m p e r a t u r e  o f  f r u i t  a n d  v e g e ta b le s  d e p e n d s  m a i n l y  o n  t h e  
s o lu b l e  s o l i d s  c o n t e n t  a n d  s t r u c t u r e  p l a y s  o n l y  a  m i n o r  
r o l e .  S im i l a r l y ,  B r i o z z o  ( 1 9 8 1 )  r e p o r t e d  f r e e z in g  p o i n t  d a t a  
f o r  t h e  s o lu b l e  l i q u i d  f r a c t i o n  o f  b e e f  a n d  p o r k  a n d  t h e  
v a lu e s  w e r e  i n  v e r y  g o o d  a g r e e m e n t  w i t h  o t h e r  l i t e r a t u r e  
d a t a  o b t a i n e d  f r o m  m e a t  t i s s u e s .  D i c k e r s o n  ( 1 9 6 8 )  a ls o

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-661



WA T E R  A C T I V I T Y  O F  F R E S H  F O O D S . . .

F ru its
Apples 0 .9803

0 .9 88 —0.975c
Apple juice 0 .9 86 b
Apricots 0 .987a

0 .9 8 5 -0 .9 7 7 °
Bananas 0.9873

0 .9 7 1 -0 .9 6 4 °
Bilberries 0 .9 89 b
Blackberries 0 .9 89 b
Blackberries 0 .9863
Blueberries 0 .9823
Cherries 0 .9773

0 .9 8 6 -0 .9 5 9 °
Cherries 0 .977a

0 .9 8 6 -0 .9 5 9 °
Cherries juice 0 .9 86 b
Cranberries 0 .9893
Currants 0 .9903
Dates 0 .9743
Dewberries 0 .9853
Figs 0 .9743
G rapefruit 0 .982a

0 .9 8 5 -0 .9 8 0 °
Gooseberries 0 .9893
Grapes 0 .9 86 —0.9743 

0 .9 8 2 -0 .9 6 3 °
Grape juice 0 .9 83 b
Lemons 0 .9 8 4 3

0 .9 8 9 -0 .9 8 2 °
Limes 0 .9803
Mangoes 0 .986a
Melons 0 .9 8 9 —0.988a 

0 .9 9 1 -0 .9 7 0 °
Nectarines 0 .9843
Oranges 0 .979a

0 .9 8 7 -0 .9 7 9 °
Orange juice 0 .9 88 b
Papaya 0 .9903
Peaches 0 .9873

0 .9 8 5 b
0 .9 8 9 -0 .9 7 9 °

Pears 0 .9 85 b
0 .9 8 9 -0 .9 6 9 °

Persimmons 0 .9763
Pineapple 0 .988—0 .9 85 3
Plums 0.9823

0 .9 7 8 b
0 .9 8 0 -0 .9 6 9 °

Table 1—Water activ ity  o f  fresh foods

Quinces 0 .9 793
0 .9 8 1 -0 .9 7 2 °

Leeks 0 .9 91 a
0 .9 8 9 -0 .9 7 6 °

Raspberries 0 .9 91 -0 .9 8 6 3 Lettuce 0 .9 96 3
0 .9 8 8 b
0 .9 9 4 -0 .9 8 4 °

M ushrooms 0 .9 89 3
0 .9 9 5 -0 .9 9 0 °

Raspberry juice 0 .9 8 8 b Onions 0 .990a
Sour cherries 0 .9 8 3 -0 .9 7 1 ° 0 .9 86 b
Strawberries 0 .9 90 3 0 .9 8 6 -0 .9 7 4 °

0 .9 91 b Parsnips 0 .9 8 8 a
0 .9 9 7 -0 .9 8 6 ° Peas, green 0 .9 90 a

Straw berry juice 0 .9 91 b 0 .9 8 2 b
Sweet cherries 0 .9 75 b 0 .9 8 3 -0 .9 8 0 °
Tangerines 0 .9873 Peppers 0 .9 92 3
W ater melon 

Vegetables
0 .9923

Potatoes
0 .9 9 7 -0 .9 9 2 °
0 .9 88 a
0 .9 9 7 -0 .9 9 2 °

Artichokes 0 .9 87 —0 .9 76 a Potatoes, sweet 0 .9 85 a
Asparagus 0.9923

0 .9 94 b
Pumpkins 0 .989a

0 .9 9 2 -0 .9 8 4 °
Avocado 0 .9893 Radishes 0 .9 90 a
Beans, green 0 .990a 0 .9 9 0 -0 .9 8 0 °

0 .9 9 6 -0 .9 9 4 ° Rhubarb 0 .989a
Beans, lima 0 .994a Rutabagas 0 .988a
Beets 0 .985a Salsify 0 .9 87 b

0 .9 8 8 -0 .9 7 9 ° Small radishes 0 .9 9 6 -0 .9 9 4 °
Broccoli, sprouting 0 .991a Spinach 0 .9963
Brussels sprouts 0 .9903 0 .9 9 6 -0 .9 9 2 °
Cabbage 0 .9 92 a 0.991 - 0 .9 8 8 3

0 .9 9 2 -0 .9 9 0 ° Squash 0 .9 9 8 -0 .9 9 4 °
Carrots 0 .983a

0 .9 8 9 b
Tom atoes 0 .991a

0 .9 9 8 -0 .9 9 4 °
0 .9 9 3 -0 .9 8 8 ° Tom ato  pulp 0 .9 93 b

Cauliflower 0 .990a
0 .9 8 7 -0 .9 8 4 °

Turnips 0 .988a
Celeriac 0 .990a Meats 0 .992—0 .9 89 d
Celery 0 .994a

0 .9 9 2 -0 .9 8 7 °
Beef 0 .9 9 0 —0 .9 80 e 

0 .990f
Celery leaves 0 .9 9 7 -0 .9 9 2 ° Fish, cod 0 .9909
Corn sweet 0 .9 94 a cod 0 .9 94 —0.9909Cucumbers 0 .9 9 2a various species

0 .9 9 8 -0 .9 9 5 ° (sea water) 0 .9 8 9 h
Eggplant 0 .991a Lamb carcasses 0 .9 90 d
Endive

0 .9 9 3 -0 .9 8 7 °
0 .995a

Pork 0 .9 90 e
Green onion 0 .9 9 6 -0 .9 9 2 ° Milk products

Cream, 40% fat 
Milk, whole

0 .9 79 a
0 .9 95 a
0 .9 9 5 —0.994^

1.5% fat 0 .9 9 5 1
3 J W ate r a c t iv i t y  va lu es ca lcu la ted  fro m  freez in g  p o in t d ata  rep o rted  b y :

a R h a , (1 9 7 5 )  d B r io z z o  (1 9 8 1 ) .  9 P la n c k , (1 9 6 3 ) .
D ic k e rs o n , J r .  (1 9 6 8 ) .  ® L e is tn e r  and R o d e l (1 9 7 5 ) .  P E a r le  and  F le m in g  (1 9 6 7 ) .
G u eg o v  (1 9 8 0 ) .  Bu rgess et a l .  (1 9 6 5 ) .  A lz a m o ra  et a l . (1 9 8 1 ) .

‘  Z a rb  and  H o u rlg an  (1 9 7 9 ) .

Fig. 1-H istogram  fo r water activ ity  (average) distribution in vegetables and fruits.
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q u o t e d  f r e e z in g  p o i n t  d a t a  f o r  v a r i o u s  b e r r i e s  a n d  t h e i r  
j u i c e s  a n d  t h e  v a lu e s  w e r e  i d e n t i c a l .  I t  is  n o t e w o r t h y  t h a t  
G u e g o v  ( 1 9 8 0 )  — w h o s e  f r e e z in g  p o i n t  d a t a  c o n s t i t u t e  a  
la r g e  p e r c e n t a g e  o f  t h o s e  u s e d  i n  t h i s  w o r k  — c o m p a r e d  
t h e  a n a l y t i c a l  d e p e n d e n c y  o f  t h e  c r y o s c o p i c  t e m p e r a t u r e  
w i t h  s o lu b l e  s o l i d s  o f  v a r i o u s  f r u i t s  a n d  v e g e ta b le s  w i t h  
o t h e r  l i t e r a t u r e  d a t a  a n d  f o u n d  a  g o o d  a g r e e m e n t .  W e  h a v e  
a l s o  f o u n d  t h r o u g h  a  s t a t i s t i c a l  a n a ly s i s  ( n o t  r e p o r t e d  h e r e )  
a  r e a s o n a b l e  d e g r e e  o f  c o r r e l a t i o n  b e t w e e n  G u e g o v ’s  d a t a  
a n d  t h o s e  q u o t e d  b y  R h a  ( 1 9 7 5 ) .
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A Research Note
C o m p a r i s o n  o f  S t a b i l i t y  o f  T h i a m i n  S a l t s  a t  H i g h  

T e m p e r a t u r e  a n d  W a t e r  A c t i v i t y

T .  P . L A B U Z A  a n d  J .  F . K A M M A N

--------------------------------------A B S T R A C T ----------------------------------------
C u r re n t  l i te r a tu re  in d ic a te s  co n flic tin g  re su lts  as to  th e  re la tiv e  s ta 
b ili ty  o f  th ia m in  m o n o n i tra te  versu s  th ia m in  h y d ro c h lo r id e . T h ese  
sa lts  w ere  te s te d  fo r  s tab il i ty  a t  7 5 - 9 5 ° C  an d  a t  aw ’s 0 .5 8  an d  0 .8 6 . 
T h e  o b se rv ed  d iffe re n c e  in  s tab ility  o f  th e  tw o  salts  can  b e  e x p la in e d  
b y  th e  h ig h e r a c tiv a tio n  en ergy  (2 6 .3  vs 2 2 .4 )  fo r  th e  m o n o n i tra te  
w h ich  re su lts  in  a crosso v er p o in t  a t  a b o u t 95° C in  an  A rrh e n iu s  
p lo t. B elow  9 5 °C  th e  m o n o n i tra te  w as m o re  s tab le  w h ile  ab o ve  
9 5 °C  th e  h y d ro c h lo r id e  is m o re  s tab le . In  a d d itio n , s tab il i ty  o f  b o th  
fo rm s  w as s lig h tly  less a t  th e  h ig h e r aw . T h e  lo ss o f  th ia m in  m o n o 
n i t r a te  in  a f lu c tu a tin g  sq u are  w ave te m p e ra tu re  co u ld  b e  a c cu r
a te ly  p re d ic te d  u sing  th e  re su lts  o f  th e  A rrh e n iu s  p lo t.

IN T R O D U C T IO N
T H I A M I N  h a s  lo n g  b e e n  c o n s i d e r e d  t o  b e  t h e  m o s t  t h e r 
m a l ly  u n s t a b l e  o f  t h e  v i t a m in s  u s e d  in  t h e  e n r i c h m e n t  o f  
c e r e a l  p r o d u c t s .  C o m m e r c i a l l y ,  t h e  v i t a m i n  is  a v a i l a b l e  in  
e i t h e r  t h e  h y d r o c h l o r i d e  o r  m o n o n i t r a t e  s a l t  f o r m .  A s  s e e n  
i n  T a b l e  1 , o n e  o f  t h e  m a j o r  d i f f e r e n c e s  b e t w e e n  t h e  t w o  
f o r m s  is  i t s  s o l u b i l i t y  i n  w a t e r ,  w i t h  t h e  h y d r o c h l o r i d e  
b e in g  m u c h  m o r e  s o lu b l e  a n d  t h u s  g e n e r a l l y  p r e f e r r e d  f o r  
l i q u id  a p p l i c a t i o n  o r  l i q u id  c o a t i n g  s y s t e m s .  T h e  m o n o 
n i t r a t e ,  a l t h o u g h  le s s  s o l u b l e ,  is  g e n e r a l l y  p r e f e r r e d  f o r  
e n r i c h m e n t  f o  d r y  m ix e s  b e c a u s e  o f  i t s  g r e a t e r  s t a b i l i t y .  F o r  
e x a m p l e ,  H o l l e n b e c k  a n d  O b e r m e y e r  ( 1 9 5 2 )  f o u n d  t h a t  t h e  
m o n o n i t r a t e  f o r m  w a s  m u c h  m o r e  s t a b l e  t h a n  t h e  h y d r o 
c h lo r i d e  f o r m  i n  e n r i c h e d  f l o u r  s t o r e d  a t  2 4 —3 8 ° C .  H o w 
e v e r ,  l a t e r  w o r k  b y  F a r r e r  ( 1 9 5 3 )  s h o w e d  t h e  h y d r o c h l o r i d e  
f o r m  t o  b e  t h e  m o r e  s t a b l e  w h e n  h e a t  p r o c e s s e d  i n  b u f f e r  
s o l u t i o n  a t  1 0 0 ° C .  T h u s ,  t h e  l i t e r a t u r e  p r e s e n t s  c o n f l i c t i n g  
r e s u l t s  a s  t o  r e l a t i v e  s t a b i l i t y .  T h e  o b j e c t i v e  o f  t h i s  r e s e a r c h  
w a s  t o  c o m p a r e  s t a b i l i t y  o f  t h e  t w o  s a l t  f o r m s  a t  s e v e r a l  
t e m p e r a t u r e s  a n d  t w o  w a t e r  a c t i v i t i e s  ( a w ) t o  d e t e r m i n e  
w h y  t h e  d i f f e r e n c e  i n  s t a b i l i t y  e x i s t s .  I n  a d d i t i o n ,  t h i s  r e 
s e a r c h  i n c l u d e d  a  s q u a r e  w a v e  f l u c t u a t i n g  t e m p e r a t u r e  
s t u d y  o f  t h i a m i n  m o n o n i t r a t e  a t  h ig h  t e m p e r a t u r e s  t o  
s e e  i f  t h e  c o n c lu s io n s  o f  K a m m a n  a n d  L a b u z a  ( 1 9 8 1 ) ,  
b a s e d  o n  A r r h e n i u s  k i n e t i c s  ( L a b u z a ,  1 9 7 9 ) ,  w o u ld  a l s o  
a p p l y .

M A T E R IA L S  &  M E T H O D S
S em o lin a  d o u g h

U n e n ric h e d  sem o lin a  ( In te rn a t io n a l  M u ltifo o d s , M in n eapo lis , 
M N ) w as fo r t if ie d  w ith  th ia m in  to  a b o u t 1 0 0  m g p e r  3 00 g  b y  b le n d 
ing  in  a tw in  she ll b le n d e r  fo r  30  m in . S e p a ra te  b a tc h e s  w ere  m ad e  
fo r  th e  m o n o n i tra te  an d  h y d ro c h lo r id e  sa lts  (H o ffm a n n  L aR o ch e ) . 
O n e  h u n d re d  g ram s w ere  th e n  m ix ed  w ith  an  a p p ro p r ia te  a m o u n t 
o f  d is tilled  w a te r  to  ach ieve th e  d es ired  aw  in  a sm all B rab en d er 
F a r in o g ra p h  (B ra b e n d e r  In s tru m e n ts )  m ix in g  b o w l a t ta c h e d  to  a 
B ra b e n d e r F a r in o g ra p h  (B rab en d e r In s tru m e n ts )  m ix in g  b o w l 
a t ta c h e d  to  a  B ra b e n d e r  m o d e l D -3 0 0 2  p re p  c e n te r . W ater ac tiv itie s  
o f  0 .5 8  an d  0 .8 6  w ere  used  (m o is tu re  c o n te n ts  o f  14g H 2 O /1 0 0 g  
an d  22g  H 2 O /1 0 0 g  re sp ec tiv e ly , K am m an  an d  L ab u z a , 1 9 8 1 ). 
T h e  m ix in g  w as d o n e  a t h ig h  speed  (2 0 0  rp m ) fo r  10  m in  u n t i l  a

A u tho r Labuza is with the Dept, o f  Food  Science & N utrition, 
Univ. o f  M innesota, 1334 Eck les Ave ., St. Paul, M N 55108.

u n ifo rm  a n d  h o m o g e n e o u s  sy s tem  re su lte d . A p p ro x im a te ly  6 g 
p o r t io n s  o f  th e  d o u g h  w ere  th e n  v acu u m  sealed  in to  6  x 9 cm  re 
to r t - ty p e  p o u c h e s  fo r  th e  s tu d y .

T e s t c o n d itio n s
T h e  p o u c h e s  c o n ta in in g  th e  sem o lin a  d o u g h  w as im m e d ia te ly  

s u b je c te d  to  th e  te s t  c o n d itio n s  b y  im m e rs io n  in to  a c irc u la tin g  o il 
b a th  h e ld  a t  e i th e r  7 5 , 85 o r  9 5 °C  o r  a  sq u are  w ave o f  7 5 /9 5 ° C  w ith  
125 m in  a t  e a ch  te m p e ra tu re . T h e  te m p e ra tu re  o f  a sam p le  p o u c h  
w as fo llo w ed  b y  eq u ip p in g  i t  in te rn a lly  w ith  a  th e rm o c o u p le . 
O n ce  e q u ilib ra tio n  h ad  o c c u rre d  (a b o u t 6 0  sec), th e  in it ia l  sam p le  
w as ta k e n  in  q u a d ru p lic a te  an d  d e s ig n a ted  as th e  tim e  ze ro  sam p les . 
T rip lic a te  sam p les  w ere  th e n  re m o v ed  a t  a p p ro p r ia te  t im e  in te rv a ls  
fo r  a  to ta l  t im e  to  reach  a t le as t 75%  d e s tru c t io n . A ll sam p les  re 
m o v ed  fro m  th e  o il b a th  w ere  im m e d ia te ly  im m e rsed  in  liq u id  
n itro g e n  fo r  5 sec an d  th e n  s to re d  a t  4 °C  u n t i l  a n a ly z e d . T h e  sq u are  
w ave s tu d y  w as d o n e  o n ly  w ith  th ia m in  m o n o n i tra te  an d  a t  aw  o f  
0 .5 8 .

T h ia m in  an a lysis
T h e  H PLC  te c h n iq u e  o f  K am m an  e t  al. (1 9 8 0 )  w as u sed .

R E S U L T S
T H E  R A T E  C O N S T A N T S  a n d  h a l f  l iv e s  f o r  l o s s  o f  t h i a m i n  
f o r  e a c h  s a l t  t y p e  a r e  s h o w n  i n  T a b l e  1 . A  f i r s t  o r d e r  r e a c 
t i o n  w a s  f o l l o w e d  v e r y  c lo s e ly  f o r  b o t h  s a l t s  a s  n o t e d  b y  
t h e  h ig h  c o r r e l a t i o n s  d e t e r m i n e d  b y  t h e  l e a s t  s q u a r e s  m e t h 
o d .  I t  is  a l s o  o b v io u s  t h a t  t h e  h y d r o c h l o r i d e  f o r m  is  le s s  
s t a b l e  a t  t h e  l o w e r  t e m p e r a t u r e s ;  h o w e v e r ,  i t s  s t a b i l i t y  
c o m e s  c lo s e  t o  t h a t  f o r  t h e  m o n o n i t r a t e  a t  9 5  C . E x a m i n a 
t i o n  o f  t h e  d i f f e r e n c e  i n  a c t i v a t i o n  e n e r g i e s  e x p l a i n s  t h i s  
p h e n o m e n o n .  I t  is  w e l l  k n o w n  in  t h e r m a l  p r o c e s s i n g  i n

Table 1—K inetic  constants fo r thiamin loss in a semolina dough 
system subjected to high temperatures

aw (°C)

k(min * )a ± 
95%

Confidence
interval r2

Half Life 
01/2 (min)

Ea
kcal/mole

Hydrochloride

0.58 75 3.72 ± 0.01 0.986 1863
85 11.41 ± 3.64 0528 607 228
95 22.45 ± 2.57 0.994 309

0.86 75 5.35 ± 2.57 0888 1895
85 12.20 ± 4.45 0.913 568 22.0
95 30.45 ± 8.91 0.941 228

Mononitrate

0.58 75 2.88 ± 0.01 0.960 2,406
85 7.91 ± 0.01 0.993 876 26.1
95 22.69 ± 2.57 0590 305

0.86 75 2.94 ± 0.01 0.993 2,357
85 8.31 ± 0.01 0.997 834 26.5
95 23.89 ± 0.01 0.999 290

0.58 75/95° C
Actual 11.71 ± 0.01 0590 592
Predicted 11.87 ± 0.02 584

a x 104
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e x a m i n i n g  t h e  r a t e s  o f  t w o  r e a c t i o n s  ( e .g . ,  m i c r o b i a l  d e a t h  
v e r s u s  v i t a m i n  s t a b i l i t y ;  s e e  L u n d ,  1 9 7 5 ) ,  t h a t  i f  t h e y  h a v e  
d i f f e r e n t  a c t i v a t i o n  e n e r g i e s ,  t h e r e  w i l l  b e  a  c r o s s o v e r  t e m 
p e r a t u r e  b e l o w  w h i c h  o n e  r e a c t i o n  is  f a s t e r  a n d  a b o v e  
w h i c h  t h e  o t h e r  r e a c t i o n  is  f a s t e r .  T h i s  i s  t h e  b a s is  o f  H T S T  
p r o c e s s i n g  i n  w h i c h  f o r  h ig h  t e m p e r a t u r e  p r o c e s s i n g  t h e  
r a t e  o f  d e s t r u c t i o n  o f  s p o r e s  is  m u c h  f a s t e r  t h a n  t h e  r a t e  o f  
q u a l i t y  lo s s  w h i le  a t  n o r m a l  r e t o r t  p r o c e s s i n g  t h e  q u a l i t y  
lo s s  r a t e  b e c o m e s  s i g n i f i c a n t  w i t h  r e s p e c t  t o  t h e  d e a t h  r a t e  
o f  s p o r e s .

F ig .  1 s h o w s  t h i s  a l s o  a p p l i e s  t o  t h e  d i f f e r e n c e s  i n  t h e  
s t a b i l i t y  o f  t h e  t w o  s a l t s ,  p r o b a b l y  b e c a u s e  o f  e l e c t r o p h i l i c  
t r a n s f e r  m e c h a n i s m s  d u e  t o  t h e  s a l t .  A t  a r o u n d  9 5 ° C  t h e  
l i n e s  b e g in  t o  c r o s s ;  t h u s ,  s o m e w h e r e  a b o v e  9 5 / 1 1 0 ° C  
t h e  h y d r o c h l o r i d e  s a l t  s h o u l d  b e  m o r e  s t a b l e  w h i l e  a t  2 5  — 
4 5  C  t h e  h y d r o c h l o r i d e  s h o u l d  b e  m u c h  le s s  s t a b l e .  P r e -

Fig. 1 -Com parison o f  the relative stab ility  (half life  in minutes) o f  
thiamin hydrochloride and thiamin m ononitrate as a function o f  
temperature.

B O  V IN E  B O N E  M A R R O W  L I P I D S . . . F r o m  p a g e  6 6 0

v io u s  i n c o n s i s t e n c i e s  in  t h e  l i t e r a t u r e  m a y  t h u s  b e  e x 
p l a i n e d  s o le ly  b y  a n  A r r h e n i u s  r e l a t i o n s h i p .  A t  t e m p e r a 
t u r e s  o f  le s s  t h a n  9 5 ° C ,  t h e  m o n o n i t r a t e  f o r m  o f  t h i a m i n  
s h o u l d  b e  t h e  p r e f e r r e d  f r o m  f o r  e n r i c h m e n t  o f  c e re a ls .  
A b o v e  1 1 0 ° C  t h e  h y d r o c h l o r i d e  f o r m  is  m o r e  s t a b l e .  S in c e  
p r o c e s s e d  f o o d s  g e n e r a l l y  w i l l  n o t  b e  s t o r e d  a b o v e  1 0 0 ° C ,  
t h e  m o n o n i t r a t e ,  a l t h o u g h  le s s  s o lu b l e  a n d  le s s  s t a b l e  t o  
t h e r m a l  p r o c e s s i n g ,  w o u ld  b e  t h e  p r e f e r r e d  f o r m  t o  u s e  i f  
t h e  p r o d u c t  is  t o  b e  f o r t i f i e d .  I t  s h o u l d  a l s o  b e  n o t e d  in  
T a b l e  1 t h a t  b o t h  s a l t s  a r e  le s s  s t a b l e  a t  t h e  h ig h e r  a w , 
a s  w o u ld  g e n e r a l l y  b e  e x p e c t e d  ( K i r k ,  1 9 8 1 ) .  I n  a d d i t i o n ,  
i n  e x a m i n i n g  t h e  d a t a  i n  T a b l e  1 , t h e  c r o s s o v e r  p o i n t  a t  
a w  0 .8 6  is  a b o u t  1 1 0 - 1 1 5 ° C  s u g g e s t in g  a g a in  t h a t  e l e c t r o n  
t r a n s p o r t  m e c h a n i s m s  f o r  d e g r a d a t i o n  o f  t h e  v i t a m i n  in  
t h e  a q u e o u s  e n v i r o n m e n t  a r e  p r o b a b l y  t h e  c a u s e  o f  t h e  
d i f f e r e n c e  i n  E A ’s.

T a b l e  1 a l s o  p r e s e n t s  t h e  a c t u a l  a n d  p r e d i c t e d  r a t e  c o n 
s t a n t s  a n d  h a l f  l i f e  f o r  t h e  f l u c t u a t i n g  s t u d y  u s in g  t h i a m i n  
m o n o n i t r a t e .  K a m m a n  a n d  L a b u z a  ( 1 9 8 1 )  s h o w e d  t h a t  
s im p le  A r r h e n i u s  m e t h o d s  c o u ld  b e  u s e d  t o  p r e d i c t  t h e  lo s s  
o f  t h i a m i n  i n  p a s t a  h e ld  u n d e r  f l u c t u a t i n g  c o n d i t i o n s  o f  
2 5 / 4 5  C . T h i s  p r e s e n t  w o r k  w a s  e x t e n d e d  t o  a  h ig h e r  
t e m p e r a t u r e  r a n g e .  A s  s e e n ,  t h e  a c t u a l  r a t e  c o n s t a n t  a s  
d e t e r m i n e d  b y  l e a s t  s q u a r e s  a n a ly s i s  o f  t h e  d a t a  c o m e s  
v e r y  c lo s e  t o  t h a t  p r e d i c t e d  f r o m  t h e  A r r h e n i u s  a p p r o a c h  
d e v e lo p e d  b y  L a b u z a  ( 1 9 7 9 ) .  T h e  e f f e c t i v e  t e m p e r a t u r e  
w a s  8 9 ° C  w h i c h  is  4 ° C  a b o v e  t h e  m e a n  t e m p e r a t u r e  o f  t h e  
f l u c t u a t i o n s  ( 8 5  C ) . T h e s e  r e s u l t s  t h u s  f u r t h e r  s u p p o r t  
t h e  u s e f u ln e s s  o f  a p p ly in g  k i n e t i c s  t o  f o o d  s t a b i l i t y  p r o b 
le m s .
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A Research Note
T h e  N u t r i e n t  C o m p o s i t i o n  o f  F r e s h  F i d d l e h e a d  G r e e n s

A . A . B U S H W A Y , A . M . W I L S O N , D . F . M c G A N N , a n d  R . J .  B U S H W A Y

-------------------------------------- A B S T R A C T ----------------------------------------
F id d le h e a d  g reen s  o f  th e  o s tr ic h  fe rn , M a tte u c c ia  s t r u th io p te r is ,  
v ar. p e n n .,  f ro m  tw o  sep a ra te  lo c a tio n s  w ere  an a ly z ed  fo r  th e ir  n u tr i
e n t  co m p o s itio n . G reen s  co n ta in e d  (in  %) 87 w a te r , 1 .12  f ib e r, 4 .2 3  
c ru d e  p ro te in , 4 .0 2  ash , 3 .0 6  c a rb o h y d ra te  an d  0 .5  fa t. T h e  fa t ty  
ac id  c o m p o s itio n  co n sis te d  m o stly  o f  p a lm ita te , lin o le a te  an d  lino - 
le n a te . U n s a tu ra te d  f a t ty  ac id s  a c c o u n t fo r  a p p ro x im a te ly  65%  o f  
th e  fa t ty  ac id s  a s so c ia ted  w ith  fid d le h e ad  lip id s . N ia c in , rib o flav in , 
th ia m in , v ita m in  C , an d  v ita m in  A w ere  p re s e n t a t  c o n c e n tra t io n  
ran g es  (b ased  o n  w e t w eig h t) o f  4 .0 7 - 5 .5 7 ,  0 .1 5 - 0 .2 4 ,  0 .0 1 8 -  
0 .0 2 4 , 1 9 .0 0 - 3 2 .6 9  m g/lO O g g reens a n d  2 1 7 5 - 2 7 0 9  I.U ./lO O g, 
re sp ec tiv e ly . S p e c tro c h e m ic a l an a ly s is  id e n tif ie d  17 m in e ra ls  w ith  
p o ta s s iu m , p h o sp h o ru s , m ag n esiu m  an d  ca lc iu m  b ein g  th e  m o s t 
p ro m in e n t. T h e  lo w  sod iu m  c o n te n t  (0 .5  m g/lO O g g reen s) sh o u ld  
b e  n o te d . T h e  h ig h  p o ta s s iu m  to  sod iu m  ra tio  co u ld  m ak e  fidd le- 
h ea d  g reen s  an  in te g ra l p a r t  o f  th e  d ie t  o f  p e rso n s  re q u ir in g  low  
in ta k e s  o f  so d iu m .

IN T R O D U C T IO N
F I D D L E H E A D  G R E E N S  o f  t h e  o s t r i c h  f e r n ,  p r e v io u s ly  
c a l l e d  P t e r e t i a  n o d u o s a  ( M i c h x . )  N ie u w l ,  n o w  n a m e d  
M a t t e u c c i a  s t r u t h i o p t e r i s  v a r .  p e n s y l v a n i c a  ( W i l ld .)  M o r t o n ,  
a r e  h a r v e s t e d  i n  t h e  n o r t h e a s t e r n  s t a t e s  a s  w e l l  a s  i n  C a n a d a .  
T h e  f i d d l e h e a d  is  s o ld  f r e s h  in  l o c a l  m a r k e t s ,  c a n n e d  a n d  
f r o z e n  c o m m e r c i a l l y ,  a n d  h o m e  p r o c e s s e d  b y  c a n n in g ,  
f r e e z in g ,  o r  s a l t in g  ( B l a k e ,  1 9 4 2 ,  1 9 5 5 ) .  G i b b o n s  ( 1 9 7 9 )  
r e p o r t s  t h a t  t h e  f i d d l e h e a d  g r o w s  f r o m  N e w f o u n d l a n d  t o  
A la s k a  a n d  f r o m  t h e  D a k o t a s  t o  M is s o u r i  a n d  W e s t  V ir g in ia .

N o  n u t r i t i o n a l  d a t a  o n  t h e  o s t r i c h  f e r n  e x i s t  in  t h e  
l i t e r a t u r e  a l t h o u g h  s e v e r a l  s o u r c e s  l i s t  t h e  f i d d l e h e a d  a s  a n  
e d ib l e  p l a n t  ( B la k e  1 9 4 2 ,  1 9 5 5 ;  B r iw a ,  1 9 5 6 ;  G i b b o n s ,
1 9 7 9 ) .  S in c e  f i d d l e h e a d  g r e e n s  a r e  c o n s u m e d  b y  t h e  p o p u 
l a t i o n  o f  t h e  n o r t h e a s t e r n  U n i t e d  S t a t e s  a n d  e a s t e r n  C a n a 
d a ,  t h e  n u t r i t i o n a l  c o m p o s i t i o n  o f  f r e s h  g r e e n s  f r o m  t w o  
l o c a t i o n s  w a s  i n v e s t i g a t e d .

E X P E R IM E N T A L
F ID D L E H E A D S  o f  th e  o s tr ic h  fe rn , M a tte u c c ia  s t r u th io p te r i s  var. 
p e n s y lv a n ic a ,  w ere  h a rv es te d  fro m  th e  b a n k s  o f  th e  U n io n  an d  
P isca taq u is  R ivers in  C e n tra l M aine in  M ay, 1 9 8 1 . F id d le h e a d s  
w e re  s to re d  a t 4 - 5 ° C  an d  all sam ples w ere  an a ly z ed  w ith in  3 d ay s  
o f  h arv est.

P ro x im a te  c o m p o s itio n , v ita m in , an d  m in era l an a lyses
C ru d e  p ro te in  w as d e te rm in e d  b y  th e  m ac ro -K je ld ah l m e th o d  

using  6 .2 5  as th e  m u ltip l ic a tio n  fa c to r  w h ile  c ru d e  f ib e r  w as d e te r 
m in ed  b y  th e  m e th o d  o f  th e  A sso c ia tio n  o f  O ffic ia l A n a ly tic a l 
C h e m is ts  (A O A C , 1 9 8 0 ) . T h e  s p e c tro p h o to m e tr ic , f lu o ro m e tr ic ,
2 ,6 -d ic h lo ro in d o p h e n o l an d  f lu o ro m e tr ic  m e th o d s  w ere  u sed  to  
an a ly z e  fo r  n iac in , r ib o flav in , v ita m in  C an d  th ia m in  re sp ec tiv e ly  
(A O A C , 1 9 8 0 ) . C a rb o h y d ra te  w as d e te rm in e d  b y  s u b tra c tin g  th e  
to ta l  p e rc e n t c o m p o s itio n  fro m  100 . V ita m in  A w as d e te rm in e d  b y  
a n ew ly  d ev e lo p ed  h ig h -p e rfo rm a n c e  liq u id  c h ro m a to g ra p h ic  (H P L C ) 
m e th o d  (B u sh w ay  an d  W ilson , 1 9 8 1 ).

S am p le s  fo r  m in e ra l an a lys is  w ere  d ry  a sh ed , d isso lved  in  d ilu te  
HC1 an d  d ilu te d  w ith  d e io n iz e d  w a te r . A ll m in e ra ls  w ere  an a ly z ed

A ll authors are a ffiliated with the Dept, o f  Food  Science, Holmes 
Hall, Univ. o f  Maine, Orono, M E  04469.

b y  In d u c tiv e ly  C o u p led  P lasm a (IC P) sp e c tro s c o p y  usin g  a  Ja rre ll- 
A sh  P lasm a C o m p  9 7 5  e x c e p t so d iu m  w h ich  w as a n a ly z e d  b y  
a to m ic  a b s o rp tio n  sp e c tro s c o p y  (A k p a p u n a m  an d  M ark ak is , 1 9 8 1 ; 
B ush w ay  e t  al. 1 9 8 1 ) . P ro c e d u re s  u sed  w ere  th o s e  fo u n d  in  Ja rre ll- 
A sh  b u l le t in  9 6 -9 7 5 .

A m in o  ac id  an a ly sis  w as p e rfo rm e d  b y  h y d ro ly s is  in  5 .7 N  HC1 
a t  1 10 °C  fo r  24  h r. A na ly ses  w as p e rfo rm e d  ac co rd in g  to  th e  
m e th o d  o f  R u s h o f f  e t  a l., (1 9 8 0 )  u sing  a  B eck m an  119 am in o  acid  
an a ly z e r  eq u ip p e d  fo r  a u to m a tic  sam p le  in je c tio n .

L ip id  e x tr a c t io n  an d  f a t ty  ac id  an a lysis
T e n  g ram s o f  freeze-d ried  an d  g ro u n d  f id d le h e a d s  w ere  e x tr a c te d  

fo r  15 h r  in  c h lo ro fo rm :m e th a n o l (2 :1 . v /v ) in  a  S o x h le t e x tr a c to r . 
A f te r  e x tr a c t io n , so lv en t w as rem o v ed  u sing  a  ro ta ry  e v a p o ra to r  
an d  th e  lip id  w as k e p t  u n d e r  n itro g e n  u n t i l  f a t ty  ac id  an a ly s is  w as 
p e rfo rm e d .

T w e n ty  m g sam p les  o f  f id d le h e ad  lip id  w ere  s a p o n if ie d  in  0 .2 N  
m e th a n o lic  N aO H . F a t ty  ac id  m e th y l  e s te rs  w ere  p re p a re d  by  
h y d ro ly s is  w ith  14%  b o ro n  t r if lu o r id e  in  m e th a n o l fo r  10  m in  a t 
1 0 0 °C  (M o rriso n  an d  S m ith , 1 9 6 4 ) an d  w ere  se p a ra te d  o n  a 0 .3  x 
180  cm  glass co lu m n  p ac k e d  w ith  10%  SP 2 3 4 0  o n  1 0 0 /1 2 0  m esh  
C h ro m o so rb  W w ith  te m p e ra tu re  p ro g ram m in g  fro m  1 5 0  to  2 2 0 °C  
a t 4 °C /m in . A  S ig m a 2 gas c h ro m a to g ra p h  e q u ip p e d  w ith  a flam e  
io n iz a tio n  d e te c to r  w as u sed . H eliu m  w as e m p lo y e d  as c a rr ie r gas 
w ith  a  flow  ra te  o f  30  m l/m in . Q u a n ti ta t io n  o f  in d iv id u a l f a t ty  
ac id s  w as p e rfo rm e d  w ith  p ea k  area s  d e te rm in e d  w ith  a  H e w le tt  
P ac k a rd  in te g ra to r  M o de l 3 3 9 0 A .

R E S U L T S  &  D IS C U S S IO N
T H E  P R O X I M A T E  A N A L Y S I S  o f  f i d d l e h e a d s  is  s h o w n  in  
T a b l e  1 . T h e  p e r c e n t a g e  o f  p r o t e i n  i s  a b o u t  t w i c e  t h a t  
f o u n d  i n  b e e t  g r e e n s ,  s w is s  c h a r d  a n d  s p i n a c h  ( W a t t  a n d  
M e r r i l l ,  1 9 8 0 ) .  P r e l im i n a r y  a m i n o  a c id  a n a ly s i s  i n d i c a t e d  
t h e  f i d d l e h e a d s  w e r e  lo w  in  m e t h i o n i n e  a n d  h ig h  i n  a s p a r t i c  
a c id  a n d  l e u c i n e .  T h e  f a t ,  c r u d e  f i b e r  a n d  m o i s t u r e  c o n t e n t  
o f  f i d d l e h e a d s  c o m p a r e s  f a v o r a b l y  w i t h  t h a t  o f  b e e t  g r e e n s ,  
b r o c c o l i ,  s p i n a c h ,  s w is s  c h a r d  a n d  c o l l a r d s ,  b u t  t h e  a s h  c o n 
t e n t  is  t w o  t o  t h r e e  t i m e s  a s  h ig h  ( W a t t  a n d  M e r r i l l ,  1 9 8 0 ) .  
W i th  t h e  i n c r e a s e d  i n t e r e s t  i n  t h e  r o l e  p l a y e d  b y  f i b e r  in  
h e a l t h  a n d  d is e a s e  ( S p i l l e r  a n d  A m e n ,  1 9 7 6 ;  R o t h  a n d  
M e h l m a n ,  1 9 7 8 ) ,  f i d d l e h e a d s ,  c o u ld  m a k e  a  s i g n i f i c a n t  
c o n t r i b u t i o n  t o  d a i l y  f i b e r  i n t a k e .

R a n g e s  f o r  v i t a m i n  d a t a  a r e  g iv e n  i n  T a b l e  1 s in c e  v a lu e s  
v a r i e d  b e t w e e n  s a m p l in g  l o c a t i o n .  C o m p a r i s o n s  o f  t h e  v i t a -

Table 1 —Proxim ate analyses and vitamin com position o f  fresh 
fiddleheads

Assay %a V itam in0
Vitam in
content*"

Moisture 87.10 Niacin 4.07 -5 .5 7
Fat 0.49 Riboflavin 0 .15  - 0 .2 4
Crude Fiber 1.12 Thiamin 0 .0 1 8 -0 .0 2 4
Crude Protein 4.23 Vitam in C 19.00 -3 2 .6 9
Total C arbohydrate 3.06 Vitam in A 2175  - 2 7 0 9
a E a c h  va lu e  rep resen ts  th e  m ean o f  tw o  sam p les f ro m  tw o  d if fe re n t  

lo c a t io n s .
“ V a lu e s  a re  p resen ted  as ranges s in ce  f id d le h e a d s  w ere  harvested  

fro m  tw o  d iffe re n t  lo c a t io n s . F o u r  to  f iv e  sam p les f ro m  each  lo c a 
t io n  w e re  a n a ly z e d .

c V a lu e s  fo r  n ia c in , r ib o fla v in  and  th ia m in  a re  In  m g/lO O g w et 
w e ig h t . F o r  v ita m in  A ,  va lu es  aré  In  I .U ./ lO O g  w e t  w e ig h t .
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m i n  c o n t e n t  o f  f i d d l e h e a d  g r e e n s  ( T a b l e  1 )  w i t h  t h a t  o f  
b e e t  g r e e n s ,  d a n d e l i o n  g r e e n s ,  s w i s s  c h a r d  a n d  s p i n a c h  
( W a t t  a n d  M e r r i l l ,  1 9 8 0 )  s h o w e d  t h a t  f i d d l e h e a d s  w e r e  
h i g h  i n  n i a c i n  a n d  l o w  i n  v i t a m i n  A .  T h e  t h i a m i n ,  r i b o f l a v i n  
a n d  v i t a m i n  C  c o n t e n t s  w e r e  s i m i l a r  t o  t h o s e  f o r  o t h e r  
g r e e n s .  T h e  l o w e r  v i t a m i n  A  c o n t e n t  m a y  r e f l e c t  d i f f e r e n c e s  
b e t w e e n  m e t h o d s .  T h e  H P L C  m e t h o d  e l i m i n a t e s  t h e  
m e a s u r e m e n t  o f  c a r o t e n o i d s  t h a t  d o  n o t  h a v e  v i t a m i n  A  
a c t i v i t y ,  a n d  t h u s  w o u l d  g i v e  a  m o r e  a c c u r a t e  v a l u e  f o r  
v i t a m i n  A  t h a n  p r e v i o u s  m e t h o d s .

A s  w i t h  o t h e r  v e g e t a b l e  l i p i d s ,  t h e  f a t t y  a c i d  c o m p o s i 
t i o n  o f  f i d d l e h e a d s  c o n s i s t s  o f  a  h i g h  p e r c e n t a g e  o f  u n s a t u r 
a t e d  a c i d s .  P a l m i t i c  ( 2 5 . 7 % ) ,  l i n o l e i c  ( 1 8 . 4 % )  a n d  l i n o l e n i c  
( 2 6 . 7 % )  w e r e  f o u n d  i n  t h e  h i g h e s t  c o n c e n t r a t i o n s  f o l l o w e d  
b y  s t e a r i c  ( 4 . 2 % ) ,  o l e i c  ( 8 . 7 % )  a n d  1 3 - d o c o s e n o i c  a c i d  
( 8 . 1 % ) .  N o  f a t t y  a c i d s  o f  c h a i n  l e n g t h  g r e a t e r  t h a n  C : 2 4  
w e r e  d e t e c t e d  u n d e r  t h e  c o n d i t i o n  u s e d .

T h e  m i n e r a l  c o m p o s i t i o n  o f  f i d d l e h e a d  g r e e n s  ( T a b l e  2 )  
s h o w s  l e v e l s  o f  p o t a s s i u m ,  m a g n e s i u m  a n d  p h o s p h o r u s  a s  
e x p e c t e d  f o r  g r e e n s .  T h e  s o d i u m  c o n t e n t  o f  f i d d l e h e a d  
g r e e n s  i s  l o w  a n d  i s  s i m i l a r  t o  t h a t  o f  a s p a r a g u s  ( W a t t  a n d  
M e r r i l l ,  1 9 8 0 ) .  T r a c e  a m o u n t s  o f  b o r o n ,  c o p p e r ,  i r o n ,  
m a n g a n e s e  a n d  z i n c  w e r e  f o u n d .

T a b le  2 —E le m e n ta l  a n a ly s is  o f  fre sh  f id d le h e a d s  o n  a w e t  w e ig h t  
b a sis

Sample3
% R D A  of 

100g sampleElement ppm mg/100g

Macro-elements

Ca 326 32.6 4
K 3605 361.0 —

Mg 339 33.9 10
P 1050 105.0 13
Na 5 0.5 -

Micro-elements

AI 0.3 0.03 —

B 4.7 0.47 —

Ba — 0.01 —

Cd 0.1 0.13 —

Cr — 0.01 —

Cu 3.4 0.34 -
Fe 11.2 1.12 11
Mn 4.2 0.42 -
Ni 1.0 0.10 -
Si 4.5 0.45 -

V — 0.01 -

Zn 5.7 0.57 4

a E a c h  v a lu e  re p re s e n ts  t h e  m e a n  o f  t w o  s a m p le s  f r o m  t w o  d if f e r e n t  
lo c a t io n s .

A  l O O g  p o r t i o n  o f  w e t  f i d d l e h e a d  g r e e n s  w o u l d  f u r n i s h  
a p p r o x i m a t e l y  2 5 ,  1 3 ,  2 ,  4 6  a n d  7 1 %  o f  t h e  R e c o m m e n d e d  
D i e t a r y  A l l o w a n c e  ( R D A )  f o r  n i a c i n ,  r i b o f l a v i n ,  t h i a m i n ,  
v i t a m i n  C  a n d  v i t a m i n  A ,  r e s p e c t i v e l y .  T h e  p e r c e n t  R D A  o f  
t h e  m i n e r a l  e l e m e n t s  s u p p l i e d  b y  a  lO O g  s e r v i n g  o f  f i d d l e -  
h e a d s  i s  s h o w n  i n  T a b l e  2 .  A  lO O g  p o r t i o n  o f  f i d d l e h e a d  
g r e e n s  w o u l d  s u p p l y  1 0 %  o r  m o r e  o f  t h e  R D A ’s  f o r  m a g n e 
s i u m ,  p h o s p h o r u s  a n d  i r o n .  N o  R D A  h a s  b e e n  e s t a b l i s h e d  
f o r  m a n y  o f  t h e  m i c r o - e l e m e n t s  a l t h o u g h  m i n i m u m  d a i l y  
i n t a k e s  h a v e  b e e n  r e c o g n i z e d  ( A n o n ,  1 9 8 0 ) .  B a s e d  o n  t h e s e  
d a t a ,  a  lO O g  s e r v i n g  o f  f i d d l e h e a d  g r e e n s  w o u l d  f u r n i s h  
2 5 %  o f  t h e  c h r o m i u m ,  1 1 %  o f  t h e  c o p p e r ,  a n d  1 0 %  o f  t h e  
m a n g a n e s e  r e q u i r e d  o n  a  d a i l y  b a s i s .

F r o m  a  n u t r i t i o n a l  s t a n d p o i n t ,  f i d d l e h e a d s  a r e  a  g o o d  
s o u r c e  o f  v i t a m i n s  A  a n d  C ,  n i a c i n  a n d  r i b o f l a v i n .  A l t h o u g h  
v i t a m i n  c o n t e n t  v a r i e d  d e p e n d i n g  o n  h a r v e s t  l o c a t i o n ,  t h e  
d i f f e r e n c e s  w e r e  n o t  s i g n i f i c a n t .  T h e  v i t a m i n  c o n t e n t  i s  
s i m i l a r  t o  t h e  v a l u e s  f o r  p o t a t o e s  w h i c h  a r e  r e c o g n i z e d  a s  
a n  e x c e l l e n t  s o u r c e  o f  v i t a m i n  C  ( W a t t  a n d  M e r r i l l ,  1 9 8 0 ) .  
T h e  f i b e r  c o n t e n t  o f  f i d d l e h e a d s  r e p r e s e n t s  a  s u b s t a n t i a l  
p r o p o r t i o n  o f  t h e  s o l i d s  c o n t e n t  a n d  c o u l d  c o n t r i b u t e  t o  
d i e t a r y  f i b e r  i n t a k e s .  T h e  l o w  s o d i u m  c o n t e n t  w o u l d  m a k e  
f i d d l e h e a d s  a  v a l u a b l e  p a r t  o f  t h e  d i e t  o f  p e r s o n s  r e q u i r i n g  
l o w  s o d i u m  i n t a k e .  F i d d l e h e a d  g r e e n s  t h e n  a r e  c o m p a r a b l e  
i n  n u t r i t i o n a l  q u a l i t y  t o  m a n y  c o m m o n  g r e e n  v e g e t a b l e s .

REFERENCES
Akpapunam , M.A. and Markakis, P. 1 9 8 1 . Physio chem ical and nutritional aspects o f  cow pea flour. J. F ood  Sci. 46: 972 . A nonym ous. 1 9 8 0 . “ R ecom m ended Dietary A llow ances,” 9th  ed.National Research Council, W ashington, D.C.AOAC. 1980 . “O fficial M ethods o f A nalysis,” 13th  ed ., p. 123 , 12 9 , 77 1 , 774 . A ssociation o f  O fficial Analytical Chemists, Washington, DC.Blake, S .F. 1942 . The ostrich fern as an edible plant. Amer. Fern J. 32: 61.Blake, S .F. 19 55 . The ostrich fern as an edible plant; A second note. Amer. Fern J. 45: 135 .Briwa, K.E. 1956 . Spring greens for the picking. Circular 296 . Maine Cooperative Extension Service, Orono, ME.Bush w ay, A. A ., Belyea, P.R., and Bushway, R.J. 1 9 8 1 . Chia seed as a source o f oil, polysaccharide and protein, J. F ood  Sci. 46: 1349 . Bush w ay, R.J. and W ilson, A.M, 1 9 8 1 . D eterm ination o f a- and 6- chrom atography. Canadian Institute o f F ood  Sci. & Technol. In press.Gibbons, E. 1 9 7 9 . “ H andbook o f  Edible Wild Plants.” Donning, Va. Beach, N orfolk , VA.Morrison, W.R. and Sm ith, L.M. 19 64 . Preparation o f fatty  acid m ethyl esters and dim ethylacetals from  lipids w ith  boronfluoride- m ethanol. J. Lipid Res. 5: 600 .R oth, H.P. and Mehlman, M.A. 1 9 7 8 . “Sym posium  on the R ole o f  Dietary Fiber in H ealth.” Am . J. Clin. Nutr. (31).R ushoff, L.L., Blakeney, E.W. Jr., and Culley, D .D . Jr. 1 9 8 0 . Duckweeds (Lem naceae fam ily): A potential source o f  protein and amino acids. J. Agric. F ood Chem. 28: 848 .Spiller, G.A. and Am en, R.J. 19 76 . “ Fiber in  Human N utrition.” Plenum Publ. Co., New York.Watt, B.K. and Merrill, A .L. 1 9 8 0 . “ C om position o f  F ood s.” USDA  Agriculture H andbook N o. 8. U .S. Govt. Prtg. O ff., W ashington, D.C.Ms received 7 /1 /8 1 ;  revised 1 0 /2 0 /8 1 ;  accepted 1 0 /2 0 /8 1 .

Volume 47 (1982)-JOURNAL OF FOOD SCIENCE-667



A Research Note
R e h y d r a t i o n  o f  F r e e z e - D r i e d  C u l t u r e s  o f  L a c t i c  S t r e p t o c o c c i

R .  N .  S I N H A ,  A .  K .  S H U K L A ,  M A D A N  L A L ,  a n d  B .  R A N G A N A T H A N

----------------------------ABSTRACT-----------------------------
Cell suspensions (0.2 ml each) of three lactic streptococci were 
freeze-dried from distilled water. In order to determine the opti
mum conditions of rehydration the effect of different factors such as composition, temperature, and pH of rehydrating media on 
viability of the freeze-dried cells of the lactic streptococci has been 
studied. Rehydration of freeze-dried cells with 10% solution of dex
trose, sucrose or reconstituted skim milk at pH 6.5 and 22° C can 
be recommended as optimum conditions for maximum recovery of 
viable cells.

INTRODUCTION
D U R I N G  T H E  U S E  o f  f r e e z e - d r i e d  o r g a n i s m ,  r e h y d r a t i o n  
h a s  b e e n  c o n s i d e r e d  a s  a n  i m p o r t a n t  s t e p .  A n  o r g a n i s m  
w h i c h  s u r v i v e s  t h e  v a r i o u s  s t e p s  s u c h  a s  f r e e z i n g ,  d r y i n g  
a n d  s t o r a g e ,  m a y  l o s e  i t s  v i a b i l i t y  d u r i n g  r e h y d r a t i o n  ( F r y ,
1 9 6 6 ) .  P o o r  r e c o v e r y  o f  c e l l s  f o l l o w i n g  f r e e z e - d r y i n g  m a y  
b e  a t t r i b u t e d  t o  i n a d e q u a c i e s  i n  r e h y d r a t i o n  p r o c e d u r e  
( L e a c h  a n d  S c o t t ,  1 9 5 9 ) .  T h e  p r e s e n t  s t u d y  p e r t a i n s  t o  
s t u d y  o f  f a c t o r s  s u c h  a s  c o m p o s i t i o n ,  t e m p e r a t u r e ,  a n d  p H  
o f  r e h y d r a t i n g  m e d i a  o n  t h e  v i a b i l i t y  o f  f r e e z e - d r i e d  l a c t i c  
s t r e p t o c o c c i .

MATERIALS & METHODS
CELLS of Streptococcus lactis C j o , S. cremoris Cj, and S. lactis 
subsp. diacetylactis DRCj grown in 30 ml yeast dextrose broth were 
centrifuged. The washed cells were resuspended in 3 ml of glass dis
tilled water. 0.2 ml each of the cell suspension was transferred to 
glass ampoule (100 x 6/7 mm) and freeze-dried (Sinha et al., 1972,
1974). Ampoules containing freeze-dried cells were opened imme
diately after freeze-drying and 0.2 ml of the rehydrating medium 
was added. Viable cell counts were determined by the standard 
plate method using yeast dextrose agar. The petriplates were incu
bated at 30° C for 48 hr.

RESULTS & DISCUSSION
C O M P A R A T I V E  D A T A  o n  t h e  i n f l u e n c e  o f  e l e v e n  d i f f e r 
e n t  r e h y d r a t i n g  m e d i a  o n  t h e  v i a b i l i t y  o f  f r e e z e - d r i e d  
l a c t i c  s t r e p t o c o c c i  a r e  p r e s e n t e d  i n  T a b l e  1 . M a x i m u m  v i a 
b i l i t y  o f  c e l l s  w a s  o b t a i n e d  w i t h  a l l  t h r e e  c u l t u r e s  i n  t h e  
r e h y d r a t i n g  m e d i u m  c o n t a i n i n g  s u c r o s e ,  f o l l o w e d  b y  r e c o n 
s t i t u t e d  s k i m  m i l k  a n d  d e x t r o s e .  W h e n  d i s t i l l e d  w a t e r  w a s  
u s e d  a s  r e h y d r a t i n g  m e d i u m ,  t h e  m i n i m u m  n u m b e r  o f  
v i a b l e  c e l l s  w e r e  r e c o v e r e d  w i t h  S. lactis C j o , S. cremoris 
C j  a n d  S. lactis s u b s p .  diacetylactis D R C ! , t h e  v a l u e s  b e i n g  
1 7 3  x  1 0 s , 3 1 0  x  1 0 s , a n d  4 1 2  x  1 0 s  p e r  a m p o u l e ,  r e s p e c 
t i v e l y .  O t h e r  r e h y d r a t i n g  m e d i a  s u c h  a s  y e a s t  e x t r a c t ,  p e p 
t o n e ,  s o d i u m  g l u t a m a t e  a n d  h o r s e  s e r u m  g a v e  i n t e r m e d i a t e  
v a l u e s  i n  r e g a r d  t o  n u m b e r  o f  v i a b l e  c e l l s  ( T a b l e  1 ) .

A n a l y s i s  o f  v a r i a n c e  o f  t h e  d a t a  i n d i c a t e d  s i g n i f i c a n t  
( P  <  0 . 0 5 )  d i f f e r e n c e s  i n  t h e  v i a b l e  c e l l  c o u n t s  d u e  t o  d i f f e r -

A u th o r s  S in h a  a n d  L a i a re  w i th  th e  D iv. o f  D a iry  B a c te r io lo g y ,  N a 
t io n a l  D a iry  R e s e a r c h  I n s t i tu t e ,  K a rn a l-1 3 2 0 0 1  (H a rya n a ), Ind ia . 
A u t h o r  S h u k la  is w i th  P u m ja b  D a iry  D e v e lo p m e n t  C o rp ., B h a tin d a -  
1 5 1 0 0 1 , In d ia . A u t h o r  R a n g a n a th a n  is a f f i l a i t e d  w i th  th e  S o u th e r n  
R e g io n a l  S ta t io n ,  N a t io n a l  D a iry  R e se a rc h  I n s t i tu t e ,  B a n g a lo re-  
5 6 0  0 3 0 , Ind ia .

e n t  r e h y d r a t i n g  m e d i a .  A n a l y s i s  o f  t h e  d a t a  f o r  t h e  c r i t i c a l  
d i f f e r e n c e  i n d i c a t e d  s i m i l a r  e f f e c t s  i n  t h e  c a s e s  o f  s u r c r o s e ,  
r e c o n s t i t u t e d  s k i m  m i l k  a n d  d e x t r o s e ,  a l t h o u g h  t h e  i n f l u 
e n c e  o f  t h e  a b o v e  t h r e e  r e h y d r a t i n g  m e d i a  o n  t h e  v i a b i l i t y  
o f  c e l l s  s i g n i f i c a n t l y  d i f f e r e d  f r o m  o t h e r  r e h y d r a t i n g  m e d i a  
l i s t e d  i n  T a b l e  1 . D i s t i l l e d  w a t e r ,  n o r m a l  s a l i n e ,  p h o s p h a t e  
b u f f e r  a n d  l a c t o s e  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  f r o m  o n e  
a n o t h e r  a s  t h e y  g a v e  v e r y  l o w  v i a b l e  c e l l  c o u n t s .

T h e  d a t a  o n  d i s t i l l e d  w a t e r  a s  r e h y d r t i n g  m e d i u m  y i e l d 
i n g  m i n i m u m  c e l l  c o u n t s  a r e  i n  c o n f o r m i t y  w i t h  t h e  r e s u l t s  
o f  e a r l i e r  w o r k e r s  ( W i c k e r h a m  a n d  F l i c k i n g e r ,  1 9 4 6 ;  W a s -  
s e r m a n  a n d  H o p k i n s ,  1 9 5 7 ;  L e a c h  a n d  S c o t t ,  1 9 5 9 ;  P e d e r 
s e n ,  1 9 6 5 ) .  T h e  p o o r  p r o t e c t i o n  a f f o r d e d  b y  d i s t i l l e d  w a t e r  
t o  t h e  f r e e z e - d r i e d  c e l l s  o f  l a c t i c  s t r e p t o c o c c i  m a y  b e  
s i m i l a r  t o  t h e  d i s t u r b a n c e  i n  o s m o t i c  b a l a n c e  c a u s e d  b y  
e x p o s u r e  o f  c e l l s  t o  h y p o t o n i c  s o l u t i o n s  a n d  c o n s e q u e n t  
l e a k a g e  o f  U V - a b s o r b i n g  s u b s t a n c e s  f r o m  s u c h  c e l l s  ( L e a c h  
a n d  S c o t t ,  1 9 5 9 ;  M e r y m a n ,  1 9 6 6 ) .  F r o m  t h e  r e s u l t s  o f  
t h e  p r e s e n t  i n v e s t i g a t i o n ,  i t  a p p e a r s  t h a t  i n  a d d i t i o n  t o  t e m 
p o r a r y  o s m o t i c  i m b a l a n c e ,  s o m e  o t h e r  p h e n o m e n o n  m a y  
a l s o  b e  i n v o l v e d ,  s i n c e  i t  h a s  b e e n  o b s e r v e d  t h a t  r e h y d r a t i o n  
o f  f r e e z e - d r i e d  c e l l s  o f  l a c t i c  s t r e p t o c o c c i  w i t h  n o r m a l  
s a l i n e  a n d  p h o s p h a t e  b u f f e r  ( w h i c h  a r e  k n o w n  t o  m a i n t a i n  
o s m o t i c  e q u i l i b r i u m )  y i e l d e d  v e r y  l o w  v i a b l e  c e l l  c o u n t s .  
I a n d o l o  a n d  O r d a l  ( 1 9 6 6 )  a s c r i b e d  s u b - l e t h a l  t h e r m a l  i n j u r y  
t o  c e l l s  o f  Staphylococcus aureus t o  t h e i r  i n c r e a s e d  s e n s i 
t i v i t y  t o  s a l t .  I t  i s  t h e r e f o r e  l i k e l y  t h a t  l o w  v i a b l e  c e l l  
c o u n t s  o b t a i n e d  w i t h  f r e e z e - d r i e d  l a c t i c  s t r e p t o c o c c i  a f t e r  
r e h y d r a t i o n  w i t h  n o r m a l  s a l i n e  a n d  p h o s p h a t e  b u f f e r  
m a y  h a v e  t o  b e  e x p l a i n e d  o n  t h e  a b o v e  b a s i s .

C o m p a r e d  t o  r e c o v e r y  i n  l a c t o s e ,  h i g h e r  v i a b l e  c e l l  
c o u n t s  w e r e  o b t a i n e d  w i t h  s u c r o s e  a n d  d e x t r o s e  ( T a b l e  1 ) .  
A l m o s t  s i m i l a r  r e s u l t s  h a v e  b e e n  r e p o r t e d  b y  I l j i n  ( 1 9 5 3 )  
i n  p l a n t  t i s s u e s  a n d  b y  R e c o r d  e t  a l .  ( 1 9 6 2 )  i n  Escherichia  
coli a n d  o t h e r  g r a m  n e g a t i v e  o r g a n i s m s .  S u c h  a  p h e n o m e 
n o n  m a y  b e  d u e  t o  d i f f e r e n c e s  i n  c o n t r o l  o f  w a t e r  f l u x  i n t o  
c e l l s  b y  r e h y d r a t i n g  m e d i a  ( L e a c h  a n d  S c o t t ,  1 9 5 9 ) .

T a b le  1—E f f e c t  o f  d i f f e r e n t  r e h y d r a t in g  m e d ia  o n  th e  v ia b i l i ty  o f  
fr e e z e -d r ie d  c e lls  o f  la c t ic  s t r e p to c o c c ia

Rehydrating medium
S . la c t is  S . 

C10
c re m o r is

Cl
S . la c t is  subsp. 
d ia c e ty la c t i s  

D R C j

Viable cell count (x 105/ampoule)

Distilled water 173 310 412
Normal saline 275 362 487
Sucrose (10%w/v) 543 684 865
Dextrose (10% w/v) 486 603 748
Lactose (10% w/v) 190 354 418
Yeast extract (5% w/v) 346 493 698
Peptone (10% w/v) 345 601 679
Sodium glutamate (5% w/v) 379 528 726
Horse serum 324 499 654
Reconstituted skim milk 478 672 861

(10% w/v)
Phosphate buffer (pH 7.0) 315 424 488

a R e h y d r a t io n  w a s  c a r r ie d  a t a m b ie n t  t e m p e ra tu r e
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I n  f r e e z e - d r y i n g ,  s o d i u m  g l u t a m a t e  h a s  b e e n  c o n s i d e r e d  
s u p e r i o r  t o  r e c o n s t i t u t e d  s k i m  m i l k  a s  s u s p e n d i n g  m e d i u m  
( M o r i c h i  e t  a l . ,  1 9 6 3 ;  V a n d e r z a n t  a n d  H y d e r ,  1 9 6 9 ;  S i n h a  
e t  a l . ,  1 9 7 0 ;  1 9 7 2 ) .  B u t  a  r e v e r s e  t r e n d  h a s  b e e n  o b s e r v e d  
w h e n  t h e s e  t w o  h a v e  b e e n  u s e d  a s  r e h y d r a t i n g  m e d i a .  
R a y  e t  a l  ( 1 9 7 1 )  r e p o r t e d  f a s t e r  r e p a i r  o f  c e l l  i n j u r y  d u r i n g  
r e h y d r a t i o n  w i t h  s k i m  m i l k .  H e n c e  t h e  p r e s e n t  o b s e r v a t i o n s  
c o n f i r m  t h a t  i n j u r y  a n d  r e p a i r  o f  c e l l s  d u r i n g  r e h y d r a t i o n  
a r e  d i f f e r e n t  a s  c o m p a r e d  t o  o t h e r  s t a g e s  o f  f r e e z e - d r y i n g  
s u c h  a s  f r e e z i n g ,  d r y i n g ,  a n d  s t o r a g e  ( M e r y m a n ,  1 9 6 6 ) .

R e h y d r a t i o n  o f  f r e e z e - d r i e d  c e l l s  o f  Streptococcus lactis 
C j o , S. cremoris C j  a n d  S. lactis s u b s p .  diacetylactis D R C j  
a t  5 ,  2 2  a n d  3 2  C  s h o w e d  t h a t  m a x i m u m  v i a b l e  c e l l s  w e r e  
o b t a i n e d  a t  2 2  C  ( T a b l e  2 ) .  I n  g e n e r a l ,  r e h y d r a t i o n  a t  5  C  
g a v e  b e t t e r  r e s u l t s  t h a n  3 7  C  w i t h  a l l  r e h y d r a t i n g  m e d i a  
e x c e p t  d i s t i l l e d  w a t e r  a n d  n o r m a l  s a l i n e .

I t  h a s  b e e n  s h o w n  t h a t  r e h y d r a t i o n  a t  r e f r i g e r a t i o n  t e m 
p e r a t u r e  m a y  c a u s e  l e a k a g e  o f  i n t r a c e l l u l a r  s u b s t a n c e s  
f r o m  t h e  c e l l s ,  t h e r e b y  r e s u l t i n g  i n  l o w  v i a b i l i t y  ( L e a c h  a n d  
S c o t t ,  1 9 5 9 ;  F u n g  a n d  V a n d e n  B o s c h ,  1 9 7 5 ) .  R a y  e t  a l .
( 1 9 7 1 )  s h o w e d  t h a t  t h e  r a t e  o f  r e p a i r  o f  t h e  i r y u r e d  f r e e z e -  
d r i e d  c e l l s  o f  Salmonella anatum  d e c r e a s e d  f r o m  3 5  C  
w h e n  t e m p e r a t u r e  o f  r e h y d r a t i o n  w a s  l o w e r e d  t o  1 0  a n d  
1 ° C .

T a b le  2 —E f f e c t  o f  t e m p e r a tu r e  o f  r e h y d r a t io n  o n  th e  v ia b i l i ty  o f  
f r e e z e -d r ie d  c e lls  o f  la c t ic  s t r e p to c o c c i

Rehydrating
medium

Temp
of

rehydr
ation

S . la c tis  
C10

S . c r e m o r is
c a

S . la c t is  subsp. 
d ia c e ty la c t i s  

D R C i

Viable cell count (x105/ampoule)
Distilled water 5 115 423 137

22 405 432 359
37 291 238 282

Normal saline 5 283 241 289
32 638 333 411
37 541 274 190

Sucrose (10% w/v) 5 785 772 758
22 1450 919 813
37 803 535 641

Peptone (10% w/v) 5 484 272 604
22 815 613 737
37 549 308 558

Reconstituted skim 5 578 1220 718
milk (10% w/v) 22 1030 1370 765

37 499 788 565
Sodium glutamate 5 637 358 588

(10% w/v) 22 893 471 676
37 383 217 565

O n l y  o n e  r e h y d r a t i n g  m e d i u m ,  n a m e l y ,  s o d i u m  g l u t a 
m a t e  w a s  u s e d  a t  s i x  d i f f e r e n t  l e v e l s  o f  p H  s u c h  a s  5 . 0 ,
5 . 5 ,  6 . 0 ,  6 . 5 ,  7 . 0  a n d  7 . 5  a s  r e h y d r a t i n g  m e d i u m  f o r  t h e  
r e c o v e r y  o f  v i a b l e  c e l l s  o f  f r e e z e - d r i e d  S. cremoris C t . 
M a x i m u m  v i a b l e  c e l l  c o u n t s  ( 5 9 6  x  1 0 s  p e r  a m p o u l e )  
w e r e  o b t a i n e d  a t  p H  6 . 5 .

A n a l y s i s  o f  v a r i a n c e  o f  t h e  d a t a  o n  v i a b l e  c e l l  c o u n t s  
i n d i c a t e d  s i g n i f i c a n t  d i f f e r e n c e s  ( P  <  0 . 0 5 )  a m o n g  t e m p e r a 
t u r e  a n d  p H  o f  r e h y d r a t i n g  m e d i a .

O n  t h e  b a s i s  o f  t h e  a b o v e  f i n d i n g s ,  r e h y d r a t i o n  o f  t h e  
f r e e z e - d r i e d  l a c t i c  s t r e p t o c o c c i  w i t h  a  1 0 %  s o l u t i o n  o f  
d e x t r o s e ,  s u c r o s e  o r  r e c o n s t i t u t e d  s k i m  m i l k  a t  p H  6 . 5  a n d  
a t  2 2  C ,  c a n  b e  r e c o m m e n d e d  a s  o p t i m u m  f o r  o b t a i n i n g  
m a x i m u m  v i a b l e  c e l l  c o u n t s .  S i n c e  t h e  c e l l s  w e r e  f r e e z e -  
d r i e d  a f t e r  s u s p e n d i n g  i n  d i s t i l l e d  w a t e r ,  t h e  p r e s e n t  r e c o m 
m e n d a t i o n  n e e d s  t o  b e  f u r t h e r  c o n f i r m e d  o n  r e h y d r a t i o n  o f  
c e l l s  f r e e z e - d r i e d  f r o m  o t h e r  s u s p e n d i n g  m e d i a  a l s o .
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A Research Note
P r o t e i n  S i z e  a n d  M e l t a b i l i t y  i n  E n z y m e - T r e a t e d ,  

D i r e c t - A c i d i f i e d  C h e e s e  P r o d u c t s

R .  R .  M A H O N E Y ,  H .  N .  L A Z A R I D I S ,  a n d  J .  R .  R O S E N A U

-----------------------------ABSTRACT----------------------------
SDS-electrophoresis was used to follow changes in protein size in a 
direct-acidified cheese product treated with protease. Increased 
meltability was related to decreased protein size. Excessive pro
teolysis preferentially eliminated most of the intermediate-sized 
proteins producing a short, grainy texture and a bitter flavor.

INTRODUCTION
D I R E C T - A C I D I F I C A T I O N  M E T H O D S  h a v e  m a n y  a d v a n 
t a g e s  o v e r  c o n v e n t i o n a l  p r o c e s s e s  f o r  c h e e s e  m a n u f a c t u r e  
( L a z a r i d i s  a n d  R o s e n a u ,  1 9 8 0 ) .  C h e e s e s  p r e p a r e d  i n  t h i s  
f a s h i o n ,  h o w e v e r ,  o f t e n  e x h i b i t  p o o r  m e l t a b i l i t y  w h i c h  
l i m i t  t h e i r  u s e .  L a z a r i d i s  e t  a l .  ( 1 9 8 1 )  d e v e l o p e d  a n  e n z y m a 
t i c  m e t h o d  o f  e n h a n c i n g  m e l t a b i l i t y  i n  t h e s e  c h e e s e  p r o d u c t s .  
T h e y  r e p o r t e d  a  s t r o n g  c o r r e l a t i o n  b e t w e e n  m e l t a b i l i t y  a n d  
p r o t e o l y s i s  e x p r e s s e d  i n  t e r m s  o f  n o n p r o t e i n  n i t r o g e n .  
H o w e v e r ,  a t  a d v a n c e d  l e v e l s  o f  p r o t e o l y s i s ,  t e x t u r a l  d e f e c t s  
a n d  b i t t e r n e s s  w e r e  n o t e d .  T h e y  t h e r e f o r e  p o s t u l a t e d  t h a t  
m e l t a b i l i t y  w a s  r e l a t e d  t o  p r o t e i n  s i z e .

T h e  o b j e c t i v e  o f  t h i s  w o r k  w a s  t o  s t u d y  c h a n g e s  i n  t h e  
p r o t e i n s  o f  d i r e c t - a c i d i f i e d  c h e e s e  p r o d u c t s  p r o d u c e d  b y  
e n z y m a t i c  t r e a t m e n t  a n d  r e l a t e  t h e m  t o  m e l t a b i l i t y .

EXPERIMENTAL
Materials

Chymotrypsingen A, ovalbumin and ribonuclease A were from 
Pharmacia Fine Chemicals, Piscataway, NJ. Trypsin inhibitor, 
insulin and sodium dodecyl sulfate (SDS) were from Sigma Chemical 
Company, St. Louis, MO. All other chemicals were reagent grade or 
better.
Cheese products

Three experimental products of different meltability were pre
pared as described by Lazaridis et al. (1981). The product prepara
tion differed only in the degree of enzymatic hydrolysis of the 
cheese protein. The first sample (control) was not exposed to 
enzymatic action and had poor meltability. The second sample 
(optimum) was treated with 0.03% enzyme (curd weight basis)- 
Embiozyme FP 600, Midwest Biochemical Corporation, Milwaukee, 
WI—for 10 min at 50°C and pH 7.0. These conditions describe a near optimum enzymatic treatment in terms of rheological and 
organoleptic characteristics for the product (Lazaridis, 1980), and 
result in a cheese with good meltability. The third sample (excessive) 
was treated with 0.037% enzyme for 20 min at 50°C and pH 7.0. 
These conditions correspond to an excessive treatment, resulting in 
a product of high meltability but with a short texture and notice
able bitterness. Commercial mozzarella cheese with meltability slightly greater than that of the optimum sample was obtained from 
a local supermarket. Casein was prepared from milk by acid precipitation (Lazaridis, 1980).
Analysis

The proteins in the cheeses were solubilized as described by 
Lazaridis et al. (1981) and stirred overnight. Soluble protein was

A u t h o r  M a h o n e y  is  w i th  th e  D e p t , o f  F o o d  S c ie n c e  & N u tr i t io n ,  
a n d  A u th o r s  L a z a r id is  a n d  R o s e n a u  are  w i th  th e  D e p t , o f  F o o d  
E n g in e e r in g , U n iv . o f  M a s s a c h u s e tts , A m h e r s t ,  M A  0 1 0 0 3 .

determined by the Biuret method (Bruening et al., 1970) and 
accounted for 89-93% of the protein nitrogen in the original 
sample (Lazaridis, 1980).SDS-electrophoresis in tubes was performed as described by 
Weber and Osborn (1975) with modifications: the samples were 
denatured by heating at 90°C for 15 min; the gels contained 13% 
acrylamide and 0.5% bisacrylamide and were loaded with either 50 
jug cheese protein or 10 pg calibration protein. Meltability was 
determined by the Schreiber test (Kosikowski, 1977).

RESULTS
T H E  M O L E C U L A R  W E I G H T S  o f  t h e  p r o t e i n s  i n  t h e  c h e e s e  
s a m p l e s  w e r e  o b t a i n e d  b y  r e f e r e n c e  t o  a  c a l i b r a t i o n  c u r v e  
b a s e d  o n  t h e  m i g r a t i o n  o f  s t a n d a r d s  ( F i g .  1 ) .  T h e r e  i s  a  
p r o n o u n c e d  i n f l e c t i o n  i n  t h e  c u r v e  i n  t h e  r e g i o n  b e l o w
1 0 , 0 0 0  d a l t o n s ,  N o n l i n e a r i t y  i n  t h i s  m o l e c u l a r  w e i g h t  r a n g e  
h a s  a l s o  b e e n  o b s e r v e d  b y  o t h e r  g r o u p s  ( D u n k e r  a n d  R u e c k -  
e r t ,  1 9 6 9 ;  S w a n k  a n d  M u n k r e s ,  1 9 7 1 ) .  A  p o s s i b l e  r e a s o n  
f o r  t h e  d e v i a t i o n  f r o m  l i n e a r i t y  i s  t h a t  t h e  i n t r i n s i c  c h a r g e  
b e c o m e s  r e l a t i v e l y  m o r e  i m p o r t a n t  a t  l o w e r  m o l e c u l a r  
w e i g h t s  ( S w a n k  a n d  M u n k r e s ,  1 9 7 1 ) .  A l t e r n a t i v e l y ,  t h e  
d e v i a t i o n  m i g h t  b e  d u e  t o  i n t r i n s i c  d i f f e r e n c e s  i n  t h e  
t e r t i a r y  s t r u c t u r e  o f  t h e  p r o t e i n s / p e p t i d e s .  M o l e c u l a r  w e i g h t  
v a l u e s  i n  t h i s  r e g i o n  a r e  t h e r e f o r e  o n l y  a p p r o x i m a t e .  A  
s c h e m a t i c  d i a g r a m  o f  t h e  e l e c t r o p h o r e t i c  p a t t e r n s  o f  t h e  
s a m p l e s  i s  s h o w n  i n  F i g .  2 .  I n c r e a s e d  p r o t e o l y s i s  c a u s e d  a  
s h i f t  t o w a r d s  l o w e r  m o l e c u l a r  w e i g h t s  w h i c h  c o r r e l a t e d  
w i t h  i n c r e a s e d  m e l t a b i l i t y .  T h e  c o n t r o l  s a m p l e  ( A )  s h o w e d  
n o  c h a n g e s  a s  c o m p a r e d  t o  c a s e i n  ( E ) .  T h e  o p t i m u m  s a m p l e
( B ) ,  w h i c h  e x h i b i t e d  a c c e p t a b l e  m e l t a b i l i t y  a n d  g o o d  
o r g a n o l e p t i c  c h a r a c t e r i s t i c s ,  s h o w e d  b a n d s  c o r r e s p o n d i n g  t o  
t w o  g r o u p s  o f  l a r g e  p o l y p e p t i d e s  d e r i v e d  f r o m  t h e  c a s e i n s .  
B o t h  t h i s  s a m p l e  a n d  t h e  m o z z a r e l l a  ( D )  c o n t a i n e d  p o l y 
p e p t i d e s  i n  t h e  r a n g e  1 0 - 2 5 , 0 0 0  d a l t o n s .  T h e s e  p o l y p e p 
t i d e s  a r e  e v i d e n t l y  c a p a b l e  o f  s u p p o r t i n g  a  c l o s e d - t e x t u r e d  
b u t  m e l t a b l e  s t r u c t u r e .

Fig. 1—C a lib ra tio n  c u rv e  fo r  m o le c u la r  w e ig h ts  o f  p r o te in s  u s in g  
S D S  e le c tr o p h o r e s is :  1. o v a lb u m in ;  2 . c h y m o tr y p s in g e n  A ;  3 . r ib o 
n u c le a se  A ;  4 . b o v in e  t r y p s in  in h ib i to r ;  5 . b o v in e  in su l in .
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B a n d  D e n s i t y :  ■  s t r o n g ;  m e d i u m .
Fig. 2 —S c h e m a t ic  d ia g ra m  o f  S D S - e le c tr o p h o r e t ic  p a t te r n s  o f  c h e e s e  p r o te in s .  T h e  n u m b e r  a s s ig n e d  to  e a c h  b o n d  is  t h e  m o le c u la r  w e ig h t  in  
th o u s a n d s  o f  d a l to n s :  A —c o n tr o l ;  B —o p t im u m  e n z y m e  t r e a tm e n t ;  C —e x c e s s iv e  e n z y m e  t r e a tm e n t ;  D —m o z z a r e l la ;  E —c a se in ;  F —c a lib ra t io n  
p r o te in s .

I n  t h e  s a m p l e  w h i c h  r e c e i v e d  e x c e s s i v e  e n z y m e  t r e a t 
m e n t  ( C )  b o t h  t h e  c a s e i n s  a n d  t h e  i n t e r m e d i a t e  p o l y p e p 
t i d e s  i n  ( B )  a b o v e  w e r e  b r o k e n  d o w n  t o  g i v e  a  s e r i e s  o f  
s m a l l e r  p o l y p e p t i d e s  w h o s e  m o l e c u l a r  w e i g h t  w a s  m o s t l y  
b e l o w  1 1 , 0 0 0 .  E v i d e n t l y ,  t h e s e  s m a l l  p o l y p e p t i d e s  c a n n o t  
s u p p o r t  a  c l o s e d  s t r u c t u r e  s i n c e  t h e  c h e e s e  s a m p l e s  h a d  a  
s h o r t ,  g r a i n y  u n a c c e p t a b l e  t e x t u r e .  T h e s e  s a m p l e s  a l s o  h a d  
a  b i t t e r  t a s t e ,  w h i c h  m a y  b e  d u e  t o  s m a l l  p e p t i d e s  w i t h  a  
h i g h  p e r c e n t a g e  o f  h y d r o p h o b i c  a m i n o  a c i d s  ( M a t o b e  a n d  
H a t a ,  1 9 7 2 ) .

T h e  e l e c t r o p h o r e t i c  p a t t e r n  f o r  c a s e i n  ( E )  a n d  t h e  c o n 
t r o l  s a m p l e  ( A )  i s  s i m i l a r  t o  t h a t  o f  a s  c a s e i n  ( M u l l i n  a n d  
W o l f e ,  1 9 7 4 ) .  H o w e v e r ,  t h e  p e p t i d e s  f o u n d  i n  t h e  e x c e s s i v e l y  
t r e a t e d  s a m p l e  ( C )  w e r e  m u c h  s m a l l e r  t h a n  t h o s e  f o u n d  
w h e n  c a s e i n  w a s  t r e a t e d  w i t h  r e n n i n  o r  t r y p s i n  ( M u l l i n  a n d  
W o l f e ,  1 9 7 4 )  p r e s u m a b l y  b e c a u s e  t h e  e n z y m e  u s e d  i n  t h i s  
s t u d y  i s  m u c h  l e s s  s p e c i f i c .

I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  a d v a n c e d  p r o t e o l y s i s  e f f e c 
t i v e l y  e l i m i n a t e d  m o s t  o f  t h e  i n t e r m e d i a t e - s i z e d  p r o t e i n s .  
T h i s  m a y  b e  d u e  t o  t h e  b e t t e r  a v a i l a b i l i t y  o f  p e p t i d e  b o n d s  
i n  p a r t i a l l y  h y d r o l y z e d  p r o t e i n s  a s  c o m p a r e d  t o  t h e  h i g h e r  
m o l e c u l a r  w e i g h t  c a s e i n s .  T h i s  p a t t e r n  o f  p r o t e i n  b r e a k d o w n  
h e l p s  e x p l a i n  t h e  f a c t  t h a t  m e l t a b i l i t y  i s  l a r g e l y  b u t  n o t  
s o l e l y  d e p e n d e n t  o n  t h e  d e g r e e  o f  p r o t e o l y s i s  ( L a z a r i d i s ,
1 9 8 0 )  s i n c e  a  c h e e s e  s a m p l e  m a y  s t i l l  c o n t a i n  e n o u g h  l a r g e  
m o l e c u l a r  w e i g h t  p r o t e i n s  o r  a g g r e g a t e s  t o  s u p p o r t  a  f a i r l y  
r i g i d  s t r u c t u r e ,  e v e n  t h o u g h  m a n y  p e p t i d e  b o n d s  h a v e  b e e n  
b r o k e n .
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A Research Note
E v a l u a t i o n  o f  P o t a s s i u m  C h l o r i d e  a s  a  S a l t  S u b s t i t u t e  i n  B r e a d

C .  J A N E  W Y A T T  a n d  K .  R O N A N

---------------------------- ABSTRACT-----------------------------
Breads made with white flour and a mixture of wheat and white 
flours were commercially prepared using three different levels of 
NaCl and a 1:1 mixture of NaCl/KCl. The Na and K. content was 
determined by flame photometry on the dry ash. The 0.75% NaCl 
and 1.0% KCl/NaCl treatments for both white and wheat breads 
were judged equally desirable. The Na:K ratios of the 0.75% NaCl 
and 1% NaCl/KCl white breads are 7.00 and 1.20 respectively. The 
Na:K ratios for the 0.75% NaCl and 1% NaCl/KCl wheat breads are 
3.29 and 0.91 respectively. Breads containing 1.00% of a 1:1 mix
ture of NaCl and KC1 are not significantly different in flavor than 
breads containing 0.75% NaCl but the KC1 containing product has a 
much lower Na:K ratio.

INTRODUCTION
M I X T U R E S  O F  S O D I U M  a n d  p o t a s s i u m  c h l o r i d e s  h a v e  
b e e n  s t u d i e d  a s  p o s s i b l e  m e a n s  o f  r e d u c i n g  d i e t a r y  s o d i u m  
w i t h o u t  d e p r i v a t i o n  o f  a  p a l a t a b l e  s a l t y  s e a s o n i n g .  T h e s e  
m i x t u r e s  h a v e  t h e  a p p e a l  o f  c o n c u r r e n t l y  r e d u c i n g  d i e t a r y  
s o d i u m  a n d  a u g m e n t i n g  p o t e n t i a l l y  b e n e f i c i a l  d i e t a r y  p o t a s 
s i u m  ( F r a n k  a n d  M i c k e l s e n ,  1 9 6 9 ) .  S e v e r a l  i n v e s t i g a t o r s  
h a v e  s t u d i e d  t h e  u s e  o f  s o d i u m  a n d  p o t a s s i u m  c h l o r i d e  i n  
d i f f e r e n t  f o o d s .

M i c k e l s e n  e t  a l .  ( 1 9 7 7 )  c o n d u c t e d  a  s t u d y  w i t h  s i x  s u b 
j e c t s  t o  c o m p a r e  t h e  a c c e p t a b i l i t y  o f  a  1 : 1  m i x t u r e  o f  
s o d i u m  a n d  p o t a s s i u m  c h l o r i d e s  t o  p u r e  s o d i u m  c h l o r i d e .  
T h e  s u b j e c t s  d i d  n o t  d e t e c t  a  s i g n i f i c a n t  d i f f e r e n c e  i n  
p o t a t o  c h i p s  o r  r o a s t e d  p e a n u t s  s e a s o n e d  w i t h  e i t h e r  p u r e  
s o d i u m  c h l o r i d e  o r  t h e  s a l t  m i x t u r e .

W o r k  w a s  d o n e  b y  S e m a n  e t  a l .  i n  1 9 8 0  t o  d e t e r m i n e  t h e  
e f f e c t s  o f  p a r t i a l  r e p l a c e m e n t  o f  s o d i u m  c h l o r i d e  o n  b o l o g n a  
c h a r a c t e r i s t i c s  a n d  a c c e p t a b i l i t y .  N i n e  d i f f e r e n t  c o m b i n a 
t i o n s  o f  s o d i u m  c h l o r i d e ,  p o t a s s i u m  c h l o r i d e  a n d  m a g n e 
s i u m  c h l o r i d e  a t  h i g h  a n d  l o w  i o n i c  s t r e n g t h s  ( 0 . 4 2  a n d  
0 . 2 1 )  a n d  l o w  i o n i c  s t r e n g t h s  o f  0 . 1 3 %  t r i p o t a s s i u m  p h o s 
p h a t e  w e r e  u s e d .  A  c o n s u m e r  p a n e l  t e s t e d  t h e  f l a v o r  a c c e p t 
a b i l i t y  o f  t h e  t r e a t m e n t s  a n d  r a t e d  t h e  h i g h  i o n i c  s t r e n g t h  
s o d i u m  c h l o r i d e  a n d  h i g h  i o n i c  s t r e n g t h  s o d i u m  c h l o r i d e -  
p o t a s s i u m  c h l o r i d e  i n  e q u a l  s t r e n g t h  m i x t u r e s ,  t o  b e  s i m i l a r  
i n  a c c e p t a b i l i t y .  I t  w a s  c o n c l u d e d  t h a t  p a r t i a l  r e p l a c e m e n t  
o f  s o d i u m  c h l o r i d e  w i t h  p o t a s s i u m  c h l o r i d e  w o u l d  p r o d u c e  
a n  a c c e p t a b l e  c o m m e r c i a l  b o l o g n a  p r o d u c t .

W y a t t  i n  1 9 8 1  i n v e s t i g a t e d  t h e  p o s s i b i l i t y  o f  r e p l a c i n g  
s o d i u m  c h l o r i d e  w i t h  a  1 : 1  m i x t u r e  o f  s o d i u m  a n d  p o t a s 
s i u m  c h l o r i d e s  i n  c a n n e d  c o r n  a n d  g r e e n  b e a n s .  T h e  c o n c e n 
t r a t i o n s  o f  t h e  m i x t u r e  u s e d  w e r e  1 . 7 %  a n d  2 . 3 % .  T h e s e  
c o n c e n t r a t i o n s  w e r e  c o m p a r e d  t o  a  r e f e r e n c e  o f  1 . 5 %  p u r e  
s o d i u m  c h l o r i d e  f o r  t h e i r  o v e r a l l  d e s i r a b i l i t y .  T h e  1 .5 %  
s o d i u m  c h l o r i d e  r e f e r e n c e  a n d  t h e  1 . 7 %  s a l t  m i x t u r e  s a m 
p l e s  w e r e  r a t e d  e q u a l l y  d e s i r a b l e  w h e n  t e s t e d  i n  g r e e n  
b e a n s .  T h e  2 . 3 %  s a l t  m i x t u r e  w a s  r a t e d  l e s s  d e s i r a b l e  a s  i t  
w a s  f o u n d  t o  b e  t o o  s a l t y .  B o t h  s a l t  m i x t u r e  s a m p l e s  w e r e  
r a t e d  l e s s  d e s i r a b l e  t h a n  t h e  p u r e  s o d i u m  c h l o r i d e  r e f e r e n c e  
i n  t h e  c o m  t r e a t m e n t s .  T h e  s o d i u m - p o t a s s i u m  r a t i o  i n

A u th o r s  W y a t t  a n d  R o n a n  are  a f f i l ia te d  w i th  th e  D e p t , o f  F o o d  
S c ie n c e  & T e c h n o lo g y ,  O reg o n  S ta te  U n iv ., C o rva llis , O R  9 7 3 3 1 .

p r o c e s s e d  g r e e n  b e a n s  w i t h  n o  a d d e d  s a l t  w a s  0 . 1 6 .  T h e  
r a t i o  f o u n d  f o r  t h e  s a l t  b l e n d  w h i c h  w a s  r a t e d  a s  d e s i r a b l e  
a s  t h e  p u r e  s o d i u m  c h l o r i d e  r e f e r e n c e  w a s  0 . 6 5 .  I t  w a s  
c o n c l u d e d  t h a t  t h e  1 :1  s o d i u m - p o t a s s i u m  c h l o r i d e s  s a l t  
m i x t u r e s  i n  c a n n e d  v e g e t a b l e s  r e s u l t e d  i n  a  l o w e r  s o d i u m -  
p o t a s s i u m  r a t i o  t h a n  w a s  f o u n d  i n  v e g e t a b l e s  p r o c e s s e d  
w i t h  p u r e  s o d i u m  c h l o r i d e .

T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  e v a l u a t e  a  1 : 1  m i x t u r e  
o f  s o d i u m / p o t a s s i u m  c h l o r i d e  a s  a  s a l t  s u b s t i t u t e  i n  w h i t e  
a n d  w h e a t  b r e a d .

EXPERIMENTAL
Bread preparation

Wheat and white bread samples were made by a local bakery in 
Corvallis, OR following a standard homestyle recipe for white and 
wheat bread. These samples contained 0.5%, 0.75% and 1.0% 
concentrations of both 100% sodium chloride and a 1:1 mixture of 
sodium and potassium chloride. The dough was mixed and baked 
according to commercial baking procedures used by the bakery. 
All samples were placed in plastic freezer bags and held at 0°F until 
evaluated. All breads were tested within one week of baking.

Two different brands of commercial white and wheat breads 
were obtained at a local supermarket for analytical purposes only.
Mineral analyses

Bread samples were torn into small pieces using plastic gloves 
and mixed in a plastic bag to yield a representative mixture for 
assay. Samples were dry ashed in a muffle furnace at 550°C. Sodium 
and potassium concentrations were determined using a Coleman 
flame photometer model number 21 and appropriate element fil
ters. Deionized water was used as a diluent. All analyses were done 
in triplicate.
Flavor panels

Bread samples were evaluated by an untrained panel (40 judges) 
selected only on the basis of availability. The samples were served 
on coded paper trays to the judges seated in individual testing 
booths. Each judge was asked to score the samples for overall de
sirability on a nine point hedonic scale ranging from 1 “extremely 
undesirable” to 9 “extremely desirable.” Four different groups of 
samples were evaluated: 0.5, 0.75, 1.00% NaCl white and wheat 
breads and 0.5, 0.75, 1.00% NaCl/KCl white and wheat breads. Mean scores were determined for all samples.

A triangle test was done by comparing the sodium chloride sam
ple with the highest mean score to the salt mixture sample which 
most closely matched it in degree of saltiness. The data were ana
lyzed and the significance of differences were determined at the 5% 
and 1% level (ASTM, 1968).

RESULTS & DISCUSSION
T H E  S O D I U M  a n d  p o t a s s i u m  c o n t e n t  a n d  t h e  o v e r a l l  d e s i r 
a b i l i t y  o f  t h e  e x p e r i m e n t a l  b r e a d s  a r e  p r e s e n t e d  i n  T a b l e  1 .  
T h e  e x p e r i m e n t a l  s o d i u m  c h l o r i d e  w h i t e  b r e a d  s a m p l e s  
c o n t a i n e d  a n  a v e r a g e  o f  6 1 . 5  m g / l O O g  p o t a s s i u m .  T h e  
s o d i u m  c o n t e n t  o f  t h e s e  s a m p l e s  w e r e :  5 7 8 . 4  m g / l O O g  
1 . 0 %  t r e a t m e n t ,  4 1 5 . 0  m g / l O O g  0 . 7 5 %  t r e a t m e n t ,  a n d
2 8 3 . 3  m g / l O O g  0 . 5 %  t r e a t m e n t .  C o m m e r c i a l  w h i t e  b r e a d  
p r o d u c t s  c o n t a i n e d  a n  a v e r a g e  o f  6 2 . 0  m g / l O O g  p o t a s s i u m  
a n d  6 3 0 . 0  m g / l O O g  s o d i u m .

T h e  e x p e r i m e n t a l  s o d i u m  c h l o r i d e  w h e a t  b r e a d  s a m p l e s  
c o n t a i n e d  a n  a v e r a g e  o f  1 3 2 . 2  m g / l O O g  p o t a s s i u m .  T h e  
s o d i u m  c o n t e n t  o f  t h e s e  s a m p l e s  w e r e :  5 9 0 . 8  m g / l O O g  
1 . 0 %  t r e a t m e n t ,  4 2 2 . 5  m g / l O O g  0 . 7 5 %  t r e a t m e n t ,  a n d
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2 5 0 . 0  m g / l O O g  0 . 5 %  t r e a t m e n t .  C o m m e r c i a l  w h e a t  b r e a d s  
c o n t a i n e d  a n  a v e r a g e  o f  2 1 3 . 2  m g / 1 0 0 g  p o t a s s i u m  a n d
6 1 7 . 9  m g / 1 0 0 g  s o d i u m .  C o m m e r c i a l  b r e a d s  c o n t a i n e d  m o r e  
p o t a s s i u m  t h a n  t h e  e x p e r i m e n t a l  b r e a d s  b e c a u s e  o f  a  h i g h e r  
p r o p o r t i o n  o f  w h e a t  f l o u r  w h i c h  c o n t a i n s  m o r e  p o t a s s i u m  
t h a n  w h i t e  f l o u r .  T h e  1 . 0 %  s o d i u m  c h l o r i d e  t r e a t m e n t  
a p p r o x i m a t e s  t h e  s o d i u m  l e v e l  o f  c o m m e r c i a l  w h e a t  b r e a d .

T h e  s o d i u m - p o t a s s i u m  r a t i o s  o f  t h e  e x p e r i m e n t a l  a n d  
c o m m e r c i a l  w h i t e  a n d  w h e a t  b r e a d s  a r e  a l s o  p r e s e n t e d  i n  
T a b l e  1 .

T h e  s o d i u m  a n d  p o t a s s i u m  r a t i o s  o f  t h e  0 . 7 5 %  N a C l  
w h i t e  b r e a d  i s  7 . 0  a n d  1 . 2  f o r  t h e  1 .0 %  N a C l / K C l  b r e a d .  
F o r  w h e a t  b r e a d  t h e  r a t i o s  a r e  3 . 2 9  a n d  0 . 9 1 .  J u d g e s  w e r e  
n o t  a b l e  t o  d i s t i n g u i s h  b e t w e e n  t h e s e  t r e a t m e n t s .  T h e  
0 . 7 5 %  s o d i u m  c h l o r i d e  w h i t e  b r e a d  a n d  w h e a t  b r e a d  r e -

T a b le  1—S o d iu m ,  p o ta s s iu m  c o n te n t  a n d  o v era ll  d e s ir a b i l i ty  o f  
w h i te  a n d  w h e a t  b re a d s

Treatments (%)

Sodium  
(mg/100g 
wet wt)

Potassium 
(mg/100g 

wet wt)
Sodium : 

Potassium
Mean
score3

White bread

1.0 NaCl 578.40 60.41 9.78 5.48a
0.75 NaCl 145.00 59.32 7.00 6.25b
0.50 NaCl 283.31 64.70 4.38 5.93a,b
Commercial A 644.70 63.91 10.09
Commercial B 615.31 60.22 10.22

Wheat bread

1.0 NaCl 590.81 124.00 4.76 5.87a
0.75 NaCl 422.50 128.51 3.29 6.85b
0.50 NaCl 250.00 144.10 1.73 6.48a ,b
Commercial A 585.65 220.42 2.66
Commercial B 650.31 205.91 3.16

Salt m ixture white bread

1.0 N aCI/KCIb 240.91 200.02 1.20 5.86a,b
0.75 NaCl/KCl 199.50 180.74 1.10 6.33a
0.50 NaCl/KCl 129.22 157.30 0.82 5.43b

Salt mixture wheat bread

1.0 N aCl/KCl 263.61 290.80 0.91 6.38a
0.75 NaCl/KCl 250.00 270.00 0.92 6.85a
0.50 NaCl/KCl 185.23 220.74 0.84 6.43a

a S c o r e s  ra n g e d  f r o m  1 “ e x t r e m e ly  u n d e s ir a b le ”  t o  9  " e x t r e m e ly  
d e s i r a b le ."  M e a n  s c o re s  t h a t  h a v e  t h e  s a m e  le t t e r  ( a ,b )  a m o n g  th e  
s a m e  te s t  a re  n o t  s ig n i f i c a n t ly  d i f f e r e n t .

“  N a C l / K C l  = a 1 :1  m ix t u r e

c e i v e d  t h e  h i g h e s t  m e a n  s c o r e .  T h i s  s c o r e  w a s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h e  1 . 0 %  b u t  n o t  t h e  0 . 5 %  s o d i u m  c h l o r i d e  
b r e a d s .  T h e  j u d g e s  f o u n d  t h e  0 . 7 5 %  b r e a d  m o r e  d e s i r a b l e  
t h a n  t h e  1 . 0 % ,  b u t  t h e  0 . 7 5 %  a n d  0 . 5 %  s o d i u m  c h l o r i d e  
b r e a d s  w e r e  e q u a l l y  d e s i r a b l e  a n d  n o t  s i g n i f i c a n t l y  d i f f e r 
e n t .  T h e  0 . 7 5 %  s o d i u m - p o t a s s i u m  c h l o r i d e s  m i x t u r e  w h i t e  
b r e a d  h a d  t h e  h i g h e s t  m e a n  s c o r e .  T h i s  s c o r e  w a s  s i g n i f i 
c a n t l y  h i g h e r  t h a n  t h e  0 . 5 %  s c o r e .  N o  s i g n i f i c a n t  d i f f e r 
e n c e s  w e r e  s e e n  b e t w e e n  t h e  0 . 7 5 %  a n d  t h e  1 . 0 %  s a l t  m i x 
t u r e  b r e a d  m e a n  s c o r e s .  T h e  m e a n  s c o r e s  o f  t h e  1 . 0 % ,  
0 . 7 5 %  a n d  0 . 5 %  s o d i u m - p o t a s s i u m  c h l o r i d e s  m i x t u r e  w h e a t  
b r e a d s  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  T h e  j u d g e s  a p p a r 
e n t l y  d i d  n o t  n o t i c e  a n y  o b j e c t i o n a b l e  f l a v o r  f r o m  t h e  
p o t a s s i u m  c h l o r i d e  a s  t h e  m e a n  s c o r e s  w e r e  c o m p a r a b l e  
w i t h  t h e  s c o r e s  f o r  t h e  s o d i u m  c h l o r i d e  b r e a d s .  S o d i u m  
c h l o r i d e  a p p a r e n t l y  m a s k e d  t h e  b i t t e r  f l a v o r  o f  p o t a s s i u m  
c h l o r i d e  i n  b o t h  w h i t e  a n d  w h e a t  s a l t  m i x t u r e  b r e a d s .

T h e  0 . 7 5 %  s o d i u m  c h l o r i d e  a n d  1 . 0 %  s o d i u m - p o t a s s i u m  
c h l o r i d e s  m i x t u r e  b r e a d s  w e r e  t e s t e d  b y  t h e  t r i a n g l e  t e s t  t o  
d e t e r m i n e  i f  a  p a n e l  o f  u n t r a i n e d  j u d g e s  c o u l d  d i s t i n g u i s h  
b e t w e e n  t h e  t w o  p r o d u c t s .  S e v e n t e e n  j u d g e s  r e s p o n d e d  
c o r r e c t l y  i n  t h e  w h i t e  b r e a d  t e s t  a n d  e i g h t e e n  i n  t h e  w h e a t  
b r e a d  t e s t .  T o  e s t a b l i s h  s i g n i f i c a n c e  a t  t h e  0 . 0 5  l e v e l  w i t h  
t h e  t r i a n g l e  t e s t ,  1 9  o u t  o f  4 0  j u d g e s  h a d  t o  r e s p o n d  c o r 
r e c t l y  ( R o e s s l e r  e t  a l . ,  1 9 7 8 ) .  T h e r e f o r e  t h e  j u d g e s  d i d  n o t  
s i g n i f i c a n t l y  d i s t i n g u i s h  b e t w e e n  t h e  0 . 7 5 %  s o d i u m  c h l o r i d e  
a n d  t h e  1 . 0 %  s o d i u m - p o t a s s i u m  c h l o r i d e s  m i x t u r e  b r e a d s .  
T h e  u s e  o f  a  1 : 1  s o d i u m - p o t a s s i u m  c h l o r i d e  m i x t u r e  i n  
b o t h  w h i t e  a n d  w h e a t  b r e a d s  i s  a  s u c c e s s f u l  m e a n s  o f  l o w e r 
i n g  s o d i u m - p o t a s s i u m  r a t i o s  i n  b r e a d  w h i l e  p r o d u c i n g  a n  
a c c e p t a b l e  p r o d u c t .
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A Research Note
E f f e c t  o f  B a k i n g  o n  A m i n o  A c i d s  i n  P i z z a  C r u s t

C . C .  T S E N ,  L .  S .  B A T E S ,  L .  L .  W A L L ,  S R .  a n d  C .  W .  G E H R K E

---------------------------- ABSTRACT-----------------------------
Pizza crusts baked at 316°C for 4.5 min did not change their protein 
contents. But the high-temperature and short-time baking did re
duce the lysine and to a lesser extent, tyrosine, cystine, and threo
nine in pizza crusts. The loss in total lysine content ranged from 
7.1% for whole wheat pizza to 19.4% for a commercial pizza crust. 
The difference between the total and available lysine for each pizza 
crust was small, indicating that the nutritive loss of pizza crust 
should be attributed to the destruction of a portion of lysine in 
pizza crust.

INTRODUCTION
B R O W N I N G  R E A C T I O N S  i n d u c e d  b y  b a k i n g  o r  t o a s t i n g  
c a n  r e d u c e  t h e  n u t r i t i v e  v a l u e  o f  b r e a d  p r o t e i n ,  a s  m e a s u r e d  
b y  p r o t e i n  e f f i c i e n c y  r a t i o  ( P E R )  w i t h  r a t - f e e d i n g  t e s t s  
( T s e n  e t  a l .  1 9 7 7 ;  T s e n  a n d  R e d d y ,  1 9 7 7 ;  P a l a m i d i s  a n d  
M a r k a k i s ,  1 9 8 0 ) .  L y s i n e  i s  i n v o l v e d  i n  t h e  b r o w n i n g  r e a c 
t i o n .  R e c e n t  w o r k  o n  e f f e c t s  o f  b a k i n g  t e m p e r a t u r e  o n  t h e  
n u t r i t i v e  v a l u e  o f  b a l a d y  b r e a d  f u r t h e r  s u b s t a n t i a t e s  t h a t  
b r e a d - p r o t e i n  q u a l i t y  d e t e r i o r a t e s  s i g n i f i c a n t l y  w h e n  b a k i n g  
t e m p e r a t u r e  i s  r a i s e d  ( E l - S a m a h y  a n d  T s e n ,  1 9 8 1 ) .  S u c h  
d e t e r i o r a t i o n  s u g g e s t s  t h a t  w h e n  b a k i n g  o r  t o a s t i n g  c e r e a l  
f o o d s  i t  i s  i m p o r t a n t  t o  c o n t r o l  t e m p e r a t u r e  a n d  t i m e  t o  
p r e s e r v e  t h e i r  n u t r i t i v e  v a l u e s .

B r e a d  a n d  p i z z a  c r u s t  b o t h  a r e  p r e p a r e d  f r o m  f e r m e n t e d  
d o u g h .  B u t  p i z z a  i s  c o m m e r c i a l l y  b a k e d  a t  a  s u b s t a n t i a l l y  
h i g h  t e m p e r a t u r e  ( 3 1 6 — 3 4 4  C )  f o r  a  s h o r t  p e r i o d  ( 4 - 1 0  
m i n ) ;  w h e r e a s  m o s t  b r e a d s  a r e  n o r m a l l y  b a k e d  a t  2 1 8 — 
2 3 2  C  f o r  2 0 — 2 5  m i n .  I n  v i e w  o f  t h e  p o p u l a r i t y  o f  p i z z a  
i n  t h i s  c o u n t r y ,  i t  w o u l d  s e e m  t o  b e  i n  t h e  p u b l i c ’s  i n t e r e s t ,  
a s  w e l l  a s  o f  s c i e n t i f i c  i m p o r t a n c e ,  t o  e x a m i n e  t h e  p o s s i b l e  
e f f e c t  o f  t h e  h i g h - t e m p e r a t u r e  a n d  s h o r t - t i m e  b a k i n g  o n  t h e  
d e s t r u c t i o n  o f  e s s e n t i a l  a m i n o  a c i d s  o f  p i z z a  c r u s t s .  T h e  
r e s u l t s  o f  s u c h  a  s t u d y  a r e  r e p o r t e d  h e r e .

MATERIALS & METHODS
COMMERCIAL WHITE FLOUR (bread) and whole wheat flour 
milled from hard red winter wheat were used. Pizza crust mix (La 
Crosta) and frozen pizza (Totino’s sausage) were the commercial 
products, from International Multifoods and the Pillsbury Co., 
Minneapolis, MN, respectively.

The formula for making pizza crust, on a flour basis, called for 
1.1% yeast, 2.1% salt, 8% vegetable oil, and 67% water. Flour was 
mixed with the other ingredients in a standard vertical Hobart 
A-200 mixer at second speed (medium) for 8 min (5 min for whole 
wheat pizza crust). The mixer was equipped with a MacDuffee-type 
bowl and fork, and a water jacket to regulate dough temperature. 
The mxed-dough, at a temperature 30-32°C, was placed in a glass 
container and fermented 75 min at 30°C and 85-90% relative 
humidity. After it had fermented, the dough was divided into 45 Og 
pieces, melded, and sheeted by an automatic sheeter (Moline Com
pany, Duluth, MN) to a thickness of approximately 4.0-6.6 mm.

A u th o r s  T se n  a n d  B a te s  a re  w i th  th e  D e p t  o f  C ra in  S c ie n c e  & I n 
d u s t r y ,  K a n sa s  S ta te  U n iv ., S h e l le n b e r g e r  H a ll, M a n h a tta n , K S  6 6 5 0 6 .  
A u th o r s  W all a n d  G e h r k e  a re  a f f i l ia t e d  w i th  th e  E x p e r im e n t  S ta 
t io n  C h e m ic a l  L a b o r a to r y ,  U n iv ., o f  M isso u r i, C o lu m b ia , M O  
6 5 2 0 1 .

The dough sheet was cut into circles 30 cm in diameter. Baking 
was at 316°C for 4.5 min. The average baking loss was 22%.

To prepare pizza dough from the pizza crust mix, we mixed 
368g of crust mix with 180 ml of water (49°C) for 1/4 min at low 
speed and 1/2 min at medium speed. The mixed dough was fer
mented for 5 min, then sheeted, cut, and baked into pizza crust. 
The topping of the frozen pizza was removed, and the remaining 
crust was baked at 316°C for 4.5 min, as were the other crusts.

For all analyses, we broke the crusts, dried them in a heated 
oven (air-blowing type) at 37°C for 24 hr, and ground them to a 
uniform particle size (to pass through a 20 mesh).

We used AACC Methods (1962) for moisture, ash, and protein 
determinations. Fat was determined by AOCS Method Aa4-38
(1971) with petroleum ether as extracting solvent.Amino acids were analyzed by ion-exchange chromatograph 
(DIONEX-D300 analyzer) on p-toluensulfonic acid hydrolyzed 
samples, as reported by Lorenz et al., 1980, at the Dept, of Grain 
Science & Industry, Kansas State Univ.

Total and available lysien contents were determined as de
scribed by AOAC Method (1980) at the Experiment Station Chem
ical Laboratory, University of Missouri.

RESULTS & DISCUSSION
C o m p o n e n t s  o f  p i z z a  c r u s t s

N o  c o n s i d e r a b l e  c h a n g e s  i n  t o t a l  p r o t e i n  a n d  a s h  c o n 
t e n t s  o f  c r u s t s  w e r e  o b s e r v e d  w i t h  b a k i n g  ( T a b l e  1 ) .  T h e  f a t  
c o n t e n t ,  h o w e v e r ,  w a s  r e d u c e d  w i t h  b a k i n g ,  p a r t i c u l a r l y  f o r  
c r u s t s  p r e p a r e d  f r o m  w h i t e  a n d  w h o l e  w h e a t  f l o u r s .  S o m e  
f a t ,  p r e s u m e d  t o  b o u n d  t o  p i z z a  c r u s t  c o n s t i t u e n t s  d u r i n g  
b a k i n g ,  b e c o m e s  i n e x t r a c t a b l e  b y  p e t r o l e u m  e t h e r .

C h a n g e s  i n  a m i n o  a c i d s
C o m p a r i n g  t h e  a m i n o  a c i d  c o n t e n t s  ( l i s t e d  i n  T a b l e  2 )  

r e v e a l e d  t h a t  a r g i n i n e ,  l y s i n e ,  h i s t i d i n e ,  t y r o s i n e ,  g l y c i n e ,  
a n d  t h r e o n i n e  i n c r e a s e d ,  b u t  t h a t  l e u c i n e ,  i s o l e u c i n e ,  v a l i n e ,  
c y s t i n e ,  p r o l i n e  a n d  a s p a r t i c  a c i d  w e r e  r e d u c e d  w h e n  w h i t e  
o r  w h o l e  w h e a t  f l o u r  w a s  p r o c e s s e d  i n t o  p i z z a  c r u s t  ( u n 
b a k e d ) .  T h o s e  c h a n g e s  o b v i o u s l y  r e s u l t e d  f r o m  p r e p a r i n g

T a b le  1—P ro te in , fa t ,  a n d  ash  c o n te n t s  (o n  a  d r y  b a sis) o f  w h e a t  
f lo u r s  a n d  p i z z a  c ru s ts , u n b a k e d  a n d  b a k e d

Protein 
(N x 5.7) 

(%)
Fat
(%)

Ash
(%)

White flour (WF) 13.6 1.0 0.6
Whole wheat flour (WWF) 14.0 1.5 2.0
Pizza crust, white flour

Unbaked (PCW) 11.6 7.7 2.3
Baked (PCWB) 11.6 6.2 2.4

Pizza crust, whole wheat flour
Unbaked (PCWW) 12.9 8.8 3.4
Baked (PCWWB) 12.8 6.8 3.4

Pizza crust, commercial
Unbaked (PCC) 11.7 9.9 2.7
Baked (PCCB) 11.7 9.4 2.8

Pizza crust, commercial mix
Unbaked (PCCM) 11.8 4.1 3.3
Baked (PCCM B) 11.8 3.8 3.3
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T a b le  2 —A m i n o  a c id s  c o n te n t s  in  w h e a t  f lo u r s  a n d  p i z z a  c r u s ts

Am ino acid g per 100g protein (corrected to 100% recovery basis)
Am ino acid W Fa WWF PCW PCWB PCWW PCWWB PCC PCCB PCCM PCCM B

Aspartic acid 4.30 5.39 4.19 4.12 5.33 5.36 4.72 4.49 4.79 4.69
Threonine 2.56 2.89 2.66 2.65 2.98 2.91 2.75 2.74 2.94 2.83
Serine 4.93 5.06 4.96 4.88 4.97 5.09 4.83 4.79 4.93 4.94
Glutam ic acid 34.44 31.28 34.44 34.46 30.25 30.50 33.35 33.83 33.04 33.32
Proline 10.20 9.55 9.53 9.90 9.05 9.10 9.16 9.23 8.86 9.08
Glycine 3.48 4.09 3.51 3.57 4.27 4.17 3.58 3.53 3.49 3.48
Alanine 3.23 4.04 3.25 3.28 3.50 3.48 3.12 3.15 4.13 4.09
Half cystine 1.72 1.66 1.62 1.56 1.64 1.56 1.55 1.49 1.71 1.61
Valine 3.12 3.21 2.82 2.86 3.12 3.10 2.90 2.70 2.89 2.99
Methionine 1.51 1.50 1.47 1.52 1.50 1.50 1.50 1.41 1.56 1.56
Isoleucine 2.53 2.42 2.31 2.36 2.40 2.39 2.33 2.32 2.40 2.45
Leucine 6.31 6.40 6.10 6.19 6.25 6.30 6.16 6.12 6.29 6.29

Tyrosine 3.01 3.12 3.08 3.00 3.25 3.13 3.18 3.16 3.12 3.05
Phenylalanine 4.38 4.54 4.63 4.66 4.52 4.57 4.73 4.85 4.70 4.69
Histidine 3.19 3.20 3.35 3.51 3.50 3.47 3.48 3.64 3.44 3.41

Arginine 3.50 4.39 4.31 4.12 5.11 5.07 4.50 4.62 4.30 4.17
Lysine 2.51 2.92 3.00 2.76 3.54 3.41 3.20 2.83 3.35 3.05

Am ino acid (g/100g sample)

Lysine total 
Lysine available

- - 0.31
0.29

0.26
0.24

0.42
0.39

0.39
0.37

0.31
0.29

0.25
0.23

0.35
0.33

0.31
0.29

a W F ,  W W F , P C W , P C W B , P C W W , P C W W B , P C C ,  P C C B ,  P C C M , a n d  P C C M B  in d ic a te  w h it e  f lo u r ,  w h o le  w h e a t  f lo u r ,  p iz z a  c r u s t s  p re p a re d  f r o m  
w h it e  f lo u r ,  u n b a k e d  a n d  b a k e d ; f r o m  w h o le  w h e a t  f lo u r ,  u n b a k e d  a n d  b a k e d ; f r o m  c o m m e r c ia l  f r o z e n  p iz z a ,  u n b a k e d  a n d  b a k e d ; a n d  f r o m  
c o m m e r c ia l  m ix ,  u n b a k e d  a n d  b a k e d ; r e s p e c t iv e ly .

p i z z a  c r u s t  f r o m  f e r m e n t e d  d o u g h ,  w h i c h  c o n t a i n s  y e a s t  
a n d  o t h e r  i n g r e d i e n t s  i n  a d d i t i o n  t o  f l o u r .

A s  c o m p a r e d  w i t h  t h e  u n b a k e d  p i z z a  c r u s t s ,  t h e  c o r r e s 
p o n d i n g  b a k e d  o n e s  s h o w e d  r e d u c e d  l y s i n e ,  t y r o s i n e ,  c y s 
t i n e ,  a n d  t h r e o n i n e  i n  t h e i r  p r o t e i n s .  M o r e  l y s i n e  t h a n  a n y  
o t h e r  a m i n o  a c i d  w a s  l o s t  d u r i n g  b a k i n g .

I n  v i e w  o f  t h e  i m p o r t a n c e  o f  l y s i n e  i n  d e t e r m i n i n g  t h e  
n u t r i t i v e  v a l u e  o f  c e r e a l  f o o d s ,  w e  a l s o  d e t e r m i n e d  t h e  
t o t a l  a n d  a v a i l a b l e  l y s i n e  i n  p i z z a  c r u s t s ,  b a k e d  a n d  u n 
b a k e d .  A s  s h o w n  i n  t h e  b o t t o m  s e c t i o n  o f  T a b l e  2 ,  l o s s  
d u r i n g  b a k i n g  i n  t o t a l  l y s i n e  c o n t e n t  r a n g e d  f r o m  7 . 1 %  f o r  
w h o l e  w h e a t  p i z z a  c r u s t  t o  1 9 . 4 %  f o r  t h e  c o m m e r c i a l  p i z z a  
c r u s t .  T h e  d i f f e r e n c e  b e t w e e n  t o t a l  a n d  a v a i l a b l e  l y s i n e  f o r  
e a c h  p i z z a  c r u s t  w a s  s m a l l  ( w i t h i n  a  r a n g e  0 . 0 2 — 0 . 0 3 % ) ,  
i n d i c a t i n g  t h a t  t h e  n u t r i t i v e  l o s s  o f  p i z z a  c r u s t s  b y  b a k i n g  
s h o u l d  b e  a t t r i b u t e d  t o  t h e  d e s t r u c t i o n ,  r a t h e r  t h a n  t o  t h e  
r e d u c t i o n  i n  a v a i l a b i l i t y ,  o f  a  p o r t i o n  o f  l y s i n e  i n  p i z z a  
c r u s t s .

REFERENCES
AACC. 19 62 . “ Approved M ethods,” 7th  ed. American A ssociation  o f Cereal Chemists, St. Paul, MN.AOAC. 19 80 . “ Official M ethods o f A nalyses,” 13 th  ed.. A ssociation  of Official Analytical Chemists, W ashington, DC.AOCS. 1 9 7 1 . “ Official and Tentative M ethods,” 3rd ed. American  Oil Chem ists’ Society , Champaign, IL.El-Samahy, S.K. and Tsen, C.C. 1 9 8 1 . E ffects o f  varying baking temperature and tim e on the quality and nutritive value o f balady 

bread. Cereal Chem. 58: 546.Lorenz, K., Dilsaver, W., and Bates, L. 1 9 8 0 . Proso m illets. Milling characteristics, proxim ate com position , and nutritive value o f  
flour. Cereal Chem. 57: 16.Palamidis, N . and Markakis, P. 1 9 8 0 . E ffect o f  baking and toasting  on the protein quality and lysine availability o f  bread. J. F ood  Processing & preservation 4: 199.Tsen, C.C. and R eddy, P.R.K. 1 9 7 7 . E ffect o f  toasting on  the nutritive value o f bread. J. F ood  Sci. 42: 13 70 .Tsen, C.C., R eddy, P.R.K., and Gehrke, C.W. 1 9 7 7 . E ffects o f  conventional baking, m icrowave baking, and steam ing on  the nutritive value o f  regular and fortified breads. J. F ood  Sci. 42: 40 2 .Ms received 1 0 /1 4 /8 1 ; accepted 1 1 /7 /81.
Contribution N o. 82-123-j, D ept, o f  Grain Science & Industry,Kansas Agricultural Experim ent Station , M anhattan, KS 66 5 0 6 .The financial support o f  the N C -132 project is gratefully acknow l

edged.

Volume 47 (19821-JOURNAL OF FOOD SCIENCE-675



A Research Note
P r o t e i n  Q u a l i t y  C h a r a c t e r i s t i c s  o f  I r a n i a n  F l a t  B r e a d s

H .  A .  F A R I D I ,  G. S. R A N H O T R A ,  P .  L .  F I N N E Y ,  and G. L .  R U B E N T H A L E R

--------------------------- ABSTRACT------------------------------
Protein quality of five different types of Iranian flat breads (barbari, 
lavash, taftoon, sangak and village) and their corresponding un
fermented and fermented doughs was assessed by the Protein Effi
ciency Ratio (PER) assay method. With one exception, the diet 
intakes of rats increased steadily with the extraction rate of flour 
used to make breads or doughs. Intakes were significantly (P < 0.05) 
higher on sangak and village breads (and doughs) as compared to the 
other three types of breads (and doughs). Results showed that PER 
of breads and doughs gradually increased with the extraction rate of 
the flour used. The process of baking (breads compared with doughs) 
lowered the PER value of all breads. The effect of fermentation on 
PER values was not significant.

INTRODUCTION
C E R E A L S  P R O V I D E  m o s t  o f  t h e  d a i l y  c a l o r i c  a n d  p r o t e i n  
n e e d s  i n  r u r a l  a s  w e l l  a s  u r b a n  p o p u l a t i o n  o f  I r a n .  P r o t e i n  
m a l n u t r i t i o n  i s  a  s e r i o u s  p r o b l e m  f a c i n g  p e o p l e  w h o s e  d i e t  
c o n s i s t s  m a i n l y  o f  c e r e a l s  o r  s t a r c h y  p r o d u c t s .  R e p o r t s  
f r o m  c o u n t r i e s  w h e r e  r i c e ,  m a i z e  o r  w h e a t  a r e  t h e  s t a p l e  
f o o d  c o n s i s t e n t l y  s h o w  a  h i g h  p r e v a l e n c e  o f  p r o t e i n - e n e r g y  
m a l n u t r i t i o n  s y n d r o m e s  a m o n g  i n f a n t s  a n d  p r e s c h o o l  
c h i l d r e n .  S u r v e y s  i n  I r a n  ( H e d a y a t  a n d  S e n - G u p t a ,  1 9 6 7 )  
h a v e  s h o w n  p r o t e i n  i n t a k e s  t o  b e  o n l y  m a r g i n a l l y  a d e q u a t e  
o n  t h e  a v e r a g e  a n d  p r o b a b l y  t o  b e  i n a d e q u a t e  f o r  a  g o o d  
n u m b e r  o f  t h e  p o p u l a t i o n .  I n a d e q u a c y  o f  t h e  d i e t  i n  r u r a l  
I r a n  a r e  e v i d e n c e d  b y  t h e  m e d i a n s  f o r  h e i g h t  a n d  w e i g h t  
f o r  a g e  i n  p r e s c h o o l  a n d  s c h o o l  c h i l d r e n  w h i c h  a r e  l o w e r  
t h a n  t h e  t e n t h  o r  e v e n  t h i r d  p e r c e n t i l e  f o r  w e l l  n o u r i s h e d  
p o p u l a t i o n s  ( H e d a y a t  e t  a l . ,  1 9 7 3 ) .  R o n a g h y  e t  a l .  ( 1 9 6 8 )  
r e p o r t e d  m i l d  h y p o p r o t e i n e m i a  a n d  a n e m i a  e x i s t  i n  a  
m a j o r i t y  o f  I r a n i a n  v i l l a g e  b o y s  a n d  g i r l s  1 2  t o  1 7  y e a r s  o f  
a g e .

I n  r e c e n t  y e a r s ,  c o n s i d e r a b l e  a t t e n t i o n  h a s  b e e n  p a i d  t o  
t h e  e f f e c t  o f  p r o c e s s i n g  o n  t h e  n u t r i t i o n a l  q u a l i t y  o f  f o o d s .  
F o r  e x a m p l e ,  m o d e r a t e  h e a t  t r e a t m e n t  m a y  i m p r o v e  w h i l e  
e x c e s s i v e  h e a t  m a y  d e c r e a s e  t h e  n u t r i t i v e  v a l u e .  T h e  m o s t  
i m p o r t a n t  f a c t o r s  d e t e r m i n i n g  t h e  l o s s  i n  n u t r i t i v e  v a l u e  o f  
f o o d s  a r e  t h e  d u r a t i o n  a n d  t e m p e r a t u r e  l e v e l  d u r i n g  p r o c 
e s s i n g  s u c h  a s  b a k i n g  a n d  t h e  l e v e l s  o f  m o i s t u r e  a n d  r e d u c 
i n g  s u b s t a n c e s .  E g g u m  a n d  D u g g a l  ( 1 9 7 7 )  r e p o r t e d  a  m i n o r  
e f f e c t  o n  t h e  N e t  P r o t e i n  U t i l i z a t i o n  ( N P U )  o f  I n d i a n  c h a p -  
a t i ,  p a r a t h a ,  p u r i  a n d  t a n d o r r i  d u r i n g  p r e p a r a t i o n .  S h y a m a l a  
a n d  K e n n e d y  ( 1 9 6 2 )  f o u n d  t h e  P r o t e i n  E f f i c i e n c y  R a t i o  
( P E R )  o f  I n d i a n  c h a p a t i  t o  b e  c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  
o f  u n p r o c e s s e d  w h e a t .  K h a n  a n d  E g g u m  ( 1 9 7 8 )  c o n c l u d e d  
t h a t  p r o c e s s i n g  o f  d i f f e r e n t  c e r e a l s  i n t o  P a k i s t a n i  b r e a d  
( u n l e a v e n e d )  a f f e c t s  t h e  n u t r i t i v e  q u a l i t y  o n l y  t o  a  m i n o r  
e x t e n t .

T h e r e  i s  n o  p u b l i s h e d  w o r k  o n  t h e  e f f e c t  o f  b a k i n g  o n  
t h e  p r o t e i n  q u a l i t y  o f  I r a n i a n  b r e a d s .  T h i s  w o r k  i s  a  s t u d y

A u th o r s  F a rid i, F in n e y ,  a n d  R u b e n th a le r  a re  w i th  th e  W e s te rn  
W h e a t  Q u a l i ty  L a b o r a to r y ,  S E A - U S D A - A R S ,  a n d  D e p t, o f  F o o d  
S c ie n c e  & T e c h n o lo g y ,  W a sh in g to n  S ta te  U n iv .,  P u llm a n , W A  9 9 1 6 4 .  
A u t h o r  R a n h o tr a  is  w i th  th e  A m e r ic a n  I n s t i tu t e  o f  B a k in g , M a n 
h a t ta n ,  K S .

o f  t h e  e f f e c t s  o f  f l o u r  e x t r a c t i o n  r a t e ,  f e r m e n t a t i o n ,  a n d  
o v e n  b a k i n g  o n  t h e  p r o t e i n  q u a l i t y  o f  f i v e  p o p u l a r  I r a n i a n  
b r e a d s — b a r b a r i ,  l a v a s h ,  t a f t o o n ,  s a n g a k  a n d  v i l l a g e .

MATERIALS & METHODS
THE FIVE TEST BREADS and corresponding doughs (fermented 
and unfermented) were prepared according to the formulas and pro
cedures shown in Table 1 and detailed elsewhere (Faridi et al.,
1982). Breads were oven dried at 50°C overnight and doughs were 
freeze-dried, finely ground and stored in airtight plastic bags under 
refrigerated conditions.

Protein quality was assessed by the Standard AOAC method
(1975) for measuring the Protein Efficiency Ratios (PER) with 
some modification. This method measures the relative ability of 
protein sources to meet the essential amino acid requirement of 
rats during growth.

Individually housed (under controlled environment) male wean
ling (Sprague-Dawley) rats were fed test diets for 4 wk and PER 
values calculated based on the weight increases of the rats in 4 wk
(g)/total protein (g) consumed. Determinations were corrected to a 
value of 2.5 for the reference (Casein-based) diet. Protein sources 
(breads or doughs) were included in the diet at a 7.5% protein level 
instead of the AOAC specified 10% level. The reference (casein) 
diet also contained 7.5% protein. The level of fiber was adjusted 
to a higher (1.5%) level than the specified 1% level.

The significance of differences between means was determined 
by the methods described by Steel and Torrie (1980).

RESULTS & DISCUSSION
T H E  P R O T E I N  C O N T E N T  o f  b r e a d s / d o u g h s  b a r e l y  e x 
c e e d e d  1 0 %  o n  a  d r y  b a s i s .  T h e  f l o u r s  u s e d  w e r e  l o w  i n  
p r o t e i n .  W i t h  o t h e r  r e q u i r e d  ( A O A C  1 9 7 5 )  i n g r e d i e n t s  
i n c l u d e d  i n  t h e  t e s t  d i e t s ,  t h i s  p e r m i t t e d  n o  m o r e  t h a n  7 . 5 %  
p r o t e i n  ( f r o m  b r e a d s  a n d  d o u g h s )  i n  t h e  d i e t  a g a i n s t  t h e  
s p e c i f i e d  1 0 %  l e v e l .  T h e  c o m p o s i t i o n a l  d a t a  a l s o  n e c e s s i 
t a t e d  t h e  a d j u s t m e n t  o f  f i b e r  i n  t h e  d i e t  s i n c e  t h e  v i l l a g e  
b r e a d  c o n t r i b u t e d  s u b s t a n t i a l l y  m o r e  t h a n  t h e  s p e c i f i e d  1 %  
l e v e l .  N o  a d j u s t m e n t  w a s  n e e d e d  i n  t h e  m i n e r a l ,  f a t  a n d  
m o i s t u r e  c o n t e n t  o f  t h e  t e s t  d i e t s .

T h e  d a t a  o n  d i e t  i n t a k e ,  w e i g h t  g a i n ,  a n d  P E R  v a l u e s  
a r e  p r e s e n t e d  i n  T a b l e  2 .  W i t h  o n e  e x c e p t i o n ,  t h e  d i e t  i n 
t a k e  o f  r a t s  i n c r e a s e d  s t e a d i l y  w i t h  e x t r a c t i o n  r a t e  o f  t h e  
f l o u r  u s e d  t o  m a k e  b r e a d s / d o u g h s ;  i n t a k e s  w e r e  s i g n i f i 
c a n t l y  ( P  <  0 . 0 5 )  h i g h e r  o n  t h e  s a n g a k  a n d  v i l l a g e  b r e a d s  
( a n d  d o u g h s )  a s  c o m p a r e d  t o  t h e  o t h e r  t h r e e  t y p e s  o f  
b r e a d s  ( a n d  d o u g h s ) .  T h e  c u m u l a t i v e  w e i g h t  g a i n s  a t  t h e  
e n d  o f  e a c h  w e e k  w e r e  a l s o  m o s t l y  s i g n i f i c a n t l y  ( P  <  0 . 0 5 )  
h i g h e r  o n  t h e  s a n g a k  a n d  v i l l a g e  b r e a d s / d o u g h s .  T h i s  
a p p a r e n t l y  r e s u l t e d  f r o m  h i g h e r  d i e t  i n t a k e s  c o u p l e d  
w i t h  a  h i g h e r  q u a l i t y  a m i n o  a c i d  m i x t u r e  o f  d i e t s  ( F a r i d i  
e t  a l . ,  1 9 8 2 ) .  T h e  e f f e c t  o f  f a v o r a b l e  a m i n o  a c i d  m i x t u r e  
i s  m o s t  s t r i k i n g  w h e n  t h e  v i l l a g e  b r e a d  d i e t  i s  c o m p a r e d  
w i t h  t h e  r e f e r e n c e  ( c a s e i n )  d i e t .  T h e  i n t a k e s  o n  t h e s e  t w o  
d i e t s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  b u t  t h e  g r o w t h  r e s p o n s e  
d i d  ( P  <  0 . 0 5 ) .

L i k e  g r o w t h  r e s p o n s e ,  t h e  P E R  v a l u e s  o f  b r e a d s  g r a d 
u a l l y  i n c r e a s e d  w i t h  t h e  e x t r a c t i o n  r a t e  o f  t h e  f l o u r  u s e d ;  
t h i s  w a s  s i g n i f i c a n t l y  ( P  <  0 . 0 5 )  s o  o n  t h e  b r e a d s  t a f t o o n ,  
s a n g a k  a n d  v i l l a g e .  I t  i s  n o t e w o r t h y  t h a t  P E R  v a l u e s  o f  t h e  
b a r b a r i  b r e a d  ( m a d e  w i t h  l o w  e x t r a c t i o n  f l o u r ) ,  w a s  n o  
l o w e r  t h a n  t h a t  r e p o r t e d  f o r  l e a v e n e d  w h i t e  p a n  b r e a d
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T a b le  1—F o r m u la t io n  a n d  c o m p o s i t io n  o f  f iv e  Ira n ia n  f ia t  b re a d s

Bread3
Barbari Lavasti Taftoon Sangak Village

(78) (82) (84) (87) (97)

Formula
Wheat flour (g) 100 100 100 100 100
Compressed yeast (g) 1 0.5 0.5 0.125 _
Sour dough (g) - — — 20 _
Salt (g) 2 2 1 1 1
Soda (g) 0.35 0.25 0.25 _ __
Date Syrup (g) - — 1.5 _ _
Water (ml) 60 45 60 85 48

Baking parameters
Ferm. time (min.) 155 90 60 120 90
Baking Temp. (F °) 500 630 600 520 410
Baking Tim e (min.) 12.0 1.3 2.5 5.0 3.0

Com position13
Protein (N x 5.7, %) 9 .8 (9 .6 ,9 .8 )c 9 .7 0 .7 ,9 .7 ) 10.0(9.8,10.1) 10.2(9.9,10.0) 10.6(10.6,10.6)
Ash (%) 2.81(2.76,2.76) 2.82(2.80,2.81) 1.74(1.71,1.78) 1.74(1.76,1.78) 2.24(2.22,2.20)
Ether extract (%) 0.42(0.69,0 .63) 0.40(0.71,0 .74) 0.35(0.77,0.79) 0.41(0.97,0 .90) 0.76(1.26,1 .31)
Crude fiber (%) 0.13(0.12,0 .14) 0.29(0.24,0 .22) 0.38(0.38,0 .35) 0.93(0.74,0 .77) 1.71(1.47,1.52)
N D F (%)d 0.58(0.51,0 .50) 1.36(1.28,1.24) 2.11(1.98,1.89) 3.62(3.45,3 .38) 6.32(5.96,6 .03)
A D F  (%)e 0.04(0.00,0 .00) 0.45(0.38,0 .33) 0.75(0.68,0 .61) 1.27(1.07,1.05) 2.21(2.14,2.21)

3 N u m b e r s  g iv e n  in  p a re n th e s is  b e lo w  b re a d  t y p e s  in d ic a te  e x t r a c -  c  V a lu e s  w i t h in  p a re n th e s is  r e fe r  t o  u n fe r m e n te d  a n d  fe rm e n te d  
t io n  r a te  o f  f l o u r .  . d o u g h s  r e s p e c t iv e ly .

D D r y  b a s is . d N e u t r a l  d e te rg e n t  f ib e r  ( A O A C )
e A c id  d e te rg e n t f ib e r  ( A O A C )

T a b le  2 —G r o w th  r e s p o n s e s  a n d  p r o te in  e f f i c i e n c y  ra t io s  (P E R ) o f  f iv e  Ira n ia n  f ia t  b re a d s  w i th  th e ir  c o r r e s p o n d in g  u n  f e r m e n te d  a n d  f e r m e n te d  
d o u g h s 3

Cumulative Weight Gain

Bread
Am ount 

in diet (g)*3
Diet

intake (g)
1 wk
(g)

2 wk
(g)

3 wk
(g)

4 wk 
(g) Measured Corrected

Barbari (78%)c
Dough (U F )° 83.2 164.9±17.1 7.4±1 12.4±3 15.0±2 18.8±3 1.52±0.16 1.32±0.14
Dough (F )e 80.6 166.1 ±22.8 7.1 ±1 12.2±2 16.2±2 18.7±2 1.51 ±0.13 1.31 ±0.12
Bread 82.1 167.3±19.8 7.8±2 11 .2±2 13.6±3 16.3±4 1.30±0.22 1.13±0.19

Lavash (82%)
Dough (U F) 79.1 172.0±16.6 6.2±2 12.1 ±2 15.6±2 19.5±2 1.52±0.16 1.32±0.14
Dough (F) 76.5 175.6±17.6 8.3±2 13.4±3 17.7±3 23.6±3 1.79±0.16 1.56±0.14
Bread 79.8 186.0±18.5 6.0±2 1 1 .8±2 15.0±3 18.3±2 1.31±0.10 1.14±0.09

Taftoon (84%)
Dough (U F) 77.6 188.1 ±20.4 8.5±3 14.3±2 17.8±2 22.1 ±2 1.57±0.09 1.37±0.08
Dough (F) 77.9 176.3±18.7 7.7±2 13.0±2 17.2±2 22.1 ±3 1.68±0.13 1,46±0.11
Bread 78.9 176.0±20.0 8.2±2 13.2±2 16.7±3 19.4±2 1.48±0.14 1.29±0.12

Sangak (87%)
Dough (U F) 70.7 201,9±13.8 8.1 ±1 16.0±2 21 ,9±3 27.9±3 1.85±0.19 1.61 ±0.17
Dough (F) 70.9 195.7±14.8 8.6±2 15.0±2 20.1 ±2 24.6±2 1.67±0.10 1,46±0.09
Bread 74.2 196.8±19.3 8.5±2 13.5±2 17.3±3 21.9±3 1,48±0.09 1.29±0.09

Village (97%)
Dough (U F) 76.0 202.6±25.9 9.0±2 16.7±3 23.3±5 29.0±4 1.91 ±0.13 1 .66±0.11
Dough (F) 76.1 207.2±13.6 8.1 ±1 16.0±1 22.7±2 27.9±2 1.80±0.07 1.56±0.07
Bread 80.2 211.4±26.6 7.9±2 15.6±2 20.7±3 25.3±3 1.61 ±0.16 1.39±0.14

Casein
8.49 223.2±26.9 14.3±4 27.3±2 38.9±5 48.0±5 2.87±0.10 2.50±0.09

3 V a lu e s  in d ic a t e  a v e ra g e  ± S .D .  ( 1 0  r a t s / d ie t )  d U n fe r m e n te d
0 P ro v id e d  7 .5 %  p r o t e in  in  th e  d ie t  e  F e r m e n te d
c  V a lu e s  w i t h in  p a re n th e s is  in d ic a t e  th e  e x t r a c t io n  ra te  o f  f l o u r  u s e d .

( R a n h o t r a  e t  a l . ,  1 9 7 7 ) .  T h e  l o w e r  ( 7 . 5 %  v s  1 0 % )  p r o t e i n  
c o n t e n t  i n  t e s t  d i e t s  p r o b a b l y  d i d  n o t  i n f l u e n c e  t h i s .  T h e  
c o n c e p t  t h a t  e f f i c i e n c y  o f  p r o t e i n  u t i l i z a t i o n  f o r  g r o w t h  
i m p r o v e s  c o n t i n u o u s l y  w i t h  d e c r e a s i n g  d i e t a r y  l e v e l s  w a s  
s h o w n  t o  b e  e r r o n e o u s  ( H e g s t e d  a n d  N e f f ,  1 9 7 0 ) .  T h e  
P E R  v a l u e  f o r  o t h e r  f l a t  b r e a d s  c o m p a r e d  q u i t e  f a v o r a b l y  
w i t h  t h o s e  f o r  w h o l e  w h e a t  o r  w h e a t  p r o t e i n - s u p p l e m e n t e d  
b r e a d s  ( R a n h o t r a  e t  a l . ,  1 9 7 1 ) .

P r o t e i n  i n t a k e  o f  I r a n i a n  r u r a l  d w e l l e r s  i s  l o w .  T h e  d a i l y  
p e r  c a p i t a  i n t a k e  w a s  5 5 —6 6 g  i n  v i l l a g e s  w h e r e  c a l o r i c  i n 
t a k e  w a s  l o w  ( H e d a y a t  a n d  S e n - G u p t a ,  1 9 6 7 ) .  T h e  a n i m a l  
p r o t e i n  i n t a k e  w a s  e x c e e d i n g l y  l o w .  I n  o n e  v i l l a g e  5 4 %  
o f  t h e  f a m i l i e s  c o n s u m e d  5  — l O g  o f  a n i m a l  p r o t e i n ,  d a i l y ;  
I n  a n o t h e r ,  3 5 %  h a d  0 - 3 g ,  d a i l y .  T h u s  w i t h  t h e  c o m b i n a 
t i o n  o f  l o w  p r o t e i n  d i e t s  a n d  l o w  q u a l i t y  p r o t e i n ,  t h e  s t a g e  
i s  s e t  f o r  c h r o n i c  p r o t e i n  m a l n u t r i t i o n  ( C a u g h e y ,  1 9 7 3 ) .

—Continued on page 679
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A Research Note
I s o l a t i o n  a n d  C h a r a c t e r i z a t i o n  o f  I n v e r t a s e  f r o m  I r a q i  D a t e  F r u i t

B A H A  A .  M A R O U F  a n d  L I H A D  Z E K I

---------------------------  ABSTRACT----------------------------
Soluble invertase was isolated and characterized from the pericarp of Iraqi date fruit, Sayer variety. The optimum pH of the soluble invertase was 4.0-4.7 and the optimum temperature was 50°C. The specific activity of the partially purified soluble invertase was70.0 units per mg protein. The molecular weight of the soluble 
invertase was 70.0 units per mg protein. The molecular weight of the soluble invertase was probably more than 300,000 Daltons, and had high affinity for sucrose with a Km value of 3.33 x 10-3  mM. Sodium dodecyl sulfate (SDS) inhibited the activity of the soluble invertase.

INTRODUCTION
I N V E R T A S E  ( D - f r u c t o f u r a n o s i d e  f r u c t o h y d r o l a s e ,  a r e  
w i d e l y  d i s t r i b u t e d  i n  h i g h e r  p l a n t s  ( H a w k e r  a n d  H a t c h ,  
1 9 6 5 ) .  T h e y  c a n  b e  c l a s s i f i e d  i n t o  s o l u b l e  i n v e r t a s e  a n d  
i n s o l u b l e  ( b o u n d )  i n v e r t a s e s  a c c o r d i n g  t o  t h e i r  a s s o c i a t i o n  
w i t h  c e l l u l a r  c o m p o n e n t s .  S o l u b l e  a s  w e l l  a s  i n s o l u b l e  i n v e r 
t a s e s  w e r e  f o u n d  i n  t h e  d e v e l o p i n g  e n d o s p e r m  o f  m a i z e  
( J a y n e s  a n d  N e l s o n ,  1 9 7 1 ) ,  a n d  i n  c a r r o t ,  p o t a t o ,  a n d  r e d  
b e e t  ( V a u g h a n  a n d  M a d D o n a l d ,  1 9 6 7 ) .

I n v e r t a s e s  c a n  a l s o  b e  c l a s s i f i e d ,  o n  t h e  b a s i s  o f  t h e i r  
o p t i m u m  p H ,  i n t o  a c i d  i n v e r t a s e s  a n d  n e u t r a l  i n v e r t a s e s .  
S u g a r  c a n e  c o n t a i n s  a t  l e a s t  t w o  i n v e r t a s e s  a c c o r d i n g  t o  
t h i s  c l a s s i f i c a t i o n .  A n  a c i d i c  i n v e r t a s e  w i t h  a  p H  o p t i m u m  
o f  5 . 0 — 5 . 5  a n d  a  n e u t r a l  i n v e r t a s e  w i t h  o p t i m u m  p H  7 . 0  
( G l a s z i o u ,  1 9 6 2 ) .  S i m i l a r  r e s u l t s  w e r e  r e p o r t e d  i n  p e a s  
( D i c k  a n d  R e e s ,  1 9 7 6 ) ;  h o w e v e r ,  o n l y  a c i d i c  i n v e r t a s e  w a s  
r e p o r t e d  t o  b e  p r e s e n t  i n  t o m a t o  ( M a n n i n g  a n d  M a w ,  
1 9 7 5 ) .

T h e  p r e s e n t  s t u d y  d e a l s  w i t h  c h a r a c t e r i z a t i o n  o f  i n v e r 
t a s e  f r o m  t h e  p e r i c a r p  t i s s u e  o f  d a t e  p a l m  (Phoenix dactyli- 
fera  L . )  a n d  t h e  i n h i b i t o r  o f  t h i s  e n z y m e .

MATERIALS & METHODS
Materials

Sample. Sayer date fruit were obtained from Zafarania Orchid located at Baghdad, Iraq.
Reagents. Sucrose was the product of Calbiochem, 3,5-dinitro- salicylic acid was obtained from BDH Chemicals, and bovine serum albumin was obtained from Serva.

Subcellular fractionation
The epicarps from date fruit were removed. The pericarps were homogenized in 20 mM borate buffer, pH 8.0, and IN NaCl for 10 min at 4°C. The homogenate was filtered through No. 3 mesh sintered glass funnel. The filtrate was centrifuged at 20,000 rpm and 

2°C for 30 min. The supernatant was used as crude soluble enzyme preparation. The pellet, after suspension in buffer, was used to check the presence of insoluble invertase.
Characterization of invertase

The supernatant obtained from centrifugation was applied to Amicon MMC Cell containing the following Diaflo Ultra filters, UM

Authors M arouf and Zeki are with the Nuclear Research Centre, 
Agriculture & Biology Dept., Tuwaitha, Baghdad, Iraq.

10, PM 30, XM 50, XM 100A and XM 300 with 10,000, 30,000,50,000, 100,000 and 300,000 molecular weight retentivities respec
tively. Extracts retained on filters were washed extensively with 20 mM acetate buffer at pH 4.6. Extract retained by 300 XM mem
brane filter was used for further studies.The effect of pH on invertase was determined through pH 2.2-7.0 with 20 mM concentrations of glycin-HCl, citrate-phosphate and phosphate buffers with overlapping points. The temperature effect on invertase was determined by incubating at different temperatures at pH 4.6 for 30 min.
Assay procedure

Invertase activities were determined in 2 ml containing 1 mM sucrose, 20 mM acetate buffer pH 4.6, 0.1 ml date extract and distilled water. The incubation temperature was at 37°C. After 30 min, aliquots of 0.2 ml assay mixture were withdrawn, 0.5 ml of 3,5- dinitrosalicylic acid was added and the mixed solutions were boiled for 10 min in a boiling water bath. The color developed was measured at 540 nm, with a Carl Zeiss model PM4 Spectrometer. Concentrations of reducing sugars in assay tubes were determined using a glucose calibration curve (Bernfeld, 1955).Protein contents of extracts were determined using Lowry pro
tein determination (Lowry et al., 1951) with BSA as standard. One unit of enzyme activity was equal to one /amole reducing sugar per 
min under the conditions of the experiments. The specific activity was units per mg protein.
Effect of inhibitor

Sodium dodecyl sulfate (SDS) was incubated with the enzyme 
extracts. The reaction was started by the addition of the substrate, sucrose.

The kinetics of SDS inhibition of the soluble invertase was 
studied using various sucrose and inhibitor concentrations.

RESULTS & DISCUSSION
T H E R E  I S  o n l y  s o l u b l e  i n v e r t a s e  i n  t h e  p e r i c a r p  t i s s u e  o f  
S a y e r  v a r i e t y  o f  d a t e s .  T h e  s p e c i f i c  a c t i v i t y  o f  t h e  e n z y m e  
i n c r e a s e d  2 . 3  f o l d  f r o m  3 0  u n i t s / m g  p r o t e i n  t o  7 0  u n i t s / m g  
p r o t e i n  w i t h  t h e  u l t r a f i l t r a t i o n  s t e p .  T h e  i n v e r t a s e  a c t i v i t y  
w a s  a s s o c i a t e d  w i t h  t h e  f r a c t i o n  r e t a i n e d  b y  t h e  A m i c o n  
X M  3 0 0  f i l t e r  w h i c h  i n d i c a t e d  t h a t  t h e  e n z y m e  m a y  h a v e  a  
l a r g e r  m o l e c u l a r  w e i g h t  t h a n  3 0 0 , 0 0 0 .  T h e  h i g h  m o l e c u l a r  
w e i g h t  o f  t h e  s o l u b l e  i n v e r t a s e  i n d i c a t e s  a  p o s s i b l e  s u b u n i t  
s t r u c t u r e .  A c i d  i n v e r t a s e s  f r o m  o t h e r  s o u r c e s  h a d  h i g h  
m o l e c u l a r  w e i g h t s  a n d  s u b u n i t s ,  a s  i n  s u g a r  c a n e  ( M o r e t z k i  
a n d  A l e x a n d a r ,  1 9 6 7 )  a n d  y e a s t  ( N e u m a n  a n d  L a m p e n ,
1 9 6 7 ) .

N o  n e u t r a l  o r  a l k a l i n e  i n v e r t a s e  a c t i v i t i e s  w e r e  d e t e c t 
a b l e  i n  o u r  s a m p l e s ;  o n l y  a c i d  i n v e r t a s e s  w e r e  p r e s e n t .  N o  
b u f f e r  e f f e c t  o n  e n z y m e  a c t i v i t i e s  w a s  o b s e r v e d .  T h e  o p t i 
m u m  p H  o f  s o l u b l e  i n v e r t a s e  w a s  f o u n d  t o  b e  4 . 0 — 4 . 6 .  
A t  l o w  p H  v a l u e s ,  l e s s  t h a n  3 . 4 ,  n o  e n z y m i c  i n v e r s i o n  o f  
s u c r o s e  o c c u r r e d .  O p t i m u m  t e m p e r a t u r e  o f  t h e  e n z y m e  w a s  
f o u n d  t o  b e  5 0  C  ( F i g .  1 )  a n d  s o m e  a c t i v i t y  w a s  d e t e c t e d  
e v e n  a t  6 0  C  i n d i c a t i n g  a  r e l a t i v e l y  t h e r m o s t a b l e  e n z y m e .

T h e  r a t e  o f  s o l u b l e  i n v e r t a s e  r e a c t i o n  w a s  d e t e r m i n e d  
a s  a  f u n c t i o n  o f  s u c r o s e  c o n c e n t r a t i o n  ( 4  / z m o l e s — 1 0 0 0  
p m o l e s ) .  T h e  e n z y m e  s h o w e d  a  h i g h  s u b s t r a t e  a f f i n i t y  f o r  
s u c r o s e  w i t h  K m  v a l u e  o f  3 . 3 3  x  1 0 ~ 3 m m o l e s .  S o l u b l e  
i n v e r t a s e  w a s  c o m p e t i t i v e l y  i n h i b i t e d  b y  S D S  ( F i g .  2 ) .  
T h e  S D S  d a t a  i n d i c a t e d  t h a t  S D S  a c t e d  a s  c o m p e t i t i v e  i n -
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Fig. 1—E ffect o f  temperature on the activity o f  soluble date inver- 
tase.

h i b i t o r  t o  i n v e r t a s e  i s o l a t e d  f r o m  d a t e  f r u i t .  I n  s p i t e  o f  o u r  
e x t e n s i v e  r e v i e w  o f  l i t e r a t u r e  w e  w e r e  a b l e  t o  l o c a t e  s i m i l a r  
c o m p e t i t i v e  i n h i b i t i o n  b y  S D S .
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A Research Note
A  M e t h o d  f o r  t h e  Q u a n t i t a t i v e  E v a l u a t i o n  
o f  E m u l s i o n  S t a b i l i t y  i n  C o f f e e  W h i t e n e r s

R .  J .  P E A R C E  a n d  W .  J .  H A R P E R

-----------------------------ABSTRACT-----------------------------
A method is described for quantitatively measuring the extent of 
emulsion destabilization (feathering) when liquid coffee whiteners 
are added to hot coffee. Coffee whitener is added to standard hot 
coffee solution (pH 4.9, 90°C) in a 0.5% fat Babcock bottle. Fea
thering is observed on the surface of the whitened coffee in the 
wide portion of the bottle. Dense corn syrup solution is layered 
beneath to raise the level of the surface so that the coagulated 
material is concentrated into the graduated capillary tube. After 
standing to allow compaction, the length of the column of coagu
lated material is measured.

INTRODUCTION
A  Q U A N T I T A T I V E  E S T I M A T I O N  o f  f u n c t i o n a l  r e s p o n s e  
i s  a  p r e r e q u i s i t e  f o r  s i m u l t a n e o u s  e v a l u a t i o n  o f  t h e  i n t e r a c 
t i o n s  o f  t h e  m u l t i p l e  c o m p o n e n t s  i n  a  c o f f e e  w h i t e n e r .  
F e a t h e r i n g  w a s  s e l e c t e d  a s  a n  i n d e x  o f  f u n c t i o n a l i t y  r e l a t i n g  
t o  e m u l s i o n  s t a b i l i t y  a n d  b e h a v i o u r  o f  t h e  p r o t e i n .  E v a l u a 
t i o n  t e s t s  d e s c r i b e d  p r e v i o u s l y  f o r  f e a t h e r i n g  ( H a r p e r  e t  a l . ,
1 9 8 0 )  d e t e r m i n e  o n l y  i t s  p r e s e n c e  o r  a b s e n c e .  I n  t h i s  p a p e r  
a  s i m p l e  m e t h o d  i s  d e s c r i b e d  w h i c h  a l l o w s  m e a s u r e m e n t  o f  
t h e  e x t e n t  o f  e m u l s i o n  d e s t a b i l i z a t i o n ,  e x h i b i t e d  a s  f e a t h e r 
i n g ,  w h e n  l i q u i d  c o f f e e  w h i t e n e r  i s  a d d e d  t o  h o t  c o f f e e .

EXPERIMENTAL
Materials

Soy bean protein isolate was prepared from dehulled soy beans 
by water extraction of defatted flour and isoelectric precipitation 
of the protein. Other ingredients were: hydrogenated coconut oil 
(melting range 33.4-39°C, Capital City Products), corn syrup con
taining 75% carbohydrate (Caro, Best Foods, sodium stearoyl-2- 
lactolate (SSL) (Grinsted Products, Inc.), mono- and di-glycerides 
(Atmos 150, ICI America Inc.), polysorbate (Tween 60, ICI Ameri
ca Inc.), dipotassium hydrogen phosphate (K2HPO4) (Fisher Scien
tific).
Preparation of liquid coffee whitener

Soy bean protein isolate, and mono- and di-glycerides, poly
sorbate and SSL were dispersed in the melted coconut oil. K2HP04 
and corn syrup were dissolved in water at 71°C and added, with 
vigorous stirring, to the oil phase at the same temperature. After 
pasteurization at 71°C for 15 min, the macroemulsion was homogenized at 55°C with a laboratory-scale homogenizer (Foss Ameri
ca, N.Y.) utilizing four stages. The prepared coffee whitener was 
immediately cooled in an ice bath and allowed to stand at 4°C overnight before evaluation.
Estimation of the extent of feathering

A suspension of instant coffee, 2% w/v (Maxwell House), pH
4.9, was prepared and, while being continuously stirred, aliquots 
of 25 ml were removed by pipette and transferred to Babcock

This w ork  was p e rfo rm e d  at the D ept, o f  F o o d  S c ie n c e  & N u trition , 
O hio  Sta te  U niv., F y f fe  R o a d , C olum bus, O H  4 3 2 1 0 . A u th o r  Pearce  
is n o w  w ith the C S IR O  D ivision  o f  F o o d  R esea rch, D airy  Research  
L a b o ra to ry , P O  B o x  2 0 , H ighett, V ictoria  3 1 9 0 , A ustralia . A u th o r  
H arper is n o w  with the N e w  Z ea land  D a iry  R esea rch  Institu te , 
Private Bag, Palm erston  N o rth , N ew  Zealand.

bottles (0.5% fat), previously thoroughly cleaned with chromic 
acid and copiously rinsed. These bottles, together with a flask con
taining more of the same coffee suspension, were placed in a cov
ered water bath and heated to 90 + 1°C. To each bottle was added 
3 ml of coffee whitener in a slow, steady stream, with gentle swirl
ing of the coffee, followed immediately by a further 2 ml of hot 
(90° C) coffee, to wash all the coffee whitener into the body of the 
bottle. After standing for about 5 min at room temperature, during 
which time any feathering became apparent at the surface, the bot
tles were carefully placed in another water bath at 55°C at a depth 
sufficient to heat as much of the bottle as possible. Com syrup, 
diluted 1:10 with water at room temperature, was added in a steady, 
continuous stream so that it layered underneath the coffee until the 
coagulated material was concentrated just below the capillary. Fin
ally, and more slowly, further diluted corn syrup was added to force 
all the surface material into the capillary. The bottles were then 
allowed to stand for 4 hr at 55°C to allow the solid, buoyant ma
terial to compact in the capillary. The height of the column of this 
material was measured and recorded.

RESULTS & DISCUSSION
A F T E R  A D D I T I O N  o f  t h e  c o f f e e  w h i t e n e r  t o  t h e  h o t  
c o f f e e ,  t h e  a p p e a r a n c e  o f  f e a t h e r i n g  w a s  r a p i d  a s  s o o n  a s  
t h e  s o l u t i o n  b e c a m e  s t a t i o n a r y .  I f  t h e  c o f f e e  w h i t e n e r  
e m u l s i o n  w a s  v e r y  u n s t a b l e ,  s u b s t a n t i a l  c o a g u l a t i o n  t e n d e d  
t o  o c c u r  t h r o u g h o u t  t h e  c o f f e e .  T a b l e  1 s h o w s  t h e  f o r m u l a 
t i o n s  f o r  e x p e r i m e n t a l  c o f f e e  w h i t e n e r s ,  w h i c h  w e r e  d e 
s i g n e d  t o  g i v e  a  r a n g e  o f  p r o d u c t s  v a r y i n g  i n  s t a b i l i t y .  T h e  
c o f f e e  w h i t e n e r s  E  a n d  B  c o a g u l a t e d  w i t h i n  3 0  s e c .  N o r 
m a l l y ,  s a m p l e s  b e h a v i n g  i n  t h i s  m a n n e r  w o u l d  n o t  b e  t r e a t e d  
f u r t h e r .  T h e  o t h e r  s a m p l e s  s h o w e d  n o  c o a g u l a t i o n  t h r o u g h  
t h e  c o f f e e  b u t  a  l a y e r  o f  f e a t h e r - l i k e  m a t e r i a l  w a s  o b s e r v e d  
i n  a l l  e x c e p t  A  a n d  C .

F o r c i n g  t h e  f e a t h e r e d  m a t e r i a l  i n t o  t h e  c a p i l l a r y  t u b e  
r e s u l t e d  i n  s o m e  i n i t i a l  r e d i s t r i b u t i o n  o f  t h e  m a t e r i a l  a l o n g  
t h e  l e n g t h  o f  t h e  c a p i l l a r y  t u b e .  H o w e v e r ,  o n  s t a n d i n g ,  t h e  
m a t e r i a l  f l o a t e d  b a c k  t o w a r d s  t h e  s u r f a c e  a n d  e v e n t u a l l y  
f o r m e d  a  c o m p a c t  p l u g .  S i n c e  l i t t l e  f u r t h e r  c o m p a c t i o n  w a s  
o b s e r v e d  a f t e r  s t a n d i n g  f o r  4  h r ,  t h e  l e n g t h  o f  t h e  p l u g  w a s  
m e a s u r e d  a f t e r  t h i s  t i m e .  T h e  r e s u l t s  f o r  f o r m u l a t i o n s  A  t o

Table 1—C on cen tra tio n s o f  in d ep en d en t variables in liq u id  co ffe e  
w h itener form ulations w ith co rresp on d in g  feathering evaluation  
data. A t  co n sta n t co n cen tra tio n  w ere : h yd ro g en a ted  c o c o n u t  oil, 
9 .5  g /1 0 0g ; K 2 H P O 4 ,  0 .1  g /1 0 0g ; co rn  sy ru p  1 Z 4  g/100g. W ater 
was the d ep en d en t variable.

Concentrations of independent variables 

______________________ ___________________________________ Height of
Bottle
code S S L A TM O S 150 TW EEN  60

Soy
isolate

feather
(mm)

A 0.10 0.35 0.56 0.70 0
B 0.10 0.20 0.30 0.60 coagulated
C 0.25 0.35 0.56 0.60 1.5
D 0.40 0.35 0.56 0.70 11
E 0.40 0.275 0.44 0.70 coagulated
F 0.40 0.275 0.44 0.60 27
G 0.25 0.275 0.44 0.80 42
H 0.25 0.275 0.44 0.60 23
1 0.25 0.35 0.56 0.70 18
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Fig. 1—A p p e a r a n c e  o f  c o f f e e  in  B a b c o c k  b o t t l e s  a t  th e  c o m p le t io n  o f  th e  te s t.

E  a r e  s h o w n  i n  T a b l e  1 .  R o u t i n e l y ,  c o f f e e  w h i t e n e r s  w e r e  
t e s t e d  i n  d u p l i c a t e ;  u n d e r  t h e  t e s t  c o n d i t i o n s  d e s c r i b e d ,  
v a r i a t i o n  b e t w e e n  d u p l i c a t e s  w a s  l e s s  t h a n  1 0 % .  I n  a  s e r i e s  
o f  s i x  r e p l i c a t e s  o f  a  s i n g l e  c o f f e e  w h i t e n e r  f o r m u l a t i o n ,  
a  m e a n  v a l u e  o f  1 0 . 6 7  m m  w i t h  a  s t a n d a r d  d e v i a t i o n  o f  
0 . 8 2  m m  w a s  o b t a i n e d .

A f t e r  c o m p a c t i o n  o f  t h e  f e a t h e r e d  m a t e r i a l  o n  s t a n d i n g ,  
d i f f e r e n t  h e i g h t s  o f  m a t e r i a l  i n  t h e  c a p i l l a r y  t u b e  w e r e  
o b s e r v e d .  T h e  c a p i l l a r y  t u b e s  o f  B o t t l e s  B  a n d  E  w e r e  
c o m p l e t e l y  f u l l  a n d  t h o s e  o f  B o t t l e  G  n e a r l y  f u l l  a n d  w e r e  
r e c o r d e d  a s  c o a g u l a t e d  o r  > 5 0  m m .  T h e  r e m a i n i n g  b o t t l e s  
a r e  s h o w n  i n  F i g .  1 w h e r e  i t  m a y  b e  s e e n  t h a t ,  i n  B o t t l e s  F  
t o  A ,  f e a t h e r i n g  d e c r e a s e d  t o  z e r o  ( A ) .  E v e n  b o t t l e  C ,  
w h i c h  d i d  n o t  a p p e a r  t o  h a v e  f e a t h e r e d  i n  F i g .  1 ,  s h o w e d  
t h a t  a  l i t t l e  e m u l s i o n  d e s t a b i l i z a t i o n  h a d  o c c u r r e d .  O n l y  
c o f f e e  w h i t e n e r  w a s  c o m p l e t e l y  s t a b l e .  T h e  c o m p l e t e  
t e s t ,  t h e r e f o r e ,  w a s  m o r e  s e n s i t i v e  f o r  o b s e r v i n g  e m u l s i o n  
d e s t a b i l i z a t i o n  i n  w h i t e n e d  c o f f e e  t h a n  w a s  v i s u a l  e x a m i n a 

t i o n  a f t e r  t h e  f i r s t  s t a g e .  I n  a d d i t i o n ,  t h e  c o m p l e t e  t e s t  
p r o v i d e d  a  q u a n t i t a t i v e  m e a s u r e m e n t  o f  t h e  e f f e c t .

T h i s  t y p e  o f  f u n c t i o n a l i t y  t e s t ,  y i e l d i n g  q u a n t i t a t i v e ,  
f u n c t i o n a l  r e s p o n s e  d a t a ,  p r o v i d e s  a n  i n d i r e c t  r o u t e  t o  
e s t a b l i s h i n g  t h e  c o m p o n e n t  i n t e r a c t i o n s  i n  a  r e a l  f o o d  s y s 
t e m  r a t h e r  t h a n  i n  a  s i m p l e  m o d e l  f r o m  w h i c h  i t  i s  d i f f i c u l t  
t o  e x t r a p o l a t e  t o  m o r e  c o m p l e x  s y s t e m s .  T h e  t e s t  i s  o f  
p a r t i c u l a r  v a l u e  i n  a s s e s s i n g  t h e  s u i t a b i l i t y  o f  a n  i n g r e d i e n t  
a n d  t h e  l e v e l  a t  w h i c h  i t  s h o u l d  b e  a d d e d  f o r  o p t i m u m  p e r 
f o r m a n c e  o f  a  c o f f e e  w h i t e n e r .  I t  c a n  a l s o  b e  u s e f u l  f o r  
c o m p a r i s o n  o f  t h e  f u n c t i o n a l i t i e s  o f  v a r i o u s  p r o t e i n  p r e p a 
r a t i o n s .

R E F E R E N C E
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A Research Note
A n  I m p r o v e d  M e t h o d  f o r  P r e p a r a t i o n  o f  N i t r i c  O x i d e  M y o g l o b i n

A H M A D  R E Z A  K A M A R E I  a n d  M A R C U S  K A R E L

---------------------------- ABSTRACT-----------------------------
We developed an improved method for preparation of bovine nitric 
oxide myoglobin using the following starting materials: 0.1 mM 
purified metmyoglobin; 0.1 mM (7 ppm) sodium nitrite; and 1.76 
mM (350 ppm) sodium ascorbate. The method requires complete 
deoxygenation of the reacting system. NOMb prepared in this 
manner is a source of cured meat pigment which contains a mini
mum of impurities, since the nitrite reacts quantitatively with the 
myoglobin in this method.

INTRODUCTION
I N  N I T R I C  O X I D E  M Y O G L O B I N  ( N O M b )  o n e  m o l e c u l e  
o f  n i t r i c  o x i d e  b i n d s ,  v i a  n i t r o g e n  a t o m ,  w i t h  t h e  s i x t h  
c o o r d i n a t i o n  s i t e  o f  h e m e  i r o n .  T h i s  r e s u l t s  i n  t h e  b r i g h t  
r e d  c o l o r  o f  N O M b  ( A n t o n i n i  a n d  B r u n o r i ,  1 9 7 1 ;  S m i t h ,  
1 9 7 5 ;  G i d d i n g s ,  1 9 7 7 ;  L i v i n g s t o n  a n d  B r o w n ,  1 9 8 1 ) .  
H e a t i n g  N O M b  d e n a t u r e s  t h e  g l o b i n  m o i e t y ,  w h i l e  n i t r i c  
o x i d e  r e m a i n s  w i t h  t h e  h e m e  i r o n .  C o n s e q u e n t l y ,  t h e  
a t t r a c t i v e ,  r e l a t i v e l y  s t a b l e  p i n k  c o l o r  o f  c u r e d  m e a t -  
d e n a t u r e d  n i t r i c  o x i d e  m y o g l o b i n  ( D N O M b ) — is  f o r m e d  
( R e i t h  a n d  S z a k a l y ,  1 9 6 7 a ,  b ) .

R e s e a r c h  o n  c u r e d  m e a t  p i g m e n t  n i t r i c  o x i d e  m y o g l o b i n  
( N O M b )  i n  m o d e l  s y s t e m s  u s u a l l y  r e q u i r e s  p r e p a r a t i o n  o f  
t h e  p i g m e n t  s o l u t i o n ,  i n  h i g h  p u r i t y .  W e  p r e s e n t  a n  i m 
p r o v e d  m e t h o d  f o r  p r e p a r a t i o n  o f  N O M b  w i t h  h i g h  p u r i t y .

MATERIALS & METHODS
PREPARATION of pure metmyoglobin (metMb), the raw mater
ial for NOMb synthesis, is the first step in NOMb preparation. For 
this purpose, we combined the methods of Hardman et al. (1966) 
and Awad et al. (1963) with slight modification. Pure NOMb can be 
synthesized using gaseous nitric oxide. In fact, some workers have suggested industrial applications for NO-curing of meat products 
(Harper, 1960; Shank, 1965). Our previous work (unpublished) 
showed that when highly purified NO is bubbled through pure 
deoxygenated metMb, NOMb is formed by reductive nitrosylation. 
Similar findings were reported for nitric oxide hemoglobin (Keilin 
and Hartree, 1937; Chien, 1969). The use of gaseous nitric oxide, 
however, has limited usefulness because it requires a large excess 
concentration of NO in solution and head space, which makes the 
product unsuitable for subsequent studies (Shieh et al., 1979). 
NOMb can be formed by reduction of nitrite (to nitric oxide) in 
myoglobin solution. The usual reducing agent used in meat industry 
is ascorbate and/or isoascorbate.

There is no scientific consensus about the mechanism of NOMb 
formation with nitrite and ascorbate. It seems however, that dini
trogen trioxide (N20 3), as nitrosating agent, is first formed in a rate- 
determining reaction from two molecules of nitrous acid (pKa=3.4). 
N20 3 attack on ascorbate forms nitrite ester which breaks down to 
yield the semiquinone and nitric oxide. Reaction of the semiquinone 
with an additional mole of N20 3 completes the oxidation of ascor
bate to dehydroascorbate (Bunton et al., 1959; Dahn et al., 1960; 
Archer et al., 1975). NO, then reacts with Mb or metMb to form 
NOMb. The latter is believed to auto reduce with time via internal electronic rearrangement (Giddings, 1977).

A u th o r s  K a m a r e i  a n d  K a re l a re  w i th  th e  D e p t , o f  N u t r i t i o n  & F o o d  
S c ie n c e ,  M a s s a c h u s e t ts  I n s t i tu t e  o f  T e c h n o lo g y ,  C a m b r id g e , M A  
0 2 1 3 9 .

To synthesize NOMb Fox and Thomson (1963) used 100-fold 
molar excess of nitrite and ascorbate. Paul and Kumta (1975) found 
that the optimum condition for NOMb synthesis is 0.05 mM metMb, 
and 50 mM nitrite and ascorbate at pH 5.5. Presence of very large 
excesses of nitrite and ascorbate can interfere in subsequent experi
mental studies and therefore negate, to some degree, the advantages 
of this method. Removing the extra nitrite and ascorbate by dialysis 
or gel filtration causes conversion of NOMb to metMb by exposure 
to air. We attempted, therefore, NOMb synthesis with minimum 
amounts of nitrite and ascorbate, which do not need to be removed. 
For this purpose, 104 ml fractions of purified 0.1 mM (A50s =
0. 97) bovine metMb solution in 0.05M phosphate buffer pH 5.5 
(simulating natural pH of beef) were completely deoxygenated with 
argon in bubbling flasks for 2 h at room temperature. Deoxygena
tion was found to be a critical condition, as reported by Fox and 
Ackerman (1968). Traces of cxygen were washed out of argon 
according to the method of Armor (1970).

To find the minimum required nitrite and ascorbate, we con
ducted the following experiments:

(a) The weighed fractions of sodium nitrite, each with 550 ppm 
(2.77 mM) sodium ascorbate, were introduced into the metMb 
solutions (four-ml samples for zero time were drawn just before 
this step). The applied concentrations of nitrite were 25 ppm (0.36 mM), 16 ppm (0.23 mM), and 7 ppm (0.1 mM), which is equimolar 
to metMb. To prevent NO escape and oxygen diffusion into the sys
tem, the bubbling rate of Ar was drastically decreased to maintain 
just a slight positive pressure. This also caused slow, but constant, 
mixing of solution. Four-ml aliquots, at 1-hr time intervals, were 
drawn by 5-ml syringes, using 30-cm needles, and immediately fil
tered (S&S filter paper #595) into cuvettes (1-cm path length) and 
inserted in a Perkin-Elmer (Hitachi 200) spectrophotometer. Ab
sorption spectra in the 0 -2  range were recorded, using 120 nm/min 
scan speed, for characteristic peaks between 700-460 nm, and 
Soret band (upon 10 times dilution with buffer) between 460- 
360 nm with the buffer as the blank.

(b) Keeping the nitrite concentration at minimum, i.e., 7 ppm 
(0.1 mM), we then tried to minimize the concentration of ascorbate. 
For this purpose, we used 450 ppm (2.27 mM), 350 ppm (1.76 
mM), and 250 ppm (1.26 mM) ascorbate concentration for the 
NOMb synthesis. The absorption spectra were recorded in the same 
way as described above.

RESULTS & DISCUSSION
F I G U R E  1 r e p r e s e n t s  t h e  t y p i c a l  a b s o r p t i o n  s p e c t r a  o f  t h e  
g r a d u a l  c o n v e r s i o n  o f  m e t M b  t o  N O M b .  T h e  s o l u t i o n  c o l o r  
a l s o  c h a n g e d  g r a d u a l l y ,  b u t  c l e a r l y ,  f r o m  b r o w n  ( m e t M b )  
t o  b r i g h t  r e d  ( N O M b ) .  T h e  c h a r a c t e r i s t i c  p e a k s  o f  m e t M b  
( 6 3 0  a n d  5 0 5  n m )  w e r e  c o n v e r t e d  i n t o  c h a r a c t e r i s t i c  p e a k s  
o f  N O M b  ( 5 7 8  a n d  5 4 8  n m ) .  A  d e e p  m i n i m u m  w a v e l e n g t h  
a t  5 0 8  n m  i s  a l s o  c h a r a c t e r i s t i c  o f  N O M b .  T h e  s p e c t r a  o f  
t h i s  g r a d u a l  c o n v e r s i o n  s h o w  t h r e e  i s o s b e s t i c  p o i n t s  a t  6 0 3 ,  
5 2 4 ,  a n d  4 8 2  n m .  T h e  m a x i m u m  w a v e l e n g t h  f o r  t h e  S o r e t  
b a n d  a l s o  s h i f t e d —f r o m  4 1 0  n m  ( m e t M b )  t o  4 2 1  n m  
( N O M b )  — j u s t  a f t e r  a  s h a r p  d e c r e a s e  i n  S o r e t  a b s o r p t i o n  
( p r o b a b l y  m e t M b  c o n v e r s i o n  t o  M b )  a n d  d u r i n g  i t s  g r a d u a l  
i n c r e a s e  ( N O M b  f o r m a t i o n ) .  T h e  o b t a i n e d  S o r e t  b a n d  c h a r 
a c t e r i s t i c s  f o r  b o v i n e  N O M b  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  
v a l u e s  o b t a i n e d  b y  R o m b e r g  a n d  K a s s n e r  ( 1 9 7 9 )  f o r  h o r s e  
N O M b .

A t  a  m i n i m u m  n i t r i t e  c o n c e n t r a t i o n  o f  7  p p m  ( 0 . 1  m M ) ,
1. e . ,  e q u i m o l a r  t o  m e t M b  c o n c e n t r a t i o n  ( 0 . 1  m M ) ,  t h e r e  
w a s  a l m o s t  c o m p l e t e  c o n v e r s i o n  i n  s e v e r a l  h o u r s .  B e c a s u e  
w e  c o n s i d e r e d  a v o i d a n c e  o f  e x c e s s  n i t r i t e  a s  n e c e s s i t y  f o r
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Fig. 1—T y p ic a l  a b s o r p tio n  sp e c tr a  fo r  
p r e p a r a tio n  o f  b o v in e  N O M b  f r o m  0 .1  
m M  m e tM b . S p e c t r a  r e c o r d e d  in  1-h r  i n 
terva ls  (0 , 1, 2 ,  3 , . . .  )  d u r in g  th is  c o n 
vers io n . A l l  a b s o r p tio n s ,  a t  7 0 0  n m ,  a re  
s u p p r e s s e d  f r o m  0 .0 3  to  z e ro .

T a b le  1—M o la r  a b s o r p tiv i t ie s  (e x  1 0 ~ 3 ;  M ~ 1  c m ~ 1  ) o f  b o v in e  
m e tM b  a n d  N O M b 3

Wavelength (nm) metMb NOMb

505, ß peak 9.7b —

545—548, ß peak - 13.3b (13.0e)
410, Soret (7 ) band 170c —

421, Soret (7 ) band - 137e

3 T h e  m o la r  a b s o r p t iv i t ie s  o f  S o r e t  (7 ) b a n d s  a re  c a lc u la te d  b ase d  
o n  th e  (3 p e a k  a b s o r p t io n s  o f  p ig m e n ts . 

b  F o x  a n d  T h o m s o n  (1 9 6 3 )
c  C u r r e n t  s t u d y  (s u p p r e s s io n  o f  0 .0 3  a b s o rb a n c e  u n i t ,  t o  o b ta in  z e r o  

a t  7 0 0  n m , h a s  b e e n  t a k e n  in t o  a c c o u n t ) .

s t u d i e s  o n  N O M b ,  t h i s  e q u i m o l a r  l e v e l  w a s  s e l e c t e d  f o r  
n i t r i t e  c o n c e n t r a t i o n .

A s s u m i n g  t h e  m o l a r  a b s o r p t i v i t i e s  s h o w n  i n  T a b l e  1 , i t  
w a s  p o s s i b l e  t o  m o n i t o r  t h e  p e r c e n t a g e  o f  N O M b  f o r m a t i o n  
a s  a  f u n c t i o n  o f  t i m e .  T h e  c o n v e r s i o n  r a t e  f r o m  m e t M b  t o  
N O M b  d e c r e a s e d  s h a r p l y  a s  a s c o r b a t e  c o n c e n t r a t i o n  ( i . e . ,  
r a t i o  o f  a s c o r b a t e  t o  n i t r i t e )  d e c r e a s e d  f r o m  3 5 0  t o  2 5 0  
p p m .  C o n s e q u e n t l y ,  w e  p r e f e r r e d  a n  a s c o r b a t e  c o n c e n t r a 
t i o n  o f  3 5 0  p p m  ( 1 . 7 6  m M ) .  T h i s  i s  t h e  m i n i m u m  p o s s i b l e  
a m o u n t  o f  a s c o r b a t e ,  u n d e r  o u r  e x p e r i m e n t a l  c o n d i t i o n s ,  
a d e q u a t e  f o r  s y n t h e s i s  i n  s e v e r a l  h o u r s .  I t  i s  o b v i o u s ,  h o w 
e v e r ,  t h a t  b y  l o w e r i n g  t h e  b u f f e r  p H  f r o m  5 . 5  t h e  r a t e  o f  
N O  f o r m a t i o n  i s  a c c e l e r a t e d  ( T a n n e n b a u m ,  1 9 7 6 )  a n d  a s 
c o r b a t e  m o l a r  c o n c e n t r a t i o n  c a n  b e  r e d u c e d  t h e o r e t i c a l l y  
t o  h a l f  t h a t  o f  n i t r i t e ,  s i n c e ,  f o r  e a c h  m o l e  o f  o x i d i z e d  a s 

c o r b a t e  t w o  m o l e s  o f  N O  a r e  p r o d u c e d  ( B u n t o n  e t  a l . ,  
1 9 5 9 ;  A r c h e r  e t  a l . ,  1 9 7 5 ) .  T h i s  c o r r e s p o n d s  t o  0 . 0 5  m M  
( 1 0  p p m )  a s c o r b a t e .  T h i s  i s  p o s s i b l e  o n l y  a t  t h e  e x p e n s e  o f  
d e v i a t i o n  f r o m  s i m u l a t e d  n a t u r a l  p H  o f  b e e f .  T h e  s l i g h t  e x 
c e s s  o f  a s c o r b a t e ,  d u e  t o  i t s  r e d u c i n g  r o l e  i m p r o v e s  N O M b  
s t a b i l i t y .

I n  c o n c l u s i o n ,  s y n t h e s i s  o f  b o v i n e  N O M b  u n d e r  c o m 
p l e t e  d e o x y g e n a t i o n ,  u s i n g  0 . 1  m M  p u r i f i e d  m e t M b ,  0 .1  
m M  ( 7  p p m )  s o d i u m  n i t r i t e ,  a n d  1 . 7 6  m M  ( 3 5 0  p p m )  
s o d i u m  a s c o r b a t e ,  a t  p H  5 . 5 ,  p r o v i d e s  a n  i m p r o v e d  s o u r c e  
o f  N O M b  f o r  f u r t h e r  s t u d i e s .
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A Research Note
E v a l u a t i o n  o f  t h e  Q u a l i t y  o f  C o o k i e s  S u p p l e m e n t e d  w i t h  

D i s t i l l e r s ’ D r i e d  G r a i n  F l o u r s

C H O  C .  T S E N ,  W I L L A  E Y E S T O N E ,  a n d  J E A N E T T E  L . W E B E R

ABSTRACT
Distillers’ dried grain (DDG) samples collected from various distillers 
differed in protein, ash, fat, and fiber contents, and colors. When 
distiller’s dried grain flour (DDGF) was mixed with wheat flour at a 
15 or 25% (w/w) replacement level for making sugar cookies, the 
replacement could decrease the width and thickness and darken the 
color of sugar cookies. DDGF was found suitable as a supplement 
for preparing dark-colored cookies to enrich their protein and fiber 
contents. Sensory evaluations of 15% DDGF supplemented bar, 
spice and chocolate cookies showed that they were all acceptable.

INTRODUCTION
D I S T I L L E R ’S  D R I E D  G R A I N  ( D D G ) ,  a  d i s t i l l e r ’s  m a j o r  
b y - p r o d u c t  o f  a l c o h o l  f e r m e n t a t i o n ,  h a s  b e e n  u s e d  w i d e l y  
i n  f e e d s .  I n  t h e  f e r m e n t a t i o n  p r o c e s s ,  m o s t  g r a i n  s t a r c h  i s  
c o n v e r t e d  t o  a l c o h o l ,  c a r b o n  d i o x i d e ,  a n d  o t h e r  f e r m e n t e d  
p r o d u c t s ;  t h e  r e m a i n i n g  n u t r i e n t s  ( s u c h  a s  p r o t e i n ,  f a t ,  
f i b e r ,  m i n e r a l s ,  a n d  v i t a m i n s )  u n d e r g o  a l m o s t  a  t h r e e f o l d  
c o n c e n t r a t i o n ,  m a i n l y  i n  D D G .  R e c e n t  i n t e r e s t  i n  t h e  n u 
t r i t i o n a l  b e n e f i t  o f  p r o t e i n  a n d  f i b e r  j u s t i f i e s  e x p l o r i n g  u s e  
o f  D D G  a s  a  p r o t e i n  a n d  f i b e r  s u p p l e m e n t  i n  b a k e r y  f o o d s .  
A l t h o u g h  t h e r e  a r e  s e v e r a l  r e p o r t s  o n  t h e  u s e  o f  b r e w e r s ’ 
s p e n t  g r a i n  i n  b r e a d  a n d  c o o k i e s  ( P r e n t i c e  a n d  D ’A p p o l o n i a ,  
1 9 7 7 ;  P r e n t i c e  e t  a l . ,  1 9 7 8 ;  K i s s e l l  a n d  P r e n t i c e ,  1 9 7 9 ) ,  
l i t t l e  i n f o r m a t i o n  c o n c e r n i n g  D D G  u s e d  a s  a  b a k e r y  i n g r e 
d i e n t  i s  a v a i l a b l e .

M o s t  D D G  s a m p l e s  a r e  d a r k ;  t h e y  c o u l d  b e  u s e d  a s  a  
p a r t i a l  r e p l a c e m e n t  f o r  w h e a t  f l o u r  f o r  p r e p a r i n g  s o m e  
d a r k - c o l o r e d  c o o k i e s  s u c h  a s  b a r ,  s p i c e ,  a n d  c h o c o l a t e - c h i p  
c o o k i e s .  D D G  s u p p l e m e n t s  w o u l d  i m p r o v e  t h e  n u t r i t i v e  
v a l u e  o f  t h e  c o o k i e s  b y  e n r i c h i n g  t h e i r  p r o t e i n  a n d  f i b e r  
c o n t e n t s ,  a n d  e x p a n d  t h e  u s e  o f  t h e  b y - p r o d u c t  f r o m  a l c o 
h o l  f e r m e n t a t i o n .  F o r  t h o s e  r e a s o n s  w e  e v a l u a t e d  t h e  q u a l 
i t y ,  a c c e p t a b i l i t y ,  a n d  t a s t e  o f  D D G - s u p p l e m e n t e d  c o o k i e s .  
T h e  r e s u l t s  a r e  r e p o r t e d  h e r e .

MATERIALS & METHODS
Materials

DDG samples, one each from six major U.S. distillers were used. 
Referred to as samples DDG-A, -B, -C, -D, -E, and -F, they were ground through an Alpine pin mill and then sifted once through a 
28LW sieve for analyses and other tests. The flours thus obtained 
were designated as DDGF-A, -B, -C, -D, -E, and -F, respectively. 
One of the two soft wheat flours (SWF’s) purchased for the study 
was bleached for preparing bar cookies; the other was unbleached 
for sugar, spice, and chocolate-chip cookies.

All analyses were by AACC standard Methods (1961-1975), 
except that fat was determined by AOCS Method Aa4-38 (1971) with petroleum ether as the extracting solvent. The colors of flour 
samples and cookies were evaluated with the Agtron multi-chroma
tic, abridged, reflectance spectrophotometer model M-500-A (for 
flour samples) and model M-300-A wide area viewer (for cookies). 
The instrument was standardized with standard discs M-33 and 00 at 
640 nm (red mode) to read 100 and 0, respectively. AACC Ap-

A u th o r s  T s e n , E y e s to n e ,  a n d  W e b e r  a re  w i th  th e  D e p t , o f  G ra in  S c i 
e n c e  & I n d u s t r y ,  K a n sa s  S ta te  U n iv ., M a n h a tta n , K S  6 6 5 0 6 .

proved Method 14-30 (1974) was used to evaluate the flour sam
ples. The top center portion (circle with a diameter of 4.5 cm) of 
four cookies was exposed for reflectance measurements.
Preparation of cookies

Sugar cookie samples with wheat flour or wheat flour supple
mented with 15% or 25% DDGF (% - replacement level of DDGF 
for wheat flour), were prepared according to the AACC Method 
10-50D (1975). Cookie spread and the spread ratio (W/T - where 
W is the average diameter and T  the average thickness) were mea
sured, as previously reported (Tsen et al., 1975). Formulations for 
making other cookies from wheat flour and wheat flour supple
mented with 15% DDGF are listed in Table 1.
Acceptability evaluation

Acceptability and taste of cookies were evaluated at about 3:00 p.m. by 99 students (untrained judges of both sexes aged 11-12) in 
classrooms under normal light at an elementary school in Manhattan, 
KS. Bar cookies were prepared in the morning for the afternoon 
evaluation. Spice and chocolate-chip cookies were prepared the day 
before the evaluation. For tasting, each of the randomly selected 
students was given one cookie of each sample sealed in a plastic bag. 
Water was provided for rinsing. Students were not told what the 
cookies were made of and were asked only to rank the cookies from 
excellent (1) to very poor (6), as described and statistically treated 
by Larmond (1970).

RESULTS & DISCUSSION
C o m p o s i t i o n a l  a n d  c o l o r  d i f f e r e n c e s  o f  D D G F  s a m p l e s

T h e r e  w e r e  c o n s i d e r a b l e  v a r i a t i o n s  i n  t h e  c o m p o s i t i o n  
a n d  c o l o r  a m o n g  D D G F  s a m p l e s  ( T a b l e  2 ) .  T h e  d i f f e r e n c e s ,  
e s p e c i a l l y  i n  c o l o r ,  i n d i c a t e  t h a t  D D G F  s a m p l e s ,  o b t a i n e d  
f r o m  v a r i o u s  d i s t i l l e r s ,  w e r e  p r o c e s s e d  f r o m  d i f f e r e n t  r a w  
m a t e r i a l s  o r  b y  d i f f e r e n t  p r o c e s s i n g  m e t h o d s  o r  c o n d i t i o n s ,  
p a r t i c u l a r l y  d r y i n g .

T a b le  1—F o r m u la t io n s  fo r  c o o k ie s  f r o m  w h e a t  f lo u r  a n d  w h e a t  
f lo u r  s u p p le m e n te d  w i th  15%  D D G F

Cookies

Ingredients
Bar
(g)

Spice
(g)

Chocolate-chip
(g)

Wheat flour or wheat 
f lo u rrD D G F  mixture 170.0 400.0 200.0

Sugar 412.0 100.0 75.0
Dark-brown sugar - — 75.0
Shortening 200.0 100.0 56.0
Margarine - - 56.0
Salt 3.0 4.0 3.0
Baking powder 5.2 5.0 —

Soda — 5.0 2.0
Vanilla 9 & — 1.9
Egg 212.0 50.0 53.0
Corn syrup 40.0 — —

Cocoa 74.0 — —

Molasses — 160.0 —

Cinnamon — 1.4 _
Ginger — 2.0 —

Water — — 1.0
Chocolate chips - — 83.0
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E f f e c t  o f  s u p p l e m e n t i n g  D D G F  o n  
c o o k i e  s p r e a d  a n d  t h i c k n e s s

S u p p l e m e n t i n g  1 5  o r  2 5 %  D D G F  r e d u c e d  t h e  a v e r a g e  
c o o k i e  w i d t h  f r o m  8 . 4 7  c m  ( r e g u l a r  c o o k i e s - t h e  c o n t r o l s )  
t o  8 . 1 8  o r  8 . 2 0  c m  a n d ' a v e r a g e  c o o k i e  t h i c k n e s s  f r o m  0 . 8 8  
c m  ( t h e  c o n t r o l s )  t o  0 . 7 7  o r  0 . 7 6  c m ,  r e s p e c t i v e l y .  L a r g e l y  
b e c a u s e  o f  t h e  r e d u c t i o n  i n  t h i c k n e s s ,  t h e  s p r e a d  r a t i o  w a s  
i m p r o v e d  b y  t h e  s u p p l e m e n t .  B u t  c o o k i e s  s u p p l e m e n t e d  
w i t h  D D G F  s a m p l e s  a l l  a p p e a r e d  m u c h  d a r k e r  t h a n  t h e  c o n 
t r o l .  T h e  c o l o r  r e a d i n g s  v a r i e d  f r o m  8 4  A g t r o n  u n i t s  f o r  
3 0 %  D D G F - A  s u p p l e m e n t e d  c o o k i e s  t o  3 0  A g t r o n  u n i t s  f o r  
3 0 %  D D G F - B  s u p p l e m e n t e d  c o o k i e s ,  a s  c o m p a r e d  t o  1 0 0  
u n i t s  f o r  t h e  c o n t r o l .
T a b le  2 —C h e m ic a l  c h a ra c te r is t ic s  a n d  c o lo r s  o f  w h e a t  f lo u r  a n d  d i s 
t i l le r s ' d r ie d  g ra in  f lo u r s  (D D G F )

Moisture
<%)

Protein3
(%)

Ash
(%)

Fat
(%)

Fiber
(%)

Color
(Agtron

unit)

Soft wheat flour 
(unbleached) 11.7 8.7 0.5 0 .96 >100

Soft wheat flour 
(bleached) 11.8 9.0 0.4 0.90 >100

D D G F-A 6.7 28.0 2.4 10.9 11.2 85.0
D D G F-B 9.5 26.6 4.3 10.4 7.6 23.5
D D G F-C 11.3 27.7 4.0 8.2 6.8 35.0
D D GF-D 10.1 28.3 4.3 8.0 7.2 3.5
D D G F-E 7.7 26.1 4 .4 9.3 6.9 30.5
D D G F-F 8.8 26.9 4.0 7.7 7.5 92.0

3 P ro t e in  c o n t e n t  w a s  c a lc u la te d  a s  (%  N X 5 .7 )  f o r  w h e a t  f l o u r  a n d  
(%  N  X 6 .2 5 )  f o r  D D G  f lo u r .

T a b le  3 — T a s te  p a n e l  r e s u l ts  f r o m  b a r , sp ic e , a n d  c h o c o la te -c h ip  
c o o k ie s  p r e p a r e d  f r o m  w h e a t  f lo u r  s u p p le m e n te d  w i th  15%  d is 
t i l le r 's  d r ie d  g ra in  f lo u r  (D D G F -B  o r  D D G F -F )

Type of cookies

D D G F
Bar

(mean)a,b
Spice

(mean)a,b
Chocolate chip 

(mean)a,b

0 2.07 C 2.27 B 2.23 B
F 2.45 B 3.32 A 2.37 AB
B 2.72 A 3.58 A 2.65 A

a M e a n s  w i t h o u t  a c o m m o n  le t t e r  In  e a c h  c o lu m n  d i f f e r  s ig n i f i c a n t ly(P <  0 .05 ).
“  M o re  th a n  4  w a s  n o t  a c c e p ta b le .

E v a l u a t i o n  o f  b a r ,  s p i c e ,  a n d  c h o c o l a t e - c h i p  c o o k i e s  
s u p p l e m e n t e d  w i t h  D D G F  s a m p l e s

I n  v i e w  o f  t h e  d a r k n e s s  o f  D D G F  s a m p l e s  a n d  s u g a r  
c o o k i e s  s u p p l e m e n t e d  w i t h  D D G F  s a m p l e s ,  i t  s e e m e d  t h a t  
D D G F  w o u l d  b e  a n  a p p r o p r i a t e  s u p p l e m e n t  f o r  d a r k -  
c o l o r e d  c o o k i e s .  S t u d i e s  w e r e  t h u s  c o n d u c t e d  t o  e v a l u a t e  
t h e  t a s t e  a n d  a c c e p t a b i l i t y  o f  b a r ,  s p i c e ,  a n d  c h o c o l a t e -  
c h i p  c o o k i e s  m a d e  f r o m  w h e a t  f l o u r  s u p p l e m e n t e d  w i t h  
1 5 %  D D G F - B  o r  D D G F - F .  D D G F - B  a n d  D D G F - F  w e r e  
s e l e c t e d  t o  r e p r e s e n t  d a r k  a n d  l i g h t  D D G  s a m p l e s  r e s p e c 
t i v e l y  f o r  m a k i n g  t h e  c o o k i e s .  S t a t i s t i c a l l y  t r e a t e d  r e s u l t s  
( T a b l e  3 )  i n d i c a t e  t h a t  b a r ,  s p i c e ,  a n d  c h o c o l a t e - c h i p  c o o k i e s  
m a d e  f r o m  w h e a t  f l o u r  s u p p l e m e n t e d  w i t h  1 5 %  D D G F - B  
o r  - F  s a m p l e s  w e r e  a l l  a c c e p t a b l e .  A l t h o u g h  t h e  r e g u l a r  
b a r  a n d  s p i c e  c o o k i e s  t a s t e d  s i g n i f i c a n t l y  b e t t e r  t h a n  t h e  
s u p p l e m e n t e d  c o o k i e s ,  n o  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  
f o u n d  b e t w e e n  r e g u l a r  c h o c o l a t e - c h i p  c o o k i e s  a n d  D D G F - F  
s u p p l e m e n t e d  o n e s .  D D G F - F  s a m p l e  w a s  s i g n i f i c a n t l y  b e t 
t e r  t h a n  D D G F - B  a s  a  s u p p l e m e n t  f o r  m a k i n g  b a r  a n d  
c h o c o l a t e - c h i p  c o o k i e s .
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A Research Note
E l e c t r i c a l  C a p a c i t a n c e  o f  D a r k - c u t t i n g  B e e f

H .  J .  S W A T L A N D ,  P .  W A R D ,  a n d  P .  V .  T A R R A N T

----------------------------ABSTRACT-----------------------------
Electrical capacitance was measured on the exposed adductor 
muscles of sides of beef. Measurements were made with a 3 mV 
100kHz current between two parallel needle electrodes in the meat. 
Capacitance decreased after slaughter, and was correlated with the 
pH of the longissimus dorsi muscles in both normal (r = 0.94, P < 
0.005) and in dark-cutting carcasses (r = 0.89, P < 0.01). The 
normal decline of pH postmortem was curtailed in carcasses with 
dark-cutting meat. However, when adjusted for differences in pH, 
carcasses with dark-cutting meat had a lower (P < 0.01) capacitance 
than carcasses with normal meat.

INTRODUCTION
A N  E X C E S S  O F  M U S C L E  a c t i v i t y  o r  s t r e s s  b e f o r e  s l a u g h t e r  
m a y  c a u s e  c a t t l e  t o  p r o d u c e  d a r k - c u t t i n g  b e e f  ( T a r r a n t ,
1 9 8 1 ) .  T h i s  i s  d u e  t o  a n  a n t e m o r t e m  d e p l e t i o n  o f  m u s c l e  
g l y c o g e n  a n d  a  c o n s e q u e n t  r e d u c t i o n  o f  p o s t m o r t e m  g l y c o 
l y s i s .  D a r k  c u t t i n g - b e e f  h a s  a  h i g h  u l t i m a t e  p H  r e l a t i v e  t o  
n o r m a l  b e e f .

T h e  e l e c t r i c a l  c a p a c i t a n c e  o f  m e a t  i s  p r o b a b l y  d u e  t o  
t h e  s e p a r a t i o n  o f  e l e c t r o l y t e s  b y  t h e  m e m b r a n e  s y s t e m s  o f  
m u s c l e  f i b e r s .  T h e  c a p a c i t a n c e  o f  m e a t  d e c l i n e s  p o s t m o r 
t e m ,  p e r h a p s  w i t h  s o m e  r e l a t i o n s h i p  t o  t h e  d e c l i n e  i n  p H  
p o s t m o r t e m .  I n  p a l e ,  s o f t ,  e x u d a t i v e  ( P S E )  p o r k ,  t h e  r a p i d  
r a t e  a n d  e x t e n t  o f  p H  d e c l i n e  i s  m a t c h e d  b y  a  r a p i d  d e 
c r e a s e  a n d  l o s s  o f  c a p a c i t a n c e  ( S w a t l a n d ,  1 9 8 0 ) .  T h e  b r i e f  
s t u d y  r e p o r t e d  h e r e  w a s  u n d e r t a k e n  t o  f i n d  o u t  i f  d a r k 
c u t t i n g  b e e f  w i t h  a  r e l a t i v e l y  h i g h  p H  h a d  n o r m a l  o r  e l e 
v a t e d  c a p a c i t a n c e .

MATERIALS & METHODS
DATA on the capacitance of the adductor muscle and the pH of 
the longissimus dorsi muscle were collected from abattoirs in Dublin 
and in Guelph. Data on live animals and exact slaughter times were 
not available and the subject of this research note is restricted to the 
relationship between capacitance and pH during the period between 
slaughter and 48-hr postmortem. In Dublin, data were collected (/) 
from four dark-cutters and from four nearby normal carcasses in a Q
storage cooler approximately 24 hr postmortem and from two car- ^
casses with experimentally induced dark-cutting meat. Dark-cutting 
was induced by the subcutaneous injection of 50 ml of adrenaline ^  
solution (1 mg/L) in the flank and shoulder region at three times LL
prior to slaughter (42, 24, and 18 hr). In Guelph, data were col- O
lected from four normal carcasses between slaughter and 48 hr Z  
postmortem. The data from the normal carcasses formed a continu- ^  
ous series, regardless of geographical origin. Z

The capacitance of the adductor muscle was measured on intact 
sides of beef hanging from an overhead rail. Measurements were 
made on exposed areas of the muscle, ventral to the pubis, using 
two parallel stainless steel needle electrodes (axial separation 11 mm, 
diameter 1.5 mm, penetration 2 cm). The adductor was chosen for 
capacitance measurements because this muscle can be measured 
rapidly without damaging the carcass. The eventual objective of 
research on meat capacitance is to develop a method for industrial

A u t h o r  S w a t la n d  is  w i th  th e  D e p t, o f  A n im a l  & P o u l t r y  S c ie n c e ,  
U n iv . o f  G u e lp h , G u e lp h , O n ta r io , N 1 G 2 W 1 , C anada . A u th o r s  
W a rd  a n d  T a r ra n t  are  w i th  th e  A g r ic u l tu r a l  I n s t i tu t e ,  D u n s in e a  
R e s e a r c h  C e n tr e , C a s t le k n o c k ,  C o. D u b lin , Ire la n d .

use which can predict the properties of distant muscles such as the 
longissimus dorsi. A 100 kHz sinusoidal alternating current was 
generated from a battery-powered Wien bridge oscillator with a peak 
voltage in the meat of 3 mV. A feed-back stabilized amplifier and 
AC voltmeter were used to find a resistance and a capacitance in 
parallel which balanced that of the meat. The pH was measured with 
a Radiometer pH 29 meter which was equipped with a combined 
glass electrode (GK 2320C) and calibrated with buffers at pH 4.01 
and 6.35. The electrode was inserted into the longissimus dorsi at 
the level of the third lumbar vertebra. A new site was used for sub
sequent readings on the same muscle.

The data reported here are based on 20 observations on 6 
dark-cutters and on 20 observations on eight normal carcasses. 
The means for each carcass were analyzed with an intraclass regres
sion model.

RESULTS & DISCUSSION
THE CAPACITANCE of the adductor and the pH of the 
longissimus dorsi were strongly correlated in both normal 
and dark-cutting carcasses(r = 0.94, P <  0.005 and r = 0.89, 
P <  0.01, respectively). The slopes of the regression lines 
for the mean values for each carcass were similar (Fig. 1).

F ig. 1—R e la t io n s h ip  b e tw e e n  a d d u c to r  m u s c le  c a p a c ita n c e  (n a n o 
fa ra d s) a n d  lo n g is s im u s  d o r s i  p H  in  n o r m a l  ( • )  a n d  d a r k - c u t t in g  c a r 
ca sse s  (x ) .  E a ch  d a ta  p o i n t  is  a m e a n  o f  se v era l o b se rv a tio n s .
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A Research Note
E f f e c t  o f  E l e c t r i c a l  S t i m u l a t i o n  a n d  S t e a k  T e m p e r a t u r e  a t  t h e  

B e g i n n i n g  o f  C o o k i n g  o n  M e a t  T e n d e r n e s s  a n d  C o o k i n g  L o s s

R .  L .  H O S T E T L E R ,  T .  R .  D U T S O N ,  a n d  G .  C .  S M I T H

---------------------------- ABSTRACT------------------------------
Six steaks from each of 24 loins (from electrically stimulated and 
control sides of each of 12 steers) were thawed to produce steak 
temperatures of 2, 7, 13, 14, 18 or 26°C just prior to cooking. After 
cooking to 70°C, steaks with a starting temperature of 26°C were 
30% more tender than those with a starting temperature of 2°C. 
Electrical stimulation increased tenderness of steaks from all treat
ments (an average of 23%), and no interaction was found between 
electrical stimulation and starting steak temperature. Tenderness 
and cooking loss can be optimized by electrically stimulating car
casses and by starting cookery when steaks have high internal tem
peratures.

INTRODUCTION
T H E  E F F E C T  O F  H E A T  o n  t h e  p h y s i c a l  p r o p e r t i e s  o f  
m e a t ,  p a r t i c u l a r l y  t e n d e r n e s s ,  h a s  b e e n  o f  i n t e r e s t  t o  m e a t  
s c i e n t i s t s  f o r  m a n y  y e a r s .  C o o k i n g  o f  s t e a k s  t o  d i f f e r e n t  
f i n a l  t e m p e r a t u r e  h a s  b e e n  s h o w n  t o  h a v e  a  d e f i n i t e  e f f e c t  
o n  t e n d e r n e s s  a n d  c o o k i n g  l o s s  o f  m e a t  ( H o s t e t l e r  e t  a l . ,
1 9 7 6 ) .  H o w e v e r ,  t h e  t i m e  i t  t a k e s  a  s t e a k  t o  r e a c h  t h e  s a m e  
f i n a l  t e m p e r a t u r e  a l s o  h a s  b e e n  s h o w n  t o  a f f e c t  m e a t  t e n 
d e r n e s s  a n d  c o o k i n g  l o s s  ( C o v e r ,  1 9 3 7 ) .  V a i l  e t  a l .  ( 1 9 4 3 )  
r e p o r t e d  t h a t  r o a s t s  t h a w e d  a t  o v e n  t e m p e r a t u r e  w e r e  l e s s  
t e n d e r  t h a n  t h o s e  t h a w e d  a t  r o o m  t e m p e r a t u r e .  M o o d y  e t  
a l .  ( 1 9 7 8 ) ,  u s i n g  f o u r  m e t h o d s  o f  t h a w i n g  a n d  t w o  m e t h o d s  
o f  c o o k i n g ,  f o u n d  t h a t  s t e a k s  a n d  r o a s t s  t h a w e d  a t  r o o m  
t e m p e r a t u r e  w e r e  m o r e  t e n d e r ,  a s  m e a s u r e d  b y  s e n s o r y  
p a n e l  a n d  s h e a r ,  t h a n  t h o s e  t h a w e d  i n  a  r e f r i g e r a t o r  a t
3 . 3  C .  R o o m  t e m p e r a t u r e  t h a w e d  r o a s t s  w e r e  a l s o  m o r e  
t e n d e r  t h a n  t h o s e  p l a c e d  i n  t h e  o v e n  w h i l e  f r o z e n  o r  t h o s e  
d e f r o s t e d  a n d  c o o k e d  i n  a  m i c r o w a v e  o v e n  ( R a d a r a n g e ) .  
T h e s e  s t u d i e s  s u g g e s t  t h a t  t h e  t e m p e r a t u r e  o f  m e a t  s a m p l e s  
a t  t h e  t i m e  c o o k i n g  s t a r t s  m a y  h a v e  a n  i n f l u e n c e  o n  t h e  
t e n d e r n e s s  o f  t h e  c o o k e d  p r o d u c t .

T h e  p r e s e n t  s t u d y  w a s  c o n d u c t e d  t o  d e t e r m i n e  i f  i n t e r 
n a l  t e m p e r a t u r e  o f  s t e a k s  a t  t h e  s t a r t  o f  c o o k i n g  h a s  a n  e f 
f e c t  o n  c o o k e d  s t e a k  t e n d e r n e s s  a n d  c o o k i n g  l o s s ,  a n d  w h a t  
i n f l u e n c e  e l e c t r i c a l  s t i m u l a t i o n  m i g h t  h a v e  i n  c o n j u n c t i o n  
w i t h  t h e s e  p a r a m e t e r s .  E l e c t r i c a l  s t i m u l a t i o n  ( E S )  h a s  b e e n  
s h o w n  t o  b e  a n  e f f e c t i v e  m e a n s  o f  i n c r e a s i n g  t h e  t e n d e r n e s s  
o f  m e a t  ( M c K e i t h  e t  a l . ,  1 9 8 1 ) ,  b u t  t h e  r e l a t i o n s h i p  b e t w e e n  
E S  a n d  i n t e r n a l  s t e a k  t e m p e r a t u r e  p r i o r  t o  c o o k i n g  w i t h  
r e s p e c t  t o  t e n d e r n e s s ,  c o o k i n g  l o s s  a n d  c o o k i n g  t i m e  h a s  
y e t  t o  b e  d e f i n e d .

EXPERIMENTAL
TWELVE ANIMALS were used in this study. One side of each car
cass was electrically stimulated with 550 volts of AC current. Cur
rent was applied intermittently (2 sec on and 1 sec off) for 1 min 
using the Koch-Britton Stimulator, Model 350. The unstimulated 
side served as the control.Loins were removed from both sides at 7 days postmortem, and 
six steaks (3 cm thick) were removed from each loin. These steaks 
were frozen and randomly assigned to one of six thawing groups.

A u th o r s  H o s te t le r , D u ts o n  a n d  S m i th  a re  w i th  t h e  M e a ts  & M u sc le  
B io lo g y  S e c t io n ,  D e p t , o f  A n im a l  S c ie n c e , T e x a s  A & M  U n iv ., 
C o lleg e  S ta t io n ,  T X  7 7 8 4 3 .

When thawed, the steaks had an internal temperature just prior to 
cooking of 2, 7, 13, 14, 18, or 26°C. The 13 and 14°C tempera
ture groups were combined since no differences existed between the 
two groups.

Each of the steaks was then cooked to an internal temperature 
of 70°C using micro-thermocouples to monitor internal temperature according to the procedure of Hostetler and Dutson (1977). 
Cooking losses and cooking times were measured and steaks were 
allowed to cool to room temperature. At least eight cores of 1.25 
cm diameter were taken from each cooked steak and shear force 
measurements were recorded using a Warner-Bratzler shear device.

Data were analyzed by analysis of variance and significance be
tween means was determined using Duncan’s multiple range test 
(Steel and Torrie, 1960).

RESULTS & DISCUSSION
T H E  T W O  T R E A T M E N T S  i n v o l v e d  i n  t h i s  s t u d y  w e r e  
s t a r t i n g  i n t e r n a l  t e m p e r a t u r e  ( 2 ,  7 ,  1 4 ,  1 8  a n d  2 6 ° C ) ,  
a n d  e l e c t r i c a l  s t i m u l a t i o n  ( s t i m u l a t e d  a n d  c o n t r o l ) .  F o r  
t h e  p a r a m e t e r s  m e a s u r e d  ( c o o k i n g  t i m e s ,  c o o k i n g  l o s s e s ,  
a n d  s h e a r  f o r c e  v a l u e s )  t h e r e  w e r e  n o  s i g n i f i c a n t  ( P  >  
0 . 0 5 )  i n t e r a c t i o n s  b e t w e e n  t h e  t w o  t r e a t m e n t s .  F o r  t h i s  
r e a s o n ,  t h e  t w o  t a b l e s  p r e s e n t e d  g i v e  m e a n s  f o r  m a i n  
e f f e c t s  o n l y .

C o o k i n g  t i m e s  ( T a b l e  1 )  a m o n g  t h e  v a r i o u s  s t a r t i n g  t e m 
p e r a t u r e s  w e r e  d i f f e r e n t  f r o m  e a c h  o t h e r  e x c e p t  f o r  t w o  
o f  t h e  i n t e r m e d i a t e  s t a r t i n g  t e m p e r a t u r e s  ( 1 4  a n d  1 8  C ) .  
T h e  r e l a t i o n s h i p  o f  c o o k i n g  t i m e  t o  s t a r t i n g  i n t e r n a l  t e m 
p e r a t u r e  w a s  s u c h  t h a t  a  l o w e r  s t a r t i n g  t e m p e r a t u r e  r e s u l t e d  
i n  a  l o n g e r  c o o k i n g  t i m e  a n d  v i c e  v e r s a .  T h i s  i s  t o  b e  e x 
p e c t e d ,  s i n c e  a  s t a r t i n g  i n t e r n a l  t e m p e r a t u r e  o f  2 6  C  i s  
3 7 %  o f  t h e  c h a n g e  i n  t e m p e r a t u r e  f r o m  0  t o  7 0 ° C ,  w h i l e  
2 ° C  i s  o n l y  3 %  o f  t h e  s a m e  t e m p e r a t u r e  c h a n g e .  E a c h  t e n  
d e g r e e  i n c r e a s e  i n  s t a r t i n g  i n t e r n a l  t e m p e r a t u r e ,  u p  t o  r o o m  
t e m p e r a t u r e  ( 2 6 ° C ) ,  d e c r e a s e d  t h e  c o o k i n g  t i m e  f o r  e a c h  
s t e a k  a b o u t  5  m i n .  E l e c t r i c a l  s t i m u l a t i o n  h a d  n o  e f f e c t  o n  
c o o k i n g  t i m e s  ( T a b l e  2 ) .

C o o k i n g  l o s s e s  ( T a b l e  1 )  a m o n g  s t a r t i n g  i n t e r n a l  t e m 
p e r a t u r e  g r o u p s  w e r e  d i f f e r e n t ,  a g a i n  w i t h  t h e  e x c e p t i o n  
o f  t h e  1 4  a n d  1 8 ° C  g r o u p s .  C o o k i n g  l o s s  w a s  a  f u n c t i o n  o f  
c o o k i n g  t i m e ,  w i t h  e a c h  m i n u t e  o f  c o o k i n g  t i m e  r e s u l t i n g  
i n  a n  a d d i t i o n a l  p e r c e n t a g e  p o i n t  o f  c o o k i n g  l o s s .  S i n c e  
t h a w  l o s s  w a s  n o t  m e a s u r e d ,  t h e  t o t a l  l o s s  c o u l d  n o t  b e  
d e t e r m i n e d .  T h i s  c o u l d  e x p l a i n  t h e  s i g n i f i c a n t l y  l o w e r  
( P  <  0 . 0 5 )  c o o k i n g  l o s s  o f  1 .5 %  f o r  t h e  s t i m u l a t e d  s a m p l e s

T a b le  1— C o o k in g  a n d  s h e a r  p a r a m e te r s  o f  s t e a k s  h a v in g  d i f f e r e n t  
s ta r t in g  in te r n a !  te m p e r a tu r e s

Starting
internal

temp
(C°)

Cooking
times
(min)

Cooking
losses

(%)

Shear
force
(kg)

2a 22a 27a 7.7a
7b 19b 2 4 b 7.7a

14c 15c 20c 5 .9ab
18d 14c 20c 6 .3 ab
26e 11d 18d 5.0b

abode Means In the same column bearing a common superscript 
letter are not different (P > 0.t)5)
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T a b le  2 —C o o k in g  a n d  W a rn e r-B ra tz le r  s h e a r  p a r a m e te r s  fo r  e le c 
tr ic a lly  s t im u la te d  a n d  u n s t im u la te d  ( c o n tr o l)  s te a k s

Stimulation
treatment

Starting
internal

temp
(C°)

Cooking
times
(min)

Cooking
losses

(%)

Shear
force
(kg)

Unstimulated
(Control) 13.6a 16.1a 22.1a 7.3a

Electrically
stimulated 13.2a 16.1a 20.7b 5.4b

at> M eans in the  sam e co lu m n  bearing  a co m m o n  su p e rsc r ip t  le tte r  
a re  n o t d iffe re n t  (P  >  0 .0 5 )

a s  c o m p a r e d  t o  t h e  u n s t i m u l a t e d  c o n t r o l  s a m p l e s .  H o w e v e r ,  
i t  i s  p o s s i b l e  t h a t ,  d u e  t o  c h a n g e s  a f f e c t e d  b y  e l e c t r i c a l  
s t i m u l a t i o n ,  m o r e  p r o t e i n  b i n d i n g  s i t e s  a r e  a v a i l a b l e ,  r e s u l t 
i n g  i n  m o r e  b i n d i n g  o f  w a t e r .

T h e  e f f e c t  o f  s t a r t i n g  i n t e r n a l  t e m p e r a t u r e  o n  t e n d e r n e s s  
a s  m e a s u r e d  b y  W a r n e r - B r a t z l e r  s h e a r  f o r c e  i s  p r e s e n t e d  i n  
T  a b l e  1 . E a c h  f o u r  d e g r e e  i n c r e a s e  i n  s t a r t i n g  i n t e r n a l  t e m 
p e r a t u r e  r e s u l t e d  i n  a  d e c r e a s e  o f  a p p r o x i m a t e l y  0 . 5  k g  i n  
s h e a r  f o r c e .  T h u s ,  i n c r e a s i n g  t h e  s t a r t i n g  i n t e r n a l  t e m p e r a 
t u r e  f r o m  2 ° C  t o  2 6 ° C  ( a  t o t a l  o f  2 4 ° C )  r e d u c e d  s h e a r  
f o r c e  v a l u e s  b y  2 . 7 2  k g .  T h i s  i s  a  s u f f i c i e n t  d e c r e a s e  i n  s h e a r  
f o r c e  t o  b e  r e a d i l y  d e t e c t e d  b y  a  s e n s o r y  p a n e l  a s  a n  i m 
p r o v e m e n t  i n  t e n d e r n e s s .  E l e c t r i c a l  s t i m u l a t i o n  d e c r e a s e d  
s h e a r  f o r c e  v a l u e s  a t  a l l  s t a r t i n g  i n t e r n a l  t e m p e r a t u r e s  
( T a b l e  2 ) .

I t  h a s  b e e n  s h o w n  ( H o s t e t l e r  e t  a l . ,  1 9 7 6 )  t h a t  c o o k i n g

t h e  l o n g i s s i m u s  m u s c l e  b e y o n d  6 1 ° C  t e n d s  t o  d e c r e a s e  t e n 
d e r n e s s ,  r a t h e r  t h a n  i m p r o v i n g  t e n d e r n e s s .  I t  i s  p o s s i b l e  
t h a t ,  b y  i n c r e a s i n g  t h e  s t a r t i n g  i n t e r n a l  t e m p e r a t u r e ,  s t e a k  
f r o m  t h i s  m u s c l e  c o u l d  b e  c o o k e d  t o  a  h i g h e r  f i n a l  i n t e r n a l  
t e m p e r a t u r e  ( w e l l  d o n e )  w i t h o u t  a d v e r s e l y  a f f e c t i n g  t e n d e r 
n e s s .  O t h e r  m u s c l e s  m a y  r e s p o n d  s i m i l a r l y ;  h o w e v e r ,  m o r e  
r e s e a r c h  i s  n e e d e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  i n t e r n a l  t e m 
p e r a t u r e  a t  t h e  s t a r t  o f  c o o k i n g  o n  t e n d e r n e s s  o f  d i f f e r e n t  
m u s c l e s .
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D A R K -C U T T IN G  B E E F  . . . From  page 686t

H o w e v e r ,  w h e n  d a t a  w e r e  a d j u s t e d  f o r  d i f f e r e n c e s  i n  t h e  p H  
o f  t h e  l o n g i s s i m u s  d o r s i ,  t h e  a d d u c t o r  m u s c l e s  o f  d a r k 
c u t t i n g  c a r c a s s e s  w e r e  f o u n d  t o  h a v e  a  l o w e r  c a p a c i t a n c e  
t h a n  t h o s e  o f  n o r m a l  c a r c a s s e s  ( P  <  0 . 0 1 ) .

T h e  s t u d y  p r o d u c e d  a n  u n e x p e c t e d  r e s u l t  s i n c e  m e a t  
f r o m  d a r k - c u t t e r s  h a d  a  l o w  c a p a c i t a n c e  i n s t e a d  o f  a  h i g h  
o r  n o r m a l  c a p a c i t a n c e .  T h e  c a p a c i t a n c e  o f  m e a t  i s  o f  
i n t e r e s t  f o r  t w o  r e a s o n s .  F i r s t l y ,  c o r r e l a t i o n s  b e t w e e n  m e a t  
q u a l i t y  a n d  c a p a c i t a n c e  m i g h t  a l l o w  t h e  d e v e l o p m e n t  o f  
e l e c t r o n i c  a p p a r a t u s  f o r  t h e  g r a d i n g  o f  m e a t  q u a l i t y .  S e c 
o n d l y ,  a n  u n d e r s t a n d i n g  o f  b i o p h y s i c a l  c h a n g e s  d u r i n g  p o s t 
m o r t e m  m e t a b o l i s m  m i g h t  h e l p  t o  e x p l a i n  t h e  s o u r c e s  o f  
v a r i a t i o n  i n  p H - d e p e n d e n t  a s p e c t s  o f  m e a t  q u a l i t y .  F r o m  
t h e  f i r s t  v i e w p o i n t ,  t h e  r e s u l t s  w e r e  d i s c o u r a g i n g ,  s i n c e  i t  
w o u l d  b e  d i f f i c u l t  t o  u s e  l o w  c a p a c i t a n c e  t o  d e t e c t  d a r k 
c u t t i n g  c a r c a s s e s .  H o w e v e r ,  f r o m  t h e  s e c o n d  v i e w p o i n t ,  t h e  
r e s u l t s  a r e  r a t h e r  i n t e r e s t i n g  s i n c e  t h e y  s h o w  t h a t  c a p a c i 
t a n c e  c h a n g e s  a r e  n o t  a  s i m p l e  c o n s e q u e n c e  o f  l a c t a t e -  
i n d u c e d  m e m b r a n e  d a m a g e .

I n  e a r l i e r  s t u d i e s  o n  p o r k ,  l a c t a t e - i n d u c e d  m e m b r a n e  
d a m a g e  s e e m e d  t o  b e  a  r e a s o n a b l e  e x p l a n a t i o n  o f  t h e  c o r r e 
l a t i o n  b e t w e e n  c a p a c i t a n c e  a n d  p H .  H o w e v e r ,  r e c e n t  w o r k  
o n  i n t e r m u s c u l a r  v a r i a t i o n  i n  t h e  p h y s i c a l  p r o p e r t i e s  o f

p o r k  ( S w a t l a n d ,  1 9 8 2 )  h a s  i n d i c a t e d  t h a t  t h e  s t a t i s t i c a l  
c o r r e l a t i o n  b e t w e e n  c a p a c i t a n c e  a n d  p H  m i g h t  b e  b a s e d  o n  
a n  i n d i r e c t  r e l a t i o n s h i p .  T h e  d e c l i n e  o f  c a p a c i t a n c e  a n d  t h e  
r a t e  o f  g l y c o l y s i s  m i g h t  b o t h  b e  d e t e r m i n e d  b y  a  t h i r d  f a c 
t o r ,  p e r h a p s  t h e  m e t a b o l i s m  o f  a d e n o s i n e  t r i p h o s p h a t e  
( A T P ) .  T h e  r e s u l t s  r e p o r t e d  h e r e  g i v e  s o m e  s u p p o r t  t o  t h i s  
i d e a .  T h e  e a r l y  a b s e n c e  o f  A T P  i s  a  f e a t u r e  w h i c h  w o u l d  b e  
e x p e c t e d  i n  b o t h  P S E  p o r k ,  w i t h  a  r a p i d  r a t e  o f  g l y c o l y s i s ,  
a n d  i n  d a r k - c u t t i n g  b e e f  w i t h  a  r e d u c t i o n  i n  t h e  e x t e n t  o f  
g l y c o l y s i s .  T h i s  m i g h t  e x p l a i n  w h y ,  d e s p i t e  e x t r e m e  d i f f e r 
e n c e s  i n  p H ,  b o t h  P S E  p o r k  a n d  d a r k - c u t t i n g  b e e f  h a v e  a  
l o w  c a p a c i t a n c e  r e l a t i v e  t o  n o r m a l  m e a t .
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A Research Note
B r e a d  C o m p r e s s i b i l i t y  a s  A f f e c t e d  b y  S l i c e  T h i c k n e s s

K . L O R E N Z  a n d  W . D I L S A V E R

--------------------------- ABSTRACT-----------------------------
White bread (pup loaves and 1-lb loaves) were wrapped in moisture- 

proof bags, which were sealed, and stored at 10°, 25°, and 50°C for 
1 and 3 days, respectively. Compressibility measurements were 
made on 1, 1.5, and 2.5 cm thick slices of these bread with the 
Baker compressimeter. The temperature of storage and slice thick
ness affected compressibility values.

INTRODUCTION
T H E  S O F T N E S S  o f  a  b a k e d  p r o d u c t  i s  a  v e r y  i m p o r t a n t  
q u a l i t y  c h a r a c t e r i s t i c .  L a b o r a t o r y  m e a s u r e m e n t s  o f  t h e  
s o f t n e s s  o f  b r e a d s  a n d  c a k e s  a r e  u s u a l l y  c o n d u c t e d  w i t h  t h e  
B a k e r  c o m p r e s s i m e t e r  ( P l a t t  a n d  P o w e r s ,  1 9 4 0 ;  N o z n i c k  
a n d  G e d d e s ,  1 9 4 3 ;  C r o s s l a n d  a n d  F a v o r ,  1 9 5 0 ;  R o e w e -  
S m i t h  e t  a l . ,  1 9 8 2 ) .  T h e  A m e r i c a n  A s s o c i a t i o n  o f  C e r e a l  
C h e m i s t s  h a s  d e v e l o p e d  a n  o f f i c i a l  m e t h o d  f o r  s o f t n e s s  
m e a s u r e m e n t s  u s i n g  t h i s  i n s t r u m e n t  ( A A C C ,  1 9 6 9 ) .

S o f t n e s s  o r  c o m p r e s s i b i l i t y  o f  a  b a k e d  p r o d u c t  v a r i e s  
w i t h  t h e  p r o d u c t  f o r m u l a t i o n ,  i n c l u d i n g  t h e  s e l e c t i o n  o f  
a n  a p p r o p r i a t e  c r u m b  s o f t e n e r  ( S t u t z  e t  a l . ,  1 9 7 3 ;  T e n n e y ,
1 9 7 8 ) ,  t h e  l e n g t h  o f  s t o r a g e  o f  t h e  p r o d u c t  ( S h o r t  a n d  R o b 
e r t s ,  1 9 7 1 ) ,  t h e  t e m p e r a t u r e  o f  s t o r a g e  ( L o r e n z  e t  a l . ,  1 9 8 2 )  
a n d  t h e  p o s i t i o n  i n  a  b a k e d  p r o d u c t  w h e r e  t h e  m e a s u r e 
m e n t  i s  m a d e  ( S h o r t  a n d  R o b e r t s ,  1 9 7 1 ) .

I n  p r e v i o u s  s t u d i e s ,  i n v e s t i g a t o r s  h a v e  c u t  t h e i r  b r e a d s  o r  
c a k e s  i n t o  s l i c e s  o f  v a r i o u s  t h i c k n e s s  f o r  c o m p r e s s i b i l i t y  
d e t e r m i n a t i o n s .  T h i s  m a k e s  c o m p a r i s o n s  o f  d a t a  f r o m  
d i f f e r e n t  s t u d i e s  v e r y  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  b e c a u s e  
s l i c e  t h i c k n e s s  c a n  i n f l u e n c e  c o m p r e s s i b i l i t y  r e a d i n g s  a s  w a s  
s h o w n  i n  t h i s  s t u d y .

EXPERIMENTAL
THE PROXIMATE COMPOSITION of the flour and the bread 
formulation used in this study are given in Table 1. The breads 
were baked by the straight dough procedure. The doughs were 
mixed in a Hobart A-120 mixer with bowl and dough hook and fer
mented at 85°F and 85% R.H. for l'/i hr. Scaling weight was 500g 
per loaf for 1-lb loaves and 200g per loaf for pup loaves. After a 10 
min floortime the loaves were mechanically molded and proofed 
at 100°F and 95% R.H. to 1 inch above the pan. Baking time at 
425°F was 20 min for 1-lb loaves and 18 min for pup loaves.

Bread volume was measured by rapeseed displacement 1 hr after baking. Breads were wrapped in moisture-proof bags, which were 
sealed, and stored at 10°, 25°, and 50°C for 1 and 3 days, respec
tively, for softness determinations.Bread softness (g force, 0.5 mm compression) was measured with 
the Baker Compressimeter using 1 cm, 1.5 cm and 2.5 cm thick 
slices. A 1-lb loaf provided either 17 1-cm thick slices, 13 1.5-cm 
thick slices or 7 2.5-cm thick slices. The number of slices from 
the pup loaves was 9, 6 and 4 for a slice thickness of 1 cm, 1.5 cm 
and 2.5 cm, respectively. Three softness measurements were made 
on each slice. Average softness values are based on duplicate bakes 
made on separate days.

The data were analyzed statistically, by computing an analysis 
of variance.

A u th o r s  L o r e n z  a n d  D ilsa v er  a re  w i th  th e  D e p t , o f  F o o d  S c ie n c e  & 
N u tr i t io n ,  C o lo ra d o  S ta te  U n iv ., F o r t  C o llin s , C O  8 0 5 2 3 .

RESULTS & DISCUSSION
P o u n d  l o a v e s

T h e  t e m p e r a t u r e  o f  s t o r a g e  p r o d u c e d  c o n s i d e r a b l e  
d i f f e r e n c e s  i n  c o m p r e s s i b i l i t y .  T h e  h i g h e r  t h e  s t o r a g e  t e m 
p e r a t u r e  t h e  s o f t e r  t h e  b r e a d .  T h i s  c o n f i r m s  p r e v i o u s  
r e s u l t s  b y  R o e w e - S m i t h  e t  a l .  ( 1 9 8 1 ) .

S l i c e  t h i c k n e s s  a f f e c t e d  c o m p r e s s i b i l i t y  v a l u e .  S l i c e  
t h i c k n e s s e s  o f  1 a n d  1 .5  c m  p r o d u c e d  e s s e n t i a l l y  t h e  s a m e  
c o m p r e s s i b i l i t y  v a l u e s  a f t e r  s t o r a g e  o f  t h e  b r e a d  f o r  1 d a y  
a t  1 0  a n d  2 5  C ,  r e s p e c t i v e l y .  C o m p r e s s i b i l i t y  v a l u e s  w e r e  
s i g n i f i c a n t l y  ( a  =  0 . 0 5 )  l o w e r ,  h o w e v e r ,  w h e n  m e a s u r e 
m e n t s  w e r e  m a d e  o n  2 . 5  c m  t h i c k  s l i c e s .  S i n c e  a  l o w e r  c o m 
p r e s s i b i l i t y  v a l u e  g e n e r a l l y  i n d i c a t e s  g r e a t e r  s o f t n e s s ,  t h e s e
2 . 5  c m  t h i c k  s l i c e s  a p p e a r  s o f t e r  t h a n  t h e  1 o r  1 .5  c m  t h i c k  
s l i c e s .  T h e r e  s h o u l d ,  h o w e v e r ,  n o t  h a v e  b e e n  d i f f e r e n c e s  i n  
b r e a d  s o f t n e s s .  A l l  t h e  l o a v e s  c a m e  f r o m  t h e  s a m e  b a t c h  
a n d  w e r e  p r o c e s s e d  i d e n t i c a l l y .  T h e  s e l e c t i o n  o f  l o a v e s  f o r  
c u t t i n g  i n t o  s l i c e s  o f  a  s p e c i f i c  t h i c k n e s s  w a s  m a d e  a t  
r a n d o m  ( T a b l e  2 ) .

W h e n  1 l b .  l o a v e s  w e r e  s t o r e d  f o r  1 a n d  3  d a y s  a t  5 0 ° C ,  
n o  d i f f e r e n c e s  i n  c o m p r e s s i b i l i t y  v a l u e s  w e r e  o b t a i n e d  w h e n  
s l i c e  t h i c k n e s s  w a s  v a r i e d  f r o m  1 — 2 . 5  c m .  T h r e e - d a y  s t o r 
a g e  o f  t h e  1 - l b  l o a v e s  a t  1 0 °  a n d  2 5 ° C  p r o d u c e d  s i g n i f i c a n t  
( a  =  0 . 0 5 )  d i f f e r e n c e s  i n  c o m p r e s s i b i l i t y  o f  b r e a d  s l i c e s
1 . 1 . 5  a n d  2 . 5  c m  t h i c k .  - Continued on page 691

T a b le  1—B rea o  fo r m u la t io n  a n d  p r o x im a te  c o m p o s i t io n  o f  flo u r .

Formulation Flour analysis

Ingredient % Component %a

flour 100 Ash 0.50
water as required Crude fat 1.01
yeast 2.5 Nitrogen 1.96
yeast food 0.5 Protein 11.17
salt 2.0
sugar 6.0
nonfat dry milk 2.0
shortening 3.0
calcium propionate 0.3 Protein = N x 5.7

a On 14% moisture basis

T a b le  2 —B re a d  c o m p r e s s ib i l i t y  Ig  fo r c e , 0 .5  m m  c o m p r e s s io n )

Lb loaves Pup loaves

Storage
(days)

Storage
temp
(°C)

Slice thickness (cm) 
1 1.5 2.5

Slice thickness (cm) 
1 1.5 2.5

1 10 6.8 6.6 4.5 9.3 6.9 5.6
25 4.6 4.4 3.4 6.2 4.1 3.7
50 3.5 3.5 3.3 4.1 4.5 3.1

3 10 10.7 9.7 6.2 9.7 7.0 6.6
25 8.1 7.4 4.8 10.8 7.0 5.8
50 4.1 4.2 4.2 7.0 6.5 5.6

Average specific volum e: 1-lb loaves = 5 .1 4  cc/g  pup loaves = 4 .61  cc/g
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A Research Note
B a c t e r i a l  P e n e t r a t i o n  o f  M u s c l e  T i s s u e

C .  0 .  G I L L  a n d  N .  P E N N E Y

----------------------------ABSTRACT-----------------------------
Bacterial penetration of unprocessed post-rigor muscle tissue re
quires proteolytic degradation of the material between the muscle 
fibre and the fibrous layers of the surrounding endomysium.

INTRODUCTION
P R E V I O U S  O B S E R V A T I O N S  i n d i c a t e d  t h a t  b a c t e r i a  p e n e 
t r a t e  i n t o  m u s c l e  t i s s u e  b y  p a s s i n g  b e t w e e n  m u s c l e  f i b r e s  
o n l y  w h e n  t h e y  p r o d u c e  p r o t e o l y t i c  e n z y m e s  ( G i l l  a n d  
P e n n e y ,  1 9 7 7 ) .  B o t h  t h e o r e t i c a l  c o n s i d e r a t i o n s  a n d  t h e i r  
o w n  o b s e r v a t i o n s  l e d  S i k e s  a n d  M a x c y  ( 1 9 8 0 )  t o  q u e s t i o n  
o u r  f i n d i n g s .  W e  h a v e  t h e r e f o r e  c o m p a r e d  t h e  m e t h o d s  
u s e d  i n  t h e  t w o  s t u d i e s  t o  t r y  t o  r e s o l v e  t h e  d i s c r e p a n c y  
b e t w e e n  t h e m .

MATERIALS & METHODS
CULTURES OF Pseudomonas fluorescens, NCIC 905 3 (proteolytic),
P. fluorescens, NCIC 8865 (nonproteolytic) and Serratia marces- 
cens, NCCT 1377 (proteolytic) were maintained on nutrient agar 
and grown in shake culture in nutrient broth.

Samples of muscle tissue were prepared and inoculated as pre
viously described by imbedding 2 cm3 cubes in agar (Gill and Pen
ney, 1977) or by painting with collodion (Sikes and Maxcy, 1980). 
Samples subjected to freezing were exposed to three cycles of freez
ing (-18°C) and thawing before preparation. Cooked samples 
(2 cm3) were heated in foil for 15 min at 200°C. All inoculated 
samples were incubated overnight at 30° C. Micrographs were 
obtained from sections of meat samples which had been stained 
and embedded in epoxy resin as previously described (Gill and 
Penney, 1977).

RESULTS & DISCUSSION
A L L  T H R E E  O R G A N I S M S  w e r e  p r e s e n t  o n  t h e  u n i n o c u 
l a t e d  s u r f a c e s  o f  c o l l o d i o n - c o a t e d  s a m p l e s  a f t e r  o v e r n i g h t  
i n c u b a t i o n .  W i t h  a g a r  i m b e d d i n g  t h i s  o n l y  o c c u r r e d  i n  
b l o c k s  i n o c u l a t e d  w i t h  t h e  p r o t e o l y t i c  P. fluorescens  a n d
S. marcescens w h i l e  t h e  n o n p r o t e o l y t i c  P. fluorescens  w a s  
s t i l l  c o n f i n e d  t o  t h e  i n o c u l a t e d  s u r f a c e  a f t e r  4  d a y s .  T h i s  
c l e a r l y  c o n f i r m e d  t h e  i n a b i l i t y  o f  t h e  n o n p r o t e o l y t i c  o r 
g a n i s m  t o  p a s s  t h r o u g h  m e a t  a n d  d e m o n s t r a t e d  t h a t  c o l 
l o d i o n  c o a t i n g  d i d  n o t  p r e v e n t  b a c t e r i a l  m o v e m e n t  o v e r  t h e  
t r e a t e d  s u r f a c e s .  S i n c e  s u c h  m o v e m e n t  m u s t  b e  p r e v e n t e d  
w h e n  e x a m i n i n g  b a c t e r i a l  p e n e t r a t i o n ,  t h e  t e c h n i q u e  w a s  
o b v i o u s l y  i n a d e q u a t e  a n d  f o r  s u b s e q u e n t  e x p e r i m e n t s  a l l  
s a m p l e s  w e r e  s e a l e d  i n  a g a r .

A l l  t h r e e  o r g a n i s m s  p e n e t r a t e d  c o o k e d  m e a t ,  a n  u n s u r 
p r i s i n g  r e s u l t  c o n s i d e r i n g  t h e  v i s i b l e  g a p s  t h a t  a p p e a r e d  i n  
c o o k e d  s a m p l e s .  H o w e v e r ,  f r o z e n - t h a w e d  s a m p l e s  g a v e  
i d e n t i c a l  r e s u l t s  t o  u n f r o z e n  s a m p l e s .  T h e  c l a i m  o f  S i k e s  
a n d  M a x c y  ( 1 9 8 0 )  t h a t  f r e e z i n g  a n d  t h a w i n g  e n h a n c e s  
p e n e t r a t i o n  w a s  t h e r e f o r e  n o t  s u b s t a n t i a t e d ,  w h i l e  t h e  
o b v i o u s  d e s t r u c t i o n  o f  t i s s u e  s t r u c t u r e  b y  c o o k i n g  o r  
m i n c i n g  m e a n s  t h a t  a l l  t h e i r  e x p e r i m e n t a t i o n  u s i n g  s u c h  
m a t e r i a l s  m u s t  b e  i r r e l e v a n t  t o  t h e  p r o b l e m  o f  h o w  b a c t e r i a  
p e n e t r a t e  u n p r o c e s s e d  m u s c l e .

A u th o r s  G ill a n d  P e n n e y  a re  w i th  th e  M e a t  I n d u s t r y  R e s e a r c h  I n s t i 
t u t e  o f  N e w  Z e a la n d  ( In c .) ,  P .O . B o x  6 1 7 ,  H a m il to n ,  N e w  Z e a la n d .

M i c r o s c o p i c  e x a m i n a t i o n  o f  m u s c l e  b l o c k s  p e n e t r a t e d  b y  
p r o t e o l y t i c  b a c t e r i a  s h o w e d  t h a t  t h e  o r g a n i s m s  w e r e  u s u a l l y  
c o n f i n e d  b e t w e e n  t h e  m u s c l e  f i b e r s  a n d  t h e  s u r r o u n d i n g  
e n d o m y s i u m .  N e i t h e r  o f  t h e s e  s t r u c t u r e s  a p p e a r e d  t o  h a v e  
u n d e r g o n e  a n y  d e g r a d a t i o n ,  b u t  i n  s o m e  s e c t i o n s  b a c t e r i a  
w e r e  o b s e r v e d  t o  h e  w i t h i n  t h e  e n d o m y s i u m  ( F i g .  1 ) .  T h e  
s a m e  a p p e a r a n c e  w a s  p r e s e n t e d  b y  s a m p l e s  i r r e s p e c t i v e  o f  
w h e t h e r  t h e  m e a t  f i b e r s  w e r e  r u n n i n g  h o r i z o n t a l l y  o r  v e r 
t i c a l l y  t o  t h e  d i r e c t i o n  o f  p e n e t r a t i o n .

T h e  e n d o m y s i u m  i s  a  f i n e  s h e a t h  o f  c o l l a g e n o u s  m a t e r i a l  
s u r r o u n d i n g  e a c h  m u s c l e  f i b e r .  W e  h a d  s u g g e s t e d  t h a t  d i s 
r u p t i o n  o f  t h i s  s t r u c t u r e  b y  b a c t e r i a l  p r o t e a s e s  w a s  n e c e s s a r y

Fig. 1— M u sc le  tis su e  p e n e t r a t e d  b y  (a) a p r o t e o ly t i c  s tra in  o f  P s e u 
d o m o n a s  f lu o r e s c e n s  a n d  (b ) S e rra tia  m a r c e sc e n s . N o te  th e  b a c te r ia  
ly in g  b e tw e e n  th e  o p p o s e d  la y e r s  o f  c o lla g e n  a t  th e  to p  o f  (b ) , a n d  
th e  la c k  o f  o b v io u s  s tr u c tu r a l  d a m a g e  to  e i th e r  th e  m u s c le  f ib e r s  o r  
th e  o r g a n iz e d  c o m p o n e n ts  o f  th e  e n d o m y s iu m .  M a g n ific a tio n ,  
X 1 6 0 0 .
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f o r  p e n e t r a t i o n  ( G i l l  a n d  P e n n e y ,  1 9 7 7 )  b u t  S i k e s  a n d  
M a x c y  ( 1 9 8 0 )  p o i n t e d  o u t  t h a t  b a c t e r i a l  p r o t e a s e s  h a v e  
l i t t l e  o r  n o  c o l l a g e n o l y t i c  a c t i v i t y .  H o w e v e r ,  t h e  e n d o m y -  
s i u m  i s  e s s e n t i a l l y  t h e  b a s e m e n t  m e m b r a n e  o f  t h e  m u s c l e  
c e l l s .  I t  i s  c o m p o s e d  o f  a n  a m o r p h o u s  g r o u n d  s u b s t a n c e  
c o n t a i n i n g  f i n e  c o l l a g e n o u s  f i b r e s  a n d  i s  c o n t i n u o u s  b e 
t w e e n  a d j a c e n t  m u s c l e  c e l l s  ( G o u l d ,  1 9 7 3 ) .  T h e  g r o u n d  
s u b s t a n c e  i s  c o m p o s e d  o f  c r o s s - l i n k e d  m o l e c u l e s  o f  c o l l a g e n  
a n d  g l y c o p r o t e i n ,  b u t  t h e  c o l l a g e n  m o l e c u l e s  c o n t a i n  n o n 
h e l i c a l  r e g i o n s  t h a t  a r e  r e a d i l y  s u s c e p t i b l e  t o  p r o t e o l y t i c  
a t t a c k  ( S p i r o ,  1 9 7 2 ;  K e f a l i d e s ,  1 9 7 5 ) .  T h e  m i c r o g r a p h s  
( F i g .  1 )  i n d i c a t e  t h a t  t h e  g r o u n d  s u b s t a n c e  i s  d e g r a d e d  b u t  
t h a t  t h e  f i n e  l a y e r s  o f  c o l l a g e n  f i b e r s  b o u n d i n g  t h e  v i s i b l e  
e n d o m y s i a l  s t r u c t u r e  a r e  r e f r a c t o r y  t o  p r o t e o l y t i c  a t t a c k .  
T h e  p r e f e r r e d  a r e a  f o r  i n v a s i o n  a p p e a r s  t o  b e  b e t w e e n  t h e  
m u s c l e  f i b r e s  a n d  t h e  c o l l a g e n  f i b e r  l a y e r s .  T h i s  a r e a  c o u l d  
i n c l u d e  a  f i b e r  f r e e  z o n e  o f  t h e  e n d o m y s i u m ,  t h e  c e l l

m e m b r a n e  a n d  s o m e  m u s c l e  c e l l  p r o t o p l a s m .  U n f o r t u 
n a t e l y  t h i s  r e g i o n  h a s  b e e n  l i t t l e  s t u d i e d  i n  p o s t - r i g o r  
m u s c l e ,  a n d  s u c h  s t u d i e s  w o u l d  s e e m  t o  b e  n e c e s s a r y  
f o r  a  f u l l  u n d e r s t a n d i n g  o f  h o w  b a c t e r i a  p e n e t r a t e  i n t o  
u n p r o c e s s e d  m u s c l e  t i s s u e .
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P u p  l o a v e s
O n e -  a n d  t h r e e - d a y  s t o r a g e  a t  5 0 ° C  p r o d u c e d  n o  s i g n i f i 

c a n t  d i f f e r e n c e s  i n  c o m p r e s s i b i l i t y  w h e n  s l i c e  t h i c k n e s s  w a s  
1 o r  1 .5  c m .  C o m p r e s s i b i l i t y  w a s  l o w e r ,  h o w e v e r ,  w h e n  t h e  
b r e a d  s l i c e s  w e r e  c u t  2 . 5  c m  t h i c k .

C o m p r e s s i b i l i t y  o f  b r e a d  w a s  s i g n i f i c a n t l y  ( a  =  0 . 0 5 )  
l o w e r  w h e n  s l i c e  t h i c k n e s s  w a s  1 .5  c m  c o m p a r e d  t o  o n l y  
1 c m  a t  s t o r a g e  t e m p e r a t u r e s  o f  1 0  a n d  2 5  C  a n d  s t o r a g e  
t i m e s  o f  1 a n d  3  d a y s ,  r e s p e c t i v e l y .  D i f f e r e n c e s  i n  c o m 
p r e s s i b i l i t y  v a l u e s  w e r e  i n s i g n i f i c a n t  c o m p a r i n g  1 .5  a n d
2 . 5  c m  t h i c k  s l i c e s  a f t e r  1 d a y  a t  2 5  C  a n d  a f t e r  3  d a y s  a t  
1 0 ° C  ( T a b l e  2 ) .

C O N C L U S I O N S
B A K E R  C O M P R E S S I M E T E R  V A L U E S  a r e  a f f e c t e d  b y  
t h e  t h i c k n e s s  o f  t h e  b r e a d  s l i c e  c u t  f o r  a  s o f t n e s s  d e t e r m i 
n a t i o n .  F o r  m e a n i n g f u l  c o m p a r i s o n s  o f  s o f t n e s s  d a t a  t h e  
t h i c k n e s s  o f  s l i c e s  o f  t h e  p r o d u c t  n e e d s  t o  b e  t h e  s a m e .
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A Research Note
R e d u c t i o n  i n  F r e e  F a t t y  A c i d s  D u e  t o  P a r b o i l i n g  o f  P a d d y

S .  A N T H O N I  R A J  a n d  K .  S I N G A R A V A D I V E L

--------------------------------------A B S T R A C T ---------------------------------------
Free fatty acid (FFA) content of bran decreased due to parboiling 
of paddy. The reduction in the FFA was relatively more marked in 
paddy with higher FFA level and in fungal infected paddy. Among 
the various parboiling methods, pressure parboiling reduced the 
FFA to a larger extent. Steaming operation in the process of par
boiling might have reduced the FFA.

I N T R O D U C T I O N
P A R B O I L I N G  o f  p a d d y  p r i o r  t o  m i l l i n g  i s  a  c o m m o n  p r a c 
t i c e  a d o p t e d  c o m m e r c i a l l y  w h i c h  i m p r o v e s  t h e  m i l l i n g  a n d  
c o o k i n g  c h a r a c t e r i s t i c  o f  p a d d y  ( D e s i k a c h a r  e t  a l . ,  1 9 6 9 ) .  
H o w e v e r ,  i n  t h e  c o u r s e  o f  p a r b o i l i n g ,  l o s s e s  o c c u r  i n  t h e  
f o r m  o f  s u g a r s  o r  s o l u b l e  c a r b o h y d r a t e s ,  p r o t e i n s  a n d  p h e n 
o l i c  c o m p o u n d s  p r e s e n t  i n  t h e  g r a i n s  a s  w e l l  a s  t h o s e  
f o r m e d  d u r i n g  s o a k i n g ,  w h i c h  c o n t r i b u t e  t o  t h e  l o s s  o f  d r y  
m a t t e r  ( S u b r a h m a n y a n  a n d  D a k s h n a m u r t h y ,  1 9 7 7 ;  S i n g a r -  
a v a d i v e l  e t  a l . ,  1 9 7 8 ;  A n t h o n i  R a j  a n d  S i n g a r a v a d i v e l ,
1 9 7 9 ) .  T h e  l o w e r  l e v e l s  o f  t h e  f r e e  f a t t y  a c i d  ( F F A )  c o n 
t e n t  o b s e r v e d  i n  p a r b o i l e d  b r a n  j u s t  a f t e r  m i l l i n g ,  c o m 
p a r e d  t o  t h e  r a w  b r a n  o f  t h e  s a m e  l o t  o f  p a d d y ,  s u g g e s t e d  
a  p o s s i b l e  r e d u c t i o n  i n  t h e  F F A  i n  t h e  p r o c e s s  o f  p a r b o i l 
i n g .  H e n c e  a  s t u d y  w a s  u n d e r t a k e n  t o  a s s e s s  t h e  e x t e n t  o f  
r e d u c t i o n  i n  F F A  d u e  t o  v a r i o u s  p a r b o i l i n g  t e c h n i q u e s  
a d o p t e d  c o m m e r c i a l l y  i n  n o r m a l  a n d  h i g h - m o i s t u r e  f u n g a l -  
i n f e c t e d  p a d d y .

M A T E R I A L S  &  M E T H O D S
SAMPLES of two paddy varieties, namely Co 25 and IR 20, were 
parboiled by pressure parboiling, hot soaking, and conventional sin
gle steaming methods. Pressure parboiling was done by rinsing the 
paddy with water for 5 min followed by steaming at 5 lb (0.3515 
kg/cm2) pressure for 20 min and then at 25 lb (1.7575 kg/cm2) 
for 5 min. In the hot soaking method paddy was soaked in water 
at 65-70°C for 4 hr, the water drained and the paddy open-steamed 
for 10 min. In single steaming (cold soaking) paddy was soaked in 
cold water for 72 hr and then open-steamed for 10 min. The sam
ples were quickly dried under air, shelled in a rubber roll sheller and 
milled in a McGill Miller No. 1 to 5% (± 0.1%) polish. The oil was 
extracted from the raw and parboiled bran with hexane immediately 
after milling and the FFA content determined by titrating against 
standard alkali (Karon and Altschul, 1944).

R E S U L T S  &  D I S C U S S I O N
A  R E D U C T I O N  i n  t h e  F F A  l e v e l  i n  r i c e  b r a n  o i l  d u e  t o  p a r 
b o i l i n g  i n  g e n e r a l  w a s  o b s e r v e d ,  i r r e s p e c t i v e  o f  t h e  m e t h o d s  
a d o p t e d .  T h e  a m o u n t  o f  r e d u c t i o n  w a s  0 . 2 0 — 0 . 7 1 %  a n d  
t h i s  v a r i e d  w i t h  t h e  i n i t i a l  F F A  c o n t e n t  i n  r a w  p a d d y  
( T a b l e  1 ) .  T h e  p r e s s u r e  p a r b o i l i n g  o f  C o  2 5  a n d  I R  2 0  
p a d d y  r e d u c e d  t h e  F F A  i n  r a w  b r a n  f r o m  1 . 5 7 %  t o  1 . 2 9 %  
a n d  3 . 6 2 %  t o  2 . 9 1 % ,  r e s p e c t i v e l y .  A  r e d u c t i o n  o f  0 . 2 0 %  
a n d  0 . 4 1 %  i n  h o t  s o a k i n g  a n d  0 . 2 5 %  a n d  0 . 5 1 %  i n  c o l d  
s o a k i n g  m e t h o d s  w a s  r e c o r d e d  f o r  C o  2 5  a n d  I R  2 0  p a d d y ,  
r e s p e c t i v e l y .

A u th o r s  A n t h o n i  R a j  a n d  S in g a ra v a d iv e l are  a f f i l ia te d  w i th  th e  
P a d d y  P ro c e ss in g  R e se a rc h  C e n tre , T a m il  N a d u  A g r ic u l tu r a l  U n lv ., 
T iru v a ru r , 6 1 0 0 0 1 ,  In d ia .

H i g h  m o i s t u r e  p a d d y  h a r v e s t e d  d u r i n g  i n c l e m e n t  w e a t h e r  
s h o w  a n  i n c r e a s e  i n  t h e  F F A  c o n t e n t  i n  b r a n  u n l e s s  d r i e d  
i m m e d i a t e l y .  A  s i m i l a r  i n c r e a s e  w a s  a l s o  o b s e r v e d  w h e n e v e r  
p a r b o i l e d  p a d d y  w a s  i n f e c t e d  w i t h  f u n g i  d u e  t o  i n a d e q u a t e  
d r y i n g  i n  h u m i d ,  r a i n y  w e a t h e r .  W h e n  s u c h  p a d d y  l o t s  
( C o  2 5 )  w e r e  p r e s s u r e  p a r b o i l e d  t h e r e  w a s  a  g r e a t e r  r e d u c 
t i o n  i n  t h e  F F A  c o n t e n t .  M e r e  o p e n  s t e a m i n g  f o r  1 0  m i n  
r e d u c e d  t h e  F F A  c o n t e n t  i n  b r a n  o i l  f r o m  2 0 . 1 7 %  t o  
1 5 . 3 3 %  w h i l e  p r e s s u r e  p a r b o i l i n g  r e d u c e d  i t  t o  7 . 6 0 %  
( T a b l e  2 ) .  H o w e v e r ,  t h e  w a s h i n g  o f  a d h e r i n g  f u n g a l  s p o r e s  
r e d u c e d  t h e  F F A  c o n t e n t  b y  o n l y  1 . 2 7 % .  A  s i m i l a r  r e d u c 
t i o n  w a s  a l s o  o b s e r v e d  i n  o p e n  s t e a m i n g  a n d  p r e s s u r e  p a r 
b o i l i n g  o f  f u n g a l - i n f e c t e d  C o  2 5  p a r b o i l e d  p a d d y .  T h e  p r a c 
t i c e  o f  r e p r o c e s s i n g  t h e  i n f e c t e d  p a r b o i l e d  p a d d y  s p o i l e d  
b y  m o u l d s ,  w h i c h  o f f e r s  a  r e d u c t i o n  i n  t h e  F F A  c o n t e n t  
i n  b r a n  o i l ,  i s  a  c o r a i l a r y  t o  t h e  p r e s e n t  f i n d i n g .

T h e  r e s u l t s  c l e a r l y  r e v e a l e d  t h a t  a  r e d u c t i o n  i n  t h e  F F A  
c o n t e n t  i s  b r o u g h t  a b o u t  b y  p a r b o i l i n g .  K u m a r e s a n  a n d  
S r e e r a m u l u  ( 1 9 7 8 )  a l s o  r e p o r t e d  a  r e d u c t i o n  i n  t h e  F F A  
d u e  t o  p a r b o i l i n g .  W h i l e  t h e  c o n t r o l  o f  F F A  i n c r e a s e  i n  
s t o r a g e  o f  p a r b o i l e d  b r a n  m i g h t  b e  d u e  t o  t h e  i n a c t i v a t i o n  
o f  l i p a s e  d u r i n g  p a r b o i l i n g ,  a s  r e p o r t e d  b y  S h a h e e n  e t  a l .  
( 1 9 7 5 ) ,  t h e  i n i t i a l  l o w  F F A  c o n t e n t  i n  p a r b o i l e d  b r a n  
c o m p a r e d  t o  t h e  r a w  b r a n  i s  s o l e l y  d u e  t o  t h e  l o s s  i n  t h e  
h e a t i n g  p r o c e s s  o f  p a r b o i l i n g .  T h e  d e c r e a s e  i n  F F A  d u r i n g  
p a r b o i l i n g  m i g h t  b e  d u e  t o  ( 1 )  v o l a t a l i z a t i o n  d u r i n g  s t e a m 
i n g ;  ( 2 )  d e g r a d a t i o n  o f  u n s a t u r a t e d  f a t t y  a c i d s ;  a n d / o r  ( 3 )  
o x i d a t i o n  o f  f a t t y  a c i d s  t o  c a r b o n y l  c o m p o u n d s ,  f o r m i n g  
c o m p l e x e s  w i t h  a m y l o s e .  T h e  p r e s e n c e  o f  f r e e  f a t t y  a c i d s  
a n d  o t h e r  v o l a t i l e  a c i d s  i n  t h e  s t e a m  d i s t i l l a t e  o f  b r a n  r e -

T a b le  1—E f f e c t  o f  d i f f e r e n t  p a r b o il in g  t r e a tm e n ts  o n  th e  fre e  f a t t y  
a c id  c o n te n t  in  r ic e  b ra n  o il

Method of 
parboiling

Co 25 paddy3 IR  20 paddy3
F F A

content
(%)

Reduction  
n F F A (%)

F F A
content

(%)
Reduction  
in F F A  (%)

Raw 1.57 _ 3.62 _
Pressure parboiled 1.29 0.28 2.91 0.71
Hot soaking 1.37 0.20 3.21 0.41
Cold soaking 1.32 0.25 3.11 0.51

3 Average 3 experiments

T a b le  2 —E f f e c t  o f  d i f f e r e n t  p a r b o il in g  t r e a tm e n ts  o n  th e  fr e e  f a t t y  
a c id  c o n te n t  In r ice  b ra n  o i l

Method of 
parboiling

Raw paddy3 IR  20 paddy3
F F A

content
(%)

Reduction 
in F F A  (%)

F F A
content

(%)
Reduction  
in F F A  (%)

Initial 20.17 _ 30.44 _
Water washing 18.90 1.27 — —
10 min steamed 15.33 4.84 22.75 7.69
Pressure parboiled 7.60 12.57 18.61 11.83

3 Average 3 experiments
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p o r t e d  b y  F u j i m a k i  e t  a l .  ( 1 9 7 7 )  a l s o  i n d i c a t e s  s u c h  a  l o s s  
m i g h t  o c c u r  w h e n  g r a i n s  w e r e  s t e a m e d  f o r  p a r b o i l i n g .  
F r e e  f a t t y  a c i d s  w e r e  k n o w n  t o  c o m p l e x  w i t h  a m y l o s e  
a n d  b e c o m e s  s o l v e n t - i n s o l u b l e  ( B a r b e r ,  1 9 7 2 ;  B o l l i n g  
e t  a l . ,  1 9 7 8 ) .  T h e  l o s s  o f  F F A  c o m p o n e n t  s u g g e s t s  t h a t  
o t h e r  v o l a t i l e  c o m p o n e n t s  o f  p a d d y  m i g h t  a l s o  g e t  l o s t  i n  
p a r b o i l i n g  a n d  c o n t r i b u t e  p a r t l y  t o  t h e  d r y  m a t t e r  l o s s  
e n c o u n t e r e d  i n  p a r b o i l i n g .  L o s s  i n  d r y  m a t t e r  d u r i n g  s t e a m 
i n g  w a s  a l s o  s u g g e s t e d  e a r l i e r  ( V e l l a n k i  e t  a l . ,  1 9 7 7 ;  S i n g a r a -  
v a d i v e l  e t  a l . ,  1 9 7 8 ) .  U n l i k e  t h e  l o s s e s  i n  t h e  o t h e r  c o n s t i 
t u e n t s ,  t h e  l o s s  i n  F F A  i s  a  d e s i r a b l e  f e a t u r e  o f  p a r b o i l i n g  
a s  t h i s  l o s s  i m p r o v e s  t h e  q u a l i t y  o f  t h e  b r a n .
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ERRATA NOTICE
• J. Fo o d  Sci. 4 6 ( 5 ) :  1 3 8 9 - 1 3 9 3  ( 1 9 8 1 ) .  I n v e s t i g a t i o n s  o n  
w i n g e d  b e a n  [Psophocarpus tetragonolobus ( L . )  D C ]  
p r o t e i n s  a n d  a n t i n u t r i t i o n a l  f a c t o r s  b y  S . K .  S a t h e  a n d  D . K .  
S a l u n k h e .  U n d e r  t h e  s u b t i t l e  “ P o l y a c r y l a m i d e  g e l  e l e c t r o 
p h o r e s i s ”  o n  p a g e  1 3 9 0 ,  t h e  l a s t  l i n e  r e a d s  . . 1 9 %  ( v / v )  
a c e t i c  a c i d . ”  P l e a s e  c o r r e c t  t o  r e a d  “ . . . 1 0 %  ( v / v )  a c e t i c  
a c i d . ”

• J. Fo o d  Sci. 4 6 ( 5 ) :  1 5 5 7 - 1 5 5 9  ( 1 9 8 1 ) .  C h a n g e s  i n  c h l o r o 
p h y l l  a n d  p e c t i n  a f t e r  s t o r a g e  a n d  c a n n i n g  o f  k i w i f r u i t  b y  
G . L .  R o b e r t s o n  a n d  D .  S w i n b u r n e .  T w o  o f  t h e  c o l u m n s  i n  
T a b l e  2 ,  p a g e  1 5 5 8 ,  a r e  i n c o r r e c t .  P l e a s e  s u b s t i t u t e  t h e  
f o l l o w i n g  c o r r e c t e d  t a b l e :

T a b le  2 —C h lo r o p h y ll  a n d  p h e o p h y t i n  p ig m e n ts  in  fre sh  a n d  c a n n e d  
k iw i f r u i t

Sample

Total
chlorophyll

(mg/kg)

Chlorophyll a 
conversion 

(%)

Chlorophyll b 
conversion 

(%)

Total
pheophytin

(mg/kg)

A  F a 16.39 38 57 17.39
C b 2.47 88 91 19.87

B F 16.35 36 67 17.90
C 1.87 91 91 18.67

C F 16.53 28 71 18.67
C 0.69 72 97 21.56

D F 16.59 23 64 12.66
C 1.63 89 86 25.58

E F 15.89 39 56 13.90
C 3.27 90 91 31.02

*  F ,  fre sh  f ru it  
°  C , can n ed  s lices
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In t e r n a t io n a l  F o o d  
In f o r m a t io n  S e r v i c e
—  I n f o r m a t i o n  R e t r i e v a l  S e r v i c e s

W h a t  I s  I F I S ?
T h e  In te rn a t io n a l F o o d  In fo rm a t io n  S e r v ic e  { IF IS )  w a s  c re a te d  
in 1 9 6 8  to  p ro v id e  a n u m b e r  of s e r v ic e s  re la te d  to  th e  re trie v a l 
of in fo rm a tio n  fro m  th e  lite ra tu re  of fo o d  s c ie n c e  a n d  t e c h n o l
o g y .
I F I S ' s  s p o n s o rs  in c lu d e  th e  C o m m o n w e a lth  A g r ic u ltu ra l

B u re a u x  in E n g la n d , th e  G e s e l ls c h a f t  fü r  In fo rm a t io n  u n d  
D o k u m e n ta t io n  in th e  F e d e ra l R e p u b lic  o f G e r m a n y , th e  
In st itu te  o f F o o d  T e c h n o lo g is t s  in  th e  U .S . ,  a n d  th e  C e n tru m  
v o o r  L a n d b o u w p u b lik a t ie s  in L a n d b o u w d o c u m e n ta t ie  in  th e  
N e th e r la n d s .

P r i m a r y  S e r v i c e s
Food  Scien ce  and Technology A bstracts (FSTA )
•  FSTA is  a m o n th ly  jo u rn a l c o n ta in in g  a b o u t  1 ,5 0 0  

a b s t r a c t s .  E a c h  is s u e  a ls o  c o n ta in s  a n  A u th o r  In d e x  a s  w e ll  
a s  a S u b je c t  In d e x  w h ic h  c o n ta in s  e x te n s iv e  c ro s s -  
re fe re n c e s . A ll s u b s c r ib e r s  a ls o  r e c e iv e  a n  a n n u a l A u th o r  
a n d  S u b je c t  In d e x . T o  p ro d u c e  FSTA, I F IS  re g u la r ly  s c a n s
1 , 4 0 0  jo u r n a ls  fro m  m o re  th a n  7 5  c o u n t r ie s , p a te n ts  fro m  
2 0  c o u n t r ie s ,  a n d  b o o k s  in s e v e ra l la n g u a g e s . T h e s e  
a b s t r a c t s  a re  in E n g l is h , b u t a re  ta k e n  fro m  lite ra tu re  
o r ig in a lly  a p p e a r in g  in a s  m a n y  a s  4 3  la n g u a g e s . A  o n e-  
y e a r  s u b s c r ip t io n  to  FSTA c o s t s  a p p ro x im a te ly  £  2 8 0 “.

Magnetic Tapes of FST A
•  E v e ry th in g  in FSTA is  a ls o  a v a ila b le  o n  s e v e n -  a n d  n in e -  

t ra c k  IB M  m a g n e t ic  ta p e s  w h ic h  a re  fo r  s a le  a t a b o u t  
£  2 , 0 0 0  p e r y e a r .

•  T h e s e  t a p e s  a re  a ls o  a v a ila b le  fo r  o n - lin e  re tr ie v a l v ia  
L o c k h e e d  In fo rm a t io n  R e tr ie v a l S e r v ic e  ( U S A ) ;  S D C  S e a r c h  
S e r v ic e  ( U S A ,  C a n a d a , F ra n c e , a n d  J a p a n ) ;  In fo rm a t io n  
R e tr ie v a l S y s t e m  ( IR S )  (F ra s c a t i , Ita ly ); o r  t h e  G e rm a n  
In s t itu te  fo r  M e d ic a l D o c u m e n ta t io n  a n d  In fo rm a t io n  
(D IM D I)  (C o lo g n e , G e rm a n y ) .

S e c o n d a r y  S e r v i c e s
Food Annotated Bibliographies
•  F o o d  A n n o ta te d  B ib lio g ra p h ie s  a re  s e le c te d  a b s t r a c t s  fro m  

FSTA on  m o re  th a n  5 0  im p o rta n t , s p e c ia l iz e d  a s p e c t s  of  
fo o d  s c ie n c e  a n d  te c h n o lo g y . A  p a rt ia l l is t in g  o f b ib lio g ra 
p h ie s  a v a ila b le  in c lu d e s : A c id u la n t s  in F o o d s , C o lo ra n ts ,  
A f la to x in s , C o ffe e , S ta b il iz e r s  a n d  E m u ls if ie r s  in  F o o d s ,  
S y n t h e t ic  D a iry  P ro d u c ts , a n d  M ic ro w a v e s  in F o o d  P r o c e s s 
in g ,

•  P r ic e s  ra n g e  fro m  £  3  to  £  1 5  p e r b ib lio g ra p h y .

Current Awareness Service
•  C u r re n t  A w a r e n e s s  o r  s e le c t iv e  d is s e m in a t io n  of in fo rm a 

t io n  s e r v ic e s  a re  re g u la r  u p d a t in g s  of s p e c if ic a lly  d e s ire d  
in fo rm a tio n  fro m  e a c h  u p d a t in g  o f th e  FSTA d a ta  b a se .

•  T h e  in fo rm a tio n  is a v a ila b le  in th re e  o u tp u t  fo rm a ts  a n d  is  
c a re fu lly  s e le c te d  to  m a tc h  a  u s e r 's  r e q u ire m e n ts  in v ir tu a lly  
a n y  a s p e c t  o f fo o d  s c ie n c e  a n d  te c h n o lo g y .

•  C o s t s  a re  fro m  £  1 0  p e r y e a r  fo r r e fe r e n c e s ; £  1 5  p e r y e a r  
fo r  a b s t ra c t s .

Retrospective Search Services
•  R e t ro s p e c t iv e  s e a r c h e s  a re  s e a r c h e s  of th e  lite ra tu re  to  d a te  

(the c o m p le te  d a ta  b a se ) fo r  c ita t io n s  a n d  a b s t r a c t s  on  
s p e c if ic  s u b je c t s .  M o re  th a n  1 0 0 , 0 0 0  " d o c u m e n t s "  in 
FSTA a re  a v a ila b le  fo r  s e a r c h  b y  q u a lif ie d  fo o d  s c ie n c e  
g ra d u a te s .

•  T h e  in fo rm a tio n  is  a v a ila b le  in th re e  o u tp u t  fo rm a ts .
•  C o s t s  a re  fro m  £  5  p e r  v o lu m e  of FSTA s e a r c h e d  fo r  

re fe re n c e s ; fro m  £  7 . 5 0  p e r v o lu m e  fo r  a b s t r a c t s .  D is 
c o u n ts  a r e  a v a ila b le  w ith  a n  a n n u a l c o n tra c t .

Photocopying Service
•  P h o to c o p ie s  o f a n y  a r t ic le  a b s t ra c te d  in FSTA c a n  b e  q u ic k ly
m a d e  a v a ila b le .
•  C o s t  is  1 2 p  p e r p a g e  fo r s in g le  o rd e rs , w ith  a m in im u m  

c h a rg e  of £ 1 . 5 0 ;  a d e p o s it  a c c o u n t  s e r v ic e  is a ls o  a v a i l
a b le .

•  T r a n s la t io n s  w ill  b e  d o n e  o n  re q u e s t . P r ic e s  fo r  th is  s e rv ic e  
v a ry  d e p e n d in g  u p o n  le n g th  o f th e  t ra n s la t io n ; a s k  fo r  
q u o te .

'A ll prices on this page are given in British pounds ( £ ) .
“ An in-depth analysis of FSTA  as well as Lockheed and SD C 's search services can be found in the article "Retrieving Information from the Food Science Literature " 

which starts on p. 4 6  of the September 1977  Food Technology (reprints available from I FT at $1 per copy).
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