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H e a t  T r a n s f e r  D u r i n g  t h e  F r e e z i n g  o f  L i v e r  i n  a  P l a t e  F r e e z e r

P H IL IP  G. CR EED and STEPHEN J. JAM ES

------------------------------ ABSTRACT-------------------------------
T h e  o v e ra 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 a s  d e t e r m in e d  f o r  a  v e r t i c a l  
p l a t e  f r e e z e r  b y  t h e  t r a n s i e n t  t e m p e r a t u r e  m e t h o d  a n d  u s e d  in  a 
m o d i f ic a t io n  o f  P l a n k ’s e q u a t i o n  b y  C le la n d  a n d  E a r le  t o  p r e d i c t  
t h e  f r e e z in g  t im e  o f  b lo c k s  o f  p ig  l iv e r . A  c o m p a r i s o n  o f  p r e d i c t e d  
a n d  p r e v io u s ly  p u b l i s h e d  e x p e r im e n ta l  f r e e z in g  t im e s  s h o w e d  a n  
a v e ra g e  a b s o l u t e  e r r o r  o f  6 .5 % . O v e ra 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  
f o r  t h e  m a in  t y p e s  o f  f i b r e b o a r d  p a c k a g in g  w e re  a ls o  d e t e r m in e d  
to g e th e r  w i th  t h e i r  e f f e c t  o n  p r e d i c t e d  f r e e z in g  t im e .  T h is  w o r k  h a s  
h ig h l ig h te d  m a n y  o f  t h e  a d v a n ta g e s  o f  p l a t e  f r e e z in g  w h ic h  h a s  y e t  
t o  g a in  w id e  a c c e p ta n c e  i n  t h e  U .K .  m e a t  i n d u s t r y .

INTRODUCTION
A P P R O X I M A T E L Y  1 6 1 , 0 0 0  t o n s  o f  e d i b l e  o f f a l  ( l i v e r ,  

h e a r t  a n d  k i d n e y )  a r e  p r o d u c e d  e a c h  y e a r  i n  t h e  U n i t e d  
K i n g d o m  ( M e a t  a n d  L i v e s t o c k  C o m m i s s i o n ,  1 9 8 4 ) ,  b u t  
t h e r e  i s  l i t t l e  p u b l i s h e d  o n  i t s  r e f r i g e r a t i o n .  T h e  l a r g e s t  c o m 

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

t i o n  -  h a v e  r e c e n t l y  b e e n  d i s c u s s e d  b y  C r e e d  a n d  J a m e s

( 1 9 8 3 ) ,  w h o s e  e x p e r i m e n t a l  r e s u l t s  s h o w e d  t h a t  l i v e r  i s  
p a r t i c u l a r l y  s u i t a b l e  f o r  p l a t e  f r e e z i n g  b e c a u s e  i t s  p l i a b l e  
n a t u r e  p r o d u c e s  g o o d  c o n t a c t  w i t h  t h e  r e f r i g e r a t e d  p l a t e s .  

D a t a  w e r e  o b t a i n e d  o n  t h e  e f f e c t  o f  b l o c k  t h i c k n e s s  ( 0 . 1 5 2 ,  
0 . 1 0 2 ,  o r  0 . 0 7 6  m ) ,  i n i t i a l  t e m p e r a t u r e  ( 5 - 2 4 ° C )  a n d  r e 
f r i g e r a n t  t e m p e r a t u r e  ( —2 1  t o  —4 1  C )  o n  f r e e z i n g  t i m e ,  b u t  
t h e  i n v e s t i g a t i o n  c o v e r e d  o n l y  o n e  p a c k a g i n g  c o n d i t i o n  

( w r a p p i n g  i n  p o l y e t h y l e n e  f i l m )  i n  o n e  p a r t i c u l a r  v e r t i c a l  
p l a t e  f r e e z e r .  A s  t h e  p r a c t i c a l  e x p e r i m e n t a t i o n  r e q u i r e d  t o  
e x t e n d  t h e  d a t a  t o  c o v e r  o t h e r  p a c k a g i n g  c o n d i t i o n s  a n d  

p l a t e  f r e e z i n g  s y s t e m s  w o u l d  h a v e  b e e n  p r o h i b i t i v e l y  e x 
p e n s i v e ,  i t  w a s  d e c i d e d  t o  s e e k  a  t h e o r e t i c a l  m e t h o d  t h a t  

w o u l d  m o d e l  t h e  e x i s t i n g  r e s u l t s  a n d  u s e  i t  t o  e x t e n d  t h e  
a v a i l a b l e  d a t a .

T h e o r e t i c a l  p r e d i c t i o n s  o f  f r e e z i n g  t i m e s  u s e  e i t h e r  

a n a l y t i c a l  o r  i t e r a t i v e  m a t h e m a t i c a l  m o d e l s .  B o t h  m e t h o d s  
h a v e  b e e n  e x t e n s i v e l y  r e v i e w e d  b y  B a k a l  a n d  H a y a k a w a

( 1 9 7 3 ) ,  K i n d e r  a n d  L a m b  ( 1 9 7 4 )  a n d  H u n g  a n d  T h o m p s o n
( 1 9 8 0 ) ,  w h o  c o n c l u d e d  t h a t  i t e r a t i v e  m e t h o d s  a r e  m o r e  
v e r s a t i l e  a n d  p r o v i d e  m o r e  d a t a  t h a n  a n a l y t i c a l  s o l u t i o n s ,  

b u t  a r e  d i f f i c u l t  a n d  t i m e - c o n s u m i n g  t o  u s e  ( n o r m a l l y  
r e q u i r i n g  a  c o m p u t e r ) .

C l e l a n d  a n d  E a r l e  ( 1 9 7 7 )  m o d i f i e d  P l a n k ’s ( 1 9 4 1 )  a n a l y 

t i c a l  e q u a t i o n  a n d  s h o w e d  t h a t  t h e i r  v e r s i o n  g a v e  a s  g o o d  
a g r e e m e n t  a s  i t e r a t i v e  m e t h o d s  f o r  p l a t e  f r e e z i n g  o f  s l a b s  o f  
K a r l s r u h e  t e s t  s u b s t a n c e  ( m e t h y l c e l l u l o s e  g e l ) ,  m i n c e d  b e e f  
a n d  m a s h e d  p o t a t o .

A  p r e r e q u i s i t e  o f  t h e  m e t h o d  is  a n  e s t i m a t e  o f  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  ( h )  f o r  t h e  c o m b i n a t i o n  o f  
p a c k a g i n g  a n d  f r e e z i n g  s y s t e m  b e i n g  u s e d .  A r c e  a n d  S w e a t  
( 1 9 8 0 )  p r o v i d e d  a  c o m p r e h e n s i v e  s u r v e y  o f  p u b l i s h e d  h e a t

A u th o rs  C reed  a n d  Jam es are a ff i l ia te d  w ith  th e  A g r icu ltu ra l a n d  
F o o d  R esearch  C ou n cil, M ea t R esearch  in s ti tu te ,  L an gford , B risto l, 
B S 18  7 D Y , U n ited  K in g d o m .

t r a n s f e r  c o e f f i c i e n t s  a n d  m e t h o d s  o f  m e a s u r e m e n t  e n 

c o u n t e r e d  i n  f o o d  r e f r i g e r a t i o n  p r o c e s s e s .  O t h e r  w o r k e r s  
m e a s u r e d  h  i n  p l a t e  f r e e z e r s  u s i n g  s t e a d y  s t a t e  ( T e m p l e t o n  
a n d  N i c h o l s o n ,  1 9 7 2 ;  L o r e n t z e n ,  1 9 7 4 )  o r  t r a n s i e n t  t e m 
p e r a t u r e  m e t h o d s  ( C o w e l l  a n d  N a m o r ,  1 9 6 7 ) ,  h e a t  f l u x  

s e n s o r s  ( G o r b a t o v  e t  a l . ,  1 9 7 7 )  o r  b y  s i m p l y  c a l c u l a t i n g  t h e  
v a l u e  o f  h  n e e d e d  t o  g iv 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  f r e e z i n g  t i m e s  ( C u l l w i c k  a n d  E a r l e ,  1 9 7 1 ) .  W e  
f o u n d  n o  d a t a  g i v i n g  h  f o r  t h e  t y p e s  o f  p a c k a g i n g  c o m m o n 
l y  u s e d  a t  p r e s e n t  i n  t h e  m e a t  i n d u s t r y .

T h e  a i m  o f  t h i s  w o r k  w a s :  ( 1 )  t o  d e t e r m i n e  t h e  v a l u e  o f  
h  i n  t h e  s a m e  p l a t e  f r e e z e r  a s  p r e v i o u s  e x p e r i m e n t a l  w o r k  
( C r e e d  a n d  J a m e s ,  1 9 8 3 )  b y  u s i n g  t h e  t r a n s i e n t  t e m p e r a t u r e  
m e t h o d  w h i c h  c l o s e l y  m i m i c k e d  t h e  p r a c t i c a l  s i t u a t i o n  o f  
l i v e r  i n  c o n t a c t  w i t h  t h e  f r e e z e r  p l a t e  a n d  t h e  f i n a l  p r o d u c t  

s h a p e ;  ( b )  t o  u s e  t h e s e  d a t a  i n  a  m o d i f i c a t i o n  o f  P l a n k ’s 
e q u a t i o n  ( C l e l a n d  a n d  E a r l e ,  1 9 7 7 )  t o  p r e d i c t  f r e e z i n g  
t i m e s  t h a t  c o u l d  b e  c o m p a r e d  t o  t h o s e  f o u n d  e x p e r i m e n t a l 

l y ;  ( c )  t o  d e t e r m i n e  v a l u e s  o f  h  i n  t h e  s a m e  p l a t e  f r e e z e r  f o r  
p a c k a g i n g  c o m b i n a t i o n s  f o u n d  i n  n o r m a l  c o m m e r c i a l  u s e ;  
a n d  ( d )  t o  u s e  t h e s e  d a t a  t o  p r e d i c t  t h e  l i k e l y  e f f e c t  o f  t h e  

p a c k a g i n g  o n  t h e  f r e e z i n g  t i m e  o f  l i v e r  b l o c k s .

MATERIALS & METHODS

T h e o r y  o f  t h e  t r a n s i e n t  t e m p e r a t u r e  m e t h o d  f o r  t h e  d e t e r m i n a t i o n  
o f  t h e  o v e ra 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

C o n s id e r  a  b l o c k  o f  t e s t  m a t e r i a l  p l a c e d  a g a in s t  t h e  f r e e z e r  p la te .  
I f  t h e  h e a t  f lo w  t h r o u g h  t h e  s u r f a c e  o f  t h e  b lo c k  t o  t h e  p l a t e  is  
a s s u m e d  t o  b e  o n e - d im e n s io n a l  w i t h  a  d i r e c t i o n  p e r p e n d ic u l a r  t o  t h e  
p l a t e ,  i t  c a n  b e  e q u a t e d  t o  t h e  c h a n g e  in  e n e r g y  o f  t h e  b lo c k ,  a s s u m 
in g  n o  t e m p e r a t u r e  d i f f e r e n c e  t h r o u g h o u t  t h e  b lo c k  a t  a n y  t im e ,  i.e .

d T
h A ( T b -  T a ) =  M cp  —  

K a t
c u

h A d t  _  d T  

M cp  ( T b  -  T a )
(2 )

b y  i n t e g r a t i o n  ( 2 )  b e c o m e s :

h A t
—  = L o g e ( T b - T a ) ( 3 )

M cn
o r  t  =  T - ^ L o g e ( T b - T a ) 

n A
(4 )

A  p l o t  o f  t im e ,  t ,  a g a in s t  L o g e ( T b  -  T a )  w il l  g iv e  t h e  s lo p e

Me
m  = ----- t.

h A
(5 )

f r o m  w h ic h  th e  o v e ra 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 ,  h ,  c a n  b e  c a l c u la te d
b y :

Am (6 )

C o w e l l  a n d  N a m o r  ( 1 9 6 7 )  c o n c l u d e d  t h a t ,  p ro v id in g  t h e  B io t  
n u m b e r  w a s  le s s  t h a n  0 .1 ,  t h e  t e m p e r a t u r e  t h r o u g h o u t  t h e  o b j e c t  
w o u ld  b e  e s s e n t ia l ly  u n i f o r m  a s  a s s u m e d  a b o v e ,  p r o d u c in g  a n  e r r o r  
in  h  n o  g r e a t e r  t h a n  3 .2 % . T h is  c o n s t r a i n t  d i c t a t e s  t h a t  t h e  t h e r m a l  
c o n d u c t i v i t y  o f  t h e  t e s t  o b j e c t  m u s t  b e  h ig h .
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P L A T E  F R E E Z IN G  L IV E R  . . .

Practical determ ination of the heat transfer coefficient

A block of pure copper weighing 3.48 kg and measuring 0.034 
by 0.075 by 0.15m was drilled and two copper-constantan therm o
couples (twisted-pair PTFE-coated 0.2 mm diameter conductor) 
positioned just below the  0.075 by 0.15m face. The copper block 
was then  embedded in a slab of expanded polyurethane foam 
0.135 by 0.44 by 0.55m so that the largest face o f the block was 
exposed on the  largest face of the slab. Heat sink com pound (white 
zinc oxide filled silicone) was applied to the surface of the block to 
simulate the pliable surface of liver thereby giving similar thermal 
contact. The packaging was then laid over the face o f the block, care 
being taken that when polyethylene film was used, no creases or 
wrinkles were present. Details o f the different packaging combina
tions used are shown in Table 1. Surface ‘snow’ caused by the 
condensation of atmospheric m oisture was removed from the pre
cooled freezer plate before the block was placed in contact at an 
applied hydraulic pressure o f 310 kPa produced by a mid-setting on 
the freezer’s hydraulic system. The tem perature o f the trichloro
ethylene entering the  plates was controlled a t -4 0 °C  to ± 0.5°C. 
The aluminum freezer plates measured 1.14 by 0.52 by 0.021m. 
Further details o f the plate freezer used are given by Creed and 
James (1983).

Measurements

Refrigerant tem peratures were m onitored on the flow and return 
pipes from the freezer plate using copper-constantan therm ocouples 
inserted into thermowells welded into the pipework. These therm o
couples and those in the copper block were connected to a data
logging system resolving to 0.1°C and accurate to  ± 0.5°C. Data 
was recorded every 20 or 60 seconds during each run, the recording 
interval determined by the rate of tem perature fall for the situation 
under study.

Prediction of freezing times

The modification of Plank’s equation by Cleland and Earle
(1977) used to  calculate freezing times shown as Eq. (7) to (9), 
assumes th a t the latent heat o f freezing is removed at Tf and that 
the therm al properties o f the frozen m aterial have a constant value. 

pAH (PD RD2)
Z = ——-------- --— + ------ - (7)

(Tf -  T a) (h ks )

where
0.0105

P = 0.5072 + 0.2018Pk + Ste(0.3224Pk + — + 0.0681) (8)

and R = 0 .1 6 8 4 + S te(0 .2740P k-0 .0 1 3 5 ) .  (9)

These equations were used by substituting the value of h deter
mined experimentally, the previous experimental data for D and T a 
(Creed and James, 1983) and thermal properties described below to 
obtain the values o f the Biot, Plank and Stefan numbers in Eq. (8) 
and (9) and hence the factors P and R for use in Eq. (7).

No published data on the  therm al properties o f pig liver were 
located. Data for cpi (3.37 x 103 J/kg°C from Robinson, 1972), 
AH (175 x 103 J/kg from Latyshev, 1978) and p  (1057 kg/m 3 from 
Poppendiek et al., 1966) for beef liver together with calculated 
values of ks (1.14 W/m°C) and c„s (1.72 x 'lO 3 J/k g °Q  from the 
formulae o f Sweat (1975) and Sieoel (1892) assuming a mass frac
tion of water in pig liver of 0.695 (Paul and Southgate, 1978), were 
therefore used in Eq. (7) to (9). ks was calculated assuming an 
average liver tem perature of - 2 0 ° C as the freezing time was defined 
as the tim e for the center to  reach -7 °C , by which time the surface 
would be between -4 0 °  and - 2 0 ° C.

RESULTS

D e t e r m i n a t i o n  o f  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 s

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  w e r e  c a l c u l a t e d  u s i n g  a  
c o m p u t e r  p r o g r a m  b a s e d  o n  t h e  m e t h o d  d e s c r i b e d  e a r l i e r ,  
w i t h  T a t a k e n  a s  t h e  m e a n  o f  t h e  i n l e t  a n d  o u t l e t  r e f r i g e r 
a n t  t e m p e r a t u r e s .  T h e  r e s u l t s  a r e  s h o w n  i n  T a b l e  2  f o r  t h e  
d i f f e r e n t  h e a t  t r a n s f e r  s i t u a t i o n s  s t u d i e d .

C o m b i n a t i o n  3  c o r r e s p o n d s  c l o s e l y  t o  t h e  e x p e r i m e n t a l  
s i t u a t i o n  f o r  f r e e z i n g  l i v e r  p r e v i o u s l y  r e p o r t e d  ( C r e e d  a n d  
J a m e s ,  1 9 8 3 )  a n d  p r o d u c e d  a n  h  v a l u e  o f  3 6 1  W / m 2 ° C .  T h e

a d d i t i o n  o f  a  l a y e r  o f  s o l i d  f i b r e b o a r d  ( 1 . 5  m m  t h i c k )  r e 

d u c e d  t h i s  v a l u e  b y  a  f a c t o r  o f  a l m o s t  8  a n d  b y  o v e r  3 2  
w h e n  t w o  l a y e r s  o f  c o r r u g a t e d  b o a r d  ( e a c h  l a y e r  2 . 8  m m  
t h i c k )  w e r e  a d d e d  t o  t h e  p o l y e t h y l e n e  f i l m .  T h e  B i o t  n u m 
b e r s  o b t a i n e d  f o r  e a c h  c o m b i n a t i o n  w e r e  a l l  w e l l  b e l o w  t h e  

u p p e r  l i m i t  o f  0 . 1 .
T h e  r e c i p r o c a l  o f  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  

( t h e  t h e r m a l  r e s i s t a n c e )  b e t w e e n  t h e  r e f r i g e r a n t  a n d  t h e  

c o p p e r  b l o c k  c a n  b e  d e f i n e d  a s  t h e  s u m  o f  t h e  r e s i s t a n c e s  o f  
a n d  b e t w e e n  e a c h  l a y e r .  V a l u e s  o f  9 . 5 5  x  1 0 “ 5 a n d  1 . 8 7  x  
1 0 - 5  m 2 C /W  f o r  t h e  t h e r m a l  r e s i s t a n c e  o f  t h e  3 0  m i c r o n  
p o l y e t h y l e n e  f i l m  a n d  t h e  4 . 5  m m  t h i c k  a l u m i n u m  f r e e z e r  

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

h  f o r  e a c h  c o m b i n a t i o n  w e r e  t h e n  u s e d  t o g e t h e r  w i t h  t h e  
a b o v e  r e s i s t a n c e s  t o  p r o d u c e  a  s e t  o f  s i m u l t a n e o u s  e q u a 
t i o n s  w h o s e  s o l u t i o n  p r o v i d e d  t h e  t h e r m a l  r e s i s t a n c e s  o f  

e a c h  l a y e r  ( T a b l e  3 ) .

C o m p a r i s o n  o f  e x p e r i m e n t a l  a n d  p r e d i c t e d  f r e e z i n g  t i m e s

A  v a l u e  o f  3 6 1  W / m 2 ° C  w a s  s u b s t i t u t e d  i n t o  E q .  ( 7 )  t o  
( 9 )  t o  o b t a i n  p r e d i c t e d  f r e e z i n g  t i m e s  c o v e r i n g  t h e  e x p e r i 

m e n t a l  r a n g e  o f  c o n d i t i o n s .  T h e s e  t i m e s  w e r e  c o m p a r e d  

w i t h  p r e v i o u s  e x p e r i m e n t a l  d a t a  ( C r e e d  a n d  J a m e s ,  ( 1 9 8 3 ) .  
F i g .  1 s h o w s  t h e  d i f f e r e n c e s  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  f r e e z i n g  t i m e  p l o t t e d  a g a i n s t  p r e d i c t e d  f r e e z i n g  
t i m e .  A  l e a s t - s q u a r e s  c u r v e - f i t t i n g  p r o c e d u r e  g a v e  t h e  b e s t  
f i t  a s  a  l i n e a r  r e l a t i o n s h i p  o f  t h e  f o r m :

Z p  -  Z e =  0 . 3 9 5 1 3  -  0 .1  1 6 0 2 3 . Z p  ( 1 0 )

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  t h i s  e x p r e s s i o n  w a s  0 . 6 2 0 .
T h e  a v e r a g e  a b s o l u t e  p e r c e n t a g e  e r r o r  f o r  4 4  r e s u l t s  w a s  

6 . 5 0 %  ( s t a n d a r d  d e v i a t i o n  6 . 0 0 )  w i t h  a  r a n g e  f r o m  — 1 2 . 0  
t o  + 3 2 . 7 % .  I f  2  e x p e r i m e n t a l  o u t l i e r s  w e r e  e x c l u d e d ,  t h e  

a v e r a g e  w a s  5 . 4 5 %  ( s t a n d a r d  d e v i a t i o n  3 . 4 7 )  w i t h  a  r a n g e  
f r o m  - 1 2 . 0  t o + 1 2 . 8 % .

P r e d i c t e d  f r e e z i n g  t i m e s  f o r  o t h e r  h e a t  t r a n s f e r  c o e f f i c i e n t s
E q .  ( 7 )  t o  ( 9 )  w e r e  u s e d  t o  p r o d u c e  t h e  r e l a t i o n s h i p  

s h o w n  i n  F i g .  2  b e t w e e n  h  a n d  p r e d i c t e d  f r e e z i n g  t i m e  f o r

7 . 6  a n d  1 5 . 2  c m  b l o c k s  i n i t i a l l y  a t  4 °  o r  2 4 ° C  a n d  f r o z e n  
a t  - 2 0 °  o r  - 4 0 ° C .

DISCUSSION
T H E  M A J O R  A D V A N T A G E S  o f  p l a t e  f r e e z i n g  s t e m  f r o m  
t h e  h i g h e r  r a t e s  o f  h e a t  t r a n s f e r  t h a t  c a n  b e  o b t a i n e d  c o m 

p a r e d  t o  a i r  b l a s t  f r e e z i n g  s y s t e m s .  F o r  a  p a r t i c u l a r  p l a t e  
f r e e z e r  t h e  v a l u e  o f  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  w i l l  
d e p e n d  u p o n  t h e  m a t e r i a l  a n d  c o n s t r u c t i o n  o f  t h e  p l a t e  a n d  
t h e  f l o w  r a t e  a n d  t y p e  o f  r e f r i g e r a n t  u s e d .

T a b le  1 —C o m b in a t io n s  o f  p a c k a g in g  u s e d  fo r  d e te r m in a t io n  o f  o v e r 
a ll  h e a t  tr a n s fe r  c o e f f ic ie n ts a

Combination Layers between refrigerant and copper block
1 R : P : B
2 R :: P : HSC : B
3 R : P : POLY ; HSC : B
4 R : P : 2 X POLY : HSC : B
5 R : P : HSC : POLY : HSC : B
6 R :: P :SOL : HSC : B
7 R : P : 2 X SOL : HSC: B
8 R : P : CORR : PO LY: HSC : B
9 R : P : 2 X CORR : POLY : HSC

a R = Refrigerant; P = Plate; H S C  = Heat sink com pound; P O L Y  = 
Polyethylene film  30 m icron; S O L  = Solid  fibreboard, po lye thy 
lene-coated, 1.5 mm thick; C O R R  = Corrugated fibreboard, B- 
flute, 2.8 mm thick; B = Copper test block.
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Table 2—Mean values of heat transfer coefficient in a vertical plate freezer for various combinations of packaging

Standard

Combination
Number 
(Table 1 )

Mean value 
W/m2oC

deviation 
as %  mean

Number
samples

Biot
Number

No wrapping 1 481 aa 14.8 8 0.04
No wrapping (+ HSC) 2 878b 15.0 10 0.08
Polyethylene (1 layer) 3 3 6 1c 14.7 10 0.03
Polyethylene (2 layers) 4 278c 25.6 7 0.02
Polyethylene (1 layer + HSC) 5 463a 16.7 7 0.04

a A b o v e  m eans w ith  d iffe ren t sub sc r ip ts  are s ig n if ic a n t ly  d iffe ren t (P  <  0 .0 5 )

Solid fibreboard 6 47db 5.8 10 0.004
Solid fibreboard (2 layers) 7 26e 2.2 7 0.002
Corrugated fibreboard (+ polyethylene) 8 20f 7.5 11 0.002
Corrugated fibreboard (2 layers +  polyethylene) 9 11g 4.8 7 0.001

b A b o v e  m eans w ith  d iffe ren t sub sc r ip ts  are s ig n if ic a n t ly  d iffe ren t (P  <  0 .0 0 1 )

Fig. 1 —R e la tio n sh ip  o f  d iffe ren ce  b e tw e e n  p r e d ic te d  a n d  e x p e r i
m e n ta l freez in g  tim es (Zp  — Z e ) w ith  p r e d ic te d  freez in g  tim e s  (Zp ), 
sh o w in g  regression  lin e (Eq. 10).

I n  t h e  p r e s e n t  w o r k  w i t h  g o o d  t h e r m a l  c o n t a c t  b e t w e e n  

t h e  m e a s u r e m e n t  s y s t e m  a n d  t h e  p l a t e ,  a n  a v e r a g e  v a l u e  o f  
8 7 8  W / m 2 ° C  w a s  o b t a i n e d .  C o w e l l  a n d  N a m o r  ( 1 8 6 7 )  r e 
p o r t e d  a  v a l u e  o f  6 8 1  W / m 2  C  u s i n g  t h e  s a m e  m e t h o d  o f  
m e a s u r e m e n t ,  b u t  w i t h  a n  e t h y l e n e  g l y c o l / w a t e r  r e f r i g e r 
a n t ,  w h i l e  T e m p l e t o n  a n d  N i c h o l s o n  ( 1 9 7 2 )  p r e d i c t e d  a  
v a l u e  o f  4 3 0  W / m 2 C  f o r  t r i c h l o r o e t h y l e n e  a t  t h e  f l o w  r a t e  

u s e d  i n  t h e s e  e x p e r i m e n t s .  A l t h o u g h  t h e s e  v a l u e s  o f  h ,  f o r  
f r e e z i n g  i n  g o o d  c o n t a c t  v a r y  b y  a  f a c t o r  o f  o v e r  2 ,  d i f f e r 
e n c e s  o f  t h i s  o r d e r  i n  t h e  r a n g e  b e t w e e n  4 0 0  a n d  1 0 0 0  
W / m 2 ° C  h a v e  a  s m a l l  e f f e c t  o n  f r e e z i n g  t i m e  ( F i g .  2 ) .

T h e  a d d i t i o n  o f  a  s i n g l e  l a y e r  o f  p o l y e t h y l e n e  w r a p p i n g ,  
w h i c h  m i m i c k e d  t h e  e x p e r i m e n t a l  s i t u a t i o n  w i t h  l i v e r ,  

r e d u c e d  t h e  a v e r a g e  v a l u e  o f  h  t o  3 6 1  W / m 2 C .  W h e n  t h i s  
v a l u e  w a s  u s e d  i n  E q .  7 ,  t h e r e  w a s  g o o d  a g r e e m e n t  b e t w e e n  
t h e  p r e d i c t e d  a n d  e x p e r i m e n t a l  f r e e z i n g  t i m e s .  H o w e v e r  t h e  
c o r r e l a t i o n  s h o w n  i n  F i g .  1 i n d i c a t e s  t h a t  t h e r e  i s  a  s y s 

t e m a t i c  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  f r e e z i n g  t i m e  a n d  t h e  
e r r o r  i n  p r e d i c t i o n ,  o v e r - e s t i m a t e s  b e i n g  m a d e  a t  f r e e z i n g  

t i m e s  o f  l e s s  t h a n  3  h r  a n d  u n d e r - e s t i m a t e s  a b o v e  3  h r .

A n  e x p l a n a t i o n  o f  t h i s  e f f e c t  c o u l d  b e  t h a t  t h e  t h e r m a l  

p r o p e r t i e s  i n  a l l  h i g h  w a t e r  c o n t e n t  f o o d s t u f f s  a r e  n o t  
c o n s t a n t s  a s  a s s u m e d  i n  E q .  ( 7 )  t o  ( 9 )  b u t  v a r y  w i t h  t e m 
p e r a t u r e :  t h e  t h e r m a l  c o n d u c t i v i t y  o f  m e a t  i n c r e a s i n g  a n d  

t h e  s p e c i f i c  h e a t  d e c r e a s i n g  a s  t h e  t e m p e r a t u r e  i s  p r o g r e s -

Fig. 2 —R ela tio n sh ip  b e tw e e n  overa ll h e a t tra n sfer c o e f f ic ie n t  (h) 
a n d  p r e d ic te d  freez in g  tim es (Zp ) o f  liv e r  b lo c k s  7 .6  o r  1 5 .2  cm  
th ick  fro zen  a t  —2 0 °  o r  —4 ( f  C fro m  4 °  o r  2 4 ° C  to  —7 °C  a t  th e  
cen ter .

s i v e l y  l o w e r e d  b e l o w  t h e  i n i t i a l  f r e e z i n g  p o i n t .  T h e  a v e r a g e  
t e m p e r a t u r e  a t  t h e  e n d  o f  t h e  f r e e z i n g  o p e r a t i o n  o f  a  t h i n  
b l o c k  w i t h  c o n s e q u e n t l y  a  s h o r t  f r e e z i n g  t i m e ,  i s  l o w e r  t h a n  
t h a t  o f  a  t h i c k  b l o c k  w i t h  a  l o n g  f r e e z i n g  t i m e .  T h e r e f o r e  
t h e  v a l u e  o f  k s w o u l d  b e  g r e a t e r  t h a n  t h a t  c a l c u l a t e d  f o r  
u s e  i n  t h e  p r e d i c t i o n  e q u a t i o n .  I f  a  g r e a t e r  v a l u e  o f  k s w a s  
u s e d  i n  t h e  p r e d i c t i o n  t h e  s e c o n d  t e r m  i n  E q .  7 ,  R D 2 / k s 
w o u l d  d e c r e a s e .  S i m i l a r l y  t h e  v a l u e  o f  c p s  w o u l d  b e  s m a l l e r ,  
d e c r e a s i n g  S t e  a n d  h e n c e  t h e  f a c t o r s  P  a n d  R .  T h e s e  t w o  
e f f e c t s  w o u l d  t h e r e f o r e  d e c r e a s e  t h e  f r e e z i n g  t i m e  e s t i m a t e ,  

b r i n g i n g  i t  c l o s e r  t o  t h e  e x p e r i m e n t a l  v a l u e .  B y  t h e  s a m e  
a r g u m e n t ,  f o r  t h i c k  b l o c k s  w i t h  l o n g e r  f r e e z i n g  t i m e s  a n d  a  
h i g h e r  f i n a l  a v e r a g e  t e m p e r a t u r e ,  a  s m a l l e r  v a l u e  o f  k s a n d  
a  g r e a t e r  v a l u e  o f  c p s  t h a n  t h o s e  u s e d ,  w o u l d  e s t i m a t e  a  
l o n g e r  f r e e z i n g  t i m e  c l o s e r  t o  t h e  e x p e r i m e n t a l  r e s u l t s .  F o r  
e x a m p l e ,  f o r  r u n  3 2  ( e x p e r i m e n t a l  f r e e z i n g  t i m e  9 . 8 8  h  f o r
1 5 . 2  c m  b l o c k ,  ( C r e e d  a n d  J a m e s ,  1 9 8 3 ) ,  a  f r e e z i n g  t i m e  o f
9 .1  h  i s  p r e d i c t e d  u s i n g  t h e  t h e r m a l  p r o p e r t i e s  p r e v i o u s l y  
m e n t i o n e d  e v a l u a t e d  f o r  a  f i n a l  a v e r a g e  t e m p e r a t u r e  o f  
—2 0 ° C .  I f  a  l o w e r  v a l u e  o f  k s , 1 . 0 6  W / m ° C  ( e v a l u a t e d  a t  
— 1 0 ° C )  a n d  a  h i g h e r  v a l u e  o f  c p s , 2  x  1 0 3 J / k g  a r e  u s e d ,  a  
m u c h  c l o s e r  e s t i m a t e ,  9 . 8  h  i s  o b t a i n e d .  C l e l a n d  a n d  E a r l e

( 1 9 8 2 )  u s e d  a  n u m e r i c a l  t e c h n i q u e  t h a t  a c c o u n t e d  f o r  t h e  
v a r i a t i o n  o f  t h e r m a l  p r o p e r t i e s  w i t h  t e m p e r a t u r e  b u t  s t i l l  
f o u n d  a  c o m p a r a b l e  e r r o r  c u r v e .  T h e y  s u g g e s t e d  t h a t  t h e  
t h e r m a l  p r o p e r t i e s  w e r e  a  f u n c t i o n  o f  f r e e z i n g  r a t e .  F u r t h e r  

w o r k  i s  r e q u i r e d  t o  c l a r i f y  t h i s  s i t u a t i o n .  I n  p r a c t i c e ,  E q .
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P L A T E  F R E E Z IN G  L IV E R  . . .

( 7 )  i s  a c c u r a t e  e n o u g h  ( w i t h i n  ±  1 2 % )  f o r  m o s t  d e s i g n  a p p l i 

c a t i o n s .
T r a n s p o r t i n g  a n d  s t o r i n g  p l a t e - f r o z e n  b l o c k s  o f  f i s h  o r  

r a w  m a t e r i a l  f o r  p e t  f o o d  u n w r a p p e d  i s  c o m m o n  p r a c t i c e ,  

b u t  l o n g  t e r m  f r o z e n  s t o r a g e  o f  u n w r a p p e d  o f f a l  b l o c k s  
r e s u l t s  i n  s u b s t a n t i a l  w e i g h t  l o s s  a n d  s u r f a c e  d e s i c c a t i o n  a n d  
i s  n o t  t o  b e  r e c o m m e n d e d .  W r a p p i n g  b e f o r e  f r e e z i n g  w o u l d  

s t o p  t h i s  d e t e r i o r a t i o n  a n d  o v e r c o m e  o n e  o f  t h e  m a j o r  d i s 

a d v a n t a g e s  o f  p l a t e  f r e e z i n g  -  d o u b l e  h a n d l i n g  d u e  t o  t h e  
p r a c t i c e  o f  p a c k i n g  t h e  p r o d u c t  a f t e r  r a t h e r  t h a n  b e f o r e  

f r e e z i n g  ( H e r b e r t  a n d  V i s s e r ,  1 9 8 2 ) .  F r e e z i n g  l i v e r  i n s i d e  
a  p o l y e t h y l e n e  l i n e r  w o u l d  s e e m  t o  p r e s e n t  l i t t l e  d i f f i c u l t y  
a n d  t h e  r e s u l t i n g  f l a t  b l o c k s  s h o u l d  s t a c k  e a s i l y  o n  p a l l e t s  
f o r  s t o r a g e  a n d  t r a n s p o r t .  T h i s  i n v e s t i g a t i o n  h a s  s h o w n  t h a t  

a  s i n g l e  l a y e r  o f  p o l y e t h y l e n e  f i l m  r e d u c e s  h  b y  a  f a c t o r  o f  
o v e r  2  b u t  d o e s  n o t  s u b s t a n t i a l l y  i n c r e a s e  t h e  f r e e z i n g  t i m e ,  
w h i l e  a  s e c o n d  l a y e r  f u r t h e r  r e d u c e s  h  t o  2 7 8  W / m 2 C . 
F r o m  F i g .  2  t w o  l a y e r s  w o u l d  p r o d u c e  a  m a x i m u m  i n c r e a s e  
o f  o n l y  8 %  i n  f r e e z i n g  t i m e  c o m p a r e d  w i t h  n o  w r a p p i n g .

I n  a  s u r v e y  o f  c o m m e r c i a l  m e a t  f r e e z i n g  o p e r a t i o n s ,  t h e  
t w o  m a i n  w r a p p i n g  c o m b i n a t i o n s  w e r e  s o l i d  f i b r e b o a r d  c a r 
t o n s  w i t h  a  b o n d e d  p o l y e t h y l e n e  i n n e r  l a y e r ,  a n d  c o r 

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

l i n e r s  ( C r e e d  a n d  J a m e s ,  1 9 8 1 ) .  M e a s u r e m e n t s  c a r r i e d  o u t  
i n  t h i s  i n v e s t i g a t i o n  p r o d u c e d  a v e r a g e  h  v a l u e s  o f  4 7  a n d  
2 0  W / m 2 ° C  r e s p e c t i v e l y  f o r  t h e s e  t w o  c o m b i n a t i o n s .  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 h o w n  i n  F i g .  2  ( 7 . 6 - 1 5 . 2  c m  t h i c k  
b l o c k s ,  r e f r i g e r a n t  t e m p e r a t u r e s  —4 0  t o  —2 0  C ,  i n i t i a l  

l i v e r  t e m p e r a t u r e s  4 - 2 4  C ) ,  f r e e z i n g  t i m e s  c o m p a r e d  w i t h  
u n w r a p p e d  b l o c k s  w o u l d  b e  i n c r e a s e d  b y  b e t w e e n  1 . 2  a n d

5 . 5  h r  ( 1 0 0 - 2 4 0 % )  f o r  t h e  f i r s t  w r a p p i n g  c o m b i n a t i o n  a n d
2 . 9  a n d  1 3 . 6  h r  ( 5 0 - 1 2 3 % )  f o r  t h e  s e c o n d .  I n  p r e v i o u s  

i n v e s t i g a t i o n s  t h e  a v e r a g e  v a l u e  o f  h  f o r  f r e e z i n g  m e a t  
b l o c k s  p a c k e d  i n  p o l y e t h y l e n e  l i n e d  c o r r u g a t e d  c a r t o n s  i n  
a n  a i r  b l a s t  f r e e z e r  ( 5  m / s ) ,  w a s  f o u n d  t o  b e  a p p r o x i m a t e l y  

1 0  W / m 2 ° C  ( J a m e s  e t  a l . ,  1 9 7 9 ) .  I t  i s  t h e r e f o r e  c l e a r  f r o m  
F i g .  2  t h a t  f r e e z i n g  t i m e s  i n  a  p l a t e  f r e e z e r  w o u l d  s t i l l  b e  
s u b s t a n t i a l l y  s h o r t e r  t h a n  i n  a n  a i r - b l a s t  s y s t e m .

T h e  t h e r m a l  r e s i s t a n c e  d e t e r m i n e d  f o r  t h e  s o l i d  f i b r e -  
b o a r d ,  0 . 0 1 7  m 2 ° C / W  ( T a b l e  3 ) ,  w a s  c o m p a r a b l e  t o  t h e  
v a l u e  0 . 0 2 4  m 2 ° C / W  g i v e n  b y  M a c F a r l a n e  ( 1 9 6 3 ) .  I n  c o n 
t r a s t  t h e  v a l u e  f o r  c o r r u g a t e d  b o a r d ,  0 . 0 4 0  m 2 ° C / W  ( T a b l e
3 )  w a s  l o w e r  t h a n  t h a t  g i v e n  b y  M a w s o n  a n d  C o l l i n s o n

( 1 9 7 7 ) ,  0 . 0 7 2  m 2 ° C / W  f o r  a  s i m i l a r  m a t e r i a l  d u e  t o  t h e  
e f f e c t  o f  t h e  f r e e z e r  p l a t e  c o m p r e s s i n g  t h e  f i b r e b o a r d .

A l t h o u g h  p l a t e  f r e e z i n g  i s  w i d e l y  u s e d  i n  t h e  f i s h  a n d  p e t  
f o o d  i n d u s t r i e s  b e c a u s e  o f  t h e  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  
a i r - b l a s t  f r e e z i n g  o f  s h o r t e r  f r e e z i n g  t i m e s  a n d  h e n c e  h i g h e r  

t h r o u g h p u t ,  t h e  m e t h o d  h a s  y e t  t o  b e  t a k e n  u p  t o  a n y  l a r g e  
e x t e n t  i n  t h e  U .K .  m e a t  i n d u s t r y .  T h i s  i n v e s t i g a t i o n  h a s  

p r o v i d e d  d a t a  o n  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  f o r  t y p i c a l

T able 3 —T herm al resistan ces a n d  co n d u c ta n ces  c a lc u la te d  from  
d a ta  in  T able 2

Layer or interface
Thermal resistance 

m2oC/W
Thermal conductance 

W/m2°C

Solid fibreboard 0.017 58.0
Corrugated fibreboard 0.040 25.2
Heat sink compound 0.00093 1081.3
Refrige rant/Plate 0.00020

interface
Plate/block interface 0.0019
Plate/poly ethylene 0.0015

interface
Polyethylene/ 0.0007

Polyethylene interface
Plate/solid fibreboard 0.0030

interface
Plate/corru gated 0.0095

fibreboard interface

c o m m e r c i a l  p a c k a g i n g  c o m b i n a t i o n s ,  a n d  s h o w n  t h a t  a  

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

f r e e z i n g  f o o d s t u f f s .

LIST OF SYMBOLS
A  =  A r e a  o f  c o n t a c t  b e t w e e n  b l o c k  a n d  f r e e z e r  p l a t e
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h  =  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 2 C )  

k  =  T h e r m a l  c o n d u c t i v i t y  ( W / m  C )

L  =  L a t e n t  h e a t  ( J / k g )

M  =  M a s s  o f  b l o c k  ( k g )  
m  =  S l o p e  o f  p l o t t e d  s t r a i g h t  l i n e  ( s )
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S t e  =  S t e f a n  n u m b e r  ( [ c p s  ( T f  — T a ) ] / A H )  ( d i m e n s i o n 

l e s s ) .
T  =  T e m p e r a t u r e  ( ° C )
T a  =  T e m p e r a t u r e  o f  t h e  r e f r i g e r a t i n g  m e d i u m  (  C )

T t ,  =  T e m p e r a t u r e  o f  t h e  b l o c k  ( ° C )
T f  =  I n i t i a l  f r e e z i n g  p o i n t  o f  m a t e r i a l  ( C )

T j  =  I n i t i a l  t e m p e r a t u r e  (  C )  

t  =  T i m e  ( s )
Z  =  F r e e z i n g  t i m e  ( s )
Z e =  E x p e r i m e n t a l  f r e e z i n g  t i m e  ( h )
Z p  =  P r e d i c t e d  f r e e z i n g  t i m e  ( h )

G r e e k  s y m b o l s

p  =  D e n s i t y  ( k g / m 3 )
A H  =  T o t a l  e n t h a l p y  c h a n g e  b e t w e e n  T f  a n d  - 7  C . ( J / k g ) .  

S u b s c r i p t s

1 R e l a t i n g  t o  u n f r o z e n  m a t e r i a l ,  
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D a m a g e  t o  P o r k  L i v e r  C a u s e d  b y  R e p e a t e d  F r e e z e - T h a w  C y c l i n g

a n d  R e f r i g e r a t e d  S t o r a g e

E L IZ A B E T H  D. S T R A N G E , SUSAN B. JONES, and R O B E R T C. B E N E D IC T

----------------------------ABSTRACT----------------------------
T h e  e f f e c t s  o f  f r e e z in g  a n d  th a w in g  (F -T )  a n d  r e f r i g e r a t e d  s to r a g e  
(R -S ) o n  p o r k  l iv e r  w e re  e x a m in e d .  I n t a c t  c e l ls  w e re  i s o l a t e d  f r o m  
t h e  t i s s u e  a n d  a n a l y z e d  f o r  m e m b r a n e  in t e g r i t y  a n d  t h e  t i s s u e  e x 
t r a c t s  w e re  a n a l y z e d  f o r  p r o t e i n  c o n t e n t .  S ig 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 re  n o t e d  in  t h e  n u m b e r  o f  i s o l a t e d  i n t a c t  c e l ls  a n d  in  
t is s u e  p r o t e i n  c o n t e n t  b e tw e e n  F -T  a n d  R -S  o r  f r e s h  l iv e rs .  D i f f e r 
e n c e s  i n  c e l l  m e m b r a n e  i n t e g r i t y  w e r e  a ls o  n o t e d  b e tw e e n  f r e s h  a n d  
R -S  liv e rs . R e p e a t e d  f r e e z in g  a n d  th a w in g  a p p e a r s  t o  b r e a k  d o w n  
th e  l iv e r  s t r u c t u r e  d i f f e r e n t ly  t h a n  d o e s  r e f r i g e r a t e d  s to r a g e .

INTRODUCTION
IN 1978 the United States exported approximately $205 
million worth of variety meats but experienced rejection 
rates of 5-30% at port of entry as “unfit for human con
sumption” or for other reasons (Turczyn, 1980). Miller and 
Bongers (1981) stated that blood leakage or stains on boxes 
indicated that the product had been defrosted after initial 
freezing. Livers were the variety meat most often rejected 
(Private Communication, T. H. Camp).

Although important economically, the deterioration of 
liver during storage, freezing, and thawing has not been 
examined extensively. Smith et al. (1983a) reported that 
freezing temperature had little effect on weight loss, color 
score, overall appearance, odor, and tenderness of beef 
livers. Smith et al. (1983b) also indicated that vacuum 
packaging as soon as possible after slaughter gave the most 
acceptable appearance to chilled beef liver destined for 
retail display.

Two recent studies (Berry et al., 1982; Hanna et al.,
1982) showed that frozen storage had no significant effect 
on the total microbial populations (aerobic plate counts) of 
stored variety meats. The study by Berry et al. (1982) in
cluded transportation at above freezing temperatures fol
lowing freezing. Hamm and Masic (1975) reported on a 
method to distinguish fresh from frozen liver, and Part- 
mann (1973) examined the histological effects of different 
freezing and thawing rates. Heinz (1974) contrasted frozen- 
stored liver with fresh liver, and reported that freezing had 
no adverse effects on the use of liver in products, but that 
freezing and thawing increased the amount of drip. Smith 
et al. (1983a) found that uncut frozen beef livers had less 
drip than sliced frozen liver. Smith et al. (1983b), however, 
showed that frozen and thawed liver had less weight loss 
than did chilled liver.

The objective of this study was to measure the damage 
to liver tissue and to elucidate patterns of degradation 
during refrigerated storage and after repeated freezing and 
thawing.

MATERIALS & METHODS
W H O L E  P O R K  L I V E R S  w e re  o b t a i n e d  f r o m  a  l o c a l  s l a u g h te r h o u s e  
im m e d ia te ly  fo l l o w in g  F e d e r a l  i n s p e c t io n  a n d  r e m o v a l  o f  t h e  b i le

A u th o rs  S tran ge, Jon es, a n d  B e n e d ic t are w ith  th e  U S D A -A R S , 
Eastern R eg ion a l R esearch  C en ter, 6 0 0  E. M erm a id  L ane, P h ilade l
ph ia , PA 19118 .

d u c t  a n d  g a ll b la d d e r .  E a c h  l iv e r  w a s  d iv id e d  i n t o  s e v e n  s a m p le s  
( a p p r o x im a te ly  1 2 5 - 1 5 0 g ) .  T h e  s a m p le s  w e re  v a c u u m  p a c k a g e d  a n d  
s e a le d  w i th  a  S m i th  S u p e rV a c  in  7 X 7 s iz e d  “ IK D  A L L -V A C  13 
F B R ”  p o u c h e s .  T e m p e r a tu r e  w a s  m o n i t o r e d  b y  in s e r in g  a  Y S I 
t e m p e r a t u r e  p r o b e  i n t o  t h e  c e n t e r  o f  a  t i s s u e  s a m p le  a n d  c o n t i n u 
o u s ly  r e c o r d in g  te m p e r a tu r e s .  S a m p le s  w e re  s to r e d  a t  e i t h e r  - 2 0 ° C 
o r  + 5 ° C  w i th in  3 h r  o f  s l a u g h te r .  T h e  s a m p le  f r o m  e a c h  l iv e r  w h ic h  
w a s  a n a l y z e d  f r e s h  w a s  n o t  v a c u u m  p a c k a g e d .  A  t o t a l  o f  s ix  w h o le  
p o r k  l iv e rs  w e re  u s e d :  t h r e e  f o r  f r e e z e - th a w  c y c l in g  (F -T )  a n d  t h r e e  
f o r  r e f r i g e r a t e d  s to r a g e  (R -S ) .

F r e e z e - th a w  c y c l e d  l iv e r  s a m p le s  w e re  i n i t i a l ly  f r o z e n  f o r  7 0  h r  
a t  - 2 0 °  C  in  a  f r e e z e r - in c u b a t o r .  T h e  f r e e z e r - in c u b a t o r  w a s  t h e n  p r o 
g r a m m e d  t o  h o l d  t h e  t e m p e r a t u r e  a t  + 5 ° C  f o r  2 4  h r ,  f o l l o w e d  b y  
- 2 0 ° C  f o r  2 4  h r .  E a c h  4 8  h r  f r e e z in g - r e f r ig e r a t e d  s to r a g e  p e r io d  w a s  
d e s ig n a te d  a s  o n e  f r e e z e - th a w  c y c le .  T h is  c y c l in g  w a s  c o n t i n u e d  f o r  
11  d a y s  f o r  a  t o t a l  o f  s ix  c y c le s .  L iv e r  s a m p le s  w e re  a n a ly z e d  a t  t h e  
e n d  o f  t h e  t h a w  p o r t i o n  o f  e a c h  c y c le .

T h e  r e f r i g e r a t e d  s to r a g e  l iv e r  s a m p le s  w e r e  p la c e d  in  t h e  f r e e z e r -  
i n c u b a t o r  s e t  a t  + 5 ° C .  R e f r ig e r a t e d  s to r a g e  o f  2 4  h r  w a s  c a l le d  a 
c y c le .  F r o z e n - th a w e d  a n d  r e f r ig e r a t e d  s to r a g e  s a m p le s  w i th  t h e  s a m e  
c y c le  n u m b e r  h a v e  e q u iv a le n t  t im e  in  r e f r i g e r a t e d  s to r a g e .

L iv e r s  w e re  m o n i t o r e d  t o  a ss e ss  d r ip  f o r m a t i o n ,  n u m b e r  o f  i s o 
l a t e d  c e l ls  a n d  th e i r  v ia b i l i ty ,  a n d  p r o t e i n  c o n t e n t  o f  t h e  t i s s u e  e x 
t r a c t s .  A n a ly s is  w a s  c a r r ie d  o u t  o n  d a y  o f  s l a u g h t e r  ( f r e s h )  ( e x c e p t  
f o r  d r ip )  a n d  a f t e r  1 , 2 , 4 .  5 ,  a n d  6  F -T  o r  R -S  c y c le s .

T h e  a m o u n t  o f  d r ip  f o r m e d  a t  e a c h  c y c le  w a s  d e t e r m in e d  b y  
w e ig h in g  t h e  d r a in e d  l iv e r  s a m p le  a n d  m e a s u r in g  t h e  a m o u n t  o f  
l i q u id  l e f t  i n  t h e  p a c k a g e .  P e r c e n ta g e  d r ip  w a s  r e p o r t e d  as (v o lu m e  
l iq u id  ( m L ) /w e ig h t  d r a in e d  s a m p le  (g ) +  w e ig h t  o f  l i q u id  (g ) )  X 1 0 0 .

P h o s p h a te  b u f f e r e d  s a l in e  (P B S )  c o n t a i n e d  0 .2 g  KC1, 0 .2 g  
K H 2 P 0 4 , 2 .8 9 g  N a 2 H P 0 4  • 1 2 H 2 0 ,  a n d  7 .0 g  N a C l p e r  l i t e r  (p H
7 .4 ) .  P B S  +  0 .5  m M  E G T A  (e th y le n e g ly c o l - b i s - ( - a m in o - e th y l  e th e r )
N ,  N '- t e t r a a c e t i c  a c id )  a n d  1%  w /v  T r i t o n  X 1 0 0  in  P B S  w e r e  a lso  
p r e p a r e d .

M o d if ie d  m a g n e s iu m - f r e e  H a n k s  b a l a n c e d  s a l t  s o lu t io n  (H B S S )  
c o n t a i n e d  0 .4 g  KC1, 0 .0 6 g  K H 2 P 0 4 , 0 . 1 2g  N a 2 H P 0 4  • 1 2 H 2 0 ,  
8 .0 g  N a C l, 2 .1 9 g  N a H C 0 3 p e r  l i t e r  (p H  7 .4 )  (M o ld e u s  e t a l . ,  1 9 7 8 ) .  
T h e  0 .0 5 %  c o l la g e n a s e  T y p e  IV  (S ig m a )  -  0 .0 1 %  h y a lu r o n id a s e  
T y p e  II  (S ig m a )  s o lu t io n  w a s  p r e p a r e d  i m m e d ia t e ly  b e f o r e  u s e  in  
H B S S  +  5 m M  C a C l2 • H 2 0 .

A  f i l t e r e d  0 .5 %  t r y p a n  b lu e  s o lu t io n  in  P B S  w a s  d i lu t e d  w i th  a n  
e q u a l  v o lu m e  o f  P B S  i m m e d ia t e ly  b e f o r e  u s e .  A  2 0 0 - p L  a l i q u o t  o f  a
O. 5 %  s o lu t io n  o f  f lu o r e s c e in  d i a c e t a t e  ( F D A )  in  a c e t o n e  w a s  d i lu t e d  
w i th  P B S  t o  a  f in a l  c o n c e n t r a t i o n  o f  0 .5  p g /m L  ( R o t m a n  a n d  P a p e r -  
m a s t e r ,  1 9 6 6 ) .

C e ll i s o la t io n s  w e re  c a r r ie d  o u t  i n  d u p l i c a t e .  T h e  l iv e r  c e l l  i s o la 
t i o n  p r o c e d u r e  (F ig .  1 ) w a s  a d a p t e d  f r o m  t h a t  o f  F r y  e t a l .  ( 1 9 7 6 ) .  
T h r e e  g r a m s  o f  0 .5 -m m  th i c k  l iv e r  s l ic e s  ( a b o u t  2 0  s lic e s )  w e re  p r e 
p a r e d  w i th  a  S ta d ie -R ig g s  t i s s u e  s h e e r .  A s  e a c h  s lic e  w a s  c u t ,  i t  w a s  
p la c e d  i n t o  a  t a r e d  1 2 5 -m L  E r l e n m e y e r  f la s k  c o n ta in in g  1 0  m L  P B S . 
S l ic in g  t o o k  a b o u t  15  m in  p e r  i s o l a t i o n .  T h e  s l ic e d  l iv e r  t i s s u e  w a s  
w a s h e d  tw o  t im e s  w i th  1 0  m L  P B S  f o r  1 0  m in  e a c h  t im e .  T h e  s a m 
p le  f la s k s  w e re  p la c e d  in  a  3 7 ° C  w a t e r  b a t h  a n d  s h a k e n  a t  1 0 0  R P M  
f o r  t i s s u e  w a s h in g s  a n d  e n z y m a t i c  d ig e s t io n .  T h e  P B S  w a s  d e c a n te d  
a n d  la b e le d  P B S . W a s h in g  w a s  c o n t i n u e d  w i th  tw o  1 0 -m L  p o r t i o n s  
P B S  +  0 .5  m M  E G T A , a  C a + 2  c h e l a t in g  b u f f e r ,  f o r  1 0  m in  e a c h ,  a n d  
th i s  d e c a n t a t e  w a s  l a b e le d  P B S -E G T A . T h e  w a s h e d  liv e r  s lic e s  w e re  
t h e n  d ig e s t e d  f o r  6 0  m in  w i th  1 0  m L  e n z y m e  s o lu t io n .  A f t e r  c o m 
p l e t i o n  o f  t h e  i n c u b a t i o n ,  t h e  c e l ls  w e re  r e le a s e d  f r o m  th e  l iv e r  
t i s s u e  b y  g e n t le  a g i t a t i o n  w i th  a  s t i r r i n g  r o d  o n  a  1 0 0 -m e s h  s c r e e n  in  
a  C e l le c to r .  T h e  l iv e r  t i s s u e  in  t h e  C e l le c to r  w a s  w a s h e d  tw ic e  w i th
5 -m L  p o r t i o n s  ic e  c o ld  P B S . T is s u e  d e b r is  r e m a in in g  o n  t h e  s c r e e n  
w a s  d i s c a rd e d .  T h e  f i l t r a t e  c o n t a i n e d  th e  l iv e r  c e l ls  a n d  c e l l  d e b r is .  
C e lls  w e re  s e p a r a t e d  f r o m  t h e  c e l l  d e b r i s  b y  c e n t r i f u g a t io n  a t  8 0  X g  
f o r  5 m in  a n d  t h e  p e l le t s  w a s h e d  th r e e  t im e s  in  1 0 -m L  p o r t i o n s  c o ld  
P B S  f o r  a  t o t a l  c e n t r i f u g a t io n  t im e  o f  2 0  m in .  T h e  s u p e r n a t e  f r o m
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FR EE Z E-T H A W  AN D  R E F R IG E R A T E D  D A M A G E TO L IV E R  . . .

the pellets was saved and labeled CELL DEBRIS. The isolated cells 
were then suspended in PBS, and kept cold until counting and pro
tein determ inations were completed.

A Hausser Hy-Lite Ultra Plane hem ocytom eter was used for cell 
counting. Isolated cells were treated with FDA by adding 100 g L  of 
an appropriate dilution of the cells to 9.9 mL FDA solution. The 
fluorescing cells were counted immediately using blue excitation 
illum ination at 125X magnification. Fluorescing cells are assumed to 
have an intact cell membrane (Rotm an and Papermaster, 1966). 
Cells visible by phase contrast microscopy also were counted in the 
same hem ocytom eter chamber at the same magnification.

Isolated cells were stained with trypan blue by adding 100 p h  of 
an appropriate dilution of the cell suspension to 9.9 mL trypan 
solution. After staining for 1 min, cells were counted under bright 
field illumination and then under phase contrast. Viable cells with 
an in tact cell membrane exclude trypan (Patterson, 1979). Phase 
counts were reported as num ber of cells X 107/3g liver tissue and 
the ratios o f FDA count-to-phase count and of trypan count-to- 
phase count were calculated and reported. All round particles visible 
in the microscope field were counted.

Biuret protein determinations were perform ed on all extracts 
and isolated cell fractions. Isolated cell fractions were solubilized 
with 1% Triton X100 before biuret determination. A biuret protein 
standard (bovine serum albumin) was run daily.

For histologic examination, tissue samples were fixed in pH 7, 
0.08M PO4 buffered, 10% formalin before sectioning with a freezing 
microtome. The 20 micron sections were stained with hematoxylin 
and eosin, m ounted, and photographed at 50X with a Nikon Opti- 
photo  microscope.

Differences in means of parameters measured were evaluated by
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Fig. 1—F lo w  diagram  fo r  c e ll iso la tio n  p ro c ed u re . F raction s u n d er
lin e d  w ere m ea su red  fo r p r o te in  co n te n t.

RESULTS & DISCUSSION
T H E  T E M P E R A T U R E  V S  T I M E  c u r v e  f o r  t y p i c a l  4 8 - h r  

f r e e z e - t h a w  c y c l e  i s  s h o w n  ( F i g .  2 ) .  T h e  t i m e  f o r  s a m p l e  
f r e e z i n g  o r  t h a w i n g  v a r i e d  w i t h  s a m p l e  s i z e ,  a n d  t h e  s l o p e  
o f  t h e  l i n e  g e n e r a t e d  b y  m o n i t o r i n g  t h e  t e m p e r a t u r e  o f  l i v e r  

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

r e a c h e d  —2  C  b e c a u s e  o f  t h e  p h a s e  c h a n g e  o f  l i q u i d  H 2 0  t o  
i c e .  T h e  t i m e  a t  - 7  C  w a s  e x t e n d e d  d u r i n g  t h e  t h a w i n g  

p o r t i o n  b e c a u s e  o f  a  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 t i a l  b e 

t w e e n  s a m p l e  a n d  a m b i e n t  t e m p e r a t u r e s .  H a m m  e t  a l .

( 1 9 8 2 )  r e p o r t e d  t h a t  s u p e r - c o o l i n g  e f f e c t s  w e r e  p o s s i b l e  
d u r i n g  t h e  f r e e z i n g  o f  m e a t  p r o d u c t s  a n d  c a u s e d  a n  i n c r e a s e  

i n  t h e  o v e r a l l  r a t e  o f  f r e e z i n g .  W e  f o u n d  n o  e v i d e n c e  f o r  
t h i s  e f f e c t  i n  t h e  m o n i t o r i n g  o f  o u r  s a m p l e s  ( F i g .  2 ) .

P e r c e n t  d r i p  i n c r e a s e d  f o r  b o t h  F - T  a n d  R - S  l i v e r s  a n d  
h a d  a  s i g n i f i c a n t  l i n e a r  r e l a t i o n s h i p  w i t h  c y c l i n g  ( T a b l e  1 ) .  

W h i l e  f r e e z e - t h a w  c y c l i n g  p r o d u c e d  m o r e  d r i p  t h a n  r e 
f r i g e r a t e d  s t o r a g e ,  t h e s 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  d i f f e r e n c e s  b e t w e e n  f r e s h  a n d  F - T  l i v e r ,  h o w e v e r ,  w e r e  
s i g n i f i c a n t  a t  c y c l e s  4 ,  5 ,  a n d  6 ,  a n d  t h e  d i f f e r e n c e s  b e 

t w e e n  f r e s h  l i v e r  a n d  R - S  l i v e r  w e r e  s i g n i f i c a n t  a t  c y c l e  1 
( T a b l e  1 ) .  S m i t h  e t  a l .  ( 1 9 8 3 b )  s h o w e d  t h a t  f r o z e n - t h a w e d  
w h o l e  b e e f  l i v e r s  h a d  l e s s  w e i g h t  l o s s  t h a n  d i d  c h i l l e d  l i v e r s .  
H o l d i n g  t i m e  f o r  c h i l l e d  l i v e r s  w a s  1 5 . 5  d a y s ,  a n d  t h e  f r o 

z e n - t h a w e d  l i v e r s  w e r e  f r o z e n  o n l y  o n c e .  W e i g h t  l o s s  f r o m  
d r i p  i n c r e a s e d  a s  a  f u n c t i o n  o f  h o l d i n g  t i m e  a n d  d r i p  f r o m  
F - T  c y c l e  1 w a s  l e s s  t h a n  d r i p  f r o m  R - S  c y c l e  6  ( 3 . 1 %  v s  

5 . 7 % ) .

T h e  c e l l  i s o l a t i o n  p r o c e d u r e  ( F i g .  1 )  i n v o l v e d  s t e p w i s e  

d e t a c h m e n t  o f  t h e  c e l l s  f r o m  e a c h  o t h e r  a n d  f r o m  t h e  c o l l a 
g e n  m a t r i x  w h i c h  s u r r o u n d s  t h e  c e l l s .  T h e  P B S  w a s h  r e 

m o v e d  p r o t e i n  n o t  t i g h t l y  h e l d  w i t h i n  t h e  l i v e r  s t r u c t u r e .  
T h e  P B S - E G T A  w a s h  d i s r u p t e d  t h e  d e s m o s o m e s ,  p a r t  o f

the “t” test described in Steel and Torrie (1980). Linear cycling
effects were determined by analysis of variance using a general linear
models procedure. Significance was tested at the p < 0.05 level.

SAMPLE TEMP.

Fig. 2 —T em pera tu res du rin g  a ty p ic a l 4 8 -h r  f re e z e - th a w  cyc le .

T able 1—M ean p e r c e n t  d r ip  a n d  s ta n d a rd  d ev ia tio n s  fo r  fre e ze - th a w  (F-T) (N  =  3 )  a n d  re fr ig era to r  s to r e d  (Ft-SI (N  =  3 )  livers

Fresh 
%  (S.D)

Cycle 1 
%  (S.D.)

Cycle 2 
%  (S.D.)

Cycle 4 
%  (S.D.)

Cycle 5 
%  (S.D.)

Cycle 6 
%  (S.D.)

F -T *a 0 b 3.1 (2.1) 5.5 (3.6) 8.9 (2.4)*c 11.4 (5.3)* 10.5 (4.8)*
R-S* 0 1.9 (0.9)*d 2.7 (2.7) 3.4 (3.7) 5.9 (4.6) 5.7 (5.6)

N.S.e N.S. N.S. N.S. N.S.

? *  P <  0 .05  fo r  the  F  va lue from  an a ly s is  o f  variance fo r  the  linear effect o f cyc le  on  percent drip.
D Percent d rip  fo r  fresh  liver defined  as 0.
S *  P ro b a b ility  of a larger value o f t <  0 .05  fo r  d iffe rences in percent d rip  between fresh  and  F -T  livers.
e *  P ro b a b ility  of a larger va lue of t <  0 .05  fo r  d iffe rence s in percent d rip  betw een fresh  and  R -S  liver.

N .S. —  not s ign ific an t —  p ro b a b ility  of a larger va lue o f t >  0 .05  fo r  d iffe rences in d r ip  betw een F -T  and  R -S  livers.
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t h e  t i s s u e  s t r u c t u r e  i n v o l v e d  i n  c e l l - t o - c e l l  a d h e s i o n  ( S e g l e n ,

1 9 7 9 ) .  T h e  P B S - E G T A  f r a c t i o n  c o n t a i n e d  p r o t e i n  n o t  
r e m o v e d  b y  t h e  f i r s t  P B S  w a s h  p l u s  p r o t e i n s  w h i c h  w e r e  
s o l u b i l i z e d  o r  l o o s e n e d  b y  C a + 2  c h e l a t i o n .  T h e  e n z y m a t i c  
d i g e s t i o n  l o o s e n e d  t h e  c o l l a g e n  s u r r o u n d i n g  t h e  c e l l  a n d  
s o m e  i n t e r c e l l u l a r  j u n c t i o n s .  A g i t a t i o n  o n  t h e  C e l l e c t o r  
s c r e e n  d e s t r o y e d  t h e  g a p  a n d  t i g h t  j u n c t i o n s  b e t w e e n  t h e  

c e l l s  ( V a n  D e  W e r v e ,  1 9 8 0 ) .  T h e  c e l l  d e b r i s  c o n t a i n e d  
m a t t e r  w h i c h  d i d  n o t  s e d i m e n t  a t  8 0  X  g ,  a n d  t h e  c e l l  f r a c 
t i o n  c o n t a i n e d  t h e  i s o l a b l e  c e l l s  i n  3 g  l i v e r .  C e l l  p r o t e i n  w a s  

t h e  p r o t e i n  i n  t h e  i s o l a b l e  c e l l  f r a c t i o n  a n d  t o t a l  p r o t e i n  
w a s  t h e  p r o t e i n  r e c o v e r e d  i n  t h e  t i s s u e  f r a c t i o n a t i o n  
s c h e m e .

T a b l e s  2  a n d  3  p r e s e n t  d a t a  o b t a i n e d  f r o m  t h e  c e l l  i s o l a 
t i o n  p r o c e d u r e  p e r f o r m e d  o n  f r e s h ,  f r e e z e - t h a w  ( F - T )  a n d  

r e f r i g e r a t o r  s t o r e d  ( R - S )  l i v e r s .  F - T  f r e s h  l i v e r s  w e r e  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  R - S  f r e s h  l i v e r s  o n l y  i n  t h e  p h a s e  

c o u n t - n u m b e r  o :  c e l l s  i s o l a t e d  ( T a b l e s  2  a n d  3 ) .  L i v e r s  u s e d  
i n  t h e  R - S  s t u d y  y i e l d e d  s i g n i f i c a n t l y  h i g h e r  n u m b e r s  o f  
c e l l s  b e c a u s e  t h e y  c o n t a i n e d  c o n s i d e r a b l y  m o r e  r e d  b l o o d  

c e l l s  ( f o r  u n k n o w n  r e a s o n s )  i n  t h e  i s o l a t e d  c e l l  f r a c t i o n  t h a n  
t h e  l i v e r s  u s e d  i n  t h e  F - T  s t u d y .  T h e s e  r e d  b l o o d  c e l l s  w e r e  

i n c l u d e d  i n  t h e  c o u n t s  s i n c e  t h e y  w e r e  i d e n t i f i a b l e  o n l y  b y  

s i z e  w i t h  t h e  m a g n i f i c a t i o n  u s e d ,  a n d  n o n p a r e n c h y m a l  l i v e r  
c e l l s  o f  a  s i m i l a r  s i z e  e x i s t  ( H o m m a  e t  a l . ,  1 9 8 2 ) .

T h e  r e l a t i o n s h i p  b e t w e e n  c e l l  c o u n t  a n d  c e l l  p r o t e i n  c o n 
t e n t  i s  s h o w n  i n  F i g .  3 .  T h e  l i v e r s  u s e d  f o r  t h e  F - T  s t u d i e s  

h a d  a  h i g h e r  p r o t e i n  c o n t e n t  p e r  c e l l  t h a n  d i d  t h e  l i v e r s  
u s e d  f o r  t h e  R - S  s t u d i e s ,  i n d i c a t i n g  t h a t  t h e  R - S  l i v e r s  c o n 
t a i n e d  l a r g e r  n u m b e r s  o f  s m a l l e r  c e l l s .

T h e  n u m b e r  o f  i s o l a t e d  c e l l s  ( p h a s e - c o u n t )  s h o w e d  a  
s i g n i f i c a n t  l i n e a r  d e c r e a s e  a s  s t o r a g e  t i m e  o r  c y c l e  n u m b e r

b e t w e e n  t h e  n u m b e r  o f  c e l l s  i s o l a t e d  f r o m  f r e s h  l i v e r  a n d  

F - T  l i v e r ,  a n d  f r o m  f r e s h  l i v e r  a n d  R - S  l i v e r  w e r e  s i g n i f i c a n t  

a f t e r  4 ,  5 ,  a n d  6  c y c l e s .  T h e  n u m b e r  o f  c e l l s  i s o l a t e d  f r o m  

F - T  l i v e r s  w e r e  a l w a y s  s i g n i f i c a n t l y  s m a l l e r  t h a n  t h e  n u m b e r  

i s o l a t e d  f r o m  R - S  l i v e r s  ( T a b l e  2 ) .  B e c a u s e  t h e  R - S  g r o u p  o f  
l i v e r s  h a d  h i g h e r  c e l l  c o u n t s  w h e n  f r e s h ,  t h e  i m p o r t  o f  t h e  
d i f f e r e n c e s  b e t w e e n  F - T  a n d  R - S  is  u n c l e a r .

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

c e l l s  w a s  c a l c u l a t e d  a s  a  r a t i o  o f  n u m b e r  o f  c e l l s  o b t a i n e d  
f r o m  s t o r e d  l i v e r s  t o  n u m b e r  o f  c e l l s  o b t a i n e d  f r o m  f r e s h  
l i v e r s  ( T a b l e  2 ) .

R e l a t i v e  y i e l d s  o f  t h e  i s o l a b l e  c e l l s  s h o w e d  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  a l l  t h r e e  t y p e s  o f  c o m p a r i s o n s .  F - T  l i v e r s  
h a d  s i g n i f i c a n t l y  s m a l l e r  r a t i o s  t h a n  f r e s h  l i v e r  b y  c y c l e  2 ,  

b u t  t h e  R - S  l i v e r s  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  u n t i l  
c y c l e  5 .  T h e  r e l a t i v e  y i e l d  o f  i s o l a b l e  c e l l s  f r o m  F - T  l i v e r  

w a s  a l w a y s  l e s s  t h a n  f r o m  R - S  l i v e r  a n d  w a s  s i g n i f i c a n t l y  
d i f f e r e n t  f o r  c y c l e s  4  a n d  5 .

C e l l  p r o t e i n  s h o w e d  a  s i g n i f i c a n t  l i n e a r  d e c r e a s e  a s  c y c l e  

n u m b e r  i n c r e a s e d  f o r  b o t h  F - T  a n d  R - S  l i v e r s  ( T a b l e  3 ) .  
C e l l  p r o t e i n  o f  F - T  l i v e r  w a s  s i g n i f i c a n t l y  l o w e r  t h a n  f r e s h  

l i v e r  a n d  R - S  l i v e r  f o r  a l l  c y c l e s .  H o w e v e r ,  c e l l  p r o t e i n  o f  
R - S  l i v e r  w a s  s i g n i f i c a n t l y  s m a l l e r  t h a n  f r e s h  l i v e r  a t  c y c l e  
6  o n l y  ( T a b l e  3 ) .

D i f f e r e n c e s  i n  p h a s e  c o u n t ,  r e l a t i v e  y i e l d  r a t i o s ,  a n d  c e l l  
p r o t e i n  i n d i c a t e d  t h a t  f r e e z i n g  a n d  t h a w i n g  d e s t r o y  t h e  

l i v e r  c e l l  m u c h  m o r e  r a p i d l y  a n d  t o  a  g r e a t e r  e x t e n t  t h a n  
r e f r i g e r a t e d  s t o r a g e .  E a c h  f r e e z i n g  a n d  t h a w i n g  c y c l e  d e 

s t r o y e d  2 0 %  o f  t h e  r e m a i n i n g  i s o l a b l e  l i v e r  c e l l s  s o  t h a t  
a f t e r  s i x  f r e e z i n g  a n d  t h a w i n g  c y c l e s  o n l y  2 5 %  o f  t h e  l i v e r  

c e l l s  r e m a i n  i n t a c t .  H o w e v e r ,  t h e  i n c r e a s e  i n  t h e  a m o u n t  o f
i n c r e a s e d  f o r  b o t h  F - T a n d  R - S  l i v e r s .  T h e d i f f e r e n c e s  d r i p f o r m e d  d u r i n g  f r e e z i n g  a n d  t h a w i n g w a s  m u c h  l e s s

T able 2 —M eans a n d  s ta n d a rd  d ev ia tio n s  o f  p a ra m e te rs  m ea su red  on  is o la te d  ce lls  fo r free ze -th a w  (F-T) (N  = 3 ) a n d  re fr ig era to r  s to r e d  (R-S) 
(N  =  3 ) livers

Fresh Cycle 1 Cycle 2 Cycle 4 Cycle 5 Cycle 6
Phase count — number (#) of cells Isolated x 107/3g of liver tissue

# (S.D.) # (S.D.) # (S.D.) # (S.D.) # (S.D.) # (S.D.)
F-T*3 32.5 (22.3) 
R-S* 129.2 (27.4)

25.2 (16.5) 
127.7 (12.5)

19.8 (12.7) 
104.2 (12.6)

9.3 (2.5)*b 
99.9 (14.9)*c

6.4 (1.4)* 7.8 (4.0)* 
81.1 (25.0)* 62.8 (13.6)*

*d * * * * *

Relative yield of Isolable cells®
Ratio (S.D.) Ratio (S.D.) Ratio (S.D.) Ratio (S.D.) Ratio (S.D.) Ratio (S.D.)

F-Tf 1.00 (0) 
R-Sf 1.00 (0)

0.814 (0.619) 
1.031 (0.276)

0.623 (0.214)*b 
0.844 (0.244)

0.394 (0.204)* 
0.793 (0.145)

0.295 (0.190)* 
0.617 (0.066) *c

0.267 (0.064)* 
0.511 (0.153)*

N.S.9 N.S. N.S. *d * N.S.

FDA/phase counts ratlosh
F-T 0.542 (0.272) 
R-S 0.638 (0.120)

0.615 (0.295) 
0.672 (0.071)

0.576 (0.147) 
0.612 (0.073)

0.677 (0.155) 
0.548 (0.123)

0.716 (0.145) 
0.492 (0.111)

0.665 (0.220) 
0.610 (0.146)

N.S.9 N.S. *d NS * N.S.

Trypan/phase counts ratios1
F-T*a 0.676 (0.098) 
R-S*a 0.592 (0.085)

0.686 (0.087) 
0.766 (0.067)*c

0.732 (0.089) 
0.771 (0.048)*

0.816 (0.103)*b 
0.729 (0.045)*

0.886 (0.034)* 
0.741 (0.016)*

0.837 (0.134)* 
0.738 (0.049)*

N.S.9 N.S. N.S. NS *d N.S.
a *  p <  0 .05  fo r  the  F  value from  an a ly s is  o f  variance fo r the  linear effect o f cyc le  on  param eter m easured. 
b *  P rob ab ility  o f a larger value o f  t <  0 .05  fo r  the  d iffe rence s in  param eter m easured  betw een fresh  and  F -T  livers.

P rob ab ility  o f  a larger value of t <  0 .05  fo r  the  d iffe rences in  param eter m easured  betw een  fresh  and  R -S  livers.
d *  P rob ab ility  o f  a larger va lue o f t <  0 .05  fo r  the  d iffe rence s in param eter m easured  betw een F -T  and  R -S  livers.
® R a tio  o f the  n um b e r o f cells iso lated  at the  specified  cyc le  to  the  n um b e r o f  cells iso lated w h en  the  sam e liver w as fresh.

A n a ly s is  o f variance fo r linear effect not done.
j! N .S. —  not s ign ifican t —  p ro b a b ility  o f a larger va lue o f t >  0 .05  fo r  the  d iffe rence s in param eter m easured  betw een  F -T  and  R -S  livers. 
d R a tio  o f  the  n um b er o f  cells v is ib le  w h en  view ed w ith  fluo re scen t il lu m in a t io n  and  sta ined w ith  F D A  to  the  n um b e r o f cells v is ib le  under 

phase contrast il lu m in a t ion .
1 R a tio  o f  the  n um b er o f cells v is ib le  w h en  view ed under b righ t field  illu m in a t ion  and  sta ined  w ith  T ry p a n  B lu e  to  the  n um b e r o f cells v is ib le  

under phase contra st illu m in a t ion .
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T able 3 - M e a n s  a n d  s ta n d a rd  d ev ia tio n s  o f  p ro te in  c o n te n t  o f  iso la te d  cells a n d  o f  tissu e e x tr a c ts  fo r  fre e ze - th a w  (F-T) (N  -  3 ) a n d  re fr ig e ra to r  
s to r e d  (R-S) (N  = 3 ) livers

Fresh 
mg (S.D.)

Cycle 1 
mg (S.D.)

Cycle 2 
mg (S.D.)

Cycle 4 
mg (S.D.)

Cycle 5 
mg (S.D.)

Cycle 6 
mg (S.D.)

Cell protein3
F -T *b
R -S *b

177 (51) 
246 (93)

97 (16)*c 
266 (72)

75 (45)* 
260 (69)

37 (8)* 
193 (20)

34 (3)* 
207 (97)

38 (14)* 
157 (19 ) *d

N.S.e *f * * * *

PBS protein3
F-T
R -S *b

228 (8) 
233 (28)

357 (75 )*c 
240 (25)

309 (46)* 
245 (24)

275 (37)* 
288 (65)*d

271 (37)* 
286 (17)*

233 (40) 
358 (50)*

N.S.e • f * N.S. N.S. *

PBS-EG TA  protein3
F -T *b
R -S *b

50 (2) 
44 (7)

89 (4 )*c 
60 (10)

93 (10)* 
45 (8)

82 (6)*
79 (20)*d

99 (9)* 
72 (5)*

110 (2)* 
75 (9)*

N.S.e *f * N.S. * *

Cell debris protein3
F -T *b
R-S

284 (44) 
221 (76)

280 (10) 
216 (47)

258 (54) 
187 (149)

226 (34)*c 
181 (68)

214 (4)* 
172 (65)

205 (15)* 
190 (84)

N.S.e N.S. N.S. N.S. N.S. N.S.

Total protein9
F-Th
R -Sh

713 (33) 
730 (55)

809 (31 ) * c 
767 (40)

722 (37) 
724 (74)

606 (22)* 
726 (42)

604 (18)* 
723 (55)

572 (19)* 
766 (42)

N.S.® N.S. N.S. *f * *

? Protein measured by biuret reaction.
0 *  p <  0.05 for the F value from analysis of variance for the linear effect of cycle on parameter measured.
‘V* Probability of a larger value of t <  0.05 for the differences in parameter measured between fresh and F-T livers.
d * Probability of a larger value of t <  0.05 for the differences in parameter measured between fresh and R-S livers.
?  N.S. — not significant — probability of a larger value of t >  0.05 for the differences in parameter measured between F-T and R-S livers.
'*  Probability of a larger value of t <  0.05 for the differences in parameter measured between F-T and R-S livers.
9 Calculated by summing the protein measurements made on the individual fractions that were isolated. Standard deviation determined by 
. taking the square root of the sum of the variances and dividing by the number of fractions. 
n Analysis of variance for linear effect not done.

t h a n  w o u l d  b e  e x p e c t e d  i f  d r i p  c o n t a i n e d  m o s t  o f  t h e  e x u 
d a t e  f r o m  t h e  d e s t r o y e d  c e l l s .  B o t h  s t o r a g e  r e g i m e s  e v e n 
t u a l l y  d e s t r o y e d  t h e  l i v e r  c e l l  t o  t h e  e x t e n t  t h a t  i t  c o u l d  n o  
l o n g e r  b e  i s o l a t e d  b y  e n z y m a t i c  t e c h n i q u e s .

V i a b i l i t y  o f  t h e  i s o l a t e d  l i v e r  c e l l s  w a s  e s t i m a t e d  b y  t w o  
m e t h o d s :  F D A / p h a s e  c o u n t  r a t i o  a n d  t r y p a n / p h a s e  c o u n t  

r a t i o .  B o t h  m e t h o d s  i n d i c a t e d  t h a t  a p p r o x i m a t e l y  5 0 %  o f  
t h e  i s o l a t e d  c e l l s  f r o m  f r e s h  l i v e r  w e r e  v i a b l e .

T h i s  v i a b i l i t y  w a s  l o w e r  t h a n  t h a t  r e p o r t e d  b y  F r y  e t  a l .
( 1 9 7 6 )  b e c a u s e  o f  a u t o l y t i c  d a m a g e  w h i c h  b e g i n s  a t  s l a u g h 
t e r .  T h e  t i m e  e l a p s e d  f r o m  s l a u g h t e r  t o  v i a b i l i t y  m e a s u r e 

m e n t s  i n  F r y ’s  s t u d y  w a s  a b o u t  2  h r ,  w h i l e  i n  t h i s  s t u d y  i t  

w a s  a t  l e a s t  6  h r .
A s  t h e  p r o p o r t i o n  o f  v i a b l e  c e l l s  d e c r e a s e s  t h e  F D A /  

p h a s e  c o u n t  r a t i o  s h o u l d  d e c r e a s e  a n d  t h e  t r y p a n / p h a s e  
c o u n t  r a t i o  s h o u l d  i n c r e a s e .  H o w e v e r ,  t h e  F D A / p h a s e  c o u n t  
r a t i o s  v a r i e d  r a n d o m l y  w i t h  c y c l e  n u m b e r ,  a n d  r a t i o s  d i f 
f e r e d  s i g n i f i c a n t l y  i n  o n l y  2  o f  t h e  1 6  c o m p a r i s o n s  t e s t e d  
( T a b l e  2 ) .  T h i s  l a c k  o f  s i g n i f i c a n t  f i n d i n g s  o n  c h a n g e s  i n  t h e  
v i a b i l i t y  o f  t h e  i s o l a t e d  c e l l s  a s  m e a s u r e d  b y  t h e  u p t a k e  i n  
F D A  m a y  r e s u l t  b e c a u s e  a s  t h e  n u m b e r  o f  f l u o r e s c e i n - c o n 
t a i n i n g  ( v i a b l e )  c e l l s  d e c r e a s e d ,  t h e  n a t u r a l l y  f l u o r e s c e n t  
c e l l s  b e c a m e  m o r e  v i s i b l e .  B o t h  p o p u l a t i o n s  o f  c e l l s  w e r e  
c o u n t e d  a s  v i a b l e ,  c a u s i n g  r a n d o m  v a r i a t i o n s  i n  F D A / p h a s e  
c o u n t  r a t i o s .

V i a b i l i t y  o f  t h e  c e l l s  d i d  d e c r e a s e  d u r i n g  F - T  a n d  R -S  
s t o r a g e .  T h e  t r y p a n / p h a s e  c o u n t  r a t i o  s h o w e d  a  s i g n i f i c a n t  
l i n e a r  i n c r e a s e  a s  c y c l e  n u m b e r  i n c r e a s e d  f o r  b o t h  F - T  a n d  
R - S  l i v e r s  ( T a b l e  2 ) .  F - T  t r y p a n / p h a s e  c o u n t  r a t i o s  a r e  
s i g n i f i c a n t l y  h i g h e r  t h a n  f r e s h  a t  c y c l e s  4 ,  5 ,  a n d  6  a n d  R -S  
t r y p a n / p h a s e  c o u n t  r a t i o s  a r e  s i g n i f i c a n t l y  h i g h e r  a t  a l l  
c y c l e s  ( T a b l e  2 ) .  T h e  o n l y  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  
F - T  a n d  R - S  t r y p a n / p h a s e  c o u n t  r a t i o s  w a s  a t  5  c y c l e s .
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R -S  a n d  F - T  s t o r a g e  a f f e c t e d  t h e  v i a b i l i t y  o f  i s o l a b l e  l i v e r  

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

c l u s i o n  i n  o t h e r s  d u r i n g  t h e  f i r s t  t w o  F - T  c y c l e s .  B y  c y c l e  4 ,  

v i a b i l i t y  o f  s u r v i v i n g  c e l l s  w a s  s i g n i f i c a n t l y  d e c r e a s e d .  R - S  
s t o r a g e ,  h o w e v e r ,  w h i l e  n o t  d e s t r o y i n g  t h e  c e l l s ,  c a u s e d  

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

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

t i s s u e  w h e r e  p r o t e i n a c e o u s  m a t e r i a l  w a s  r e t a i n e d  i n  t h e  
t i s s u e  s a m p l e d ,  b u t  w a s  e a s i l y  r e m o v e d  b y  w a s h i n g  w i t h  

P B S .  T h e  P B S  p r o t e i n  f r a c t i o n  d i d  n o t  v a r y  w i t h  c y c l e  
n u m b e r  i n  a  l i n e a r  m a n n e r  f o r  F - T  l i v e r s  b u t  d i d  f o r  R - S  
l i v e r s  ( T a b l e  3 ) .  F - T  l i v e r  h a d  s i g n i f c a n t l y  h i g h e r  a m o u n t s  
o f  e a s i l y  r e m o v e d  p r o t e i n  t h a n  f r e s h  l i v e r  f o r  a l l  c y c l e s  b u t  
c y c l e  6 .  D a m a g e  c a u s e d  b y  o n e  f r e e z e - t h a w  c y c l e  w a s  
d e m o n s t r a t e d  b y  t h e  i n c r e a s e  i n  t h e  a m o u n t  o f  P B S  p r o t e i n  
i s o l a t e d  a t  o n e  c y c l e .  T h e  d e c r e a s i n g  a m o u n t s  o f  P B S  p r o 
t e i n  d u r i n g  e x t e n d e d  F - T  c y c l i n g  i n d i c a t e d  c h a n g e s  i n  t h e  
t i s s u e  s a m p l e d .

D a m a g e  t o  t h e  l i v e r  t i s s u e ,  a s  s h o w n  b y  P B S  p r o t e i n  
c h a n g e s ,  d u r i n g  R - S  f o l l o w e d  a  d i f f e r e n t  p a t t e r n  t h a n  d u r 
i n g  F - T .  T h e  i n c r e a s e  i n  t h e  P B S  p r o t e i n  f r o m  R - S  l i v e r s  d i d  
n o t  o c c u r  u n t i l  c y c l e  4  a n d  t h e  m a x i m u m  o c c u r r e d  a t  c y c l e

6 .  M a x i m u m  d e s t r u c t i o n  o f  c e l l s  i n  R - S  l i v e r s  a l s o  o c c u r r e d  
a t  c y c l e  6  s u g g e s t i n g  t h a t ,  f o r  R - S  l i v e r s ,  t h e  m a t e r i a l  f r o m  
t h e  d e s t r o y e d  c e l l s  i s  r e m o v e d  i n  t h e  P B S  w a s h e s  r a t h e r  
t h a n  c o n t r i b u t i n g  t o  t h e  d r i p .

D a m a g e  t o  c e l l - c e l l  a d h e s i o n  m e c h a n i s m s  w a s  d e m o n 
s t r a t e d  b y  s i g n i f i c a n t  l i n e a r  i n c r e a s e s  i n  p r o t e i n  c o n t e n t  o f  

P B S - E G T A  a s  t h e  c y c l e  n u m b e r  i n c r e a s e d  f o r  b o t h  F - T  a n d  

R - S  l i v e r s .  F - T  l i v e r s  h a d  s i g n i f i c a n t l y  h i g h e r  a m o u n t s  o f



Fig. 3 —R ela tio n sh ip  b e tw e e n  c e ll  c o u n t a n d  c e ll  fra c tio n  p r o te in  
c o n te n t. L ea st squ ares f i t  fo r  fre e ze - th a w  liver  da ta , r  =  0 .7 3 . L ea st  
squ ares f i t  fo r  re fr ig e ra ted  s to r e d  liver, r  =  0 .6 6 .

p r o t e i n  e x t r a c t e d  b y  P B S - E G T A  t h a n  f r e s h  l i v e r  t h r o u g h 
o u t  t h e  s t o r a g e ,  a n d  R - S  l i v e r s  h a d  s i g n i f i c a n t l y  h i g h e r  
a m o u n t s  o f  p r o t e i n  r e m o v e d  a f t e r  c y c l e s  4 ,  5 ,  a n d  6  t h a n  
f r e s h  l i v e r  ( T a b l e  3 ) .  P B S - E G T A  e x t r a c t e d  s i g n i f i c a n t l y  
m o r e  p r o t e i n  f r o m  F - T  t h a n  f r o m  R - S  a t  c y c l e s  1 ,  2 ,  5 ,  a n d  
6  ( T a b l e  3 ) .  A d h e s i o n  m e c h a n i s m s  w e r e  d a m a g e d  e i t h e r  b y  

t h e  f o r m a t i o n  o f  i n t e r c e l l u l a r  i c e  a n d  c o n c o m i t a n t  o s m o t i c  
s h r i n k a g e  o f  t h e  c e l l s  i n  t h e i r  s u p p o r t i n g  n e t w o r k  o f  c o l l a 

g e n ,  o r  b y  t h e  m e c h a n i c a l  s t r e s s  o f  t h e  i n t e r c e l l u l a r  i c e .  
P a r t m a n n  ( 1 9 7 3 )  n o t e d ,  i n  a  h i s t o c h e m i c a l  s t u d y ,  t h a t  
g r o u p s  o f  l i v e r  c e l l s  w e r e  p r e s s e d  a p a r t  b y  t h e  f o r m a t i o n  o f  

i n t e r c e l l u l a r  i c e .

T h e  a m o u n t  o f  c e l l  d e b r i s  p r o t e i n  d e c r e a s e d  s i g n i f i c a n t l y  
d u r i n g  c y c l i n g  f o r  F - T  l i v e r s .  H o w e v e r ,  t h e  d i f f e r e n c e s  i n  
c e l l  d e b r i s  p r o t e i n  b e t w e e n  F - T  a n d  R - S  l i v e r s ,  a n d  f r e s h  
a n d  R - S  l i v e r s  w e r e  n o t  s i g n i f i c a n t  ( T a b l e  3 ) .

T h e  t o t a l  p r o t e i n  r e c o v e r e d  d e c r e a s e d  d u r i n g  s t o r a g e  f o r  
F - T  l i v e r  a n d  r e m a i n e d  a b o u t  t h e  s a m e  f o r  R - S  l i v e r  ( T a b l e

3 ) .  T h e  t o t a l  p r o t e i n  r e c o v e r e d  i n  t h e  i s o l a t i o n  p r o c e d u r e  

w a s  s i g n i f i c a n t l y  l o w e r  f o r  F - T  l i v e r  t h a n  f o r  R - S  l i v e r  a n d  
f o r  F - T  l i v e r  t h a n  f o r  f r e s h  l i v e r  a f t e r  4 ,  5 ,  a n d  6  c y c l e s .  E x 
t e n s i v e  d a m a g e  t o  t h e  c e l l u l a r  p o r t i o n  o f  t h e  t i s s u e  d u r i n g  
F - T  c a u s e d  a n  i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  c o n n e c t i v e  

t i s s u e ,  p r i n c i p a l l y  c o l l a g e n  ( d i s c a r d e d  a s  t i s s u e  d e b r i s  i n  t h e  
c e l l  i s o l a t i o n  p r o c e d u r e ) ,  i n  t h e  t i s s u e  s a m p l e d .  A n  i n c r e a s e  

i n  t h e  a m o u n t  o f  a  g e l a t i n o u s  s u b s t a n c e  e x t r u d e d  d u r i n g  
t i s s u e  s l i c i n g  w a s  n o t e d  a s  t h e  n u m b e r  o f  f r e e z e - t h a w  c y c l e s  
i n c r e a s e d ,  a n d  t h e r e  w a s  a  g r a d u a l  i n c r e a s e  i n  t h e  n u m b e r  o f  
s l i c e s  o f  t i s s u e  n e e d e d  t o  o b t a i n  3 g  o f  s a m p l e .  T h i s  e x t e n 

s iv e  d e s t r u c t i o n  o f  c e l l s ,  b u t  n o t  t h e  c o l l a g e n  n e t w o r k  

w h i c h  s u r r o u n d s  a n d  s u p p o r t s  t h e  c e l l s ,  m a y  h a v e  a n  e f f e c t  
o n  t h e  t e x t u r e  o f  t h e  f r o z e n  l i v e r .  T h e  e f f e c t  o f  f r e e z i n g  o n  
t h e  t e x t u r e  o f  l i v e r  i s  n o t  k n o w n .  T h e r e  w e 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 h e n  t o t a l  p r o t e i n  r e c o v e r e d  f r o m  f r e s h  l i v e r

Fig. 4 —H em a to x ly ln  a n d  eo sln  s ta in e d  liv e r  se c tio n s . A  — L iv e r  se c 
tio n , Fresh; B — L iv e r  s e c tio n , A f te r  s ix  c y c le s  o f  re fr ig e ra ted  
sto ra g e; C  — L iver s e c tio n . A f te r  s ix  fre e z e - th a w  c y c le s ;O C ollagen  
m a tr ix ;  L arge sp a ces b e tw e e n  ce lls  n o t  p r e s e n t  In fresh  Uver.

w a s  c o m p a r e d  w i t h  t h e  t o t a l  p r o t e i n  r e c o v e r e d  f r o m  t h e  
R - S  l i v e r  ( T a b l e  3 ) .

F i g .  4  s h o w s  t h e  c h a n g e s  i n  t h e  h i s t o l o g y  o f  t h e  l i v e r  
d u r i n g  s t o r a g e .  T h e  c o l l a g e n  c a g e  s u r r o u n d i n g  t h e  l o b u l e  o f  

t h e  l i v e r  r e m a i n e d  i n t a c t  d u r i n g  b o t h  R - S  a n d  F - T .  T h e  l i v e r  
c e l l s  i n  t h e  R - S  l i v e r  w e r e  p a r t i a l l y  d e s t r o y e d  a n d  t h e  s p a c e s  
b e t w e e n  t h e  c h o r d s  o f  t h e  c e l l s  w e r e  e n l a r g e d .  T h e  m i c r o 
g r a p h  o f  t h e  F - T  l i v e r  s h o w s  m u c h  m o r e  e x t e n s i v e  d a m a g e  
t o  t h e  c e l l u l a r  p o r t i o n  o f  t h e  l i v e r .  T a r g e  a r e a s  o f  t h e  l o b u l e  
h a d  n o  c e l l s  p r e s e n t ,  a n d  t h e  c e l l s  t h a t  a r e  p r e s e n t  h a d  
d i s t o r t e d  n u c l e i .  T h e s e  m i c r o g r a p h s  c o n f i r m  q u a l i t a t i v e l y  
s o m e  o f  t h e  c h a n g e s  i n  t h e  l i v e r  q u a n t i t a t i v e l y  m e a s u r e d  i n  
t h i s  s t u d y .
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F R EEZ E-T H A W  AN D  R E F R IG E R A T E D  D A M A G E TO L IV E R  . . .

CONCLUSIONS
F R E E Z I N G  A N D  T H A W I N G  l i v e r  t i s s u e  c a u s e d  e x t e n s i v e  

d a m a g e  t o  t h e  l i v e r  c e l l s  b u t  p r e s e r v e d  s o m e  o f  t h e  a b i l i t y  
o f  s u r v i v i n g  c e l l s  t o  e x c l u d e  t r y p a n  b l u e  d u r i n g  t h e  f i r s t  t w o  
c y c l e s .  E a c h  f r e e z e - t h a w  c y c l e  d e s t r o y e d  a b o u t  2 0 %  o f  t h e  
r e m a i n i n g  i n t a c t  c e l l s ,  b u t  d i d  n o t  d e s t r o y  t h e  s u p p o r t i n g  

c o l l a g e n  m a t r i x .  D a m a g e  t o  t h e  c e l l - c e l l  a d h e s i o n  m e c h a 

n i s m s  w a s  e v i d e n t  a f t e r  o n e  f r e e z e - t h a w  c y c l e .
D a m a g e  t o  t h e  l i v e r  t i s s u e  a l s o  o c c u r r e d  d u r i n g  r e f r i g e r 

a t e d  s t o r a g e ,  b u t  i t  w a s  o n l y  a f t e r  4  d a y s  o f  s t o r a g e  t h a t  t h e  
r a t e  o f  c e l l  d e s t r u c t i o n  m a t c h e d  t h a t  o f  F - T ; d a m a g e  t o  t h e  

c e l l - c e l l  a d h e s i o n  m e c h a n i s m s  w a s  s i g n i f i c a n t .  A u t o l y t i c  
d a m a g e  t o  t h e  c e l l s ,  a s  m e a s u r e d  b y  v i a b i l i t y ,  i s  a  s i g n i f i c a n t  

f a c t o r  d u r i n g  r e f r i g e r a t e d  s t o r a g e  o f  l i v e r .
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E f f e c t  o f  N e e d l e  T e n d e r i z a t i o n  o n  S a l t  A b s o r p t i o n ,  Y i e l d s ,  

C o m p o s i t i o n  a n d  P a l a t a b i l i t y  o f  D r y - C u r e d  H a m s  P r o d u c e d  

f r o m  P a c k e r  S t y l e  a n d  S k i n n e d  G r e e n  H a m s

J. D. KEMP and J. D. FOX

----------------------------ABSTRACT----------------------------
T h e  e f f e c t s  o f  n e e d le  t e n d e r i z a t i o n  o n  t h e  c u r in g  p ro c e s s e s  a n d  f in a l  
c u r e d  h a m  p r o p e r t i e s  o f  p a c k e r  s ty le  a n d  s k in le s s  h a m s  w e re  i n v e s t i 
g a te d .  S k in le s s  h a m s  a b s o r b e d  s a l t  f a s t e r  a n d  l o s t  w e ig h t  f a s t e r  t h a n  
p a c k e r  s ty l e  h a m s .  N e e d le  t e n d e r i z e d  h a m s  a ls o  a b s o r b e d  s a l t  f a s t e r  
a n d  h a d  m o r e  w e ig h t  lo s s  t h a n  n o n t e n d e r i z e d  h a m s  in  b o t h  t h e  
p a c k e r  s ty le  a n d  t h e  s k in le s s  g r o u p s .  T w o  m o n t h s ’ a g in g  r e s u l t e d  
in  e x c e s s  d e h y d r a t i o n  a n d  lo w e r e d  q u a l i t y  in  t h e  s k in le s s  t e n d e r i z e d  
g ro u p .  In  s k in le s s  h a m s ,  c u r in g ,  s a l t  e q u a l i z a t i o n  a n d  a g in g  t im e s  
w e re  r e d u c e d  so  t h a t  a c c e p ta b l e ,  t h o u g h  m ild  f l a v o r e d ,  h a m s  t h a t  
m e t  t h e  U S D A  r e q u i r e m e n t s  f o r  w e ig h t  lo s s  a n d  s a l t  c o n t e n t  w e re  
p r o d u c e d  w i th in  5 w k .

INTRODUCTION
T H E  P R O D U C T I O N  o f  d r y - c u r e d  h a m s  i n  K e n t u c k y  a n d  
t h e  S o u t h e a s t e r n  s t a t e s  h a s  g r o w n  s u b s t a n t i a l l y  o v e r  t h e  l a s t  
s e v e r a l  y e a r s .  S t a n d a r d s  f o r  c o u n t r y  h a m s  a r e  d e f i n e d  b y  

t h e  U S D A  ( M u s s m a n ,  1 9 7 7 )  a n d  i n c l u d e  t h e  s t i p u l a t i o n s  
t h a t  h a m s  c o n t a i n i n g  n i t r a t e  a n d / o r  n i t r i t e  m u s t  l o s e  a t  

l e a s t  1 8 %  o f  u n c u r e d  w e i g h t ,  m u s t  b e  h e l d  a t  a  c o m b i n a t i o n  
o f  t i m e  a n d  t e m p e r a t u r e  t o  r e n d e r  t h e m  f r e e  o f  l i v e  t r i c h i 

n a e  a n d  t h e  f i n i s h e d  p r o d u c t  m u s t  h a v e  a n  i n t e r n a l  s a l t  
c o n t e n t  o f  a t  l e a s t  4 % .  T h e s e  r e g u l a t i o n s  a r e  b a s e d  o n  t h e  

a s s u m p t i o n  t h a t  t h e  h a m s  a r e  t o  b e  c u r e d  i n t a c t  a n d  w i t h  
n o  m e a n s  o f  a c c e l e r a t i n g  t h e  p e n e t r a t i o n  o f  c u r i n g  i n g r e 
d i e n t s .  I f  m e t h o d s  c a n  b e  d e v i s e d  t o  a c c e l e r a t e  c u r e  p e n e 
t r a t i o n  a n d  w e i g h t  l o s s  d u r i n g  c u r i n g ,  t h e  t i m e s  f o r  c u r i n g  
a n d  a g i n g  c o u l d  b e  r e d u c e d  a n d  a  s a v i n g s  i n  p r o c e s s i n g  

c o s t s  s h o u l d  b e  a c h i e v e d .  I f  t h e  h a m s  t h u s  p r o d u c e d  a r e  
a c c e p t a b l e  t o  c o n s u m e r s  a n d  t h e  s h o r t e n e d  p r o c e d u r e  i s  
a c c e p t a b l e  t o  t h e  U S D A  t h e  c o n s u m e r  w o u l d  a l s o  b e n e f i t  
i f  s o m e  o f  t h e  p r o d u c e r s ’ s a v i n g s  w e r e  p a s s e d  o n .

M o n t g o m e r y  e t  a l .  ( 1 9 7 6 )  s h o w e d  t h a t  s k i n l e s s  h a m s  
h a d  a  g r e a t e r  u p t a k e  o f  s a l t  d u r i n g  c u r i n g .  M e c h a n i c a l  t e n 
d e r i z a t i o n  b y  t h e  i n j e c t i o n  o f  b l u n t  n e e d l e s  i n t o  m u s c l e s  

( n e e d l e  t e n d e r i z a t i o n )  i s  u s e d  c o m m e r c i a l l y  f o r  f r e s h  m e a t s .  
T h e  n e e d l e s  d i s r u p t  t h e  m u s c l e  f i b e r s  a n d  c o n n e c t i v e  t i s s u e  
a n d  l e a v e  t i n y  h o l e s  i n  t h e  m u s c l e s .  P r e l i m i n a r y  w o r k  a t  t h i s  
s t a t i o n  ( L e a k  e t  a l . ,  1 9 8 4 )  u s i n g  b o n e l e s s  h a m s  h a s  s h o w n  

t h a t  n e e d l e  t e n d e r i z a t i o n  a c c e l e r a t e s  c u r e  u p t a k e ,  a l l o w s  

f a s t e r  w e i g h t  l o s s  a n d  r e s u l t s  i n  i m p r o v e d  t e n d e r n e s s .  M a r 
r i o t t  e t  a l .  ( 1 9 8 4 ) ,  h o w e v e r ,  r e p o r t e d  n o  s i g n i f i c a n t  a d v a n 

t a g e s  i n  u s i n g  n e e d l e  t e n d e r i z a t i o n .  T h i s  s t u d y  w a s  d e 

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

MATERIALS & METHODS

E x p e r i m e n t  1

F o r ty - e ig h t  f r o z e n  h a m s  r a n g in g  in  w e ig h t  f r o m  7 .4  -  9 .9  k g  (avg
8 .4  k g )  w e re  p la c e d  in  a  3 ° C  c o o le r  a n d  a l lo w e d  t o  t h a w  f o r  3  d a y s .  
T h e y  w e r e  t h e n  d iv id e d  i n t o  4  g r o u p s  o f  1 2  h a m s  e a c h  w h ic h  re -

A u th o rs  K e m p  a n d  F ox  are a f f i l ia te d  w ith  th e  D ep t, o f  A n im a i  
Sciences, F o o d  S c ien ce  S e c tio n , Univ. o f  K e n tu c k y , L ex in g to n , 
K  Y  4 0 5 4 6

c e iv e d  t h e  fo l l o w in g  t r e a t m e n t s .
G r o u p  1 -  C o n t r o l s .  P a c k e r  s ty l e  h a m s  ( s k in  a n d  s m a l l  a m o u n t  

o f  f a t  r e m o v e d  f r o m  b u t t  p o r t i o n )  w e re  c u r e d  b y  t h e  s t a n d a r d  U n iv . 
o f  K e n tu c k y  p r o c e d u r e .

G r o u p  2  - P a c k e r  s ty l e  h a m s  w e r e  p a s s e d  tw ic e  t h r o u g h  a  n e e d l e  
t e n d e r i z e r  (R o s s  I n d u s t r i e s ,  M id la n d ,  V A )  -  o n c e  w i t h  t h e  c u s h io n  
s id e  u p  a n d  o n c e  w i th  t h e  s k in  s id e  u p  a n d  c u r e d .  T h e  n e e d le s  h a d  
n o  p r o b le m  p e n e t r a t i n g  t h e  s k in .

G r o u p  3 .  t h e  h a m s  w e r e  s k in n e d ,  t r i m m e d  to  a p p r o x im a te ly  
1 -  2  c m  o f  f a t  a n d  c u r e d .

G r o u p  4 .  T h e  h a m s  w e re  s k in n e d  a s  i n  g r o u p  3 a n d  n e e d le  t e n 
d e r iz e d  a s  in  g r o u p  2 .

A ll h a m s  w e r e  c u r e d  u s in g  8 k g  o f  c u r in g  m i x t u r e  p e r  1 0 0  k g  o f  
h a m  a p p l ie d  in  t h r e e  a p p l i c a t i o n s  a t  d a y  0 ,  d a y  3 a n d  d a y  7 . T h e  
c u r in g  m i x t u r e  c o n t a i n e d  8 3 .4 %  s a l t ,  1 3 .9 %  w h i t e  s u g a r ,  1 .7 %  p o t a s 
s iu m  n i t r a t e  a n d  0 .9 %  s o d iu m  n i t r i t e .  T h e  h a m s  r e m a in e d  in  c u r e  
a t  2  -  3 ° C  4  w k  a n d  w e r e  t h e n  p la c e d  in  a  s a l t  e q u a l i z a t i o n  r o o m  
a t  1 0  -  1 3 ° C  f o r  1 8  d a y s .  H a m s  w e re  r i n s e d ,  p la c e d  in  a  s m o k e h o u s e  
a t  a p p r o x im a te ly  3 8 ° C  a n d  s m o k e d  i n t e r m i t t e n t l y ,  u s in g  h a r d w o o d  
s a w d u s t  a s  t h e  s m o k e  s o u r c e ,  f o r  2  d a y s  a f t e r  w h ic h  th e y  w e re  
p la c e d  in  a n  a g in g  r o o m  a t  2 4 ° C  a n d  h e ld  u n t i l  s l ic e d  f o r  e v a lu a t io n .

W h ile  in  c u r e  e a c h  g r o u p  o f  h a m s  w a s  d iv id e d  i n t o  s u b -g ro u p s .  
S u b - g r o u p s  1 A , 2 A , 3 A  a n d  4 A  c o n t a i n e d  7 h a m s  e a c h  a n d  w e re  
c u r e d  a s  p r e v io u s ly  d e s c r ib e d  a n d  a g e d  8 w k .  W e ig h ts  w e re  r e c o r d e d  
a f t e r  c u r in g ,  a f t e r  s a l t  e q u a l i z a t i o n ,  a f t e r  s m o k in g  a n d  a f t e r  4  a n d  8 
w k  ag in g .

S u b - g ro u p s  I B ,  2 B , 3 B  a n d  4 B  c o n ta in e d  5 h a m s  e a c h  w h ic h  
w e re  c o r e d  in  t h e  c u s h io n  a n d  h e e l  a r e a s  a t  d a y s  1 4 ,  2 1 ,  2 8  a n d  3 5 .  
C o re s  w e re  t a k e n  w i th  a  2 .5 4  c m  c o r in g  d e v ic e  b y  b o r in g  a p p r o x i 
m a te ly  5 c m  i n t o  t h e  h a m .  T h e  c o r e s  w e r e  d iv id e d  i n t o  t o p ,  c e n t e r  
a n d  i n n e r  p o r t i o n s  a n d  e a c h  p o r t i o n  o f  e a c h  c o r e  w a s  a n a ly z e d  f o r  
s a l t  a n d  n i t r i t e  (A O A C , 1 9 8 0 ) .  T h e  c o r e  h o le s  w e r e  f i l l e d  w i th  
m e l t e d  a c e t y l a t e d  m o n o g ly c e r id e  ( E a s tm a n  C h e m ic a l  C o .,  K in g s 
p o r t ,  T N )  w h ic h  s o l id i f ie d  a n d  a id e d  in  t h e  p r e v e n t io n  o f  d e h y d r a 
t i o n ,  a n d  p a r t i a l l y  c u t a i l e d  t h e  d e v e l o p m e n t  o f  i n t e r n a l  m o ld .  
A f t e r  s ix  w e e k s  a ll  h a m s  in  t h e s e  s u b - g r o u p s  w e r e  s l ic e d  a n d  th e  
in s id e  c u s h io n ,  c e n t e r  c u s h io n  a n d  o u t s i d e  c u s h io n  p o r t i o n s  w e r e  
a lso  a n a l y z e d  f o r  s a l t  a n d  n i t r i t e .  A f t e r  h a m s  in  s u b -g ro u p s  1 A , 2 A , 
3 A  a n d  4 A  h a d  b e e n  a g e d  a t  2 4 ° C  f o r  8  w k ,  t h e y  w e re  s l ic e d  a n d  
e v a l u a te d  s u b je c t iv e ly  f o r  c o lo r ,  a r o m a  a n d  g e n e r a l  a p p e a r a n c e ,  a n d  
t h e  le a n  p o r t i o n  o f  a  c e n t e r  s l ic e  w a s  a n a l y z e d  f o r  s a l t ,  n i t r i t e  a n d  
w a te r .  S lic e s  o f  1 .2 7  c m  th ic k n e s s  w e r e  b r o i l e d  a n d  s e rv e d  t o  a 
t r a i n e d  d r y - c u r e d  h a m  p a l a t a b i l i t y  p a n e l  w h ic h  e v a l u a t e d  th e m  f o r  
t e n d e r n e s s ,  f la v o r  i n t e n s i t y ,  f la v o r  p r e f e r e n c e ,  s a l t in e s s  a n d  o v e ra l l  
s a t i s f a c t io n .  T e n  p a n e l i s t s  w e re  u s e d  w i th  a t  l e a s t  8 b e in g  p r e s e n t  
a t  e a c h  e v a l u a t io n  s e s s io n .  E i g h t - p o in t  s c a le s  w e re  u s e d :  t e n d e r n e s s ,  
1 =  e x t r e m e ly  t o u g h ,  8  =  m u s h y ;  f l a v o r  i n t e n s i t y ,  1 =  e x t r e m e ly  
b l a n d ,  8 =  e x t r e m e ly  in t e n s e ;  s a l t in e s s ,  1 =  d e v o id ,  8  =  e x t r e m e ly  
s a l t y ;  f la v o r  p r e f e r e n c e  a n d  o v e ra l l  s a t i s f a c t i o n ,  1 =  d is l ik e  e x t r e m e 
ly ,  8  =  l i k e  e x t r e m e ly .  A  2 .5 4  c m  s l ic e  f r o m  e a c h  h a m  w a s  b r o i l e d  
a n d  a  s h e a r  t e s t  w a s  p e r f o r m e d  u s in g  a W a r n e r -B ra tz le r  s h e a r .  
D a ta  w e re  a n a ly z e d  u s in g  th e  S t a t i s t i c a l  A n a ly s is  S y s te m  (S A S ,
1 9 8 4 ) .

E x p e r i m e n t  2

T h e  p r o c e d u r e  f o r  E x p .  2  w a s  i n f l u e n c e d  b y  t h e  r e s u l t s  o f  E x p . 
1 , w h ic h  s h o w e d  t h a t  in  b o t h  n o n t e n d e r i z e d  a n d  t e n d e r i z e d  h a m s  
t h e  r a t e  o f  s a l t  u p t a k e  w a s  m o r e  r a p i d  in  s k in le s s  h a m s ;  t h e r e f o r e  
o n ly  s k in le s s  h a m s  w e re  u s e d .  T w e n ty - f o u r  f r o z e n  h a m s  w e r e  
t h a w e d  a n d  s k in n e d  a s  i n  E x p .  1 . T h e  c u r in g  f o r m u la  a n d  t h e  c u r in g ,  
s a l t  e q u a l i z a t i o n  a n d  a g in g  t e m p e r a t u r e  w e r e  t h e  s a m e .  H o w e v e r ,  
o n ly  7 k g  o f  c u r e  w a s  u s e d  p e r  1 0 0  k g  h a m s  a n d  t h e  c u r e  w a s  a p 
p l ie d  in  t w o  a p p l i c a t i o n s  o n  d a y  0  a n d  d a y  4  r a t h e r  t h a n  in  t h r e e  
a p p l i c a t i o n s  as i n  E x p .  1 . H a m s  w e r e  p la c e d  in  f o u r  g r o u p s  o f  s ix  
h a m s  e a c h  a s  fo l l o w s :
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N E E D L E  T EN D ER IZ A T IO N  O F  H A M S . . .

G r o u p  1 . N o t  t e n d e r i z e d .  C u re d  1 w k ,  l e f t  in  s a l t  e q u a l i z a t i o n  1 
w k ,  s m o k e d  1 d a y  a n d  a g e d  a  m in im u m  o f  2  w k  o r  u n t i l  y ie ld  w a s

8 2 %  o r  le ss .
G r o u p  2 .  T e n d e r iz e d  a n d  t r e a t e d  l ik e  G r o u p  1.
G r o u p  3 . N o t  t e n d e r i z e d .  C u r e d  2  w k ,  l e f t  in  s a l t  e q u a l i z a t i o n  1 

w k ,  s m o k e d  1 d a y  a n d  a g e d  a s  in  g r o u p  1 .
G r o u p  4. T e n d e r iz e d  a n d  t r e a t e d  l ik e  g ro u p  3 .
H a m s  in  g r o u p s  1 a n d  2  w e re  w e ig h e d  a f t e r  c u r in g ,  a f t e r  s a l t  

e q u a l i z a t i o n ,  a f t e r  s m o k in g ,  a f t e r  2  w k  a g in g  ( t o t a l  t im e ,  4 w k )  
a n d  w e e k ly  t h e r e a f t e r  u n t i l  t h e  y ie ld s  w e re  8 2 %  o r  le s s . H a m s  in  
g r o u p s  3 a n d  4  w e re  w e ig h e d  s im i la r ly  e x c e p t  t h e y  w e r e  w e ig h e d  
a f t e r  1 w k  a g in g  ( t o t a l  t im e ,  4 w k )  a n d  w e e k ly  t h e r e a f t e r  u n t i l  t h e  
y ie ld  w a s  8 2 %  o r  le s s . A f te r  r e a c h in g  t h e  d e s i r e d  y ie ld  a ll h a m s  w e re  
s l ic e d ;  e v a l u a te d  f o r  c o lo r ,  a r o m a ,  f i r m n e s s  a n d  g e n e r a l  a p p e a r a n c e ;  
a n a ly z e d  f o r  s a l t ,  n i t r i t e  a n d  w a te r  (A O A C , 1 9 8 0 ) ;  a n d  e x a m in e d  
f o r  s e n s o ry  p r o p e r t i e s  a n d  f o r  t e n d e r n e s s  a s  in  E x p .  1. E ig h t  o f  a 
t o t a l  o f  9  p a n e l i s t s  w e re  p r e s e n t  f o r  e a c h  s e s s io n .  S ta t i s t i c a l  a n a l y 
s is  a ls o  w a s  s im i la r  t o  t h a t  u s e d  in  E x p .  1.

RESULTS & DISCUSSION

E x p e r i m e n t  1

M e a n  s a l t  p e r c e n t a g e s  f o r  t h e  o u t s i d e ,  m i d d l e  a n d  i n n e r  
p o r t i o n s  o f  t h e  c o r e s  f r o m  t h e  h a m  c u s h i o n s  a t  2  t h r o u g h  
6  w e e k s  f o r  e a c h  t r e a t m e n t  g r o u p  a r e  g i v e n  i n  T a b l e  1 

a n d  f o r  t h e  i n n e r  p o r t i o n  i n  F i g .  1 . T h e r e  w e 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  b e t w e e n  t r e a t m e n t  m e a n s  i n  t h e  o u t s i d e  
p o r t i o n  o f  t h e  c o r e  a t  e i t h e r  t i m e  p e r i o d .  T h i s  w a s  a s  e x 
p e c t e d  a s  s u r f a c e  s a l t  r e f l e c t e d  t h e  e q u a l  a m o u n t  a p p l i e d  
t o  e a c h  g r o u p .  T h e r e  w a s  g e n e r a l l y  a  d e c r e a s e  i n  s a l t  f o r  
2  -  5  w k  a n d  a n  i n c r e a s e  a t  6  w k  p r o b a b l y  d u e  t o  m o i s t u r e  
l o s s  i n  t h e  s u r f a c e  a r e a .  T h e  i m p o r t a n t  a r e a s ,  h o w e v e r ,  w e r e  
t h e  m i d d l e  a n d  i n n e r  a r e a s  p a r t i c u l a r l y  t h e  i n n e r  p a r t  o f  t h e  
c o r e .  S o m e  m i n o r  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 i d d l e  

c o r e  a r e a  e s p e c i a l l y  t h e  i n c r e a s e  i n  t h e  6  w k  s k i n l e s s  ( 4 . 5  0 % )  
a n d  s k i n l e s s  t e n d e r i z e d  g r o u p  ( 6 . 1 7 % ) .  T h e  m o s t  i m p o r t a n t

d i f f e r e n c e s  w e r e  i n  t h e  i n n e r  p a r t  o f  t h e  c o r e  ( F i g .  1 ) .  N o t e  

t h e  t i m e  i t  t o o k  f o r  e a c h  g r o u p  t o  r e a c h  4 %  s a l t .  T h i s  w a s  
6  w k  f o r  t h e  c o n t r o l  g r o u p ,  5  w k  f o r  t h e  c o n t r o l  t e n d e r i z e d  
g r o u p ,  6  w k  f o r  t h e  s k i n n e d  g r o u p  b u t  o n l y  4  w k  f o r  t h e  
s k i n n e d  t e n d e r i z e d  g r o u p .  T h u s ,  s k i n n i n g  p l u s  t e n d e r i z a t i o n  

s h o r t e n e d  s a l t  a b s o r p t i o n  t i m e  b y  2  w k .
M o s t  c o u n t r y  h a m s  a r e  c u r e d  w i t h  t h e  s k i n  o n  t h e  h e e l  

o r  s h a n k  p o r t i o n .  T h e  s k i n  s l o w s  s a l t  a b s o r p t i o n  a n d  t h e  
4 %  l e v e l  i s  a c h i e v e d  m o r e  s l o w l y  i n  t h e  s h a n k  t h a n  i n  t h e  
c u s h i o n  p a r t .  T a b l e  2  s h o w s  t h e  s a l t  d a t a  f o r  a l l  p o r t i o n s  o f  

t h e  c o r e s  f r o m  t h e  s h a n k .  N o t e  t h a t  t h e  4 %  s a l t  l e v e l  i s  
n o t  a c h i e v e d  a t  a n y  d e p t h  a t  a n y  t i m e  p e r i o d  f o r  t h e  c o n 

t r o l  g r o u p  o r  t h e  c o n t r o l  t e n d e r i z e d  g r o u p  i n d i c a t i n g  t h a t  

6  w k  i s  i n s u f f i c i e n t  t i m e  f o r  c o m p l e t e  s a l t  e q u a l i z a t i o n .  I n  
t h e  s k i n l e s s  h a m s ,  h o w e v e r ,  t h e  4 %  l e v e l  w a s  r e a c h e d  i n  t h e  

m i d d l e  c o r e  p o r t i o n  i n  4  w k  i n  t h e  s k i n l e s s  g r o u p  a n d  3  w k

BY TREATMENT AND TINE

Fig. 7 —P ercen t sa lt in c e n te r  o f  cu sh ion  — b y  tr e a tm e n t  a n d  tim e.

T able 1—S a lt p ercen ta g es  b y  d e p th 3, tr e a tm e n t3, a n d  t im e 3 — cu sh io n , E xp. 1

Time
(wk)

Depth 1 -  Outside Depth 2 -  Middle Depth 3 — Inner

Treatment Treatment Treatment

1 B
Control

2 B
Control

tenderized

3 B
Skinless

4 B
Skinless

tenderized

1 B
Control

2 B
Control

tenderized

3 B
Skinless

4 B
Skinless

tenderized

1 B
Control

2 B
Control

tenderized

3 B
Skinless

4 B
Skinless

tenderized

2 7.70b 6.67b 4.93b 5.63b 4.01bc 5.26b 3.14b 3.79bc 1.50b 2.72b 1.56b 2.06b
3 6.11b 5.72b 4.64b 5.06b 4.65b 4.04b 3.38b 3.99b 2.80b 2.21b 2.24b 2.72b
4 5.55b 5.21b 4.66b 6.31b 4.12b 4.04b 3.94b 4.88b 2.91b 2.95b 2.98b 4.17°
5 4,44b 5.96b 4.36b 5.25b 4.02b 5.20b 4.09b 4.71b 3.01b 4.01b 3.77b 3.96b
6 5.47b 6.18b 4.62b 6.27b 5.15bc 5.49bc 4.50b 6.17° 4.40b 4,54b 4.48b 5.18b

f A N O V A  —  Sig (P <  0.01) for depth, treatment, and time. Interactions sig (P <  0.01) for trt x depth, trt x time and depth x time.
' ' c T re a tm en t m eans in row s w ith in  depth  and  t im e  w ith  d iffe ren t sup e rsc rip ts  are d iffe ren t (P <  0.05).

T able 2 —S a lt p e rcen ta g es  b y  d e p th 3, tr e a tm e n t3, a n d  t im e 3 — sh an k , Exp. 1

Depth 1 — Outside Depth 2 — Middle Depth 3 — Inner

Treatment Treatment Treatment

1 B 2 B 3 B 4 B 1 B 2 B 3 B 4 B 1 B 2 B 3 B 4 B
Time Control Control Skinless Skinless Control Control Skinless Skinless Control Control Skinless Skinless
(wk) tenderized tenderized tenderized tenderized tenderized tenderized

2 2.26b 2.02 b 4.25c 5.32° 1.23b 1.60bc 2.28° 3.30d 0.89b 1.72c 1.33bc 2.43d
3 2,44b 2.38b 4.27c 6.05b 1.69b 1.80bc 2.97c 4.97d 1.28b 1.65b 2.21b 4.37°
4 2.73b 2.76b 5.55c 6.86c 2.42b 2.28b 4.63c 5.62c 1.92b 2.21bc 3.90c 4.51c
5 3.05b 3.53b 4.85c 6.15d 2.57b 3.09b 4.08c 5.51d 2.24b 2.78bc 3.64c 4.82d
6 3.02b 3.39b 4.57c 6.36d 2.77b 3.30b 4.38c 6.13d 2.84b 2.83b 4.20° 5.74d

3 A N O V A  —  S ig  (P  <  0 .01) fo r  depth, treatm ent, and  tim e. In te ra ct ion s  sig (P <  0 .0 1 ) fo r  trt  x  depth, trt x  t im e  and  depth  x  tim e. 
D>c 'a T re a tm en t m eans in ro w s w ith in  depth  and  t im e w ith  d iffe ren t sup e rsc rip ts  are d iffe ren t (P  <  0 .05).
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in  th e  sk in less-ten d e rized  g ro u p . In  th e  in n e r  c r itic a l p o r 
tio n  (F ig . 2 ) th e  4% level w as a p p ro a c h e d  (3 .9 0 % ) in  4  
wk in th e  sk in less g ro u p  and  re ac h ed  in  3 w k in  th e  sk in 
less-ten d erized  g ro u p . T h u s, th e  g re a te s t  o verall e ffe c t on  
salt a b so rp tio n  w as in  th e  sk in less te n d e riz e d  g ro u p , sh o w 
ing th e  b e n e fic ia l e f fe c t o f  sk in n in g  an d  te n d e riz in g  on  
salt a b so rp tio n .

N itr ite  levels (T ab le s  3 and  4) w ere  in f lu e n ce d  (P  <  0 .0 5 )  
b y  d e p th , t r e a tm e n t  an d  tim e . T h e  o u te r  sam p les a t all tim e  
p e rio d s  h a d  h ig h e r levels th a n  th e  m id d le  and  in n e r  p o r t io n s  
o f  th e  co res. T e n d e riz e d  h a m s h ad  h ig h e r levels th a n  n o n - 
ten d e riz e d  h a m s in  b o th  sk in -o n  an d  sk in less h a m s sh o w in g  
th a t  ten d e riz in g  e n h a n c e d  n i tr i te  a b so rp tio n . T h e re  w as no  
c o n s is te n t p a t te rn  d u e  to  t im e . S ince  n i tra te  as w ell as 
n itr i te  w as used  th e  u n e v en  b re a k d o w n  o f  n i tra te  co u ld  
have cau sed  th e  u n e v en  levels o f  n i tr i te .  In  all cases su ff i
c ien t n i tr i te  w as p re se n t fo r  i t  to  serve i ts  fu n c tio n s , b u t  in 
no  case w as th e  m ean  level fo r  an y  g ro u p  a t 5 o r  6 w eek s 
above th e  U SD A  a p p ro v e d  level o f  2 0 0  p p m . T h e  d a ta , 
th e re fo re , in E x p . 1 sh o w ed  th a t  b o th  sk in n in g  an d  n eed le  
te n d e r iz a tio n  cau sed  an  a c c e le ra ted  r a te  o f  sa lt an d  n i tr i te  
a b so rp tio n .

Y ield , su b jec tiv e  sco res , c o m p o s it io n , p a la ta b ili ty , p a n e l 
scores and  sh ea r va lues fo r  th e  h a m s in  g ro u p s  1A, 2 A, 3 A 
and  4A  are  given in T ab le  5. H am  y ie ld s  a re  in f lu e n c e d  by 
tim e  in  cu rin g  an d  aging, le a n  c o n te n t  o f  th e  h a m , lean  su r
face  a rea  e x p o se d , te m p e ra tu re  an d  h u m id ity  o f  aging, and  
a n y th in g  else th a t  w o u ld  a ffe c t m o is tu re  m o v e m e n t to  th e  
su rface . T h e  la t t e r  c o u ld  b e  cau sed  by  n eed le  te n d e r iz a tio n . 
T h e  h am s used  h e re  w e re  sim ila r in  lean  c o n te n t  b e fo re  
sk in n in g  and  w ere  c u re d  an d  aged fo r  th e  sam e tim e  and  a t 
th e  sam e te m p e ra tu re  and  h u m id ity . T h e  variab les , th e re 
fo re , th a t  sh o u ld  a f fe c t y ie ld  tim e  w ere  sk in n in g  a n d  te n 
d eriz ing . T h e  e ffe c t o f  sk in n in g  o n  y ie ld  w as n o tic e a b le  
(P <  0 .0 5 )  a f te r  4  w k in  cu re  an d  th e  d iffe re n c e  w id e n ed  as

c u rin g  an d  aging p ro g ressed . R em o v a l o f  th e  sk in  a llow ed  
m o is tu re  to  m o v e  m o re  free ly  to  th e  su rface  a n d  th u s  eva
p o ra te . N eed le  te n d e r iz a tio n  o f  th e  u n sk in n e d  h a m s caused  
a d ec rease  (P <  0 .0 5 )  in  y ie ld  a f te r  2 w k  in  sa lt eq u a liza 
t io n  a n d  th ro u g h o u t  cu rin g  an d  aging. T h e  sm all h o le s  m ad e  
b y  th e  n eed les  a p p a re n tly  a llo w ed  m o is tu re  to  m ig ra te  to  
th e  su rface . In  th e  sk in less h a m s th e  m ea n  fo r  th e  te n d e r 
ized  h am s at each  p e r io d  w as lo w e r th a n  fo r  th e  n o n -  
te n d e riz e d  g ro u p : in  fa c t, a t 4  a n d  8 w k  th e re  w as a d if fe r 
en ce  o f  2 .8  p e rce n ta g e  p o in ts . H o w ev er, b ecau se  o f  v a ria 
t io n ,  th e  d iffe re n c e s  w e re  n o t  s ig n ifican t. O verall, b o th  
sk in n in g  an d  ten d e riz in g  d ec reased  y ie ld s. F ro m  a n  eco 
n o m ic  s ta n d p o in t  th e  y ie ld s  o f  th e  sk in less an d  sk in less 
te n d e riz e d  w ere  excessive  an d  h a d  a m a rk e d  e f fe c t o n  som e 
o f  th e  o th e r  h am  c h a ra c te ris tic s .

Fig. 2 —P ercen t sa lt in c e n te r  o f  sh a n k  — b y  treatm ent an d  time.

Table 3 —N itrite  (ppm ) b y  d e p th 3, treatm enta, an d  tim e3 — cu sh io n , E x p . 1

Depth 1 — Outside Depth 2 — Middle Depth 3 — Inner

Treatment Treatment Treatment

1 B 2 B 3 B 4 B 1 B 2 B 3 B 4 B 1 B 2 B 3 B 4 B
Time Control Control Skinless Skinless Control Control Skinless Skinless Control Control Skinless Skinless
(wk) tenderized tenderized tenderized tenderized tenderized tenderized

2 256.97b 267.29b 191,59b 231.35b 64.40b 80.66b 38.77b 58.24b 13.04b 29.34b 11,63b 18.70b
3 189.55bc 196.65bc 145.31b 302.07b 52.14b° 50.33b° 32.05b 77.88° 15.95b 16.58b 18.78b 45.04°
4 226.17b 396.93b 227.98b 293.68b 76.95b 201.63° 129.69b° 168.18b° 48.21b 136.17° 86.33b° 146.49°
5 105.77b 162.63b 85.07b 72.48b 27.13a 78.92a 31.79a 34.99a 10.28b 18.02b 30.44b 22.16b
6 141,37a 199.70a 122.003 181.74a 57.39b 182.99° 63.61b 99.97b 30.56b 149.49° 54.97b 71.29b

3 A N O V A  — Siq (P < 0 .01 ) for depth, treatment, and time. Interactions sig (P < 0 .01 ) for trt x depth, trt x time and depth x time.
D,c Treatment means in rows within depth and time with different superscripts are different (P < 0.05).

Table 4 —N itrite  (ppm ) b y  d e p th 3, treatm ent3, an d  tim e3 — shank, E x p . 1

Depth 1 — Outside Depth 2 — Middle Depth 3 — Inner

Treatment Treatment Treatment

1 B 2 B 3 B 4 B 1 B 2 B 3 B 4 B 1 B 2 B 3 B 4 B
Time Control Control Skinless Skinless Control Control Skinless Skinless Control Control Skinless Skinless
(wk) tenderized tenderized tenderized tenderized tenderized tenderized

2 42.69b 39.18b 96.06bc 194.82° 18.77b 22.79b 27.17b 41,04b 6.18b 15.68b° 11.16b° 21.93°
3 34.35b 32.71b 68.92b 199.01° 13.88b 17.76b 27.11bc 128.94° 8.39b 14.34b 25,61b 59.74°
4 80.99b 151 31b 220.13bc 337.84° 89.94b 1 12.49b 188.62b 131.57 b 51,20b 104.99b° 150.46° 143.84°
5 31,46b 31.47b 82.07b 83.93b 13.51b 14.55b 37.18b° 61.06° 7.57b 12.40b 25.27bc 36.30°
6 34.18b 145.14c 77.29bc 147.16° 30.10b 121.98° 52.73° 112.73° 29.07b 94.16° 55.13b 92.63°

a A N O V A  — S iq  (P  < 0 .01 ) fo r  depth, treatm ent and  tim e. In te ract ion  S ig  (P  < 0 .01 ) fo r  trt. x depth, trt. x tim e, trt. x depth x time. 
b >c T reatm en t m eans in ro w s w ith in  depth  and  t im e w ith  d iffe ren t sup e rsc r ip ts  are d iffe ren t (P  <  0 .05).
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N E E D L E  TEND E  FU ZA TION O F  H A M S . . .

Table 5 —Mean yields, su b jective  sco res , m ean co m p o sitio n , panel scores and shear values — E x p . 1

Yields, %i in cure wt Subjective scoresd Composition Panel scorese
Shear values 

Kg/2.54 cm core

Group Treatment No.
2 wk 

in cure
4 wk 

in cure

2 wk in 
salt

equali
zation

4 wk in 
salt 

equali
zation

Out
of

smoke
Aged Aged 
4 wk 8 wk Color Aroma

General
appear
ance

Salt,
%

no2
ppm

h2o
%

Tender
ness

Flavor
in

tensity
Flavor 
prefer
ence Salt

Overall
satis

faction SMf STf BFf

1A Control 7 95.7a 94.2“ 87.0a 85.6“ 84.8a 79.5“ 76.1“ 3.3“ 3.4a' 4.0a 5.45“ 17.87a 55.07“ 5.31“ 5.82“ 5.88a 5.42a 5.90a 7.45a 6.92“ 11.68“
2A Control

7 93.6ab 92.1ab 83.7b 82.16 81.1b 74.7b 71.3b 3.3“ 3.2a 3.4b 7.33bc 26.47“ 51.86° 4.69ab 5.85a 5.21e 5.53° 5.19°c 8.16“° 9.97“° 11.25*
3A Skinless 7 93.0ab 91.4° 82.5bc 80.6°e79.3bc 7 1,6bc65.9c 3.5a 3.5“ 3.4b 6.43“° 16.163 53.50“° 4.54° 5.97“ 5.64ab 5.77b 5.44b 10.44b 8.43ab 10.95a
4A Skinless

Tenderized 7 91.9° 90.4“ 80.1c 78. Ie 76.8C 68.8e 63.1c 3.7“ 3.3a 3.2° 7.98c 21.51“ 50.76b 4.50b 6.06“ 5.29bc 6.02° 4.89e 9.87ab10.75° 9.81“

a,b,c M e an s w ith in  c o lu m n s  w ith  d iffe ren t sup e rsc rip ts  are d iffer- e Based  on  8 p o in t  scale: T end : 1 =  e x trem e ly  tough , 8 = m u sh y ;
ent (P  <  0 .05 ). F la v o r  in te ns ity : 1 =  ex trem e ly  b land, 8 = e x trem e ly  in tense;

d C o lo r:  4  =  d a rk  red, 3 =  red, 2  =  light red: F la v o r  preference; and  O verall sa tisfaction : 1 =  d is lik e  ex trem e ly ,
A ro m a :  4  =  ty p ic a lly  aged, 3 =  m oderate ly  aged, 2  =  s lig h t ly  aged; 8 =  like  e x trem e ly ; Sa lt iness: 1 =  devo id , 8 =  e x trem e ly  sa lty.
Gen. app: 4  =  excellent, 3 =  gppd, 2 = fa ir  * S M  = S e m im e m b ra n o su s;  S T  =  Se m lte n d ln o su s;  B F  =  B icep s

Fe m o r is

Table 6 —N u m b era o f  ham s achieving 82%  o r lo w er y ie ld  b y  w eeks 
o f  aging — E x p . 2

Group 1 2 3 4

Nontenderized Tenderized Nontenderized Tenderized
Wk cured 1 wk cured 1 wk cured 2 wk cured 2 wk
aged S.E. 1 wk S.E. 1 wk S.E. 1 wk S.E. 1 wk

1 0 0 0 4
2 4 5 3 1
3 1 0 1 1
4 0 0 2 0
5 1 1 0 0

3 S ix  ham s per g roup .

C o lo r and  a ro m a  sco res fo r  th e  c u t  h a m s (T ab le  5 ) 
w e re  s im ilar fo r  all g ro u p s  an d  w ere  h ig h ly  a cc ep ta b le . 
G en era l a p p ea ran c e  sco res, h o w ev er, w e re  h ig h e r (P  <  0 .0 5 )  
fo r  th e  c o n tro l  g ro u p  w ith  th e  sk in less-n eed led  g ro u p  hav
ing th e  lo w est sco re . S o m e  o f  th e  slices in  th e  sk in less o r  
te n d e riz e d  g ro u p s  w e re  so m e w h a t h a rd  an d  d ry  a n d  th u s  
w e re  n o t  as a ttra c tiv e . S o m e  o f  th e  h a m s  in  th e  te n d e riz e d  
g ro u p  a lso h a d  n o tic e a b le  “ p in  h o le s ” w h e re  th e  n eed les  
had  p e n e tra te d  w h ic h  d e tra c te d  s lig h tly  fro m  g en era l ap 
p e ara n ce .

S a lt an d  m o is tu re  c o n te n t  w as a ffe c te d  (P <  0 .0 5 )  
b y  tre a tm e n t.  In  b o th  u n sk in n e d  an d  sk in n e d  g ro u p s  th e  
sa lt c o n te n t  w as h ig h e r  an d  th e  m o is tu re  c o n te n t  w as 
lo w e r in th e  te n d e riz e d  g ro u p s  re fle c tin g  th e  re la tio n sh ip  
o f  w e ig h t lo ss to  c o m p o s itio n . N itr ite  w as n o t  a ffe c te d  
(P <  0 .0 5 )  a lth o u g h  th e  m ea n s  w ere  g re a te r  fo r  th e  te n d e r 
ized  g ro u p s.

P an e l sco res  g e n era lly  fav o red  th e  c o n tro l  o r  u n sk in n e d  
n o n  te n d e riz e d  g ro u p . S in ce  th is  g ro u p  w as h ig h e r  in  m o is
tu re ,  so f te r  a n d  less sa lty , th e  p a n e lis ts  c o n s id e re d  it  m o re  
te n d e r  w ith  h ig h e r f lav o r p re fe re n c e  an d  o v erall sa tis fa c tio n  
scores. L o w e st sco res  w e re  n o te d  fo r  th e  sk in less te n d e riz e d  
g ro u p  w h ic h  w as th e  d ries t an d  sa ltie st.

S h e a r v a lu es w e re  lo w e r (P <  0 .0 5 )  fo r  th e  sem im em 
b ra n o su s  (SM ) an d  se m ite n d in o su s  (S T ) m uscles, again  
re fle c tin g  th e  e ffe c t o f  th e  so f te r  h ig h e r m o is tu re  tissue . 
T h e re  w e re  n o  s ig n ific a n t d iffe re n ce s  in  sh ea r v a lues o f  th e  
b ice p s  fe m o ris  (B F ) m u sc le  w h ich  is n ’t su rp ris in g  s ince  i t  
is w ell p ro te c te d  b y  fa t  and  d id  n o t  d e h y d ra te  to  th e  
e x te n t  o f  th e  o th e r  m uscles.

E x p . 1 th u s  sh o w ed  th a t  fa s te r  sa lt p e n e tr a t io n  and  
m o re  ra p id  w e ig h t lo ss  w as ach ieved  b y  sk in n in g  and  
n e ed le  te n d e r iz a tio n , b u t  i f  th e  h a m s w e re  aged  fo r  o n e  
o r  tw o  m o n th s  th e  lo w e red  y ie ld s  cau sed  b y  excess  w e ig h t 
lo ss m ad e  th e m  less d e sirab le  th a n  th e  n o rm a lly  cu red  
h am s. T h u s , E x p . 2 w as desig n ed , based  o n  re su lts  o f  th e  
ab ove  d a ta , to  cu re  an d  age fo r  th e  m in im u m  tim e  in  o rd e r  
to  ach iev e  th e  lega l lim its  o f  sa lt an d  w e ig h t loss.

Experiment 2

O n ly  sk in less h am s w ere  u sed . H a lf  w e re  n o t  te n d e r iz e d . 
S ince  th e  d a ta  fro m  E xp. 1 sh o w ed  th a t  th e  sa lt leve l w as 
a p p ro a c h e d  o r  a tta in e d  in  a p p ro x im a te ly  3 w e ek s  in  th e  
sh an k  o f  th e  te n d e riz e d  h am s, th e  e x p e r im e n t w as desig n ed  
to  have  a c o m b in a tio n  o f  cu rin g  a t 3 C fo r  1 o r  2 w k , sa lt 
e q u a liz a tio n  a t 13 C fo r  1 w k  an d  an  aging tim e  a t  2 4  C 
fo r  2 w k  o r  u n t i l  th e  h a m  y ie ld s  w e re  82%  o r  less.

T ab le  6 sh o w s th e  tim e  n ece ssa ry  to  re ac h  th e  82%  o r  
lo w e r y ie ld . W ith  o n e  e x c e p tio n  th e  te n d e r iz e d  h a m s had  
re ac h ed  th e  y ie ld  g oal o f  82%  a t th e  en d  o f  3 w k  o f  aging 
o r  w ith in  4 to ta l  w k fo r  g ro u p  2 an d  6 to ta l  w k  fo r  g ro u p
4. S a lt levels fo r  th ese  h am s a f te r  a tta in in g  th e  82%  y ie ld  
(T a b le  7 ) w e re  4 .2%  fo r  g ro u p  2 an d  4 .5%  fo r  g ro u p  4  in d i
ca tin g  th a t  th is  tim e  m ig h t be  su ff ic ie n t to  p ro d u c e  an 
a c c e p ta b le  p ro d u c t  th a t  m ee ts  th e  U S D A  s ta n d a rd s  fo r  
sa lt, w e ig h t lo ss an d  tr ic h in a e  c o n tro l  e x c e p t  t h a t  th e  t im e  
in  c u re  is less th a n  re c o m m e n d e d  (H o u s to n , 1983).

A s n o te d  in T ab le  7, y ie ld s  o f  h a m s th a t  w e re  h e ld  in  
cu re  2 w k  and  in  sa lt e q u a liz a tio n  1 w k  h a d  lo w e r y ie ld s  
a f te r  sa lt e q u a liz a tio n  (P <  0 .0 5 )  an d  a f te r  1 w k  o f  aging 
th a n  th o se  he ld  in  cu re  o n ly  1 w k , sh o w in g  th e  e f fe c ts  o f  
tim e . T here  w ere  n o  s ig n ifican t d iffe re n c e s  in  su b jec tiv e  
sco res w ith  c o lo r  g en era lly  be ing  re d ; a ro m a , s lig h tly  aged ; 
firm n ess , s lig h tly  firm ; an d  g en era l a p p e a ra n c e , s lig h tly  
above  g o o d . T h e  a ro m a  sco re  w as a m a t te r  o f  c o n c e rn  as 
th e  h am s h a d  n o t  d ev e lo p ed  th e  a ro m a  d esired  in  a c o u n try  
h a m . A few  h a m s also  w e re  in  th e  s lig h tly  s o f t  c a te g o ry  
w h ic h  in d ic a te d  th a t  th e y  n e ed e d  f u r th e r  aging.

C o m p o s itio n  d a ta  sh o w ed  th a t  th e  m ean  levels fo r  m o is 
tu re  ex ce ed e d  60%  fo r  all g ro u p s  w ith  n o  s ig n ific a n t d if fe r 
en ce  b e tw e e n  g ro u p s. T h is  level o f  m o is tu re  e x ce ed s  th a t  
n o rm ally  p re se n t in  ty p ic a l aged h a m s (K e m p  e t al., 1 9 7 8 ) 
b u t  a re  sim ila r in  m o is tu re  c o n te n t  w h e n  h a m s  a re  v a cu u m  
p a ck ag ed  a f te r  a tta in in g  a y ie ld  o f  80  to  81%  (K e m p  e t al.,
198 1 ). N itr ite  levels w ere  a c c e p ta b le  b u t  no  a f fe c te d  b y  
t re a tm e n t.

P an e l sco res  w e re  s im ilar fo r  all t r a i ts  e x c e p t flav o r in 
te n s ity . T h e  n o n te n d e r iz e d  h a m s w ere  less in te n se  in  flav o r 
(P <  0 .0 5 )  fo r  th e  sh o r te r  c u red  g ro u p  th a n  fo r  e ith e r  te n 
d e rized  g ro u p . T h e re  w e re  n o  d iffe re n ce s  in  sh e a r v a lu es 
d u e  to  t r e a tm e n t  w ith in  e ith e r  m uscle . T h e  sh ea r v a lu es 
w ere  c o n s id e ra b ly  lo w er, h o w ev er, th a n  m o s t e q u iv a le n t 
shears in E x p . 1 (T a b le  5).

T h e  overall d a ta  th u s  show  th a t  sk in n in g  an d  n e ed le  
te n d e r iz a tio n  w ill a llow  fa s te r  sa lt a b so rp tio n  an d  fa s te r  
w e ig h t lo ss  th a n  c o n v e n tio n a l h a m s  o r  sk in -o n  te n d e r iz e d  
h am s. T h e  fa s t c u red  sh o r t  aged h a m s , h o w e v e r, w e re  less 
in te n se  in  flavor an d  s lig h tly  so f te r  th a n  n o rm a l h am s. 
It is believed th a t  f u r th e r  c o n tro l le d  aging w h e re  a d d i
tio n a l w e ig h t loss is k e p t  to  a m in im u m  w ill a llow  a m u c h  
s h o r te r  c u rin g  an d  sa lt e q u a liz a tio n  t im e  to  b e c o m e  p ra c 
tical.
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T a b le  7 — H a m  c h a ra c t e r is t ic s  a s  a f f e c t e d  b y  c u r in g  a n d  a g in g  t im e  —  E x p .  2

Group
Treatment

1 2 3 4

Cured 1 wk 
Salt equalization 

1 wk

Cured 1 wk 
Salt equalization 

1 wk — Tenderized

Cured 2 wk 
Salt equalization 

1 wk

Cured 2 wk 
Salt equalization 

1 wk — Tenderized

No. of hams 6 6 6 6

Yields, %
Cured 94.7 97.1 97.1 96.4
Salt equalization 94.8a 94.2a 88.8b 88.3b
Smoked 88.7 87.6 87.3 86.8
Aged 1 wk 84.2 83.8 82.9 81.3

Subjective scores0
Color 3.4 2.9 3.1 2.9
Aroma 1.7 1.8 2.2 1.6
Firmness 3.0 3.0 2.9 3.1
General appearance 3.6 3.2 3.3 3.2

Composition
H20, % 62.6 61.2 63.0 60.7
Salt, % 3.8 4.2 3.7 3.5
Nitrite, ppm 87.4 70.2 58.6 89.1

Panel scores'3
Tenderness 5.3 5.5 5.1 5.4
Flavor intensity 5.5a 6.0b 5.8ab 6.0b
Flavor preference 5.5 5.5 5.4 5.4
Saltiness 5.2 5.5 5.2 5.6
Overall satisfaction 5.5 5.5 5.4 5.4

Shear, kg/2.54 cm
SM 7.6 6.3 6.8 7.1
ST 6.8 4.5 5.8 5.5
BF 7.2 6.3 7.2 7.7

a,b M e an s on  the sam e ro w  w ith  d iffe ren t sup e rsc rip ts  are d iffe r 
ent (P  <  0 .05).

c C o lo r:  4 = dark  red, 3 = red, 2 = light red; A ro m a :  4  = typ ic a lly  
aged, 3 = m iderate ly  aged, 2 = s lig h t ly  aged, 1 =  n o  aged arom a. 
F irm ness: 4  = firm , 3 =  s lig h t ly  firm , 2 =  s lig h t ly  soft, 1 =  soft; 
Gen. A p pe a rance : 4  = excellent, 3 = good , 2 = fair, 1 = poor.

d Based  on  8 -po in t scale: T en d erne ss: 1 =  ex trem e ly  tou gh ; 8 = 
m u sh y ; F la vo r in te ns ity : 1 =  e x trem e ly  b land, 8 =  ex trem e ly  
in tense; F la v o r  Preference and  O vera ll Sa tisfa c t ion : 1 =  d is like  
ex trem e ly, 8 = like  ex trem e ly ; Sa lt ine ss: 1 = devo id , 8 = ex trem e ly  
salty.
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Correlations of Sensory  and Instrumental Evaluations 
of Roast Beef Texture

P. L. BRADY  and M. E. HUNECKE

--------------------------------------- A B S T R A C T ------------------------------------------

Beef semitendincsus roasts heated to endpoint temperatures of 60°, 
70°, and 80°C were evaluated by a taste panel and by instrumental 
tests of shear, penetration, and compressive force. Correlations were 
found between sensory parameters of chewiness, hardness and ten
derness and between these parameters and shear parameters of firm
ness and cohesiveness. Compression-hardness was related positively 
to panel scores for moisture and negatively to mealiness scores. 
Compression-cohesiveness was related only to panel scores for oili
ness while compression-springiness and penetration hardness were 
not related to any of the sensory parameters evaluated.

IN T R O D U C T IO N

F O O D  T E X T U R E  has b een  d e fin e d  as “ th e  c o m p o s ite  o f  
th o se  p ro p e r t ie s  w h ic h  arise  fro m  th e  s t ru c tu ra l  e le m en ts , 
and  th e  m a n n e r  in  w h ic h  it  reg is te rs  w ith  th e  p h y sio lo g ica l 
senses”  (S z c ze sn iak , 1963). T h is  d e f in it io n  reco g n ize s th ree  
e ssen tia l e le m en ts  o f  te x tu re :  (1 )  th a t  it is th e  re su lt o f  th e  
s tru c tu re  o f  th e  fo o d ;  (2 )  th a t  i t  is a c o m p o s ite  o f  several 
p ro p e rtie s ;  an d  (3 )  th a t  i t  is a sen so ry  q u a lity . In  th e  m ea 
su re m e n t o f  fo o d  te x tu re ,  th e re fo re , th ese  e le m e n ts  m u st 
be  co n sid e re d . F ro m  th e  above  d e f in i t io n , i t  c o u ld  be 
d e d u c e d  th a t  h u m a n s  are  th e  b es t in s t ru m e n t  fo r  ev a lu a tin g  
fo o d  te x tu re ,  since  o n ly  h u m a n s  can  p e rce iv e , an a ly ze , 
in te g ra te , a n d  in te rp re t  a large n u m b e r  o f  te x tu ra l  sensa
tio n s  a t  th e  sam e tim e  (L a rm o n d , 19 7 6 ). A ll sen so ry  evalua
t io n , reg ard less  o f  w h e th e r  it invo lves la b o ra to ry  p an e ls  o r  
c o n su m ers , is faced  w ith  m an y  m e th o d o lo g ic a l, p sy c h o 
log ical, an d  p h y sio lo g ica l p ro b lem s. In  a d d it io n , it is b o th  
c o s tly  an d  tim e  co n su m in g . T o  avo id  th e se  p ro b le m s  an d  to  
o b ta in  th e  ad v an tag es o f  sp eed , re p ro d u c ib il i ty , an d  re la tiv e  
ease o f  s ta n d a rd iz a t io n , in s tru m e n ta l  m e th o d s  o f  m easu rin g  
th e  m ec h an ic a l a sp ec ts  o f  fo o d  te x tu re  w ere  so u g h t. Be
cause  o f  th e  c o m p le x  n a tu re  o f  fo o d  te x tu re ,  i t  w as reco g 
n ized  th a t  i t  is im p o r ta n t  to  m ea su re  as m a n y  o f  a f o o d ’s 
te x tu ra l  p a ra m e te rs  as possib le . T h is  m ay  be acco m p lish ed  
e ith e r  by  using  several d if fe re n t  te s ts , e ach  d e te c tin g  o n e  o r 
m o re  p a ra m e te rs , o r  by  using  o n e  te s t  f ro m  w h ich  a n u m b e r  
o f  p a ra m e te rs  m ay  be c h a ra c te riz e d . B ecause  o f  its  g re a te r  
e ffic ie n c y , th e  l a t te r  m e th o d  h as  g a in ed  g e n e ra l a cc ep ta n ce .

F o r  m ea t, te x tu re  has c o m e  to  be  sy n o n y m o u s  w ith  te n 
d e rn ess  a n d  c o n su m e r  re sea rc h  h as  d e te rm in e d  th a t  te n d e r 
ness is th e  single m o s t im p o r ta n t  fa c to r  in  assessing m e a t 
a cc e p ta b ili ty . T h e  m e a su re m e n t o f  m e a t te n d e rn e s s  is ex 
tre m e ly  d iff ic u lt  becau se  m e a t is n o t  a sim p le  o n e -co m 
p o n e n t  sy s tem  (C o v e r e t al., 196 2 ). I t  is in s te a d  th e  re su lt 
o f  tw o  s tru c tu ra l  c o m p o n e n ts , m u sc le  f ib e rs  and  c o n n e c 
tive  tissu e , an d  is fu r th e r  c o m p lic a te d  b y  th e  p re sen c e  o f  
fa t  in te rsp e rse d  w ith in  th e se  s tru c tu ra l  e lem en ts . S ince 
th e  p io n ee rin g  v/ork  by  C over e t a l., a lm o s t all se n so ry  eval
u a tio n s  o f  m e a t te n d e rn e s s  have  in v o lv ed  som e fo rm  o f  
m u lt ic o m p o n e n t analysis. T h is  h as n o t  b een  th e  case  w ith  
in s tru m e n ta l  te c h n iq u es .

A u th o rs  B rady an d  H u n eck e  are w ith the D ept, o f  F o o d s  a n d  N u 
trition , Univ. o f  Illinois, 2 7 4  B evier Hall, 9 0 5  So u th  G o o d w in , 
Urbana, IL  6 1 8 0 1 .

T ra d itio n a lly , th e  m o s t c o m m o n  in s t ru m e n t  fo r  e v a lu a t
ing m e a t te n d e rn e s s  h a s  b een  th e  W arn e r-B ra tz le r  sh ea r. 
R e p o r ts  o f  c o rre la tio n s  b e tw e e n  sh ea r v a lues, m e a su re d  as 
m a x im u m  sh ea r fo rce , an d  ta s te  p a n e ls  have  ra n g ed  fro m  
h ig h ly  s ig n ifican t to  no  s ig n ifican ce  (S z c ze sn iak , 1 9 6 8 ). 
L a rm o n d  and  P e tra so v its  (1 9 7 2 )  p ro p o se d  u sin g  tw o  m e a 
su re m e n ts  fro m  th e  W arn er-B ra tz le r, p eak  fo rce  an d  s lo p e  
o f  th e  sh ea r fo rc e - tim e  cu rve. T h ey  fo u n d  th a t  th e  e x te n t  
o f  th e  re la tio n sh ip  b e tw e e n  th e se  m e a su re m e n ts  an d  p a n e l 
e v a lu a tio n s  w as d e p e n d e n t  o n  th e  n a tu re  o f  th e  sam p le . 
B o u to n  e t al. (1 9 7 1 )  d e v e lo p ed  a c o m p re ss io n  te s t  fo r  
assessing m ea t te n d e rn ess . T h e y  re p o rte d  th a t  th is  te s t  
w as h ig h ly  c o rre la te d  w ith  ta s te  p a n e l m e a su re m e n ts ;  
h o w ev er, th e  fa c to rs  e v a lu a te d  by  th e  p a n e l w ere  n o t  d e 
fin ed . In  a d d it io n , c o rre la t io n s  b e tw e e n  th is  te s t  a n d  W ar
n e r-B ra tz le r  sh e a r  w e re  fo u n d  to  v a ry , d e p e n d in g  on  th e  
te m p e ra tu re  o f  th e  m e a t be ing  te s te d . R h o d e s  e t al. (1 9 7 2 )  
in v es tig a ted  th e  re la tio n sh ip  b e tw e e n  ta s te -p a n e l ev alu a 
t io n s  o f  te n d e rn e s s  and  ju ic in e s s  ar.d c h a ra c te ris tic s  re la te d  
to  d e fo rm a tio n , fo rce , an d  w o rk  m ea su re d  d u rin g  c o m p re s 
sio n  o f  m e a t sam ples. T h ey  c o n c lu d e d  th a t  c o rre la t io n s  be 
tw e en  th e  p an e l and  th e  v a rio u s  in s tru m e n ta l  p a ra m e te rs  
w e re  n o t  s ig n ifican tly  im p ro v e d  o v er th o se  fro m  a one- 
c o m p o n e n t W arn e r-B ra tz le r  sh e a r te s t.  B o u to n  e t  al. ( 1 9 7 5 ) 
a n a ly zed  th e  fo rc e -d e fo rm a tio n  cu rv es p ro d u c e d  d u rin g  
sh ear, c o m p re ss io n , an d  ten s ile  te s ts  o f  m e a t sam p les. T h e y  
h y p o th e s iz e d  th a t  th e  in itia l e ffe c t o f  a p p lie d  fo rc e  w as 
p ro b a b ly  to  p ro d u c e  a y ie ld  in  m y o f ib r il la r  s t ru c tu re  and 
th e n  la te r  a p p lied  fo rc e  p ro b a b ly  w as re s is ted  b y  c o n n e c 
tive  tissue . T en d e rn e s s  c h a ra c te ris tic s  o f  b e e f  se m ite n d in o -  
sus ro a s ts  h e a te d  in  o v en s w ere  c o m p a re d  w ith  th o se  o f  
sm all sam p les h e a te d  as c y lin d ric a l c o re s  in  glass tu b e s  in  a 
w a te r  b a th  th ro u g h  m u lt ic o m p o n e n t an a ly sis  o f  th e  fo rce - 
d e fo rm a tio n  cu rv es p ro d u c e d  d u rin g  sh e a r and  p e n e tr a t io n  
te s tin g  (B ra d y  an d  P e n fie ld , 1 9 8 2 ). C o r re la tio n  c o e ff ic ie n ts  
in d ic a te d  th a t  th e  m a g n itu d e  an d  d ire c tio n  o f  th e  re la tio n 
ship  b e tw e e n  se n so ry  an d  in s tru m e n ta l  te s ts  v a ried  a c c o rd 
ing  to  w h e th e r  sam p le s w ere  h e a te d  as in ta c t  ro a s ts  o r  as 
cores.

B ecause  o f  th e  im p o r ta n c e  o f  te x tu re  to  m e a t a c c e p t
ance , it is im p o r ta n t  to  u n d e rs ta n d  th e  c o m p o n e n ts  c o n tr ib 
u tin g  to  th is  c h a ra c te ris tic  an d  m e th o d s  fo r  m ea su rin g  
th ese . In  th e  p re se n t s tu d y  a tra in e d  se n so ry  p a n e l w as u se d  
to  id e n tify  and  q u a n tify  fa c to rs  re la te d  to  m e a t te n d e rn e s s  
and  th e  e ffe c t o f  e n d p o in t  te m p e ra tu re  o n  th e se . T e n d e r 
ness o f  th e  m e a t a lso  w as e v a lu a ted  using  W arn e r-B ra tz le r  
sh ea r, p e n e tra t io n , and  c o m p re ss io n  te c h n iq u e s . C o rre la 
tio n  c o e ff ic ie n ts  w e re  c a lcu la te d  to  d e te rm in e  th e  r e la t io n 
sh ips a m o n g  sen so ry  p a ra m e te rs , a m o n g  in s t ru m e n ta l  
p a ra m e te rs , a n d  b e tw e e n  sen so ry  and  in s t ru m e n ta l  p a ra m 
eters.

M A T E R IA L S  & M E T H O D S

TWELVE CHOICE-GRADE beef semitendinosus muscles were ob
tained from the Meat Science Laboratory, University of Illinois, 
Urbana. Four muscles were randomly assigned to each of three end
point temperatures, 60°, 70°, or 80°C. Roasts were wrapped in 
freezer paper, frozen at -30°C, then stored at -18°C for periods of 
no longer than 6 wk.
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Sample preparation and heating

Samples were randomly assigned to test days such that samples 
representing two different endpoint tem peratures were heated on 
each test day. After thawing for 48 hr a t 4°C, roasts were placed 
in a preheated 165°C electric oven and heated until a copper-con- 
stantan therm ocouple placed in the center o f the roast registered 
the desired endpoint tem perature. When the endpoint tem perature 
was reached, roasts were removed from the oven, covered loosely 
with foil, and cooled at 26°C for 30 min. Appropriate weights were 
determined before and after heating for use in calculation o f losses. 
Roasts were cut across the muscle fibers in to  6.15-cm sections and 
cores 2.5 cm in diameter, cut parallel to  the muscle fibers, were 
removed. Cores were random ly assigned for testing by either the 
sensory panel or by one of the instrum ental procedures. Tissue re
maining after the removal o f the cores was ground and used for 
moisture determinations.

Moisture determination

A m odified AOAC (1980) m ethod was used for m oisture analy
sis. Triplicate 3 -  5g finely ground samples o f m eat were dried over
night in a 45°C oven. Following an additional 2 hr o f drying in a 
100°C oven, samples were weighed and the percent m oisture con
tent calculated.

Sensory testing

Nine sensory panelists were recruited from the students and staff 
o f the Dept, o f Foods & Nutrition. Panelists were trained in a series 
of nine sessions, each 1 hr long, occurring over a period o f 5 wk. 
In the first five o f  these, panelists were taught the textural charac
teristics defined by Szczesniak (1963) and procedures for evaluating 
these. Samples representing levels o f these parameters were pro
vided to  allow panelists to practice using the terms (Civille and 
Szczesniak, 1973). During session six, panelists applied the prin
ciples learned in the previous sessions to develop a ballot specific
ally for use in evaluating meat. Remaining training sessions were 
devoted to testing and refining this ballot.

The final ballot consisted of nine characteristics. Each charac
teristic was evaluated on a 15 cm unstructured line scale anchored 
1 cm from each end with term s representing extremes of the charac
teristic. Characteristics evaluated, guidelines for evaluating each 
characteristic, and anchor terms for each are presented in Table 1.

Sensory test sessions were conducted imm ediately after cores 
were removed from heated roasts. During test sessions, panelists 
worked in individual booths. They were presented with samples 
from each of that day’s endpoint tem perature treatm ents separately 
and order of presentation of the treatm ent samples was randomized 
among panelists. Samples for each treatm ent consisted of two core 
sections each 2.5 cm in length served on white china plates. Two 
cores per treatm ent were served to assure panelists had adequate 
amounts o f samples to com plete their evaluations. Panelists were 
given unsalted crackers and room -tem perature water to  cleanse 
the palate before presentation of samples from each treatm ent. 
All tests were carried ou t under green light to  disguise any color 
differences due to the different endpoint tem peratures. Following

panelists’ evaluations, values were assigned to  ratings o f each param 
eter by measuring the distance, in centimeters, o f the panelists’ 
mark from the left end of the line scale.

Instrum ental tests

Instrum ental tests for tex ture characteristics were conducted 
on each treatm ent on day of heating using an Instron Universal Test 
Machine, Model 1132. A 50-kg load cell was used with crosshead 
and chart speeds o f  20 cm /m in. Samples were sheared by cutting 
across the fibers with a Warner-Bratzler shear attachm ent. Resultant 
curves were evaluated for param eters o f  “ firmness” and “cohesive
ness”  (Larmond and Petrasovits, 1972). “ Shear-Firmness” was 
calculated as the slope o f a line drawn from the origin o f the curve 
to its peak and was reported in kilograms per m inute. “ Shear 
cohesiveness,”  expressed in kilograms, was m easured as the peak 
force recorded on the shear-deformation curve. “ Penetration- 
hardness” was measured as the force, in kilograms, required to drive 
a flat probe 0.5 cm in diameter vertically 80% o f the way through 
a sample. Samples were presented so th a t the fibers were perpen
dicular to  the direction o f the plunger m ovem ent (Bouton et al., 
1971). Core segments, 2.54 cm in length, were compressed twice to 
80% o f their height using a flat plunger 5.7 cm in diameter. Cores 
were placed on the test platform  so that the direction o f compres
sion was parallel to  the muscle fibers. Properties o f “hardness,” 
“ springiness” and “cohesiveness” were evaluated from the resulting 
two-bite curves (Bourne, 1978). “ Hardness” was defined as the peak 
height o f the first curve, in kilograms. “ Springiness” was the width 
of the second curve, expressed as m inutes, while “cohesiveness” 
was the ratio o f  the area o f the second curve to th a t o f the first. 
Four tests each o f shear, penetration, and compression were 
conducted on randomly selected cores from each roast.

Statistical analysis

Analysis o f variance was used to identify differences in the vari
ous parameters due to  endpoint tem perature. When significant dif
ferences were found, Tukey’s test was used for mean separation. 
Correlation coefficients were calculated to  determ ine relationships 
among sensory parameters, among objective parameters, and be
tween sensory and objective parameters.

R E S U L T S  & D IS C U S S IO N

E ffe c t  o f  e n d p o in t  te m p e r a tu r e

A s e n d p o in t  te m p e r a tu r e  w a s in c r e a se d , t im e  to  reach  
th e  d e sig n a te d  te m p e r a tu r e  a lso  w a s in c re a se d  (T a b le  2 ). 
H ea tin g  lo s se s  in c re a se d  s ig n if ic a n tly  b e tw e e n  6 0  and  
7 0  C b u t  w e re  n o t  s ig n if ic a n t ly  d if fe r e n t  b e tw e e n  7 0  
an d  8 0  C. T h is  is  in  c o n tr a s t  t o  C ro ss e t al. ( 1 9 7 6 )  w h o  
fo u n d  h e a t in g  lo s s e s  in c re a se d  as e n d p o in t  te m p e r a tu r e s  
w e r e  in c re a se d  in  10  C in c r e m e n ts  b e tw e e n  6 0  and 9 0 °C  
and in c re a se d  s ig n if ic a n tly  b e tw e e n  7 0  and 8 0  C. In  b o th  
th e  p r e se n t s tu d y  an d  th a t b y  C ro ss e t  al. a m a jo r  p o r t io n

Table 1 —Characteristics an d  scoring  criteria  fo r senso ry  evaluation o f  b e e f  sem ltend inosus

Characteristic
Scoring criteria and 

guidelines for evaluation
Scale

anchors3

Springiness Compress sample between molar teeth and release pressure Stays compressed; quickly returns

Hardness Force required to compress the sample between molar teeth Soft; hard

Deformation Amount of deformation before rupture, compressing between molar teeth Slight; extreme

Chewiness Length of time to prepare sample for swallowing Low; high

Strand separation Amount the sample falls apart into strands during chewing None; great

Mealiness Amount of hard/dry particles left in mouth after swallowing 

After swallowing rate:

Low; high

Moistu re Overall impression of moisture content of sample Dry; moist

Oiliness Overall impression of oiliness of sample Low; high

Tenderness Overall impression of sample's tenderness Tough; tender

3 F irst term  an ch o rs  left end o f scale; second  term  an ch o rs  right.
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T E X T U R E  E V A L U A  T  I O N S  O F  R O A S T  B E E F . . .

o f  th e  to ta l  lo ss w as a t t r ib u te d  to  e v a p o ra tio n . M o is tu re  
an a ly se s o f  th e  h e a te d  sam p le s rev ea led  n o  s ig n ifican t d if
fe re n c e s  d u e  to  h e a t  t r e a tm e n t  (T ab le  2).

C h ew in ess, m ea lin ess , a n d  m o is tu re  w e re  th e  o n ly  sen 
so ry  c h a ra c te ris tic s  a f fe c te d  b y  e n d p o in t  te m p e ra tu re  
(T a b le  3 ). S am p le s  h e a te d  to  6 0 °C  w e re  s ig n ifican tly  m o re  
ch ew y , i.e ., re q u ire d  a g re a te r  le n g th  o f  tim e  to  p re p a re  
fo r  sw allo w in g , th a n  th o se  h e a te d  to  70° o r  8 0  C , b u t  th e re  
w e re  n o  d iffe re n ce s  in  th e  ch ew in ess o f  sam p les h e a te d  to  
th e  tw o  h ig h er e n d p o in ts . T h ese  f in d in g s  a re  in c o n tra s t  
to  th o se  o f  M arten s  e t al. (1 9 8 2 )  w h o  re p o r te d  th a t  th e ir  
se n so ry  p a n e l fo u n d  to ta l  ch ew in g  w o rk  w as lo w e s t fo r  b e e f 
se m im e m b ra n o su s  sam p les h e a te d  to  6 0  -  63 C th e n  in 
c reased  w ith  in c reas in g  e n d p o in t  te m p e ra tu re s . H e a tin g  to  
7 0 °C  re su lte d  in  sam p les s ig n ifican tly  m o re  m ea ly  th a n  
th o se  h e a te d  to  e ith e r  6 0 ° o r  80°C . C o llag en  so lu b iliz a tio n , 
o c cu rr in g  a t  6 0  -  6 3 °C , m ig h t a c c o u n t fo r  in c re a sed  m ea li
n ess a t  7 0 °C  (M a rte n s  e t al., 1 9 8 2 ), w h ile  s u b s e q u e n t  d é n a 
tu ra t io n  o f  a c tin , o c cu rr in g  a t te m p e ra tu re s  in  th e  ran g e  o f  
67  -  7 3 °C , w o u ld  b e  a sso c ia ted  w ith  th e  d ec reased  m ea li
ness a t th e  8 0 °C  e n d p o in t. A lth o u g h  n o  d iffe re n c e s  w ere  
fo u n d  in  m o is tu re  c o n te n ts  o f  th e  h e a te d  ro a s ts , p a n e lis ts  
ju d g e d  sam p les h e a te d  to  6 0  C m o re  m o is t th a n  th o se  
h e a te d  to  7 0 ° o r  8 0 °C . T h is  c o rre sp o n d s , h o w ev er, to  th e  
e f fe c t o f  e n d p o in t  te m p e ra tu re  o n  h e a tin g  losses (T ab le  2).

B o th  sh ear f irm n ess and  co h esiv en ess w e re  a ffe c te d  by  
e n d p o in t  te m p e ra tu re  (T a b le  4 ). S am p le s  h e a te d  to  b o th  
6 0 ° and  80°C  w ere  s ig n ifican tly  m o re  firm  th a n  th o se  
h e a te d  to  7 0 ° C. S am p le s h e a te d  to  7 0  C w e re  less co h e 
sive th a n  th o se  h e a te d  to  8 0  C an d  b o th  o f  th ese  h ig h er 
e n d p o in t  te m p e ra tu re s  re su lte d  in  m e a t th a t  w as less co 
hesive  th a n  sam p le s h e a te d  to  60  C. T h e  e f fe c ts  o f  e n d 
p o in t  te m p e ra tu re  o n  th e se  tw o  sh ea r p a ra m e te rs  suggest 
th a t  th e  tw o  p a ra m e te rs  c o m b in e d  p ro v id e  a p ic tu re  o f  th e  
ch an g es in  a n u m b e r  o f  th e  m u sc le  c o m p o n e n ts  o f  th e  sam 
p les  d u rin g  h e a tin g . C o a g u la tio n  o f  c o n tra c t i le  p ro te in s  
w ith  l i t t le  ch an g e  in  c o n n e c tiv e  tissu e  is su g g ested  b y  th e

Table 2 —E ffe c t  o f  e n d p o in t tem perature on heating characteristics  
o f  b e e f  roasts3'b

Endpoint temperature

Parameter 60° C 70°C 80° C

Heating time (min/kg) 69.01a 76.00ab 89.64b
Total losses (%) 14.93a 24.23b 23.75b

Drip loss (%) 1.85a 4.56b 4.50b
Evaporative loss (%) 13.08a 19.67b 19.25b

Moisture (%) 67.25a 65.04a 62.72a

a Means of 4 replications. 
Means in the same row followed by different letters are signifl-
can tly  d ifferen t (p <  0.05).

h ig h e r  f irm n ess  a n d  co h esiv en ess v a lu es a t  th e  6 0 °C  sa m p le s  
(P au l e t al., 19 7 3 ; B o u to n  e t al., 1 9 8 1 ; M a rten  e t  a l., 1 9 8 2 ). 
C o n tin u e d  h e a tin g  re su lte d  in  co llag en  so lu b iliz a tio n  w h ic h  
led  to  d ec reased  co h esiv en ess sco res a lth o u g h  th is  e f fe c t 
w as o v e rco m e  b y  th e  in c re ased  c o a g u la tio n  o f  c o n tr a c t i le  
p ro te in s  a t th e  8 0 °C  e n d p o in t  (P a u l e t al., 197 3 ).

P e n e tra tio n -h a rd n e s s  in c re a sed  as e n d p o in t  te m p e ra tu re  
w as in c re a sed  w h ile  c o m p re ss io n -h a rd n ess  in c re a sed  sign ifi
c a n tly  b e tw e e n  6 0 ° and  7 0 °C  b u t  sh o w ed  a s lig h t b u t  n o n 
sig n ific a n t d ecrease  b e tw e e n  70° an d  8 0  C. V a lu es  fo r  c o m 
p re ssio n -sp rin g in ess  fo llo w ed  a sim ila r p a tte rn .  C o m p re s s io n -  
co h esiv en ess w as n o t  s ig n ifican tly  a f fe c te d  b y  e n d p o in t  
te m p e ra tu re .  T h ese  fin d in g s a re  in  c o n tra s t  to  th o se  o f  
B o u to n  e t  al. (1 9 7 5 )  w h o  o b se rv ed  th a t  p e n e t r a t io n  an d  
c o m p re ss io n  te s ts  a p p e a re d  to  b e  b e t te r  in d ic a to rs  o f  c o n 
n e c tiv e  tis su e  ch an g es th a n  sh e a r- ty p e  te s ts . In  th e  p re s e n t  
s tu d y , c h an g es  in  th e  c o m p re ss io n  p a ra m e te rs  a re  n o t  in  
th e  d ire c tio n s  th a t  w o u ld  be  e x p e c te d  if  th e  e f fe c ts  o b 
served w e re  a sso c ia ted  p re d o m in a n tly  w ith  c o n n e c tiv e  
tis su e  changes.

Correlations

E x a m in a tio n s  o f  th e  c o rre la tio n s  a m o n g  th e  n in e  sen 
so ry  p a ra m e te rs  rev ea led  th a t  o n ly  five o f  th e se  r e la t io n 
sh ip s w e re  s ig n ifican t (n  = 12). O v erall te n d e rn e s s  sh o w ed  
s tro n g  n eg ativ e  c o rre la t io n s  w ith  b o th  h a rd n e ss  ( r  = —0 .9 5 0 , 
p <  0 .0 1 ) , th e  fo rc e  to  c o m p re ss  th e  sam p le  b e tw e e n  th e  
m o la r  te e th ,  an d  c h ew in ess  ( r  = - 0 .9 1 9 ,  p <  0 .0 1 ) ,  th e  
le n g th  o f  tim e  re q u ire d  to  p re p a re  th e  sam p le  fo r  sw al
low ing . T h e re  w as a s tro n g  po sitiv e  re la tio n s h ip  b e tw e e n  
h a rd n ess  a n d  ch ew in ess  ( r  = 0 .8 8 7 , p <  0 .0 1 ). T h e  ease  w ith  
w h ic h  f ib e r  s tra n d s  se p a ra ted  d u rin g  ch ew in g  w as fo u n d  to  
be  n eg ativ e ly  re la te d  to  sam p le  o ilin ess  (r  = —0 .6 7 1 , p <  
0 .0 5 ) , w h ile  m ea lin ess , th e  p re sen c e  o f  h a rd , d ry  p a r tic le s  
in  th e  m o u th  a f te r  sw allow ing , sh o w ed  a  s tro n g  neg ativ e  
c o rre la t io n  w ith  m o is tu re  sco res ( r  = - 0 .9 3 2 ;  p <  0 .0 1 ).

W hen th e  v a rio u s  in s tru m e n ta l  p a ra m e te rs  w e re  c o m 
p a red , th e  o n ly  s ig n ifican t re la tio n sh ip  fo u n d  w as b e tw e e n  
th e  sh e a r p a ra m e te rs  o f  f irm n e ss  an d  co h es iv en ess  ( r  = 
0 .7 6 8 , p  <  0 .0 1 )  a n d  b e tw e e n  sh ea r co h es iv en ess  a n d  c o m 
p re ss io n  sp rin g in ess  ( r  = - 0 .6 0 3 ,  p <  0 .0 5 ).

C o rre la tio n s  b e tw e e n  sen so ry  an d  in s tru m e n ta l  te s ts  
rev ea led  th a t  th e  se n so ry  p a ra m e te rs  re la te d  to  w o rk  re 
q u ire d  to  m a s tic a te  th e  sam ples, i.e ., h a rd n ess , d e fo rm a tio n , 
ch ew in ess, and  o verall te n d e rn e s s , w e re  all c o rre la te d  w ith  
sh ea r firm n ess  (T a b le  5 ) an d , w ith  th e  e x c e p tio n  o f  d e fo r 
m a tio n , th e se  sam e sen so ry  p a ra m e te rs  w e re  re la te d  to  
sh ear co h esiveness. T h ese  se n so ry  p a ra m e te rs  w e re  n o t  
fo u n d  to  b e  a sso c ia ted  w ith  p e n e tr a t io n  o r  c o m p re ss io n  
te s t  p a ra m e te rs . S im ila r fin d in g s w ere  re p o r te d  b y  B ra d y  
and  P en fie ld  (1 9 8 2 )  fo r  sam p les h e a te d  as in ta c t  ro a s ts .

Table 3 —E f fe c t  o f  en d p o in t  
characteristics o f  roast b e e fa,b

tem perature on sensory tenderness Table 4 —E f fe c t  o f  e n d p o in t tem perature on o b jective  param eters o f  
roast b e e f  tex tu re a,b

Sensory characteristic

Endpoint temperature
Objective parameter

Endpoint temperature

60° C 70°C 80° C 60° C 70°C 80° C

Springiness 5.21 5.00 5.65 Shear
Hardness 6.88 6.00 6.50 Firmness (kg/min) 0.71b 0.48a 0.66b
Deformation before rupture 9.80 8.67 8.67 Cohesiveness (kg) 8.67c 6.02a 7.16b
Chewiness 7.84y 6.77x 6.69x Penetration
Strand separation 3.84 3.95 4.09 Hardness (kg) 1.46a 1.89b 2.27c
Mealiness 4.40b 8.03a 5.39b Compression
Moisture 10.57b 8.03a 8.23a Hardness (kg) 15.25a 24.59b 20.75b
Oiliness 3.31 3.24 3.06 Springiness (min) 4.18a 5.32b 5.23b
Tenderness 9.14 9.96 9.42 Cohesiveness 0.43a 0.42a 0.47a

3 M e an s o f  4  rep lication s, 9 pane lists/rep lication. 3 M e an s o f 4  rep lica tion s w ith  4  sam p les/replication.
“ M e an s  in the sam e ro w  fo llow e d  b y  d ifferen t letters are d iffe ren t “ M eans in the sam e row  fo llow e d  b y  d iffe ren t letters are d iffe ren t

(P <  0.05, x ,y ; p <  0.01, a-c). ' (p <  0 .01).
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T a b le  5 — C o r r e la t io n s  b e t w e e n  s e n s o r y  a n d  in s t r u m e n t a l  m e a su re s  o f  r o a s t  b e e f  t e x t u re a

Sensory
parameters

Instrumental parameters

Shear Penetration Compression

Firmness Cohesiveness Hardness Springiness Hardness Cohesiveness

Springiness 0.434 0.141 0.219 -0.087 0.344 -0.061
Hardness 0.653* 0.641* -0.154 -0.216 0.112 0.201
Deformation -0.614* 0.458 -0.097 -0.321 -0.196 0.074
Chewiness 0.650* 0.801** -0.241 -0.398 -0.136 0.096
Separation 0.367 0.417 0.461 0.124 -0.054 0.492
Mealiness -0.068 -0.250 0.205 0.341 0.597* 0.162
Moisture -0.080 0.192 -0.412 -0.454 -0.681* -0.261
Oiliness -0.385 -0.427 -0.188 -0.050 -0.045 -0.707*
Tenderness -0.668* -0.688* 0.047 0.139 -0.054 -0.229

a n = 12
* p <  0 .0 5 ; * * p  <  0 .0 1

H ardness, m ea su re d  by  c o m p re ss io n , w as a sso c ia ted  p o si
tive ly  w ith  se n so ry  sco res fo r  m ea lin e ss  an d  n eg ativ e ly  
w ith  th o se  fo r  m o is tu re  suggesting  th a t  th is  in s tru m e n ta l  
p a ra m e te r  w as s tro n g ly  in f lu e n c e d  b y  th e  m o is tu re  c o n te n t  
o f  th e  sam ples. C o m p ress io n  co h esiv en ess w as neg ativ e ly  
c o rre la te d  w ith  p a n e l sco res  fo r  o iliness. S en so ry  p a ra m 
e te rs  o f  sp rin g in ess  an d  se p a ra tio n  w ere  n o t  h ig h ly  c o rre 
la te d  w ith  a n y  o f  th e  in s tru m e n ta l  p a ra m e te rs  m easu red  
an d  th e  in s tru m e n ta l  p a ra m e te r  p e n e tr a t io n  h a rd n e ss  w as 
n o t  re la te d  to  an y  o f  th e  se n so ry  p a ram e te rs .

T h e  s tro n g  c o rre la tio n s  b e tw e e n  th e  sen so ry  c h a ra c te ris 
tic s  o f  ch ew in ess, h a rd n e ss  an d  te n d e rn e s s  w o u ld  in d ic a te  
th a t  th e se  p a ra m e te rs  w e re  m easu rin g  e ith e r  th e  sam e ele
m e n t o f  te n d e rn e s s  o r  o n e s  th a t  w e re  s tro n g ly  re la te d . 
S ince  th e  tw o  sh ea r p a ra m e te rs , f irm n e ss  a n d  cohesiv en ess, 
w ere  b o th  re la te d  to  th e se  sen so ry  p a ra m e te rs  a p p a re n tly  
th e y  also w ere  m easu rin g  sim ila r e le m e n ts  o f  te x tu re  and  
w o u ld  be  re liab le  in  p re d ic tin g  se n so ry  ev a lu a tio n s  o f  th ese  
c h arac te ris tic s . In s t ro n  te x tu re  p ro f ile  an a ly sis  w as fo u n d  to  
be  re la te d  to  p a n e l e v a lu a tio n s  o f  te x tu ra l  a t t r ib u te s  o n ly  in  
th e  re la tio n sh ip  o f  c o m p re ss io n  h a rd n ess  to  p a n e l m o is tu re  
and  m ea lin ess  sco res a n d  c o m p re ss io n  co h esiv en ess w ith  
o iliness. T h e  fo rc e  to  p e n e tr a te  th e  sam p les w ith  a  b lu n t 
p ro b e  w as n o t  fo u n d  to  be  re la te d  to  a n y  o f  th e  p a ra m e te rs  
ev a lu a ted  b y  th e  p anel.

S ince  b o th  se n so ry  an d  in s tru m e n ta l  te c h n iq u e s  are  
c u rre n tly  w id e ly  u sed  to  ev a lu a te  m e a t te x tu re ,  i t  is im p o r
ta n t  th a t  th e  re la tio n sh ip s  b e tw e e n  th e se  ty p e s  o f  te s ts  be  
c learly  d e fin e d . T h e  re la tio n s h ip s  id e n tif ie d  in  th is  s tu d y  
p ro v id e  a b e t te r  u n d e rs ta n d in g  o f  th e  te x tu ra l  e le m e n ts  
be ing  e v a lu a ted  b y  th e  v a r io u s  ty p e s  o f  te s ts  an d  p ro v id e  a 
basis fo r  re la tin g  m e a su re m e n ts  m a d e  b y  se n so ry  p a n e ls  
and  v a rio u s  in s tru m e n ta l  te s t  p ro c e d u re s . H o w ev er, m o re  
w o rk  n e ed s  to  be  d o n e  in  o rd e r  to  to ta l ly  d e f in e  th e  re la 
tio n sh ip s  b e tw e e n  se n so ry  an d  in s tru m e n ta l  te s ts  o f  m e a t 
te x tu re .
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Growth of C lostridium  sp o ro g e n es  and S ta p h y lo co c cu s  aureus  
at Different Temperatures in Cooked Corned Beef 

Made with Reduced Levels of Sodium  Chloride

R. C. WHITING, R. C. BENEDICT, C. A. KUNSCH, and D. BLALOCK

---------------------------------------- A B S T R A C T ----------------------------------------

Cooked corned beef made with normal (ca. 2.5%) or a reduced 
(ca. 1.5%) level of salt were inoculated with either clostridial spores 
or with staphylococci and incubated at temperatures ranging from 
5 - 30°C. Growth of indigenous microflora, staphylococci, or Clos
tridia was similar at both salt levels at a given incubation tempera
ture. However, increasing the abuse temperature greatly increased 
the growth of all organisms. Outgrowth of clostridial spores oc
curred in ground cooked corned beef which contained the normal 
residual nitrite of 40 - 45 ppm; readdition of nitrite to 150 ppm at 
the time of inoculation markedly reduced growth. Gas production 
was not a good indicator of clostridial growth.

IN T R O D U C T IO N

R E D U C IN G  D IE T A R Y  SO D IU M  h as b een  re c o m m e n d e d  
to  decrease  th e  in c id e n ce  o f  h y p e r te n s io n  an d  su b se q u e n t 
o c cu rre n ce s  o f  ca rd io v ascu la r  d isease, s tro k e , re n a l fa ilu re , 
an d  d ecreased  life  span  in in d iv id u a ls  su sce p tib le  to  th ese  
c o n d it io n s  (P e a rso n  and  W olzak , 19 8 2 ; S e b ra n ek  e t al.,
198 3 ). P ro cessed  m ea t p ro d u c ts  a re  an  im p o r ta n t  so u rce  o f  
d ie ta ry  so d iu m . F o r  e x am p le , c o rn ed  b e e f  lo a f  c o n ta in s  
an  average o f  1 ,037  m g so d iu m /lO O g  (U S D A , 1980). H o w 
ever, th e  so d iu m  c o n te n t  w ith in  a class o f  m e a t p ro d u c ts  
c u r re n tly  in  th e  m a rk e tp la c e  o f te n  ran g es m o re  th a n  tw o 
fo ld , e .g ., th e  c o n te n t  in  h a m s ran g ed  fro m  6 5 4  -  2 0 0 4  
m g so d iu m /lO O g  (S e b ra n e k  e t al., 1983).

S o d iu m  c h lo r id e  has th re e  fu n c tio n s  in m e a t  p ro d u c ts :  
p ro v id in g  an d  e n h an c in g  flav o r, so lu b iliz in g  p ro te in s  to  
c re a te  d e sired  te x tu re ,  an d  c o n tro llin g  m ic ro b ia l g ro w th  to  
e n h a n c e  sh e lf life  an d  in h ib it  p a th o g e n s  (In g ram  and 
K itch e ll, 1 9 6 7 ; T erre ll, 1983). T h e  m ic ro b io lo g ica l p re se r
v a tio n  an d  sa fe ty  o f  m o s t m e a t p ro d u c ts  is a re su lt o f  a 
c o m b in a tio n  o f  sa lt and  n i tr i te  levels, pH , h e a t  p rocess in g , 
v acu u m  pack ag in g , an d  re fr ig e ra tio n . Few  s tu d ie s  have 
d esc rib e d  th e  ch an g es in  m ic ro b io lo g ica l g ro w th  in  sem i- 
p reserv ed  m e a t p ro d u c ts  w ith  r e d u c tio n s  o f  2 0 - 5 0 %  fro m  
c u r re n t  sa lt levels (R ie m a n  e t al., 1 9 7 2 ; S m ith  e t a l., 1983). 
T e rre ll an d  B ro w n  (1 9 8 1 )  fo u n d  th a t  o n ly  a re la tiv e ly  h igh  
sa lt level (b r in e  c o n te n t  above  4 .5% ) re d u ce d  th e  g ro w th  o f  
ae ro b ic  b a c te r ia  in  v acu u m  p ack ag ed  f ra n k fu r te rs . S o fo s
(1 9 8 3 )  re d u ce d  th e  sa lt c o n te n t  o f  f ra n k fu r te r s  f ro m  2.5%  
to  1.5% and o b se rv ed  th a t  pH  o f  th e  b a t te r  w as m o re  im 
p o r ta n t  th a n  sa lt level in  d e te rm in in g  g ro w th  o f  p sy ch ro - 
tro p ic  a n d  m eso p h ilic  b a c te ria . K ra ft (1 9 8 3 )  fo u n d  th a t  a 
sim ila r sa lt re d u c tio n  in  b o lo g n a , b a co n , o r  h am  d id  n o t  
ad verse ly  a ffe c t sh e lf  life . G re en b e rg  e t al. (1 9 5 9 )  using  
a  m o d e l h a m  p ro d u c t  sh o w ed  th a t  C l o s t r i d i u m  b o t u l i n u m  

g ro w th  a n d  to x in  p ro d u c tio n  w ere  n o t  in h ib i te d  a t  less 
th a n  9% b rin e . T o x in  w as fo rm e d  w h en  b rin e  c o n te n ts  
e x ce ed e d  6 .25%  even th o u g h  th e  h am  lac k ed  signs o f  o b v i
o us spo ilage. W h itin g  e t al. (1 9 8 4 )  fo u n d  te m p e ra tu re  to  be 
a m o re  im p o r ta n t  f a c to r  th a n  sa lt in  c o n tro ll in g  g ro w th  o f  
ae ro b ic  b a c te ria , fa c u lta tiv e  b a c te ria , and  S t a p h y l o c o c c u s

A u th o rs  W hiting, B enedict, K u n sch , and B la lock  are with the U S D A -  
A R S  Eastern  Regional Research  C enter, 6 0 0  Ea st M erm aid  Lane, 
Philadelphia, PA  19118.

a u r e u s  in  f ra n k fu r te rs . C l o s t r i d i u m  s p o r o g e n e s  sp o re  o u t 
g ro w th  w as e ffe c tiv e ly  in h ib ite d , p ro b a b ly  b y  th e  n i tr i te .

T h is  s tu d y  w ill d e te rm in e  th e  g ro w th  o f  b a c te r ia  in  
c o o k e d  and  v acu u m  p ack ag ed  c o rn e d  b e e f  m a d e  w ith  a 
re d u c e d  level o f  so d iu m  c h lo rid e . G ro w th  o f  th e  o rg a n ism s 
w ill b e  fo llo w ed  a t v a rio u s  ab u se  te m p e ra tu re s .

M A T E R IA L S  & M E T H O D S

Corned beef
Beef bottom round was obtained fresh from a local distributor. 

The meat was trimmed of excess surface fat and connective tissue 
and portions from the same postmortem muscles were distributed to 
the various curing treatments to minimize pH and compositional dif
ferences that were not a consequence of the curing itself. The manu
facture of cooked corned beef followed the procedures given by 
Komarick et al. (1974). The curing pickle contained 0.16% NaNOj, 
0.16% NaNC>2 , 0.44% sodium ascorbate, 2.4% sucrose, and 2.7% 
sodium tripolyphosphate. The sodium chloride content of the cur
ing pickle was varied so that adding the pickle at 15% of the green 
weight would yield corned beef with the desired salt content. Ap
proximately two-thirds of the pickle was injected into the meat with 
a single needle pumping system, and the remainder was added as a 
cover pickle. Bags containing a 3 - 6 kg piece of round plus pickle 
were vacuum sealed to have continuous contact of the meat and 
pickle and were cured at 6°C for 5 days.

After curing, the corned beef was cooked in the bag with the 
small amount of remaining brine by immersion in 80 - 90°C water 
until temperature probes inserted in the center of the piece indicated 
71°C. The cooked corned beef was rapidly cooled in ice water, cut 
into approximately 1kg pieces, and frozen at -18°C until needed. 
Enough corned beef was made so that replicate runs of an experi
ment could be made from one batch to minimize variation in salt 
content.

Pieces of cooked corned beef were thawed at 1°C and sliced with 
a meat sheer. Twenty-five grams of slices were placed into vacuum 
pouches. They were then inoculated, vacuum sealed (0.97 bar), 
and stored at various temperatures.

Because of the difficulty in achieving an exact salt level after 
curing and cooking, portions of the cooked corned beef containing 
an average of 1.2% salt were ground uniformly, and additional salt 
and/or a sodium nitrite solution was added to achieve up to 4.0% 
salt and 150 ppm NaN02- After mixing and standing for several 
hours, 25g were weighed into pouches, inoculated with clostridia, 
vacuum sealed, heat shocked at 80°C for 10 min, and stored.

Chemical analyses
Water content of the cooked corned beef was determined by air 

drying procedures (AOAC, 1980). Sodium content was obtained by 
dry ashing at 525°C, dissolving in nitric acid, and measuring by 
atomic absorption spectroscopy (AOAC, 1980). Residual nitrite was 
estimated by the Griess reagent following the AOAC (1980) proce
dure except that sulfanilic acid and 1-naphthalyamine were added 
simultaneously.

Microbiological methods
The microbiological techniques were similar to those used in an 

equivalent study of frankfurters (Whiting et al., 1984). Aerobic 
plate counts were made by homogenizing the entire contents of a 
pouch with 50 ntL of 0.1% peptone water in a Stomacher 400 for 
2 min. Three milliliters were taken and dilutions were made with 
peptone water; and 0.1 mL aliquot was spread on APT agar (Difco) 
and incubated at 20°C.
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A S. aureus 196E stock culture was grown with shaking in 250 
mL Brain Heart Infusion (BHI) (Difco) at 37°C for 48 hr. Aliquots 
of 1 or 10 mL were placed into vials, frozen in dry-ice acetone, and 
stored at -13°C. Thawed samples plated on TSA agar (Difco) 
containing 7.0% additional salt (TSAS agar) had a viable count of 
7 X 107 CFU/mL. Added salt inhibits most bacterial species, but 
this strain of S. aureus grows consistently as golden-colored colonies. 
To inoculate the corned beef, an aliquot of S. aureus stock culture 
was thawed and diluted so that 0.25 mL inoculated into the pouches 
would contain approximately 103 organisms/g.

After a predetermined storage time, the entire contents of a 
pouch were transferred to a Stomacher bag. Fifty milliliters of pep
tone water were added, part of the peptone water was used to rinse 
the pouch. Three milliliters were removed for diluting and plating, 
and the S. aureus were enumerated as golden colonies on TSAS agar 
after incubation at 37°C for 48 hr.

C. sporogenes (B1219) is a nontoxigenic anaerobic spore former 
similar go the proteoiytic strains of C. botulinum. A spore suspen
sion was prepared in beef heart infusion according to Santo-Goldoni 
et al. (1980). Spores were inoculated onto the cooked corned beef 
at 9.4 X 103 spores/g. The pouches were vacuum sealed, heat 
shocked at 80°C for 10 min, and stored. After the desired storage, 
50 mL 0.1% peptone-0.05% thioglycolate were added and the 
entire contents were homogenized in the original pouch by the 
Stomacher. Three milliliters were taken and diluted with peptone- 
thioglycolate. Aliquots were pour plated on Botulinum Assay Med
ium (BAM) (Huhtanen, 1975) and incubated at 37°C for 2 days in 
an anaerobic chamber flushed with a N2 -H2 -CO2 gas mixture. This 
permits growth of the few indigenous anaerobes that would sur
vive heat shocking as well as the inoculated C. sporogenes. There
fore a corresponding uninoculated package was enumerated each 
time that an inoculated package was. Initial counts in the uninocu
lated packages were usually less than the minimum detectable level 
of 102 CFU/g. Whenever the counts in the uninoculated packages 
approached or equaled those in the inoculated, the storage trial was 
terminated because the identity of the counts would then be in 
doubt. In some experiments clostridia were inoculated onto ground 
corned beef, and growth was observed by gas production and swell
ing of the vacuum pouches. A corresponding set of uninoculated 
pouches were also observed.

R E S U L T S  & D IS C U S S IO N

N a tu ra l flo ra

A to m ic  a b so rp tio n  an a ly se s sh o w ed  th a t  th e  in it ia l  tw o  
b a tc h es  o f  c o rn e d  b e e f  c o n ta in e d  1 .24  ±  0 .02%  (m e a n  and  
s ta n d a rd  e r ro r  o f  th e  m e a n )  an d  2 .1 4  ± 0 .13%  N aC l (1 .7%  
and  3 .1%  b rin e , re sp ec tiv e ly ). T h is  w as less th a n  th e  desired
1.5% and  2 .5% , b u t  th e  h ig h e r sa lt level w as w ith in  th e  
p ro b a b le  range  o f  c u r re n t  c o m m e rc ia l  p ro d u c ts . M ore im 
p o r ta n t ly ,  th e re  w as a 0.90%  d if fe re n c e  in  sa lt levels b e 
tw een  th e  tw o  sam ples. S am p le s  w ere  s to re d  a t 5 C , 11 C, 
and  16°C . A f te r  14 days, so m e  o f  th e  p o u c h e s  th a t  h ad  
b een  s to re d  a t 5 c C w ere  t ra n s fe r re d  to  2 0  C o r  27  C to  
s im u la te  a lik e ly  p a t te rn  o f  abuse .

In itia l c o u n ts  o f  fa c u lta tiv e  m ic ro o rg an ism s o n  th e  
c o o k e d  c o rn ed  b e e f  w e re  a p p ro x im a te ly  104 c o lo n y  fo rm 
ing u n its  (C F U ) p e r  g ram  (F ig . 1). G ro w th  w as h ig h ly  d e 
p e n d e n t  o n  te m p e ra tu re . T h e  c o u n ts  e x ceed ed  106 C F U /g  
a f te r  2 d ay s a t  16°C , 4  d a y s  a t 1 1°C , a n d  7 d a y s  a t  5°C . 
W hen th e  c o rn e d  b e e f  w as p lac ed  a t 2 0  C o r  27  C th e  
g ro w th  w as im m e d ia te ly  v e ry  ra p id  a lth o u g h  p ro b a b ly  
lim ite d  b ecau se  th e  c o u n ts  w e re  a lre ad y  a t 107 p e r  g ram . 
T h e re  w as n o  s tro n g  e v id en ce  fo r  th e  sa lt leve ls a ffe c tin g  
g ro w th . T h e  1.24%  sa lt c o rn e d  b e e f  c o n s is te n tly  h a d  sligh t
ly g re a te r  c o u n ts  th ro u g h  th e  g ro w th  p h ase , b u t  th e  d if fe r 
en ce  w as nev er g re a te r  th a n  0.7 lo g  cy cle . S im ila r c o n c lu 
sions w ere  re ac h ed  by  K ra f t  (1 9 8 3 )  w h o  fo u n d  a 25%  
re d u c tio n  in  th e  sa lt c o n te n t  o f  h am s w o u ld  b e  a c c e p ta b le  
in so fa r  as m ic ro b io lo g ica l spo ilage  w as c o n c e rn e d . W hiting  
e t al. (1 9 8 4 )  re p o r te d  l i t t le  e ffe c t o f  sa lt r e d u c tio n s  fro m  
2 .4%  to  1.6%  in  f ra n k fu r te r s  o n  th e  g ro w th  o f  th e  n a tu ra l  
aero b ic  o r  a n ae ro b ic  flo ra .

S ta p h y lo c o c c u s  a u reu s

A n o th e r  se t o f  p o u c h e s  c o n ta in in g  c o rn e d  b e e f  f ro m  th e  
sam e b a tc h  as ab o v e  w as in o c u la te d  w ith  1 X 104 C F U
S. a u r e u s / g  a n d  s to re d  u n d e r  th e  sam e se t o f  tim e -te m p e ra 
tu re  c o n d it io n s  (F ig . 1). T h e  in it ia l  c o u n ts  w e re  a p p ro x i
m a te ly  3 X 103 C F U /g  in d ic a tin g  g o o d  survival o f  th e  
in o c u la te d  cells.

G ro w th  w as h ig h ly  te m p e ra tu re  d e p e n d e n t,  th e  r a te  o f  
g ro w th  a t 16 C w as very  sim ila r to  th e  in d ig e n o u s  flo ra . A t 
11 C, th e  s ta p h y lo c o c c i g ro w th  ra te  w as m u c h  less th a n  
th e  in d ig e n o u s  f lo ra , an d  a t 5 C th e  s ta p h y lo c o c c i  d id  n o t  
g row . H ow ev er, a f te r  14 d ay s  o f  n o  g ro w th  a t  5 °C  th e  
s ta p h y lo c o c c i sh o w ed  v e ry  ra p id  g ro w th  w h e n  th e  te m p e ra 
tu re  w as e le v a te d  to  2 0 °C  o r  2 7 °C .

T h e  tw o  sa lt levels d id  n o t  a p p e a r  t o  a f fe c t  th e  g ro w th  
a t an y  te m p e ra tu re .  T h e  1.24%  sa lt c o rn e d  b e e f  h a d  so m e
w h a t lo w e r s ta p h y lo c o c c i c o u n ts  a f te r  11 d ay s  a t  1 1°C 
th a n  d id  th e  2 .1 4 %  sa lt c o rn e d  b e e f ; th is  m ay  be  sam p lin g  
v a r ia tio n  o r  i t  m ay  re fle c t th e  p o o r  c o m p e tit iv e  a b ili ty  o f  th e  
s ta p h y lo c o c c i u n d e r  less fa v o ra b le  c o n d it io n s  (S m ith  e t  al., 
19 8 3 ). T h e  slow ing  o f  g ro w th  o n  th e  1.24%  salt c o rn ed  
b e e f  d u rin g  th e  seco n d  d a y  a t 2 0 °C  o r  2 7 °C  m ay  also  re 
f lec t th is  c o m p e t it io n  o r  th e  b e g in n in g  o f  th e  s ta tio n a ry  
g ro w th  phase . T h is  in a b ility  o f  s ta p h y lo c o c c i  to  c o m p e te  
an d  grow  m o re  ra p id ly  th a n  th e  n o rm a l f lo ra  w as also 
o b se rv ed  by  W h itin g  e t al. (1 9 8 4 )  o n  re d u c e d -sa lt f ra n k fu r 
ters .

C lo s tr id iu m  sp o ro g en es

A n o th e r  se t o f  c o o k e d  c o rn e d  b e e f  w as p re p a re d  w h ic h  
c o n ta in e d  1.6 ±  0 .2%  a n d  2 .4  ± 0 .1 %  sa lt (2 .4 %  a n d  3 .6%

Fig. 1—G ro w th  o f  indigenous facultative organism s an d  S ta p h y lo 
co ccu s  aureus in c o o k e d  an d  vacuum  packaged c o rn e d  b e ef s to re d  
at various tem peratures. S o m e  packages were s to re d  a t 5 °  C  fo r  
14 days, a n d  then sh ifte d  (ind icated  b y  t )  to 2 0 °  C  o r  2 7 °  C  fo r  
1 o r 2  days. Values are averages o f  tw o runs.
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b rin e , re sp ec tiv e ly ) a n d  h a d  average re s id u a l n i tr i te  levels o f  
57  ± 2 p p m  a n d  39  ± 1 p p m , re sp ec tiv e ly . S o m e  o f  th ese  
p o u c h e s  w e re  in o c u la te d  w ith  104 sp o re s o f  C. s p o r o g e n e s / 

g. A ll p o u c h e s  w e re  v a cu u m  p a ck a g ed , h e a t  sh o c k e d , and  
s to re d  a t  16°C , 1 1°C, an d  5°C  fo r u p  to  14 days. A f te r  9 
d ay s, d e s ig n a ted  p o u c h e s  s to re d  a t 5 C w ere  tra n s fe rre d  
to  3 0°C . C o rre sp o n d in g  u n in o c u la te d  sam p les w e re  also 
e n u m e ra te d  o n  BAM  m ed ia  an d  th e ir  c o u n ts  w ere  a lw ays a t 
lea s t 2 log  cycles less.

T h e  g ro w th  o f  C. s p o r o g e n e s  w as s lo w er th a n  th e  o th e r  
o rg an ism s b u t  th e  sam e p a tte rn  re a p p e a re d  (F ig . 2). G ro w th  
w as m o d e ra te  a t  16°C , slow  a t 11 C, an d  in h ib ite d  a t  5°C . 
R aising  th e  te m p e ra tu re  to  3 0 °C  a f te r  9 d a y s  a t 5 C re 
su lted  in  an  e x tre m e ly  ra p id  g ro w th . T h e  g ro w th  o n  th e  
1.6%  sa lt c o rn e d  b e e f  w as s lig h tly  g re a te r  a t 11 C a n d  16 C.

T h is  g ro w th  o n  c o rn ed  b e e f  c o n tra s te d  w ith  th e  ab sen ce  
o f  g ro w th  in  f ra n k fu r te r s  (W h itin g  e t al., 1 9 8 4 ). A lik e ly  
e x p la n a tio n  is th e  lo w e r re s id u a l n i tr i te  levels in  th e  cu red  
an d  c o o k e d  c o rn e d  b e e f  w h e n  th e  sp o re s w e re  in o c u la te d , 
c o m p a re d  to  c o n d it io n s  in  th e  f r a n k fu r te r  b a t te r  w h e re  
sp o re s w e re  a d d ed  so o n  a f te r  em u ls ify in g  (H o lley , 19 8 1 ; 
H au sc h ild , 1 9 8 2 ; P ie rso n  and  S m o o t, 1 9 8 2 ; R o b in so n  e t 
a l., 1982).

T h e  re la tio n sh ip  b e tw e e n  c lo s tr id ia l g ro w th  and  salt 
c o n c e n tr a t io n  w as fu r th e r  e x am in ed  by  e x p e r im e n ts  in 
w h ic h  c o o k e d  c o rn e d  b e e f  c o n ta in in g  1.2 ± 0 .1%  sa lt and
7 2 .5  ± 1.2% w a te r  w as g ro u n d  a n d  a d d itio n a l sa lt w as 
ad d ed  to  p o r t io n s  to  give a p rec ise ly  d e f in e d  series o f  salt 
levels. T h e  sa lt c o n c e n tra t io n  o f  1.2%, 1.8%, 2 .5% , 3 .2% , and  
4 .0%  h a d  c a lcu la te d  b rin e  c o n c e n tra t io n s  o f  1.6% , 2.4% , 
3 .3% , 4.2% , a n d  5.2% , re sp ec tiv e ly . P o u c h e s  w e re  in o c u 
la te d  w ith  1.4 X 102 o r  1 .4  X 104 sp o re s /g , h e a t  sh o c k e d , 
and  s to re d  a t  20°C  fo r  u p  to  6 0  days. A c o m p le te  se t o f  
u n in o c u la te d  p o u c h e s  o f  c o rn e d  b e e f  w ere  also  h e a t  sh o ck ed  
an d  s to re d . T h e  a p p ea ran c e  o f  gas a n d  p o u c h  sw elling  is 
sh o w n  o n  Fig. 3 , th e  o rd in a te  is th e  p e rc e n ta g e  o f  p o u c h es  
w ith  d e f in ite  p re sen c e  o f  gas a lth o u g h  n o t  necessa rily  
e n o u g h  fo r  sw elling . A t 4%  sa lt o n ly  a few  sm all gas b u b b le s  
w e re  p ro d u c e d  th a t  d isa p p ea red  w ith  c o n tin u e d  sto rag e . 
W ith  th e  lo w e r in o c u la tio n  level, gas p r o d u c tio n  w as in c o n 
s is te n t a t 4 .0%  sa lt; n o  gas p ro d u c tio n  w as o b se rv ed  d u rin g  
th e  se c o n d  ru n . N o  gas a p p ea red  in  th e  c o rre sp o n d in g  u n in 
o c u la te d  p ack ag es  e x c e p t  a t a slow  ra te  in  th e  1.2% salt 
sam ples.

STORAGE TIME (days )

Fig. 2 —G ro w th  o f  anaerobic bacteria in c o o k e d  a n d  vacuum  p a ck 
aged c o rn e d  b e e f  in o cu la ted  w ith  1CR spores/g C lostrid ium  sp o ro 
genes an d  sto re d  a t various tem peratures. S o m e  packages were  
sto re d  a t  5 ° C  fo r 9  days, then s to re d  a t 3 0 ° C  for 1 o r  2  days (indi
ca ted  b y  t). Plotting  was s to p p e d  when the n u m b er o f  colonies/g  
in the u n in ocu la ted  packages equaled the n u m b er in inocu lated  
packages. Values are averages o f  tw o runs.

T h e  la rg e r in o c u la tio n  cau sed  a m o re  ra p id  a p p e a ra n c e  
o f  gas a t all salt levels. T h is  in f lu e n c e  o f  in o c u la tio n  size h as 
b e en  c o m m e n te d  o n  by  R iem a n n  e t al. (1 9 7 2 ) ,  H o lley
(1 9 8 1 ) ,  an d  P ie rso n  an d  S m o o t (1 9 8 2 ) . T h e  in h ib i to ry  
e ffe c t o f  sa lt a p p e a re d  to  b e co m e  a s ig n ifican t fa c to r  a t  an d  
ab ove  3 .2%  sa lt, levels above m an y  c u red  m e a t  p ro d u c ts .  I t  
is w id e ly  k n o w n  th a t  in h ib i t io n  o f  g ro w th  an d  to x in  p ro 
d u c tio n  b y  p ro te o ly t ic  C. b o t u l i n u m  b y  sa lt a lo n e  re q u ire s  
a t  le a s t 8 .5%  sa lt (R ie m a n  e t a l., 1 9 7 2 ; P ie rso n  a n d  S m o o t,
1982).

T h e  in f lu e n c e  o f  n i tr i te  w as d e te rm in e d  w ith  a sim ila r 
e x p e r im e n t. F ro m  c o rn e d  b e e f  w ith  1.3 ± 0 .4%  sa lt, lo ts  
c o n ta in in g  1.5%, 2 .5% , a n d  3 .5%  sa lt w e re  p re p a re d , all 
w ith  a re s id u a l 45 p p m  n itr i te . C a lc u la ted  b r in e  c o n c e n tr a 
tio n s  w e re  2 .4% , 3.6% , an d  5.4% . T o  som e o f  th e  p o u c h e s  
w ith  1.5% an d  2 .5%  sa lt, n i tr i te  so lu tio n s  w e re  a d d e d  to  
m ak e  a to ta l  o f  150 p p m  so d iu m  n itr i te .  T h e  pH  o f  th e se  
sam p les averaged  6 .0 4  ± 0 .0 4 . M ost o f  th e  in o c u la te d  
p o u c h es  w ith  1.5% an d  2.5%  sa lt an d  re s id u a l n i tr i te  
sh o w ed  gas a f te r  1 an d  2 d ay s  a t 2 0 °C  (F ig . 4 ). W ith  a d d i
tio n a l n i tr i te  th is  w as d e la y ed  to  10 an d  25 d ays, re sp e c 
tiv e ly . T h e  3.5%  salt-45  p p m  n i tr i te  sh o w ed  o n ly  tra c e  o f  
gas in  a few  p ack ag es  a f te r  35 d ay s  a t 2 0 °C . G as p ro d u c tio n  
in  th e  c o rre sp o n d in g  u n in o c u la te d  p o u c h e s  a p p e a re d  m u c h  
la te r  th a n  in  th e  in o c u la te d  p o u c h e s  in  a ll o f  th e  sa lt- 
n i tr i te  t re a tm e n ts .

M o n tv ille  (1 9 8 3 )  re p o r te d  th a t  g ro w th  an d  to x in  p ro 
d u c tio n  by  C. b o t u l i n u m  c an  o c c u r  in  m ed ia  w h ile  gas 
p ro d u c tio n  m ay  be d e la y ed  o r  ab se n t. T h e re fo re , in  th e  
fin a l e x p e r im e n t c lo s tr id ia l g ro w th  w as also  d e te rm in e d . 
B a tc h es  o f  g ro u n d  c o rn e d  b e e f  c o n ta in e d  1.6 ± 0 .2%  and
2 .4  ± 0.1%  N aC l w ith  re s id u a l 42  ± 1 p p m  n i tr i te  (2 .4  and 
3 .6%  b rin e , re sp ec tiv e ly ). S u p p le m e n ta l sa lt to  m a k e  3.5%  
w as ad d ed  to  th e  la t te r  b a tc h  (5 .6 %  b rin e ). P o r t io n s  o f  th e  
1.5% and  2 .5%  N aC l b a tc h e s  h a d  so d iu m  n i tr i te  a d d e d  to  
give 150 ± 10 p p m . U n in o c u la te d  c o n tro ls  w e re  a lso  ru n  
an d  a p a r tic u la r  t r e a tm e n t  w as s to p p e d  w h e n  th e  c o u n ts  
in  th e  u n in o c u la te d  p o u c h e s  e q u a lled  th o se  in  th e  in o c u 
la te d . G as p ro d u c tio n  a n d  g ro w th  w ere  fo llo w ed  d u rin g  
in c u b a tio n  a t  20  C.

STORAGE TIME (days)

Fig. 3 —Presence o f  gas in vacuum  packages o f  c o o k e d  c o rn e d  b e e f  
in o cu la ted  with C. sporogenes an d  sto red  a t 2 0 ° C. The  c o rn e d  b e e f  
co n ta in e d  from  1.2% to 4 .0%  salt and was in o cu la ted  w ith  e ith e r  
1.4 X  102 o r  1.4 X  104  spores/g. Values ind icate  the percentage  
o f  packages conta in ing  gas an d  rep resen t iwo runs o f  five packages  
p e r  treatm ent.
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Fig. 4 —Presence o f  gas in vacuum  packages o f  c o o k e d  c o rn e d  b e e f  
in ocu lated  with C. sporogenes. The c o rn e d  b e e f  co n ta in e d  1.5%, 
2 .5% , o r  3 .5%  salt an d  residual n itrite  o f  4 5  p p m  o r a d ded  nitrite  
to 150 pp m . Inocu lation  was 1.3 X  10^ spores/g a n d  packages were  
sto red  at 2 0 °  C. Values ind icate the percentage o f  packages co n ta in 
ing gas. Each  treatm ent co n ta in e d  seven packages.

T h e  th re e  tre a tm e n ts  c o n ta in in g  o n ly  re s id u a l n i tr i te  
sh o w ed  a ra p id  2 - 3  lo g  c y c le  in c re ase  in  cell n u m b e rs  th a t  
w as m o d e ra te ly  a f fe c te d  b y  sa lt level (F ig . 5 ). G as a p p ea red  
q u ick ly  in  th e  c o rn ed  b e e f  c o n ta in in g  1.5%  an d  2.5%  
sa lt b u t  h a d  n o t  a p p e a re d  in  th e  3 .5%  sa lt sam p le s  a t 13 
d ay s w h e n  th is  t r e a tm e n t  w as te rm in a te d . C o rn e d  b e e f  w ith  
ad d ed  n i tr i te  h ad  g ro w th  d e la y ed  a p p ro x im a te ly  3 d ay s 
b u t cell p o p u la t io n s  e x ce ed e d  106 C F U /g  a f te r  6 d ays. T h e  
g ro w th  cu rves fo r  1.5%  and  2 .5%  sa lt c o rn e d  b e e f  w ith  150 
p p m  n itr i te  w ere  n e a rly  id e n tic a l d u rin g  th e  g ro w th  p h ase ; 
ho w ev er, gas p ro d u c tio n  o c c u rre d  in  a m a jo r i ty  o f  th e  1.5% 
sa lt-1 5 0  p p m  n i tr i te  sam p le  a f te r  9 days, b u t  n ev er o c cu rre d  
w ith  2.5%  sa lt-1 5 0  p p m  n itr i te .

C O N C L U S IO N S

T H E S E  R E S U L T S  SH O W ED  th a t  th e  te m p e ra tu re  o f  s to r 
age o r  ab u se  w as m o re  im p o r ta n t  in d e te rm in in g  th e  g ro w th  
o f  in d ig e n o u s  m ic ro o rg an ism s , S . a u r e u s ,  and  C. s p o r o g e n e s  

th a n  a re a so n a b le  sa lt r e d u c t io n  fro m  th e  c u r re n t  in d u s try  
averages. W ith  re fr ig e ra tio n  a t 11°C , th e  n o rm a l f lo ra  o u t 
grew  b o th  s ta p h y lo c o c c i an d  C lostrid ia , even th o u g h  large  
in o cu la  w e re  u sed  in  th e se  s tu d ies .

T h e  im p o r ta n c e  o f  co n s id e rin g  n i tr i te  levels w ith  c lo s
tr id ia l  g ro w th  w as a p p a re n t;  r e d u c t io n  o f  b o th  sa lt and 
n i tr i te  fro m  th e  c u r re n t  p ra c tic e  w o u ld  in c rease  th e  risk s o f  
c lo s tr id ia l g ro w th . C lo s tr id ia l g ro w th  w as m o re  v ig o ro u s 
w h e n  re s id u a l n i tr i te  o n ly  w as p re sen t. T h ese  re su lts  are 
p a r tic u la r ly  a p p lic ab le  to  c o n ta m in a tio n  o c cu rr in g  a f te r  
cu rin g  an d  c o o k in g . F u r th e r  w o rk  is in  p ro g ress  o n  survival 
and  g ro w th  o f  sp o re s d u rin g  th e  c u rin g  p rocess .

T h is  w o rk  c o n f irm e d  o b se rv a tio n s  th a t  gas p ro d u c tio n  
can  be  a v e ry  m is lead in g  in d ic a to r  o f  c lo s tr id ia l g ro w th . 
W hen c o n d it io n s  b e co m e  less fa v o ra b le  (h ig h e r  sa lt an d  
n i tr i te  levels), gas p ro d u c tio n  w as in h ib ite d  m u ch  m o re  
th a n  a c tu a l g ro w th . T h is  im p lied  th a t  a c o m p le te  e v a lu a tio n  
o f  th e  risk  o f  b o tu lism  in  re d u c e d -sa lt m ea t p ro d u c ts  sh o u ld  
n o t re ly  o n  gas p r o d u c tio n  a lo n e , b u t  sh o u ld  in c lu d e  e n u 
m e ra tio n  an d  to x in  assays w ith  C. b o t u l i n u m .

R E F E R E N C E S
AO  A C . 1 9 8 0 . “ O ffic ia l M e th o d s  o f  A n a ly sis ,”  1 3 th  e d . A sso c ia tio n  

o f O ffic ia l A n a ly tic a l C h em ists , W ash in g to n , D C.

Fig. 5 —G row th  and gas p ro d u ctio n  in vacuum  packages o f  co o k e d  
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Characteristics of Low-Salt Frankfurters Produced with 
Enzyme-Modified M echanically D eboned Fowl

DENISE M. SM ITH and CLARK  J. BREKKE

----------------------------------------- A B S T R A C T -----------------------------------------

Objective and sensory methods were used to compare low-salt frank
furters containing enzyme-modified mechanically deboned fowl 
(MDF) with normal-salt (2%) and low-salt (0.5%) MDF frankfurter 
controls, a low-salt MDF pH control and a commercial chicken 
frankfurter. MDF was modified with Milezyme AFP 2000. There 
was no significant difference (P < 0.05) in reheated yield between 
the enzyme-modified treatment, the normal-salt control, and the 
commercial frankfurter. Enzymatic modification resulted in im
proved texture and had no adverse effect on cured meat color or 
flavor when compared to other low-salt treatments. Microbial num
bers increased faster on the enzyme-modified low-salt frankfurter 
than on the normal-salt control.

IN T R O D U C T IO N

N aC l (sa lt)  is g en era lly  ad d ed  to  p ro cessed  red  m e a t p ro d 
u c ts  a t a c o n c e n tra t io n  o f  2 .25  -  2 .75%  o f  th e  fo rm u la t io n  
(O lso n  a n d  T erre ll, 1 9 8 1 ), a lth o u g h  p o u l try  f ra n k fu r te rs  
u su a lly  c o n ta in  fro m  2 .0  -  2 .2%  N aC l (C o o k , 1980). Salt 
c o n tr ib u te s  to  flav o r, in f lu e n ce s  sh e lf  life , an d  a f fe c ts  th e  
fu n c tio n a l  re sp o n se s  o f  th e  m y o fib r il la r  p ro te in s  in  a 
p ro cessed  m e a t p ro d u c t  (O lso n , 1982). F u n c tio n a l  ro les  o f  
th e  m y o f ib r il la r  p ro te in s  in c lu d e  fa t  b in d n g , w a te r  h o ld in g  
c a p a c ity , te x tu re ,  and  p ro d u c t  y ie ld  (A c to n  e t a l., 1983).

A re d u c tio n  in  so d iu m  c o n su m p tio n  m ay  lo w e r h y p e r 
te n s io n  in  in d iv id u a ls  g en e tica lly  p re d isp o se d  to  th e  disease 
( IF T , 198 0 ). C o n se q u e n tly , m an y  m e a t p ro c esso rs  a re  t r y 
ing  to  re d u c e  th e  so d iu m  c o n te n t  in  th e ir  p ro cessed  p ro d 
u c ts  (A n o n ., 19 8 3 ). Several m e th o d s  have  b e en  in v es tig a ted  
to  re d u c e  so d iu m  in  p ro cessed  m e a t p ro d u c ts  a n d  a t th e  
sam e tim e  m a in ta in  q u a lity , in c lu d in g  re d u c e d  salt c o n te n t  
(S o fo s , 1 9 8 3 ), re p lac in g  N aC l w ith  o th e r  c h lo r id e  sa lts  
(H a n d  e t al., 1 9 8 2 ; O lso n  and  T erre ll, 1 9 8 1 ), sa lt p re b le n d 
ing , use  o f  p re -rig o r m e a ts  (P u o la n n e  a n d  T erre ll, 1 9 8 3 a) 
an d  use  o f  p h o sp h a te s  an d  o th e r  ad d itiv es  (P u o la n n e  and 
T erre ll, 1 9 8 3 b ).

E n z y m a tic  m o d if ic a t io n  h as b een  u sed  e x ten siv e ly  to  
im p ro v e  th e  fu n c tin a l i ty  o f  lo w -fu n c tio n  p ro te in s  and  to  
ta ilo r  th e  fu n c tio n a li ty  o f  c e r ta in  p ro te in s  to  m e e t sp ec ific  
p ro cess in g  n e ed s  (R ic h a rd so n , 1977). E n z y m a tic  m o d if i
c a tio n  o f  b e e f h e a r t  (S m ith  and  B re k k e , 1 9 84) an d  m e c h 
an ica lly  d e b o n ed  fo w l (M D F ) (S m ith  and  B re k k e , 19 8 5 ) 
m y o f ib r il la r  p ro te in s  im p ro v e d  p ro te in  fu n c tio n a li ty  in 
m o d e l sy s tem s a t b o th  low  an d  n o rm a l sa lt c o n te n ts . Im 
p ro v e m e n t in  m y o fib r il la r  p ro te in  fu n c tio n a li ty  a t low  salt 
levels suggested  e n z y m a tic  m o d if ic a t io n  as a p a r tia l  a lte r 
n a tiv e  to  sa lt w h e n  u sed  in  th e  p ro d u c tio n  o f  p ro cessed  
m e a t p ro d u c ts .

M o d e l sy s tem  re su lts  do  n o t  necessa rily  p re d ic t  p ro te in  
p e rfo rm a n c e  in  p ro cessed  p ro d u c ts . T h e  o b jec tiv e  o f  th is  
re sea rc h  w as to  in c o rp o ra te  e n z y m a tic a lly  m o d if ie d  M D F 
in to  a lo w -sa lt f r a n k fu r te r  p re p a re d  o n  a p i lo t  p la n t  scale 
an d  to  c o m p a re  th is  p ro d u c t  w ith  M D F f ra n k fu r te r  c o n tro ls  
p ro d u c e d  w ith  n o rm a l and  low  levels o f  salt an d  to  a co m 
m erc ia l c h ic k e n  f ra n k fu r te r .

A u th o rs  S m ith  an d  B re k k e  are a ffiliated  with the D ep t, o f  F o o d  
S cie n ce  & Hum an N u trition , W ashington S ta te  Univ., Pullm an, WA 
9 9 1 6 4 -6 3 3 0 .

M A T E R IA L S  & M E T H O D S

Materials
A 23 kg block of frozen mechanically deboned fowl (MDF) 

was purchased from Tony Downs Foods Co. (St. James, MN). The 
MDF was cut into 1 kg blocks, wrapped in polyethylene, and 
stored at -30°C. Pork back fat was obtained from the Washington 
State University Meat Laboratory (Pullman, WA). The pork fat was 
ground two times through a 6 mm plate and stored in polyethylene 
bags at -30°C. MDF and fat were analyzed for moisture, protein, 
and fat (AOAC, 1980). Milezyme AFP 2000, containing 2000 Spec- 
trophotometric Acid Protease Units/mg protein, was obtained from 
Miles Laboratories (Elkhart, IN). Chicken frankfurters, Bar-S Tasty 
Dogs (Bar-S Foods Co., Phoenix, AZ), were purchased locally.

Preparation of enzyme-modified fowl
MDF equilibrated to 20°C was placed in a Kitchen Aid Stand 

Mixer (Model K5-A, Hobart Corp., Troy, OH) and the pH reduced 
to 3.2 with 3N HC1 while mixing with the paddle attachment at the 
lowest speed setting. Hydrolysis was initiated by adding 1% AFP 
2000, based on the protein content of the meat. The meat was 
mixed for 1 min and thereafter for 30 sec at 10 min intervals. The 
enzyme was inactivated after the desired time interval by adjusting 
the pH to 7.0 with 3N KOH. Smith and Brekke (1985) found AFP 
2000 completely inhibited at pH 7.0. Hydrolysis was followed by 
measuring the increase in protein solubility with time of enzyme 
treatment as described by Smith and Brekke (1985). A pH control 
was prepared following the same procedure, except that enzyme was 
not added. Modified MDF was stored at 4°C until used the next day.

Frankfurter preparation
Frankfurter treatments tested were normal and low-salt (NaCl) 

MDF controls, a low-salt MDF pH control, and an enzyme-modified 
low-salt MDF sample. Pork fat and MDF were thawed overnight at 
4°C. Both the pH control and the enzyme-modified frankfurters 
were prepared as a 50:5 0 blend (based on the protein content of the 
MDF) of modified and control MDF. MDF was modified with Mil- 
enzyme AFP 2000 to produce a protein solubility of 38% in 0.1M 
NaCl, pH 7.0. This extent of MDF modification was chosen as it 
produced maximum cooked yields in meat model system experi
ments (Smith and Brekke, 1985). Ingredients were weighed out 
according to each treatment formulation (Table 1) and the fat 
and MDF held another 24 hr at 4°C for complete tempering. For
mulations were designed to give identical proximate compositions 
for all treatments.

Frankfurters were manufactured in a 12°C processing room. 
MDF, spice mix (including sodium nitrite and ascorbic acid), salt, 
half the water, and enzyme-modified MDF, if called for in the for
mulation, were placed in a Hobart silent cutter (Model 94142, 
Troy, OH). The ingredients were chopped for 5 min (1725 rpm) 
until the batter temperature reached 6 - 9°C. The fat and remain
ing water were added, and the ingredients chopped for 5 min until 
the batter temperature reached 11 - 12°C.

Immediately after chopping, the batter was stuffed into 25 mm 
Nojax casings (Union Carbide, Chicago, 1L) using a Frey 20 liter 
Electro-Hydraulic Stuffer (Koch Supplies, Inc., Kansas City, MO). 
Frankfurters were linked into 13 cm lengths using a Koch manual 
Unking machine (Kansas City, MO) and each batch weighed sepa
rately. Frankfurters were hung on a rack and held until all formula
tions were prepared (ca. 1 hr). The unprocessed frankfurters were 
rinsed with a cold water spray and placed in the smokehouse (En- 
viro-Pak, Portland. OR).

Frankfurters were processed according to the smokehouse 
schedule shown in Table 2. When the frankfurter internal tempera
ture reached 69°C the smokehouse was turned off and the frankfur
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ters cooled in a cold water spray until the internal tem perature 
reached 32°C (ca. 5 min). Frankfurters were held in a 4°C cooler 
overnight and reweighed to  determine sm okehouse/storage yield. 
Duplicate batches o f each treatm ent were prepared.

Frankfurter casings were removed by hand and frankfurters 
stored in polyethylene bags at 4°C. Three frankfurters from each 
batch were analyzed for m oisture, protein, fat, and salt following 
AOAC procedures (1980).

Frankfurter sensory evaluation

Frankfurters were evaluated for chicken frankfurter flavor, 
chewiness, firmness, and frankfurter pink color. Twenty panelists, 
composed of 16 males and 4 females, aged 20 to 56, evaluated the 
frankfurters. Selection of the judges, who were students, faculty or 
staff, was based on availability and interest. One training session 
was held to familiarize the panelists with the evaluation procedures. 
Textural characteristics were explained and dem onstrated by using 
commercial and pilot p lant samples o f frankfurters which exhibited 
a range of the sensory properties being evaluated.

Testing of flavor and texture was conducted in partitioned 
booths in the Dept, o f  Food Science & Human N utrition Sensory 
Evaluation Laboratory. Red lights were used to minimize color 
bias during flavor and texture tests. Tasting sessions were held on 
one day. Flavor was evaluated at 10 a.m. and texture and color at 
2 p.m. Frankfurters were served in covered beakers coded with ran
dom three-digit numbers and presented in a balanced block design. 
Panelists were instructed to expectorate after tasting and rinse their 
m ouths with room tem perature distilled water between samples. 
Frankfurters from each treatm ent were sliced in to  2 cm lengths. 
One piece of each treatm ent sample and two pieces of the reference 
sample were each placed in a 50 m l  beaker containing 4 m L of 
distilled water and covered with aluminum foil. The beakers were 
placed in pans o f ho t w ater and heated in a 177°C oven for 20 min 
to an internal tem perature o f 42°C. Reheated frankfurters were 
held on the open door of a 93°C oven until served in pans o f warm 
water to minimize cooling.

Color was evaluated by placing the nonreheated reference and 
treatm ent frankfurters on a white background under a fluorescent 
light which simulated C.l.E. illum inant C brightness. Frankfurters 
were coded with a random three-digit number. Both the skin and 
internal color o f a frankfurter which had been sliced lengthwise 
were evaluated. An unstructured 100 mm scale with anchor points 
5 mm from each end was used to evaluate the frankfurters. The ends 
of the scale were labeled “ Less” and “ More” with the center labeled 
“ Same as reference” . Panelists were asked to determine the am ount 
each sample deviated from the reference (high-salt control frank
furter). A hidden reference was included as a test sample to  check 
internal variation o f the judges’ response. Five treatm ents were 
evaluated in duplicate, so that panelists received 10 samples plus the 
reference each session.

Results were analyzed by analysis of variance. Main effects 
tested were treatm ents, judges, replications, and reference replica
tion, as well as two-way interactions. Duncan’s new m ultiple range 
test was used to calculate significant differences between treat
ments (Steel and Torrie, 1960).

Microbiological stability

Microbiological stability o f the frankfurters was m onitored by 
surface aerobic plate counts over a 25-day storage period (Kotula 
et al., 1980). The day following m anufacture and processing, casings 
were removed and the frankfurters were placed as aseptically as 
possible in sterile Whirlpak® bags, one to a bag, and stored at 4°C.

Two frankfurters from each treatm ent were separately weighed and 
each was transferred to a canning jar containing 450 mL sterile 
phosphate-MgCl diluent (2 mM MgCl2 , 0.3 mM K-phosphate, pH
7.2). The jars were shaken in a standard arc (Clark et al., 1978) 
and, after appropriate dilutions, pour plates were made with Stand
ard Plate Count agar (Difco Laboratories, Detroit, Ml). The plates 
were inclubated at 20°C for 72 hr. Dilutions were calculated based 
on the weight o f  the frankfurters and volume o f diluent. Aerobic 
plate counts o f the MDF and the raw frankfurter emulsions were 
determined after incubation o f the plates at 20° C for 72 hr using 
Standard Plate C ount agar. The raw frankfurter emulsions were 
obtained prior to  stuffing, placed in sterile Whirlpak® bags, and held 
at 4°C for 4 hr before plating.

Objective color measurement

A Hunter Lab Digital Color and Color Difference Meter, Model 
D25D (Fairfax, VA), was used to evaluate frankfurter internal color. 
The instrum ent was standardized w ith the pink standard plate, No. 
25 W 824, with color values o f L = 73.0, a = 10.8, and b = 5.7. Two 
pieces o f black electrical tape were placed parallel to each other, at a 
distance of 17 mm, across the specimen port so the frankfurters 
were evaluated as a single specimen. Sample frankfurters were cut 
in half lengthwise, then cut in to  3.5 cm sections. The internal sur
face was placed on the specimen port, and L and a ^  values read 
immediately. Within each treatm ent, two sections from each o f the 
three frankfurters were evaluated.

Severe reheat weight change

A frankfurter was weighed and placed in 400 m L boiling water 
for 10 min. The frankfurter was removed from the  cooking water, 
cooled 5 min at room tem perature, b lo tted  dry, and reweighed to 
calculate a severe reheat cooked yield. The cooking w ater was trans
ferred to a graduated cylinder and allowed to cool to room tem per
ature. The volume of fat in the cooking water was recorded. Three 
frankfurters from each treatm ent were tested.

Texture evaluation

A Fudoh Rheometer (Fudokogyo Co., LTD, Tokyo, Japan) 
was used to measure compression rupture force (chewiness) and 
compression slope (firmness) as described by Smith and Brekke
(1985). Frankfurters were prepared for skin strength measure
m ents by cutting them crosswise into 2.5 cm lengths. The piano 
wire attachm ent for measuring skin strength consisted o f a 3.2 cm 
length of wire (27 gauge, 0.355 mm in diam eter) strung between 
two parallel supports. The frankfurter piece was laid horizontally 
and compressed by the rheom eter between a flat surface and the 
piano wire under a crosshead speed o f 6 cm /m in to 19.6 N force.

Table 2 —S m o k eh o u se  sched ule  fo r p rocessin g  m echanica lly  de- 
b o n e d  fo w l frankfurters

Smokehouse
temp
C O

Time
(min)

Relative
humidity

(%) Smoke

54 30 * no
63 30 ** yes
77 ca. 100 39 yes

‘ Dam pers open 
“ Dam pers closed

Table 1—W eight o f  ingredients u sed  in M D F  fra n k fu rter form ulations

Treatment

Untreated
MDF

(g)

Treated
MDF

(g)
Fat
(g)

Water
(mL)

Spice mix3 
(g)

Salt
(g)

Total
(g)

Control, normal-salt 2245 0 439 297 55 61.6 3907.6
Control, low-salt 2245 0 439 297 55 21.2 3057.2
pH Control, low-salt 1050 1121 416 239 51 14.5 2891.5
Enzyme-modified, low-salt 1112 1205 438 188 54 15.1 3031.1

a sp ic e  m ix  c o m p o s it io n :  sugar, 3 3 .5g; w h ite  pepper, 9.2g; g ro u n d  co riander, 5.9g; g ro u n d  nutm eg, 3.9g; garlic pow der, 0.8g; so d iu m  nitrite, 
0.4g; ascorb ic  acid, 1.3g.
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EN Z Y M E-M O D IF IED  LO W -SA LT FOW L F R A N K F U R T E R S . . .

The force required for the wire to break through the frankfurter 
skin was defined as the skin strength and indicated as a sudden 
decrease in the slope of the force-time curve.

Statistics
All objective test results were tested for significance (P < 0.05) 

using Duncan’s new multiple range test (Steel and Torrie, 1960).

R E S U L T S  & D IS C U S S IO N

A F P  2 0 0 0 , A N  A C ID  P R O T E A S E , h as  o p tim a l a c tiv ity  a t 
pH  3 an d  is in h ib i te d  b y  a d ju s tin g  th e  p H  to  7 .0  o r  above. 
A d ju s tm e n t o f  pH  d id  n o t  h av e  an  ad v erse  e f fe c t o n  th e  
fu n c tio n a l i ty  o f  iso la te d  m y o f ib r il la r  p ro te in s  w h e n  te s te d  
in  m o d e l sy s tem s (S m ith  an d  B rek k e , 198 5 ). By ch o o sin g  
an acid  p ro te a se , th e  u se  o f  h e a t  o r  c h em ica l in h ib i to rs  to  
in h ib i t  e n zy m e  a c tiv ity  w as av o ided .

Several p re lim in a ry  e x p e r im e n ts  w ere  c o n d u c te d  to  es
tab lish  p ro c e d u re s  a n d  fo rm u la tio n s . A lth o u g h  th e  p ro x i
m a te  c o m p o s it io n  o f  th e  M D F w as 65 .9%  m o is tu re , 14.4%  
p ro te in ,  a n d  18.3%  fa t, a d d itio n a l fa t  w as ad d ed  to  stress  th e  
e m u ls if ic a tio n  p ro p e rt ie s  o f  th e  m e a t p ro te in s  in  th e  fo rm u 
la tio n . F ra n k fu r te r s  w ere  fo rm u la te d  to  c o n ta in  10.5%  
p ro te in ,  26 .0%  fa t a n d  59 .7 %  w a te r . A s tab le , n o rm al-sa lt 
c o n tro l  f r a n k fu r te r  c o u ld  n o t  b e  p ro d u c e d  in  th e  p i lo t  p la n t  
w h e n  g re a te r  th a n  26%  fa t w as u sed  in  th e  fo rm u la tio n . 
In g o in g  sa lt c o n c e n tra t io n s  w e re  2 .0%  fo r  th e  n o rm al-sa lt 
c o n tro l  an d  0 .5%  fo r  th e  low -sa lt f ra n k fu r te rs . I t  w as fo u n d  
th a t  0 .5%  sa lt w as th e  le a s t a m o u n t w h ic h  c o u ld  be  a d d e d , 
y e t  still a llow  fo r  ease in  casing  rem o v a l and  p ro d u c tio n  o f  
a s a tis fa c to ry  f ra n k fu r te r .

Proximate com position

T h e  p ro x im a te  c o m p o s itio n  o f  th e  M D F f ra n k fu r te rs  
an d  a c o m m e rc ia l c h ic k e n  f ra n k fu r te r  w as d e te rm in e d  
(T ab le  3 ). T h e  c o m m e rc ia l f ra n k fu r te r s  w e re  lo w e r in p ro 
te in  a n d  fa t, and  h ig h e r  in  m o is tu re  th a n  th e  te s t  f ra n k 
fu r te rs . T h e re  w ere  n o  s ig n ifican t d iffe re n c e s  in  p ro x im a te

Table 3 —P roxim ate  co m p o sitio n  o f  ch ick e n  frankfurters a fter  
sm ok eh ou se  processin ga

Protein Fat Moisture Salt
Treatment (%) (%) (%) (%) pH

Control, normal-salt 12.8b 26.7b 54.6b 2.35b 6.4
Control, low-salt 13.1b’c 27.1b 55.3b 0.72c 6.4
pH Control, low-salt 13.3b’c 27,8b 54.3b 0.75e 6.5
Enzyme-modified, low-salt 13.5e 27.7b 54.3b 0.72e 6.5
Commercial 12.5b 23.5C 56.9C 2.34b 6.3

a V a lu e s  are the average o f  trip licate  d e te rm ina t io n s fro m  dup licate  
batches.

k ’c M e an s in the sam e co lu m n  fo llow e d  b y  the  sam e letter d id  not 
d iffe r s ign ific an t ly  (P  <  0 .05 ).

Table 4 —P ro d u c t yields fo r ch ick en  frankfurters

Treatment

Smokehouse/
Storage
Yield3

(%)

Severe
Reheat
Yield*3

(%)

Volume of 
Cook-Out 

Fat 
(ml)

Control, normal-salt 84.4e,d 98.8e 1.0
Control, low-salt 84.6c,d 74.1d 7.0
pH Control, low-salt 80.6d 87.3e 4.0
Enzyme-modified, low-salt 84.9C 97.1c 1.0
Commercial NA 100.9e 1.0

V a lu e s  are the  average o f dup lica te  batches. N A  =  not available.
D V a lu e s  are the average o f  trip licate  d e te rm ina t io n s from  each of 

tw o  batches.
c ’d »e M e an s fo llow e d  b y  the sam e letter d id  n o t d iffe r s ign ific an t ly  

(P  <  0.05).

c o m p o s it io n  a m o n g  th e  tre a tm e n ts ,  e x c e p t  th e  n o rm a l-  
sa lt c o n tro l  c o n ta in e d  s ig n ifican tly  less p ro te in  th a n  th e  e n 
z y m e -m o d ified  sam ple .

T h e  n o rm a l-sa lt c o n tro l  an d  th e  c o m m e rc ia l f r a n k fu r te r  
b o th  c o n ta in e d  2 .3%  salt. A ll th e  lo w -sa lt f r a n k fu r te r s  c o n 
ta in e d  0.7%  sa lt, as th e  a m o u n t o f  salt p ro d u c e d  d u rin g  
acid  and  base  a d d it io n  to  th e  pH  c o n tro l  an d  th e  e n zy m e- 
m o d if ie d  sam p le  w as c a lcu la te d  in  th e  fo rm u la tio n . T h e  pH  
o f  all f ra n k fu r te r s  ran g ed  fro m  6 .3  -  6 .5 . R ais in g  th e  pH  o f  
h a lf  th e  ad d ed  M D F to  7 .0  d id  n o t  h av e  an y  a p p rec ia b le  
e f fe c t o n  th e  fin a l p ro d u c t  pH .

Product yields

S m o k e h o u se /s to ra g e  y ie ld s  o f  th e  f r a n k fu r te r  t r e a tm e n ts  
are  sh o w n  in  T ab le  4. T h e re  w e re  n o  s ig n ifican t d if fe re n c e s  
a m o n g  sm o k e h o u se /s to ra g e  y ie ld s e x c e p t  th e  pH  c o n tro l  
h ad  a s ig n ific a n tly  lo w e r y ie ld  th a n  th e  e n z y m e -m o d if ie d  
t r e a tm e n t.  I t  a p p ea rs  th a t  acid  a d d itio n  h a d  a d e tr im e n ta l  
e ffe c t o n  m e a t p ro te in  fu n c tio n a li ty ,  p o ss ib ly  d u e  to  den a- 
tu ra t io n  o f  sa rco p la sm ic  p ro te in s  b y  acid . T h is  w as p rev i
o u sly  in d ic a te d  in  em u lsified  m e a t sy s tem  e x p e r im e n ts  
(S m ith  a n d  B re k k e , 1985).

T h e  sm o k e h o u se /s to ra g e  y ie ld s  in  th is  s tu d y  w e re  less 
th a n  sm o k e h o u se  y ie ld s  a lo n e  re p o r te d  fo r  c o m m e rc ia l  
f r a n k fu r te r  o p e ra tio n s , w h e re  an  8 -  10% w e ig h t lo ss in  th e  
sm o k e h o u se  is c o n s id e re d  ty p ic a l fo r  f r a n k fu r te r s  (K ram - 
lich , 197 1 ). S m o k e h o u se  y ie ld  is a ffe c te d  b y  b o th  th e  
n a tu re  o f  th e  p ro d u c t  and  th e  re la tiv e  h u m id i ty /te m p e ra -  
tu re  c o m b in a tio n s  u sed  d u rin g  p ro cess in g  (F o r re s t  e t al., 
197 5 ). E ith e r  o n e  o f  th e se  fa c to rs  m ay  have  c o n tr ib u te d  to  
th e  low  sm o k e h o u se /s to ra g e  y ie ld s  o b ta in e d . A lso , so m e  o f  
th e  o b se rv ed  w e ig h t lo ss c o u ld  have  re su lte d  fro m  sto rin g  
f ra n k fu r te r s  o v e rn ig h t b e fo re  rew eigh ing .

T h e re  w as n o  s ig n ifican t d iffe re n ce  in  severe re h e a t  y ie ld  
b e tw e e n  th e  en zy m e-m o d ifie d  lo w -sa lt f r a n k fu r te r ,  th e  
c o m m e rc ia l f ra n k fu r te r ,  o r  th e  n o rm al-sa lt c o n tro l  (T a b le
4). T h e  low -sa lt c o n tro l  h ad  th e  lo w e s t y ie ld , fo llo w e d  b y  
th e  pH c o n tro l.  T h e  lo w -sa lt c o n tro l  a n d  th e  pH  c o n tro l  
e x h ib ite d  v isual sh rin k ag e  a f te r  severe  re h e a t  t r e a tm e n t.  
T h e  v o lu m e  o f  fa t  in  th e  c o o k -o u t  liq u id  d e c re a sed  as th e  
severe re h e a t  y ie ld  in c reased  a m o n g  th e  f r a n k fu r te r s  (T a b le
4).

D u rin g  pH  a d ju s tm e n t, 0 .3%  sa lt is ad d ed  to  th e  m e a t as 
acid  and  base , an d  th e  m e a t u n d e rg o e s  so m e b len d in g . Im 
p ro v ed  severe re h e a t  y ie ld s  fo r  th e  pH  c o n tro l  m a y  be  a 
re su lt o f  th is  p ro c e d u re , since p re -b le n d in g  w ith  re d u c e d  
sa lt is an  e ffec tiv e  w ay  to  lo w e r sa lt c o n c e n tr a t io n s  in 
f ra n k fu r te r s ,  y e t  m a in ta in  y ie ld s  (O lso n , 198 2 ). H o w ev e r, 
th is  e x p la n a tio n  c a n n o t e x p la in  th e  d ec rease  in  sm o k e h o u se  
y ie ld  o f  th e  pH  c o n tro l  tr e a tm e n t.

M icrobiological exam ination

T h e  raw  M D F c o n ta in e d  1.3 x 106 o rg a n ism s/g  as d e te r 
m in ed  b y  a e ro b ic  p la te  c o u n t. M ic ro b ia l c o u n ts  fo r  th e  raw  
f r a n k fu r te r  em u ls io n s  w e re  n o t  a p p rec ia b ly  g re a te r  th a n  fo r  
th e  raw  M D F (T ab le  5 ). T h e  pH  c o n tro l  an d  e n z y m e -m o d i
fied  M D F  w e re  p re p a re d  a t ro o m  te m p e ra tu re ,  w h ic h  d id  
n o t  cau se  g re a te r  th a n  n o rm a l in c reases  in  m ic ro b ia l n u m -

Table 5 —Total aerob ic co u n ts  o f  raw  fra n k fu rter em u lsio n s3

Treatment Organisms/g

Control, normal-salt 9.8 x 105b
Control, low-salt 1.9 x 106b
pH Control, low salt 1.5 x 106b
Enzyme-modified, low-salt 1.3 x 106b

?  V a lu e s  are the average o f  tw o  de te rm ina t io n s from  each em u ls ion . 
D M e an s  in the  sam e c o lu m n  fo llo w e d  by  the sam e letter d id  n o t d if 

fer s ign if ic an t ly  (P  <  0.05).
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bers in  th e  raw  fra n k fu rter  e m u ls io n s , as th e  m e a t w a s at 
pH 3 .2  fo r  m o st  o f  th e  t im e  it  w a s a t r o o m  te m p er a tu r e .  
C o m m o n  m e a t m icr o o rg a n ism s d o  n o t  grow  at pH  3 .2  
(A y r e s  e t a l., 1 9 8 0 ) .

S u rfa c e  a e ro b ic  p la te  c o u n ts  o f  th e  M D F  fr a n k fu rters  
w e re  e x a m in e d  du rin g  a 2 5 -d a y  s to r a g e  p e r io d  (F ig . 1). 
S u rfa ce  c o u n ts  w e re  le s s  th a n  3 0 0  o r g a n ism s/g  o n e  d a y  
a fter  p r o c ess in g  to  an  in te rn a l te m p er a tu r e  o f  6 9  C. A ll th e  
lo w -sa lt  fra n k fu rters  in c re a se d  in  m ic r o b ia l n u m b e r s  a t a 
fa ster  in it ia l ra te  th a n  th e  n o rm a l-sa lt c o n tr o l  du rin g  th e  
storage  p e r io d , a lth o u g h  th e  o n ly  s ig n if ic a n t d if fe r e n c e  
o ccu rred  b e tw e e n  th e  e n z y m e -m o d if ie d  lo w -sa lt  fra n k fu rter  
and th e  n o rm a l-sa lt c o n tr o l.  T h e  p r e p a r a tio n  p r o c ed u r es  
w ere  n o t  r e sp o n s ib le , s in c e  th e  raw  e m u ls io n  c o u n ts  fo r  th e  
e n z y m e -m o d if ie d  sa m p le  w e r e  n o t  e le v a te d . It is  p o ss ib le  
th a t p r o te o ly s is  du rin g  e n z y m a tic  m o d if ic a t io n  m a y  h ave  
in crea sed  n u tr ie n t b io a v a ila b ility . S o fo s  ( 1 9 8 3 )  r ep o rte d  
o n ly  a s lig h t, and n o t  s ig n if ic a n t , d if fe r e n c e  in m icr o b ia l  
g r o w th  a m o n g  fr a n k fu rte rs  p r o d u c e d  w ith  v a r io u s  sa lt 
c o n c e n tr a t io n s  w h e n  s to r ed  v a c u u m  p a ck a g ed  at 8 C fo r  31  
days.

R e d u c in g  th e  sa lt c o n te n t  w ill  r e d u c e  th e  lag  t im e  o f  
b a cter ia l g r o w th , b u t  v e ry  l i t t le  r esea rch  h a s  b e e n  d o n e  in  
th is  area (O lso n , 1 9 8 2 ) .  W h itin g  et al. ( 1 9 8 4 )  r ep o rte d  th a t  
fra n k fu rters p rep ared  w ith  1.5%  sa lt had  a e ro b ic  c o u n ts  
a lm o st 1 lo g  c y c le  grea ter  th a n  fr a n k fu rte rs  m a d e  w ith  2.5%  
sa lt du rin g  an  11 d a y  sto ra g e  p e r io d . R e d u c in g  sa lt b y  50%  
in  grou n d  p ork  in o c u la te d  w ith  c er ta in  m ic r o b e s  had  n o  
e f fe c t  o n  th e  g r o w th  o f  M ic r o c o c c u s  an d  M o ra x e lla  sp e c ie s ,  
b u t L a c to b a c i l lu s  p o p u la t io n s  w e re  in c re a se d  (T erre ll e t al.,
1 9 8 3 ) .  S in ce  c o m m e r c ia l fra n k fu rte rs  are v a c u u m  p a c k a g e d , 
an a d d itio n a l s tu d y  u t i l iz in g  v a c u u m  p a ck a g ed  M D F  fra n k 
fu rters is  n e c essa ry .

V a lid ity  o f  th e  se n so r y  e v a lu a t io n  e x p e r im e n t

S ta t is t ic a l a n a ly s is  o f  th e  se n so r y  d a ta  in d ic a te d  s ig n if i
c a n t d if fe r e n c e s  (P  <  0 .0 5 )  b e tw e e n  tr e a tm e n ts , b u t  n o t  
b e tw e e n  r e p lic a tio n s  or  r e fe r e n c e s  (F ig . 2 ). S ig n if ic a n t  
d iffe r e n c e s  (P <  0 .0 5 )  o c cu rr ed  a m o n g  ju d g e s , e x c e p t  fo r  
th e  c o lo r  e v a lu a tio n . D if fe r e n c e s  a m o n g  ju d g e s  w e r e  p r o b 
ab ly  d u e  to  th e  b r ie f  tra in in g  p e r io d . In te r a c t io n  o f  tr ea t
m e n t b y  ju d g e s  w a s n e t  s ig n if ic a n t , in d ic a t in g  th a t v a r ia b il
i ty  in  th e  ju d g e s ’ r e sp o n se s  d id  n o t  in f lu e n c e  v a r ia b ility  in  
tr ea tm en ts .

------ •  Control, normal-salt
----- O Control, low-salt

----- ■  pH Control, low-salt

Fig. 1—Su rfa ce  aerobic p la te  co u n ts  o f  ch ick en  frankfurters during  
storage at 4 ° C.

F ra n k fu rter  c o lo r

F ra n k fu r te rs  p rep ared  fro m  c h ic k e n  m u sc le  g en era lly  
e x h ib it  a p a le  cu red  m e a t  c o lo r  u n le ss  c er ta in  a d d itiv e s  or  
sp ec ia l p r o c e d u r e s  and carcass p a rts  are u se d , d u e  to  lo w  
m y o g lo b in  c o n te n t  o f  c h ic k e n  m e a t. M ec h a n ic a lly  d e b o n e d  
c h ic k e n  c o n ta in s  a b o u t  0 .0 6  p m o ls  m y o g lo b in /g  o f  m e a t on  
a w e t  w e ig h t  b a sis  (L e e  e t a l., 1 9 7 5 ) ,  w h ic h  is  m u c h  lo w e r  
th a n  th e  m y o g lo b in  c o n te n t  o f  b e e f  (L a w r ie , 1 9 7 9 ) .

A ll th e  e x p e r im e n ta l fr a n k fu rte rs  w e re  lig h ter  and le s s  
red  in  in te rn a l c o lo r  th a n  th e  c o m m e r c ia l c h ic k e n  fra n k 
fu r ter  (T a b le  6 ). T h e  c o m m e r c ia l fr a n k fu rter  c o n ta in e d  
p ap rik a  and o le o r e s in  o f  pap rik a  to  in te n s ify  th e  c o lo r .  
T h e  pH  c o n tr o l  and e n z y m e -m o d if ie d  fr a n k fu rters  w ere  less  
red  th a n  th e  lo w - and n o rm a l-sa lt c o n tr o ls ,  fo r  b o th  th e  
n o n -re h e a ted  and r eh ea te d  sa m p le s , a lth o u g h  d iffe r e n c e s  
w e re  n o t  s ig n if ic a n t  fo r  th e  r e h e a te d  fr a n k fu rters  (T a b le  6 ). 
T h e  in c o r p o r a tio n  o f  air d u rin g  m ix in g  o f  th e  m ea t and  
p artia l d e n a tu r a t io n  o f  m y o g lo b in  w ith  acid  du rin g  p rep a
r a t io n  o f  th e  e n z y m a tic a lly  m o d if ie d  M D F  fa c il ita te s  th e  
c o n v e r s io n  o f  m y o g lo b in  to  m e tm y o g lo b in  (F o r r e s t  e t  al.,
1 9 7 5 ) .  T h is  m a y  h a v e  b e e n  d e tr im e n ta l t o  cu red  m e a t c o lo r  
fo r m a tio n , as m y o g lo b in  m u st  b e  in  a r ed u c ed  s ta te  to  form  
th e  n itr o so h e m o c h r o m o g e n  p ig m e n t (F o r r e s t  e t  a l., 1 9 7 5 ) .  
A sc o r b ic  a c id , in c lu d e d  in  th e  fra n k fu rte r  fo r m u la t io n ,  
h e lp s  p r e v en t th is  o c c u r r e n c e  u n d e r  n o r m a l p r o c ess in g  
p r o c ed u r es , b u t th e  c o n v e r s io n  to  m e tm y o g lo b in  p r o b a b ly  
o ccu rred  in  th e  m o d if ic a t io n  p r o c e d u r e , b e fo r e  th e  a d d itio n  
o f  th e  a sco rb ic  acid .

A ll M D F  fra n k fu rters  w e re  sc o r ed  s ig n if ic a n tly  lo w e r  in  
ty p ic a l  p in k  c o lo r  th a n  th e  c o m m e r c ia l  fr a n k fu rter  b y  th e  
se n so r y  p a n e l (F ig . 2 ) .  T h e  n o rm a l-sa lt c o n tr o l  and th e  
e n z y m e -m o d if ie d  fra n k fu rter  h a d  a m o r e  ty p ic a l  p in k  c o lo r  
th a n  d id  th e  pH  c o n tr o l  and th e  lo w -sa lt  c o n tr o l,  a c co r d in g  
to  th e  se n so ry  p a n e lis ts . T h e  se n so r y  p a n e l d id  n o t  agree  
e n tir e ly  w ith  th e  o b je c tiv e  m e a su r e m e n ts  o f  in te rn a l  
fra n k fu rter  c o lo r . T h e r e  are severa l p o s s ib le  e x p la n a t io n s  
fo r  th is  d isc r ep a n c y  in  r esu lts  b e tw e e n  th e  se n s o r y  and  
o b je c tiv e  te sts . T h e  o b je c tiv e  m e a su r e m e n ts  w e re  p er
fo r m e d  o n  in te rn a l fr a n k fu rter  c o lo r  o n ly ,  w h ile  se n so r y  
p a n e lis ts  w ere  ask ed  to  ev a lu a te  b o th  sk in  and in te rn a l  
c o lo r  to g e th e r . S k in  c o lo r  m a y  h a v e  a lter ed  th e  p a n e lis ts ’ 
o v era ll e v a lu a tio n  o f  fra n k fu rte r  c o lo r . T h e  o b je c tiv e  te st  
m ea su red  lig h tn e ss  and r ed n e ss , w h ile  th e  se n so ry  p a n e l w a s  
ask ed  to  ev a lu a te  th e  sa m p le s  fo r  th e  ty p ic a l  p in k  c h ic k e n

Commercial 
Control, normal-salt 

Enzyme-modified, low-salt

Fig. 2 —Average se n so ry  panel sco res fo r tex tu re  (chew iness and  
firm ness), flavor and c o lo r  o f  ch ick en  frankfurters (S co re  = 5 0  
indicates sam ples w ere ra ted  sam e as reference).
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EN Z Y M E-M O D IF IED  LO W -SA LT FOW L F R A N K F U R T E R S . . .

Table 6 —Internal L  (lightness) an d  a[_ (redness) values o f  nonre- 
h eated  a n d  reheated  ch ick en  fra n k fu rtersa

Nonreheated2 Reheated

Treatment L L

Control, normal-salt 62.4e 7.7e 61,2e 7,6e
Control, low-salt 62.1e 8.5b 60. Ie 8.6b
pH Control, low-salt 63.0e 6.8e 61,7e 7.2e
Enzyme-modified, low-salt 62.8e 7.1e 61.7® 7.0e
Commercial 51.8b 11.6d 51,8C 12.1e

a Values are the average of two determinations 
frankfurters from duplicate batches.

on each of three

D'eMeans in the same column followed 
differ significantly (P < 0.05).

by the same letter did not

fr a n k fu rter  c o lo r . H o w e v er , th e  d if fe r e n c e  in  c o lo r  b e tw e e n  
th e  c o n tr o ls  and e n z y m e -m o d if ie d  fr a n k fu rter  w a s sligh t. 
A n y  d e tr im e n ta l e f fe c t  o n  fra n k fu rte r  c o lo r  c a u se d  b y  th e  
m a n u fa c tu r in g  p r o c ed u r es  c o u ld  be  m a sk ed  b y  th e  u se  o f  
p a p rik a  and its  o le o r e s in .

F ra n k fu rter  te x tu r e

V o is e y  e t  al. ( 1 9 7 5 )  r ep o rted  th a t f irm n ess  an d  c h e w i
n e ss  w ere  th e  m o s t  im p o r ta n t  p a ra m eters fo r  ev a lu a tin g  
fr a n k fu rter  te x tu r e  b y  a se n so ry  p a n e l and fo u n d  th at  
in s tr u m e n ta l m e a su r e m e n ts  o f  c o m p r e ss io n  ru p tu re  fo r ce  
and c o m p r e ss io n  s lo p e  w ere  h ig h ly  c o rr e la te d  w ith  se n so ry  
c h e w in e ss  (r <  0 .8 9 )  and f irm n ess  (r <  0 .8 9 ) ,  r e sp e c t iv e ly .

In  b o th  th e  o b je c tiv e  (T a b le  7 )  and se n so ry  te s ts  (F ig .
2 ) ,  th e  e n z y m e -m o d if ie d  lo w -sa lt  fr a n k fu rters  sh o w ed  
s ig n if ic a n tly  g rea ter  f irm n ess  and c h e w in e s s  v a lu e s  th a n  th e  
lo w -sa lt  and p H  c o n tr o ls  bu t w ere  s ig n if ic a n tly  lo w e r  in  
th e se  p a ra m eters th a n  th e  n o rm a l sa lt c o n tr o l  and c o m 
m e rc ia l fra n k fu rters . T h e  lo w -sa lt  and pH  c o n tr o l fra n k 
fu r ters had  a c o a rse  g ra in y  te x tu r a l a p p ea r a n c e , w h ile  th e  
o th e r  fr a n k fu rters  w ere  f in e  gra in ed .

T h e  sk in  str en g th  o f  th e  lo w -sa lt  and pH  c o n tr o l  w as  
s ig n if ic a n tly  lo w e r  th a n  th e  n o rm a l-sa lt and c o m m e r c ia l  
fra n k fu rte rs  w h e n  m ea su red  w ith  th e  F u d o h  R h e o m e te r  
(T a b le  7 ) . T h e  sk in  str en g th  o f  th e  e n z y m e -m o d if ie d  
lo w -sa lt  fr a n k fu rter  w a s in te r m e d ia te  and d id  n o t  d iffe r  
s ig n if ic a n tly  fro m  e ith er  g ro u p . T h e  sk in  o f  th e  lo w -sa lt  and  
pH  c o n tr o ls  w a s v e ry  so f t ,  and  it  w a s v e r y  d if f ic u lt  to  re
m o v e  th e  c a sin g s w ith o u t  tea r in g  th e  sk in .

S a lt is  ad d ed  du rin g  th e  p r o d u c t io n  o f  a p r o c e sse d  m ea t  
p r o d u c t  to  so lu b iliz e  th e  m y o fib r illa r  p r o te in s  so  th e y  w ill 
e x h ib it  th e ir  fu n c t io n a l resp o n ses , w h ic h  in c lu d e  w a te r  and  
fa t  b in d in g  and th e  fo r m a t io n  o f  a d esira b le  te x tu r e  (A c to n  
e t al., 1 9 8 3 ) .  T h e  r esu lts  o f  th e  te x tu r a l e v a lu a t io n  in d ic a te  
th a t e n z y m a tic  m o d if ic a t io n  can  p a r tia lly  su b s t itu te  fo r  th e  
r o le  o f  sa lt b y  so lu b iliz in g  th e  m y o fib r illa r  p r o te in s , a l lo w 
in g  th e m  to  p r o d u c e  th e  d esired  fu n c t io n a l r esp o n se  in  a 
p r o c e s se d  m e a t  p r o d u c t . H o w e v er , i f  fr a n k fu rters  m a d e  
fro m  M D F  are to  gain  c o n su m e r  a c c e p ta n c e , it is im p o r ta n t  
th a t te x tu r e  o f  fra n k fu rte rs  m a d e  w ith  e n z y m e -m o d if ie d  
f o w l a p p ro a c h  th a t o f  th e  n o rm a l-sa lt c o n tr o l.  T h e r e fo r e ,  
th e  e f fe c t  o f  grea ter  sa lt c o n c e n tr a t io n s  in  c o m b in a t io n  
w ith  e n z y m e  tr e a tm e n t sh o u ld  b e  in v e s t ig a te d . It m a y  be  
p o ss ib le  to  im p r o v e  th e  te x tu r e  o f  th e  e n z y m e -m o d if ie d  
lo w -sa lt  M D F  fr a n k fu rte rs  w ith  o n ly  a sm a ll in c re a se  in  th e  
sa lt c o n te n t .

F ra n k fu rter  fla v o r

A ll lo w -sa lt  fra n k fu rter  tr e a tm e n ts  w ere  ra ted  as h av in g  
s ig n if ic a n tly  le s s  c h ic k e n  fra n k fu rte r  fla v o r  th a n  th e  c o m 
m erc ia l and n o rm a l-sa lt c o n tr o l  fr a n k fu rters  (F ig . 2 ) . C o n 
su m ers fin d  fr a n k fu rter  fla v o r  le s s  d es ira b le  w h e n  fra n k 
fu r ters  are p r o d u c e d  w ith  le s s  sa lt (O lso n  and T errell, 1 9 8 1 ) .  
I f  a lo w -sa lt  fr a n k fu rter  is to  g a in  c o n su m e r  a c c e p ta n c e , it 
w ill  b e  n e c essa ry  to  d e v e lo p  sp ic e  fo r m u la t io n s  to  su b sti-

Table 7 —T extu re  values fo r n o nreheated  ch ick en  fra n k fu rtersa

Treatment

Rupture
Force2

(N)

Compression
Slope
(N/sec)

Skin
Strength

(N)

Control, normal-salt 19.6d 3.14d 7,26d
Control, low-salt 7.8b 1.47b 3.73b
pH Control, low-salt 10.9b 1.77b 3.14b
Enzyme-modified, low-salt 16.0e 2.35c 5.89b,d
Commercial 19.6d 3.14d 7.85d

a V a lu e s  are the average o f seven d e te rm ina t io n s on  each o f three 
fran k fu rte rs  from  dup lica te  batches. 

b,c,d^/|eans in the sam e co lu m n  fo llow e d  b y  the sam e letter d id  not 
d iffe r s ign ific an tly  (P <  0.05).

tu te  fo r  th e  sa lty  flavor.
P r o te o ly s is  h as b e e n  r ep o rted  to  p r o d u c e  a b it te r  o f f -  

f la v o r  in so m e  p r o te in  h y d r o ly z a te s  (N e y , 1 9 7 9 ) .  N e ith e r  
pH a d ju stm e n t n o r  e n z y m a tic  m o d if ic a t io n  a f fe c te d  frank  - 
furer  flavor a d v e r se ly , as th e se  sa m p le s  w ere  n o t  rated  b e 
lo w  th e  lo w -sa lt  c o n tr o l.

T h e  r esu lts  o f  th is  s tu d y  in d ic a te  th a t e n z y m a tic  m o d if i 
c a t io n  o f  m e a t p r o te in s  ca n  b e  u sed  from  a fu n c t io n a l  
s ta n d p o in t  to  rep la ce  a p o r t io n  o f  th e  sa lt u sed  in  fr a n k 
fu rter  p r o d u c t io n . F u r th e r  w o r k  is n e c essa ry , h o w e v e r , to  
e v a lu a te  p o te n t ia l  m ic r o b ia l p r o b le m s and to  o v e r c o m e  in 
d ic a te d  se n so r y  sh o r tc o m in g s  p rior  to  in d u str y  a c c e p ta b il ity .
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Effects of Internal Temperature and T hickness  
on Palatability of Pork Loin C hops

SHARON L. SIMMONS, TOM R. CARR, and FLOYD K. McKEITH

------------------------------- ABSTRACT--------------------------------
Three thicknesses (2.54, 1.90 and 1.27 cm) of pork chops were cut! 
alternately from 20 paired loins o f similar quality. Chops were 
cooked on Farberware grills or in a convection oven to internal 
temperatures o f 60, 70 and 80°C for sensory and objective evalua
tions. luiciness, percent moisture and tenderness decreased and 
cooking losses increased (P <  0.05) as tem perature increased for 
both cooking m ethods. Pork flavor intensity increased in oven- 
prepared chops, while no change was observed in grilled chops at 
each level o f increased tem perature. Thickness had no effect (P > 
0.05) on tenderness, juiciness or total cooking loss of oven-prepared 
or grilled chops. The thickest chops received the highest (P <  0.05) 
pork flavor scores.

INTRODUCTION
A  S T U D Y  o f  th e  c o n su m e r  a c c e p ta b il ity  o f  p o rk  c h o p s  b y  
H en d r ix  e t al. ( 1 9 6 3 )  sh o w e d  th a t 57%  o f  th e  c h o p s  w ere  
le s s  th an  to ta lly  a c c e p ta b le , w ith  “ n o t  te n d e r  e n o u g h ”  
and “ n o t  ju ic y  e n o u g h ” b e in g  th e  m o s t  c o m m o n  cr itic ism s. 
C o n su m e r  c o m p la in ts  h a v e  in it ia te d  m a n y  s tu d ie s  d ea lin g  
w ith  th e  in f lu e n c e  o f  c o o k in g  p r o c e d u r e s  o n  m e a t  p a la t
a b ility . W ebb  e t  al. ( 1 9 6 1 ) ,  W eir e t  al. ( 1 9 6 3 ) ,  C arlin  e t al.
( 1 9 6 5 )  and P en g illy  and H arrison  ( 1 9 6 6 )  o b serv ed  in crea sed  
ju ic in e s s  and c o o k e d  y ie ld s  o f  p ork  lo in  r o a sts  w ith  d e 
creased  in te rn a l te m p er a tu r e s . B r a m b le tt  e t al. ( 1 9 7 0 )  
r ep o rted  c o o k in g  t im e  an d  y ie ld s  o f  b o n e le ss  fresh  h a m s and  
sh o u ld e rs  to  b e  fa v o r a b ly  a f fe c te d  b y  d ecrea sin g  d o n e n e s s  
tem p era tu res. T h e  cu r re n t r e c o m m e n d e d  d o n e n e s s  te m p e r a 
tu re  fo r  p o rk  is  7 5  C (A m e r ic a n  M ea t S c ie n c e  A sso c ia t io n  
and N a tio n a l L ive  S to c k  an d  M eat B o a rd , 1 9 7 8 )  w h ic h  
c o rr esp o n d s to  w e ll d o n e  b e e f  and is a p p r o x im a te ly  2 0 °C  
a b ove  th e  5 5 °C  th e r m a l d e a th  o f  T rich in e lla  sp ira lis  (R a n -  
so n  an d  S c h w a rtz , 1 9 1 9 ;  O tto  an d  A b ra m s, 1 9 3 9 ) .

E m erso n  e t al. ( 1 9 6 4 )  fo u n d  th a t c o n su m e r  p r e fe r e n c e  
is  g rea tly  in f lu e n c e d  b y  size  o f  c u t , as c o n su m e r s  se le c te d  
c h o p s  fro m  ca rca sses w ith  th e  la rg est lo in  e y e  area first. 
C o n su m e r  p r e fe r e n c e  o f  c h o p  th ic k n e ss  w as e v a lu a ted  b y  
C larke e t al. ( 1 9 8 3 )  w h o  c o n c lu d e d  th a t c o n su m e r s  p r e 
ferred  c h o p s  b e tw e e n  1.3 and 2 .5  cm  w h e n  sh o w n  p ic tu r e s  
o f  c h o p s  a tta c h e d  to  p la stic  fo a m  s lice s  o f  v a ry in g  th ic k 
n esses.

T h e  p r e se n t s tu d y  w as d e sig n e d  to  ev a lu a te  th e  e f fe c t s  
o f  c h o p  th ic k n e ss  an d  in te rn a l te m p er a tu r e  o n  th e  p a la t
a b ility  o f  pork  lo in  c h o p s  p rep ared  in  a c o n v e c t io n  o v e n  or  
b ro iled .

MATERIALS & METHODS
TEN PAIRED LOINS were utilized for each cooking m ethod and 
were selected from pork carcasses o f similar quality at the Univer
sity of Illinois Meat Science Laboratory. A 38 cm portion of the 
longissimus muscle was removed immediately posterior to the spin
alis dorsi and scored for color, firmness and marbling on both cut 
surfaces using the Wisconsin Pork Quality Standards (1963). Loins 
were frozen (-4 0 °C ) in plastic lined freezer paper for 48 hr and

The authors are a ffiliated  w ith  the D ept, o f  A n im a l Sc ie n ce , M eat 
S cie n ce  La b o ra to ry , 1503 S o u th  M aryland  D rive, Univ. o f  Illinois, 
Urbana, IL  6 1 8 0 1 . R e p rin t  requests sh o u ld  be addressed  to  Dr. Carr.

then cut, while frozen, into alternating 2.54, 1.90 and 1.27 cm thick 
chops (18 chops per loin). Chops of similar thicknesses were ran
domly assigned across tem perature treatm ents (60, 70 and 80°C) 
in such a manner that all animals were represented once per tem 
perature by thickness treatm ent resulting in a factorial arrangement 
o f treatm ents. Chops were trimmed to 0.6 cm of external fat, indi
vidually wrapped and returned to the -4 0 °C  freezer. Raw muscle 
samples for pH determ ination, percent bound water and proximate 
analysis (grill m ethod only) were removed from the loin and held in 
a -4 0 °C  freezer for subsequent evaluation.

Chops for sensory evaluation were thawed (24 hr at 6°C), weighed 
and cooked to the appropriate doneness tem perature m onitored 
using copper constantan therm ocouple wires with a Campbell CR5 
digital tem perature recorder. Chops were prepared over preheated 
Farberware Open Hearth grills or over pans in a preheated 177°C 
South Bend convection oven. The chops were placed on the grill or 
in the oven at different times to ensure that all chops reached the 
desired internal tem perature at approxim ately the same time. 
After reaching the designated tem perature, the chops were removed, 
weighed and wrapped in aluminum foil until served (approximately 
5 min) to a six member taste panel for evaluation of sensory charac
teristics. The taste panel was composed of faculty and graduate 
students who have previous sensory evaluation experience. Tender
ness, juiciness, pork flavor intensity and off flavor intensity were 
scored on an unstructured scale ranging from 0 to 15, where 0 = 
extremely tough, dry, bland or extreme off flavor, and 15 = ex
tremely tender, juicy, flavorful or no off flavor. All samples from 
one animal were cooked per panel session to help minimize day to 
day variation in preparation of the chops. Transparent, red plastic 
panels were placed over the lighting fixtures in the sensory evalua
tion room to minimize panel perception of cooked color differ
ences.

Cooking loss
Total cooking loss for grilled and oven-prepared chops was 

calculated as the percentage change in chop weight after cooking.

Objective evaluations
Chops used for determ ination of Warner-Bratzler shear value and 

proximate analysis were thawed 24 hr at 6°C, cooked to the desired 
internal doneness tem perature and allowed to cool to room tem 
perature. Four 1.27 cm cores were removed (parallel to the muscle 
fibers) and sheared twice for a total o f eight shear values per chop to 
obtain the reported mean shear value. The remaining portion  of each 
chop was ground twice through a 5 mm plate for m oisture determ i
nations via the m ethod described by Koniecko (1979). Fat was 
extracted from the moisture free samples with repetitive washes of 
warm chloroform -methanol (2:1) over a 24 hr period (AOAC, 1980). 
The weight loss of the solvent free samples was recorded as the total 
extractable fat.

Raw muscle characteristics
Raw muscle samples were thawed overnight and pH (Koniecko,

1979) and percent bound water (Wierbicki and Deatherage, 1958) 
determined. Proximate analysis (grill m ethod only) was perform ed 
as previously described.

Statistical analysis
The results o f the sensory evaluation and the physical and chem

ical determinations were analyzed using the statistical analysis sys
tem (SAS, 1982) for analysis o f variance and Duncan mean sepa
ration analysis.
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P A L A T A B I L I T Y  O F  P O R K  L O I N  C H O P S .  . .

R E S U L T S  &  D IS C U S S IO N

M E A N S  A N D  S T A N D A R D  D E V IA T IO N S  o f  raw  m u sc le  
c h a r a c te r is t ic s  are p r e se n te d  in  T a b le  1. M ean  m a rb lin g  and  
c o lo r  sc o r e s  w ere  c lo s e  to  th e  id e a l v a lu e  o f  3; h o w e v e r ,  
lo in s  w ere  s lig h t ly  less  firm  th a n  id e a l (W isc o n sin  P ork  
Q u a lity  S ta n d a rd s, 1 9 6 3 ) .  C u t su rfa ces  o f  th e  lo n g iss im u s  
m u sc le  w ere  sc o r ed  a fter  rem o v a l fro m  th e  in ta c t  lo in ,  
w h ic h  m a y  a c c o u n t  fo r  lo w e r  f irm n ess  sco res . M ean  pH  and  
p e r c e n t  b o u n d  w a te r  v a lu e s  w ere  ty p ic a l  o f  n o r m a l p ork  
m u sc le .

M ean s an d  stan d ard  errors fo r  c o o k in g  and p a la ta b ility  
tra its  o f  c h o p s  o v en -p rep a red  or  gr illed  to  6 0 ,  7 0  and 8 0  C 
are p r e se n te d  in  T a b le  2 . A s e x p e c te d ,  t o ta l  c o o k in g  lo sse s  
in c re a se d  and p e r c e n t  m o is tu r e  d ecrea sed  (P  <  0 .0 5 )  w ith  
in c re a se d  d o n e n e s s  te m p er a tu r e s  fo r  b o th  c o o k in g  m e th o d s .  
T h e se  r esu lts  w ere  in  a g r ee m en t w ith  th e  f in d in g s  o f  W eir  
e t  al. ( 1 9 6 3 ) ,  C arlin  e t al. ( 1 9 6 5 ) ,  W ebb  e t al. ( 1 9 6 1 )  
and P e n g illy  and H arrison  ( 1 9 6 6 ) .  P er ce n t lip id  o n  a dry  
b asis w a s grea ter  (P  <  0 .0 5 )  fo r  c h o p s  gr illed  to  8 0  v ersu s  
6 0 °  an d  7 0 ° C , in d ic a t in g  an in v erse  r e la tio n sh ip  b e tw e e n  
p e r c e n t  lip id  and p e r c e n t  m o is tu r e . P e r c e n t  l ip id  d id  n o t  
d iffe r  (P  >  0 .0 5 )  w ith  in crea sed  in te rn a l te m p e r a tu r e  in  th e  
o v en -p rep a red  c h o p s; h o w e v e r , an  in c re a se  in  p e r c e n t  lip id  
w a s o b serv ed  as in te rn a l te m p er a tu r e  in c re a se d .

M ean  v a lu e s  fo r  se n so ry  p a n e l te n d e r n e ss  sc o r es  fo r  
o v en -p rep a red  c h o p s  w e re  lo w e r  (P  <  0 .0 5 )  w ith  in crea sed  
in te rn a l te m p er a tu r e . W ebb e t al. ( 1 9 6 1 )  o b ta in e d  sim ilar  
r esu lts , w h ile  W eir e t  al. ( 1 9 6 3 ) ,  C arlin  e t  al. ( 1 9 6 5 )  and  
P e n g illy  and H arr ison  ( 1 9 6 6 )  fo u n d  th a t te n d e r n e ss  in  
lo in  r o a sts  d id  n o t  v ary  s ig n if ic a n tly  w ith  c h a n g e s  in  in ter-

Tabte 1—Mean a n d  standard  deviation values fo r  raw  m uscle  charac
teristics o f  ch o p s fo r  oven  and grill preparation

Trait

Kind of preparation

Oven Grill

Mean S.D. Mean S.D.

pH 5.38 ± 0.16 5.48 ± 0.15
Marbling9 2.90 ± 0.49 2.80 ± 0.60
Color3 2.90 ± 0.30 2.90 ± 0.54
Firmness3 2.55 ± 0.35 2.50 ± 0.50
Bound water (%)b 62.46 ± 4.31 66.34 ± 6.00

3 Based  on  the  W isco n sin  Po rk  Q u a lity  S ta n d a rd s  (1963). C o lo r: 
1 = pale, gray ish -w h ite : 3 = g ray ish -p in k ; 5 = d a rk  red. M a rb lin g : 
1 = p ractica lly  devo id ; 3 = m odest; 5 =  abundan t. F irm n ess: 
1 = ex trem e ly  so ft  and  w atery; 3 = m oderate ly  firm  and  d ry ; 
5 =  very  firm  and  very dry.

“ D e te rm ine d  acco rd in g  to  the fo rm u la  o f W ie rb ick i and  Deather- 
age (1 9 5 8 ).

na l d o n e n e s s  te m p er a tu r e . A  s ig n if ica n t d ecrea se  in  te n d e r 
n e ss  o f  c h o p s  grilled  to  8 0  C as c o m p a r e d  to  6 0  o r  7 0  C 
(P  <  0 .0 5 )  w a s fo u n d  b y  se n so ry  p a n e l e v a lu a tio n . T h e  d e 
crea sed  te n d e r n e ss  w a s in f lu e n c e d  b y  th e  o n ly  th ic k n e ss  
te m p er a tu r e  in te r a c t io n  o b serv ed  w h ile  n o  s ig n if ica n t th r e e -  
w a y  in te r a c t io n s  w ere  fo u n d  in  th e  s tu d y . T h e  2 .5 4  cm  
c h o p s  in crea sed  in  te n d e r n e ss  fro m  6 0  to  7 0  C, w h ile  th e  
th in n e r  c h o p s  d ecrea sed  in  te n d e r n e ss  w ith  in c re a se d  te m 
p era tu re . J u ic in e ss  v a lu e s  as d e te r m in e d  b y  th e  se n so r y  
p a n e l d ecrea sed  (P  <  0 .0 5 )  w ith  in crea sed  in te r n a l te m p e r a 
tu re  fo r  b o th  o v en -p rep a red  and g rilled  c h o p s . T h e se  r e su lts  
w ere  c o n s is te n t  w ith  th o s e  o f  W eir e t al. ( 1 9 6 3 ) ,  C arlin  et  
al. ( 1 9 6 5 ) ,  W ebb e t al. ( 1 9 6 1 )  an d  P en g illy  and H a rr iso n
( 1 9 6 6 ) .

P ork  f la v o r  w a s m o r e  in te n se  (P  <  0 .0 5 )  w ith  in c re a se d  
in te rn a l te m p er a tu r e  fo r  th e  o v en -p rep a red  c h o p s . W ebb  
e t al. ( 1 9 6 1 )  a ttr ib u te d  h ig h er  fla v o r  sc o r es  to  th e  p r e 
c o n d it io n in g  o f  p a n e l m e m b er s  to  p r e fer  th e  p o r k  f la v o rs  
d e v e lo p e d  at h ig h er  te m p er a tu r e s  b e c a u se  p o rk  h a s tra d i
t io n a lly  b e e n  p rep ared  to  h ig h  te m p er a tu r e s . T h e  o v e n -  
p rep ared  c h o p s  c o o k e d  to  h ig h er  in te r n a l te m p e r a tu r e s  had  
m o r e  su rfa ce  b r o w n in g  w h ic h  m a y  h a v e  c o n tr ib u te d  to  th e  
h ig h er  p o rk  fla v o r  v a lu es . C o o k in g  t im e  m a y  h a v e  a lso  
a ffe c te d  p ork  fla v o r  d e v e lo p m e n t  s in c e  th o s e  c h o p s  c o o k e d  
to  h ig h er  te m p er a tu r e s  r em a in e d  in  th e  o v e n  lo n g e r . P ork  
flavor  in te n s ity  o f  g r illed  c h o p s  w a s n o t  a ffe c te d  b y  in 
crea sed  te m p er a tu r e . A  m o r e  u n ifo r m  su r fa c e  b r o w n in g  
w a s o b serv ed  at a ll th r e e  te m p er a tu r e  e n d p o in ts  in  th e  
g rilled  c h o p s  v e rsu s  th e  ov en -p rep a red  c h o p s . C h o p s  o v e n -  
p rep ared  and g rilled  to  an  in te rn a l te m p e r a tu r e  o f  6 0  C 
w e re  p e r ce iv e d  as h a v in g  grea ter  (P  <  0 .0 5 )  o f f  f la v o r  in te n 
s ity  th a n  c h o p s  p rep a red  to  7 0  and 8 0  C.

W arner-B ratzler  sh ear v a lu e s  o f  g r illed  lo in  c h o p s  w ere  
n o t  (P  >  0 .0 5 )  a f fe c te d  w ith  in crea sed  in te rn a l te m p er a tu r e ;  
h o w e v e r , a d if fe r e n c e  (P  <  0 .0 5 )  w a s o b serv ed  in  th e  o v e n -  
p rep ared  c h o p s  w ith  th o s e  c o o k e d  to  8 0 °C  p o sse ss in g  th e  
h ig h e st  sh ear v a lu es . T h is  resu lt c o r r e sp o n d s  w ith  th e  se n 
so r y  p a n e l f in d in g s  w h er e  o v en -p rep a red  c h o p s  c o o k e d  to  
8 0  C w e re  th e  le a s t  ten d er .

M ean s and stan d ard  error v a lu e s  fo r  v a r io u s  tr a its  o f  
o v en -p rep a red  and g rilled  lo in  c h o p s  o f  th r e e  th ic k n e s s e s  
are p r e se n te d  in T a b le  3 . T o ta l  c o o k in g  lo s se s  w e re  n o t  
d if fe r e n t  (P  >  0 .0 5 )  fo r  o v en -p rep a red  o r  gr illed  lo in  c h o p s ;  
h o w e v e r , a d ec re a se  (P  <  0 .0 5 )  in  p e r c e n t  m o is tu r e  w a s o b 
served  in  th e  1 ,2 7  cm  c h o p s  c o m p a r e d  to  th e  th ic k e r  c h o p s  
fo r  b o th  c o o k in g  m e th o d s . N o  d if fe r e n c e s  (P  >  0 .0 5 )  in  
p e r c e n t  lip id  (d r y  m a tte r  b a sis) w e r e  o b serv ed  in  o v e n -  
p rep ared  c h o p s  o f  th ree  th ic k n e sse s . O n  th e  o th e r  h a n d , th e  
g rilled  1 .9 0  cm  c h o p s  had  (P  <  0 .0 5 )  le ss  p e r c e n t  lip id  th a n  
th e  1 .2 7  cm  c h o p s .

Table 2 —M eans an d  standard  e rro r values fo r various traits o f  p o rk  loin  ch o p s oven-prepared  o r g rilled  to  three in terna l tem peratures.

Kind of preparation
Oven Grill

Internal temperature (°C) Internal temperaure (°C)
Trait 60 70 80 S.E, 60 70 80 S.E.

Total cooking loss (%)d 21.62a 29.32b 36.68c ±0.61 26.16a 32.97b 41.66° +0.91
Moisture (%) 66.73a 63.96b 60.27c ±0.26 67.44a 64.62b 60.24° +0.58
Lipid (%)e 15.76a 17.06a 17.47a ±0.50 11.67a 12.30a 14.29b ±0.24
Tenderness* 10.90a 10.15b 8.49° ±0.18 11.26a 10.82a 9.14b +0.31
Juiciness*
Pork flavor intensity*

11.77a 9.69b 6.96° ±0.24 11.37a 9.42b 6.06° +0.28
8.51a 9.93b 11,40c ±0.21 9.79a 10.12a 10.17a ±Q.19

Off flavor intensity9 11.76a 12.33ab 13.10b ±0.19 13.32a 13.74b 13.96b ±0.13
Warner-Bratzler shear valueh 3.47a 3.49a 4.34b ±0.37 3.26a 2.99a 3.15a ±0.12

M ean  values in the sam e row  bearing u n lik e  sup e rsc rip ts  d iffer 
s ign if ic an t ly  (P  <  0.05).

b C o o k in g  losses ca lcu lated  as a percentage o f raw  ch o p  weight.
® D r y  m atter basis.

M e an s derived fro m  se n so ry  panel scores w ith  possib le  range from

0 - 1 5  w here 0  = e x trem e ly  tough , d ry  or b land, and  15  =  e x 
trem e ly  tender, ju ic y  o r flavorfu l.

9 M e an s  derived  from  sen so ry  panel scores w ith  po ssib le  range from  
0 -  15, w here  0  =  ex trem e o f f  fla vo r and  15  = no  o ff  flavor. 

n kg per 1 .2 7  cm  core.

314-JOURNAL OF FOOD SCIENCE-Volume 50 (1985)



Table 3—Means and standard error values for various traits of three thicknesses of oven-prepared and grilled pork loin chops

Trait

Kind of preparation

Oven Grill
Thickness (cm) Thickness (cm)

1.27 1.90 2.54 S.E. 1.27 1.90 2.54 S.E.

Total cooking loss (%)d 29.82a 29.76a 28.043 ±0.61 33.18a 33.40a 34.23a ±0.91
Moisture (%) 62.143 64.14b 64.67b ±0.26 62.73a 65.32b 64.25b ±0.58
Lipid (%)e 17.24a 16.98a 16.07a ±0.50 13.28a 12.49b 12 73ab ±0.24
Tendernesŝ 9.96a 9.77a 9.81a ±0.18 10.51a 10.44a 10.27a ±0.31
Juicinesŝ 9.20a 9.34a 9.87a ±0.24 8.65a 9.07a 9.13a ±0.28
Pork flavor intensity* 9.68a 9.73ab 10.44b ±0.21 9.59a 10.07b 10,42b ±0.19
Off flavor intensity9 12.31a 12.06a 12.823 ±0.19 13.31a 13.82° 13.88b ±0.13
Warner-Bratzler shear value*1 3.82a 3.77a 3.69a ±0.37 3.34a 3.02b 3.04b ±0.12

abc Mean values in the same row bearing unlike superscripts differ 0-15,  where 0 = extremely tough, dry or bland, and 15 = ex-
s ign ifican tly  (P  <  0 .05).

’ C o o k in g  losses ca lcu lated  as a percentage o f  raw  ch o p  w eight.
1 D ry  m atter basis.

M eans derived from  se n so ry  panel scores w ith  po ssib le  range from

trem e ly  tender, ju ic y  o r flavorfu l.
9 M e an s derived from  se n so ry  panel scores w ith  possib le  range from  

0 - 1 5 ,  w here  0 = ex trem e o f f  f la vo r  and  15  =  n o  o f f  flavor. 
n kg per 1 .27  cm  core.

T e n d e r n e ss  an d  ju ic in e s s  se n so r y  p a n e l v a lu e s  d id  n o t  
d iffe r  (P >  0 .0 5 )  w ith  d if fe r e n t  th ic k n e s s e s  o f  o v e n -p r e 
p ared  or  g rilled  c h o p s . P ork  fla v o r  in te n s ity  w a s (P  <  0 .0 5 )  
greater  fo r  th e  2 .5 4  cm  gr illed  c h o p s . T h e  grea ter  fla v o r  
in te n s ity  v a lu e s  o b ser v e d  fo r  th e  th ic k e r  c h o p s  m a y  h a v e  
b e e n  e n h a n c e d  b y  g rea ter  su r fa c e  b r o w n in g  s in c e  th e  th ic k 
er c h o p s  w ere  c o o k e d  lo n g e r  to  rea ch  th e  sam e in te rn a l  
te m p era tu re .

O ff  fla v o r  in te n s ity  and W arner-B ratzler  sh ear v a lu e s  d id  
n o t  d iffe r  (P  >  0 .0 5 )  fo r  o v en -p rep a red  c h o p s  o f  d if fe r e n t  
th ic k n e sse s . In  th e  g rilled  c h o p s , s ig n if ic a n t  (P  <  0 .0 5 )  
o f f  fla v o r  in te n s ity  an d  h ig h er  sh ear v a lu e s  w ere  o b serv ed  
in  1 .2 7  cm  lo in  c h o p s .

C O N C L U S IO N S

IT  A P P E A R S  from  th is  s tu d y  th a t  r ed u c ed  in te r n a l d o n e 
n e ss  te m p er a tu r e s  h a v e  fa v o r a b le  e f fe c t s  o n  ju ic in e s s , t e n 
d ern ess and c o o k e d  y ie ld  o f  c h o p s . B e n e f it s  o f  th e  6 0 °C  
in te rn a l te m p er a tu r e  m a y  b e  b e st  rea lized  o n  th ic k e r  c u t  
c h o p s , o r  b y  gr illin g , as p o rk  fla v o r  in te n s ity  is  m a in ta in e d .  
T h e  su rface  o f  th in  c h o p s  ap p ea red  u n d e r c o o k e d  w h e n  
o v en -p rep a red  to  6 0 ° C , an d  o v e r c o o k e d  w h e n  g r illed  to  
8 0  C. T h e  p a la ta b ility  o f  p o rk  lo in  c h o p s  is  im p r o v ed  w h e n  
(1 )  in te rn a l te m p er a tu r e s  o f  th ic k  ( > 1 . 9 0  c m ) c h o p s  is  
r ed u ced  to  le s s  th a n  7 0 ° C , ( 2 )  in te rn a l te m p e r a tu r e  o f  
th in  ( < 1 . 9 0  c m ) c h o p s  is  r ed u c ed  to  7 0 ° C , an d  ( 3 )  c h o p  
th ic k n e ss  is  grea ter  th a n  1 .2 7  cm .
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Fate of S ta p h y lo co ccu s  aureus  in Reduced Sodium  Fermented S a u sa g e

J. A. MARCY, A. A. KRAFT, D. G. OLSON, H. W. W ALKER, and D. K. HOTCHKISS

--------------------------------------- A B S T R A C T  ----------------------------------------

Sausage was prepared using three levels of sodium chloride. These 
sausages were made with a commerical starter culture, and with an 
inoculum of S ta p h y lo c o c c u s  a u re u s , strain Z-88. The sausages con
taining lower am ounts of salt showed faster ferm entations at two 
temperatures, 24°C and 38°C. At both tem peratures the sausages 
containing 1.65% salt showed the least am ount of staphylococcal 
growth followed by the sausages containing 2.475% and 3.3% salt 
respectively.

IN T R O D U C T IO N

F E R M E N T A T IO N  as a m e a n s o f  p r e se rv a tio n  o f  m e a t  is 
o n e  o f  th e  o ld e s t  fo r m s o f  p r eserv a tio n . S a lt  p la y s  an im 
p o r ta n t  ro le  in  th e  s ta b ility  o f  th e  f in ish e d  fe r m e n te d  
sau sage  p r o d u c t , w h ic h  d e p e n d s  p a r tly  o n  a m o is tu r e  lev e l  
o f  w a te r  a c t iv ity  a t w h ic h  sp o ila g e  or p a th o g e n ic  org a n ism s  
w ill  n o t  g ro w . S a lt a ids in  th is  p reserv in g  e f fe c t  b y  b in d in g  
fr ee  w a te r  a n d  d ecrea sin g  th e  w a te r  ava ilab le  fo r  u n w a n te d  
g r o w th . In  d ry  sau sage , sa lt is a d d ed  p r im a rily  as a fla v o r in g  
a g e n t, b u t  it  is  a lso  c o n s id e r ed  to  in h ib it  u n d esira b le  
b a c te r ia  du rin g  th e  ea rly  sta g es o f  fe r m e n ta t io n  w h ile  a llo w 
in g  th e  sa lt-to le r a n t la c t ic  ac id  b a c te r ia  to  g ro w  an d  p r o 
d u c e  la c t ic  a c id  (P e d e r so n , 1 9 7 9 ;  S eb r a n e k , 1 9 8 2 ) .

S t a p h y l o c o c c u s  a u r e u s  can  m u lt ip ly  an d  p r o d u c e  to x in  
du rin g  th e  in it ia l sta g e  o f  fe r m e n ta t io n , g iv en  th e  p ro p er  
c o n d it io n s . S. a u r e u s  has b e e n  r e sp o n s ib le  fo r  fo o d  p o is o n 
in g  in c id e n ts  in  m a n y  ty p e s  o f  f o o d s  in c lu d in g  fe r m e n te d  
sau sage . T h e  first e f fe c t  th a t  la c t ic  a c id  b a c te r ia  h a v e  o n  S. 

a u r e u s  is  th e  p r o d u c t io n  o f  la c t ic  a c id  w h ic h  in h ib its  S. 

a u r e u s .  H o w e v er , fe r m e n ta t io n  b y  th e  b a c te r ia  p r e se n t  
n a tu ra lly  or  a d d ed  to  th e  m e a t c o n tr o ls  S. a u r e u s  in  a w a y  
sep a ra te  fr o m  sim p ly  lo w e r in g  th e  pH  o f  th e  p r o d u ct. T h e  
la c t ic  ac id  b a c ter ia , w h e n  p r e se n t in  large  n u m b e rs , h a v e  
b e e n  sh o w n  in  n u m e r o u s  e x p e r im e n ts  to  b e  a b le  to  rep ress  
S. a u r e u s  (P e te r so n  e t  a l., 1 9 6 2 ;  H a in es and H a rm o n , 1 9 7 3 ;  
T a t i n i e t  a l., 1 9 7 1 ;R a c c a c h  and B ak er , 1 9 7 8 ) .

S. a u r e u s  is  o n e  o f  th e  m o re  to le r a n t  o rg a n ism s to  h ig h  
c o n c e n tr a t io n s  o f  sa lt  and  r e d u c e d  w a te r  a c t iv ity  (a w ). U p  
t o  10%  N aC l d o e s  n o t  e s se n tia lly  a lter  th e  r a tio  o f  en te ro -  
t o x in  A  fo r m a t io n  to  g r o w th  o f  S. a u r e u s ,  a lth o u g h  th e  
q u a n t ity  o f  e n te r o to x in  d ecrea ses  as th e  sa lt c o n c e n tr a t io n  
in c re a se s  (M ark u s and S ilv erm a n , 1 9 7 0 ) .  T h is  d e c re a se  in  
e n te r o to x in  p r o d u c e d  is a p p a re n tly  d u e  to  th e  in c re a se  in  
g e n e r a tio n  t im e  fo r  th e  org a n ism  w ith  d e c re a sin g  w a te r  
a c t iv ity  in  th e  m e d iu m . T r a ile r  ( 1 9 7 2 )  r ep o rte d  an in c re a se  
in  g e n e r a t io n  t im e  fr o m  3 7  m in  to  1 5 0  m in  w ith  a sh if t  in  
aw  fr o m  0 .9 8  to  0 .8 9  in  a m e d iu m  w h o se  aw  w a s a d ju sted  
w ith  N aC l. P r o d u c tio n  o f  e n te r o to x in  B is m o r e  rep ressed  
b y  sa lt  c o n c e n tr a t io n  th a n  is e n te r o to x in  A  p r o d u c tio n ,  
b e c a u se  sa lt s lo w s  th e  g r o w th  ra te  o f  S . a u r e u s  an d  e n te r o 
t o x in  B is p r o d u c e d  as th e  c u ltu r e  r ea ch es  th e  sta t io n a r y  
g r o w th  p h a se  (P ereira  e t a l . ,  1 9 8 2 ;  T ra iler , 1 9 7 2 ) .

A H  authors are a t Iow a S ta te  U niv., A m es, Iow a 5 0011 . A u th o rs  
M a rcy , K ra ft  a n d  W alker are in the D ept, o f  F o o d  Tech no log y , 
a u th o r O lson is in the D ept, o f  A n im a l S c ie n c e  a n d  a u th o r H o tch 
kiss is in the D ept, o f  Statistics.

In  r e c e n t  y ea rs , th e r e  has b e e n  m u c h  resea r ch  d o n e  
w h ic h  in d ic a te s  th a t  a h ig h  lev e l o f  d ie ta r y  so d iu m  in ta k e  
m ig h t h a v e  v e r y  se r io u s  h e a lth  r isk s fo r  a p p r o x im a te ly  20%  
o f  th e  A m e r ic a n  p o p u la t io n , e sp e c ia lly  in  te rm s o f  h ig h  
b lo o d  p ressu re  an d  r e la ted  d isea se  sta te s . T h e se  f in d in g s , in  
c o m b in a t io n  w ith  in c re a se d  m a r k e tin g  and a d v e r tis in g  fo r  
th e  b e n e f it s  o f  e a tin g  f o o d s  lo w e r  in  so d iu m  or sa lt c o n te n t ,  
h a v e  b r o u g h t a b o u t  in c re a se d  d em a n d  fo r  p r o c e s se d  m ea t  
p r o d u c ts  c o n ta in in g  le s s  sa lt.

A lth o u g h  dry fe r m e n te d  sau sage d o e s  n o t  r e p r e se n t a 
large p o r t io n  o f  th e  m o d e r n  A m e r ic a n  d ie t , it  d o e s  r ep re 
se n t  a ty p e  o f  m e a t p r o d u c t  w h ic h  is v e ry  h ig h  in  sa lt c o n 
te n t . T h e r e fo r e , th e  p u rp o se  o f  th is  p r o je c t  w a s t o  d e te r 
m in e  i f  sa lt r e d u c t io n  in  a fe r m e n te d  sau sage  p r o d u c t  has  
a n y  e f fe c t  o n  S t a p h y l o c o c c u s  a u r e u s  or a sta r ter  c u ltu r e  o f  
la c t ic  ac id  b a c te r ia  and i f  so , w h ic h  o rg a n ism  is a f fe c te d  
m o st  and p o s s ib le  im p lic a t io n s  regard in g  sa fe ty  o f  th e  
p r o d u c t.

M A T E R IA L S  &  M E T H O D S

Experim ental design

Two ferm entation tem peratures were used, a high tem perature 
(38°C) and a low tem perature (24° C). Three trials were done for 
each, bu t only two replications o f each were analyzed statistically 
because of weak activity o f the starter culture in the first replication.

Experimental procedure

All of the meat used in this study was obtained from the Iowa 
State University Meat Laboratory and processed at the  same time. 
Lean pork and pork trim were ground through a 4.76 mm (3/16 in) 
plate and mixed to give 25% fat. The m eat was packaged in poly
ethylene freezer bags and kept frozen in a blast freezer (—20°C) 
until use. Meat was taken from the freezer 4 days prior to  sausage 
m anufacture and placed in a cooler at 5°C for 3 days and then 
the bags o f m eat were placed in pans o f cold water for 1 day in the 
5°C cooler before sausages were made. This m ethod was effective 
in providing m eat ready for mixing.

The dry ingredients used in this work were weighed into indi
vidual bags prior to making sausage and are listed in Table 1. All 
batches received 1.1 mL of Lactacel 75 starter culture (Microlife 
Technics, Sarasota, FL). The batches to be inoculated with S. 
a u r e u s  received 0.5 mL of a 24-hr culture o f Z-88 in Brain Heart 
Infusion broth (Difco Laboratories, Detroit, MI). Cultures were 
previously dispensed into 99 mL of sterile 0.1% peptone water for 
dispersion.

Sausage was made in batches starting with the control batch 
which contained 3.3% NaCl and starter culture, bu t no S. a u re u s .  

The batches containing S', a u r e u s  were made in order o f increasing 
salt levels to decrease the percentage of carryover from the previous 
batch. All batches were made in a mixer (Model H-600T, Hobart 
Manufacturing Co., Troy, OH). Salt concentration in the sausage 
samples was determined with a Fisher Accumet Selective Ion 
Analyzer (Model 750) following the m ethod developed by Orion 
Research Inc. (1980).

After all batches were mixed, the meat from the control batch 
was placed in a Vogt manual sausage staffer. The first kilogram was 
discarded and the remainder stuffed into 65 mm (diam) fibrous 
casings (Teepak, Chicago, IL). Each sausage was approxim ately 27 
cm in length and weighed approxim ately 0.35 kg. Twelve sausages 
were stuffed from each batch and the remainder o f the batch dis
carded. Next, the batches containing S. a u r e u s  were stuffed in order 
o f increasing salt level. The first kilogram was extruded and dis-
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Table 1—D ry  ingredients u sed  in sausage

Ingredient Amount Per cent of meat wt

Dextrose 27.20g 0.500%
ground black pepper 13.60g 0.250%
Whole black pepper 6.80g 0.120%
Garlic powder 1.60g 0.030%
Sodium nitrite 0.85g 0.016%

carded to “ flush” the stuffer o f  remaining material from the previ
ous batch.

The sausages were hung in a controlled temperature, controlled  
hum idity, Modu-Lab Room  914A-H D (Lab-Line Instruments, Inc., 
Chicago, IL). AU ferm entations were at 90-95% relative himidity. 
Low temperature ferm entation was at 24°C (75°F ) and high tem 
perature ferm entation was at 38°C (100°F ).

During low temperature ferm entation, 4 Orion probe electrodes 
(Model 9163, Orion research Inc., Cambridge, MA) were stan
dardized against pH 4 .0  and 7.0 buffers, and inserted into a sausage 
from each batch after 12 hr o f  fermentation. During high tempera
ture ferm entation, the probe electrodes were inserted after 2 hr o f  
fermentation. These electrodes were connected to a London six 
channel autom atic switch (Type SAS-1), which m onitored each 
electrode for 5 min and then switched to the next electrode. The pH 
was registered with a Radiometer (M odel PHM28C) pH meter. A 
recording o f  the signals to the pH meter was made with a Bausch 
and Lomb lab recorder (M odel V. O. M. 7) running at a chart speed 
o f 0 .25 in /5 min. Ferm entation was considered com plete when all 
recordings reached a plateau. Upon com pletion o f  ferm entation, 
the chamber was set to 18.3°C  (65°F ) and 80-85% relative hum idity. 
This drying phase was continued for 1 wk.

Microbial analysis

For microbial analyses, a sample was taken from the meat initial
ly , and a representative sample was taken from each batch at the 
time o f sausage manufacture, every 12 hr during ferm entation, and 
daily thereafter throughout the drying period. Each sample con
sisted o f  30g o f  meat taken aseptically from the outerm ost 1 cm o f  
meat and added to 27C mL o f sterile 0.1% peptone water in a 
blender jar. Serial dilutions were then made in 0.1% peptone water. 
Staphylococcus aureus was enumerated with Baird-Parker medium  
(BBL and Difco, 24-48 hr at 37°C); lactic acid organisms were 
enumerated using Lactobacillus Selective (LBS) medium (BBL, 48  hr 
at 30°C); and aerobic plate counts were made with Trypticase Soy  
Agar (TSA, BBL, 72 hr at 30°C ). Samples were prepared by the 
pour-plate m ethod for LBS and TSA media, and by the spread-plate 
m ethod using 0.1 ml aliquots o f  inoculum for Baird-Parker medium.

RESULTS & DISCUSSION

L o w  te m p er a tu r e  fe r m e n ta t io n

A t a fe r m e n ta t io n  te m p er a tu r e  o f  2 4 ° C  ( 7 5 ° F )  and th e  
n orm al sa lt le v e l o f  3 .3%  N aC l, r e d u c t io n  in  pH  o c cu rr ed  at 
17 hr o f  fe r m e n ta t io n  (F ig . 1). A d ro p  in  pH  w as r ec o rd ed  
at 15 h r  fo r  sau sage  c o n ta in in g  2 .4 7 5 %  N aC l and at 13 hr  
fo r  sau sage  c o n ta in in g  1.65%  N aC l. B y  r ed u c in g  th e  sa lt  
c o n c e n tr a t io n  b y  50% , fr o m  3.3%  t o  1 .65% , a pH  d ecrea se  
w as ob serv ed  in  sa u sa g es w ith  th e  lo w e s t  sa lt  c o n c e n tr a t io n  
4  hr earlier th a n  in  sa u sa g es w ith  3.3%  salt.

W ith regard t o  to ta l  fe r m e n ta t io n  t im e , th e  sa u sa g es c o n 
ta in in g  1.65%  sa lt had  f in ish e d  fe r m e n tin g  a fter  an average  
o f  a p p r o x im a te ly  2 3  hr. S a u sa g es c o n ta in in g  2 .4 7 5 %  N aC l 
w ere f in ish e d  fe r m e n tin g  in  a p p r o x im a te ly  2 8  hr. T h e  tw o  
b a tc h e s  m a d e  w ith  3.3%  N aC l f in ish e d  in  a p p r o x im a te ly  
33  hr. A  r e d u c t io n  in  10  hr in  th e  to ta l  fe r m e n ta t io n  t im e  
resu lted  fr o m  red u c in g  th e  sa lt c o n c e n tr a t io n  b y  50% .

T h e  s lo p e s  o f  th e  stra ig h t lin e  p o r t io n  o f  th e  cu rves fo r  
pH  d ecrea se  w ere  c o m p a r ed  s ta t is t ic a lly , r e su lt in g  in  an F 
va lu e  o f  5 .9 4 5  (P  <  0 .0 5 ) ,  c o n fir m in g  th a t th e  s lo p e s  w ere  
n o t  eq u al. F ig . 1 sh o w s  th a t fo r  1 .65%  sa lt  b e tw e e n  14 and  
19 hr, th e  ch a n g e  w as m o r e  rapid th a n  th a t fo r  2 .4 7 5 %

Fig. 1—Change in p H  during lo w  tem perature ferm entation  (2 4 °C ).

Fig . 2 —N um bers o f  lactic  a c id  bacteria during  ferm entation  a t lo w  
tem perature (2 4 ° C).

N aC l at 1 6 -2 2  hr an d  fo r  th e  tw o  b a tc h e s  c o n ta in in g  3.3%  
sa lt at 2 0 -3 0  hr.

L a c tic  a c id  b a cteria

T h e  p la te  c o u n ts  o f  la c t ic  ac id  b a c te r ia  are p r e se n te d  in  
F ig . 2 and 3. F e r m e n ta t io n  c o n d it io n s  w ere  m a in ta in ed  
th r o u g h  3 6  hr (1 .5  d a y s)  an d  th e  t im e  sh o w n  o n  th e  graphs 
a fter  th a t r ep re se n ts  th e  d r y in g  p e r io d . T h e  lo w e r  sa lt  c o n 
c e n tr a t io n s  (1 .6 5 %  an d  2 .4 7 5 %  sa lt) a l lo w e d  th e  la c t ic  acid  
b a cter ia  to  g row  at a fa ste r  rate  th a n  th e  tw o  b a tc h e s  c o n 
ta in in g  3.3%  sa lt. G r o w th  rate w as r e la ted  t o  th e  fa s te r  d rop  
in  p H  n o te d  in  F ig . 1. A lso , a t th e  en d  o f  fe r m e n ta t io n , th e
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LOW SO D IU M  F E R M E N T E D  S A U S A G E  . . .

Fig. 3 —N um bers o f  lactic  a cid  bacteria during  drying  a fter lo w  tem 
p eratu re  (2 4 ° C) ferm entation.

n u m b e r  o f  la c t ic  a c id  b a c te r ia  su rv iv in g  a fter  fe r m e n ta t io n  
in  sa u sa g es m a d e  w ith  1.65%  sa lt w as h ig h er  th a n  in  sa u 
sages m a d e  w ith  h ig h er  sa lt le v e ls  (F ig . 3 ) .  T h is  d if fe r e n c e  
w a s m a in ta in e d  du rin g  th e  sh o r t  d ry in g  p h a se  u p  t o  3 d a y s  
a lth o u g h  a ll b a tc h e s  s h o w e d  a g e n e ra lly  d o w n w a r d  tr en d  in  
b a c te r ia l n u m b e rs  th r o u g h  th is  p h a se . D if fe r e n c e s  in  g r o w th  
w ith  d if fe r e n t  sa lt  lev e ls  in  sa u sa g es w ere  s ig n if ic a n t  (P  <  
0 .0 1 )  fo r  fe r m e n ta t io n  an d  d ry in g .

S ta p h y lo c o c c u s  au reu s

N u m b e r s  o f  s ta p h y lo c o c c i  are sh o w n  in  F ig . 4  a n d  5. 
T h e  s ta p h y lo c o c c i  w ere  g e n e ra lly  c o n tr o lle d  at 2 4  C b y  th e  
r e la tiv e ly  lo w  te m p er a tu r e  o f  fe r m e n ta t io n , a lo n g  w ith  
rap id  g r o w th  o f  th e  s ta r ter  c u ltu r e  a t  th is  tem p er a tu r e . 
W h en  a “ w e a k ” s ta r ter  c u ltu r e  w a s u se d  in  p r e lim in a r y  e x 
p e r im e n ts , th e  S ta p h y lo c o c c u s  a u re u s  o v e r c a m e  th e  te m 
p era tu re  c o n d it io n s  to  sh o w  m o d e r a te  g r o w th  (M a rcy ,
1 9 8 4 ) .  T h e  fa ste r  g r o w th  o f  th e  sta r ter  c u ltu r e  u sed  in  th e se  
fe r m e n ta t io n s  p r e v en ted  S. a u re u s  fro m  o v e r c o m in g  th e  
r e la tiv e ly  u n fa v o ra b le  te m p er a tu r e  and in c re a sin g  in  n u m 
b ers b y  e v en  o n e  lo g a r ith m . T h e  g r ea te s t  in c re a se  w as in  
sa u sa g es m a d e  w ith  3.3%  sa lt, an d  a m o u n te d  to  an in c re a se  
o f  46% . In  a s im ila r  p r o d u c t  an d  p r o c e ss , a 20%  in c re a se  
fr o m  an in it ia l  le v e l o f  7 .6  x  1 0 3 s ta p h y lo c o c c i/g r a m  w as  
r ep o rte d  ( A n o n .,  1 9 8 0 ) .  P rev io u s  w ork  h a s s h o w n  th a t  
S. a u re u s  d o e s  n o t  g r o w  w e ll a t lo w  te m p e r a tu r e , p a r ticu 
larly  in  a fe r m e n te d  sau sage  e n v ir o n m e n t, an d  e sp e c ia lly  
in  c o n ju n c t io n  w ith  a la c t ic  a c id  sta r ter  c u ltu r e  c a p a b le  o f  
lo w  te m p e r a tu r e  fe r m e n ta t io n  (S c h e u sn e r  e t a l., 1 9 7 3 ;  
A n o n .,  1 9 8 0 ) .  T h is  is th e  b asis fo r  th e  c u rren t “ G o o d  
M a n u fa c tu r in g  P r a c t ic e ”  (G M P ) d e s ig n e d  b y  th e  A m e r ic a n  
M eat I n s t i tu te  ( 1 9 8 2 )  w h ic h  a t te m p ts  t o  lim it  th e  a m o u n t  
o f  t im e  th a t  fe r m e n te d  sau sage  is e x p o se d  to  te m p er a tu r e s

Fig. 4 —N um bers o f  Staphylococcus aureus during  ferm entation  at 
lo w  tem perature ( 2 4 ° C).

Fig. 5 —N um bers o f  Staphylococcus aureus d uring  d ry in g  a fte r  lo w  
tem perature ferm entation .

g rea ter  th a n  1 5 .5 ° C  ( 6 0 ° F ) .  S. a u reu s  d e m o n s tr a te d  a s lig h t  
u p w ard  tren d  in  n u m b e rs  du rin g  d ry in g  (F ig . 5 )  (P  <  0 .0 5 ) .

H igh  te m p er a tu r e  fe r m e n ta t io n

A t  a fe r m e n ta t io n  te m p er a tu r e  o f  3 8 ° C  ( 1 0 0 ° F ) ,  d if fe r 
e n c e s  w e re  o b ser v e d  in  fe r m e n ta t io n  ra tes b a se d  o n  sa lt  
c o n c e n tr a t io n  (F ig . 6 ) .  A s in  th e  lo w  te m p e r a tu r e  fe r m e n ta 
t io n ,  th e  sa u sa g es c o n ta in in g  th e  lo w e s t  sa lt  le v e l s h o w e d  a 
r e sp o n se  in  te rm s o f  pH  d ro p  firs t, f o l lo w e d  in  o r d e r  b y  
sa u sa g es m a d e  w ith  2 .4 7 5 %  an d  3.3%  sa lt. R e d u c t io n  in  
pH  w as o b ser v e d  in  sa u sa g es c o n ta in in g  1.65%  sa lt  a t  5 hr, 
2 .4 7 5 %  sa lt at 6 hr, and b y  3.3%  sa lt an d  th e  c o n tr o l  w ith  
n o  in o c u la te d  S. a u reu s  (3 .3 %  sa lt) at 7 an d  8 hr , r e s p e c 
t iv e ly .

A  c o m p a r iso n  o f  th e  s lo p e s  o f  th e  str a ig h t l in e  p o r t io n s  
o f  th e  p H  cu rve  gave an  F v a lu e  o f  3 .1 6 8  (P  <  0 .0 5 )  in d ic a t-
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Fig. 6 —Change in p H  during high tem perature ferm entation  (3 8 °C).

Table 2 —Average p late co u n ts  o f  lactic  a c id  bacteria during  drying  
(2-7 days) a fte r high tem perature ferm entation

Day

Number of bacteria per gram 

1.65% NaCI 2.475% NaCI 3.3% NaCI Control

2 7.8 x 106 2.7 x 106 3.9 x 106 2.0 x 106
3 7.0 x 106 4.0 x 106 1.9 x 106 2.4 x 106
4 6.0 x 106 1.8 x 106 3.4 x 106 1.1 x 106
5 1.2 x 107 1.4 x 106 2.2 x 106 7.4 x 105
6 8.4 x 106 1.1 x 106 1.1 x 107 6.6 x 105
7 4.1 x 106 2.0 x 106 5.4 x 106 7.6 x 105

in g  again  th a t  n o t  all o f  th e  s lo p e s  w e re  eq u a l. B y  in sp e c 
t io n , th e  s lo p e  fo r  sau sages w ith  1.65%  sa lt ( 6 -1 0  hr) 
ap p eared  a p p re c ia b ly  s te e p e r  th a n  th e  s lo p e s  fo r  2 .4 7 5 %  
sa lt ( 6 -1 2  h r), 3 .3%  sa lt  ( 7 -1 3  h r), and  c o n tr o l ( 8 -1 3  hr).

L a c tic  a c id  b a cteria

T a b le  2 p r e se n ts  th e  average p la te  c o u n ts  o f  la c t ic  acid  
b a cter ia  du rin g  th e  c o m p le te  d ry in g  p h a se  (2 -7  d a y s ) . T h e  
fe r m e n ta t io n  w as s o  rap id  at th is  te m p er a tu r e  th a t an in te r 
val as lo n g  as 12  h r  fo r  e n u m e r a tio n  o f  la c t ic  acid  b a c te r ia  
du rin g  fe r m e n ta t io n  w a s in a p p r o p r ia te . T h e  sa u sa g es c o n 
ta in in g  1 .65%  sa lt  h a d  a h ig h er  le v e l o f  la c t ic  ac id  b a c ter ia  
su rv iv ing  th e  fe r m e n ta t io n  th a n  sa m p le s  c o n ta in in g  h igh er  
sa lt c o n c e n tr a t io n s  (P  <  0 .0 1 ) .  A s  in  th e  lo w  te m p er a tu r e  
fe r m e n ta t io n , th e  la c t ic  a c id  b a c te r ia  s h o w e d  a gen era l 
d o w n w a r d  tr en d  fo r  a ll sa lt  le v e ls  (T a b le  2 )  (P  <  0 .0 5 ) .

S ta p h y lo c o c c u s  au reu s

P la te  c o u n ts  fo r  S. a u reu s  are p r e se n te d  in  F ig . 7 fo r  
fe r m e n ta t io n  (a b o u t  0 .8 5  d a y s)  an d  th e  f ir s t  t w o  d a y s  o f  
d ryin g . C o u n ts  a fte r  d a y  3 r em a in e d  r e la tiv e ly  sta b le  
th r o u g h  7 d a y s  an d  th e  average p la te  c o u n ts  fo r  th e  c o m 
p le te  d ry in g  p h a se  are g iv en  in  T a b le  3. F ig . 7 sh o w s  c lea r ly  
th e  e f fe c t  o f  sa lt w h e n  th e  te m p er a tu r e  is n ear  th e  o p t im u m  
fo r  s ta p h y lo c o c c a l  g r o w th . B e c a u se  o f  th e  in c re a se  in  rate  
o f  fe r m e n ta t io n , as ju d g e d  b y  th e  s lo p e  fo r  p H  d e c lin e , S.

D a y s

Fig. 7 —N um bers o f  Staphylococcus aureus during ferm entation  at 
high tem perature (3 8 ° C).

Table 3 —Average p la te  co u n ts  o f  Staphylococcus aureus during d ry 
ing (2-7 days) a fte r  high tem perature ferm entation

Day

Number of bacteria per gram 

1.65% NaCI 2.475% NaCI 3.3% NaCI

2 1.4 x 105 1.2 x 106 6.6 x 106
3 1.4 x 105 1.2 x 106 5.6 x 106
4 1.2 x 105 8.6 x 105 6.3 x 106
5 1.5 x 10s 1.1 x 106 6.0 x 106
6 1.2 x 105 1.1 x 106 1.4 x 107
7 1.3 x 105 1.3 x 106 1.0 x 107

a u reu s  w as a llo w e d  to  m u lt ip ly  b y  a fa c to r  o f  o n ly  4  in  th e  
sa u sa g es c o n ta in in g  1 .65%  sa lt w h ile  th e  sa u sa g es m a d e  w ith  
3.3%  sa lt  sh o w e d  an  in c re a se  o f  a fa c to r  o f  161  (P  <  0 .0 1 ) .  
T h is  is  in  c o n tr a s t  t o  a r e p o r t  b y  M ic ro life  T e c h n ic s  (A n o n .,
1 9 8 0 )  w h ic h  s ta te d  an  in c re a se  in  S. a u re u s  o f  a fa c to r  o f  
o n ly  1 .3  in  sa u sa g e  c o n ta in in g  3 .3%  sa lt an d  an  in it ia l  le v e l  
o f  7 .4  x  1 0 3 S. a u r e u s /g ra m  d u rin g  an 11 hr  fe r m e n ta t io n  
o f  3 5 ° C .

T h e  e f fe c t  o f  sa lt w a s lin ea r  w ith  r e sp e c t  t o  th e  c o n c e n 
tr a tio n , w ith  an  F  v a lu e  o f  2 4 .3 9  (P  =  0 .0 0 3 ) .  T h is  m ea n s  
th a t  th e  le v e l  o f  in h ib it io n  e x e r te d  o n  S. a u reu s, e ith er  
d ir e c t ly  or in d ir e c t ly , w a s r e la ted  to  th e  c o n c e n tr a t io n  o f  
sa lt in  th e  p r o d u c t . R e d u c t io n  in  sa lt in c re a se d  th e  in h ib i
t io n  o f  S. a u reu s.

A  s ig n if ic a n t  p o in t  is  th a t  a t  n ear  o p t im u m  te m p er a tu r e s  
fo r  g r o w th  o f  S. a u reu s, e v en  a 1 h r  d e c re a se  in  th e  t im e
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LOW SO D IU M  F E R M E N T E D  S A U S A G E  . . .

req u ired  to  sta rt p r o d u c in g  a c id  h a s a v e ry  b e n e f ic ia l  e f fe c t  
in  th e  c o n tr o l o f  S. a u reu s. T h e  r e la tio n sh ip  b e tw e e n  th e  
la c t ic  a c id  b a c te r ia  an d  S. a u reu s  is  a c o m p e tit iv e  o n e . T h e  
fa s te r  th e  g r o w th  o f  th e  la c t ic  a c id  b a c te r ia  and th e  su b se 
q u e n t  p r o d u c t io n  o f  la c t ic  a c id , th e  grea ter  th e  d egree  o f  
in h ib it io n  o f  S. aureu s.

A t th e  p r e se n :  t im e , dry , fe r m e n te d  sau sage  is th e  o n ly  
p r o d u c t w h ic h  h a s a sp e c if ie d  m in im u m  le v e l o f  sa lt t o  b e  
a d d ed  (3 .3 % ), an d  th is  is  o n ly  in  th e  in s ta n c e  w h er e  p o rk  
w h ic h  is n o n c e r t if ie d  fr ee  o f  tr ich in a  is  u sed  in  th e  fo r m u la 
t io n . T h is , h o w e v e r , m a y  b e  su b je c t  t o  ch a n g e . T h e  U S D A  
h a s p r o p o se d  th a t th is  sa lt  lev e l m a y  b e  r ed u c ed  w ith  su b s t i
tu t io n  fo r  c o n tr o l o f  tr ic h in a  b y  sp e c if ie d  t im e -te m p e r a 
tu re-sa lt c o n te n t  r e la tio n sh ip s , w h ic h  w o u ld  a llo w  th e  
in d u str y  m o r e  f le x ib i l it y  in  p r o d u c t  fo r m u la t io n  (U S D A ,  
1 9 8 3 ) .

SUMMARY
T H E  W O R K  P R E S E N T E D  h ere  w as d o n e  to  d e te r m in e  
e f fe c t s  o f  r e d u c t io n  in  sa lt in  fe r m e n te d  sau sage  o n  la c t ic  
a c id  b a c te r ia  sta r ter  cu ltu r es  an d  S ta p h y lo c o c c u s  au reu s. 
C o n sid e r a tio n  w a s a lso  g iv en  to  fe r m e n ta t io n  c o n tr o l b y  u se  
o f  tw o  d if fe r e n t  te m p er a tu r e s .

R e d u c t io n  in  sa lt  a llo w e d  fo r  fa ste r  g r o w th  a n d  fa ster  
p r o d u c t io n  o f  a c id  b y  th e  la c t ic  ac id  sta r ter  c u ltu r e  a t b o th  
2 4 ° C  and 3 8 °C . T h e r e fo r e , it  is b e lie v e d  th a t th e  e f fe c t  on  
th e  la c t ic  ac id  cu ltu r e  w a s o f  a d ir ec t n a tu re . T h e  e f fe c t  o f  
sa lt  r e d u c t io n  o n  th e  s ta p h y lo c o c c i  w a s d e p e n d e n t  o n  th e  
ra te  o f  g r o w th  an d  acid  p r o d u c t io n  b y  th e  la c t ic  a c id  b a c 
ter ia . S t a p h y lo c o c c i  w ere  in h ib ite d  in  an in d ir e c t , b u t  lin ear  
r e la tio n sh ip  to  th e  a m o u n t o f  sa lt  p r e se n t in  th e  sau sage.

R e d u c t io n  o f  sa lt  m a y  n o t  be  e x p e c te d  to  h a v e  as m u c h  
in h ib ito r y  e f fe c t  o n  h igh  lev e ls  o f  in it ia l s ta p h y lo c o c c i  in  
a p r o d u c t  w h ic h  is b e in g  fe r m e n te d  at a h ig h  te m p er a tu r e  
an d  w ith o u t  th e  a d d itio n  o f  a c o m m e r c ia lly  p rep a red  la c t ic  
a c id  b a c te r ia  sta r ter  c u ltu r e  su ita b le  fo r  g r o w th  at th a t  
te m p er a tu r e . T h is  w o u ld  p r o b a b ly  in c lu d e  p r o c e s se s  r e ly in g  
o n  a “ s lo p -b a c k ” in o c u lu m  fo r  th e  sta r ter  c u ltu r e  and  
p r o c e sse s  u t i l iz in g  th e  la c t ic  ac id  b a cteria  n a tu ra lly  o c cu r 
r in g  in  th e  m ea t as th e  so u rc e  o f  fe r m e n ta t io n . T h e se  
p r o d u c ts  sh o u ld  b e  fe r m e n te d  in  a c co r d a n ce  w ith  th e  
“ G o o d  M a n u fa c tu r in g  P r a c tic e ”  o f  th e  A m e r ic a n  M eat 
I n s t itu te , w ith  lo w  te m p e r a tu r e  as th e  c o n tr o ll in g  fo r c e  o n  
S. au reu s.

B e c a u se  o f  th e  lin ea r  r e la tio n sh ip  b e tw e e n  th e  sa lt  
c o n c e n tr a t io n  and th e  in h ib it io n  o f  S. a u re u s  at h ig h  te m 
p era tu re , care m u st b e  ta k e n  to  in su re  th a t th e  p ro p er  lev e l 
o f  sa lt is a d d ed  to  th e  p r o d u ct. T h is  is  e sp e c ia lly  tr u e  in  
o p e r a t io n s  w h ic h  d o  n o t  m o n ito r  th e  p H  o f  th e  sau sage  
du rin g  th e  fe r m e n ta t io n .
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pH  d ro p  in  fe r m e n te d  sau sages in it ia te d  b y  la c t ic  s ta r ter  
c u ltu r e s  p r o c e e d e d  at rates th a t p re v en ted  th e  g r o w th  o f  
S. a u reu s  a t b o th  2 4 °  and 3 8 ° C . H o w e v er , it  sh o u ld  b e  
e m p h a s iz e d  th a t th e  sta r ter  c u ltu r e  m u st b e  an a c t iv e  
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Developm ent of a Frankfurter Analog 
From Red Hake Surimi

E. M. BUCK and R. D. FAFARD

---------------------------------------- A B S T R A C T -----------------------------------------

The developm ent o f  an essentially fat-free, frankfurter analog from  
red hake surimi is described. In consumer tests against four com m er
cial brands o f  frankfurters, the analog com peted well with a chicken  
frankfurter, but neither chicken nor fish achieved the levels o f  ac
ceptance o f  beef-containing products. Warner-Bratzler shear mea
surements revealed significant changes in texture in the fish and 
chicken frankfurters during a 21-day storage period at 2°C. The 
analog proved to have lower populations o f  certain microorganisms 
as compared to the other products tested. There was no spoilage 
detected in any o f  the products evaluated after 21 days at 2°C. 
The nutritional advantages o f  the analog are discussed.

IN T R O D U C T IO N

S E V E R A L  W O R K E R S  h a v e  r ep o rte d  o n  th e  p artia l o r  c o m 
p le te  r e p la c e m e n t o f  red  m e a ts  w ith  f ish  m u sc le  in  a fra n k 
fu r ter  fo r m u la t io n  (P ark  e t  a l., 1 9 7 8 ;  H o w e , 1 9 6 7 ;  S p in e lli  
e t  a l., 1 9 7 7 ;  M an n , 1 9 7 7 ;  W ebb e t  a l., 1 9 7 6 ) . In all ca ses, 
u n w a sh e d  f ish  f le sh  w a s u se d  and in  m o s t  c a se s  th e  f in 
ish e d  p r o d u c t  c o n ta in e d  r e la tiv e ly  h ig h  p e r c e n ta g e s  o f  fa t. 
A n  u n d e sira b le  s o f t  te x tu r e  a sso c ia te d  w ith  th e  e x p e r i
m e n ta l sa m p le s  w a s fr e q u e n t ly  r ep o rte d .

H o lm q u ist  e t al. ( 1 9 8 4 )  r ep o rte d  th a t red h a k e  ( U ro - 
p h y c is  c h u s s ) , an  u n d e r u tiliz e d  sp e c ie s  o f  f ish  fo u n d  o f f  
th e  N e w  E n g lan d  and M id -A tla n tic  S ta te s , w a s  su ita b le  fo r  
th e  m a n u fa c tu r e  o f  su r im i w h ic h  c o u ld  b e  s to r ed  fr o z e n  
and u lt im a te ly  m a n u fa c tu r e d  in to  an a c c e p ta b le  K am a- 
b o k o . S u rim i is p rep a red  b y  w a sh in g  m in c e d  fish  flesh  
severa l t im e s  w ith  c o ld  w a te r  t o  r e m o v e  w a te r  so lu b le  p r o 
te in s  an d  o th e r  m a ter ia ls . I t  is  th e n  d e -w a te re d , m ix e d  w ith  
c r y o p r o te c ta n ts  su ch  as sugar, and tr ip o ly p h o sp h a te s ,  
fr o z e n  an d  s to r ed  u n til  u se d . T o  p rep are K a m a b o k o , a 
w h ite , b la n d , S u r im i-g e l/p r o d u c t  p r ized  b y  th e  J a p a n ese  
fo r  its  ru b b ery  te x tu r e , th e  th a w e d  su r im i is  c h o p p e d  w ith  
su ff ic ie n t  sa lt to  e x tr a c t  m y o fib r illa r  p r o te in , sh a p e d , and  
h e a t-p r o ce ssed  to  fo r m  th e  p r o te in  gel.

T h ere  is an  o b v io u s  m a rk et fo r  m e a t o r  m e a t-lik e  p r o d 
u c ts  w ith  lo w  fa t  c o n te n t s  and grea ter  n u tr it io n a l v a lu e . 
S in c e  red  h a k e  h a s  le s s  th a n  o n e -h a lf  o f  o n e  p e r c e n t  fa t  and  
i t  h as b e e n  d e m o n s tr a te d  th a t it w il l  p r o d u c e  an  a c c e p ta b le  
p r o te in  ge l, it  sh o u ld  b e  p o s s ib le  t o  p r o d u c e  a fra n k fu rter  
a n a log  fr o m  red  h a k e  w h ic h  d er iv es  i t s  t e x tu r e  fr o m  a p r o 
te in  g e l ra th er  th a n  a fa t  e m u ls io n . In  a d d itio n , th e  e x 
tr e m e ly  lo w  fa t  p r o d u c t  sh o u ld  h a v e  s ig n if ic a n tly  fe w e r  
ca lo r ie s  and m o r e  p r o te in  th a n  a c o n v e n t io n a l fran k fu rter .

T h e  o b je c tiv e s  o f  th is  in v e s t ig a t io n  w ere  th u s  se t as 
fo llo w s:  ( 1 )  d e v e lo p  th e  p r o c e ss in g  p a ra m eters  n e e d e d  to  
p r o d u c e  an  all f ish  fra n k fu rte r  a n a lo g  w ith  th e  te x tu r a l  
c h a ra cter istic s , f la v o r, and c o lo r  o f  a c o n v e n t io n a l red  
m ea t p r o d u c t;  ( 2 )  c o n d u c t  s to r a g e  and se n so ry  a c c e p ta n c e  
s tu d ie s  o f  th e  an a log .

M A T E R IA L S  & M E T H O D S
Source o f  experimental material

Two hundred twenty-six kilograms o f  w hole red hake ( Uro-

A u th o rs  B u ck  an d  Fa fa rd  are a ffiliated  w ith the D ept, o f  F o o d  
Science  & N u trition , Univ. o f  M assachusetts, A m h erst, M A  0 1 0 0 3 .

p h ycis chuss) were purchased from day boats operating out o f  
Gloucester, MA in October, 1982. The iced fish were transported 
to the Dept, o f  Food Science & N utrition in Amherst, MA and 
stored overnight in a 2°C cooler.

Preparation o f  surimi

The fish were hand filleted and skinned. A m ince was prepared 
by grinding the fillets through a 6 mm plate in a T oledo Chopper 
(Model 5 125). The m ince was im m ediately washed according to 
the follow ing procedure. An aliquot o f  m ince weighing 2.25 kg 
was placed in a container with eight parts o f  an ice/distilled water 
mixture, stirred for 1 min and allowed to stand for approximately  
20 m in, or until the m ince had settled. It was then decanted through 
a fine mesh screen (1 mm) and the washing repeated four more 
times. The fifth and final wash water contained 0.2% NaCl to aid 
in dewatering.

Several aliquots o f  washed m ince were then wrapped in four 
layers o f  cheesecloth and placed in a Wabash Hydraulic Wine Press 
(m odel 30-24-SM ) where they were subjected to 10 ,000  psi pres
sure for 20  min.

Following de-watering, the m ince was placed in the pre-chilled 
bow l o f  a Toledo High Speed Mixer (M odel TM 20) and m ixed for 
5 min (medium speed) w ith 5.0% sucrose and 0.2% sodium  tripoly
phosphate (w /w ). The resulting surimi was then divided into  1 kg 
portions and packed into opaque polyethylene bags so that as 
much air as possible was excluded. The bags were quickly cooled  
to 0°C in a blast freezer ( - 3 0 ° C) and stored at -1 8 ° C  until used.

Manufacture o f  the frankfurter analog

The 1 kg bags o f  frozen surimi (5 m onths old) were thawed 
overnight in a 2°C cooler prior to further processing. The thawed 
surimi was placed in a 20L  Stronia Silent Cutter (Model KS-20) 
and chopped for 2 m in at high speed w ith 2.5% NaCl. The fish 
paste was kept below 15°C at all times by the application o f  bagged 
ice to the outside o f  the cutter bow l before and during chopping. 
At this point, the follow ing ingredients were added: 0.24% w hite  
pepper, 0.32% garlic powder, 0.40% paprika, 0.15% coriander, 0.5% 
liquid sm oke (Flavorite Lab, Memphis, TN.), 0.5% liquid beet 
juice concentrate (Beatrice Foods, Chicago, IL), 0.012%  sodium  
nitrite and 0.055%  sodium erythorbate. Chopping was then contin
ued at high speed for an additional 8 min. The finished paste was 
transferred to a V ogt piston driven hand stuffer and stuffed into  
24 mm cellulose casings (Union Carbide Co., Chicago, IL), w hich  
were then hand-linked every 12.5 cm. After standing at room tem 
perature (25° C) for 1 hr, the links were heat processed by immer
sion in a 90°C  water bath for 20 m in. They were then cooled by 
immersion in a 2°C ice/water bath until an internal temperature o f  
30°C  or lower was achieved, hung on sm oke sticks, and held over
night in a 2°C cooler. The follow ing day the casings were removed 
by hand-peeling (no steam) and the frankfurters were placed, 8 to a 
bag, in opaque polyethylene bags from which the air was evacuated 
with a m echanical vacuum pump. The sealed bags were stored in a 
2°C cooler until tested.

Beginning with the filleting, all equipm ent used in processing was 
disinfected with Purina 1-0 Concentrate, a controlled iodine general 
purpose disinfectant.

Commercial frankfurters used for testing were purchased as fresh 
as possible from a local supermarket.

Shear measurements

Shear values were determined w ith a Warner-Bratzler Shear 
(M odel 2 0 0 0 ) equipped w ith a 10 lb dynam om eter. Five links were 
randomly selected from each package, com mercial or experimental, 
and each link was sheared tw ice perpendicular to its long axis,
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dividing the link into equal thirds. All frankfurters were at room  
temperature when sheared. Shearing was conducted on day 1 o f  
the storage period and w eekly thereafter.

Consumer acceptability testing: In-house

Two separate trials were conducted in the Food Science Building 
using 5 groups o f  20 randomly selected undergraduate students for 
each trial. The first trial was conducted on the day follow ing manu
facture o f  the experimental frankfurters and purchase o f  commer
cial samples. The second trial was conducted after these same sam
ples had been stored for 21 days at 2°C. Each participant received 
samples o f  four commercial brands o f  frankfurters and a sample o f  
the analog, individually and in succession. All samples had been held 
for 5 min in a 95°C  water bath prior to presentation and were 
served in white plastic cups. A Latin Square design was used for 
both trials so that each sample was served in a different order to 
each group. Participants were asked to rate each sample using a
9-point hedonic scale where 1 = dislike extrem ely, 5 = neither like 
nor dislike, and 9 = like extrem ely. Comments were also solicited.

Consumer acceptability testing: O ut-of house

Two separate consumer evaluation studies were conducted on 
tw o consecutive days in an administration building on the Univ. o f  
Massachusetts campus. In the first study a freshly prepared frank
furter analog was evaluated. In the second study, fresh commercial 
chicken frankfurters were used. In each trial, samples were warmed 
in a 95°C  water bath and presented to 100 participants in a warmed 
frankfurter roll. Condiments such as mustard, relish, and catsup 
were available so that they could prepare their frankfurter sandwich 
as they wished. Participants were then asked to rate the product 
using a 9-point hedonic scale identical to that previously described. 
Com m ents were also solicited.

M icrobiological tests

The follow ing microbiological plate counts were performed at 
the beginning o f  the storage study and every 7 days thereafter for 
4 wk: m esophilic, psychrotrophic, m esophilic anaerobic, coliform , 
and C. perfringens. Packages were randomly selected at each sampl
ing interval and aseptically opened to permit transfer o f  sample to 
a sterile blender jar. M esophilic and psychrotrophic aerobes were 
determined according to the m ethod o f  Gilliland et al. (1976)  
C. perfringens was determined by the m ethod o f  Duncan and 
Harmon (1976). Coliforms were determined by the procedures o f  
Fishbein et al. (1976). Incubation times were as follows: m esophiles, 
32°C  for 48 hr; psychrotrophes, 5°C for 10 days; coliform s, 32°C  
for 24 hr; and C. perfringens, 35°C  for 24 hr. Cultural procedures 
were used to enumerate m esophilic anerobes. The count was ob
tained using MPN tables (Hays and Lynt, 1976).

Chemical analysis

Moisture, crude fat, total nitrogen, ash, and sodium were deter
mined in duplicate according to AOAC (1980) m ethods. Carbohy
drate content was obtained by difference. The pH was determined  
by blending 10g o f  sample with 20 m L o f  distilled water for 1 min 
in a blender set at low speed. The pH o f the resulting slurry was 
then read directly using a pH meter equipped with a suitable elec
trode.

Statistical analysis

The data were analyzed either by one-way or two-way analysis 
o f  variance. The Duncan range test was used to determ ine statistical 
significance.

Table 1 -A vera g e  values fo r  m oisture  co n te n t, p H , an d  y ie ld  o f  
unw ashed  m ince, de-w atered  w ashed m ince, a n d  surim i

Treatment of flesh
Yield3

%
Moisture content

% pH
Unwashed mince 32 82 6.80
De-watered, washed mince 20 80 6.85
Surimi 21 78 7.00
a Expressed as a percent of whole fish weight.

RESULTS & DISCUSSION
T H E  E X P E R IM E N T A L  fr a n k fu rter  a n a lo g s w e re  te s te d  
a ga in st fo u r  d if fe r e n t  k in d s  o f  c o m m e r c ia l fr a n k fu rte rs  
d e e m e d  r e p r e se n ta tiv e  o f  th e ir  c a te g o r ie s  b y  an  in fo r m a l  
p a n e l o f  in d iv id u a ls  sk ille d  in  sa m p lin g  fo o d s .  T h e  fo u r  te s t  
bran d s w e re  c h o se n  fr o m  a m o n g  2 8  d if fe r e n t  c o m m e r c ia l  
bran d s c a te g o r iz e d  a c c o r d in g  to  m ea t c o n te n t ;  all b e e f ,  
b e e f-p o r k , tu r k e y , or  c h ick en .

T h e  fo r m u la t io n  u se d  fo r  th e  m a n u fa c tu r e  o f  th e  fra n k 
fu r ter  a n a lo g s u lt im a te ly  u sed  in  th is  in v e s t ig a t io n  w a s  
d e te r m in e d  b y  tr ia l and error. L iq u id  b e e t  ju ic e  c o n c e n tr a te  
w a s c h o se n  as a c o lo r a n t  o n  th e  b a sis  o f  fa v o r a b le  r esu lts  
r ep o rte d  earlier  b y  V e r e ltz is  and B u ck  ( 1 9 8 4 ) .  T h e r e  w a s a 
n o t ic e a b le  fa d in g  o f  th e  c o lo r  o f  th e  a n a lo g  d u rin g  h e a t  
p ro cess in g ; h o w e v e r , th is  c o u ld  b e  c o n tr o lle d , w ith in  lim its ,  
b y  a d d in g  m o r e  c o lo r a n t  an d  c o n tr o ll in g  p r o c e s s in g  t im e  
and tem p er a tu r e . T h e  p r o c ess in g  p a ra m eters  u lt im a te ly  
u sed  p r o d u c e d  a c o lo r , a fter  p r o c e ss in g , w h ic h  w a s in  an  
a c c e p ta b le  range fo r  fra n k fu rters . A fte r  p r o c e ss in g , th e  
in te r io r  and e x te r io r  c o lo r s  o f  th e  a n a lo g  p ro v ed  t o  b e  v e ry  
sta b le  as n o  n o t ic e a b le  c h a n g e s  w e re  o b ser v e d . T h is  w a s a lso  
tru e  o f  th e  c o m m e r c ia l fran k fu rters .

M o is tu re , p H , an d  y ie ld  o f  m in c e  a n d  su rim i

A v era g e  v a lu e s  fo r  m o is tu r e  c o n te n t ,  p H , and y ie ld  o f  
f ish  f le s h  in  its  v a r io u s  p r o c e sse d  fo r m s  p r ior  t o  m a n u fa c 
tu re  o f  th e  a n a lo g  are sh o w n  in  T a b le  1. A p p r o x im a te ly  
37%  o f  th e  m in c ed  f le sh  w a s lo s t  du rin g  th e  w a sh in g  and  
d e w a te r in g  p ro cess. M ost o f  th is  w as d u e  to  lo s s  o f  w ater-  
so lu b le  p r o te in s;  h o w e v e r , it  w a s fe lt  th a t  th e s e  lo s se s  c o u ld  
h a v e  b e e n  red u c ed  i f  c o m m e r c ia l c o n t in u o u s  sc r e w -ty p e  
d e -w a te r in g  e q u ip m e n t  had  b e e n  u sed . T h e  pH  an d  m o is 
tu re  c o n te n ts  o f  th e  d e -w a te re d  f le sh  w e re  in  th e  d esired  
range fo r  th e  m a n u fa c tu r e  o f  fish  gel p r o d u c ts  (S u z u k i,
1 9 8 1 ) .

C o n su m er  e v a lu a t io n

R e su lts  o f  th e  in -h o u se  c o n su m e r  a c c e p ta b il ity  s tu d y  are 
sh o w n  in  T a b le  2 . In trial 1, w h ic h  w a s c o n d u c te d  at th e  
b e g in n in g  o f  th e  sto ra g e  s tu d y , it  m a y  b e  se e n  th a t p a r tic i
p a n ts  p referred  th e  b e e f  and b e e f-p o rk  fr a n k fu rte rs  t o  all 
o th e r s , an d  th a t th e  f ish  and c h ic k e n  fr a n k fu rte rs  w e r e  th e  
lea s t  p referred  ran k in g  in  b e tw e e n  n e ith e r  l ik e  n o r  d is lik e  
and d is lik e  s lig h tly . A fte r  21  d a y s  o f  s to r a g e  at 2 °C , th e  
b e e f , b e e f-p o r k , and tu r k e y  fr a n k fu rte rs  d r o p p e d  o n ly  
s lig h t ly  in  th e ir  ratin gs; h o w e v e r , th ere  w e r e  s ig n if ic a n t  
ch a n g e s  in  th e  f ish  and c h ic k e n  fr a n k fu rte rs  r e la tiv e  to  th e  
o th e r  sa m p le s  te s te d  in  th a t tr ia l (P  <  0 .0 5 ) .

T h e  o v era ll p r e fer en ce  o f  c o n su m e r s  fo r  b e e f  o r  b e e f-  
pork  fra n k fu rters  w a s n o t  u n e x p e c te d  and h as b e e n  re
p o r te d  b e fo r e  (W h itin g  and J e n k in s , 1 9 8 1 ) .  T h e  lo w e r  rat
in g  o f  th e  f ish  fra n k fu rte r  an d  th e  c h a n g e  in  p r e fe r e n c e  o f  
th e  c h ic k e n  fra n k fu rte r  are p o s s ib ly  d u e  to  c h a n g e s  in  t e x 
tu re , o d o r , and f la v o r  du rin g  sto ra g e. F o r  e x a m p le , in  tr ia l 
1, 9% o f  th e  p a r tic ip a n ts  c o m m e n te d  o n  a f ish y  o d o r  or  
flavor  a sso c ia te d  w ith  th e  e x p e r im e n ta l fr a n k fu rte r  w h ile

Table 2 -A v e ra g e  sco resa fo r  co n sum er a ccep ta b ility  test (in-house) 
o f  d iffe re n t frankfurters

Trial Beef &
no.b Beef Pork Turkey Fish Chicken

1 7.1a 7.1a 6.1b 4.5c 4.3c
2 7.0a 6.9a 5.8b 3.3c 4.5d

a Nine-point hedonic scale (1=dislike extremely and 9=like ex
tremely). Values In each row with the same letter are not signifi
cantly different (p<0.05).
b Trial 2 conducted after 21 days of storage at 2°C.
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21%  m a d e  sim ilar  c o m m e n ts  in  tria l 2 . T h e  f ish  fr a n k fu rter  
w as a lso  d e sc r ib ed  as h a v in g  a ru b b er y  te e x tu r e  b y  2% o f  
th e  p a r tic ip a n ts  in  tr ia l 1 a n d  13% in  tr ia l 2 .

T h e  c o m m e n ts  o n  te x tu r e  are su p p o r te d  b y  th e  d a ta  o n  
sh ear fo r c e  w h ic h  are sh o w n  in  F ig . 1. T h e  a n a lo g  b eg a n  th e  
sto ra g e  p e r io d  w ith  a sh ear  v a lu e  sim ila r  to  th a t o f  th e  b e e f ,  
b e e f-p o r k , and tu r k e y  fr a n k fu rte rs  w h ile  th e  sh ear v a lu e s  
fo r  th e  c h ic k e n  p r o d u c ts  w e re  e x tr e m e ly  lo w . A fte r  2 1  d a y s  
o f  sto ra g e , h o w e v e r , it  m a y  b e  se e n  th a t th e  a n a lo g  p r o 
g resses to  a le v e l a b o v e  all th e  o th e r s  w h ile  th e  c h ic k e n  
fra n k fu rter  sh ear v a lu e s  in c re a se  to  a le v e l sim ilar  to  th a t o f  
b e e f-c o n ta in in g  p r o d u c ts  an d  s ta y  th ere  fo r  th e  rem a in d er  
o f  th e  sto ra g e  p e r io d . A lth o u g h  p a r t ic ip a n ts  d id  n o t  sp e 
c if ic a lly  c o m m e n t  o n  th e  s o f tn e s s  o f  th e  c h ic k e n  fra n k 
fu rter , its  im p r o v e m e n t in te x tu r e  a t 2 C m a y  p o s s ib ly  have  
a c c o u n te d  fo r  its  in c re a se d  le v e l  o f  a c c e p ta n c e . L ik e w ise , 
th e  in crea se  in  te x tu r a l p r o p e r t ie s  (r u b b e r in e ss )  o f  th e  fish  
fra n k fu rter  d u rin g  s to r a g e  a p p a re n tly  c o n tr ib u te d  to  its  
d ecrea sed  le v e l o f  a c c e p ta n c e .

T h e  f ish y  ta s te  o r  o d o r  a sso c ia te d  w ith  th e  a n a lo g  m a y  
h a v e  b e e n  d u e  to  th e  fa c t  th a t th e  su rim i u sed  fo r  m a n u fa c 
tu re  o f  th e  a n a lo g  had  b e e n  s to r e d  fo r  5 m o n th s  in  a c h e st-  
ty p e  fr ee ze r  o p e r a t in g  at —18 C , b u t  su b je c t  to  fr e q u e n t  
use an d  th e r e fo r e  se r io u s  te m p e r a tu r e  f lu c tu a t io n . A lso ,  
th e  p a r tic ip a n ts  in  th e  in -h o u se  c o n su m e r  e v a lu a t io n  s tu d y  
w ere  all aw are o f  th e  fa c t  th a t o n e  o f  th e  fr a n k fu rte rs  b e in g  
te s te d  w a s m a d e  w ith  fish , an d  g iv en  th e  te x tu r a l d if fe r 
e n c e s , th e y  m a y  h a v e  lea rn ed  t o  u n c o n c io u s ly  id e n t ify  it  
and th e r e fo r e  ta s te  fish . A lso , a lth o u g h  p a r tic ip a n ts  did  
n o t  e x a m in e  sa m p le s  s im u lta n e o u s ly , th e y  d id  r ec e iv e  th e m  
o n e  a fter  th e  o th e r  and th e r e  w a s p r o b a b ly  so m e  te n d e n c y  
to  c o m p a r e  th e  lea s t  l ik e d  w ith  th e  b e st  lik ed .

In  an a t te m p t  to  r e m o v e  b u lt- in  b ia s an d  to  te s t  th e  an a
lo g  u n d e r  le s s  r ig o r o u s c o n d it io n s ,  it w a s  d e c id e d  to  run  a 
sep a ra te  c o n su m e r  e v a lu a t io n  te s t  u s in g  fr e sh ly  m a d e  fra n k 
fu r ters served  u n d e r  m o r e  n o r m a l c o n d it io n s .  T h e  te s ts  
w ere  c o n d u c te d  in  a sep a ra te  b u ild in g  w h e r e  p a r tic ip a n ts  
h ad  n o  p r io r  k n o w le d g e  o f  th e  e x p e r im e n ta l p r o d u c t . A lso ,  
th e  a n a lo g  w a s te s te d  a ga in st a c h ic k e n  fr a n k fu rter  w h ic h  
th e  p r e v io u s  te s t  had  in d ic a te d  w a s its  m o st  l ik e ly  c o m p e t i 
tor . T h e  r esu lts  o f  th is  o u t-o f -h o u se  e v a lu a t io n  are sh o w n  in  
T a b le  3.

U n d er  th e  c o n d it io n s  o f  th is  e v a lu a t io n , th e  a n a lo g  c o m 
p e te d  q u ite  fa v o r a b ly  w ith  a c h ic k e n  fra n k fu rter . It is  in te r 
e stin g  to  n o te  th a t b o th  p r o d u c ts  rece iv ed  sc o r es  o f  “ lik e  
m o d e r a te ly ”  w h ic h  is c o n s id e r a b ly  h ig h er  th a n  e ith e r  re
ce iv ed  w h e n  b e in g  te s te d  a ga in st th e  b e e f-c o n ta in in g  
fran k fu rters . T h is  su g g ests  th a t fo o d  a n a lo g s  d o  b e tte r  in  
c o n su m e r  e v a lu a t io n s  w h e n  te s te d  b y  te m s e lv e s  as d if fe r 
e n c e s  p r o b a b ly  b e c o m e  m o r e  o b v io u s  i f  its  a u th e n t ic  c o u n 
terp art is  av a ila b le  fo r  c o m p a r iso n . T h e  fr esh n e ss  o f  b o th  
p r o d u c ts  a lso  p r o b a b ly  h e lp e d  a c c o u n t  fo r  th e  h ig h er  
scores. N o t  o n e  o f  th e  1 0 0  p a r tic ip a n ts  c o m m e n te d  o n  an y  
u n u su a l fla v o r  o r  o d o r  b e in g  a sso c ia te d  w ith  th e  fra n k 
fu rter  a n a lo g , a lth o u g h  8% d id  c o m m e n t  th a t th e  c h ic k e n  
fra n k fu rter  w a s t o o  so ft . C o n su m e r s  a p p a re n tly  p re fer  th e  
te x tu r e  o f  th e  a n a lo g  w h e n  fresh  an d  th e  te x tu r e  o f  a 
c h ic k e n  fr a n k fu rter  a fte r  a t lea s t  1 or  2  w k  o f  re fr ig era to r  
storage.

Table 3 —Average sco res3 fo r  co n su m er evaluation stu d y  o f  fish and  
ch ick en  frankfurters

Frankfurter tvpe Evaluation score

Fish 7.0a
Chicken 6.9a

a Values in each column with the same letter are not significantly 
different, (p < 0.01).

M ic ro b io lo g ic a l e v a lu a tio n

V a r ia t io n s  in  n u m b e rs  o f  a e ro b ic  p s y c h r o tr o p h e s , a e ro 
b ic  m e so p h ile s ,  an d  a n a e r o b ic  m e so p h ile s  are sh o w n  in  F ig. 
2 , 3 , an d  4  r e sp e c t iv e ly . T h e  c o u n ts  fo r  th e se  o rg a n ism s  
w e re  lo w e r  in it ia lly  in  th e  a n a lo g  and rem a in e d  lo w e r  
th r o u g h o u t  th e  3 -w k  sto r a g e  p e r io d . T h is  p r o b a b ly  w a s  du e  
in  part to  th e  w a te r  b a th  p r o c e ss in g  m e th o d  u sed  and to  th e  
sa n it iz in g  p r o c e d u r e s  e m p lo y e d  du rin g  m a n u fa c tu r e  o f  th e  
su rim i and th e  an a log . T h e  n u m b e rs  o f  all o f  th e se  o rgan 
ism s in crea sed  du rin g  s to r a g e  b u t  n o n e  had  rea ch ed  u n 
d esira b le  le v e ls  b y  th e  en d  o f  21  d a y s . Z o t to la  ( 1 9 7 2 )  
r ep o rte d  th a t 1 .5  x 10  m icr o o rg a n ism s/g ra m  (A P C ) are 
req u ire d  to  d e te c t  sp o ila g e  in  fra n k fu rters . A fte r  21 d a y s  
at 2 C , th e  c h ic k e n  fra n k fu rte r  had  th e  h ig h e s t  p o p u la t io n  
w ith  an A P C /g  o f  7 .7  x 10 (F ig . 3 ) ,  y e t  th e r e  w a s n o  
se n so ry  e v id e n c e  o f  sp o ila g e  in  a n y  o f  th e  sa m p les.

N e ith e r  C. p e r fr in g e n s  n o r  c o lifo r m  b a c te r ia  w e r e  re
c o v er ed  du rin g  th e  c o u r se  o f  th e  in v e stig a tio n .

P r o x im a te  a n a ly sis

T h e  n u tr it io n a l a d v a n ta g es o f  th e  fra n k fu rte r  a n a lo g  
m a y  b e se e n  in  T a b le  4 . T h e  a n a lo g  c o n ta in e d  e sse n tia lly  
n o  fa t  (0 .0 9 % ) w h ile  c o n v e n t io n a l  fr a n k fu rte rs  c o n ta in e d  
v a ry in g  a m o u n ts  o f  fa t u p  to  33% . D u e  to  its  lo w  fa t  c o n 
te n t , th e  a n a lo g  c o n ta in e d  o n ly  2 6  -  46%  o f  th e  c a lo r ie s  o f  
th e  o th e r  p r o d u c ts  te s te d . It a lso  c o n ta in e d  u p  t o  34%  m o r e  
p r o te in  th a n  th e  o th e r  p r o d u c ts  t e s te d  and a p p r o x im a te ly  
30%  less  so d iu m . A lth o u g h  w a te r  o b v io u s ly  r ep la c es  m u c h  
o f  th e  fa t  in  th e  g e l sy s te m  e m p lo y e d , th e  a n a lo g  still e a s ily  
m e e ts  U S D  A  r e q u ir e m e n ts  th a t  p e r c e n t  m o is tu r e  b e  n o  
h ig h er  th a n  fo u r  t im e s  th e  p e r c e n t  p r o te in  p lu s  te n  p e r ce n t.

C O N C L U S IO N S

IT H A S  B E E N  D E M O N S T R A T E D  th a t it is  p o s s ib le  to  
p r o d u c e  an all f ish , e s se n t ia lly  fa t-fr e e , fra n k fu rte r  a n a lo g  
w ith  an a c c e p ta b le  te x tu r e  b y  e m p lo y in g  a m a n u fa c tu r in g  
sy s te m  b a sed  o n  th e  d e v e lo p m e n t  o f  a p r o te in  gel. A lth o u g h

Fig. 1 —Average shear fo rce  values fo r  the analog an d  fo u r co m m e r

cial frankfurters during storage at 2 ° C .
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R E D  H A K E  S U R IM I F R A N K F U R T E R  A N A LO G  .

th e  p r o d u c t , as fo r m u la te d , d id  n o t  a c h iev e  le v e ls  o f  a c c e p t
a n c e  in  c o n su m e r  te s ts  e q u a l to  th o s e  o f  b e e f-c o n ta in in g  
p r o d u c ts , it  d id  c o m p e te  w e ll w ith  a c h ic k e n  fr a n k fu rter , 
e sp e c ia lly  i f  fresh  su rim i w a s u sed  in  its  m a n u fa c tu re .

It is  b e lie v e d  th a t th e  p r o b le m s a sso c ia te d  w ith  th e  
d e v e lo p m e n t  o f  a f ish y  fla v o r  o r  o d o r  du rin g  sto ra g e  are 
re la ted  to  s to r a g e  t im e  and te m p er a tu r e  o f  th e  su r im i u sed

Fig. 2 — Variations in p late co u n ts  o f  aerobic p sych  ro tro p h s in ch ic k 
en, beef, and fish frankfurters during  storage at 2 ° C. Plates in cu 
b ated  10 days at 5 °C .

Fig . 3 — Variations in p late  co u n ts  o f  a erob ic m esophils in ch ick e n , 
beef, an d  fish frankfurters at 2 ° C .  Plates in cu b a ted  4 8  h r a t 3 2 ° C.

in  th e  m a n u fa c tu r e  o f  th e  a n a lo g . F u r th e r  in v e s t ig a t io n  is 
n e e d e d  in  th is  area.

T h e  in c re a se  in  r u b b er in ess  du rin g  refr ig era to r  sto ra g e  
as e m p h a s iz e d  b y  c o n su m e r  c o m m e n ts  and sh ear m e a su r e 
m e n ts , a lth o u g h  n o t  c o n s id e r e d  se r io u s  b y  th e  a u th o rs , 
m a y  b e  a fu n c t io n  o f  th e  sp e c ie s  o f  f ish  u sed  and a lso  n e e d s  
a d d itio n a l s tu d y .

T h e  n u tr it io n a l a d v a n ta g es o f  th e  a n a lo g  as fo r m u la te d  
sh o u ld  m a k e  it  o f  in te re st  to  a large  se g m e n t o f  th e  p o p u la 
t io n . T h e  a b ility  o f  th e  a n a lo g  to  c o m p e te  w ith  c o n v e n 
t io n a l b e e f  c o n ta in in g  p r o d u c ts  c o u ld  c o n c e iv a b ly  b e  
in crea sed  b y  ad d in g  fa t  t o  th e  fo r m u la t io n , e ith e r  a n im a l  
o r  v e g e ta b le , and  m e a t f la v o r in g  m ater ia ls .
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Table 4 —P roxim ate analysis o f  the experim en ta l fra n k fu rter analog  
an d  the fo u r com m ercia l frankfurters against w hich  it  was tested

Fish Beef
Beef & 
Pork Chicken Turkey

Protein (%) 17.31 11.36 11.62 13.03 12.32
Fat (%) 0.09 30.03 32.97 15.30 22.21
Carbohydrate (%) 5.13 0.00 0.00 2.11 0.00
Moisture (%) 74.93 53.37 51.86 64.41 60.46
Sodium (mg/100g) 671 835 1153 847 976
Ash (%) 1.93 2.61 3.29 3.22 3.51
Calories/100g 90 315 343 195 249
%of calories 
attributed to protein

77 14 13 26 20

% of calories 
attributed to fat

0.9 86 87 70 80

Fig. 4 — Variations in p la te  co u n ts  o f  anaerobic m esoph ils in ch ick e n , 
beef, and fish frankfurters at 2 ° C .  Plates in cu b a ted  4 8  h r  a t 3 2 ° C.
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Lactic Fermentation of Ground Soybean  for U se in 
Imitation Cream C h eese  Products

CONSTANCE J. HOFMANN and WAYNE E. M ARSH ALL

----------------------------------------A B S T R A C T ----------------------------------------

Ground soybean ferm ented with Lactobacillus casei ssp. rhamno- 
sus (ATCC 3 9 5 9 5 ) was found to contain diacetyl and acetyl- 
m ethylcarbinol. The ferm ented ground soybean showed significant
ly improved flavor and texture compared to nonferm ented material 
when used to replace nonfat dry milk in an im itation cream cheese 
product. The flavor im provem ent was due principally to the pres
ence o f  diacetyl but the factor(s) responsible for texture improve
m ent was not identified. Diacetyl production by L. casei was en
hanced by the addition o f  sodium acetate or sodium citrate to  the 
ground soybean suspension before ferm entation.

IN T R O D U C T IO N

E D IB L E  P R O D U C T S  d erived  fro m  so y b e a n s  h a v e  b een  
s lo w  to  ga in  a c c e p ta n c e  in  W estern  c u ltu r e . O n ly  th e  e x 
tra cted  o il  h as a cq u ir ed  c o m m e r c ia l  im p o r ta n c e . T h e  le s s  
r e fin e d  s o y  p r o d u c ts  su c h  as g r o u n d  so y b e a n  and so y m ilk  
have b e e n  c o n s id e r e d  p a r ticu la r ly  u n a c c e p ta b le  in  te rm s o f  
fla v o r  and te x tu r e . R e c e n t  a t te n t io n  h a s  b e e n  fo c u se d  o n  
im p r o v in g  th e  fla v o r  an d  te x tu r e  o f  so y m ilk  u s in g  la c t ic  
a c id  b a c te r ia  (M ita i an d  S te in k r a u s , 1 9 7 9 ;  P a te l e t  al.,
1 9 8 0 ) ,  in  order  to  d e v e lo p  y o g u r t- lik e  p r o d u c ts . T h e  
p r in c ip a l flavor- and te x tu r e -m o d ify in g  c o m p o n e n t  in  th e se  
fe r m e n ta t io n s  w as la c t ic  a c id , w h ic h  w a s an e n d -p r o d u c t  o f  
th e  b a c ter ia l m e ta b o lism  o f  s o y  sugars.

In  c o n tr a st  t o  th e  so u r , a str in g e n t fla v o rs  p r o d u c e d  b y  
th e  a c c u m u la t io n  o f  la c t ic  a c id , fe w  r ep o rte d  a t te m p ts  
h a v e  b e e n  m a d e  to  p r o d u c e  fla v o r  an d  te x tu r e  a sso c ia te d  
w ith  c u ltu r e d  b u tter m ilk  or  cream  c h e e s e  p r o d u c ts  u s in g  
g ro u n d  so y b e a n  o r  so y m ilk  as su b stra tes. In  th e se  p r o d 
u c ts , m a d e  tr a d it io n a lly  fro m  b o v in e  m ilk , th e  c h a ra cter is
tic  fla v o rs arise p r im a rily  fro m  b a cter ia l p r o d u c t io n  o f  
sm all, v o la t ile  c o m p o u n d s  su ch  as d ia c e ty l ,  a c e tic  an d  p r o 
p io n ic  a c id s  (H a m m e r  and B a b e l, 1 9 4 3 ) .  G eh rk e  an d  W eiser
( 1 9 4 8 )  o b serv ed  p r o d u c t io n  o f  d ia c e ty l  an d  th e  r e la ted  
c o m p o u n d  a c e ty lm e th y lc a r b in o l (A M C ) in  so y m ilk  u s in g  
S t r e p t o c o c c u s  sp e c ie s  k n o w n  to  p r o d u c e  th e se  c o m p o u n d s  
in  b o v in e  m ilk . In  a d d itio n  to  S t r e p t o c o c c u s  sp e c ie s ,  
cer ta in  sp e c ie s  o f  L a c to b a c illu s  su ch  as L . c a s e i ,  h a v e  b e e n  
r ep o rte d  to  p r o d u c e  d ia c e ty l  an d  A M C  in  e ith e r  b o v in e  
m ilk  (B a ss e t te  e t  a l., 1 9 6 7 ;  K ee n a n  and L in d sa y , 1 9 6 8 )  
o r  in b r o th  m e d iu m  (B r a n e n  an d  K ee n a n , 1 9 7 1 ;  B e n ito  
d e C ard en as e t  a l., 1 9 8 0 ,  1 9 8 3 ;  H eg a z i and A b o -E ln a g a ,
1 9 8 0 ) . T w o  s tu d ie s  h a v e  u sed  L . c a s e i  fo r  so y m ilk  fe r m e n 
ta t io n  (A n g e le s  an d  M arth  1 9 7 1 a , b , c , d; Y a m a n a k a  and  
F u ru k a w a , 1 9 7 0 ) . A n g e le s  and M arth m ea su red  b a cteria l 
g r o w th , ac id  p r o d u c t io n , a n d  l ip o ly t ic  and p r o te o ly t ic  
a c t iv ity  w h ile  Y a m a n a k a  an d  F u r u k a w a  m ea su red  a c id  p r o 
d u c t io n  and curd  h a rd n ess  in  sk im m ilk -so y m ilk  c o m b in a 
tio n s . W e are n o t  aw are o f  a n y  p u b lish e d  r e p o r t  w h ic h  
d escr ib es  th e  u se  o f  L . c a s e i  fo r  d ia c e ty l  and A M C  p r o 
d u c t io n  u s in g  s o y  as a su b stra te .

T h e  p u r p o se  o f  th is  in v e s t ig a t io n  w a s to  im p r o v e  th e  
fo o d  u se  o f  g ro u n d  s o y b e a n  b y  im p a r tin g  fla v o r  and te x tu r e

A u th o rs  H ofm ann a n d  M arshall are a ffiliated  with K ra ft In c o rp o 
rated, Research  & D evelopm ent, 801 Waukegan R o a d , G lenview , IL  
6 0 0 2 5 .

c o m p a t ib le  w ith  cream  c h e e s e  p r o d u c ts . In  th is  regard , a 
fe r m e n ta t io n  o f  g ro u n d  so y b e a n  w a s p e r fo r m e d  u s in g  a 
se le c te d  strain  o f  L . c a s e i  ssp . r h a m n o s u s .  T r a d itio n a l d i
a c e ty l-  an d  A M C -p ro d u c in g  c u ltu r e s  w e re  sc r e e n e d  b u t d id  
n o t  p r o d u c e  s ig n if ic a n t le v e ls  o f  f la v o r  c o m p o u n d s  w ith in  
th e  sa m e t im e  p e r io d  as L . c a s e i.

M A T E R IA L S  & M E T H O D S

Preparation o f  ground soybean

Clean, dry soybeans o f  the A m soy variety were fed  into  the 
hopper o f  a Jabez-Burns mill at the rate o f  1.4 kg/m in along with  
sufficient hot water (86°C ) to produce a water:bean ratio o f  10:1. 
Su ffic ien t calcium hydroxide o f  a 30% (w /v) suspension was metered  
in to  the hopper to give a ground slurry pH o f  8.7 -  8.8 in order to  
prom ote flavor im provem ent o f  the ground soybean. The tem
perature o f  the slurry leaving the mill was 80°C. The slurry was 
im m ediately fed into  an Urschel com itrol w ith a m icrocut (216 T) 
head. The finer grinding raised the temperature o f  the slurry to  
86° C where it was held for 1 -  2 min. The slurry was then brought 
to pH 6.5 with 85% phosphoric acid, in order to optim ize the pH 
for subsequent lactic ferm entation. Finally, the slurry was pasteur
ized at 116°C for 15 sec, and spray dried. The proxim ate analysis 
o f  spray-dried, ground soybean is given in Table 1.

Microorganism

The microorganism used for the ferm entations was Lactobacillus 
casei ssp. rhamnosus (ATCC 39 5 9 5 ). The microorganism was origin
ally a gift from Dr. F.M. Strong, Univ. o f  Minnesota, but was iden
tified at Kraft, Research & D evelopm ent as subspecies rhamnosus. 
A culture o f  the microorganism was deposited with the American 
Type Culture C ollection where it was given the identification ATCC 
39595 .

The culture was propagated in a lactobacillus starter medium  
which consisted o f  w hey permeate, soy peptone, glucose, yeast 
extract, Tween 80, salts, and water. The cells were concentrated  
to a cell density o f  1 x 1 0 12 cells/g, placed in foil pouches, frozen in 
liquid nitrogen, and stored at - 9 0 ° C. The fo il pouches were thawed 
in warm water before use.

Spray-dried ground soybean was reconstituted w ith water to 
10% (w /v) solids and pasteurized at 70°C  for 20 min. The pasteur
ized sample was cooled to 32°C  and, if  required, solid sodium ace
tate or sodium citrate was added to the desired concentration. After

Table 1 —P roxim ate  analysis3 o f  g ro u n d  soybea n

Component Percent of component

Protein 40.5
Fat 24.6
Crude fiber 4.3
Ash 5.6
Sugars (Total) 10.9
Moisture 3.2
Complex carbohydrates6 14.1

Glucose 0.06
Lactose 0.00
Acetate (as acetic acid) 0.18
Citrate (as citric acid) 0.58

a V a lu e s  w ere  de te rm ined  b y  standard  A O A C  m etho d s  and  are given 
on  a d ry  w e igh t basis, excep t m o istu re .

6  Ca lcu lated  b y  d ifference.
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dissolution o f  the acetate or citrate, the L. casei culture was added 
to produce the desired inoculum  level. Optimum values for initial 
ferm entation pH, temperature, and time were determ ined. Based on 
these findings, the ferm entation was carried out at 32°C for 4 hr 
with the initial pH adjusted to 6 .5 . After 4 hr, the final, viable cell 
count generally increased tw ofold from the initial, viable cell count 
and the final pH decreased 0.1 -  0.2 pH units, which indicated some 
growth and som e glycolysis occurred during flavor volatile produc
tion. Finally, the ferm ented product was pasteurized at 70°C  for 
20 min and spray-dried. Nonferm ented ground soybean was treated 
in a similar manner, except no microbial culture was added.

Determ ination o f  diacetyl and AMC

Diacetyl, AMC, and other neutral volatiles present in ground 
soybean were quantified by a gas chromatographic procedure (Jack- 
son, 1981). Diacetyl and AMC were quantified by adding known 
am ounts o f  these com pounds to the nonferm ented ground soybean 
samples and measuring the resultant peak areas. In this manner, a 
standard curve o f  peak area versus amount o f  com pound was 
generated. The recovery o f  both diacetyl and AMC was greater than 
90% after only one purge. Positive identification o f  all neutral vola
tiles was made by standard gas chrom atography/ mass spectroscopy  
techniques.

Im itation cream cheese product

The im itation cream cheese product consisted o f  water, vege
table oil, nonfat dry milk, salts, emulsifiers, stabilizers, and acidu- 
lant. In a typical application, ferm ented or nonferm ented ground 
soybean, which comprised 4.2% o f the finished product, replaced 
33% o f  the nonfat dry milk. The vegetable oil was heated to 57°C  
and the ground soybean added to it. Water was heated to 43°C  
and nonfat dry m ilk, salts, emulsifiers and stabilizers were dispersed 
in the water. The dispersion was heated to 57°C  and the soy-oil 
blend added to it. Lactic acid was added to produce a product pH 
o f  4 .6  -  4 .8 . The im itation cream cheese was then hom ogenized in 
two stages at 2 1 0 0 /5 0 0  psi and poured into containers and cooled. 
The im itation cream cheese, w ithout ground soybean, was judged 
to be bland in flavor and sm ooth in texture so the addition o f  fer
m ented or nonferm ented ground soybean would impart its own 
characteristic flavor and texture.

Sensory evaluation

The sensory evaluation procedure consisted o f  a preference/ 
attribute test design w ith balanced sequential presentation o f  sam
ples and use o f  nine-point intensity and hedonic scales. Samples 
were served as 0.5 cm x 2.5 cm rectangles at a sample temperature 
o f  7 -  10°C. Panelists were instructed to eat an unsalted cracker and 
to rinse their m outh between samples. The interval betw een samples 
was 1 min and fluorescent lighting was used in the panel booths.

Two different sensory panels were used. One panel (8-12 trained 
members) evaluated the im itation cream cheese for cream cheese

flavor intensity on a 1 to 9 scale where 1 = weak, 5 = m oderate, and 
9 = strong. The other panel (30 untrained members who used and 
liked cream cheese) evaluated the im itation cream cheese for prod
uct appearance, texture, cream cheese flavor, flavor, and acceptabil
ity . Their ratings were based on a 1 to 9 hedonic scale where 1 = 
dislike extrem ely, 5 = neither like nor dislike, and 9 = like extrem ely, 
except the rating for cream cheese flavor was 1 = weak, 5 = m oder
ate, and 9 = strong. Mean hedonic or flavor intensity scores were 
tabulated for each attribute and a 2-way analysis o f variance was 
used to determine significance betw een mean scores.

R E S U L T S  & D IS C U S S IO N

C h a ra c ter iza tio n  o f  n eu tra l v o la t ile s

T h e  n e u tr a l v o la t ile  a n a ly sis  o f  n o n fe r m e n te d  g ro u n d  
so y b e a n  (F ig . 1 A ) sh o w s  fo u r  m ajor  p e a k s w h ic h  w e re  
id e n t if ie d  b y  m a ss sp e c tr o s c o p y  as a c e to n e , n -p en ta n a l,  
n -p e n ta n e , and n -h ex a n a l in  ord er  o f  in c re a sin g  e lu t io n  
t im e . T h e se  are ty p ic a l  n eu tra l v o la t ile s  fo u n d  in  so y  
p r o d u c ts  and are th e  resu lt o f  l ip o x y g e n a s e  a c t iv ity  o n  
u n sa tu ra te d  fa t ty  a c id s  fo u n d  in  th e  so y b e a n  o i l  fr a c t io n  
(W ilk en s e t  a l., 1 9 6 7 ) .  T h e se  v o la t ile s  m a y  fo r m  in  th e  
in ta c t  b ea n  b u t n o s t  lik e ly  o c cu r  d u rin g  g r in d in g  o f  th e  
b ean  and b e fo r e  e n z y m e  in a c t iv a t io n  b y  h o t  w a te r  (N e ls o n  
e t al., 1 9 7 1 ) . T h e  n eu tra l v o la t ile  p r o f i le  o f  fe r m e n te d  
g ro u n d  so y b e a n  (F ig . IB ) sh o w s  tw o  a d d itio n a l p e a k s  
w h ic h  w e re  id e n t if ie d  as d ia c e ty l  (p e a k  4 )  and a c e ty l-  
m e th y lc a r b in o l (p e a k  5 ) .  T h is  c h r o m a to g r a m  is a lso  n o t e 
w o r th y  in th a t th e  v o la t ile  n -p en ta n a l (p e a k  2 ' ,  F ig . 1A ) 
d isa p p ea red  a n d  a c e to n e , n -p e n ta n e , and n -h ex a n a l w ere  
r e d u c e d  in  c o n c e n tr a t io n . F e r m e n ta t io n  o f  g r o u n d  so y b e a n  
b y  L. c a se i  a p p a re n tly  r ed u c es  th e  le v e ls  o f  th e se  v o la t ile s ,  
p o ss ib ly  b y  d isr u p tin g  th e  b in d in g  o f  th e se  c o m p o u n d s  to  
s o y  p r o te in . T h u s , L. c a se i  ssp . rh a m n o su s  (A T C C  3 9 5 9 5 )  
is  c a p a b le  o f  p r o d u c in g  d ia c e ty l  and AM C in g ro u n d  s o y 
b ean .

P r o d u c tio n  o f  d ia c e ty l  and AM C b y  L a c to b a c i l lu s  c a se i

T h e  p r o d u c t io n  o f  d ia c e ty l  in  g ro u n d  so y b e a n  a fte r  a
4 -h r  fe r m e n ta t io n  in c re a se d  lin ea r ly  w ith  in crea sed  in it ia l  
c e ll  c o n c e n tr a t io n  o v er  th e  range 5 x  1 0 6 to  1 x  1 0 9 
c e lls /m L  (F ig . 2 ) .  T h e r e  ap p ea red  to  b e  a lag in  th e  p r o 
d u c t io n  o f  AM C  u n til  a c e ll  c o n c e n tr a t io n  o f  5 x  1 0 7 
c e lls /m L  w a s rea ch ed  and th e n  th e  c o m p o u n d  w a s p r o 
d u ce d  at a lin ea r  rate. H o w e v e r , th e  rate  o f  A M C  p r o d u c 
tio n  w a s le s s  th a n  th e  rate o f  d ia c e ty l  p r o d u c t io n  and th e  
a m o u n t o f  d ia c e ty l  w a s 4  to  14 t im e s  grea ter  th a n  AM C in  
th e  range o f  c e ll  c o n c e n tr a t io n s  g iv en  in  F ig . 2.

Fig. 1—Gas chrom atograph ic e lu tion  p r o 
files o f  spray dried , g ro u n d  so yb ea n : 
(A ) N o nferm en ted , IB ) Ferm en ted . E lu 
tion peaks w ere id en tified  as 1 = a ce
to n e ; 2 '  = n-pentanal; 2  = n-pentane;
3  = n-hexanal; 4  = d ia ce ty l; 5  = A M C . 
Ferm en ta tio n  co n d itio n s w ere : tem pera
ture = 3 2 °  C ; initial p H  -  6 .5 ; tim e =
4  h r ; initial ce ll co n cen tra tio n  = 1 x  
1 ( A  ce lls/m L.
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T h e  im p o r ta n c e  o f  fla v o r  p e r c e p t io n  as a fu n c t io n  o f  
d ia c e ty l c o n c e n tr a t io n  w a s e x a m in e d . G ro u n d  so y b e a n  w a s  
fe r m e n te d  a t  e ith e r  d if fe r e n t  pH  v a lu e s  b u t  at c o n s ta n t  
te m p er a tu r e  or  at d if fe r e n t  te m p er a tu r e s  b u t at c o n s ta n t  
pH  in  ord er  to  c h a n g e  th e  d ia c e ty l  c o n c e n tr a t io n s  o f  th e  
sa m p les. T h e se  sa m p le s  w e re  in c o r p o r a te d  in to  im ita t io n  
cream  c h e e s e  and e v a lu a ted  fo r  cream  c h e e s e  fla v o r  in te n 
s ity  b y  th e  tra in ed  ta ste  p a n e l. T h e  cream  c h e e s e  fla v o r  
in te n s ity  sc o r e  w a s p lo t te d  v ersu s th e  d ia c e ty l  c o n c e n tr a 
tio n  fo r  e a ch  sa m p le . T h e  r esu lts  are sh o w n  in F ig . 3 . T h e  
d ata  ca n  b e  r ep re se n te d  b y  th e  stra ig h t l in e  Y  =  0 .0 9 2  X  +  
3 .3 3  and th e  c o r r e la t io n  c o e f f ic ie n t  R =  0 .7 6 .  T h e  p r o b 
a b ility  o f  a lin ea r  r e la t io n sh ip  w ith  R = 0 .7 6  is  g rea ter  th a n  
99% , g iv en  11 d e g r ee s  o f  fr e e d o m . T h e r e fo r e , d ia c e ty l  
c o n c e n tr a t io n  is d ir e c t ly  re la ted  to  th e  p e r c e p t io n  o f  
cream  c h e e s e  fla v o r  in  th e  im ita t io n  cream  c h e e s e  p r o d u c t .

S e n so r y  e v a lu a t io n  o f  im ita t io n  crea m  c h e e s e  p r o d u c ts  
m ad e w ith  fe r m e n te d  an d  n o n fe r m e n te d  g ro u n d  so y b e a n

M any o f  th e  im ita t io n  cream  c h e e s e  p r o d u c ts  ev a lu a ted  
fo r  cream  c h e e s e  fla v o r  in te n s ity  had  fla v o r  in te n s ity  sc o r es  
in  th e  m o d e r a te  t o  s tr o n g  (5  -  9 )  ran ge  (F ig . 3 ) .  T o  d e te r 
m in e  i f  p r o d u c t  m a d e  w ith  fe r m e n te d  g ro u n d  so y b e a n  w a s  
s ig n if ic a n tly  b e tte r  th a n  p r o d u c t  m a d e  w ith  n o n fe r m e n te d  
grou n d  so y b e a n , n o t  o n ly  in  te rm s o f  cream  c h e e s e  flavor  
in te n s ity  b u t in  te rm s o f  o th e r  p r o d u c t  a ttr ib u te s  as w e ll, a 
p an el c o n s is t in g  o f  e m p lo y e e s  w h o  u sed  an d  lik e d  cream  
c h e e se  w a s u t i l iz e d . T h e  p a n e lis ts  w e r e  ask ed  to  ra te  th e  
p r o d u c ts  w ith  r e sp e c t  t o  fiv e  d if fe r e n t  a ttr ib u te s , in c lu d in g  
fla v o r  (T a b le  2 ) .  In  ev er y  c a te g o r y  e x c e p t  a p p ea r a n c e , th e  
sa m p le  w ith  fe r m e n te d  g ro u n d  so y b e a n  w a s s ig n if ic a n tly  
p referred  to  th e  p r o d u c t  w ith  n o n fe r m e n te d  g ro u n d  s o y 
b ean . T h e  s ig n if ic a n t d if fe r e n c e s  in  f la v o r  and cream  c h e e se  
f la v o r  sc o r e s  sh o w  th a t  th e  p e r c e p t io n  o f  cream  c h e e se  
fla v o r  is  a p o s it iv e  a ttr ib u te  in  th e  te s t  p r o d u c t , and  p r o b 
ab ly  o n e  th a t w e ig h s  h e a v ily  in  to ta l  fla v o r  p e r c e p tio n .

Fig. 2 —Volatile co n cen tra tio n s in spray dried, g ro u n d  soybean fer
m en ted  a t d iffe re n t in itiai ce ll co n cen tra tio ns. Volatile co n cen tra 
tions are the d ifferen ce  in co n cen tra tio n  o f  d ia cety l an d  A M C  b e 
tween tim e = 4  h r  a n d  tim e = 0  h r  sam ples. In itia l ce ll con cen tra tion  
is given as the n u m b er o f  viable cells p e r  m L  o f  a !0%  (w /w ) g round  
soybean suspension. Ferm en ta tio n  co n d itio n s w ere : tem perature -  
3 2 °  C ; initial p H  = 6 .5 ; tim e = 4  hr.

T h e  r ea so n  fo r  th e  s ig n if ic a n t  d if fe r e n c e  in  te x tu r e  
b e tw e e n  p r o d u c ts  w a s  n o t  id e n t if ie d . L ip o ly s is ,  a n d /o r  
p r o te o ly s is  du rin g  fe r m e n ta t io n  c o u ld  a lter  th e  te x tu r e  o f  
th e  g ro u n d  so y b e a n  m a ter ia l. A n g e le s  and M arth  ( 1 9 7 1 c ,  d) 
r ep o rted  l ip o ly t ic  b u t n o t  p r o te o ly t ic  a c t iv ity  u s in g  L. case i 
in  th e  fe r m e n ta t io n  o f  s o y m ilk . H o w e v e r , s ig n if ica n t  
l ip o ly s is  w a s o b ser v e d  o n ly  a fter  14  d ays . T h e  s ig n if ica n t  
d if fe r e n c e  in  a c c e p ta b il ity  sc o r e  p o in ts  o u t  th e  c o n s is 
te n c y  b y  w h ic h  th e  p a n e lis ts  ra ted  p r o d u c t  fla v o r  and  
te x tu r e . P ro d u c t fla v o r  and te x tu r e  w e re  a p p a re n tly  w e ig h t
ed m o r e  th a n  p r o d u c t  a p p ea ra n ce  in  r ea c h in g  an overa ll 
a c c e p ta n c e .

Im p ro v ed  p r o d u c t io n  o f  d ia c e ty l  a n d  AM C  fr o m
L a c to b a c i l lu s  ca se i

F e r m e n ta t io n  o f  g ro u n d  s o y b e a n  w a s sh o w n  to  s ig n if i
c a n tly  im p r o v e  i t s  u se  in  an  im ita t io n  cream  c h e e s e  p r o d u c t  
(T a b le  2 ) .  S in c e  p r o d u c t  a c c e p ta n c e  w a s b a sed , in  p art, o n  
fla v o r  a c c e p ta n c e , w h ic h  is  d ir e c t ly  r e la ted  to  d ia c e ty l  
c o n c e n tr a t io n  (F ig . 3 ) ,  m e th o d s  o f  in c re a sin g  th e  d ia c e ty l  
lev e l in  fe r m e n te d  so y  w ith o u t  in crea sin g  th e  in it ia l c e ll  
c o n c e n tr a t io n  w e r e  in v e s t ig a te d . T o  p r o d u c e  a c c e p t
a b le  p r o d u c t  in  term s o f  cream  c h e e s e  fla v o r , i.e . f la v o r  
in te n s ity  sc o r e  =  5 .0 ,  a d ia c e ty l  c o n c e n tr a t io n  o f  a b o u t  
2 0  /ttg/g sa m p le  is n e e d e d  (F ig . 3 ) . T w e n ty  p g /g  c o rr e 
sp o n d s  to  a c e ll  d e n s ity  o f  a b o u t 1 0 8 c e lls /m L  (F ig . 2 ) .  
T h is  is  a large  in o c u lu m , and an  in o c u lu m  o f  1 0 6 -  1 0 7 
c e lls /m L  w o u ld  b e  p re ferred  b e c a u se  o f  p o te n t ia l  c o s t  
savings.

S tu d ie s  b y  severa l d if fe r e n t  la b o r a to r ie s  (B r a n e n  and  
K ee n a n , 1 9 7 1 ;  B e n ito  de  C ard en as, 1 9 8 0 ;  H eg a z i and A b o -  
E ln aga , 1 9 8 0 )  have o b serv ed  in c re a se d  p r o d u c t io n  o f  b o th  
d ia c e ty l  and A M C  in  L . c a se i  c u ltu r e s  w ith  th e  a d d itio n  o f  
p y r u v a te , c itr a te , or  a c e ta te  to  th e  fe r m e n ta t io n  m e d iu m .  
B ased  o n  th e se  r ep o rts , g r o u n d  so y b e a n  w a s fe r m e n te d  in  
th e  p r e se n c e  o f  p y r u v a te , c itr a te , or  a c e ta te . G ro u n d  s o y 
b ea n  w a s a lso  fe r m e n te d  in  th e  p r e se n c e  o f  g lu c o se  to  d e 
te rm in e  th e  e f fe c t  o f  in c re a se d  g ly c o ly t ic  a c t iv ity  (g lu c o se  
to  la c t ic  a c id ) o n  th e  p r o d u c t io n  o f  d ia c e ty l  and AM C  
(T a b le  3 ) .  T h e  a d d itio n  o f  so d iu m  a c e ta te  or  so d iu m  c itra te  
to  a c o n c e n tr a t io n  o f  0 .15%  o f  th e  g ro u n d  so y b e a n  su sp e n 
s io n  c a u sed  L. c a se i  to  p r o d u c e  m o r e  d ia c e ty l  and AM C  
th a n  th e  c o n tr o l fe r m e n ta t io n . S lig h t ly  m o r e  d ia c e ty l  bu t  
le ss  AM C w a s p r o d u c e d  in th e  p r e se n c e  o f  a c e ta te  w h en  
c o m p a r ed  to  c itr a te . L . c a se i  p r o d u c e d  46%  an d  42%  m o r e  
d ia c e ty l  w ith  ad d ed  a c e ta te  and a d d ed  c itr a te , r e sp e c t iv e ly .

Fig. 3 —Cream  cheese  flavor in ten sity  sco re  versus the d ia cety l c o n 
ten t o f  ferm ented , sp ra y  d rie d  g ro u n d  soybea n  u sed  in the  im itation  
p ro d u cts . F la v o r in ten sity  sco res  based  on a 1 to  9  rating system  
w here 1 = w eak ; 5  = m o d era te; 9  = strong. D ia cety l co n te n t is the 
differen ce  in co n cen tra tio n s b etw een  tim e = 4  h r  an d  tim e = 0  h r  
sam ples.
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In  c o n tr a st  to  th e se  resu lts , L. c a se i  p r o d u c e d  40%  and  
44%  le s s  d ia c e ty l  in  th e  p r e se n c e  o f  0 .15%  so d iu m  p y r u v a te  
or 1.0%  g lu c o se , r e sp e c t iv e ly , w h e n  c o m p a r ed  to  th e  c o n 
tr o l fe r m e n ta t io n . L ess A M C  w a s a lso  o b serv ed  u n d er  th e se  
c o n d it io n s . T h e  red u c ed  le v e ls  o f  d ia c e ty l  and AM C w ith  
a d d ed  p y r u v a te  m a y  b e  p a rtia lly  e x p la in e d  fro m  th e  o b se r 
v a t io n s  o f  H eg a z i and A b o -E ln a g a  ( 1 9 8 0 ) .  T h e y  o b serv ed  
th e  p r o d u c t io n  o f  d ia c e ty l  and A M C  fro m  L . c a se i  u s in g  a 
b ro th  m e d iu m  su p p le m e n te d  w ith  p y r u v a te  or  p y r u v a te  
p lu s  g lu c o se . T h e  p r o d u c tio n  o f  d ia c e ty l  and AM C w as  
g rea tly  d im in ish e d  in th e  m e d iu m  w ith  n o  g lu c o se . T h e r e 
fo r e , g ly c o ly s is  w a s a p p a re n tly  n e c essa ry  to  c o u n te r a c t  th e  
p y r u v a te  in h ib it io n  o f  fla v o r  v o la t ile  p r o d u c tio n .

G o u n d  so y b e a n  c o n ta in s  o n ly  0 .0 6 %  g lu c o se  an d  n o  la c 
to se  (T a b le  1), so  e a sily  fe r m e n te d  sugars are n o t  ava ilab le  
to  L. c a se i  in  th is  m e d iu m . G ro u n d  so y b e a n  h a s a b u n d a n t  
su cr o se , b u t L . c a se i  a p p a ren tly  d o e s  n o t  m e ta b o liz e  su c 
ro se  (A n g e le s  and M arth , 1 9 7 1 a ; B u ck er  et a l., 1 9 7 9 ) .  
T h e r e fo r e , g ly c o ly s is  in  th e  p r e se n c e  o f  p y r u v a te  d o e s  n o t  
o c cu r  in  th e  p r e se n t ca se  and fla v o r  v o la t ile  p r o d u c tio n  
w o u ld  n o t  b e  e x p e c te d  to  in crea se . T h e  resu lt w ith  1.0%  
g lu c o se  (T a b le  3 )  su g g ests  th a t a c t iv a t io n  o f  th e  g ly c o ly t ic  
p a th w a y  in L. c a se i  in h ib its  th e  m e ta b o lic  p a th w a y  w h ic h  
p r o d u c e s  d ia c e ty l  and A M C  in a s o y  su sp en sio n .

G ro u n d  so y b e a n  c o n ta in s  0 .18%  a c e ta te  an d  0 .5  8% 
c itr a te  (T a b le  1), c o m p a r ed  to  1.6%  c itr a te  (d r y  w e ig h t  
b asis) fo u n d  in b o v in e  m ilk . S in c e  th e se  c o m p o u n d s  can  
s t im u la te  d ia c e ty l  and AM C p r o d u c tio n  in L. casei, th e se  
c o n c e n tr a t io n s  (0 .0 2 %  a c e ta te  and 0 .06%  c itr a te  in  th e  
10% su sp e n s io n )  m a y  be su f f ic ie n t  to  a c c o u n t  fo r  the  
le v e ls  o f  d ia c e ty l  and AM C  n o r m a lly  o b ser v e d  in  fe r m e n te d  
g ro u n d  so y b e a n . T h e  r esu lts  fro m  T a b le  3 sh o w  th a t th e  
c o n c e n tr a t io n s  o f  d ia c e ty l  and A M C  can  b e  in c re a se d  by

Table 2 —S e n so ry  evaluation o f  im itation cream  cheese m ade with  
ferm en ted  a n d  n o n fe rm e n te d  g ro u n d  soybean

Product attribute

Mean scores3
Significant13 
difference in 
mean scoresFermented Nonfermented

Appearance 6.3 6.5 NSDC
Texture 5.4 4.6 <0.05
Cream cheese flavor 4.1 3.4 <0.05
Flavor 4.3 3.3 <0.01
Acceptability 4.2 3.3 <0.01

3 Based on a h e d n o n lc  rating scale o f 1 to  9 fo r A ppearance , T e x 
ture, F lavo r, and A cc e p ta b ilit y  w here  1 = d is lik e  ex trem e ly: 5 = 
neither like  nor d is like ; 9 =  like  extrem ely; based on an In ten sity  
rating scale fo r  cream  cheese flavo r w here  1 = w eak; 5 = m oderate; 
9 = strong.

“ T h e  d iffe rence  in m ean scores between fe rm ented  and  n o n fe r
m ented sam p les fo r  each attribute  w as tested fo r s ign ificance  using 
a 2 -w ay  an a ly s is  o f variance. 

c N S D  =  no sign ifican t d ifference.

Table 3 —D ia cety l an d  A M C  co n te n t  o f  g ro u n d  soybea n  ferm en ted  
in  the p re sen ce  o f  acetate, citra te , pyru va te  o r  g lucose

Diacetylb AMCb
Treatment3 (pg/g) (Mg/g)

None 30.1 2.6
Sodium acetate (0.15%) 44.0 3.2
Sodium citrate (0.15%) 42.7 4.0
Sodium pyruvate (0.15%) 18.2 2.0
Glucose (1.0%) 17.0 2.3

a Percent o f treatm ent Is given as w e igh t o f salt o r g luco se  per 
w e igh t o f  a 1 0 % (w / w ) g rou n d  soyb ean  su spen sion .
D iace ty l and  A M C  co ncen tra t ion s  were determ ined  o n  the  fe r
m ented sp ra y  dried  pow der, and  represent the  d iffe rence  In c o n 
centra tion s betw een t im e  =  4 hr and  t im e  = 0 hr sam ples. F e rm e n 
ta tion  co n d it io n s  were: tem pe ratu re  = 3 2 ° C ; In itia l p H  = 6.5; 
t im e  =  4  hr; in itia l cell co ncen tra t ion  =  1 x 1 0 8 ce lls/m L.

th e  a d d itio n  o f  so d iu m  a c e ta te  or  so d iu m  c itr a te  to  g ro u n d  
so y b e a n  m ater ia l.

D e te r m in a tio n  o f  o p t im u m  c o n c e n tr a t io n s  o f  so d iu m  a c e ta te  
an d  so d iu m  c itr a te  fo r  d ia c e ty l  p r o d u c t io n

G ro u n d  so y b e a n  w a s fe r m e n te d  at fo u r  d if fe r e n t  c o n c e n 
tr a tio n s  o f  so d iu m  a c e ta te  and th r e e  d if fe r e n t  le v e ls  o f  
so d iu m  c itr a te . T h e  a m o u n t o f  d ia c e ty l  w a s d e te r m in e d  fo r  
e a ch  sa m p le  and th e  sa m p le s  in c o r p o r a te d  in to  im ita t io n  
cream  c h e e se , w h ic h  w a s th e n  ra ted  fo r  cream  c h e e s e  fla v o r  
in te n s ity  (T a b le  4 ) . S o d iu m  a c e ta te  a d d ed  at 0 .3 0 %  and at 
0 .60%  c o n c e n tr a t io n s  resu lted  in cream  c h e e s e  p r o d u c ts  
w ith  sim ilar  h e d o n ic  ratin gs. T h e se  tw o  ra tin gs w e re  th e  
h ig h e st  o f  th e  fo u r  sa m p le s  b u t th e  0 .3 0 %  sa m p le  w a s  th e  
o n ly  o n e  s ig n if ic a n tly  d if fe r e n t  fro m  th e  sa m p le  w ith  n o  
a c e ta te  ad d ed  and a lso  had  th e  h ig h e st  c o n c e n tr a t io n  o f  
d ia c e ty l. T h e  0 .30%  sa m p le  gave th e  b e st o v era ll resu lts .

T h e  r esu lts  w ith  so d iu m  c itr a te  w ere  m o r e  c le a rc u t. T h e  
cream  c h e e s e  m a d e  fro m  m a ter ia l fe r m e n te d  in th e  p r e se n c e  
o f  0 .15%  so d iu m  c itr a te  w a s c le a r ly  th e  b e st sa m p le . It had  
th e  h ig h e s t  h e d o n ic  ra tin g , g rea test c o n c e n tr a t io n  o f  d i
a c e ty l ,  and  its  h e d o n ic  score  w a s th e  m o st  s ig n if ic a n tly  d if 
fe r e n t  fro m  th e  sa m p le  w ith  n o  c itr a te  a d d ed . T h e r e fo r e ,  
b a sed  o n  th e  r esu lts  p r e se n te d  in T a b le  4 , c o n c e n tr a t io n s  
o f  0 .30%  so d iu m  a c e ta te  or 0 .15%  so d iu m  c itr a te  are th e  
o p t im a  fo r  th e  fe r m e n ta t io n  o f  g ro u n d  so y b e a n  w ith  L . 
ca se i  ssp . rh a m n o su s .  U s in g  th e se  o p t im u m  c o n c e n tr a t io n s ,  
th e  a m o u n t o f  d ia c e ty l  g e n e ra te d  is  in c re a se d  37%  and 5 1% 
o v er  c o n tr o l v a lu e s  in  th e  p r e se n c e  o f  so d iu m  a c e ta te  or  
so d iu m  c itr a te , r e sp e c t iv e ly .

It w a s d e te r m in e d  earlier th a t an in it ia l L. c a se i  c o n c e n 
tr a tio n  o f  a b o u t  1 0 8 c e lls /m L  w a s n e c essa ry  to  g iv e  an  
a c c e p ta b le  h e d o n ic  ratin g  o f  5 .0  fo r  cream  c h e e s e  fla v o r  
in te n s ity  in  th e  im ita t io n  cream  c h e e s e  p r o d u c t . U s in g  
g ro u n d  so y b e a n  fe r m e n te d  w ith  o p tim u m  c o n c e n tr a t io n s  
o f  a c e ta te  or  c itr a te , o n ly  1 0 7 c e lls /m L  w e re  req u ired  to  
p r o d u c e  fe r m e n te d  g ro u n d  so y b e a n  w ith  a d ia c e ty l  c o n c e n 
tr a tio n  o f  2 0  jug/g, and  an a c c e p ta b le  h e d o n ic  f la v o r  ra tin g  
o f  5 .0  (d a ta  n o t  sh o w n ). T h e  in it ia l c e ll  in o c u lu m  req u ire 
m e n t  w a s th u s  r ed u c ed  b y  a fa c to r  o f  10 . S u p p le m e n ta t io n

Table 4 —E f fe c t  o f  sod ium  acetate o r sod ium  citra te  on d ia cety l 
p ro d u ctio n  an d  cream  ch eese  flavor in ten sity

Percent added3
Diacetylb

(jug/g)
Meanc
score

Significant0 
difference in 
mean scores

Sodium Acetate

0.00 31.7 5.3 —

0.15 42.4 5.6 NSDe
0.30 43.5 6.3 <0.05
0.60 39.2 6.4 NSD
1.00 30.9 5.1 NSD

Sodium Citrate

0.00 31.7 5.3 _

0.15 47.8 6.7 <0.01
0.30 41.9 6.4 <0.05
0.60 36.9 5.9 NSD

a Percent added is given as w e igh t o f add it ive  per w e igh t o f  a 1 0 %  
(w/w) g ro u n d  soyb ean  su spen sion .

D D iace ty l determ ined  on  the fe rm ented, sp ray-d ried  p ow de r, and  
represent the  d iffe ren t in co ncen tra t ion s  between tim e =  4  h r and  
tim e =  0 h r sam ples. Fe rm en ta t io n  co n d it io n s  were: tem pe ra tu re  = 
3 2  C:  in itia l p H  = 6.5; tim e = 4  hr; in itia l cell co n ce n tra t ion  = 1 
x 1 0 8 ce lls/m L.

c Based  on  a cream  cheese flavo r in te n s ity  rating scale o f 1 to  9 
w here: 1 = w eak; 5 =  m oderate; 9 = strong. 

a T h e  d ifference in m ean scores between the sam p le  w ith  n o  salts 
and the sam p les w ith  d ifferen t percent o f so d iu m  acetate o r 
so d iu m  citrate added w as tested fo r  s ign ificance  u sin g  a 2 -w ay  
ana ly s is  o f  variance. 

e N S D  =  n o  s ign ifican t d ifference.
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with these salts is another m ethod of enhancing cream 
cheese flavor in addition to using high inoculum levels.

S U M M A R Y

FERMENTATION of ground soybean w ith L. casei ssp. 
rhamnosus (ATCC 39595) changed the flavor and texture 
of the ferm ented material. The ferm ented ground soybean 
was perceived as having cream cheese com patible flavor and 
texture when used as a nonfat dry milk substitute in an 
im itation cream cheese. The principal flavor com ponent 
was diacetyl. Diacetyl concentration and, hence, perceived 
cream cheese flavor could be improved by the addition of 
sodium acetate or sodium citrate to the ferm entation. The 
addition of these salts reduced the am ount o f microbial 
culture required to produce acceptable product. The use 
of fermented ground soybean could be considered a less 
costly alternative to  ferm ented milk products where cream 
cheese compatible flavor and texture are required.
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L i m o n o i d  D e b i t t e r i n g  o f  C i t r u s  J u i c e  S e r a  B y  I m m o b i l i z e d  

C e l l s  o f  C o r y n e b a c t e r i u m  f a s c i a n s

SHIN HASEGAWA, CARL E. VANDERCOOK, GRACE Y. CHOI, ZAREB HERMAN, and PETER OU

-----------------------------------------A B S T R A C T ----------------------------------------

C o ry n e b a c te r iu m  fa sc ia n s  cells capable of metabolizing limonoids 
were prepared conveniently with inexpensive carbon sources such as 
fructose, galactose and citric acid. Cells thus obtained were immo
bilized in acrylamide gel and used in a biological debittering process 
previously developed. The process significantly reduced limonin and 
nomilin contents of citrus juice sera. It was particularly effective 
toward the reduction of nomilin. The debittering treatment did not 
have adverse effects on the composition of other citrus constituents 
such as citric, malic, ascorbic acids, fructose, glucose and sucrose.

IN T R O D U C T IO N

BITTERNESS DUE TO LIMONOIDS such as limonin and 
nomilin in certain citrus juices is one of the major problems 
of the citrus industry world-wide and has significant eco
nomic impact. One of our approaches to solve this problem 
is to develop a biological process to reduce b itter limonoids 
of citrus juices.

During the course of biochemical studies of limonoids, 
we have isolated from soil five species of bacteria capable 
of metabolizing limonoids (Hasegawa et al., 1972, 1974a, 
1983b; Hasegawa and Kim, 1975; Hasegawa and King, 
1983) and have shown the presence of five metabolic path
ways of limonoids in bacteria (Hasegawa et al., 1972, 
1974b, 1983a, 1984; Hasegawa and Bennett, 1983). Based 
on these studies we have developed a biological process 
that uses immobilized bacterial cells for the reduction of 
limonoids in citrus juice sera (Hasegawa et al., 1982). 
Two species of bacteria, Arthrobacter globiformis and 
Arthrobacter globiformis II have been used for this purpose 
(Hasegawa et al., 1982, 1983b; Hasegawa and Pelton, 1983).
A. globiformis cells immobilized in acrylamide gel con
verted limonin and nomilin of citrus juice to nonbitter 17- 
dehydrolim onoate A-ring lactone and 17-dehydronomili- 
noate A-ring lactone, respectively. Immobilized cells of
A. globiformis II, on the other hand, converted limonin 
and nomilin to nonbitter limonol and nomilol, repectively.

We have recently isolated from soil another bacterium, 
Corynebacterium fascians, that is capable of metabolizing 
limonoids (Hasegawa and King, 1983). Among the organ
isms isolated, C. fascians is the only one that produces 
constitutive enzymes for the metabolism of limonoids. The 
others all require the presence of a limonoid inducer in 
their growth media to produce cells capable of metabolizing 
limonoids. The objective of this study was to reduce bitter 
limonin and nomilin in citrus juice sera to  below bitterness 
thresholds with C. fascians grown on various carbon sources, 
immobilized in acrylamide gel and used in the biological 
process previously developed.

M A T E R IA L S  & M E T H O D S

C ITRU S FR U IT  were purchased from a local market and juices 
were prepared with a Sunkist juicer. Linomin and nomilin were dis-

T h e  a u t h o r s  a r e  a f f i l i a t e d  w i t h  t h e  U .S .  D e p t ,  o f  A g r i c u l t u r e ,  A R S ,  

W R ,  F r u i t  a n d  V e g e t a b le  C h e m is t r y  L a b o r a t o r y ,  2 6 3  S . C h e s t e r  

A v e . ,  P a s a d e n a ,  C A  9 1 1 0 6 .

solved in a minimal portion of acetronitrile and slowly stirred into 
the juices ( 5 - 7  ppm limonin and 1 - 2  ppm nomilin) to obtain 
convenient working concentrations. Juice sera were prepared from 
the juices by centrifugation at 4,000 x g  for 20 min and kept in a 
freezer until used. Silica gel plates were used for analysis of limo
noids and the plates were developed with cyclohexane-EtOAc (2:3), 
CH 2 Cl2-MeOH (97:3) or toluene-EtOH-H2 0-HOAc (200:47:15:1, 
upper layer).

Bacterial cells

C o ry n e b a c te r iu m  fa sc ia n s  was grown on mineral salt-0.2% 
nutrient broth media containing 0.4% carbohydrate of interest by 
the procedure described previously (Hasegawa and King, 1983). 
Cells were collected by centrifugation at 5,000 x g , washed with
0.5M potassium phosphate buffer at pH 7.0 and kept in a freezer 
until used.

Immobilization of cells

Cells were immobilized in acrylamide gel by the procedure of 
Tosa et al. (1974). The resulting gel was blended gently with a Poly- 
tron and packed in a 2 -cm diameter column.

Treatments of juice sera

A 50 raL portion of juice serum was passed through the column 
at room temperature at a rate of 100 mL per hr. The column was 
washed with H20  followed by 0.05M potassium phosphate at pH
7.0. The eluate and washings were pooled and used for limonoid 
analysis. The washed column was kept in a 5°C room until next use. 
For stability studies, limonin-or nomilin-containing juice scrum (50 
mL) was passed through a column containing 4g immobilized C. 
fa sc ia n s  cells. Column conditions and handlings of the column 
after each use were similar to those described above.

Analysis of limonoids

Combined column fractions of treated juice sera were acidified 
to pH 2 with IN  HC1 and extracted with CH 2 C L 2  twice. The 
CH 2 C12  fractions were combined and evaporated to dryness and the 
residue was analyzed for limonoids by the procedure of Maier and 
Grant (1970).

Analysis of acids and sugars

The organic acids and sugars were measured by HPLC on a Bio- 
Rad HPX-87 column (7.8 x 300 mm) at 34°C. The mobile phase 
was 5 x 10~4N H 2 SC>4 at a flow rate of 0.6 m L per min. The acids 
were detected spectrophotometrically at 2 1 0  nm and the sugars 
were detected by refractive index. A Perkin-Elmer HPLC system 
(Series 4 Liquid Chromatograph) and detectors, Spectra-Physics 
(SP8400 UV/vis detector) and Micrometries (771 refractive index 
detectors) were used.

R E S U L T S  & D IS C U S S IO N

CO RYNEBAC TERIUM  fascians, isolated from soil by en
richm ent with 3-furoic acid as a single carbon source, pro
duces constitutive enzymes involved in the metabolism of 
limonoids (Hasegawa and King, 1983). Cells were im m o
bilized in acrylamide gel and used for the biological process 
we developed previously for the reduction of limonoid bit
terness of citrus juice sera. Cells grown on fructose reduced 
limonin and nomilin contents of juice sera of navel orange, 
Valencia orange and grapefruit (Table 1). In each case, 
limonin and nomilin contents were reduced to  below the 
bitterness thresholds (6 ppm each). These results confirmed
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the presence of lim onoid metabolizing enzymes in cells 
grown on fructose. Similar results were obtained with cells 
grown on galactose or citric acid.

A stability study of immobilized cells of C. fascians was 
conducted with navel orange juice sera (Table 2). Four gm 
of cells grown on fructose reduced the lim onin conten t of 
the sera significantly in 10 different runs. The enzyme sys
tem in the immobilized cells was, however, less effective 
and less stable than tha t of A. globiformis (Flasegawa et al.,
1982). Under similar conditions, immobilized cells of A. 
globiformis reduced the limonin content below 6 ppm 
(limonin bitterness threshold) and the same column was 
used 1 5 - 2 0  times w ithout losing its effectiveness. Im m o
bilized A. globiformis cells converted lim onin to 17-dehy- 
drolim onoate A-ring lactone which is catalyzed by limo- 
noate dehydrogenase, one of the major limonoid-metabol- 
izing enzymes present in bacteria. The immobilized cells 
of C. fascians, on the other hand, converted limonin to li- 
monol which is catalyzed by lim onol dehydrogenase, one 
of the m inor limonoid-metabolizing enzymes present in 
bacteria (Hasegawa et al., 1983a). It is not clear why the 
immobilized cells of C. fascians converted limonin to li
monol instead of 17-dehydrolim onoate A-ring lactone. This 
is apparently the main reason why the process with C. 
fascians cells was less effective and less stable than that of
A. globiformis cells in limonin debittering.

Bitter nomilin of citrus juice sera was very effectively 
converted to a nonbitter com pound by immobilized cells 
of C. fascians. Table 3 shows the results of a typical nomilin 
debittering test using grapefruit juice sera. The process 
reduced the nomilin content of the sera to almost 0 up to 
the 14th run. Therefore, data are presented in an abbrevi-

Table 1—Reduction o f limonin and nomilin content o f various citrus 
juice sera with Corynebacterium  fascians cells immobilized in acryla
mide gela

Juice sera

Lim on in  content Nom ilin  content

Control
(ppm)

Treated
(ppm)

Control
(ppm)

Treated
(ppm)

Navel orange 2 0 . 0 3.0 21.5 0
23.0 4.0 20.5 0

Valencia orange 2 0 . 0 3.0 19.5 0
23.0 3.0 2 1 . 0 0

Grapefruit 21.5 4.5 2 2 . 0 0
19.5 4.0 21.5 0

a A  5 0 -m L  p o rtion  o f ju ice  sera w as treated w ith  5g  cells g ro w n  on  
fructose. D eta ils  are given In  the  text.

ated version. Even at the 20th  run, the process reduced 
juice serum containing 20 ppm nomilin to  3.0 ppm. This 
represents an 85% reduction in nomilin content.

Unlike immobilized cells of A. globiformis and A. globi
form is  II, which convert nomilin to  17-dehydronomili- 
noate A-ring lactone and nomilol, respectively, immobil
ized cells of C. fascians convert nomilin to obacunone (Fig. 
1; Hasegawa et al., 1984). The enzyme responsible for this 
conversion, nomilin acetyl-lyase, has been isolated from 
cell-free extracts of C. fascians (Herman et al., 1984). The 
organism contains very high activity of the enzyme: one 
gram of cells grown on lim onoate, for example, possesses 
activity which catalyzes the conversion of approxim ately 
lOg of nomilin per min under the in vitro assay conditions 
used. This clearly explains why this organism very effec
tively converts nomilin to obacuonone in citrus juice sera 
and is an ideal one for nomilin debittering of citrus juices. 
The major b itter com ponent in citrus juices, limonin, 
was, however, removed less effectively.

The effect o f debittering treatm ents on the com position 
of navel orange juice sera is shown in Table 4. Analysis of 
variance showed that the concentration of citric, malic 
and ascorbic acids did not significantly change as a result of

Table 2—Reduction o f limonin content o f navel orange juice serum Fig. 1—Metabolism o f limonin and nomilin in immobilized cells o f
by immobilized cells o f Corynebacterium fascians grown on fructosea Corynebacterium fascians.

Lim onin  content
Tim e after

Run im m obilization
(days)

Control
(ppm)

Treated
(ppm)

Reduction
(%)

1 1 2 1 4.0 81

2 3 2 1 4.5 78

3 5 21 4.8 77

4 8 23 5.1 79

5 1 0 23 6 . 0 74

6 1 2 23 7.2 69

7 15 2 1 7.8 63

8 18 2 1 6 . 8 6 8

9 2 1 2 1 8 . 8 58

1 0 23 23 10.5 54

a 50  m L  o f the serum  w as passed th ro u gh  a 2 .0 -cm  d iam eter co lu m n  
packed w ith  4.0g cells im m o b ilize d  In a c ry la m id e  gel.

Table 3—Reduction o f nomilin content o f grapefruit juice sera by 
Corynebacterium fascians immobilized in acrylamide gela

R un
Tim e after 

im m obilization 
(days)

Nom ilin  content

Control
(ppm)

Treated
(ppm)

Reduction
l% )

1 1 21.5 0 1 0 0

5 1 0 2 2 . 0 0 1 0 0

1 0 23 23.5 0 1 0 0
15 33 2 1 . 0 1.5 93

2 0 46 2 0 . 0 3.0 85
24 55 23.0 6 . 0 74

a 5 0 -m L  p o rt io n  o f  grapefru it  ju ice se rum  was passed th ro u gh  a 2.0- 
cm  d iam eter c o lu m n  packed  w ith  4 g  im m o b ilize d  cells.
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LEMONOID DEBITTERING OF CITRUS JUICE SERA . . .

T a b le  4 - O r a n g e  j u i c e  s e r u m  c o m p o s i t i o n  a s  a f f e c t e d  b y  d e b i t t e r i n g  t r e a t m e n t  w i t h  C o r y n e b a c t e r i u m  f a s c ia n s  g r o w n  o n  v a r io u s  n u t r i e n t  m e d ia

Concentration (g/100 m L) (ppm)

Bacterial
Samples growth media Citric Malic A scorb ic Sucrose Glucose Fructose Lim onin

1 Contro l0 1.58 0 . 1 0 0.043 2.17a (47% ) 1.14 (24%) 1.36 (29% ) 19.1

Fructose 1.60 0 . 1 0 0.043 2.4713 (4 6 %) 1.31 (24%) 1.61 (30% ) 7.5

Galactose 1.52 0 . 1 0 0.036 2 .66b (47%) 1.43 (25%) 1.61 (28%) 6 . 1

Lim onoate 1.59 0 . 1 1 0.041 2.96b (47%) 1.49 (24%) 1 . 6 8  (29% ) 6 . 2

2 Contro l0 1.69 0.14 0.053 3.20a (48% ) 1.60 (24%) 1 . 8 8  (28% ) 2 0 . 0

Fructose 1.73 0.13 0.053 3 .4 7 b (4 8 %) 1.71 (24%) 2 . 0 2  (28%) 8 . 0

Galactose 1.67 0 . 1 1 0.050 3 .3 1b (48%) 1.64 (24%) 1.96 (28% ) 7.2

Lim onoate 1.77 0.13 0.052 3.58b (49%) 1.71 (23%) 2 . 0 2  (28%) 7.5

3 Contro l0 1.56 0 . 1 1 0.054 3 .3 1a (50%) 1.49 (23% ) 1.74 (27% ) 2 1 . 0

Fructose 1.65 0.13 0.059 3.55b (51% ) 1.60 (23% ) 1 . 8 6  (26%) 8 . 1

Galactose 1 . 6 8 0.13 0.060 3 .69b (51% ) 1.64 (23%) 1.92 (26% ) 7.5

Lim onoate 1.64 0 . 1 1 0.057 3.71b (51% ) 1 . 6 6  (23%) 1.92 (26% ) 5.5

Analysis  of variance

Treatment N.S. N.S. N.S. 0.05 (N.S.) 0.05 (N.S.) 0.05 (N.S.)

a,bM e an s w ith o u t  the  sam e superscrip t are s ig n if ic a n t ly  d iffe ren t (P <  0 .05 ). N o  sup e rsc r ip ts  ind ica te  n o  sign ifican t d iffe rences (P  >  0.05). 
c C o n tro l:  treated w ith  a co lu m n  packed w ith  ac ry lam ide  gel w ith o u t  bacterial cells.

the treatm ents. The concentrations of sugars, however, 
were slightly but significantly lower (P <  0.05) for the con
trol than for the cell treated samples. The percentages of 
sugar com position shown in parenthesis, however, did not 
change. This is most likely due to adsorption of sugars on 
the acrylamide gel because the control column contained 
more gel than the immogilized cell column although total 
volumes of all columns were the same. Hence, it can be con
cluded that the use of C. fascians for debittering will not 
adversely affect the quality of juice.

The utilization of C. fascians for the biological process 
of limonoid-debittering of citrus juice is advantageous from 
a practical viewpoint. This is because cells which possess 
limonoid-metabolizing enzymes can be prepared conven
iently and relatively cheaply by using inexpensive carbon 
sources. This contrasts w ith the other organisms which 
require a limonoid inducer in media. Presently citrus limo- 
noids are not commercially available.
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o f  S i n g l e  S t r e n g t h  C a n n e d  G r a p e f r u i t  J u i c e

R. L. ROUSEFF and S. V . TING

---------------------------------------- A B S T R A C T ----------------------------------------

Grapefruit juice modified to pH 3.0, 3.5 and 4.0 and stored at 4, 
21, 27, 32 and 38°C manifested a consistent two-stage pattern for 
tin uptake. The first stage consisted of a rapid (3 wk) uptake of tin 
(from 12 to approximately 100 ppm) and was relatively indepen
dent of juice pH or srorage temperature. In the second stage, the in
crease in tin concentrations was extremely temperature dependent 
and only slightly pH dependent. Canned grapefruit juice should be 
stored below 27°C tc insure tin contents do not exceed the Codex 
maximum of 250 ppm. In a survey of 55 commercially canned 
grapefruit juice samples stored 1 - 8  months under commercial con
ditions, tin concentrations ranged from 34 -  180 ppm.

IN T R O D U C T IO N

THE BULK of the grapefruit juice produced in the United 
States is sold as single-strength grapefruit juice packed in 
unlined, tin-coated steel cans. Since grapefruit juice has 
both acidic and complexing properties, it will attack the 
tin layer during storage. The rate of tin uptake by grape
fruit juice is dependent upon a num ber o f factors. Tin con
centrations up to 250 ppm are acceptable (Codex Alimen- 
tarius Commission, 1978) and have come to be regarded 
as the maximum lim it for foods stored in unlaquered cans 
(Debost and Cheftei, 1979). Toxicity studies have shown 
that tin does not accumulate in organ tissues of rabbits or 
rats (Kutzner and Brod, 1971; Fritsch et al., 1977). Tin is 
relatively nontoxic because most ingested tin is not ab
sorbed during the digestion process and is excreted in the 
feces (Calloway and McMullen, 1966; Hiles, 1974). How
ever, Benoy et al. (1971) reported gastrointestinal disturb
ances in cats and hum an volunteers following the drinking 
of fruit juice prepared to  contain at least 1400 ppm of tin.

Increased tin conten t o f canned citrus juices is an un
desirable but apparently necessary result of storage in tin
plated steel. It is undesirable because elevated tin levels are 
associated with the development of a metallic off-flavor in 
the juice. However, increased tin concentrations are a neces
sary trade-off so that loss of vitamin potency and browning 
may be minimized during storage. A ttem pts to  reduce the 
tin  content through the use of lacquered cans produced 
juices with significant discoloration (Mannheim and Hoenig, 
1971). A pparently, tin acts as a sacrificial anode, being 
preferentially oxidized instead of o ther labile juice com po
nents such as carotenoids and vitamin C.

The corrosion process is dependent on a num ber of phy
sical and chemical factors. Bakal and Mannheim (1966) 
studied the effects o f processing variables such as deaera
tion, im proper cooling and increased headspace on the rate 
o f can corrosion and juice quality. Added chemical param
eters such as the role o f sulfur dioxide and nitrate on de- 
tinning of canned graepfruit juice have been studied by 
Saguy et al. (1973). Nagy et al. (1980) studied the effects 
of storage tem perature and time on the iron and tin content 
of commercial canned single strength orange juice. Bird
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(1980) developed an equation to estimate tin  uptake of 
citrus products stored in unlacquered cans based on the 
alloy-tin couple, tin crystal size, and porosity. U nfortu
nately, the equation assumes uniform  detinning, a factor 
which at present may no t be controlled.

The purpose of this study was to quantify how differ
ent storage conditions (tim e-tem perature) and juice pH 
contribute to  the accum ulation of tin in canned grapefruit 
juice and determine which are the dom inant factors so that 
recom m endations could be made to minimize tin uptake 
during storage. Since commercial juices are prepared and 
stored in a slightly different manner, a survey of grape
fruit juice from several Florida processors was undertaken 
to determine tin levels in commercial product.

M A T E R IA L S  & M E T H O D S

Instrumentation
A Pcrkin-Elmer (P-E) model 503 atomic absorption spectropho

tometer (AAS) was used with a P-E tin electrodless discharge lamp 
(EDL) set at 8 watts. Tin absorbance was measured at 224.6 nm 
with a slit width of 0.2 nm. A single slot nitrous oxide-acetylene 
burner head was used. The nitrous oxide-acetylene gas flame was 
adjusted to give a fuel rich (reducing) flame. Burner head height and 
horizontal alignment were adjusted to give maximum absorption 
with a tin standard. Nebulizer aspiration rate was adjusted to 
produce the manufacturer’s specified absorbance with a 200 ppm 
Sn solution.

The atomic absorption spectrophotometer was run in the con
centration model using a 50 ppm Sn solution to calibrate the instru
ment. A blank containing the same acids at identical concentrations 
as the samples was used to zero the instrument. Three concentration 
readings taken during 1 sec integrations were recorded and averaged 
for each sample.

Samples were digested on a Technicon model BD 20/40 sample 
digestor.

Reagents
The tin was prepared from AR grade tin metal, dissolved in 

hydrochloric acid (HC1) and diluted with distilled deionized water 
to make the final solution 10% HQ (v/v). Working standards were 
prepared by diluting the tin standard using 10% HQ. All mineral 
acids used were of reagent grade.

Canned juice preparation and storage
Juice was extracted from Florida Duncan grapefruit (Citrus para- 

disi) using an FMC Model 591 extractor and divided into three 75- 
liter lots. The initial pH of the juice was 3.2. Two of the lots were 
adjusted with citric acid and potassium hydroxide to pH 3.0 and
4.0, respectively. These would represent the extremes of acidity 
likely to be encountered in citrus other than lemon and lime. The 
last lot was adjusted to an intermediate acidity (i.e. pH 3.5) using 
potassium hydroxide.

All juices were pasteurized at 90.6°C and hot-filled (approx 
82°C) into 211 x 304 (256 mL or 8 oz) cans (Can Division, Crown 
Cork and Seal Co., Bartow, FL). The can body interior and one 
end was 1.00 lb tinplate with a soldered side seam. The can factory 
end was enamel coated inside. Each can was hand sealed using a 
Dixie Canner Equipment Co. (Athens, GA) sealer Model SD-1P-23. 
After sealing, the cans were cooled with a water spray and allowed 
to reach ambient temperature (approx 22°C) and stored at various 
temperatures with the enamel end up. The cans from each lots were 
distributed among five constant temperature rooms set at 4, 21, 27,
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32, or 38°C. Two cans of each lot from 4, 21 and 27°C were an
alyzed every 3 -  5 wk for 1 yr. Two cans from each lot stored at 
32 and 39°C were analyzed at the same frequency but for only 6  

months. The high temperature studies were terminated after 6  

months because longer storage at these temperatures would be ex
tremely unlikely in the industry.

Once removed from their storage rooms, the cans were allowed 
at least 1 hr to equilibrate to room temperature. Each can was 
thoroughly shaken before opening. Total juice volume was mea
sured and recorded. Head space was determined from the difference 
between juice volume and the volume of the can.

Sample preparation

Five m L of single strength juice was pipetted into a 22 x 200 
mm acid-washed test tube. To each tube was added: 3 m L of cone 
HNO 3 , 1 m L cone HCIO 4  and 1 mL of cone. H 2 SO 4 . The contents 
of the tubes were mixed by swirling gently. Digestion was accom
plished by heating the juice-acid mixture in heated aluminum blocks 
at 80°C for 3 hr then at 200°C for 2 hr. The resulting clear, color
less solution was cooled and diluted to 25 mL with 10% HC1.

R E S U L T S  & D IS C U S S IO N

Sample preparation

Price and Ross (1969) reported analyzing tin and iron 
using atomic absorption spectroscopy by simply diluting 
and filtering orange juice. This approach was highly attrac
tive because of its speed and simplicity. However, prelimi
nary experim ents indicated that pulp and insoluble pectin 
from canned grapefruit juice contained tin. Therefore, the 
entire sample was digested to eliminate the possibility of 
low tin results. Dry ashing of grapefruit juice samples was 
found to  be too time consuming to be used for a large num
ber of samples and there were problems with incom plete 
ashing after heating up to  500°C for 12 hr. Therefore, 
juice samples were digested using a m ixture of nitric, per
chloric and sulfuric acids and a two-step heating procedure. 
The acidified juices were initially heated at 80 C as sample 
loss occurred from foaming because the reaction was too 
vigorous at tem peratures greater than this. The final heating

Sn CONCENTRATION ( ppm)

Fig. 1—Standard additions o f tin to an acid digested grapefruit 
juice sample: • = juice sample; A = calibration plot with standard 
tin solutions.

step (200°C) effectively removed the nitric acid and at the 
same tim e increased the oxidative power of perchloric acid.

Capacho-Delgado and Manning (1966) studied the effects 
of various mineral acids on tin absorption in air-hydrogen 
and air-acetylene flames. Air-hydrcgen had the greatest 
sensitivity but was susceptible to  interference from several 
mineral acids. Certain mineral ions (Juliano and Harrison,
1970) also interfered. The nitrous oxide-acetylene flame 
was chosen for this study because it is relatively free from 
interferences and because expected tin concentrations 
would be high enough that extreme sensitivty would not 
be needed.

To determine if the com bination of mineral acids af
fected the tin absorbance, known am ounts of standard tin 
solutions were added to the diluted ashed juice samples 
and their respective absorbances measured. As illustrated in 
Fig. 1, the slope of the resulting standard addition is iden
tical to  the slope from the tin standards. This indicates that 
there is no supression or enhancement of the tin absorbance 
due to  the digesting acids and tin concentrations can be 
calculated using the m ethod o f external standards.

Storage time

Initial tin concentration of freshly processed juice was 
12 ppm. After 3 wk of storage, tin concentrations of the 
same juice increased to  80 -  140 ppm. Subsequently, tin 
concentrations stabilized or increased dramatically depend
ing on storage tem perature and pH. This general behavior 
is illustrated in Fig. 2 for pH 3.0 juices stored at 38 and 
4°C. The rapid uptake of tin within the first 3 wk followed 
by the more gradual tem perature dependent uptake during 
the remaining 48 wk of the study suggest the possibility of 
two separate mechanisms for tin uptake by grapefruit juice. 
Since oxygen was not excluded from the head space gases, 
nor were the juices deaerated, the rapid uptake of tin 
during the first 3 wk storage is probably associated w ith an 
oxygen reaction. Kefford et al. (1959) measured oxygen 
levels in canned orange juice and found tha t it had com 
pletely reacted within the first 100 hr of storage.

0 5 10 15 20 25 30

WEEKS OF STORAGE

Fig. 2—Effect o f storage temperature on tin concentrations o f grape
fruit juice stored for 6 months.
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Temperature

The m ajor effect c f  storage tem perature was not the 
initial tin uptake, but the subsequent rate at which grape
fruit juice tin concentration increased with time. As shown 
in Fig. 3, storage tem perature had little effect on juice tin 
concentrations during the first 3 wk of storage. Subsequent
ly, the effect of storage tem perature became pronounced 
(Fig. 4). A fter 3 wk storage at 4 C, pH 3.0 grapefruit juice 
had a tin content o f approxim ately 120 ppm. Subsequently, 
tin content increased slowly with storage time and the rate 
of increase was linear. Juice stored at 38 C had only a 
slightly greater tin content (approxim ately 140 ppm) after 
3 wk storage. However, the subsequent rate of tin uptake 
for juice stored at 38 C was considerable, increasing at a 
rate o f 12 ppm tin per week after 10 wk storage. The rate 
of tin uptake was also pH-dependent because the rate of 
tin uptake for the pH 3.5 and 4.0 juices were both  8 ppm 
per week. Thus if tin concentrations are to be minimized, 
canned grapefruit juice should be stored at as low a storage 
tem perature as possible and certainly below 27 C. Lower 
storage tem peratures will not only reduce tin content but 
will also result in a juice with better flavor and higher vita
min C content (Bakal and Mannheim 1966).

Head space

At every pH and storage tem perature, there was a rapid 
increase in tin concentration from the initial 12 ppm to 
approxim ately 100 ppm after 3 wk storage, regardless of 
juice pH or storage tem perature. Such behavior suggests 
that oxygen dissolved in the juice or entrapped within the 
can headspace reacted rapidly with tin m etal to  form stan
nous ions. After dissolved and headspace oxygen is depleted, 
an anaerobic detinning mechanism, which is primarily tem 
perature dependent, taxes over.

Since the cans were hand filled, can headspace was dif
ficult to control. Juices from the cans with greater head- 
space contained greater am ounts of tin. Of all the head- 
space gases, oxygen is the one most likely to react with 
tin (metal) because of the favorable electrochemical po ten
tial between these two elements. Bakal and Mannheim
(1966) and Saguy et al. (1973) also reported greater tin 
concentrations in canned grapefruit juices with larger head

GRAPEFRUIT JUICE STORAGE STUDY

STORAGE TE  M PERATURE (“C l

Fig. 3 -E ffe ct o f storage temperature on pH  on tin concentrations 
of grapefruit juice stored for 3 wk. • = pH  3.0; A = pH  3.5; o = pH  
4.0.

spaces. Nishijuma et al. (1971) reported finding two to  four 
times greater tin concentrations in acidic fruit juices al
lowed to stand 72 hr in the opened can. Royo-Iranzo et al.
(1970) reported reducing detinning of canned orange juice 
packed with a 45 -  50 cm Hg vacuum. Thus it appears 
that can headspace plays an im portant part in the rapid 
detinning of canned grapefruit juice.

Acidity (pH)

An inverse relationship between pH and juice tin con
centrations was observed at all storage temperatures. The 
influence of hydrogen ion was not unexpected because it 
is generally recognized that hydrogen gas is formed during 
the detinning process (Dickinson, 1961). Thus the greater 
the hydrogen ion concentration (lower the pH) the more 
readily it reacts with metallic tin to form hydrogen gas and 
ionic tin. The tin content of less acidic juices increased 
much more slowly with increasing storage time. Below 
32 C the rate of tin increase of the pH 4.0 juices was about 
one-half that of the pH 3.0 juice.

Commercial survey

Fifty-five samples of Florida grapefruit juice packed 
in 46 oz. cans were analyzed for tin. As seen in Table 1, the 
average pH of the juices remained constant. Average and 
median tin concentrations increased with storage time. It is 
interesting to note that even after more than 2 m onths of 
storage (January pack) the average and median tin concen
trations were less than those observed under experimental 
conditions after only 3-wk storage. The most likely expla
nation is that the commercial juices were deaerated to re
move as much oxygen as possible before canning, whereas 
the experim ental juices were not. Can sizes were also dif
ferent and the relative am ount of headspace to juice volume 
was also smaller in commercial juice. Thus, in commercial 
juices the am ount of oxygen that could react with tin was 
smaller than in the test pack and the resulting tin values 
were smaller. —Continued on page 339

GRAPEFRUIT STORAGE STUDY

Fig. 4—Effect o f storage temperature and pH  on tin concentrations 
o f grapefruit juice stored for 24 wk.
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A c i d u r i c  a n d  H e a t  R e s i s t a n t  M i c r o o r g a n i s m s  i n  

A p p l e  J u i c e  a n d  C i d e r  P r o c e s s i n g  O p e r a t i o n s

K. M. J. SWANSON, S. B. LEASOR, and D. L. DOWNING

----------------------------------------A B S T R A C T -----------------------------------------

Site visits to 15 apple juice or cider facilities were conducted in 
New York State. Washed apples, pulp, press juice, final product, 
and other samples, when appropriate, were sampled asepticully. 
Samples were plated on acidified potato dextrose agar, before and 
after heating at 70°C for 1 -  2 hr. For unheated samples, molds 
predominated in fruit, yeasts and molds in pulp, and yeasts in 
press and final juice samples. Average counts were 2.8 x 10 ,7.3 x 
104 , 1.7 x 10s , and 1.4 x 10s/g, respectively. Heat resistant yeasts, 
molds, and bacteria were isolated frequently, generally at a level of 
less than 1 per lOg.

IN T R O D U C T IO N

APPLE JUICE is a product which is currently growing in 
popularity due to interest in “healthy” foods and, perhaps, 
to increased use of aseptic packaging. National trends indi
cate that while the consum ption of other fruit juices is 
declining, apple juice consum ption is increasing and will 
probably continue to do so (Anon., 1983). Despite the in
creased demand for apple juice in the marketplace, little 
work is being conducted on the natural microbial flora of 
the product. Marshall and Walkley (1951) and Beech
(1958) conducted quantitative and qualitative work in this 
area. With recent advances in processing technology, rééval
uation of the flora seems warranted, particularly in regard 
to the presence of heat resistant aciduric microorganisms 
in the product.

Put et al. (1976) have described heat resistant yeasts 
isolated from soft drinks. Heat resistant molds were iso
lated frequently in orchards (Splittstoesser et al., 1971), 
and studies have been conducted on therm al resistance of 
spoilage organisms in orange juice (Juven et al., 1978). 
Knowledge of the prevalence of heat resistant aciduric 
microorganisms in apple juice, however, is lacking.

Therefore, the objectives of this work were to  charac
terize the aciduric microflora of apple juice and sweet cider 
during processing, and to determine the prevalence of heat 
resistant aciduric microbes in these operations.

M A T E R IA L S  & M E T H O D S

Site visits
Site visits to 15 apple juice or sweet cider facilities were con

ducted in New York State during the 1983 harvest season. Plant 
sizes ranged from seasonal operations producing approximately 
2000 gal/day to year round facilities capable of producing 3000 
gal/hr. Operators were queried on cleanup and sanitation proce
dures as well as expected product shelf life.

Daily variation in the aciduric population of press juice was 
monitored in one hydraulic press plant. In this plant, press cloths 
were washed and dried, and equipment sanitized at the end of each 
day’s production. On each of six days, juice was sampled from the

Authors Leasor and Downing are affiliated with the Dept, o f Food 
Science & Technology, New York State Agricultural Experiment 
Station, Cornell Univ., Geneva, N Y  14456. Author Swanson, nee 
Johnson, is presently employed with 3M  Company, Medical/Surgical 
Division, Building 270-3N-04, St. Paul, M N 55144.

first run in the morning, the first run following the noon break, and 
the last run of the day. Total aciduric counts were determined as 
described below.

Microbiological analyses
At each operation, one sample each of washed apples, pulp, 

juice from the press, and final product were obtained aseptically. 
When appropriate, samples of juice before and after filtration, pulp 
with and without press aid, and final product with and without 
preservatives were also obtained. Preservative concentrations were 
not measured. Samples were held on ice for <24 hr. Solid and semi
solid samples were diluted with an equal weight of sterile distilled 
water and blended prior to further dilution (0.1% peptone water) 
and plating. Samples were plated, in duplicate, on acidified potato 
dextrose agar (pH 3.5, PDA) and incubated for 5 days at 25°C 
prior to enumeration of colonies. A gross estimate of the mold: 
yeast ratio was recorded. Microscopic evaluation of selected “yeast
like” colonies was employed to distinguish yeast from bacteria.

A modification of the method of Splittstoesser (1976) was used 
to isolate heat resistant aciduric microorganisms from samples. 
One hundred milliliters juice or 200g diluted and blended solids 
were held in a 70°C water bath for 1 or 2 hr, respectively, including 
come up time. Following heating, 10 mL were delivered to each of 
four petri dishes, and an equal volume of acidified PDA was added. 
Plates and the remainder of the heated sample were incubated at 
30°C for 4 wk. Morphological characteristics of any growth was 
described, and isolates were streaked on PDA slants. To verify heat 
resistance of isolates, 5 mL apple juice in 13 x 100 mm screw- 
capped tubes, were inoculated with growth from the slant using a 
wire loop. No attempt was made to examine cultures for potential 
ascospore production prior to the verification test, and population 
levels were not standardized. Juice was heated at 70°C for 15 and 
30 min in a circulating water bath with the water level close to the 
top of the tube. Heated juice was incubated at 30°C for 3 wk and 
turbidity was compared to both uninoculated and unheated controls.

Yeasts were identified using the methods of Lodder (1971), 
in conjunction with API 20C yeast identification strips. Methods 
described by Arx (1970) were used for Aurcobasidium classifi
cation. Bergcy’s manual (Buchanan and Gibbons, 1974) and Gordon 
et al. (1973) were used for bacterial identification. Identification of 
molds was done by macroscopic and microscopic examination of 
cultures on mycological agar by D. Prest (Keuka College, Keuka 
Park, NY).

Statistical analysis
The significance of differences between consecutive samples was 

determined using a Student’s /-test for paired differences (Snedecor 
and Cochran, 1967). Data were transformed to a logarithmic scale 
for normalization prior to statistical calculations.

R E S U L T S  & D IS C U S S IO N

TABLE 1 lists to ta l aciduric populations at various stages 
of apple juice processing for 15 operations. There were no 
apparent relationships between operation size and popula
tions of aciduric microorganisms during processing. The 
aciduric population of fruit ranged from 3.4 x 103 to  4.7 x 
10s /g (Table 1), and >60%  of these microorganisms were 
molds (Fig. 1). The remaining organisms were generally 
yeasts, with the exception o f one plant in which aciduric 
bacteria predom inated in fruit (Plant No. 3, Table 1). Two 
peel and core samples had total aciduric populations 
approxim ately ten-fold greater than the geom etric mean 
population of solid fruit (Table 1).
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The aciduric population of ground pulp was significantly 
greater (p <  0.05 j than that of apples (Fig. 2). The increase 
may have been due to contam inated equipm ent and/or 
sample uniform ity. While press aids had similar or lower 
aciduric populations than pulp, the addition of press aid 
seemed to  increase the aciduric population of pulp in indi
vidual operations (Table 1). This increase may be attributed 
to inadequate sanitation and/or to release of trapped mic
robes by the press aid. Approximately 60 -  70% of the 
microflora in pulp was yeast and 30 -  40% was mold (Fig. 
1). Yeasts greatly predom inated in pulp with press aid.

Marshall and Walkley (1951) reported that the micro
bial population of freshly expressed juice was less than that 
of pulp. In our studies, the to tal aciduric population of 
juice was generally significantly greater (p < 0 .0 5 )  than that 
of pulp when press aids were not used (Fig. 2). The levels 
of aciduric microbes found were similar to those reported 
by Beech (1958). Yeasts predom inated in press juice, and 
molds predom inated in pomace (data not presented), sug
gesting that molds were trapped in the pomace during 
pressing.

Fig. 3 illustrates the changes in the aciduric population 
of press juice during the processing day. An overall trend 
of increasing counts was observed during daily production. 
The increase was probably due to microbial growth in press 
cloths and on racks (Marshall and Walkley, 1951; Beech,
1958). The daily increase was approxim ately one doubl
ing, and was less than the day to day, minimum to maxi
mum variation. Consequently, while midday cleanup 
would not be harmful, the beneficial effect of this proce
dure would be limited. Several plants did not employ daily 
cleaning of press cloths, and significant microbial buildup 
could occur in these facilities.

While a depectinization step was employed in only four 
of the plants surveyed, these facilities produced the largest 
volume of juice. The average aciduric population of depec- 
tinized juice was similar to that of press juice for other 
plants (Fig. 2). For a given operation, however, depectini
zation reduced the aciduric population of the juice (Table 
1). Marshall and Walkley (1951) reported an average micro
bial population reduction of 68% during fining, suggesting 
that microorganisms present in the juice settled out with 
other particulate m atter. The use of depectinization by 
smaller operations may therefore be beneficial in producing 
a product with a lower population and a subsequent longer 
shelf life.

Diatomaceous earth (DE) filtration or ultrafiltration not 
only clarified juice, but also reduced the population of acid
uric microorganisms (Fig. 2). Population reductions of one 
to two log cycles were achieved by DE filtration alone. This 
reduction was far greater than the 3 -  4% reduction re
ported by Marshall and Walkley (1951). Advances in fil
tration technology have apparently increased the efficacy 
of the process.

The average aciduric population of unpasteurized juice 
was ca. 105/m L (Fig. 2). While no attem pt was made to 
measure shelf life, discussions with operators indicated that 
the shelf life of unheated, refrigerated juice was generally 
1 -  2 wk. Similar shelf lives were reported by processors 
who used sorbate in juice with high populations. This ap
parent lack of increased shelf life suggests that sorbate may 
have been used sometimes inappropriately as a substitute 
for proper sanitation and quality control, preventing the 
realization of maximum benefits. Further work in this 
area would be beneficial to the unpasteurized apple juice 
industry.

Fig. 1 —Approximate percentage o f molds present in the total acid
uric population, enumerated on acidified potato dextrose agar (pH 
3.5), during apple juice and cider processing in 15 plants. Bars (1) 
represent 95% confidence intervals. The remainder o f the popula
tion was generally yeast.

Table 1 —Aciduric microbial population during apple juice and cider processing at 15 facilities. Single samples o f each category were taken at 
each location

Aciduric colony forming units (CFU) X 104/g
Juice Final product

Capacity (gal) Press Apples Pulp
Press

aid
Pulp +

press aid Press
Depecti-

nized Filtered
No preser- Added 

vative sorbate Heated

1 . 2 ,0 0 0 /day Hydraulic 4 7 a 1 2 0 _ _ 180 _ _ 180b _ _

2 . 2 ,0 0 0 /day Hydraulic 1.4 0.98 - - 4.3 - - 4.3 - -
3. 2 ,0 0 0 /day Hydraulic N T N T - - N T - - 11 - -
4. 30,000/yr Hydraulic 1.9 75 - - 38 - - 33 - -
5. 30,000/yr Hydraulic 0.34 2.4 - - 1 2 - - 11 - -
6 . 500,000/yr Hydraulic 1.4 1.3 - - 4.2 - - 5.4 6.7 -
7. 500,000/yr Hydraulic 1 . 0 9.6 - - 6.7 - - 11 - -
8 . 750,000/yr Hydraulic 1 8 47 - - 2 0 - - - 42 -
9. 750,000/yr Hydraulic 1.9 1 .2 - - 8 . 6 - - - 19 -

1 0 . 750,000/yr Jones 1 2 a N T 7 .0 R C 0 .0 1 C 43 2 1 - - 2 1 c - -
11. 1 ,0 0 0 ,0 0 0 /yr Hydraulic 1 . 6 2.2 - - 38 - - - — 0.01 est.
1 2 . 1 ,0 0 0 ,0 0 0 /yr Bucher 1 . 0 3.6 - - 26 - 0 .37d - - 0.00025

13. 2 ,0 0 0 ,0 0 0 /yr Ensink/Reitz 7.6 15 13R 2 9 0 e 87 47 0.0066 f - - < 0 .0 0 0 1 9

14. 3,000,000/yr Jones NT 22 4.5R  0 .22C 23 22 N T 0.14 d 0.18 - —
15. 3,500,000/yr Jones NT 1 2 N T 190 49 3.4 0.75d — — < 0 . 0 0 0 1

a Peels and  cores; b U sed  fo r v inegar p ro d u c t io n ; P r o c e s s e d  fu rth e r at ano the r lo cation ; d D E  filtra tion ; eS e c o n d  pressing; f U ltra f iltra tion  ; 
^concentrate; N T  = not tested, R  =  rice hulls, C  =  cellulose, dash (— ) = not used in process sam pled.
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APPLE JUICE M ICROFLORA . . .

Q-

F i g .  2 — A v e r a g e  t o t a l  a c i d u r i c  p o p u l a t i o n  ( g e o m e t r i c  m e a n s ,  □ )  

a n d  h e a t  r e s i s t a n t  a c i d u r i c  p o p u l a t i o n  ( a r i t h m e t i c  m e a n ,  O )  d u r i n g  

a p p l e  j u i c e  a n d  c i d e r  p r o c e s s i n g  i n  1 5  p l a n t s .  A r i t h m e t i c  m e a n  u s e d  

f o r  h e a t  r e s i s t a n t  p o p u l a t i o n  t o  f a c i l i t a t e  i n c l u s i o n  o f  d a t a  f o r  

s a m p l e s  f r o m  w h i c h  n o  h e a t  r e s i s t a n t  f o r m s  w e r e  r e c o v e r e d .  A r r o w s  

i n d i c a t e  t h a t  t h e  a c t u a l  m e a n  w a s  l e s s  t h a n  t h e  p l o t t e d  v a l u e  ( i . e . ,  

n o  o r g a n i s m s  w e r e  d e t e c t e d  i n  s o m e  s a m p l e s ) .

T a b l e  2 — H e a t  r e s i s t a n t  m i c r o o r g a n i s m s  i s o l a t e d  f r o m  a p p l e  j u i c e  

a n d  c i d e r  p r o c e s s e s

Group No. of isolates

Bacteria
B a c i l l u s  b r e v i s 1
B .  c o a g u l a n s 2
G l u c o n o b a c t e r - W k e 3

Molds
A s p e r g i l l u s  spp. 6
B y s s o c h i a m y s / P a e c i l o m y c e s 7
P e n i c i l l i u m  spp. 5
Unidentified 3

Yeasts (Yeast-like)
A u r e o b a s i d i u m 4
C a n d i d a  k r u s e i 1
C r y p t o c o c c u s  a  l b  i d  u s 1
K l o e c k e r a  a p i c u / a t a 1
P i c h i a  v i n i 1
R h o d o t c r u l a  r u b r a 1
S a c c h a r c m y c e s  c e r e v i s i a e 2
S a c c h .  c h e v a l i e r i 2
S a c c h .  r o s e i 1
T o r u l o p s i s  g l a b r a t a 1
Unidentified 2

Heat treatm ents significantly reduced the microbial 
population of juice (Fig. 2). While no standard heat treat
m ent was used, juice was generally heated to >90°C . Or
ganisms were recovered from heated products that were 
subsequently refrigerated (Plants 11 and 12, Table 1), 
but not from shelf stable products (Plants 13 and 15, 
Table 1). Following heating, the refrigerated products were

F i g .  3 — D a i l y  v a r i a t i o n  i n  t o t a l  a c i d u r i c  p o p u l a t i o n ,  e n u m e r a t e d  o n  

a c i d i f i e d  p o t a t o  d e x t r o s e  a g a r  ( p H  3 . 5 ) ,  i n  a p p l e  j u i c e  f r o m  a  h y 

d r a u l i c  p r e s s  i n  o n e  o p e r a t i o n .  L i n e  r e p r e s e n t s  t h e  b e s t  f i t  r e g r e s 

s i o n  o f  a l l  d a t a ;  d a y  1 ,  2 ,  3 ,  4 ,  5  a n d  6  i n d i c a t e d  b y  □, &, •, o ,  

■ , a n d  ±, r e s p e c t i v e l y .

cooled rapidly while shelf stable products were cooled 
slowly at am bient tem perature. Apparently, the residual 
effect of heat during cooling contributed significantly to 
the to tal lethality of the process.

Heat resistant aciduric microorganisms were frequently 
isolated in apple processing operations at low levels (Fig.
2). It is probable that the selective heat treatm ent inacti
vated a portion of these organisms prior to isolation, mak
ing the initial population actually greater than that reported. 
A to ta lo f 99 isolates was found, 44 of which were verified 
to have some heat resistance. The fact that no attem pt was 
made to prom ote form ation of ascospores or o ther heat 
resistant structures prior to verification suggests that at 
least some of the unverified cultures may indeed be heat 
resistant. All verified cultures should be viewed as having 
some degree of heat resistance since a portion of the popu
lation survived at least two heat treatm ents at 70 C. How
ever, it is not possible to evaluate the degree of heat resist
ance with existing data since the initial population is un
known.

Heat resistant microbes were found in all types of sam
ples w ith the exception of filtered juice and juice with sor- 
bate. While the limited availability of these samples may 
contribute to lack of recovery, sorbate has been shown to 
influence heat survival of acidurics (Beuchat, 1981). The 
population of heat resistant acidurics was generally less 
than 1 per lOg (Fig. 2), although populations as high as 
5/g were recovered. In this instance, the isolate was an 
Aureobasidium, an organism which is not uncom m on in 
apple juice (Seibt et al., 1984). O ther isolates are listed in 
Table 2. The Bacillus spp. grew very slowly or not at all 
in apple juice. The Glucunobacter-like organisms were 
gram-negative coccobacilli, generally existing in paris and 
occasionally producing long cells or chains. Two isolates 
became gummy or mucoid with prolonged incubation. All 
of these isolates were capable of slow but definite growth in 
apple juice, and possessed unusual heat resistance for non 
sporulating species. Many of the asporogenous yeast isolates 
may be imperfect forms of sporogenous genera that have 
lost the ability to sporulate. Put et al. (1976, 1977) de
scribed a num ber of heat resistant yeasts isolated from soft 
drinks and fruit products. Heat resistance of Byssochlamys 
is well known (Splittstoesser et al., 1974), and Aspergillus 
and Penicillium  spp. have also been reported to  be heat 
resistant (Splittstoesser et al., 1971).
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It is apparent that heat resistant aciduric microorganisms 
are present in apple juice processing environments. Thermal 
death time studies are necessary to properly evaluate the 
heat resistance of these microorganisms. Data generated 
will facilitate evaluation of heat treatm ents used in the 
processing of acidic foods. Sporodic spoilage episodes do 
occur in heat treated apple juice products and will continue 
if adequate therm al processes based on the kinetics o f heat 
resistance of aciduric microorganisms are not developed.
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T I N  C O N T E N T  O F  S S  C A N N E D  G R A P E F R U I T  J U I C E . . . From page 335,

Table  7 — T in  c on te n t o f  c om m erc ia lly  canned  sing le strength grape

fru it  ju ic e  from  F lo r id a  (1979 -  1980)

Month packed

Nov. Dec. Jan. Feb.

Number
samples 15 16 16 8

Average tin
cone, (ppm) 125 107 67 51

Median tin
cone (ppm) 119 94 68 50

Range (ppm) 75-172 46-180 34-135 34-68
Average pH 3.38 3.36 3.39 3.41
Average age

(month) 6.9 5.0 2.5 1.3

A wide range of tin values was observed (34 -  180 ppm) 
and even after more than 6 m onths storage under com mer
cial conditions the average tin concentration was 125 ppm. 
None of the commercial samples exceeded the Codex Ali- 
mentarius Commissions (1978) standard of 250 ppm tin.
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E f f e c t s  o f  T o a s t i n g  o n  t h e  Q u a l i t y  o f  C a n n e d  R i c e

R. N. SHARP, M. W. KATTAN, and C. Q. SHARP

--------------------------------- ABSTRACT---------------------------------
Parboiled long grain milled rice was toasted to assess the effects of 
dry heat on the canning quality. Toasting was accomplished by ex
posing the rice to 170°C for 0, 15, 30, 45 or 60 min. Increased 
toasting time resulted in decreased whiteness and yellowness and in
creased redness, but the intensity of the color change was dimin
ished by hydration and canning. Toasting time increased the force 
required to shear the canned product; however, the rate of retro- 
gradation, as measured by amylographic viscosity, seemingly was 
unaffected by the toasting treatments. Sensory evaluations indicated 
that preferences for flavor and general appearance of the canned 
toasted rice were very individualistic.

INTRODUCTION
WAYS TO IMPROVE the utilization of rice are constantly 
being explored. In recent years, a m ethod for canning rice 
that eliminated the requirem ent for pre-soaking and pre
cooking was reported (Sharp et al., 1981). This procedure 
was further refined to provide a variety of canned rice 
products (Sharp et a l ,  1982). Rice, as some recipes suggest, 
may be toasted to  provide color and distinctive taste to 
finished food. Baked breads are sometimes toasted also 
for the purpose of flavor change and darker color devel
opm ent (Knight et al., 1982). Fellers et al. (1983) reported 
that toasting by a blast of hot air reduced the stickiness of 
medium grain rice. The toasting of rice has also been re
ported to influence the cooking quality (Sharp et al., 1984). 
This study was undertaken to  determ ine the effects of dry 
heat on the color, water uptake, texture and sensory panel 
acceptability of canned parboiled milled rice.

MATERIALS & METHODS

Product preparation
Parboiled long grain rice of the Lebonnet variety (Riceland 

Foods, Inc., Stuttgart, AR) was used throughout this study. Two 
hundred grams of rice were evenly distributed onto a 32 x 41 
cm preheated tray and placed in a mechanical convection oven at 
170°C for 0, 15, 30, 45 or 60 min. After toasting, the rice was 
allowed to air cool to room temperature. Rice was processed in 211 
x 400 R (unpigmented lacquer used to increase resistance to corro
sion or decrease bleaching effect of tin platej enamel metal cans 
according to the procedure of Sharp et al. (1982). Eight cans were 
processed from each toasting time.

Quality evaluations
A Gardner Color Difference Meter (CDM), calibrated with a 

white standard plaque (L = 92.4; a = -1.0 and b = 1.0) was used 
to measure the color of the rice both before and after canning. 
The sample cup was filled to 1 cm from the top. Color values 
recorded before canning were obtained from the dry (non-hydrated) 
rice, while the rice after canning was moist. Fifty grams of canned 
product and 50 mL deionized water were blended for 90 sec using 
an Osterizer blender to give improved precision of color evaluation. 
pH readings of the blended samples were recorded. Approximately 
lOg of drained product were dried in a mechanical convection oven 
at 68°C for 48 hr for dry matter determination.

A u th o rs  R .N . Sharp, Ka ttan , a n d  C.O. Sharp  are a f f il ia te d  w ith  the 
Dept, o f  F o o d  Science, Univ. o f  A rkansas, Faye ttev ille , A R  72701.

An untrained seven-member panel evaluated each canned rice 
product for texture, flavor and general appearance using a 5 point 
hedonic scale. Sensory evaluations were conducted in an open area 
setting. Objective texture measurements of the rice products were 
obtained using an Allo-Kramer recording shearpress with a 13 blade 
compression cell to shear lOOg of canned product.

Amylograph and water uptake
Parboiled and toasted parboiled rices were ground to 0.4 mm 

using a Cyclone Sample Mill (UD Corp., Boulder, CO). Fifty grams 
of the resulting rice flour were suspended in 450 mL of deionized 
water. The suspension was heated in a Brabender Visco/amylo/ 
graph (C.W. Brabender Instruments, Inc., South Hackensack, NJ) 
to produce amylographic pasting curves. The temperature was in
creased at a rate of 1.5°C per min from 25°C to 92.5°C over a per
iod of 45 min, held at 92.5°C for 15 min, then was returned to 
25°C over a 45 min period at a cooling rate of 1.5°C per min. The 
following reference viscosities were noted: at 92.5°C, after 15 min 
at 92.5°C and upon cooling to 25°C. Pasting temperature (first in
flection) was observed.

Water uptake ratio as a measure of severity of heat treatment 
(water uptake at 60°C divided by water uptake at 96°C) was deter
mined by the procedure described by Bhattacharya (1979).

Analysis of variance, least significant difference and correlation 
coefficients were calculated according to Steel and Torrie (1960).

RESULTS & DISCUSSION
THE COLOR OF RICE has long been claimed to be a 
major factor in the acceptability of the finished product. 
Tristim ulus color values for the rice prior to (nonhydrated) 
and after canning are shown in Table 1. The rice became 
less white (L value decreased), more red (a value increased) 
and less yellow (b value decreased) as the toasting tim e in
creased. The canned products were whiter and less red than

Tab le  1 — Tris tim u lus  c o lo r  values o f  toasted  r ice  b e fo re  an d  a fte r  
cann ing

Toasting time 
(min)

Tristimul js color values3

L a b

Before canning

0 65.7 1.7 23.4
15 57.7 7.7 25.1
30 46.6 12.5 23.0
45 42.0 13.5 20.7
60 40.2 14.1 19.3

LSD @ 5% 0.2 0.3 0.1

A fte r canning

0 77.4 -2.9 18.9
15 IS A -0.5 19.5
30 67.1 2.0 20.7
45 64.1 2.7 20.9
60 60.7 3.6 20.9

LSD @ 5% 1.4 0.3 0.4

a G ard ne r C o lo r  D iffe rence  M eter value: L  —  W h ite  = 100 , b la c k  = 
0; a —  R ed  if positive, G reen if negative; b —  Y e llo w  if positive.
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were the nonhydrated rices. The degree of yellowness was 
less for the canned rice than for the nonhydrated except 
for the 45 and 60 min toasting times. The L and a values 
for the canned rice may be different from the non-canned 
rice because of the altered physical state: dry whole kernel 
before canning, compared to hydrated rice after canning. 
Regardless of these differences, the greater the degree of 
toasting, the less white and more red the rice. The b value 
(yellowness) of the non-hydrated rice decreased as the 
intensity of the toasting increased, while the b value of the 
canned rice increased from no toasting to 30 min toasting, 
but no differences were found between canned rice prod
ucts toasted for 3 0, 45 and 60 min.

Table 2 shows the dry m atter content (g/lOOg of rice), 
shear value and pH of the canned rice product. The dry 
m atter content indicated that the toasted rice imbibed less 
water than did the nontoasted rice. A toasting time greater 
than 30 min did not significantly decrease the am ount of 
water imbibed. Although the data are not presented, the 
dry m atter content was indicative of the free liquid present 
in the can. As a general rule, the lesser the am ount of water 
imbibed by the rice, the greater the force required to 
shear the rice. Data shown in Table 2 agree with these 
generalities except the canned product toasted for longer 
than 30 min continued to  increase in force required for 
shearing although there was no difference in water imbibi
tion.

Statistical differences in the pH of the canned products 
were not found. The low pH of the finished product was 
due to pH adjustm ent and control as specified in the can
ning m ethod (Sharp et ah, 1981). The toasting treatm ent 
did not prom ote kernel changes that significantly affected 
the final product pH.

The sensory panel did not register preference between 
products in flavor and general appearance; however, indi
vidual panelists showed definite preferences. The lack of 
agreement among panelists depicted varied individual food 
choices. Panelists were not asked to discern the differences 
between the samples, only to give their like or dislike for 
each sample. Objective texture measurem ents (shear values) 
indicated a significant difference between toasting times,

Table 2 —E ffe c t  o f  tim e o f  toasting  on  the p e rcen t d ry  m atter, shear 

fo rce  a n d  p H  o f  canned  rice

Toasting time 
(min)

Dry matter 
(g/100g of rice)

Shear value 
(lb) pH

0 21.7 44 4.4
15 22.9 59 4,4
30 23.7 67 4.3
45 24.0 70 4.4
60 24.1 76 4.3

LSD @ 5% 0.5 2 NS

Table 4 - E f f e c t  o f  degree o f  toasting  
o f  rice

on  the water up take  ra t io 3

Toasting time 
(min) Water uptake ratio3

0 0.409b
15 0.456
30 0.474
45 0.490
60 0.509

LSD @ 5% 0.011

3 W ater uptake  60°C /w ate r uptake  96°C . 
b Average o f trip licate  values.

but preference evaluations were so individualistic that dif
ferences between samples were overshadowed.

Correlation coefficients were developed between tri
stimulus color values of the toasted rice (bo th  before and 
after canning) and selected quality evaluations of canned 
rice (Table 3). L (whiteness) and a (redness) CDM values 
were significantly related to  shear value, dry m atter content 
and subjective texture values, but were not significantly 
related to subjective ratings for flavor and general appear
ance. The redness of the toasted rice was more highly asso
ciated with shear value, dry m atter content and subjective 
texture of the canned rice than was the whiteness. The 
degree of yellowness of the non-hydrated rice was not sig
nificantly related to any of the selected quality attributes. 
All three tristimulus color values of the canned rice were 
significantly related to  shear value and dry m atter content. 
CDM a and b values of the canned products were postively 
associated with subjective texture. None of the color values 
was significantly related to  subjective flavor and general 
appearance ratings.

The pitfalls in correlating sensory and objective evalua
tions (Noble, 1975; Trant et ah, 1981) are recognized; 
therefore, cause and effect associations are not intended 
in the presentation of these data. The relationships be
tween color development during toasting and factors im
portant to preference warrant reporting these calculations.

Bhattacharya (1979) studied relationships between 
water uptake and severity of heat treatm ent during par
boiling. Raw rice had a water uptake ratio of 0.04 -  0.05 
while the water uptake ratio of severely parboiled rice was 
as high as 0.50. Water uptake indicated that the nontoasted 
rice was well parboiled and showed an increase in water 
uptake ratio with increased toasting times (Table 4). Raw 
data, from which the ratio was calculated, showed that 
water uptake at 60 C increased and at 96 C decreased as 
rice received more severe heat treatm ent. These findings are 
in agreement w ith those reported by Bhattacharya (1979).

—C o n tin u e d  on page 381

Tab le  3 —C o rre la tion  c o e ff ic ie n ts  betw een  tr is tim u lus  c o lo r  values o f  
toasted  rice  an d  se lected  q u a lity  eva lua tions o f  canned  rice

Color
value3

Dry
matter Texture Flavor

General
appearance

Before canning

L -0.97** -0.98** -0.93* 0.05 -0.85
a 0.99** 0.99** 0.95** --0.03 0.84
b -0.68 0.69 -0.58 0.20 -0.67

A fte r canning

L -0.98** -0.95** -0.86 0.17 -0.86
a 0.96** 0.98** 0.92* -0.11 0.85
b 0.98** 0.96** 0.97** --0.04 0.78

a G ardne r C o lo r  D iffe rence  M eter value: L  —  w h ite  = 100, b lack  = 
0; a —  redness; b —  ye llow ness.

* , * * S lg n i f lc a n t  at P <  0 .05  and  0 .01 , re spective ly  (df = 3).

Table 5 —E ffe c t  o f  degree o f  toasting  on  the v iscos ity  o f  r ice  f lo u r

Amylographlc viscosity (B.U.)a
Toasting

time
(min)

Pasting
temp
(°C) 92.5°C

92.5°C 
after 15 min

After cooled 
to 25° C

0 71b 520b 465 1165
15 78 185 250 570
30 77 155 240 535
45 77 125 215 500
60 78 110 180 450

3 B .U . = B rabend e r Units.
0 L im ite d  sam p le  size a llow ed  o n ly  s ing le  d eterm inations.
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M a l t i n g  o f  H u l l e s s  B a r l e y  C u l t i v a r s  a n d  G l e n l e a  

( T .  a e s t i v u m )  U t i l i t y  W h e a t

T. SINGH and F. W. SOSULSKI

-------------------------------- ABSTRACT----------------------------------
Malting of hulless barley cultivar, Scout, and Utility wheat, Glenlea, 
was compared with the hulled barley, Harrington. Hulless barley 
showed faster steeping rate than either Harrington or wheat culti
vars. Gibberellic acid, applied by steeping in 1 ppm solution, and 
germination for 2-8 days significantly increased ce-amylase activity 
of Scout and Glenlea cultivars and their extract yields were 4-6% 
higher than Harrington malts. The 2-day Scout malts produced 
highly viscous extracts. Desirable viscosity (5500 cPs) was obtained 
from 5-day malts.

INTRODUCTION
IN RECENT YEARS, malting of cereals other than hulled 
barley has attracted atten tion  (Pomeranz et al., 1973, 1975; 
Sethi and Bains, 1978; Nout and Davies, 1982; Singh et al., 
1983; Singh and Bains, 1984). This is because of economic 
consideration and local availabilities. Malting of hulless 
barley has been studied to  a limited extent (Ballesteros and 
Piendl, 1975; Rennecke and Sommer, 1979). The hulless 
barley cv. Scout and the utility  wheat cv. Glenlea are rela
tively low in price and high in protein and starch contents, 
and are mainly used as feed grains. The purpose of this 
study was to  compare malting of both hulless cultivars with 
hulled barley, Harrington; and to  characterize concentrated 
extracts for use as food malts.

MATERIALS & METHODS
TWO-ROW BARLEY, Hordeum vulgare L. cv. Harrington (hulled), 
cv. Scout (hulless), and utility wheat (Triticum aestivum L.) cv. 
Glenlea were obtained from the University of Saskatchewan, Cana
da. The samples represented commercial seed with 95-98% germina
tion.

Germination energy and water sensitivity
Duplicate samples of 100 kernels each were germinated on What

man No. 1 filter paper, in 9 cm petri dishes containing 4 and 8 mL 
water (Briggs et al., 1981) at 15°C for 72 hr. The number of kernels 
which germinated in petri dishes containing 4 mL water was re
ported as germination energy, and the number of those found re
sistant to germination in the presence of 8 mL water, was expressed 
as water sensitivity.

Steeping characteristics
Ten gram samples were steeped in water at 15°C for 72 hr. The 

weights of the steeped kernels were noted at various intervals and 
the increase in weight of each sample was recorded. The percentage 
of water uptake against steeping time was plotGd on semi-log paper.

Experimental malting
Weighed lot (120g) of each variety was steeped in water at 15°C 

to a moisture content of 44%, adopting the steeping times as shown 
by the linear curves. The steeping water was changed after every 
24 hr, followed by an air-rest of 1 hr. Gibberellic acid was applied

A u th o rs  S ingh an d  S osu lsk i are w ith  the Dept, o f  C rop  Sc ience  &  
P la n t E co lo g y , Univ. o f  Saskatchew an, Saskatoon, Canada, S 7 N  
OWO. A u th o r  S ingh 's p resen t address is Dept. F o o d  Sc ience  &  Tech 
no logy , Pun jab  A g r icu ltu ra l Univ., L u d h ian a  141004, India.

by finally steeping respective lots in 1 ppm solution for 4 hr. To 
obtain under-, optimum- and over-modified malts, the lots were 
germinated for 2, 5 and 8 days at 15°C (R.H., 95%) respectively. 
The green malts were dried in an air oven at 55°C for 20 hr, fol
lowed by kilning at 85°C for 4 hr, and cooling to 20°C. The roots 
were removed by rubbing with hand, and their weights recorded. 
Malting losses were expressed on basis of dry matter in the grain.

Extract yield and wort quality
The malt samples were mashed according to the AOAC method

(1975). Conversion time was recorded by stirring a drop of the mash 
with iodine solution on a white porcelain plate. Extract yield was 
determined from the specific gravity (20°C/20°C) equivalent of the 
filtered wort from the Plato tables of AOAC (1975). The results are 
expressed as % extract

Color of the worts was determined using a photo colorimeter 
and results were expressed as absorbance at 430 nm (AOAC, 1975). 
Total reducing sugars in the worts (% maltose) were determined by 
using 3,5-dinitrosalicylic acid reagent (Bernfeld, 1955). Titratable 
acidity (% lactic acid) was estimated by the method of ASBC
(1958), and free a-amino nitrogen (mg L- 1 ) using ninhydrin (Lie, 
1973). Modification index was calculated by expressing the soluble 
N in wort as percent of total N in malt.

Malt extract
The worts were concentrated under vacuum at 35°C (Briggs,

1978) and evaluated for color (10% solution), titratable acidity, 
reducing sugars and protein (% N x 6.25) contents. The viscosity of 
extracts was determined at 30°C using the Haake rotoviscometer 
(RV2) and expressed as centipoise (cP).

Moisture, protein, starch and diastatic power as degrees Lintner 
(°L) were determined by the AOAC procedures (AOAC, 1975); 
kernel weight by the ASBC method (1958) and the ash content by 
the AACC method (1969). Alpha-amylase activity in the malts was 
determined by the ICC colorimetric method (Perten, 1966) using 
/3-limit dextrin substrate. The results are expressed in Sandstedt, 
Kneen and Blish Units (SKB)/g.

The samples were analysed in triplicate and results examined 
statistically by the analysis of variance (Steel and Torrie, 1960) with 
least significant difference (LSD) as the criteria. The relationship 
between the characteristics of malts, worts and extracts was deter
mined by calculating coefficients of correlation (r) between the 
variables.

RESULTS & DISCUSSION
KERNEL WEIGHT of Harrington, despite 10.4% husk, was 
similar to  tha t of Glenlea wheat (Table 1). It was higher 
than that of Scout, which contained more protein. How
ever, Glenlea had more starch than Harrington and Scout 
barleys. Harrington barley showed greater water sensitivity 
than Glenlea and Scout, which were negligibly sensitive.

Steeping characteristics
During the first 9 h r of steeping, the water uptake of the 

three varieties was rapid, and afterwords, relatively slow 
(Fig. 1). The hulless barley consistently absorbed more 
water for similar steeping times. The samples for malting 
were steeped to  44-45% moisture by adjusting the time.

Malting loss
There were marked differences in the malting losses, 

which depended more on the duration of germination,
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Table 1 — Grain characteristics o f barley and wheat, dry basis

Cultivar

1000-kernel 
w t.
(g)

Protein
(Nx6.25)

(%)
Starch

(%)
Ash
(%)

Germination
(%)

WSa
(%)

Barley

Harrington-hulled 43.4 14.9 60.4 2.1 98 6

Scout-hulless 38.1 17.2 63.0 2.1 98 1

Glenlea-utility wheat 44.1 15.1 68.5 1.9 95 3

a W S  =  W ater sen sit iv ity

Fig. 1—Water uptake by Harrington and Scout barley and Glenlea 
wheat kernels during steeping at 15° C.

being higher in 8-day malts than in 2- and 5-day malts (Fig.
2). Malting loss of gibberellic acid-treated samples was more 
than that of the control. The hulless barley and utility 
wheat malting losses were similar to  those of Harrington. 
Malt yields were invariably higher when germination was 
for 2 days.

Amylolytic activity
The diastatic power of 5-day Harrington malts, with and 

w ithout gibberellic acid, varied from 93 to  107 degrees 
Lintner ( L) (Table 2). This was within the range of com
mercial malts o f two-row barley (Briggs et ah, 1981). The 
diastatic power of Scout barley and Glenlea wheat malts 
was somewhat lower than tha t of the standard. The diastatic 
activity of malts was affected more by the duration of 
germination than by gibberellic acid. The 2-day malts 
generally showed poor a-amylase activity which increased 
several fold in 5- and 8-day malts (Table 2). The response of 
Harrington barley to  exogenous gibberellic acid was negligi
ble compared to  the increase in the a-amylase activity of 
Scout and Glenlea malts. Application of gibberellic acid to  
the 2-day malts significantly increased the a-amylase ac
tivity, which was relatively low in case of 5- and 8-day ger
minated malts.

Extract yield and wort quality
The extract yield of 5-day Harrington malts w ithout 

gibberellic acid was 80.5% as compared to  83.9% and 82.4%

GERMINATION TIME (DAYS)

Fig. 2—Effect o f germination and gibberellic acid (G A) on malting 
loss o f Harrington and Scout barley(s) and Glenlea wheat.

of Scout and Glenlea malts, respectively (Table 3). The 
higher extract yield of malts of hulless cultivars than those 
of hulled barley malts may be attribu ted  to  their higher 
starch contents. Gibberellic acid significantly increased the 
extract yield of Scout and Glenlea malts accompanied by 
an increased a-amylase activity.

Conversion tim e of 2-day malts was longer than the 5- 
and 8-day malts, possibly due to  their lower a-amylase 
activity (Fig. 3). Glenlea malts took considerably longer 
tim e for conversion during mashing than either Harrington 
or Scout malts. O loff and Piendl (1978) reported consider
ably longer conversion times for wheat malts than for 
barley malts.

The color o f Harrington and Scout worts was com para
ble and lighter, whereas that o f Glenlea malts was darker 
(Fig. 4). The worts of gibberellic acid-treated malts were 
relatively darker than the controls. The soluble nitrogen in 
the 2-day malt worts varied from  0.52-0.55% (Table 4), 
which increased further as germ ination was extended. The 
gibberellic acid malt worts contained more soluble nitrogen
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MALTING OF HULLESS B A R L E Y  CU LTIVARS . . .

Table 2—Effect o f germination and gibberellic acid (GA) on diastatic power (DP) and a-amylase (AA) activity of malts, dry bases

Germination
(days) Harrington

DP
<° L)a

Scout Glenlea Harrington

AA
(SKB/g)b

Scout Glenlea

Control
2
5
8

GA
2
5
8

LSD (0.05)

63
93

103

84
107
105

12

41
79
91

70
80
92

12

52
86
86

71
92
95

18

3.9
26.9
39.1

7.5
30.1 
40.0

2.4

2.7
18.8
29.2

10.0
28.1
34.1

2.4

2.3 
19.9 
27.1

6.2
30.4
39.0

3.4
a ° 
b L  =  Degree L in tn e r

S K B  = Sand sted t, Kneen , and  B lish  un its  o f a -am yla se

Tab le  3 —E ffe c t  o f  germ ina tion  an d  g ibb e re llic  a c id  (G A ) on  e x tra c t  

y ie ld  o f  malts, d ry  basis

Germination
(days)

Extract yield (%)

Harrington Scout Glenlea

Control
2
5
8

GA
2
5
8

LSD (0.05)

76.5
80.5 
80.0

78.0
82.3
81.2

1.7

80.1
83.9
84.2

83.7
85.8
86.9

1.7

79.6 
82.4 
82.9

84.2
87.6 
86.0
2.5

than controls and two-row barley commercial malts I Briggs 
et al., 1981). The worts of Harrington, Scout and Glenlea 
cultivars had about the same am ounts o f soluble nitrogen, 
despite differences in their protein contents. I t is likely that 
either lower proteolytic activity/or resistance of Scout 
protein to  proteolysis were responsible for this situation. 
Pomeranz et al. (1975) reported that w ith an increase in 
to ta l protein in barley, the increase in soluble protein was 
less than the increase in storage protein. A higher propor
tion of storage protein in Scout barley evidently resulted in 
lower soluble nitrogen levels in the wort. The reducing 
sugars in the worts showed negligible differences (Table 4). 
Titratable acidity values of the worts of gibberellic acid- 
treated malts were about the same but higher than those of 
control worts. A statistically significant correlation between 
titratable acidity and reducing sugar values of the worts was 
obtained (r = +0.75, p <  0.01). According to  Briggs et al. 
(1981) organic acid are produced during the respiration 
process from  reducing sugars. These acids ultim ately find 
their way in the wort. The am ount o f free a-am ino nitrogen 
was significantly lower in the worts of Glenlea malts than 
in the worts of Harrington malts. Worts of gibberellic acid- 
treated malts had about the same free a-am ino nitrogen 
contents. The relationship between m alt protein vs wort 
a-am ino nitrogen was nonsignificant.

The correlation between the values for modification 
index of worts vs soluble nitrogen (r = +0.64, p <  0.01) and 
free a-am ino nitrogen (r = + 0.90, p <  0.01) was statistical
ly highly significant. Modification of the malts depended on 
germination and the application of gibberellic acid (Table 
5). The 5- and 8-day Harrington malts, w ithout gibberellic 
acid, were adequately modified, wherease Scout and Glen
lea malts were under- and over-modified, respectively. The

GERMINATION TIME (DAYS)

Fig. 3 —E f fe c t  o f  g e rm ina tion  a n d  g ib b e re llic  a c id  (G A ) trea tm ent on  

convers ion  tim e (m in) o f  m a lt p repa red  from  H a rr in g ton  a n d  S cou t  
barley(s) a n d  G len lea wheat.

5- and 8-day malts o f Harrington and Glenlea wheat were 
significantly over-modified by gibberellic acid as compared 
to  Scout malts.

Malt extract

The com position of concentrated ex tract o f various 
malts is shown in Table 6. Increased protein contents, re
ducing sugars and titratable acidity were the artifacts of 
concentration of the malt worts. The color of the Glenlea 
malt extracts was darker than tha t of Harrington or Scout 
barley malts (Fig. 5). Wort color values were highly cor
related with the color of the extracts (r = + 0.96, p <  0.01). 
The differences in protein contents o f the extracts were the 
results of the degree of modification of malts and free a- 
amino nitrogen of worts. Highly significant correlations 
were obtained between protein content o f the concentrates 
and the values for the m odification index of malts (r = + 
0.97,p <  0.01), and the free a-amino nitrogen of w orts (r = 
+ 0.93, p <  0.01).
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Table 4—Effect o f germination and gibbereiiic acid (GA) on quality of worts

Germination

Soluble N 
(%)

TRSa as maltose 
(%)

TAb as lactic acid 
(%)

FAN^L^1
(mg)

(days) Harrington Scout Glenlea Harrington Scout Glenlea Harrington Scout Glenlea Harrington Scout Glenlea

Control
2 0.55 0.52 0.53 6.3 6.4 6.1 0.08 0.12 0.09 121 114 88
5 0.86 0.84 1.18 7.1 7.2 6.9 0.11 0.14 0.12 183 182 154
8 1.10 1.02 1.13 7.4 7.3 7.0 0.15 0.16 0.13 237 192 157

GA
2 0.77 0.83 0.99 6.9 7.0 6.7 0.10 0.14 0.11 164 155 144
5 1.29 1.17 1.43 7.3 7.4 7.4 0.18 0.20 0.18 270 216 259
8 1.43 1.50 1.53 7.4 7.6 7.9 0.22 0.25 0.21 320 288 303

LSD (0.05) 0.17 0.17 0.25 0.3 0.3 0.4 0.04 0.04 0.05 24 24 34

a T R S  =  T o ta l red uc ing  sugars.
■? T A  = T itra tab le  acid ity . 
c F A N  =  F ree a -am in o  n itrogen.
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GERMINATION TIME (DAYS)

Fig. 4—Effect o f germination and gibbereiiic acid (GA) treatment on 
color intensities o f worts prepared from malts o f Harrington and 
Scout barley (s) and Glenlea wheat.

The extracts of 2-day Glenlea malts w ithout gibbereiiic 
acid had lower viscosities than those of similar malts from 
Harrington or Scout barley (Fig. 6). The varietal differences 
in the viscosities of the extracts diminished as germination 
was extended to  5 and 8 days. The desirable viscosity (5500 
cPs) for commercial purposes (Anon., 1983) could be 
obtained from 5-day m alt extracts. Exceptionally high vis
cosities of 2-day barley m alt extracts were attributed  to 
undergraded (3-glucans released from the endosperm walls 
by the proteolytic anzymes (Bam forth et al., 1979). 
Aastrup (1979) reported th a t |3-glucans released during the 
initial state of malting accounted for the high viscosities of 
the extracts. Degradation of (5-glucans by the enzyme ./?- 
glucanases during prolonged germination and during mash-

Table 5—Effect o f germination and gibbereiiic acid (GA) on modifi
cation index (Mi) o f malts

Mla

(days) Harrington Scout Glenlea

Control
2 24.1 20.1 21.9
5 38.1 32.2 44.5
8 48.4 38.1 46.4

GA
2 33.6 31.8 41.2
5 57.3 44.2 58.8
8 61.6 55.6 61.9

LSD (0.05) 7.2 7.2 10.1

, S o lu b le  w o rt  N
a M l = ------------------------x 100

T ota l m alt N

GERMINATION TIME (DAYS)

Fig. 5—Effect o f germination and gibbereiiic acid (GA) treatment on 
color intensities o f 10% solution o f extracts prepared from malts 
o f Harrington and Scout barley(s) and Glenlea wheat.
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Table 6—Effect of germination and gibberellic acid (GA) on quality o f concentrated malt extracts

Protein (Nx6.25) 
(%>

TRSa as maltose 
(%)

TAb as lactic acid 
(%)

(days) Harrington Scout Glenlea Harrington Scout Glenlea Harrington Scout Glenlea

Control
2 3.6 3.4 3.3 58.3 55.3 58.1 0.66 0.99 0.76
5 5.4 5.0 5.8 58.7 59.1 58.2 0.89 1.04 1.05
8 6.9 5.9 6.1 60.2 61.4 57.9 1.22 1.22 1.18

GA
2 5.0 4.7 5.7 58.5 57.0 59.2 0.87 0.95 1.02
5 7.6 6.7 8.6 58.6 60.1 57.8 1.32 1.36 1.45
8 8.8 8.5 9.3 60.8 62.7 57.0 1.72 1.88 1.60

LSD (0.05) 1.0 1.0 1.4 1.8 1.8 2.5 0.23 0.23 0.32

a T R S  =  Tota l red uc ing  sugars. 
D T A  =  T itra tab le  acid ity .

6 0 .0 0 0

5 0 .0 0 0
\
\
\

4 0 .0 0 0  i-

--------------- 1------------------------------- ! “ I

-----  UNTREATED

-----GIBBERELLIC
ACID-TREATED

O HARRINGTON 

A SCOUT 

□ GLENLEA

GERMINATION TIME (DAYS)

Fig. 6—Effect o f germination and gibberellic acid (GA) treatment on 
viscosity (cPs) o f extracts prepared from malts o f Harrington and 
Scout barley(s) and Glenlea wheat.

ing has been stated to  reduce the viscosity (Bam forth and 
Martin, 1983). Concentrates from  wheat malts under ana
logous conditions were no t as viscous because of lower |3- 
glucan content in wheat malt than in barley (Prentice et al., 
1980). On the other hand, the concentrates of gibberellic 
acid-treated 2-day Scout malts showed striking reduction in 
the viscosity. According to  Jones (1971), gibberellic acid 
enhanced the reslease of /3-glucanases from the aleurone 
cells. Possibly, there could be an early release of /3-gluca- 
nases in the case of Scout barley, producing less viscous 
concentrates from the 2-day malts.

S U M M A R Y

enzymatic, food malts, colored and acid malts should be 
considered. A concentrated extract for food purposes has 
practical possibility e.g. the 2-day malts w ithout gibberellic 
acid but with relatively high viscosity might be advantage
ous to use in the form ulation of gums, candies and other 
similar products. Glenlea wheat, being higher yielding and 
lower in price, could be profitably used for malting.
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MALTS of quality comparable to Harrington (malting 
barley) can be prepared from hulless cultivars with higher 
yields. Though the suitability of Scout barley for preparing 
brewer’s m alt has to  be established, its use for preparing
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E f f e c t s  o f  P r o c e s s i n g  o n  A f l a t o x i n  L e v e l s  a n d  o n  M u t a g e n i c  

P o t e n t i a l  o f  T o r t i l l a s  m a d e  f r o m  N a t u r a l l y  C o n t a m i n a t e d  C o r n

RALPH L. PRICE and KAR EN V. JORGENSEN

----------------------------------------- A B S T R A C T -----------------------------------------

Naturally contaminated corn containing 127 Mg total aflatoxin per 
kg was divided into kg samples and treated with Ca(OH)2 for mak
ing tortillas. The treatments varied in % Ca(OH)2, boiling time, and 
holding time. Samples were taken after each processing step. Afla
toxin levels and mutagenic activity of acetone extractions of alka
line and reacidified products were measured. All treatments caused 
a decrease of aflatoxin (up to 46%); however, acidifying products 
prior to analysis caused reformation of much of the original afla
toxin. All treatments also effected a decrease in the mutagenic 
potential of the products, except for that of the acidified tortillas 
which was higher than that of the control corn. The tortilla manu
facturing process may not be as effective in aflatoxin destruction 
as originally surmised.

IN T R O D U C T IO N

ALTHOUGH it has long been assumed that the boiling and 
soaking of corn in lim ewater during the initial stages of 
tortilla m anufacture would eliminate or greatly reduce the 
levels o f aflatoxin in the final product (Stoloff, 1979), 
the report tha t several lots of tortillas purchased in the 
Mexico City area contained 50 -  200 /zg aflatoxin per kg 
(Martinez, 1979) raised questions about the efficacy of 
previous testing procedures. In this laboratory, five com 
monly used tortilla m anufacturing m ethods caused nearly 
com plete disappearance of aflatoxin Bj which had been 
applied in ethanol to  the surface of corn to  give a level 
of 100 pig AFBj per kg, (Price and Sanchez, 1979). Ulloa- 
Sosa and Schroeder (1969) showed an apparent 74% de
crease in aflatoxin during tortilla m anufacture from white 
corn which had been sterilized, innoculated with Aspergil
lus flavus and then incubated for 5 days. Naturally contam i
nated corn was not used, and biological tests were not con
ducted in either study. When tortillas from  commercial 
sources or the naturally contam inated com  used in their 
m anufacture were fed to ducklings, considerable weight 
loss and liver damage indicative of aflatoxicosis occurred 
(M artinez, 1979). No adverse effects were found in the 
ducklings fed noncontam inated corn or tortillas.

In none of the previous studies was the processed prod
uct acidified (as would occur in the hum an stom ach) prior 
to  analysis. Reform ation of aflatoxin from base-treated 
media has been shown to occur upon acidification (Parker 
and Melnick, 1966). This reform ation may account for the 
greater damage tc  the ducklings in the study by Martinez
(1979) than would have been expected from the apparent 
am ounts of aflatoxin ir. the tortillas.

The purpose of the present study was to  determ ine the 
effect o f five different processing m ethods on aflatoxin 
in tortillas made from naturally contam inated corn, the 
effects o f acidification of the tortillas such as may occur in 
the monogastric stom ach, and the mutagenic activity of 
the products using the Ames microsomal mammalian 
mutagen assay.

Authors Price and Jorgensen are affiliated with the Dept, o f Nutri
tion & Food Science, Univ. o f Arizona, Tucson, A Z  85721._______

M A T E R IA L S  &  M E T H O D S

Tortilla manufacture
Naturally contaminated yellow corn containing an average of 

127 Mg aflatoxin/kg was obtained from the Univ. of Arizona Experi
ment Farm in Marana, AZ. The corn was divided into 1 kg samples 
and treated according to the following conditions: (1) 1 kg corn, 
lOg Ca(OH)2 (1% by weight of corn), 3L water, boiled for 20 min 
and allowed to soak overnight (15 hr) (Bazua et al., 1979). (2) 
Same as #1 except the corn was allowed to soak for 15 hr and then 
was boiled for 20 min. (3) Same as #1 except the corn was not 
boiled but allowed to soak for 15 hr. (4) 1 kg corn, 125g Ca(OH)2 
(12.5% w/w), 1.6L water, boiled for 1 hr and allowed to cool for 
1 hr (Ulloa-Sosa and Schroeder, 1969). (5) 1 kg corn, 7.5g Ca(OH)2 
(0.75% w/w), 3L water, cooked for 75 min and allowed to soak for 
24 hr.

Corn from treatments 1 - 4  was rinsed thoroughly with water 
prior to grinding. Corn from treatment #5 was not rinsed. All alka
li-treated corn (nixtamal) was ground using an hand-operated 
Aztec molino Grinder. The dough (masa) (50g) was made into 
tortillas and cooked on a flat plate for approximately 1 min on each 
side. Samples of corn (200g each) taken after cooking and soaking 
were ground and divided into subsamples for subsequent analyses. 
Samples of masa and tortilla (200g each) were divided into sub
samples and analyzed directly. A 50 mL water sample was taken 
after each processing step.

Chemical analysis
Prior to analysis all samples were randomly coded. Analysis of 

corn samples was according to Thean et al. (1980) and analysis of 
water was according to AOAC Official Method 26.A l0-26.14(a). 
All samples were analyzed prior to and after treatment with 0.1N 
HC1. Aflatoxin content was determined by TLC visual quantitation. 
All analyses were run in duplicate.

The pH of a 5-g sample homogenized in 50 mL distilled water 
was monitored after each stage of processing and after each phase of 
the extraction. The moisture of samples was determined by drying 
them in a vacuum oven at 60°C until weights were constant. Afla
toxin levels were calculated on a dry weight basis.

Ames test procedure
Prior to testing all samples were randomly coded. Five gram corn 

samples were twice extracted with acetone, the solvent of choice in 
AOAC Official Method 26.A03 for aflatoxin extraction, in a ratio 
of 1:5 (w/v) according to Felton et al. (1981). The extract was 
placed in the freezer (-4°C) for 18 hr to allow proteins to precipi
tate. The extract was filtered, and the acetone was removed using a 
rotary evaporator. The residue was transferred with a minimum 
amount of acetone to a 2 dram vial, and the acetone was evaporated 
using a stream of nitrogen. The final residue was dissolved in 500 pL 
DMSO for assays.

Salmonella typhimurium strains TA 98 and TA 100 were iso
lated from frozen cultures to low spontaneous reversion rate colonies 
and stored according to the procedure of Ames et al. (1975).

Each sample was tested in duplicate for mutagenicity with each 
strain according to the procedure of Ames et al. (1975). Fifty 
mL of each extract were applied in DMSO to each culture plate. 
AFBj in DMSO in amounts from 10 -  500 Mg was used for the 
standard control plates. Control plates were run with each set of 
samples. The number of spontaneous revertants on the control 
plates was subtracted from the number of revertants on each sample 
plate.

A 3-say statistical analysis of variance was computed; differ
ences between means were tested for signifciance using least signifi
cant differences at p < 0.05% (Steel and Torrie, 1960).
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TORTILLA PROCESSING EFFECTS ON A F L A T O X IN . . .

RESULTS & DISCUSSION
EACH OF FIVE different m ethods for tortilla m anufacture 
was effective in reducing aflatoxin levels in naturally 
contam inated corn. Acidification of samples prior to  an
alysis caused reform ation of a major part o f the aflatoxin. 
Mutagenicity of acetone extracts was also decreased by the 
treatm ent of the corn with alkali and increased by acidifi
cation of the products prior to  extraction.

Chemical analysis
Moisture levels o f the products of the different stages of 

the process were corn, 12%, nixtamal, 60%, masa, 60%, 
and tortillas, 51%.

Levels of aflatoxin found at various stages during m anu
facture of tortillas from naturally contam inated corn by 
five different m ethods are shown in Table 1. Results indi
cate that there was a significant reduction of aflatoxin by 
all treatm ents at most stages of m anufacture. The most 
effective m ethod of treatm ent was treatm ent 5, a com mer
cial process used locally. The 20 -  46% decreases in this 
study are no t as great as those reported in previous studies 
(Price and Sanchez, 1979; Ulloa-Sosa and Schroder, 1969; 
Martinez, 1979); these differences may be a result of our 
using naturally contam inated corn in which the aflatoxin 
was distributed throughout the kernel (Shotwell et al.,
1974) where it is somewhat protected from the action of 
alkali and heat or from oxidation of the open ring form. 
Destruction of aflatoxin by limewater has been shown 
to be more effective if the aflatoxin is on or near the sur
face of the kernel (Price and Sanchez, 1979; Ulloa-Sosa and 
Schroder, 1969).

Acidification of the samples (such as would occur in the 
human stomach) prior to analysis indicates that much of 
the aflatoxin reduction was not perm anent, and that acid 
probably caused a reform ation of the aflatoxin by closing 
the open lactone ring. In every case, the acidified samples 
had higher levels of aflatoxin, and the differences between 
the acidified and nonacidified samples were highly signifi
cant. Aflatoxin degradation between 23% (m ethod 5) and 
46% (m ethod 2) occurred in the final products. Although 
Parker and Melnick (1966) found nearly 100% reconver
sion by acidifying an alkali-treated aquous m ethanol solu
tion of A FB j, in this experim ent, reconversion was less 
than 100%. This was probably a result of further degrada
tion of the calcium salt of the aflatoxin similar to that seen 
by Coomes et al. (1966), in which disappearance of afla-

toxin paralleled a decrease in toxicity of autoclaved, con
tam inated groundnut meal to ducklings. Since levels of 
aflatoxin in the nixtam al and the masa in all m ethods 
were nearly as high as those in the original corn, the cook
ing of the masa to  form tortillas contributed to  the greater 
part of the degradation. Aflatoxin destruction during all 
stages of these processing m ethod was much less than ex
pected.

Th pH of the limewater in which the corn was soaked 
and boiled was approxim ately 13; the pH of the slurries 
of the nixtamal, masa, and tortilla were approxim ately 11 
for all treatm ents. This indicates that enough lim ewater was 
imbibed by each kernel to raise the pH from neutral to  
alkaline. Under these conditions, most o f the aflatoxin 
would be expected to be found as the calcium salt and 
would not be extracted during analysis nor detected by 
com mon methods. The pH of the slurried samples to  which 
acid had been added was approxim ately 6; during analysis 
the pH dropped to 5 and remained constant thereafter.

Both acidified and alkaline water samples showed less 
than 5 ppb to tal aflatoxin. Even though the opening of the 
lactone ring would increase the solubility o f the aflatoxin, 
Beckwith et al. (1975) found that AFBj treated with weak 
bases bound to corn constituents by electrostatic and/or 
hydrogen binding interactions. Therefore, it would not be 
extracted to any extent into the lim ewater washes and 
would remain with the corn. Subsequent chemical m anipu
lations during analysis would be sufficient to separate the 
aflatoxion from the corn constituents.

Mutagenicity
Although the bacterial tester strain, TA 98, is normally 

used to test frameshift mutagens such as aflatoxin and its 
metabolic derivatives (Wong and Hsieh, 1976), in this 
study TA 100, a base pair substitution bacterial tester 
strain, was equally effective in testing mutagenicity of to r
tilla acetone extracts.

Acetone extracts taken from the corn and from the alka
line and acidified products showed mutagenic activity 
using the Ames test w ith both strains TA 98 and TA 100 
(Table 2). These results show th a t the tortilla-making proc
ess was effective in decreasing the mutagenic activity; 
acidification of the alkali-treated samples caused an increase 
in mutagenic activity.

Although the mutagenic activity of the acetone extracts 
of both the masa and tortillas produced by treatm ent 3

Table 1—Effect of tortilla manufacturing process on aflatoxin levels (gg/kga) in naturally contaminated cornb

_____________________________________ Stage of processing___________________________

Treatment Raw Corn Cooked Nixtamal Masa Tortilla

Alkaline Acidic Alkaline acidic Alkaline Acidic Alkaline Acidic

(1 ) Cook 20 min in 
0.33% limewater, 
15 hr soak, rinse

135a 74c 98c 89b 108b 60s 96c 62bc 93b

(2) Soak 15 hr in 
0.33% limewater, 
20 min cook, rinse

142a 93b 140a 120a 132a 72cd 117b 58c 77c

(3) Soak 15 hr in 
0.33% limewater, 
no cooking, rinse

145a uncooked 120a 137a 125a 139a 67 ab 84bc

(4) Cook 1 hr in 
7.8% limewater, 
cook 1 hr, rinse

142a 105a 122b 120a 137a 115b 137a 74a 113a

(5) Cook 1 hr, in 142a 89b 120b 91b 132a 77a 137a 38d 110a
0.25% limewater, 
soak 24 hr, no rinse

Calculations based on dry weight of corn or corn product.
D Means within columns sharing the same letter are not significantly different (P < 0.05)
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was significantly higher than that o f other treatm ents 
(likely due to the higher aflatoxin levels of these sam
ples), the mutagenicity of samples from treatm ent 3 was 
increased only slightly by acidification. M utagenicity of 
the extracts from the other treatm ents increased sub
stantially and in the case of the tortillas, was significantly 
greater than extracts from the "unprocessed control corn. 
This could be due to  the cooking process and the changes 
in the corn as a result of the process o f making tortillas. 
Bresanni and Scrimshaw (1958) and Bresanni et al. (1958) 
found that significant changes in the carbohydrates, vita
mins, proteins and specific amino acids (such as serine, leu
cine, cystine, arginine and glutamic acid) occur in com  
during tortilla manufacture. Sugimura and Nagao (1979) 
found that mutagenic com pounds were produced during 
the cooking of foods. They also showed that pyrolysis of 
certain amino acids (serine, glutamic acid and tryptophan) 
yielded com pounds which were highly mutagenic to strains 
TA 98 and TA 100. Spingarn et al. (1983) found that m uta
gens were formed during the heating of amino acids and 
sugars under basic conditions com parable to  those of to r
tilla manufacture.

In comparing the num ber of revertant colonies o f the 
acidified and the nonacidified samples, not only should the 
increased aflatoxin levels be considered but also the pres
ence of phenolic acids and o ther com pounds (i.e., phytic 
acid) should be considered. Sosulski et al. (1982) showed 
that corn contains over 300 ppm phenolic acids which were 
extracted under acidic conditions. Therefore, the im por
tance of the mutagenic tests on the acidified samples 
cannot be determined since even more mutagenic sub
stances were extracted from  the final products o f tortilla 
m anufacture than from  the unprocessed original corn.

The num ber of reversions produced by all o f the water 
samples were not significantly greater than the spontane
ous reversions with the Ames Test using both strains TA 
98 and TA 100. This indicates that most mutagneic com 
pounds remained in the com  and were not extracted into 
the water during cooking.

Our results suggest that increasing the am ount of 
Ca(OH)2 during cooking and soaking did no t cause a great
er reduction of aflatoxin in tortillas. Martinez (1979) found 
that there was no significant difference in the aflatoxin 
levels betweenn those tortillas which were processed with 
2% Ca(OH)2 and those processed with 10% Ca(OH)2 . 
This effect could be in part due to  the solubility o f Ca(OH)2

in water (1.85g/L) which decreases when the w ater is boiled 
(0.77 g/L). Adding more than these am ounts o f Ca(OH)2 
did no t increase the effectiveness of the process and appears 
to  be unnecessary.

The results o f this and previous experim ents would tend 
to support the following sequence of events during tortilla 
processing: As the corn is soaked in lim ewater and then 
cooked, aflatoxin is converted to  the open-ring form, analy
sis shows less aflatoxin and the m utagenicity of acetone 
extracts decreases. During the boiling of the corn in basic 
solution or subsequent cooking of the tortilla, some m uta
genic substances are form ed which may be extracted with 
acetone from acidic solution, and some o f the open-ring 
form of the aflatoxin suffers further degradation, possibly 
decarboxylation (Coomes et al., 1966). If the corn is not 
boiled in basic solution, as in Treatm ent 3, the aflatoxin 
levels are not reduced to any extent, and the mutagenic 
activity remains relatively high. Acidification of the final 
product causes a reform ation of much of the non-degraded 
aflatoxin and an in crease in the quantity  o f mutagenic 
substances, including aflatoxin, which are extracted from 
the products by acetone.

In conclusion, these results show that the processes 
used in tortilla m anufacture reduce levels o f aflatoxin in 
tortillas to some degree. However, because reform ation of 
much of the aflatoxin may occur in the acid, monogastric 
stom ach, the process may no t necessarily yield as safe a 
product to  humans as originally presumed (Stoloff, 1979). 
In the m anufacture of tortillas for hum an consum ption, it 
is m ore im portant to choose high quality corn w ith minimal 
aflatoxin contam ination than to  rely upon the process to  
degrade aflatoxin in contam inated raw material.
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Table 2—Number o f revertantsa from acetone extracts o f acidified and nonacidified alkali treated corn using Salmonella typhimurium TA98 
and TA100b

Treatment TA 98 TA 100

Raw corn Masa Tortilla Raw corn Masa Tortilla

Alkaline Acidic Alkaline Acidic Alkaline Acidic Alkaline Acidic

(1) Cook 20 min in 
0.33% limewater, 15 
hr soak, rinse

815 738b 750c 408 b 1248 839 977ab 1075 560b 1302a

(2) Soak 15 hr in 
0.33% limewater, 
20 min cook, rinse

880 561c 827b 356b 1140 820 647bc 927 480b 1190b

(3) Soak 15 hr in 
0.33% limewater, 
no cooking, rinse

1002 957a 989ab 932a 1101 990 862a 901 790a 977c

(4) Cook 1 hr in 
7.8% limewater, 
cook 1 hr, rinse

911 524c 890b 382b 1408 906 809ab 904 498b 1255a

(5) Cook 1 hr, in 
0.25% limewater, 
soak 24 hr, no rinse

862 513c 1061a 400b 1320 895 540c 1029 420b 1196b

® C a lcu la tion s based on d ry  w e igh t o f co rn  o r  co rn  p roduct.
b M eans w ith in  c o lu m n s  sha rin g  the  sam e letter are no t s ign ifc ia n t ly  d iffe ren t (P  <  0 .05 ).
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---------------------------------------- A B S T R A C T -----------------------------------------

The stability of glutamic acid and monosodium glutamate as regards 
pH, temperature and oxygen was studied during storage and two 
thermal processings, the residual products and those which ap
peared being determined. The initial molecules only change into 
pyrrolidonecarboxylic acid, never into glutamine nor 7-aminobuty- 
ric acid. Preservation is good in all cases at pH 0 and pH 14, but 
glutamic acid is converted to pyrrolidonecarboxylic acid at inter
mediate pH values. The change is favored by pH values ranging from 
2 - 3, by temperature increase and by oxygen.

IN T R O D U C T IO N

FREE GLUTAMIC ACID in sodium salt form is added as 
a taste-active ingredient to many industrially prepared food 
products. It exists naturally, however, in varying concen
tration in free form, in several foods such as chicken, shell
fish, Crustacea, different vegetables and fruit. In combined 
form, glutamic acid is also a native constituent of food pro
teins. This amino acid on the other hand plays an im portant 
role at several levels of nitrogen metabolism.

This double aspect of glutamic acid, sometimes as an 
additive, sometimes as a normal constituent of foods, 
and its metabolic im portance have been reviewed in a book 
recently published (Filer et al., 1979). They induced us 
to study the fate of glutamic acid under different storage 
conditions and during several technological procedures. 
Wilson and Cannan (1937) observed that glutamic acid was 
converted to pyroglutamic acid at some pH values, but 
their work was almost exclusively theoretical. Later, Olcott 
(1944) showed that autoclaving a protein hydrolyzate 
changed glutamic acid almost entirely into pyroglutamic 
acid under certain conditions. Goodban et al. (1953) 
established tha t this derivative was produced from gluta
mine during beet juice processing. It has long been known 
that vegetables lose free glutamic acid during cooking, as 
well as during the first 24 hr of refrigerator storage (Hac 
et al., 1949). It is now recognized in the food processing 
industry that thermal processing reduces the taste-active 
effect of added monosodium glutamate if processing takes 
place after addition. Rice and Pederson (1954), and El 
Miladi et al. (1959) stressed the pyroglutamic concentra
tion increase in heated and/or stored tom ato juices. The 
same phenom enon was observed in cherries and in some 
vegetables which had been heated, then stored for 2 yr 
(Mahdi et al., 1959), in spinach (Lin et al., 1970, 1971), 
and in carrots (Bibeau and Clydesdale, 1975) after differ
ent treatm ents. The pyroglutamic acid concentration in
crease was attributed in several of these cases to glutamine 
conversion, since glutamine concentration decreased ac
cordingly.

It was assumed that the more marked flavor of freshly 
gathered vegetables might be due to their higher concen
tration of glutamic acid (Hac et al., 1949) and that the

The authors are affiliated with the Laboratoire de Bromatologie, 
Diététique et Analyse appliquée a l'Expertise, Faculté de Pharma
cie, 27 boulevard Jean Moulin, 13385 Marseille Cedex 5, France.

appearance of off-flavors was probably related to the in
crease in pyroglutamic acid concentration (Rice and Peder
son, 1954). Subsequent investigations (Shallenberger and 
Moyer, 1958; Shallenberger et al., 1959) corroborated that 
ammonium pyroglutam ate added to  beet purees gave them 
bitter, medicinal, or phenolic flavors, similar to those of 
heated beets. Mahdi et al. (1961) concluded that pyrroglu- 
tamic acid changed the flavor of various foods when its 
concentration reached a given level, which varied with the 
food in question.

The objective of the present work has been to study the 
different factors influencing the conversion of glutamic 
acid during its storage and processing, and to identify the 
conversion products.

M A T E R IA L S  & M E T H O D S

SOLUTIONS at 1 g/L and 5 g/L of L-glutamic acid (Merck, ref. 
291) and monosodium L-glutamate (Merck, ref. 6445) were pre
pared in acid and alkaline aqueous dilutions, obtained from normal 
solutions of hydrochloric acid and sodium hydroxide so as to cover 
the whole range of pH values from 0 - 1 4  steps of 1 pH unit. 
This range is considerably larger than the normal range of food pH 
values and allowed us to study the stability of glutamic acid in all 
possible situations, thus extending the practical range into the realm 
of theory. The solutions were sterilized by filtration through mem
brane (Millipore, Millex type, ref. SLKA 02505, 25 mm diameter, 
0.45 pm porosity) as soon as they were prepared. The effect of 
the different storage and processing procedures described below 
was evaluated on each of the solutions.

Storage and processing conditions
In all storage studies, the solutions were stored for 50 days in 

the dark in sterilized ground-glass stoppered bottles. In order to 
study the preservation of glutamic acid ar.d monosodium glutamate 
protected from the air, the solutions were stored at room tempera
ture (20° C) and in a refrigerator (4°C) in completely filled and 
stoppered bottles. Each determination of residual concentration 
after a given time necessitated an individual bottle to avoid the 
entry of air resulting from sampling. The solutions were therefore 
not entirely oxygen-free, but the influence of air was limited to that 
of the air dissolved in them. This storage was termed, for con
venience sake, “without atmospheric contact.” For the study of 
preservation at room temperature under nitrogen, the dissolved air 
was eliminated by bubbling nitrogen through the solutions. A 
nitrogen atmosphere was maintained on the liquid surface before 
the bottles were stoppered and reconstituted after each sampling. 
To study the effect of oxygen, storage was similar to that above, 
except that nitrogen was replaced by oxygen. Finally, to study the 
effect of air, the solutions were stored in stoppered (in order to 
avoid microbial contamination) but half-full bottles and with resid
ual air on the liquid surfaces. In each experiment, the time depen
dent residual glutamic acid or monosodium glutamate concentra
tions were determined after 1, 2, 3, 5, 10, 15, 20, 30 and 50 days, 
as were the conversion product concentrations.

Boiling under reflux was done for 15, 30, 60 and 120 min and 
residual glutamic acid was determined as soon as the solutions had 
cooled. The conversion products were determined, however, only 
after 60 min boiling, based on information from the study on the 
disappearance of glutamic acid. In the autoclaving processing, the 
solutions were heated to 135°C under 2.7 kg/cm2 pressure in 
screw-top glass bottles with bakelite caps and Teflon® seals (“SVL”®, 
France). Conversion products were determined only after 30 min 
processing.
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Analytical methods

Glutamic acid and monosodium glutamate were determined by 
oxidative deamination with L-glutamate dehydrogenase (Bernt 
and Bergmeyer, 1974). We have reported a critical study of this 
method (Armand et al., 1976). 7-Aminobutyric acid was separated 
by ion exchange liquid chromatography according to the Moore and 
Stein method (Spackman et ah, 1958), using ninhydrin. Glutamine 
was also determined by the same method. Pyroglutamic acid was 
determined after reaction with hydroxylamine and iron (III) chlor
ide. These methods have been reported elsewhere (Airaudo et ah,
1984).

R E S U L T S

THE RESULTS are summarized in Tables 1 to 3, in which 
the value 1.00 is arbitrarily attributed  to the initial concen
tration and the o ther values quoted are the stoichiom etric 
relations of residual glutamic acid (or monosodium gluta
mate) and of pyroglutamic acid formed.

Glutamic acid w ithout atm ospheric contact did not 
show any conversion at room tem perature for 24 hr, w hat
ever the pH (Table 1). A small change began to occur in 
acid media after 3 storage days and increased between 3

and 5 days. In alkaline media, the glutamic acid concen
tration remained unchanged for at least 10 days. The ex
cellent preservation of glutamic acid in very acid (pH 0) 
and very alkaline (pH 14) media should be particularly 
emphasized. The smallest residual concentrations of glu
tamic acid were observed after 50 days at pH close to 3 
(Table 2). The glutamic acid which disappeared seemed to  
be almost com pletely converted into pyroglutam ic acid 
(Table 2).

When glutamic acid was stored at room tem perature 
under nitrogen, its behavior after 50 days was quite similar 
to  that observed in the previous case (Table 2). The preser
vation was excellent in very acid and very alkaline media. 
When degradation was observed, glutamic acid was once 
again converted to pyroglutamic acid.

On the contrary, the conversion at room tem perature 
under oxygen was larger and faster as early as the first days, 
except in very acid and very alkaline media (Tables 1 and
2). The greatest conversion was observed between pH 2 and 
pH 3. A nother less marked conversion was also observed 
between pH 6.5 and pH 8.5. The conversion resulted again 
in the form ation of pyroglutam ic acid. Very alkaline and

Table 1—Degradation o f glutamic acid (initial concentration 1 g/L represented as 1.00) under different storage conditions at room temperature 
over 30 days

pH

Residual glutam ic acid w ithout atmospheric contact Residual glutam ic acid under oxygen

Num ber o f storage days Num ber o f storage days

1 3 5 10 15 20 30 2 5 10 15 20 30

0.0 1.00 1.00 0.99 0.99 0.99 0.99 0.98 0.99 0.99 0.99 0.95 0.90 0.90
1.0 1.00 1.00 0.99 0.99 0.97 0.95 0.92 0.99 0.98 0.96 0.91 0.88 0.85

2.0 1.00 1.00 0.98 0.97 0.96 0.94 0.87 1.00 0.98 0.95 0.84 0.65 0.54

3.0 1.00 1.00 0.98 0.97 0.95 0.92 0.85 1.00 0.98 0.98 0.78 0.62 0.51

4.0 1.00 1.00 0.98 0.97 0.95 0.92 0.86 1.00 0.98 0.97 0.84 0.69 0.62

5.0 1.00 0.99 0.98 0.98 0.95 0.93 0.88 0.98 0.98 0.96 0.88 0.68 0.65

6.0 1.00 0.99 0.98 0.98 0.95 0.94 0.89 0.98 0.98 0.95 0.88 0.66 0.62

7.0 1.00 1.00 0.99 0.99 0.96 0.95 0.90 0.98 0.98 0.95 0.82 0.64 0.59

8.0 1.00 1.00 1.00 0.99 0.97 0.95 0.91 0.98 0.98 0.96 0.76 0.66 0.59

9.0 1.00 1.00 1.00 1.00 0.98 0.96 0.93 0.99 0.98 0.96 0.78 0.73 0.65

10.0 1.00 1.00 1.00 1.00 0.99 0.97 0.94 0.99 0.98 0.96 0.85 0.82 0.77

11.0 1.00 1.00 1.00 1.00 0.99 0.98 0.97 1.00 0.98 0.97 0.92 0.90 0.86

12.0 1.00 1.00 1.00 1.00 0.99 0.99 0.98 1.00 0.98 0.98 0.94 0.92 0.88

13.0 1.00 1.00 1.00 1.00 1.00 0.99 0.98 0.99 1.00 0.98 0.96 0.94 0.92

14.0 1.00 1.00 0.99 1.00 1.00 0.99 0.98 0.99 0.99 0.99 0.98 0.95 0.95

Table 2—Conversion o f glutamic acid and monosodium glutamate (initial concentrations 5 g/L, represented as 1.00) under different storage 
ditions after 50 daysa

con-

pH

A t  room  temperature A t  4 “C

W ithout atmospheric contact
Under

nitrogen
Under

oxygen
With atm os

pheric contact W ithout atmospheric contact

a a' b b ' a a' a a' a a ' a a' b b '

0.0 0 . 9 9 0 . 0 0 1.00 0.00 1 . 0 0 0 . 0 0 0 . 9 5 0 . 0 2 0.98 0 . 0 0 1 . 0 0 0 . 0 0 1.00 0.00

1.0 0 . 9 3 0.05 0.93 0.07 0 . 9 4 0.07 0.80 0 . 2 0 0.85 0.15 0 . 9 7 0 . 0 0 0.98 0.00

2.0 0 . 8 8 0.10 0.88 0.11 0.90 0.09 0.47 0 . 5 3 0.50 0.47 0 . 9 5 0.04 0.95 0.05

3.0 0 . 8 6 0.10 0.87 0.10 0.90 0.10 0.47 0 . 5 4 0.53 0.47 0 . 9 5 0.05 0.95 0.05

4.0 0.87 0.10 0.88 0.11 0.90 0.10 0.56 0 . 4 3 0.56 0.45 0 . 9 5 0.05 0.95 0.05

5.0 0.88 0.10 0.87 0.10 0.90 0.10 0.60 0.40 0.55 0.45 0 . 9 5 0.05 0.95 0.05

6.0 0.88 0.10 0.88 0.10 0.90 0.10 0.57 0.43 0.55 0.45 0 . 9 5 0.05 0.95 0.05

7.0 0.88 0.09 0.88 0.10 0.91 0.09 0.54 0.42 0.55 0.45 0 . 9 5 0.05 0.95 0.05

8.0 0.91 0.08 0.91 0.08 0.93 0.07 0.54 0.43 0.55 0.45 0 . 9 5 0.05 0.95 0.05

9.0 0.93 0.07 0.94 0.06 0.95 0.04 0.60 0.41 0.60 0.41 0 . 9 5 0.04 0.95 0.05

10.0 0.97 0.04 0.97 0.05 0.99 0.02 0.78 0.24 0.77 0.25 0.96 0.03 0.97 0.04

11.0 0.98 0.02 0.98 0.00 0.99 0.00 0.86 0.12 0.85 0.13 0.98 0.00 0.98 0.00

12.0 0.99 0.00 0.99 0.00 1.00 0.00 0.89 0.10 0.89 0.10 0.99 0.00 1.00 0.00

13.0 1.00 0.00 1.00 0.00 1.00 0.00 0.91 0.08 0.92 0.08 1.00 0.00 1.00 0.00

14.0 1.00 0.00 0.99 0.00 1.00 0.00 0.95 0.01 0.98 0.01 1.00 0.00 1.00 0.00

a a —  residual glutam ic acid; a ' —  pyroglutam ic acid form ed from  glutamic acid; b residual m onosodium  glutamate; b pyroglutam ic acid
formed from  m onosodium  glutamate.
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Table 3-Conversion of glutamic acid and monosodium glutamate (initial concentrations 5 g/L, represented as 1.00) during thermal processingsa

pH

Boiling processing Autoclaving processing at 135°(

Number of processing minutes Number of processing minutes

15 30 60 120 15 30 60 120

a a a a' b b' a a a a' b b' a a

0.0 1.00 1.00 0 .9 9 0 .0 0 1.00 0.00 0.98 0.98 0.96 0 .0 2 0.98 0.02 0.96 0 .9 5

1.0 0 .9 4 0.87 0 .8 8 0 .1 2 0.90 0.10 0.78 0.75 0.69 0 .2 2 0.72 0.24 0.68 0.65
2.0 0 .9 4 0.92 0.83 0.18 0.85 0.15 0.71 0.57 0.39 0.64 0.35 0.70 0.31 0.30
3.0 0 .9 7 0.95 0.87 0.15 0.88 0.13 0.77 0.55 0.35 0.69 0.27 0.75 0.22 0.17
4.0 0 .9 9 0.98 0.94 0.07 0.94 0.06 0.89 0.73 0.51 0.53 0.45 0.55 0.35 0.30
5.0 0 .9 9 0.99 0.99 0.00 1.00 0.00 0.97 0.86 0.74 0.25 0.65 0.28 0.59 0.54
6.0 0 .9 9 0.99 0.99 0.00 1.00 0.00 0.98 0.90 0.84 0.10 0.90 0.10 0.81 0.80
7.0 0 .9 9 0.99 0.99 0.00 1.00 0.00 0.99 0.92 0.88 0.04 0.94 0.06 0.86 0.85
8.0 0 .9 9 0.99 0.98 0.01 1.00 0.00 0.97 0.94 0.90 0.05 0.94 0.07 0.85 0.75
9.0 0 .9 9 0.99 0.98 0.01 1.00 0.00 0.96 0.94 0.88 0.12 0.88 0.11 0.72 0.55

10.0 0 .9 9 0.99 0.96 0.03 0.97 0.02 0.95 0.88 0.80 0.17 0.84 0.15 0.58 0.40
11.0 0 .9 9 0.99 0.96 0.03 0.96 0.05 0.94 0.80 0.75 0.17 0.84 0.15 0.60 0.42
12.0 0 .9 9 0.99 0.96 0.02 0.97 0.03 0.95 0.85 0.80 0.13 0.86 0.12 0.70 0.60
13.0 1 .0 0 1.00 0.97 0.01 0.98 0.02 0.97 0.92 0.87 0.07 0.93 0.05 0.84 0.79
14.0 1.00 1.00 0.99 0.00 1.00 0.00 0.99 0.98 0.99 0.00 1.00 0.00 0.98 0.98

a a: residual glutamic acid; a': pyroglutam ic acid form ed from  glutam ic acid; b: residual m onosodium  glutamate; b ; pyroglutam ic acid formed 
from  m onosodium  glutamate.

very acid media preserved glutamic acid over the 50 days, 
but less efficiently than when it was stored w ithout atmos
pheric contact. The same phenom ena occured at room tem 
perature in the presence of air, but were a little less marked 
than in the presence of oxygen (Table 2).

Glutamic acid stored at 4 C w ithout atmospheric con
tact was better preserved than at room tem perature under 
the same conditions, or under nitrogen (Table 2). It was 
com pletely converted to pyroglutamic acid in this case 
also, when degradation was observed.

Glutamic acid subm itted to boiling under reflux re
mained stable over 60 min in very acid, in almost neutral 
and in very alkaline media (Table 3). On the contrary, two 
lability maxima were observed close to pH 11 and pH 2. 
The conversion resulted only in pyroglutamic acid.

When glutamic acid was autoclaved, it showed a good 
degree of stability in very acid and very alkaline media. 
It was a little more stable in the la tter case (Table 3). The 
greatest lability was observed at pH ranging from 2 to about
3.5. Another, less marked, lability range occurred between 
pH 8 and pH 13. The conversion was greater and faster than 
that observed in boiling, and the two pH ranges correspond
ing to the greatest lability shifted a little towards neutrality. 
All the glutamic acid degraded was converted to pyroglu
tamic acid only.

Under all conditions, the results obtained with m ono
sodium glutamate were similar to  those obtained with glu
tamic acid under corresponding conditions (Tables 2 and
3), as would be expected a priori.

D IS C U S S IO N

THE STUDY was perform ed on aqueous solutions to  deter
mine the individual effect o f each factor influencing the 
degradation of glutamic acid. Foods were considered to be 
too com plex, because several factors may play a role simul
taneously and their influences may be com plem entary or 
opposing. It seemed to  us that only a study of simple media 
perm itted a generalization; the eventual discordances which 
might be subsequently observed in foods could be attributed 
to the interaction of several factors or to  the interference of 
other phenomena.

Whatever the storage conditions, the applied processing 
and the pH values, glutamic acid and m onosodium gluta
mate were only converted to  pyroglutamic acid. Conver
sion to glutamine or to 7-am inobutyric acid was never 
observed. We could assume a priori that glutamine would

not form because there was no ammonia source in the 
media studied. It seems more interesting to have shown that 
glutamic acid does not decarboxylate into 7-am inobutyric 
acid under any of the conditions tested. The similar be
havior of glutamic acid and monosodium glutamate were 
also expected. In alkaline media, the acid forms the salt 
(more or less completely in the solutions considered, de
pending on the alkali concentration), and when m ono
sodium glutamate is in acid media; glutamic acid is dis
placed from its salt by hydrochloric acid (also according to 
the concentration), because it is weaker (pH,! : 2 .19 ,pK 2 :
4.25).

The study has shown that glutamic acid was converted 
to pyroglutamic acid as soon as it was no longer under 
extrem e pH conditions (pH 0 or pH 14). Given that the 
majority of food products fall into the pH range 4 -  6, a 
large part o f native glutamic acid or rr.onosodium glutam ate 
added as a taste-active ingredient may be converted into 
pyroglutamic acid when the products are either stored 
under normal conditions, or boiled, or canned.

C O N C L U S IO N

THE STUDY we conducted allowed us to underline some 
factors such as the influence of pH and tem perature on the 
glutamic acid and m onosodium glutam ate stability, or the 
identity of the conversion product obtained. It should be 
borne in mind that the conversion to pyroglutam ic acid is 
im portant in the slightly acid pH range, which corresponds 
from a practical point o f view to the majority o f food prod
ucts.
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N u c l e i c  A c i d ,  F i b e r  a n d  N u t r i e n t  C o m p o s i t i o n  o f  

I n a c t i v e  D r i e d  F o o d  Y e a s t  P r o d u c t s

G. SARWAR, B. G. SHAH, R. MONGEAU, and K. HOPPNER

--------------------------------------- A B S T R A C T -----------------------------------------

Nucleic acid, amino acid, dietary fiber, mineral and vitamin com
position of six commercial inactive dried food yeasts was studied. 
Products A and B (autolyzed extract) were produced from Sac
charomyces cerevisiae grown on cane- and/or beet molasses. Four 
products were produced from Candida utilis grown on calcium 
lignosulfate/wood sugars (C), sulfite waste liquor (D) and ethyl 
alcohol (E and F, autolyzed form). Levels of nucleic acids, protein, 
most amino acids, folacin and panthothenic acid were higher in
C. utilis products than in S. cerevisiae products. Differences between 
dietary fiber, most minerals and biotin contents of the two species 
of yeast were, however, small. Autolysis and/or growth on different 
substrates affected levels of nucleic acids, dietary fiber and most 
nutrients.

IN T R O D U C T IO N

HYPERURICEMIA and associated clinical conditions such 
as gout, hyperuricem ic nephropathy and renal stones may 
be due to  an imbalance in the endogenous production or 
excretion of uric acid (Gutm an and Yu, 1965; PAG, 1975). 
Various dietary factors such as high intake of nucleic acids 
(Waslien et al., 1968; Edozien et al., 1970), protein (Bien 
et al., 1953; Bowering et al., 1969) and fat (Oeryzlo, 1965) 
have been reported to  elevate blood uric acid levels. Among 
the dietary factors that influence blood uric acid levels, 
dietary nucleic acids have the greatest effect (Waslien et al., 
1968; PAG, 1975).

It has been suggested tha t the safe lim it o f nucleic acids 
from single cell protein in the diet is 2g per day and that 
the to tal nucleic acids from all dietary sources should not 
exceed 4g per day (PAG, 1975). In recent years increased 
use of inactive food yeasts for functional and nutritional 
purposes has been prom oted (Protein Update, 1978). In
active dried food yeasts and their autolysates are used as 
functional ingredients in a variety of food products such as 
prepared meats, bakery products, baby foods, simulated 
meat products, salad dressings, cheese products and spreads, 
soups, sauces, snacks, and many other food products. 
Numerous yeast preparations are also offered for sale as 
food supplements in Health Food Stores. Due to  their low 
cost, protein rich products from yeast and yeast-based 
coprecipitates have been commercially prom oted for vari
ous nutritional applications (Protein Update, 1978).

The Health Protection Branch is charged with the re
sponsibility of evaluating acceptability of new (yeast) 
products as food ingredients in Canada on an on-going 
basis. Inform ation on com position and nutritional value of 
the commercially available food yeasts will facilitate the 
evaluation of new yeast products by the Health Protection 
Branch. In the present investigation, nucleic acid, fiber and 
nutrient (protein, amino acids, minerals and vitamins) 
com position of six commercial inactive dried food yeast 
products was studied. These yeast products were produced

The authors are affiliated with the Bureau o f Nutritional Sciences, 
Health Protection Branch, Tunney's Pasture, Ottawa, Ontario, 
Canada K1A 0L2.

from  two organisms (Candida utilis; Saccharomyces cerevi
siae) grown on different substrates.

M A T E R IA L S  & M E T H O D S

THE SIX YEAST PRODUCTS, which were obtained (during 
November and December, 1981) from commercial sources, are 
described in Table 1. Two yeast products (A and B) were produced 
from Saccharomyces cerevisiae which was grown on cane-and/or 
beet molasses. The remaining four yeast products were produced 
from Candida utilis which was grown on calcium lignosulfate/wood 
sugars (C), sulfite waste liquor (D) and ethyl alcohol (E and F). 
Product B was an autolysed extract of Saccharomyces cerevisiae 
while product F was an autolysed product of Candida utilis grown 
on ethyl alchohol. The yeast products were analysed on an “as is” 
basis in duplicate for moisture, total nitrogen, amino acids; in 
triplicate for ash, minerals, and in quadruplicate for purines, pyrimi
dines, dietary fiber and vitamins.

Determination of nucleobases and nucleic acids
The hydrolysis of yeast nucleic acids into bases was carried out 

with 11.6N perchloric acid (HCIO4) for 1 hr at 100°C (Marshak and 
Vogel, 1951). Yeast samples (100 mg) were placed in glass test tubes 
(15 x 150 mm) and 3 mL 11.6N perchloric acid were added. The 
test tubes werer then covered (with Parafilm) and the mixture was 
agitated and heated at 100°C for 1 hr in a steam bath. After cooling, 
the mixture was adjusted to pH 4.0 with NH4OH and made up to 
25 mL with distilled water. The samples were then filtered through
0. 2 n millipore filter and analyzed for nucleobases by a high per
formance liquid chromatography (HPLC) procedure developed in 
our laboratory. Purines (adenine, guanine, hypoxanthine and 
xanthine) and pyrimidines (cytosine, 5-methyl cytosine, uracil and 
thymine) were separated isocraticaliy using a Waters HPLC System 
equipped with a Perkin Elmer HS 5p C18 reverse-phase column. The 
mobile phase consisted of 0.3% acetonitrile in water, and the pH 
was adjusted to 4.0 with phosphoric acid. The flow rate was 0.8 
mL/min and detection was performed at 254 nm.

Total nucleic acids were calculated by multiplying the nucleic 
acid (purine + pyrimidine) nitrogen with a factor of 9 (PAG, 1975).

Determination of nitrogen and amino acids
Total nitrogen was determined by the macro-kjeldahl method. 

Amino acids were determined by ion-exchange chromatography on 
the Beckman 121M amino acid analyzer using three hydrolyses, 
6N HC1 hydrolysis for all amino acids except sulphur amino acids 
and tryptophan, performic acid + 6N HC1 hydrolysis for sulphur 
amino acids, and 4.2 N NaOH hydrolysis for tryptophan (Sarwar et 
al., 1983).

Determination of dietary fiber
Dietary fiber was determined by the method of Englyst et al.

(1982) using the AB procedure. The hydrolyzed sugars were ana
lyzed on a gas chromatograph (Hewlett Packard 5 8 80A) equipped 
with a flame ionization detector. The glass column (2.1 m x 2 mm
1. d.) was packed with Supelcoport 100/120 mesh coated with 
3% SP 2330. Column temperature was 225°C after 4.5 min at initial 
temperature (185°C) and a rate of increase of 10°C per min. Injec
tion and detector temperatures were 245 and 250°C, respectively. 
Data were handled with a GC terminal level IV. Resistant starch 
represented less than 1% of the sample dry weight. This method 
does not recover lignin. However, no lignin was found using the 
methods of Goering and Van Soest (1970) as applied by Mongeau 
and Brassard 1982). Uronic acid was determined by the method of 
Scott (1979) using colorimetry.
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Table 1-Origin, substrate and moisture content o f inactive dried 
food yeast products testeda

Product Organism Substrate
Moisture

(%)

A Saccharom yces 
cerevisiae

Cane- and/or beet molasses 2.9

B
(Autolyzed

extract)

Saccharomyces
cerevisiae

Cane-and/or beet molasses 3.4

C Candida utilis Calcium lignosulfate/wood 
sugars

5.1

D Canaida utilis Sulfite waste liquor 6.0

E Candida utilis Ethyl alcohol 7.4

F
(Autolysed) Candida utilis Ethyl alcohol 5.1

a P rod u c ts  A  and  B were purchased  from  G B  F e rm en ta t io n  In d u s 
tries Inc., M ontrea l, Q uebec, Canada. P rod uc t C  w as purchased  
fro m  H a rr ison  and  C ro sfle ld  (C anada) Ltd., T o ro n to ,  O nta rio , 
Canada. P rod uc t D  w as k in d ly  p ro v ided  b y  the  G r iff ith  L a b o ra 
to rie s Ltd., S c a rb o ro u gh , O nta r io . P rod uc ts  E  and  F  were p u r
chased fro m  U F _  F o o d s  Inc., Rexda le, O n ta r io . T h e  nam es o f  the 
sup p lie rs  m en tioned  here are o n ly  fo r  p u rp ose s o f  Id e n t ifica t ion  
and  d o  not im p ly  ap p rova l o r re com m e nd a tion  o f the  c o m p a n y  b y  
the H ealth  P ro tect ion  B ranch  to  the  e x c lu s ion  o f  others.

Determination of ash and minerals
The ash content was determined by the AOAC (1980) pro

cedure. For the determination of minerals, 3-5g of each sample were 
weighed into 50 mL beakers in triplicate, dried overnight in an oven 
at 105°C and then ashed in a muffle furnace at 450°C using concen
trated nitric acid as an oxidizing agent to obtain white ash. The ash 
was dissolved in 6 mL 25% concentrated HC1 and diluted to 40 mL. 
The solutions were analyzed for iron and zinc by atomic absorption 
spectrophotometry, using a Perkin Elmer 5000 system, according to 
the manufacturer’s recommendations. Calcium, magnesium, phos
phorus, sodium, potassium, copper and manganese were determined 
by inductively coupled plasma emission spectroscopy using a Perkin 
Elmer ICP/6000 system according to the manufacturer’s recommen
dations.

Determination of vitamins
Folacin acitivity was assayed microbiologically with Lactobacil

lus casei 7469 according to Herbert and Bertino (1967). Dehydrated 
“Difco” assay medium (Difco Laboratories, Detroit, Michigan) was 
used at recommended strength. Incubation was carried out at 37°C 
for 22 hr and the turbidity was measured at 660 nm. Total pantho- 
thenic acid was determined microbiologically with L. plantarum 
ATCC 8014 as described by Zook et al. (1956) using Difco AOAC- 
USP assay medium. Incubation was carried out at 37°C for 22 hr 
and the turbidity was measured at 660 nm. Biotin activity was 
assayed microbiologically with L. plantarum ATCC 8014 (Wright 
and Skeggs, 1944) using Difco-Biotin assay medium. The assay 
tubes were incubated at 37°C for 22 hr and measured turbidi- 
metrically at 660 nm.

Analysis of data
Arithmetic means were calculated for all the constituents studied 

in this investigation. The data for purines, pyrimidines, nucleic 
acid nitrogen, total nucleic acids, and vitamins were subjected to 
analysis of variance and Duncan’s multiple range test (Duncan, 
1955).

R E S U L T S  & D IS C U S S IO N

Nucleobases and nucleic acids

Separation of the 8 nucleobases was com pleted in about 
12 min (Fig. 1) The bases were also subjected to  hydrolysis 
with 11.6N perchloric acid for 1 hr at 100°C. The re
coveries of cytosine, uracil, 5-methyl cytosine, guanine, 
thym ine and acenine after the hydrolysis were 101, 99, 99, 
102, 91 and 99%, respectively. Efficiency of the m ethod of 
determ ination of nucleic acid nitrogen was tested with

3

T I M E  ( m i n )

Fig. 1 —Chromatogram o f standard nucleobases (absorbance at 254 
nm, 0-0.05 AUFS). Peaks: 1 = cytosine, 2 = 5-methy¡cytosine, 3 = 
uracil, 4 = guanine, 5 = hypoxanthine, 6 - Xanthine, 7 = thymine, 
8 = adenine.

yeast RNA and calf thym us DNA (obtained brom  Sigma 
Chemical Co.). The recoveries of nitrogen from  yeast RNA 
and calf thym us DNA were 97 and 98%, respectively.

Clifford and Story (1976) used HPLC with cation ex
change columns for the determ ination of purines in foods, 
while Hartwick and Brown (1976) introduced the use of 
(m ore efficient) reverse-phase HPLC for anlyzing standards 
of nucleosides and their bases. Tiemeyer et al. (1981) 
applied the reverse phase HPLC m ethod for the detailed 
characterization of nucleic acid com ponents in single cell 
proteins, in which lengthy chemical and enzym atic trea t
ments were used to  hydrolyse nucleic acids to  nucleotides 
and free bases. The m ethod reported in this investigation is 
simple and rapid, and has been successfully applied for the 
quantitative determ ination of purines and pyrim idines in 
meats and some other food products in our laboratory.

Purine and pyrimidine and nucleic acid contents of the 
yeast products tested in this investigation are shown in
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Table 2-Purine, pyrimidine and total nucleic acid content o f inactive dried yeast products ("as is" basis)3

Product
Adenine 
mg/100 g

Guanine 
mg/100 g

Cytosine 
mg/100 g

Uracil 
mg/100 g

Total, nucleic acid INI 
NAN, %

Nucleic acids 
NANX 9, %

A 707d 624f 344e 457e 0.900d 8.10d
B 884b 925b 436e 631e 1.209b 10.87b
C 908b 9439 5249 680b 1.2769 11.479
D 944s 912C 499g 7119 1.2799 11.509
E 94 79 801d 469b 670b 1.207b 10.86b
F 781c 656e 399d 554d 1,000e 9.00e

3 O n ly  traces o f  th y m in e  w ere  detected.
"9 M e an s w ith in  the  sam e co lu m n  bearing d iffe ren t letters are s ig n if ic a n t ly  (P  <  0 .0 5 ) d ifferent.

Table 2. The six yeast products contained 8.1-11.5% total 
nucleic acids (Table 2). Product A (S . cerevisiae) had lower 
levels o f individual nucleobases and to ta l nucleic acids than 
products C, D or E (C. utilis). Product E (C. utilis grown on 
ethyl alcohol) was lower in to tal nucleic acids than prod
ucts D and C (C. utilis grown on sulfite waste liquor and 
calcium lignosulfate/wood sugars). Autolysis produced 
different effects on nucleic acid of the two species of 
yeasts. Product B (autolyzed extract of S. cerevisiae) was 
higher in individual nucleobases and total nucleic acids than 
product A but product F (autolyzed form of C. utilis) 
was lower in individual nucleobases and to ta l nucleic acids 
than product E. Nucleic acid of single cell proteins has been 
reported to  vary according to  the organism and conditions 
of growth or propagation (Litchfield, 1983). Nucleic acid 
of S. cerevisiae grown in different media ranged from  4.0- 
12.9% (Waldron and Lacroute, 1975).

Nitrogen and amino acids
The six yeast products contained 7.44-9.32% total n itro

gen (Table 3). Almost all (94-98%) of the nitrogen was re
covered as amino acid nitrogen plus nucleic acid nitrogen 
(Tables 2 and 3)-. Small am ounts o f to ta l microbial cell 
nitrogen have been reported to  be present in the form  of 
glucosamine, galactosamine, choline, etc. (Bressani, 1968). 
Nucleic acid nitrogen constituted 12-16% of the to ta l n itro 
gen in the yeast products (Table 3). Results o f several 
studies have indicated tha t up to  20% of the Kjeldahl-reac- 
tive nitrogen in the cellular fractions is no t protein nitrogen 
(Bressani, 1968; Kihlberg, 1972).

All the yeast products were high in threonine and lysine 
but contained low levels of sulphur amino acids and try p to 
phan (Table 4). Similar observations about the amino acid 
com position of 8 yeast species were made by Martini et al.
(1979). Products A and B (S. cerevisiae) contained lower 
levels of most amino acids (Table 4) and true protein (Table
3) than products D, C, E and F (C. utilis). True protein 
(amino acid residue) was calculated as the sum of amino 
acids minus the elements o f water (Tkachuk, 1969). Prod
uct D (C. utilis, grown on sulfite waste liquor) contained 
more protein and (m ost) amino acids than other forms of 
C. utilis grown on different substrates such as product E 
and C (Tables 3 and 4). The lower levels o f protein and 
(most) amino acids in product B compared to  A, and in F 
compared to  E suggested tha t autolysis had decreased the 
contents of protein and most amino acids in both the 
species of yeast.

True nitrogen-to-protein conversion factors for the yeast 
products were calculated to  be 5.62-5.81 (with an average 
of 5.73). As expected, these factors were substantially 
lower than the com monly used nitrogen-to-protein conver
sion factor of 6.25.

Dietary fiber
The dietary fiber contents of all yeast products except 

product B range drom 15.42-17.79% (Table 5). Product B

Table 3—Nitrogen content o f inactive dried yeast products ("as is "  
basis)

Product

Total
nitrogen

%

Amino acid 
nitrogen

%

Amino acid 
residue3

(true protein, %)

N-to-protien
conversion

factorb

A 7.44 6.26 36.36 5.81
B 7.42 5.79 32.57 5.62
C 8.72 7.11 40.63 5.71
D 9.32 7.65 43.63 5.70
E 8.43 7.07 40.55 5.73
F 8.07 6.57 38.08 5.80

3 S u m  o f  a n h y d ro u s  a m in o  acids. 
b Ca lcu lated  b y  the  m e tho d  o f  T k a c h u k  (1 9 6 9 ).

Table 4—Amino acid content o f inactive dried yeast products ("as 
is "  basis)

Product A B C D E F

Amino acids, %

Arginine 2.16 2.07 2.66 2.90 3.13 2.87
Histidine 0.88 0.79 0.99 1.06 0.99 0.94
Isoleucine 2.23 1.65 2.69 2.99 2.31 2.34
Leucine 3.13 2.45 3.93 4.20 3.59 3.36
Lysine 3.34 3.06 3.93 4.16 3.55 3.25
Methionine 0.70 0.46 0.78 0.86 0.61 0.61
Cysti ne 0.57 0.50 0.51 0.60 0.46 0.36
Phenylalanine 1.78 1.42 2.21 2.36 2.04 1.93
Tyrosine 1.57 1.32 1.92 2.06 1.81 1.73
Threonine 2.14 1.85 2.56 2.61 2.59 2.50
Tryptophan 0.49 0.38 0.56 0.61 0.47 0.51
Valine 2.35 2.25 2.73 2.86 2.65 2.52
Alanine 2.73 2.58 3.03 3.41 2.85 2.69
Aspartic acid 4.44 3.95 4.64 4.89 4.27 4.13
Glutamic acid 7.48 5.77 6.78 7.36 8.71 7.97
Glycine 1.88 1.88 2.23 2.42 2.12 2.01
Proline 1.39 1.45 1.66 1.78 1.50 1.41
Serine 2.09 1.76 2.27 2.43 2.41 2.28
Ammonia 0.86 0.83 0.99 1.06 0.91 0.77

(autolyzed extract of S. cerevisiae) contained only 3.06% 
dietary fiber (0.07% cellulose and 2.99% noncellulosic 
polysaccharides). Product F (autolyzed form  of C. utilis) 
contained only about 50% of the cellulose present in E but 
the differences between the levels of noncellulosic poly
saccharides were small. These observations would suggest 
tha t the preparation of the autolyzed ex tract eliminated 
most o f the fiber polysaccharides in the case of S. cerevis
iae. Autolysis reduced the level of cellulose in the case of 
C. utilis but had no effect on the noncellulosic polysac
charides. Noncellulosic polysaccharides constituted the 
main fiber fraction in all the yeast products (Table 5). Hy
drolysis of the fiber polysaccharides of product B yielded
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only mannose. In other yeast products, the noncellulosic 
polysaccharides were made up of mannose, glucose and 
some arabinose (data not shown). Comparison of products 
A and B showed tha t autolysis removed all the glucose and 
arabinose, and about half of the manoose from the fiber 
polysaccharides of S. cerevisiae. Comparison of product F 
with E showed tha t autolysis removed 30% of the glucose 
and arabinose but none of the mannose from the fiber poly
saccharides of C. utilis. It seems that the effect of autolysis 
on the dietary fiber of yeasts is specific to  each species or 
substrate.

The cellulose contents o f the nonautolyzed yeast prod
ucts (Table 5) were in agreement with those reported for 
similar products by Salo (1977). However, Salo (1977) re
ported higher hemicellulose than reported in this investiga
tion (Table 5). The difference in hemicellulose may be due 
to  the m ethods used for fiber analysis.

Ash and mineral nutrients
Ash (Table 6) of product B was very high because of the 

addition of 37% salt by the m anufacturer. The slightly 
higher values for products E and F were probably due to 
higher sodium.

From  the mineral data, it is evident tha t the variations in 
the Mg, P, K, Fe, Zn and Cu (the ratios between the maxi
mum and minimum values being about 20 or less) of the 
yeast products were relatively less than in Ca and Mn (Table
6). The ratio between the maximum and minimum values 
for sodium was over 700 bu t if product B, to  which about 
150 mg/g sodium was added, is om itted the ratio  was less 
than 5. This indicates that the metabolism of Mg, P, K, Fe, 
Zn and Na is well regulated and also that there was no 
contam ination of the yeasts with these minerals during 
growth or subsequent processing. The maximum to mini
mum ratios for Ca and Mn were about 200 or more, show
ing wide variations in the levels of the minerals in the yeast 
products (Table 6). These could have been picked up from 
the substrates used such as calcium lignosulphate/wood 
sugar, sulphite waste liquor, and cane and/or beet molasses 
(which may contain high levels of one or o f both  minerals).

Table 5—Dietary fiber content (%) o f inactive dried yeast products 
("as is "  basis)

Product Cellulose
Noncellulosic

polysaccharides
Uremie
acid

Total
fiber

A 4.84 11.45 tra 16.29
B 0.07 2.99 tr 3.06
C 4.82 12.97 tr 17.79
D 4.23 11.19 tr 15.42
E 5.49 12.24 tr 17.73
F 2.47 12.95 0.03 15.45

a Traces.

The differences in Ca and Mn could also be due to the 
degree of washing before the products were dried.

Products E and F (C. utilis grown on alcohol) had similar 
levels of all nutrients, although the la tter was an autolyzed 
product (Table 6). A comparison of proudcts C and D (C. 
utilis, grown on similar substrates namely calcium ligno
sulphate/wood sugars and sulphite waste liquor) revealed 
that except for Ca and Mn, all other elements were present 
at comparable levels (Table 6). The difference between the 
levels of Ca and Mn could be due to  the substrates or due to  
contam ination during processing especially in the case of 
Mn. When the com position of products A and B (S. cere
visiae, grown on cane- and/or beet molasses) was com pared, 
sodium in B was much higher because salt was added to  this 
product by the manufacturer. Whether the lower levels of 
Mg and Mn in product B were due to  autolysis, is no t cer
tain because a similar loss was no t observed in F, an au to 
lyzed product, in relation to  E (a comparable nonautolyzed 
product).

The proudcts from two organisms used (S. cerevisiae and 
C. utilis) did not vary appreciably in the levels of P, K and 
Zn. The concentrations of the remaining minerals varied 
widely because of factors such as substrate, in tentional ad
ditive or processing. If the extrem e values were om itted, the 
levels of Ca, Mg, Na, Fe, Cu and Mn in the products derived 
from the two organisms were also similar.

Vitamins

The folacin, pantothenic acid and biotin contents o f the 
yeast products are shown in Table 7. Total folacin in the 
S. cerevisiae yeast products (22.4-36.2 /Ug/g) was lower than 
in C. utilis yeast products (26.5-75.2 Mg/g)- For each yeast 
species, the autolyzed products showed significatly lower 
values (Table 7), indicating that autolysis reduced initial 
am ounts of folacin present in the respective yeasts. Product 
C (C. utilis, grown on calcium ligno-sulfate/wood sugars) 
had the highest folacin. The range of values for folacin in 
the yeast products (Table 7) was similar to that reported 
for Baker’s dry, active, and Brewer’s debittered yeasts (Per- 
loff and Butrum, 1977).

Similarly, pantothenic acid in the S. cerevisiae yeast 
products (106-127 Mg/g) was lower than in C. utilis yeast 
products (126-291 gg/g). When the products from  yeasts 
grown on identical substrates were compared, it was evident 
that autolysis lowered panthothenic acid level (Table 7). 
Highest panthothenic acid was found in product E, (C. 
utilis, grown on ethyl alcohol). The panthothenic aicd 
values for the yeast products (Table 7) were in the range 
of values published for Baker’s dry, active, Brewer’s de
bittered and Torula yeasts (Orr, 1969).

Biotin of the products ranged from 0.84-1.85 jttg/g for 
both species of yeast. There were no consistent effects of 
types of yeast products and of autolysis on biotin. How
ever, yeasts grown on cane and/or beet molasses or wood 
sugars, contained more biotin than the yeasts grown on sul-

Table 6—Content o f mineral nutrients in inactive dried yeast products ("as is "  basis)

Product

Ash Ca Mg P Na K Fe Zn Cu Mn
% mg/g pg/g

A 5.8 0.60 1.56 36 0.54 28 70 70 4 4
B 42.8 0.18 0.18 48 1 70a 18 10 80 0.5 0.2
C 5.9 4.64 2.36 58 0.23 22 120 100 4 27
D 5.0 0.89 1.83 55 0.50 19 100 80 12 153
E 7.5 0.05 2.62 68 1.00 33 110 70 1 5
F 7.7 0.09 2.47 69 1.04 33 50 70 1 5

3  148 mg/g of sodium  added by manufacturer.
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Table 7—Folacin, pantothenic acid and biotin in inactive dried yeast
products ("as is" basis)

Vitamin content, pg/g of product

Product Total folacin Pantothenic acid Biotin

A 36.2C 1 27cd 1.85a
B 22.4d 106d 1.34b
C 75.2a 1 51 bc 1.30b
D 53.4 b 126cd 0.84c
E 52.8b 291a 0.85c
F 26.5d 1 73b 1.18b

a ' d M e an s w ith in  the sam e co lu m n  bearing d iffe ren t letters are s ig 
n ific an t ly  (P <  0 .0 5 ) d ifferent.

fite waste liquor or ethyl alcohol. Highest biotin was found 
in product A (S. cerevisiae, grown on cane and/or beet 
molasses). The biotin values of the yeast products (Table 7) 
were lower than the value of 2.0 ng/g published for dried 
Baker’s yeast (McCance and Widdowson, 1978).
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E f f e c t s  o f  O x y g e n  A b s o r b e r  a n d  T e m p e r a t u r e  o n  w 3  P o l y u n s a t u r a t e d  

F a t t y  A c i d s  o f  S a r d i n e  O i l  d u r i n g  S t o r a g e

HIRAMITSU SUZUKI, SHUN WADA, SEIICHI HAYAKAWA, and SINPATIRO TAMURA

— ---------------------------------- A B S T R A C T -----------------------------------------

To prevent loss of u>3 polyunsaturated fatty acids over long-term 
preservation, the effects of temperature and oxygen absorber on the 
fatty acids of sardine oil stored in air-tight film were studied. The 
fatty acids of sardine oil and lipids in the diet of experimental ani
mals rapidly decreased over 1 month at 22° C. The amounts in the 
diet decreased slowly at 2°C; however, no alterations in the oil 
samples were observed for 6 months. Also, the amounts did not 
change at -30°C. Significant changes in samples treated with oxy
gen absorber were not observed under all temperatures during 6 
months storage (P > 0.05). These results indicate that treatment 
with an oxygen absorber and/or freezing can prevent to3 polyun
saturated fatty acids of fish oil from decreasing during storage.

IN T R O D U C T IO N

FISH OIL CONSUMPTION has been linked to reduced 
rates o f atherosclerotic disease in Greenland Eskimos (Dy- 
erberg et al., 1978; Dyerberg and Bang, 1979). Also, the 
adm inistration of fish, fish oils or fish oil concentrates 
lowers serum lipids and reduces the response of platelets 
to aggregating agents in human subjects and experimental 
animals (R uiter et al., 1978; Von Lossonczy et al., 1978; 
Van Gent et al., 1979; Sanders and Roshanai, 1983;Socini 
et al., 1983). It is believed that these biological effects of 
fish oils are caused by w3 polyunsaturated fatty  acids 
(especially, eicosapentaenoic acid) present in fish oils. 
The fish oils are unstable to oxidation, since they contain 
large am ounts o f the polyunsaturated fatty  acids. The oxi
dative degradation of the fatty  acids is a major problem 
resulting in decreased nutritive value and quality o f fish 
oils. To prevent fats and oils from oxidizing and to preserve 
the freshness and flavor of foods, an oxygen absorber with 
the packaged system has been developed. It has been re
ported that the agents suppress the increase of peroxide 
and acid values of fish oils by removing the oxygen from 
the container in the packaged system (Saito, 1979; Uchi- 
yama et al., 1980). However, there is little inform ation on 
the effects of oxygen absorbers on cu3 polyunsaturated 
fatty  acids o f fish oils at various tem peratures during long
term storage. This study reports the effects of an oxygen 
absorber and tem perature (22 C, 2°C and -3 0 °C ) on eico
sapentaenoic acid (EPA; 20:5) and docosahexaenoic acid 
(DHA; 22:6) contents of sardine oil during 6 m onths stor
age.

M A T E R IA L S  &  M E T H O D S

Preparation and storage of samples
Sardine oil (A.V. 3.42) was obtained from Federation of North 

Pacific District Purse Seine Fisheries Cooperative Associations of 
Japan. The sardines (avg wt 8Og) were caught by a purse seiner in 
the Pacific Ocean (the coast of Chosi) on June 3, 1983. The next
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kuba, ibaraki 305, Japan. Author Wada is affiliated with the Dept, 
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day, sardine oil was produced from the fish in a plant according to 
the conventional processing method i.e. cooking (90° C, 20 min), 
pressing, and oil purification by centrifugation.

Two types of samples were used for this study: an original sar
dine oil and a powdered diet for experimental animals containing 
10% sardine oil. The composition of the diet is shown in Table 1. 
Ten milliliters of sardine oil and 30g of the diet were placed in 
50 mL and 100 mL beakers, respectively. Each sample was inserted 
in a pouch, 28 cm x 20 cm, of polyvinylidene chloride-coated ori
ented nylon/polyethylene laminates [KON (22p)/PE (65m) j with or 
without an oxygen absorber (AGELESS, S-200: activated iron 
oxide packed with an air-permeable packaging material) and an indi
cator of deoxygenation (AGELESS EYE: a tablet containing thia- 
zine dye), and the pouches were heat sealed immediately. Both 
oxygen absorber and indicator of deoxygenation were obtained 
from Mitsubishi Gas Chemical Co., Inc. After it was confirmed by 
the indicator that oxygen concentration in the test package de
creased to 0.1% or less, the package was used for the experiments.

Each type of test package (treated with or without oxygen 
abosrber) was stored at 22°C, 2°C and -30°C for 6 months. After 
0, 1, 3 and 6 months, EPA and DHA of the oil in each package of 
12 groups (2 samples x 2 types x 3 temperatures) were quantitated 
by using gas chromatography (GC).

All results are reported as the mean + standard deviation, and 
significant differences between experimental and initial groups were 
determined by Student’s t-test (Snedecor and Cochran, 1976).

Measurement of fatty acids
To 0.5g of sardine oil, 50 mg of tricosanoic acid (23:0) as an 

internal standard and KOH-methanol as a saponifier were added, 
and the mixture was heated at 90°C for 1 hr. Lipids of the pow
dered diet (5g) were extracted by the method of Bligh and Dyer
(1959). The lipids were saponified in the same manner as the sardine
oil. The resulting mixtures of fatty acids were extracted with diethyl 
ether under a strongly acidic condition, washed with distilled water 
and concentrated. The isolated fatty acids were transesterified with 
N,N-dimethylformamide dimethyl acetal at 80° C for 1 hr (Thenot 
et al., 1972). The fatty acid methyl esters were directly subjected 
to GC.

GC was carried out on a Shimadzu GC-6A gas chromatograph 
equipped with a flame ionization detector and a glass column (3 m x

Table 1—Composition o f the powdered diet

Ingredients Percent

Corn  starch 45.2
Casein 20.0
Sucrose 20.0
Sardine oil 10.0
Salt m ixture3 4.0
Fat soluble vitam lnb (soybean oil) 0.5
M ethionine 0.2
Water soluble vitam inc 0.1

a c o m p o s it io n  in g/kg: C a H P 0 4  • 2 H z O, 3 3 5 .6 ;  K 3 C 6 H 5 0 7 • H 20 ,  
2 3 7 ;  C a C 0 3 , 1 6 3 .5 ; N aC I, 10 8 ; K 2 H P 0 4 , 7 7 .3 6 ; M g C 0 3 , 4 0 .9 ; 
F e C 6 H 5 0 7 ° 3 H 2 0 ,  16 .0 1 ; M n S 0 4 , 1 .24; C u S 0 4 • 5 H 2 0 ,  0 .1 7 8 ; 
C o C I2  • 6 H 2 0 ,  0 .0 8 9 ; K 2 A I 2 ( S O )4 , 0 .0 8 9 ; Z n C 0 3 , 0 .0 4 4 ;  K l,  
0 .0 4 4 ; N a F , 0 .0 0 0 9 .

“ S o y b e a n  oil (g) conta ined ; re tiny l acetate, 1 4 0 0  IU ;  choleca l- 
c ifero l, 4 0 0  IU ;  ct-tocopheryl acetate, 1 .40  m g; m enad ione , 0 .60  
mg.

c C o m p o s it io n  in g/kg: ch o lin e  ch lo ride , 6 5 9 ;  in o s ito l, 2 6 3 ;  n ic o 
tin ic  acid, 19 .8 ; para-am ino  b en zo ic  acid, 19.8; th iam in , h y d ro 
ch lo ride , 5.2; r ib o fla v in , 5.2; p y r id o x in e -H C I,  5.2; fo lic  acid, 2.6; 
b io t in , 0 .13 ; c y a n o co b a la m in , 0.04.
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3 mm) packed with Unisole 3000 on 80-100 Uniport C (Gasukuro 
Kogyo Inc.). The temperatures of the column, injection port and 
ionization chamber were kept at 235°C, 250°C and 250°C, respec
tively. Nitrogen was used as the carrier gas at the flow rate of 30 
mL/min. This procedure separated the methyl esters of fatty acids 
from 14:0 to 22:6 within 30 min. Areas under peaks were measured 
by an electronic digital integrator (Shimadzu C-Rl A chromatopac). 
Components were identified by comparison of the GC retention 
times with known methyl ester standards. The fatty acids were 
shown as mg of 23:0. The results of fatty acid analysis by this 
method were similar to those by the conventional method using 
BF3-methanol as an esterification reagent and DECS as a liquid 
phase of column packing material of GC. However, this method was 
more rapid and easy than the conventional one.

R E S U L T S  & D IS C U S S IO N

F a tty  acid  c o m p o s i t io n  o f  sard in e  o il  an d  lip id s  o f  th e  d ie t

Initial fatty  acid com position of sardine oil and lipids 
of the powdered diet is shown in Table 2. EPA (20:5) 
and DHA (22:6) contents o f sardine oil were about 150 
and 52 mg/g as 23:0 , respectively. The com position indi
cates that sardine oil used for these experiments is ordi
nary. The pattern  of fatty  acid com position of the diet 
lipids was similar to  tha t o f sardine oil, except that lipoleic 
acid (18:2) percentages of the lipids were higher than those 
of sardine oil. Most o f linoleic acid of the lipids comes from 
the 0.5% soybean oil added in the diet.

E ffe c ts  o f  te m p er a tu r e  o n  E PA  an d  D H A  du rin g  sto ra g e

Effects of tem perature on EPA and DHA of sardine oil 
and lipids o f the diet during storage (w ithout oxygen ab
sorber treatm ents) are shown in Fig. 1 and 2. Both EPA and 
DHA of these samples decreased (sardine oil, P <  0.05;

Table 2—Fatty acid composition o f sardine o il and lipids o f the diet

Fatty acid
Sardine oil 

(mg/g as 23:0)
Diet

(mg/10g as 23:0)

14:0 79.7 ± 6.7a 72.5 ± 2.5
16:0 187.7 ± 9.8 180.7 ± 7.4
16:1 102.4 ± 6.5 97.3 ± 4.1
18:0 53.1 ± 2.1 52.6 ± 1.4
18:1 145.4 ± 6.1 152,8 ± 3.6
18:2 16.3 ± 4.2 47.9 ± 3.5
20:0 23.9 ± 1.0 21.6 ± 1.0
20:1 24.0 ± 2.2 22.0 ± 2.0
20:4 9.1 ± 0.4 9.0 ± 0.4
20:5 150.3 ± 5.5 146.0 ± 5.8
22:6 52.0 ± 3.2 48,7 ± 2.7

a Values represent the mean ± standard deviation for triplicate an
alyses.

the diet, P <  0.01) rapidly w ithin 1 m onth at 22°C. How
ever, after that the contents did not change. The results 
showed that the packaging of sardine oil using the air
tight film prevented the EPA and DHA from decreasing 
more than the fixed levels. Also, EPA and DHA of the 
lipids in the diet were reduced to  a greater ex ten t than 
those of sardine oil. Both EPA and DHA of the lipids in the 
diet decreased slowly at 2 C (P <  0.05), but the am ounts 
in the sardine oil did not change (P >  0.05). The difference 
between the results of sardine oil and the diet may be due 
to  the area of contacting surface with oxygen and the 
balance of oxygen and oil contents, but the mechanisms 
are not clear in this study. No significant alterations of 
these fatty  acid in the samples were observed at —30 C 
(P >  0.05).

E ffe c ts  o f  o x y g e n  a b so rb er  o n  E PA  an d  D H A  
d u rin g  sto ra g e

EPA and DHA of the lipids in the diet treated with oxy
gen absorber during storage are shown in Fig. 3. Significant 
changes of EPA and DHA of the lipids were not observed 
under all tem perature conditions during 6 m onths (P >  
0.05). Also, the same results were obtained w ith experi
m ents using sardine oil. These results indicated that the 
oxygen absorber has suppressive effects on the loss o f EPA 
and DHA in sardine oil and lipids in the diet during storage.

It is well-known tha t the packed system using an oxy
gen absorber and air-tight film has preventive effects on the 
form ation of peroxides, the outbreak of microorganisms 
and insects, and the discoloration of foods (Saito, 1979). 
Moreover, the results in this study indicate that the system 
is very useful for a long-term preservation of foods and 
animal diets containing fish oil from the viewpoint o f pre
venting the loss o f co3 polyunsaturated fatty  acids.
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Fig. 1—Effects o f temperature on EPA  
(•) and DHA (A) contents o f sardine oil 
during storage. Each point represents 
the mean ± standard deviation for trip
licate analyses.
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Fig. 2—Effects o f temperature on EPA  
(•) and DHA (A) contents o f lipids o f 
the diet during storage. Each point repre
sents the mean ± standard deviation for 
triplicate analyses.

Fig. 3—Protective effect o f oxygen ab
sorber on the loss o f EPA (•) and DHA  
(A) contents o f the diet lipids during 
storage. Each point represents the mean 
± standard deviation for triplicate analy
ses.
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J. M. RANDALL, R. N. SAYRE, W. G. SCHULTZ, R. Y. FONG, A. P. MOSSMAN 
R. E. TRIBELHORN, and R. M. SAUNDERS

---------------------------- ABSTRACT----------------------------
An extrusion cooking procedure was developed which produces 
stable rice bran which shows no significant increase in free fatty 
acid content for at least 30 -  60 days. In the optimum process, 500 
kg/hr of 12 -  13% moisture bran was extruded at 130°C and held 
3 min at 97 -  99°C before cooling. Stabilized bran contained 6 -  
7% moisture and was in the form of small flakes with 88% larger 
than 0.7 mm (25 mesh). Energy required to extrude the bran was 
0.07 - 0.08 kW-hr/kg bran, and wear on the extrusion surface indi
cated a life of 500 hr for the cone and 1000 - 2000 hr for other 
wearing parts.

INTRODUCTION
RICE BRAN, a by-produce of rice milling, is a largely un
tapped source of edible oil, particularly in developing coun
tries. Depending on milling procedures and hull contam ina
tion, rice bran contains 15 -  22% oil, about the same as 
soybeans (Enochian et al., 1981). Upon milling, the neutral 
oil is exposed to  lipases in the bran, causing its rapid break
down to  free fatty  acids (FFA ) at an initial rate of at least 
5 to  7% of the weight of oil per day (Desikachar, 1974). 
Since refining losses in the production of edible oil are 
more than twice the FFA content (Enochian et al., 1981), 
extraction from rice bran must take place as soon as pos
sible after milling to  economically obtain food-grade rice
oil. This is not feasible in most developing countries because 
of lack of integration of milling and extraction facilities, 
and the oil usually is extracted for lower grade industrial 
uses or is not separately utilized at all.

Oil deterioration can be prevented by stabilizing the 
bran (inactivating lipases) im m ediately after milling. Once 
the bran is stabilized it can be transported and stored for 
30 -  60 days at am bient conditions w ithout appreciable 
increase in FFA content. Rice bran stabilization m ethods 
have been reviewed by Sayre et al. (1982). Heat inactiva
tion of the lipases appears to  be the only m ethod with com
mercial potential. Dry heating or roasting prevents enzyme 
activity by lowering the bran m oisture conten t to  2 -  3%, 
but if the bran m oisture is subsequently allowed to  increase 
to  atmospheric equilibrium of 10 -  13%, lipases frequently 
become active again (Loeb et al., 1949). Furtherm ore, this 
m ethod often subjects the bran to  excessively high tem pera
tures. Heating in the presence of moisture is much more 
effective in permanently denaturing lipases, and this dena- 
turation  can be accomplished at milder tem peratures (Bar
ber et al., 1974). Steam injection (added moisture) or 
pressurized heating utilizing the 11 -  13% moisture present 
in the bran (retained moisture) are two m ethods used to 
heat bran in a high m oisture environm ent (Sayre et al.,
1982).

Since rice mills in many developing countries have elec
tricity but no source of steam, retained m oisture stabiliza-
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tion appears to  be the most promising process for high 
m oisture heat treatm ent of bran (Enochian et al., 1981). 
Two m ethods of retained-m oisture heating which have been 
tested are rotating sealed drum heaters (Ram anathan et al.,
1977) and extrusion cookers (Tribelhorn et al., 1979; 
Cheigh et al., 1980). In the la tter machines, mechanical 
friction in the extruder heats the bran and extrusion back 
pressure prevents m oisture loss. A preliminary operational 
and financial feasibility study conducted by Enochian et al.
(1981) indicated that stabilization by extrusion cooking 
would be practical in certain developing countries.

The Brady Crop Cooker has been used extensively for 
extrusion of soybeans and corn and has proven to  be satis
factory and reliable (Tribelhorn et al., 1979; Bressani 
et al., 1978). Its chief advantages are relatively low capital 
investment, simplicity of design and operation, low main
tenance, and inexpensive operation (Harper, 1979). This 
machine was tested in a preliminary m anner for stabilizing 
rice bran, and extrusion tem peratures of 1 3 0 -  140 C were 
found to  prevent lipase activity (Harper et al., 1978). 
The present study of extrusion cooking was conducted, 
using a Brady Crop Cooker, to  examine in detail the operat
ing conditions necessary to  stabilize rice bran and to  deter
mine energy consum ption, quality of rice oil extracted 
from stabilized bran, and feed values o f bo th  full-fat and 
defatted stabilized brans. Oil quality and feed values will 
be reported in later publications.

MATERIALS & METHODS

Pilot p lant installation

A pilot plant for extrusion stabilization of rice bran was installed 
at the Pacific International Rice Mills, Inc. in Woodland, CA. A 
diagram of the system is shown in Fig. 1. Rice bran was diverted 
from the bran millstream and delivered within 10 min after milling 
into the feed hopper of a Brady Crop Cooker, Model 2160, equipped 
with a 100-hp electric motor (Brady Extruder Corp., Torrance, CA). 
Moisture addition to the bran was achieved by spraying water from 
a nozzle into the feed hopper. Extruded hot bran was expelled onto 
an insulated conveyor belt, where it was held for a specified time 
period at 97 -  99°C before delivery to a rotating drum air cooler, 
where countercurrent ambient air was blown over the bran as it 
was tumbled by flights welded to the inside of the drum. Cooled 
bran was transported by an elevator conveyor to the bran handling 
station, for packing in drums or other containers. Bran temperature 
at this point was 43 -  48°C, and moisture content was about 6%.

After bran feed rate, moisture addition rate to the raw bran, ex
trusion temperature, and extruded bran holding time prior to cool
ing were set, the system was allowed to reach steady state before 
samples and data were collected. Steady state was defined as being 
achieved when extrusion and cooled bran temperatures each varied 
by no more than 1°C in a 20-min period. Extrusion temperature was 
measured by insulated thermocouples taped to the outside of the 
cup housing, at the extrusion cone.

Experimental design
An initial study was conducted to approximately locate the 

range of processing conditions required for stabilization. A matrix 
of processing variables was established with: moisture addition 
(0 - 4%), bran feed rate (250 -  520 kg/hr), extrusion temperature 
(90 -  150^), holding time (0 -  30 min).
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Using results obtained from the preliminary study, a second 
study was carried out with the following ranges of variables: water 
addition (0 -  3%), bran feed rate (450 - 500 kg/hr), extrusion tem
perature (120 - 140°C), holding time (0 - 10 min). Experiments 
at each set of conditions were replicated from two to five times.

Energy requirements
Power required to run the extruder was measured directly by an 

ammeter connected to the electric drive motor. Total energy use 
was indicated by a cumulative ammeter. Minor energy consumption 
by conveyor and cooler motors was not measured.

Sieve analysts
Particle size analysis was carried out on a Rotap device with 10 

screens, ranging from 5 mesh (4 mm) to 80 mesh (0.180 mm). The 
unit was shaken for 5 min. The stability of bran flakes was tested 
by agitating samples for 30 sec in a tumbling Y-type blender with a 
spinning agitator bar (Patterson-Kellog Co., East Stroudsburg, PA), 
after which the samples were sieved again.

Extruder wear
Mechanical wear in the extruder was expected to occur over an 

extended period of operation, especially around the processor cone 
at the discharge end (Fig. 2). The extent of wear was determined 
by comparing measurements of the worn parts to corresponding 
measurements of new parts. Measurements were made of the inside 
and outside diameters and bevel angles of the processor cone and 
the maching bearing cup, of the rotor diameter at several points, 
and of the heights of several turns of the flight.

Laboratory analysis

Immediately after collection, bran samples were packed in dry 
ice and stored until analyses were completed. Sample moisture con
tents were determined by drying 6 hr at 110°C. Peroxidase activity 
was assayed by the method of Vetter et al. (1958). Reisdual peroxi
dase activity in processed rice bran was calculated on a dry weight 
basis as percentage of activity in raw bran sampled during the same 
processing run. Peroxidase inactivation was used to give a rapid indi
cation of the effects of processiing conditions, for it is considered 
to be one of the more heat stable plant enzymes (Barber et al.,
1974), and lipase inactivation was assumed to precede if not parallel 
that of peroxidase.

Lipase activity was determined by measuring the increase in FFA 
content of oil extracted before and after bran samples were incu
bated in sealed containers for 96 hr at 32°C. Processed bran samples 
were adjusted to 11%, moisture (similar to raw bran) prior to incuba
tion. Lipids were extracted from lOg samples with hexane in a 
Soxhlet extractor for at least 6 hr and recovered in a total volume 
of 100 mL. FFA content was determined by a modification of 
AACC method 02-01 (AACC, 1976) by removing the solvent from 
10 mL of extract, dispersing the lipid residue in 75 mL of isopropyl 
alcohol followed by 75 mL of 0.04% phenolphthalein in 95% 
ethanol (neutralized with 0.2N KOH to a faint pink color), and 
titrating duplicate or triplicate 50-mL volumes with standard

Fig. 1 —Schematic o f rice bran stabilization system.

0.016N KOH (prepared daily from a 0.2N stock solution) to the 
first appearance of a peach tint. A blank consisting of 50 mL of a 
1:1 mixture of isopropyl alcohol and neutralized 0.04% phenolph
thalein in 95% ethanol was also titrated. FFA content was calcu
lated as oleic acid and expressed as weight percent of the total 
lipid. The total lipid content was measured gravimetrically after 
desolventizing 50 mL of the hexane extract and drying the residual 
oil at 110°C for 15 min. Percentage of oil in the bran was expressed 
on a dry weight basis.

The long term stability of extrusion cooked bran was tested by 
storing duplicate 1 kg samples of processed or raw bran in clean 
cotton bags at 32°C and 85% RH for 28 days. The effect of con
tamination by small quantities of raw bran, as might be found in 
reused gunny bags, was also tested in the above storage conditions 
by inoculating processed bran with 0.1% of either fresh raw bran or 
aged raw bran from a storage warehouse. The raw bran was either 
shaken in the cotton bag prior to filling with processed bran or 
mixed with the processed bran prior to filling the bag. All samples 
were analyzed for increase in FFA content periodically throughout 
the storage period.

Total aerobic microbiological plate counts were run according to 
AACC Method 42-11 (AACC, 1976) with these modifications: 
micioorganisms were determined using 0.1% bacto-peptone (Difco), 
plated on Plate Count Agar (Difco) plate poured 3 days previously 
and incubated at 30°C for 1 -  3 days, until colonies became visible.

RESULTS & DISCUSSION 

Stabilization tests
The influences of raw bran moisture level and extrusion 

tem perature on peroxidase inactivation when bran was 
cooled immediately after extrusion are shown in Fig. 3, 
which includes data from both preliminary and final sets 
of experiments. Considering that less than 3% residual 
peroxidase activity was evidence of almost com plete lipase 
inactivation, bran was stabilized at 130 C for all moisture 
levels and at 120 C except at an initial moisture level of 
10.5%. Holding the extruded bran at high tem perature 
before cooling appeared to improve stabilization. In an
other test where bran was held 3 min at 97 -  99°C before 
cooling, residual peroxidase was 2.3% or below at 120 C 
extrusion tem perature and 0.5% or less at 130°C, at all 
m oisture levels.

Although the peroxidase results were useful for day to 
day indicators of bran stabilization, increase in FFA in 
stored bran was the ultim ate criterion for evaluating stabil
ity. Increases in FFA from initial levels for bran obtained 
from both sets of experiments and stored 96 hr at 32°C are 
shown in Fig. 4 as a function of the processing variables 
of raw bran moisture, extrusion tem perature, and holding 
time.

Rice bran can be stabilized at an extrusion tem perature 
of 105°C, but only at high moisture (13.4%). An extrusion 
tem perature of 120°C appeared to stabilize rice bran under 
most m oisture conditions (10.5%, 13.4%), and holding time 
after extrusion did not appear to  affect lipase activity. 
Inconsistencies are probably due to  experim ental error in 
FFA determinations. When bran was processed at 130°C,
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the increase in FFA conten t was less than 1% after the four 
day storage period in all samples. Thus, no addition of 
water above the level found in raw bran was necessary, and 
extrusion at tem peratures above 130°C is not necessary.

Particle size

Since the ultim ate objective of rice bran stabilization is 
extraction of oil, the particle size distribution of the sta
bilized bran is of great interest. It is difficult for solvent to 
percolate through a bed of fine bran to extract the oil. 
Channeling can occur, leading to uneven and incomplete 
oil extraction. Raw bran is too  fine for extraction in many 
systems, but extrusion agglomerates the bran particles

Fig. 3—Residual peroxidase activity in bran extruded at various 
temperatures and raw bran moisture levels, zero hold time.

and forms small flakes. Table 1 shows partial fine particle 
analyses for raw rice bran and bran extruded at different 
tem peratures. A separate run was made to  prepare samples, 
and the experim ental conditions were slightly different 
than for the stabilization tests. Raw bran contained about 
85% fines (defined as <0 .7  mm). All extrusion treatm ents 
increased flake size, and the least fines were produced at 
low processing tem peratures and high raw bran moisture 
levels.

Since mechanical handling prior to extraction could 
reduce particle size, extruded bran samples were subjected 
to 30 sec severe agitation. There was usually considerable 
breakage of flakes, as shown in Table 1. The effect of 
agitation was much less on extruded bran prepared from 
high m oisture raw bran (12.4 and 14.4%) than on extruded 
bran for 10.5% m oisture raw bran. Increased moisture in 
raw bran appeared to  harden the flakes, making them 
more resistant to  breakage.

Energy requirem ents
Directly measured energy consum ption for the extruder 

alone was consistently in the range 0.07 -  0.09 kW-hr/kg 
bran (Table 2) for processing rates of 450 kg/hr or higher 
and increased both with increasing extrusion tem perature 
and with increased moisture. Energy consum ption was 
14 -  16% greater for an extrusion tem perature o f 140 C, 
com pared to  130 C.

When approxim ately 3% w ater was added to  the bran to 
increase m oisture levels to 13.4%, the bran feed rate could 
not be closely controlled, perhaps due to  uneven m oisture 
distribution. Processing rates often decreased from the 
usual 450 -  500 kg/hr to  400 kg/hr or lower, and energy 
consum ption increased to  0.10 kW-hr/kg bran or higher. 
This unacceptable energy consum ption level obviated 
advantages of higher m oisture bran. In tropical countries, 
however, where bran moisture levels might equlibrate natur-

Fig. 4—Free fatty acid increase in rice 
bran adjusted to 11% moisture, after 
96 hr storage at 32°C as influenced by 
raw bran moisture content, extrusion 
temperature, and holding time at 97 - 
99° C.
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ally at 13% or higher, feed rates might not be affected in 
the same way, eliminating the disadvantage.

Optimal stabilization conditions
Based on the above observations, and allowing for a 

safety margin, optim al conditions for stabilization were 
considered to  be 12-13% initial bran m oisture, throughput 
o f 450-500 kg/hr, extrusion tem perature of 130 C, and 
post-extrusion holding tim e of 3 min at 97-99 C.

Storage stability
Contam ination of processed bran with fresh raw bran 

or warehouse raw bran had no effect on stored bran charac
teristics. The long term storage of raw and stabilized brans 
are com pared in Table 3. A fter 28 days storage at 32 C 
and 85% RH, the FFA content o f stabilized brans, whether 
contam inated or not, had increased only 1%, while raw 
bran had increased 47% to a to tal o f 5 1%. The stabilization 
process decreased the microbial count to  very low levels 
which did not increase during storage.

A long-term storage test was also conducted over a per
iod of 4.5 m onths in which raw bran was held at —23 
and 32°C and stabilized bran was held at 32°C (Fig. 5). 
Neither the stabilized bran nor raw bran stored at —23 C 
showed an increase in FFA content during the entire 
period. However, the FFA content of raw bran at 32 C 
increased to  over 80%.

Extruder wear
To be successful in continuous commercial operation, 

the extruder must not wear excessively, or processing con
ditions can not be kept constant. Measurements of ex
truder wear were made after 360 hr to ta l running time. 
The processor cone (entrance diameter 141.0 mm, exit 
diameter 157.0 mm, taper angle 18.3 ), the bearing cup 
(entrance diam eter 140.2 mm, exit diam eter 156.5 mm 
taper angle 18.7 ), and the last 3-4 turns of the ro to r flights 
(ht. 7.6 mm) (Fig. 2) all showed some signs of wear. The 
processor cone decreased in diam eter by 1.7 mm at the exit 
edge and by 2.7 mm at the entrance edge, resulting in an 
increase of 2.5 in the taper angle. The bearing cup diam
eter increased 0.1-0.3 mm with only a 0.2° increase of 
taper angle. The diam eter of the last three ro to r flights had 
worn down by 0.2 mm, and the ro to r body diameter near 
the exit end was decreased by 0.2-0.5 mm. In order to 
prevent steam blow-back, eleven agitator bars were welded

Fig. 5-Free fatty acid increase in raw and stabilized brans (130°C, 
3 min hold, 2% added moisture) during a 135 day storage period 
at -23° or 32° C.

between the flights starting at the exit end. Eight were 
spaced at 90° intervals and the remaining three at 120 
intervals. These bars showed considerable wear but could 
easily be built up or replaced.

The wear in no way impaired the efficiency of the 
extruder. It was estimated from previous experience tha t 
the cone might have to be replaced after about 500 hr, 
but o ther parts m entioned above could operate for at least 
1000-2000 hr before replacement, depending upon con
tam ination of the bran with hulls or other extraneous 
materials.

CONCLUSIONS
ALTHOUGH rice bran was stabilized under some condi
tions at 120°C, stabilization was always adequate at an 
extrusion tem perature o f 130°C. Energy consum ption 
tended to  rise only slightly as extrusion tem perature in
creased from 120°C to 130°C, bu t increased by almost 15% 
when the tem perature was raised from 130 C to  140 C.

It was visually apparent that flake sizes were larger at 
low tem peratures (120°C) but that these flakes were fra
gile and broke up w ith any agitation. Extrusion tem pera
tures higher than 130°C resulted in a larger proportion of 
fines both before and after agitation. Increased m oisture 
content of the raw bran appeared to produce flakes more 
resistant to  breakage.

A consistent tem perature of 120 C was usually suitable 
for stabilization, but since processing contro l might not

—Continued on page 368

Table 1—Rice bran fines, % < 0.7 mm (25 mesh)

Bran moisture
%

Extrusion temperature

None 130°C 140°C 150°C

As extruded

10.4 85 12 19 22
12.4 7 16 20
14.4 8 8 9

After agitation

10.4 26 39 43
12.4 35 34 34
14.4 24 24 27

Table 2—Energy requirement for extrusion at processing rates o f 
> 425 kg/hr

Energy requirement kW-h/kg bran

Bran Moisture
%

Extrusion temperature 

120°C 130°C 140°C

10.5 0.066 0.071 0.080
12.2 0.076 0.076 0.088
13.4 0.077 0.080 0.092

Table 3-Storage stability o f brana

Raw bran Stabilized bran

Initial 28 Days Initial 28 Days

F F A  % 4 51 3 4
H2 0  % 11 12 7 11
Bacteria X  102 /g 82000 7400 9 4

3 1 kg bran sam ples stored in cloth bags at 3 2 °C , 85%  R H
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--------------------------- ABSTRACT----------------------------
Nine mineral elements (Ca. P, Mg, Fe, Zn, Cu, Mn, Na and K) were 
determined in 10 types, up to four brands of each type, of variety 
breads purchased from four major U.S. cities. Calcium content of 
test breads varied appreciably among cities and among brands within 
a city. In contrast, such variations in the content of Mg, Zn, Cu, and 
Mn in breads were minimal. Phosphorus was the most abundant 
mineral in all products. Iron content averaged the highest (3.76 
mg/lOOg) in pumpernickel bread. Sodium in test breads except 
tortillas averaged between 474 to 734 mg/lOOg. Four slices of 
breads tested provide appreciable amounts of various minerals to
wards our daily need.

INTRODUCTION
OVER THE LAST SEVERAL YEARS, the consum ption 
of variety breads, loosely defined to  include breads other 
than white pan bread, in the United States has been in
creasing steadily (R anhotra and Winterringer, 1981). Prod
uct quality and nutritional considerations/perceptions 
appear to  have influenced this trend. Studies were recently 
initiated to  widen the base on which nutritional perceptions 
can be substantiated and docum ented. This encompassed 
developing detailed com positional inform ation on ten types 
of popular variety breads (up to  four brands of each type) 
which were obtained from four major U.S. cities. Earlier 
we reported (R anhotra et al., 1984a) on the proxim ate 
com ponents in these products. This paper presents inform a
tion on selected minerals in thé same products.

MATERIALS & METHODS

Products and processing
All pertinent information on the 129 products (Table 1) tested 

and the processing involved was detailed earlier (Ranhotra et al., 
1984a). Additional information showing which of the products 
tested were enriched products is now included in Table 1. En
richment adds three B vitamins and iron. Calcium, an optional 
ingredient, may also be included in the enrichment.

Analytical
Triplicates of each sample were analyzed for each of the minerals 

reported. Total phosphorus in the test products was determined 
colorimetrically using the standard AACC method (1977). Sodium 
and potassium were determined by flame emission and the other 
seven minerals by atomic absorption spectrophotometry using an 
IL (Allied Analytical Systems, Andover, MA) model 251 spectro
photometer. Samples for Ca and Mg were dry ashed (560°C; 16 hr) 
and were then analyzed following AOAC (1980) method 2.109 - 
2.113. Samples for the other minerals were wet ashed by digestion 
of a 1-g sample in 30 mL nitric acid, boiling until about 10 mL of 
solution remained, addition of 5 mL perchloric acid, and heating 
until evolution of dense white fumes had occurred. The National 
Bureau of Standards (NBS) wheat flour was analyzed for contained 
minerals to verify the validity of the analytical methods; analyzed

Authors Ranhotra, Gelroth, and Novak are affiliated with the Nutri
tion Research Group, American Institute o f Baking, 1213 Bakers 
Way, Manhattan, KS. Author Matthews is with the Consumer Nu
trition Division, HNIS/USDA, Hyattsville, M D  20782.

values approached or only slightly exceeded the certified values for 
the seven minerals contained in NBS flour. Averages and standard 
deviations were calculated for values among cities and within a city.

RESULTS & DISCUSSION
WHOLEWHEAT BREAD and tortillas are traditionally not 
enriched. For this reason, only the unenriched brands of 
these two products were selected for analysis (Table 1). In 
contrast, the selected brands of some (Chicago products) 
or all (o ther cities) o f other products were enriched. Since 
all Chicago brands were analyzed separately, enrichm ent of 
all was not sought. For each o f the other three cities, all 
brands of a product were com posited for analysis and here 
it was ensured that all products were enriched in preference 
to no t being enriched.

Major minerals
Table 2 lists the contents of four major minerals — cal

cium, phosphorus, magnesium, and iron — in the test prod
ucts. These values represent averages of up to  four determ i
nations (Chicago) or the grand average of average values for 
each of the four cities (all-cities). For most products, the 
calcium content was low. This implies that calcium was not 
a com ponent o f enrichment. Calcium values also varied sub
stantially both  w ithin a city (Chicago) and between all 
cities. Tortillas averaged the highest in calcium content. 
This likely resulted from the use of lime in processing of 
the tortillas.

Phosphorus was the most abundant major mineral in 
the test products, and the am ounts in tortillas and whole
wheat breads were quite substantive. Some brand to brand 
differences were noted in the content of phosphorus but 
they were less pronounced than the differences observed 
for calcium. Brand to  brand differences were also noted in 
the content of magnesium. However, they were in keeping 
with the range of values reported earlier (R anhotra et ah, 
1984b) for these bread types in a related study. That study

Table 1— Bread types and number o f brands tested

Bread type

Cities3,13

Los Angeles Dallas Washington Chicago

Pumpernickel 4 (4) 3 (3) 2 (2) 4 (1)
Raisin 4 (4) 3 (3) 4 (4) 4 (3)
Oatmeal 2 (2) 1 (1) 1 (1) 3 (3)
Wholewheat (100%) 4 (0 ) 3 (0) 4 (0) 4 (0)
Cracked Wheat 4 (4) 4 (4) 4 (4) 4 (3)
Mixed Grain 4 (4) 4 (4) 3 (3) 4 (1)
Italian 2 (2) 2 (2) 2 (2) 4 (1)
French 3 (3) 4 (4) 3 (3) 4 (1)
Pita (White) 4 (4) 2 (2) 1 (1) 3 (2)
Tortillas (corn) 3 (0) 4 (0) 3 (0) 4 (0)

3 F o r  c ities other than Chicago, all brands of a product w ere co m 
posited for analysis (equal d ry  m atter basis); for Chicago, the 
brands were analyzed separate ly . Fo r  the Chicago pro ducts, at 
least three loaves/brand w ere purchased. S in ce  all brands of a prod
uct from  each of the other three cities w ere com po sited , o n ly  one  
loaf/brand was purchased from  these three cities.

“  N um bers w ith in  parenthesis show  enriched products
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examined just one brand of the test products obtained from 
four different U.S. cities.

The content of iron averaged (all-cities) the lowest in 
tortillas and appreciably higher in a num ber of less-refined 
bread products such as pumpernickel, cracked wheat,mixed 
grain, and wholewheat breads. This is due, in part, to 
the fact that iron, like most other minerals, tends to be 
higher in the nonendospermic fractions of the grain than in 
the white endosperm. Some differences were noted in the 
content of iron between Chicago brands and all-cities 
brands. These differences would narrow if unenriched 
brands (Table 1) are eliminated from consideration, includ
ing the two Italian breads from Washington which, contrary 
to the product labels, appear to be unenriched. The conclu
sion on Italian breads was based on analyzed values not 
only for iron but also for the three enrichm ent vitamins.

Trace minerals
The all-cities average values for zinc, copper, and man

ganese in test breads differed little from the average values 
for the corresponding breads from Chicago (Table 3) or 
from values reported for such products earlier (Ranhotra

et al., 1984b). This reflects favorably on the meaningfulness 
of the com positional data, as are being developed, for use 
in nutritional studies and practices. Table 3 also shows that 
certain less-refined bread products would contribute sub
stantially more of the trace minerals in our diet than would 
the refined products.

Electrolytes
Pumpernickel and Italian breads averaged the highest in 

sodium conten t (Table 4). As found earlier (R anhotra et al., 
1984b), brand to brand differences in the conten t of so
dium were also most pronounced for these two bread types. 
The conten t of sodium in oatmeal, mixed grain, and Italian 
breads was also higher this time than reported earlier. The 
reverse was true for pita breads. While tortillas were earlier 
found to  be virtually free of sodium (only 2 m g /100 g), 
this time they contained a modest am ount. This resulted 
from one Chicago brand, and one or more brands from other 
cities, containing added salt. City to city and brand to 
brand differences in the content of potassium in test prod
ucts were of a smaller magnitude as compared to sodium. 
Certain bread types tended to  be a more substantive source 
of potassium in the diet than other bread types (Table 4).

Table 2—Major minerals in breads (mg/TOOg o f product on as-purchased basis)

City

Mineral Bread Los Angeles Dallas Washington Chicago3
All

citiesb

Pumpernickel 53 80 55 36 ± 22 56 ± 18
Raisin 66 75 77 52 .t 14 68 ± 12
Oatmeal 34 78 81 57 ± 32 62 ± 22
Wholewheat 69 59 68 84 ± 31 70 ± 11

Calcium Cracked Wheat 60 60 58 30 ± 10 52 ± 15
Mixed grain 30 99 138 67 ± 40 84 ± 46
Italian 129 64 93 52 ± 27 84 ± 34
French 73 66 109 53 ± 36 75 ± 24
Pita 49 96 116 67 ± 17 82 + 29
Tortillas 198 219 199 203 ± 74 205 + 10

Pumpernickel 128 168 167 191 ± 18 164 ± 26
Raisin 106 106 113 106 ± 15 108 ± 4
Oatmeal 106 129 120 136 ± 6 123 ± 13
Wholewheat 193 223 235 235 ± 16 222 ± 20

Phosphorus Cracked Wheat 142 138 180 151 ± 27 153 ± 19
Mixed grain 156 153 152 202 ± 34 166 ± 24
Italian 115 117 89 112 ± 19 108 ± 13
French 95 110 84 115 ± 18 101 ± 14
Pita 88 98 76 96 ± 6 90 ± 10
Tortillas 287 232 234 323 ±111 269 ± 44

Pumpernickel 43 52 56 58 ± 8 52 ± 7
Raisin 28 25 26 29 ± 6 27 ± 2
Oatmeal 32 36 35 45 + 5 37 ± 6
Wholewheat 81 91 86 92 ± 3 88 ± 5

Magnesium Cracked Wheat 49 44 59 52 ± 16 51 ± 6
Mixed grain 52 55 54 72 ± 14 58 ± 9
Italian 39 25 24 29 ± 5 29 ± 7
French 28 27 20 31 ± 5 27 ± 5
Pita 25 23 22 26 ± 1 24 + 2
Tortillas 59 62 66 63 ± 4 63 ± 3

Pumpernickel 5.07 3.76 3.92 2.29 ± 0.40 3.76 ± 1.14
Raisin 3.01 4.70 2.54 2.61 ± 0.28 3.22 ± 1.01
Oatmeal 3.47 2.88 3.15 2.88 ± 0.14 3.10 ± 0.28
Wholewheat 3.65 3.21 2.92 3.33 ± 0.92 3.28 ± 0.30

Iron Cracked Wheat 3.84 2.99 3.23 3.58 ± 1.56 3.41 ± 0.38
Mixed grain 3.39 4.01 3.42 3.20 ± 0.32 3.51 ± 0.35
Italian 3.95 3.37 1.80 2.43 ± 1.30 2.89 ± 0.96
French 3.90 3.46 2.97 2.32 ± 1.37 3.16 ± 0.68
Pita 3.23 2.32 2.44 1.65 ± 0.46 2.41 ± 0.65
Tortillas 1.49 1.21 1.30 1.84 ± 0.24 1.46 ± 0.28

3 Values are average of up to four brands ± S D .
D Values are grand average of four-city  averages ± SD .
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Bread consum ption in the U.S. averages about 100g 
(four slices) per person per day (Gustafson, 1983). Table 
5 shows the am ount o f various minerals four slices would

Nutrition information provide towards our daily need expressed as US-RDA 
(NNC, 1975) or as lower levels of safe intakes (FNB, 1980). 
It is obvious that certain less-refined products would pro
vide appreciably more of the naturally occurring minerals

Table 3— Trace minerals in bread (mg/lOOg o f product as-ourchased basis)

City

Mineral Bread Los Angeles Dallas Washington Chicago3
All

cities*3

Pumpernickel 1.13 1.95 1.62 1.64 ± 0.20 1.59 ± 0.34
Raisin 0.74 0.65 0.83 0.83 ±0 .16 0.76 ± 0.09
Oatmeal 0.79 1.07 0.96 1.16 ± 0.16 1.00 ± 0.16
Wholewheat 1.74 2.25 1.88 2.13 ± 0.19 2.00 ± 0.23

Zinc Cracked Wheat 1.21 1.14 1.45 1.18 ± 0.26 1.25 ± 0.14
Mixed grain 1.21 1.27 1.24 1.69 ± 0.40 1.35 ± 0.23
Italian 1.02 1.03 0.85 0.99 ±0 .14 0.97 ± 0.08
French 0.80 1.13 0.79 0.94 ± 0.11 0.92 ±0.16
Pita 1.00 0.89 0.79 0.85 ± 0.14 0.88 ± 0.09
Tortillas 1.15 1.05 1.04 1.25 ± 0.03 1.12 ± 0.10

Pumpernickel 0.23 0.24 0.27 0.31 ± 0.10 0.26 ± 0.04
Raisin 0.22 0.21 0.22 0.16 ± 0.01 0.20 ± 0.03
Oatmeal 0.18 0.23 0.25 0.18 ± 0.03 0.21 ± 0.04
Wholewheat 0.32 0,29 0.30 0.30 ± 0.05 0.30 ± 0.01

Copper Cracked Wheat 0.20 0.20 0.22 0.21 ± 0.05 0.21 ± 0.01
Mixed grain 0.26 0.27 0.23 0.29 ± 0.06 0.26 ± 0.03
Italian 0.26 0.18 0.18 0.18 ± 0.03 0.20 ± 0.04
French 0.22 0.21 0.25 0.21 ± 0.03 0.22 ± 0.02
Pita 0.15 0.15 0.15 0.20 ± 0.07 0.16 ± 0.03
Tortillas 0.15 0.13 0.11 0.13 ± 0.04 0.13 ± 0.02

Pumpernickel 1.05 1.31 1.49 1.45 ± 0.33 1.33 ± 0.20
Raisin 0.54 0.44 0.55 0.58 ± 0.08 0.53 ± 0.06
Oatmeal 0.74 1.02 1.04 1.06 ± 0.11 0.97 ± 0.15
Wholewheat 2.03 2.55 2.53 2.68 ± 0.24 2.45 ± 0.29

Manganese Cracked Wheat 1.29 1.07 1.71 1.34 ± 0.51 1.35 ± 0.27
Mixed grain 1.24 1.27 1.24 1.93 ± 0.66 1.42 ± 0.34
Italian 0.69 0.49 0.40 0.46 ± 0.05 0.51 ± 0.13
French 0.55 0.59 0.42 0.54 ± 0.13 0.53 ± 0.07
Pita 0.48 0.45 0.42 0.46 ± 0.04 0.45 ± 0.03
Tortillas 0.40 0.44 0.39 0.38 ± 0.04 0.40 ± 0.03

3 Values are average of up to  four brands ± S D .
“  V alues are grand average of four-c ity  averages ± S D .

Table 4—Electrolytes in breads (mg/100g o f product as-purchased basis)

Electrolyte

Sodium

Potassium

Bread type

Pumpernickel
Raisin
Oatmeal
Wholewheat
Cracked-Wheat
Mixed grain
Italian
French
Pita
Tortilias

Pumpernickel
Raisin
Oatmeal
Wholewheat
Cracked Wheat
Mixed grain
Italian
French
Pita
Tortillas

Los Angeles Dallas Washington Chicago3 cities* 13

768 617 608 786 ± 181 695 ± 95
459 434 403 389 ± 48 421 ± 31
514 664 611 616 ± 121 601 ± 63
586 590 493 541 ± 83 553 ± 45
596 546 477 555 ± 17 544 ± 49
733 516 533 571 ± 54 588 ± 99
608 627 522 706 ± 180 6 1 6 ± 76
628 622 527 619 ± 87 599 ± 48
557 569 316 467 ± 36 477 ±117
134 21 186 44 ± 79 96 ± 77

153 203 235 224 ± 32 204 ± 36
252 269 247 250 ± 42 255 ± 10
111 125 110 154 ± 27 1 2 5 ± 21
249 257 280 255 ± 18 260 ± 14
165 173 196 163 ± 39 1 7 4 ± 15
159 208 193 232 ± 29 1 9 8 ± 31
103 99 101 109 ± 5 103 ± 4
115 124 96 126 ± 18 115 ± 14
106 126 77 144 ± 30 113 ± 29
189 159 150 240 ± 64 185 ± 41

3 Values are average of up to four brands ± S D .
13 Values are grand average of fo u r-c ity  averages ± SD .
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Table 5-Nutrition information per JOOg breada

Nutrient

Percent of daily allowance15

Minimum0 Maximum0

Calcium 5 (cracked wheat bread) 20 (tortillas)
Phosphorus 9 (pita bread) 27 (tortillas)
Magnesium 6 (pita bread) 22 (wholewheat bread)
Iron 8 (tortillas) 21 (pumpernickel bread)
Zinc 5 (raisin bread) 13 (wholewheat bread)
Copper 7 (tortillas) 15 (wholewheat bread)
Manqanese 16 (tortillas) 98 (wholewheat bread)
Sodium 9 (tortillas) 63 (pumpernickel bread)
Potassium 5 (Italian bread) 14 (wholewheat bread)

3 100g bread equals four slices.
b Expressed as U S -R D A  or as safe intakes (Mn, Na and K ). 
c Based on low est and highest values and the pro ducts representing  

them .

than the refined products. This is most striking for the ele
ment manganese. Such contribution, however, must be 
viewed in the context that less-refined products are also 
usually high in potential inhibitors o f mineral absorption 
(R anhotra, 1983; Ranhotra and Gelroth, 1983). Also im
portan t is the fact tha t in a mixed diet, small differences in 
mineral makeup between various bread types are nutri
tionally inconsequential. In the present study, this is true 
for most minerals except sodium and iron.
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R ICE  BR A N  ST A B IL IZ A T IO N . . . From page 364

always be stable, it was decided that an operating tem 
perature of 130 C would provide an adequate safety mar
gin for unanticipated changes in raw bran m oisture, extru
sion tem perature fluctuation, or stabilized bran holding 
time and would not require escessive energy. Thus, the 
optim um  processing conditions were considered to  be raw 
bran moisture level o f 12 -  13%, extrusion tem perature of 
130 C, processing rates of 500 kg/hr, and a post-extrusion 
holding time of 3 min. Treatm ent under such conditions 
should consistently produce bran which would be stable 
for 8 weeks or longer.

Some wear of extruder parts was observed after 360 hr 
running time, but extrusion capability was not diminished. 
It was estimated that only the cone might require replace
m ent at about 500 hr, but other wearing parts could be 
run for 1000 -  2000 hr before they would have to be re
placed or remachined.
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P e r f o r m a n c e  E v a l u a t i o n  o f  T i m e - T e m p e r a t u r e  I n d i c a t o r s  

f o r  F r o z e n  F o o d  T r a n s p o r t

JOHN HENRY WELLS AND R. PAUL SINGH

---------------------------- ABSTRACT---------------------------
Time-temperature indicators from four different manufacturers 
were evaluated on the basis of their response to constant and vari
able storage temperature treatments. Several time-temperature indi
cators of each type were exposed to constant temperatures of 
— 18°C and +5°C, and a variable temperature treatment which could 
simulate the conditions encountered in a frozen food transport. The 
discussion presents the time-temperature response of the indicators 
tested, the average endpoint response recorded, and comments on 
the characteristic assets and limitation of the indicators investigated.

INTRODUCTION
A TIME-TEMPERATURE INDICATOR is a device which 
registers a response according to  the combined effect of time 
and tem perature. Well known studies have related the effect 
of time and tem perature to  the quality of frozen food (Van 
Arsdel et al., 1968; Schwimmer and Ingraham, 1955). 
Because quality is so closely related to  this time and tem 
perature interaction, a primary application of the time- 
tem perature indicators could be m onitoring the tem pera
ture exposure history of frozen foods during distribution. 
An overview of the types of tim e-tem perature indicators is 
presented by Byrne (1976) and Farquhar (1977). Schoen
(1983) comments on the appropriateness of tim e-tem pera
ture indicators for predicting quality changes in frozen 
foods.

Several studies on the perform ance evaluation of time- 
tem perature indicators have been previously undertaken. 
The most notew orthy among these studies have been re
ported by Hayakawa and Wong (1974), Kramer and Farqu
har (1976), and Arnold and Cook (1977).

All perform ance evaluation studies thus far have pro
vided useful data about the endpoint measures of time- 
tem perature indicators, but lack any inform ation regarding 
the kinetic interpretation of the indicator scale readings. 
In light of the recent interest in shelf life kinetics (Held- 
man and Lai, 1983; Labuza, 1982; Saguy and Karel, 1980) 
the inform ation on tim e-tem perature indicator response 
needs to  be revised.

The objective of this investigation was to  evaluate the 
response of tim e-tem perature indicators to  a tem perature 
treatm ent simulating frozen food transport, and to  docu
m ent the responses of various indicators at different storage 
temperatures.

MATERIALS & METHODS

Types o f indicators evaluated

Four manufacturers of time-temperature indicators were con
tacted and asked to specify a particular model of indicator which 
was applicable to frozen food transport. All of the manufacturers 
responded favorably and the specified indicators were obtained. For 
the purpose of this presentation, the various indicators evaluated 
shall be referred to as indicator “A”, “B”, “C”, and “D”.

Indicators “A”, “C” and “D” are designed to be partial-history 
time-temperature indicators, essentially abuse indicators which

Authors Wells ana Singh are affiliated with the Dept, o f Agricultural 
Engineering, University o f California, Davis, CA 95616.

will yield no response unless a predetermined temperature is ex
ceeded. Because of this, no indicator response will occur unless a 
specific “response” or “melt” temperature has been exceeded, and 
the magnitude of the response will be proportional to the length 
of time the setpoint temperature is exceeded. Indicator “C” records 
temperature exposure above its “response” temperature with a 
diffusion of colored fluid along a paper wick, and the “A” and “D” 
indicating devices record exposures above their “melt” point with 
the displacement of a thawing capillary of frozen liquid. These indi
cators vary in sensitivity to temperature increases above the “re
sponse” temperature.

The “B” device may be considered a full-history time-tempera
ture indicator, as its response is independent of a temperature 
threshold. Indicator “B” responds with a gradual color change 
brought about with a pH-indicator, in solution with an enzyme- 
substrate mixture, which changes color because of pH changes 
caused by enzymatic hydrolysis of the lipid substrate. The enzyme 
reaction is irreversible and an increase in temperature accelerates the 
reaction thus speeding the color change. The indicator response is 
given by four discrete color increments, namely, 0, 1, 2, and 3.

Tem perature treatm ents

Two constant temperature storage conditions were chosen for 
this investigation, -18°C and +5°C. Also a variable temperature 
cycle, consisting of —18°C for 72 hr followed by +20°C for 1 hr 
and +5°C for 8 hr was investigated. The duration of the investiga
tion was limited to 14 days. These particular treatments were chosen 
as a model of the conditions encountered in frozen food trans
port and handling.

The indicators were attached to an aluminum-sheet plate (33.02 
cm x 15.24 cm x 0.48 cm) with a type-T thermocouple placed in a 
milled slot at the geometric center. Plates which were to be stored in 
cold storage (—18°C exposure) were placed in a well equilibrated 
insulated container internally fitted with a plywood support struc
ture. The plates were held vertically within the insulated container 
and remained enclosed inside the container at all times except for a 
short period of time during inspection. A cutaway sketch of the 
experimental setup is shown in Fig. 1.

The temperature exposures of +5°C and +20°C were accom
plished in an AMINCO Aire, air conditioning unit. Aluminum 
was chosen as the indicator mounting surface because the thermal 
properties of this material would allow rapid equilibration to the 
exposure temperatures.

Indicator Activation and Evaluation

Indicators “A” and “D” were preconditioned according to 
manufacturers’ specifications by storing them at —18°C for 12 hr 
before activation. Preconditioning was necessary for these indicators 
as their principle of operation is based on the melting of a capillary 
of fluid. Indicator “C” required no preconditioning, but was al
lowed to equilibrate to the treatment temperatures before activa
tion to help eliminate the variations in the starting points. For the 
“B” indicators the manufacturer’s instructions specifically called 
for the indicators to be activated above 0°C.

The activated indicators were placed in the various treatment 
locations and inspected periodically. The indicators which were sub
jected to the warmest temperature treatments required nearly con
tinuous monitoring, while the coldest treatment required inspection 
on a 12-hr interval. It was the intent of the inspections to record 
indicator scale readings and observe any performance limitations. 
To minimize the indicator exposure during inspection, the devices 
were examined either within the cold storage freezer or through a 
plexiglass viewing port in the air conditioning unit.

Volume 50 (1985J—JO URNA  L OF FO O D  S C IE N C E -3 6 9



T IM E -T E M P  I N D IC A T O R S  F O R  F R O Z E N  F O O D  T R A N S P O R T .  . .

RESULTS & DISCUSSION

Time-temperature response
Measurement of time-temperature response. All figures 

are presented as plots of “ Percent of Full Scale (%) vs. 
Exposure Time (hours).” The “Percent of Full Scale” 
values were mathematically calculated from the averages of 
the valid indicators’ readings at the various tem perature 
treatments. The various indicator scales were normalized

Fig. 1—Low  temperature setup to evaluate time-temperature indi
cators.

Fig. 2—Time response o f indicator "B "  at —J8°C constant storage.

such that an expiration reading or endpoint value cor
responded to  a 100% full scale reading. Thus, for example, 
for indicator “ B” , the discrete color increments 0, 1, 2, 3 
would correspond to  percent of full scale readings of 0%, 
33%, 67%, and 100%, respectively. Interm ediate percentage 
readings between these discrete intervals arose as a result o f 
the arithm etic mean of several indicators at any given 
inspection time. These calculations were necessary for the 
direct comparison between the indicators from different 
manufacturers.

Response to constant temperature treatment. The re
sponse of indicator “ B” at — 18°C constant storage is shown 
in Fig. 2. The response of indicators “ A” , “ C” , and “ D” 
were not included as the —18 C storage tem perature was 
lower than the indicators’ threshold temperatures. A small 
num ber of indicators of types, “ A” , “C” , and “ D” , did 
respond initially, but these indicators yielded no sustained 
response, and the subsequent flat response was merely an 
initial offset. It is most probable that this initial offset 
came about because of warming while the indicators were 
being activated, and not because of the storage condition 
or indicator variability.

The response of all indicators at +5°C are shown in Fig.
3. To accom modate a common starting point, all indicators 
were precooled at — 18°C and then suddenly exposed to the 
+5°C environment. This was necessary to  maintain the 
frozen status o f the fluid within the capillaries in indicators 
“A ” and “ D” so as not to bias their response. Indicator 
“D” responded in a strict linear manner, almost immedi
ately after exposure to  +5 C. The response of indicators 
“ A” and “C” leveled to an approxim ately linear rate after 
a relatively short warming period. Indicator “B” responded 
with a sigmoidial curve, as expected, with a m uch steeper 
slope than for the lower tem perature exposure.

Response to variable temperature treatment. The re
sponse of indicator “C” to  the variable treatm ent is shown 
in Fig. 4. All indicators except the “C ” device expired dur
ing the first high tem perature exposure and, for this reason, 
are not included in this figure. Indicator “C” did not reach 
full scale response until well after the second variable cycle. 
During the +20°C step, the “ C” indicators responded very 
rapidly and then, unexpectedly continued to respond 
even when moved back to the —18 C storage condition. 
Although the - 1 8  C tem perature was less than the “ re
sponse” tem perature claimed by the m anufacturer, it is 
suspected this continued response (creeping effect) is a 
result of a com bination of tem peratures close to  the indi
cators’ response tem perature and a continued, but slowed, 
diffusion of the fluid already in solution w ithin the paper 
wick.

Fig. 3—Time response o f all indicators at +5°C constant storage.
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A tabular summary of the average time to  expiration for 
each indicator type and the coefficient of variability at 
expiration during the constant tem perature exposures is 
presented in Tables 1 and 2, respectively. The average 
time to  expiration was derived by considering the length of 
time it took individual indicators to achieve a full scale 
reading. For this reason, only indicators which had reached 
full scale were included in this calculation.

Performance assessments
A com parison of the indicator perform ance characteris

tics is given in Table 3. The most serious lim itation with 
the use of tim e-tem perature indicators is the great deal of 
indicator m anipulation and m eticulous hand work neces
sary to accomplish indicator activation and attachm ent.

The scale on which response is recorded for some of the 
indicators is somewhat tedious. The scale on indicator “ B” 
is especially troublesom e for quantitative interpretations, 
as the color change response is restricted to  four discrete 
scale readings as indicated by a com parator color reference 
attached to  the indicator body. The color scale is further 
complicated by its dependence on the prevailing lighting 
conditions in the inspection area, and by the perception of 
the viewer.

Indicator “ A” is m ounted to  a heavy paper card which 
fits into an adhesive backed clear plastic pouch. The indi
cator and card must be removed to  be activated and then 
returned to  the pouch for storage placem ent and mounting. 
Indicator “ B” and “C” are adhesive backed and can be 
directly m ounted for storage. The adhesive of indicator 
“C” would not adhere to  the aluminum plates and it was 
necessary to  attach these indicators with the aid of small 
pieces of com m on duct-tape. Indicator “ D” is relatively 
large compared to  the other devices and does not have an 
independent means of attachm ent.

Indicator expiration

Table 1—Average time to expiration (hr) for constant temperature 
treatments

Indicator — 18°C +5°C

Indicator " A " N R a NR
Indicator " B " 163.50 hr 8.77 hr
Indicator " C " NR 59.57 hr
Indicator " D " NR 0.84 hr

a N R  indicates no response recorded.

Table 2—Coefficient o f variability for indicators at expiration during 
constant treatment

Indicator — 18°C +5°C

Indicator " A " _ _
Indicator " B " 32.34% 7.37%
Indicator " C " - 5.48%
Indicator " D " - 1.19%

A large num ber of the “ A” indicators tested registered 
invalid readings as a result of capillary fluid separation. 
This was apparently due to  the presence of residual gas in 
the fluid which generated bubbles within the capillary 
causing voids and separation. One of the “ D” indicators 
tested responded with a mid-scale reading upon activation, 
a result of an improperly filled capillary. The low level of 
frozen fluid w ithin the capillary did not allow the indicat
ing probe to  be in line with the zero scale reading.

SUMMARY
SINCE — 18°C is the recommended maximum tem perature 
exposure during frozen food transport, the results of this 
study would imply that any of the tim e-tem perature indi
cators investigated could be used as tem perature history 
indicators during frozen food transport. Indicators “ A” , 
“C” and “ D” respond only to tem peratures above their 
respective threshold tem peratures, while indicator “ B” 
gives a cummulative response over its entire tim e-tem pera
ture history. The use of indicators “ A” and “ D” should be 
limited to m onitoring shorter duration frozen shipments 
because of their rapid expiration at +5 C, while indicators 
“B ” and “C” would be suitable for somewhat longer ship
ment durations. At this point in the development o f time- 
tem perature indicator technology all indicator types seem 
suitable for m onitoring frozen food transport, but because 
of the relatively high degree of indicator response variabil
ity , sound statistical sampling and inspection procedures 
must accompany any im plem entation o f tim e-tem perature 
indicators.
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Fig. 4—Time-temperature response o f indicator "C "  to variable tem
perature treatment.

Table 3—Indicator performance characteristics

“A " " B " " C " " D "

Classification Partial history Full history Partial history Partial history
Response mechanism Fluid capillary Enzyme reaction Liquid diffusion Fluid capillary
Response scale Linear 0 -  6 hr Color references 

0, 1,2, 3
Logarithmic 0 - 1 0 Linear 0 - 1 0 0 0  

(degree-min)
Means of activation Hand Hand/mechanical Hand Hand
Preconditioning Yes No Yes/No Yes
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-------------------------------  ABSTRACT---------------------------------
Effects of gamma-radiation (1-10 kGy) on selected functional 
properties were studied in four legumes: green gram, lentil, horse- 
bean and Bengal gram. Water absorption capacity of irradiated 
legume samples increased, although pasting temperature was not 
appreciably changed. Maximum gelatinization viscosity decreased 
progressively in all samples with increasing radiation dose. Irra
diation at 2.5-10.0 kGy of all legume samples caused a significant 
reduction in cooking time compared to controls. The force required 
to compress irradiated cooked samples was reduced. Irradiated 
samples (5 kGy) were rated as softer than control and 2.5 kGy 
sample by taste panel members. Sensory evaluation of cooked 
unirradiated and irradiated (5 kGy) samples revealed no significant 
differences in acceptability.

INTRODUCTION
LEGUMES are rich sources of easily available, cheap pro
teins and com plem ent cereal proteins in terms of several 
essential amino acids, when blended in the right propor
tions (Liener, 1978). Their optim um  utilization may help 
in combating the prevailing protein-calorie m alnutrition 
conditions in developing countries. However, their accepta
bility as staple foods is limited because they contain several 
heat stable as well as heatlabile antinutritional factors 
(Liener, 1979). Some of these, on ingestion o f legumes, 
may cause gastro-intestinal discomfort. The prolonged time 
generally required for cooking also makes their utilization 
uneconomical. Radiation treatm ent at m oderate doses has 
been recommended for disinfestation of legumes (Food 
Irradiation Inform ation, 1980). The treatm ent is shown to 
be effective for reduction of flatulence-causing oligosac
charides (Rao and Vakil, 1983) and also of trypsin and 
chym otrypsin inhibitors (Iyer et ah, 1980b). Further, the 
nutritive quality o f irradiated beans is improved (Reddy et 
ah, 1979). Short term feeding studies in rats fed irradiated 
bean diets do not reveal any mutagenic activity by in-vivo 
nor in vitro tests (Food Irradiation Inform ation, 1980). 
However, some subtle physicochemical changes in m acro
nutrients are observed in irradiated foods. Several low 
molecular weight radiolytic breakdown products o f irra
diated legume starch (Nene et al., 1975b) and proteins 
(Nene et ah, 1975a) have been characterized. These changes 
may affect the functionality of the irradiated legumes. In 
the present investigation, the effects of gamma-radiation, at 
m oderate doses (1-10 kGy) on some of the rheological 
properties, water absorption capacity, cooking quality and 
sensory acceptability were studied in four varieties of 
com monly used legumes.

MATERIALS & METHODS

SAMPLES OF LEGUMES, green gram (Phaseolua aureus), horse- 
bean (Vicia faba), lentil (Lens esculenta) and Bengal gram (Geer * 400

Authors Rao and Vakil are affiliated with the Biochemistry & Food  
Technology Division, Bhabha Atom ic Research Centre, Bombay -
400 085, India.

arietinum), were purchased in a single lot from a local market and 
stored at 4°C in air-tight bins.

Irradiation
The seeds (lOOg) were packed in individual polythene bags and 

irradiated (1-10 kGy dose levels) in air at 25°C, in a 60Co Gamma
cell 220 (BARC Model), having an influx of 0.025 kGy/min and 
overdose ratio of about 10%. Absorption of ionizing radiation was 
checked with ferrous sulfate and ceric sulfate dosimetry (Weiss, 
1952).

Water absorption
Samples of whole legume seeds were soaked in distilled water 

(1:5 w/v legume to water ratio) for 1, 3, 6, 12, and 16 hr at room 
temperature (25 ± 2°C). Excess water was drained and the samples 
were air dried (30 min) and weighed. The increase in weight was 
taken as the amount of water absorbed. Percentage increase in 
original weight of seeds was calculated.

Gelatinization viscosity
Seeds were ground in an experimental roller grinding mill and 

passed through a 60 mesh sieve. The gelatinization viscosity was 
measured in a Brabender amylograph. The flour (50g) was mixed 
with distilled water (480 mL) to form a lump-free slurry. This was 
heated up to 95° C in a revolving container (75 rpm) with a constant 
temperature rise (1.5°C/min); changes were recorded on a chart. No 
amylogram peak was obtained with legume flour. Therefore, the 
amylogram reading at 95° C was taken as the maximum gelatiniza
tion viscosity (Morad et al., 1980). The temperature at which the 
viscosity of the slurry began to rise (pasting temperature) was also 
noted.

Determination of softness on cooking
Legume seeds (lOg lots) were cooked for 10-60 min in boiling 

water (1:10 w/v) containing 2% common salt and 0.2% turmeric 
powder. The extent of softening during cooking was measured with 
an ‘Instron’ Universal texturometer (table model), consisting of a 
moving cross head and adjusted to a maximum pressure of 100 kg. 
The cooked sample was kept in a specially devised cylindrical 
aluminium cup and compressed at a cross-head speed of 20 mm/ 
min; chart speed was 200 mm/min. The peaks, indicating the force 
required (kg) to compress the samples, were recorded. In another 
experiment, time required for complete cooking (as determined by 
subjective test) of control legumes were first determined. The 
irradiated samples were then cooked for the same time and the force 
required to compress both the control and irradiated legumes was 
determined. Reduction in cooking time after irradiation was calcu
lated from these values.

Sensory evaluation
Irradiated (1-5 kGy) horsebeans and Bengal gram were cooked 

in water for 60 min and lentils and green gram for 10 min, the opti
mum time required for cooking by their respective unirradiated con
trols. Spices were added as described above. Excess water was 
drained and the cooked samples were kept in a hot cabinet (75- 
80° C) until served. Overall acceptability was evaluated by a trained 
taste panel of 12 members using a 9-point hedonic scale (1 = dislike 
extremely, 9 = like extremely). Each sample was tested three times 
on different days. An intensity scale (1 = none to 5 = extreme) was 
used for scoring off-characterisitcs such as discoloration, off-odor 
and irradiation flavor. Legumes, irradiated at 10 kGy, had a distinct 
discoloration and irradiation flavor, hence, these samples were not 
served to the taste panel. Means and standard error were calculated 
for each characteristic as well as for hedonic scale scores.
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Statistical comparisons were made using the Student’s t-test 
(Snedecor and Cochran, 1976). Differences in mean values yielding 
P < 0.05 were considered significant.

RESULTS

Water absorption
H ydration capacity of all the seeds was maximum at 1 hr 

and then leveled off (data not shown). A typical histogram 
(Fig. 1) depicts the effect of radiation treatm ent (10 kGy) 
on water absorption capacity of various legumes soaked for 
1 and 16 hr in water. After 1 hr of soaking, all the irradi
ated samples showed higher extent o f hydration than their 
respective controls. This difference in the water uptake 
capacity between irradiated and control samples was mar
ginal (5%) for green gram, whereas, it was much larger (15, 
20 and 27%, respectively) for Bengal gram, lentil and horse- 
bean. These percent differences in the extent of hydration 
between the irradiated and control samples were main
tained after 16 hr of soaking. At lower doses, radiation 
treatm ent did not significantly affect the water absorption 
capacity of the legumes.

Evaluation of amylgram
The pasting tem perature of unirradiated legumes was in 

the range 70-75°C for green gram, lentil, Bengal gram and 
horsebean (Table 1). This was decreased appreciably in 
Bengal gram (by 10°C) and green gram (by 7°C) samples, 
irradiated at 10 kGy dose levels but not in lentil (4°C) and 
horsebean (2 C). Since no distinct peak was obtained with 
legume flours, as is normally found w ith wheat flour or 
isolated cereal starch, the maximum gelatinization viscosity 
obtained when the tem perature reached 95 C, was recorded 
(Fig. 2). Maximum gelatinization viscosity (A.U.) at 95 C 
of green gram (235), lentil (475), Bengal gram (315) and 
horsebean (200) decreased progressively in all the samples 
with increasing dose of radiation.

Cooking quality of irradiated legumes
The softness of the cooked legume samples was measured 

with an ‘Instron’ texturom eter. A typical set of results 
obtained with control and irradiated horsebean are de
picted in Fig. 3A. Control sample, considered cooked on 
the basis of subjective evaluation by a taste panel, took 60 
min for com plete cooking and required a kg force of 70 
to compress. However, the force (kg) required for compres-

1 16 1 16 1 16 1 16 
G REEN GRAM LEN TIL H O RSE BEAN BENGAL GRAM

SO AKING TIM E .h r .

Fig. 1—Effect o f radiation treatment on hydration capacity o f four 
legum samples. *, control; a, irradiated at 10 kGy.

sion of com pletely cooked control samples of other legumes 
varied: 80 for lentil, 65 for green gram and 40 forB engral 
gram (Fig. 4). Tracings of original Instron peaks (Fig. 3B) 
revealed that irradiated horsebean samples, cooked for the 
tim e required to obtain the desired softness o f the control 
(60 min) were much softer than the control. At 5 and 10 
kGy irradiation, forces of only 42 and 39 kg, respectively, 
were required to compress the horsebeans. The cooking 
time for the irradiated samples, calculated using the Instron 
values, was found to be reduced in all legume samples, 
when compared with their control. Thus, it was calculated 
that the horsebean samples irradiated at 2.5, 5.0 and 10 
kGy, took 52, 50 and 35min, respectively, for cooking as 
compared to  60 min for control. The reduction in cooking 
tim e of irradiated legumes com pared to  their respective 
control was plo tted  against the radiation dose (Fig. 5). 
Maximum reduction was observed in green gram irradiated 
at 5 (35%) and 10.0 (50%) kGy dose levels. At 5.0 kGy 
lentil showed appreciable reduction (28%), whereas, horse- 
bean and Bengal gram showed only 13 -  16% reduction. At 
10 kGy, however, 40 -  50% reduction was recorded in 
cooking time of all the legumes tested.

Table 1 — Measurement o f the pasting temperature o f irradiated 
legumes, evaluated from amylograms

Irradiation dose (kGy)
Legume 0 2.5 5.0 10.0

- —  Pasting temp3 (°C)...........

Green gram 75 74 72 68
Lentil 70 69 68 66
Horsebean 72 72 71 70
Bengal gram 72 70 68 62

a Initial pasting temperatures (°C) of various legume flours were
measured in a Brabender amylograph as described in the text . Re-
suits are averages of four independent experiments.

Fig. 2 —Evaluation o f amylograms o f irradiated legumes: A — A, 
green gram; o — □, lentil; o — o, horsebean; • — », Bengal gram.
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COOKING TIME, min RADIATION DOSE, kGy

Fig. 3—Compression o f control and irra
diated cooked horsebean in an Instron 
texturometer. Force required to com
press the legumes cooked for different 
time intervals: (A) Instron peaks o f con
trol and irradiated horsebean samples 
cooked for 60 min (B). o — o, control; 
• — 2.5 kGy; a — a, 5.0 kGy; o — o,
10 kGy.

Sensory evaluation
Average scores of acceptability of cooked unirradiated 

and irradiated legume samples on a 9-point hedonic scale 
are given in Table 2. Cooked samples at 2.5 kGy dose, 
except in green gram, showed significantly lower rating 
(P <  0,05) on hedonic scale as compared to the control. 
However, at 5.0 kGy dose, as compared to  the control, 
there was no significant difference in acceptability in all 
cooked samples. Further, remarks about the softness of the 
cooked samples were evaluated. About 72 -  100% of the 
panel members were of the opinion that the texture of the 
samples irradiated at 5 kGy was much softer and sm oother

Fig. 4—Measurement o f softening in irradiated cooked legumes. 
Irradiated ( 1 - 1 0  kGy) legumes were cooked for the optimum 
cooking time required by their respective controls: a — a, green 
gram; o — o, lentil; o — o, horsebean; • — •, Bengal gram.

on cooking than that of the control or of 2.5 kGy samples. 
Evaluation of undesirable off-characteristics (Table 3) 
showed that intensity of discoloration, off-ocor and irradia
tion flavor increased as a function of radiation dose. How
ever, even at 5 kGy, only marginal differences in scores of 
irradiation flavor (1.75 -  2.0) or discoloration (1.9 -  2.2) 
was noticed.

DISCUSSION
WATER ABSORPTION CAPACITY of whole legumes (Fig. 
1) is generally lower than that of wheat (Rao et al., 1978) 
or corn (Vose, 1977) due to  lower permeability of hard 
seed coats and to  a close association of starch polymers in 
the native granules of legumes (Lorenz, 1979). However, 
the hydration rate of the irradiated legumes was increased. 
Nene et al. (1975b) have carried out the experim ents with 
red gram, under the identical conditions and using the same 
radiation dose as used in this study. They have shown tha t 
solubility of irradiated (10 kGy) legume flour or of iso
lated starch was increased with a concom itant increase in 
reducing sugars. When these samples were subjected to  in 
vitro a-am ylase action, relatively more maltose was liber
ated from irradiated samples. Similarly, an increase in free

Fig. 5—Effect o f y-radiation on percent reduction in cooking time 
o f the legumes: a — a, green gram; □ — o, lentil; o — o, horsebean; 
• — », Bengal gram.
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amino acid levels in soluble proteins and in vitro proteo
lysis were observed (Nene et al., 1975a) in irradiated (10 
kGy) red gram compared to their unirradiated control. 
The radiosensitivity of isolated starch was more than that 
of flour, where starch is present in more complex form in 
association with others. Thus, increase in w ater uptake 
may be attributed to breakdown of starch and protein 
molecules to low molecular weight entities and to their 
increased solubility in irradiated samples. It is known that 
physically damaged smaller particle sized starch helps in 
increasing the available surface area of hydration (Mere
dith, 1966). Further, the differences in the rate o f hydra
tion of the legumes studied can be explained by the hetero- 
genity of their cell wall com position, molecular size and 
natural binding of the individual sugar com ponents within 

the cells of each sample (Sathe and Salunkhe, 1981). These 
factors are shown to govern the apparent hydration of 
legumes during soaking (Shun Ku et al., 1976). Further, 
the decrease in initial pasting tem perature (Table 1) and 
gelatinization viscosity (Fig. 2) were observed in irradiated 
legume samples. Since these properties are mainly governed 
by the length of polysaccharide chains (Reddy e tal., 1984), 
it could be inferred tha t starch molecules in these legumes 
were shortened or depolymerized due to  radiation treat
ment. Appreciable reduction in cooking time of the irra
diated legumes was observed (Fig. 5) although different 
times for com plete cooking in terms of softness (Fig. 4) 
were noted. Irradiation at 5 kG y of soaked and dehydrated 
beans causes about 50% reduction in cooking time (Iyer 
et al., 1980a). Williams et al. (1983) observed a direct re
lationship between cookability, swelling index, and hydra
tion capacity of the soaked seeds. Excessive cooking of 
the legumes results in protein losses and in lower avail
ability of lysine (Almas and Bender, 1980). Cooking time 
can be reduced by addition of alkaline chemicals. How
ever, this adversely affects the overall acceptability of 
the cooked samples (Narasimha and Desikachar, 1978) 
and also produces unnatural cross-linked amino acids (e.g. 
lysinoalanine), having nephrotoxic effects on rats fed such 
diets (Pfaender, 1983). On the other hand, radiation 
treatm ent improves the nutritive and metabolizable values 
of lentil as observed on the basis o f chick bioassay test

Table 2 — Sensory evaluation (acceptability) o f irradiated cooked 
legumes

Legume

Irradiation dose (kGy)

0 2.5
Mean score on scale3

5.0

Green gram 6.43 ± 0.06 6.34 ± 0.01 6.45 ± 0.02
Lentil 6.32 + 0.11 5.85 + 0.12* 6.00 ± 0.14
Horsebean 6.22 ± 0.10 5.54 ± 0.04* 6.02 ± 0.03
Bengal gram 6.63 ± 0.10 6.09 ± 0.13* 6.33 ± 0.14

3 C o n tro l and irrad iated  cooked  samples w ere evaluated fo r  accep ta
b ility  b y  a 9-po in t hed on ic  scale (1 = d is lik e  extrem e ly , 9 = like  
extrem ely). Mean score w ith  standard error (±) is ca lcu la ted  from  
three taste panel results.

* P <  0 .0 5 .

(Daghir et al., 1983). Sensory evaluation on either a he
donic or an intensity scale has shown no significant dif
ference in acceptability of control or irradiated (at 5 kGy) 
legumes. Irradiated samples (though had slight discolora
tion at 5 kGy dose) were more acceptable because they 
were very soft. At 2.5 kGy, the samples, although they did 
not have off-characteristics, scored less than the control 
or 5 kGy samples because these were not so soft in tex
ture. The overall scores (hedonic scale, Table 2) were in the 
lower range. This may be attributed  to blandness of the 
samples, cooked w ithout addition of the conventional 
spices. Urbanyi (1982) has observed that food, served in 
a form not normally consumed, always scores lower.
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—Continued on page 378

Table 3 — Evaluation o f o ff — characteristics o f control and irradiated cooked legumes

Average score on intensity scale3 

Irradiation dose (kGy)

Legum e
0 2.5

D iscolo ration
5.0 0.0 2.5

O ff-odor
5.0 0 2.5

Irradiation  flavor
5.0

Green gram 1.27 1.67 2.15 1.20 1.40 1.97 1.30 1.52 2.00
Lentil 1.60 1.80 1.90 1.30 1.60 1.75 1.30 1.75 1.95
Horsebean 1.40 1.70 2.00 1.10 1.40 1.70 1.20 1.50 1.75
Bengal gram 1.50 1.90 2.00 1.20 1.60 1.70 1.10 1.35 1.94

3 Intensity  scale — 1, none; 2 , slight; 3, m oderate; 4, strong; 5, extrem e. Resu lts are averages of three panel tests.
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E v a l u a t i o n  o f  S u b s t r a t e  P o t e n t i a l i t y  a n d  I n h i b i t o r y  E f f e c t s  

t o  I d e n t i f y  H i g h  R i s k  S p i c e s  f o r  A f l a t o x i n  C o n t a m i n a t i o n

M. S. MADHYASTHA and R. V. BHAT

--------------------------------- ABSTRACT---------------------------------
Growth and aflatoxin production by A. parasiticus (NRRL 2999) 
on autoclaved whole, ground and also surface sterilized black pep
per, cardamom, red pepper, dry ginger and turmeric were studied. 
Cardamom did not support detectable fungal growth or aflatoxin 
production. Black pepper and turmeric appeared to be poor sub
strates as they supported comparatively less fungal growth and afla
toxin production. Red pepper and ginger were found to be better 
substrates for fungal growth as well as for aflatoxin production. 
Ether and chloroform extracts of cardamom and turmeric inhibited 
aflatoxin production almost completely. The inhibitory activity of 
cardamom oil and curcumin indicated that they might be the active 
principles.

INTRODUCTION
SINCE ANTIQUITY, spices have been used for flavoring 
foods and beverages and for medication. They are also high
ly valued for their use as preservatives and antioxidants. 
There is a considerable volume of international trade in 
spices amounting to about 365 million dollars annually 
and hence they play an im portant role in the national econ
omy of several of the producing, exporting and importing 
countries (Pruthi, 1980). Tropical climatic conditions under 
which these spices are grown offer a favorable environment 
for the fungal contam ination. The natural occurrence in 
various spices of Aspergillus flavus and its m etabolite afla
toxin, a well known hepatotoxic, mutagenic, carcinogenic 
and teratogenic agent, have been summarised by Udagawa
(1982). Aflatoxin has been produced in some spices under 
artificial conditions (Flanningan and Hui, 1976; Seenappa 
and Kem pton, 1980; Llewellyn et al., 1981a, b). Although 
the toxin production under laboratory conditions is not 
directly comparable to that occurring under natural condi
tions, these observations may be relevant to  some degree 
to the problem of aflatoxin production under natural con
ditions.

The purpose of the present study was to  evaluate the 
substrate suitability of a number of major spices for the 
growth and aflatoxin production of Aspergillus parasiticus 
Speare (NRRL-2999) under different experim ental condi
tions. Further, an attem pt was made to  study the effect of 
ether and chloroform extracts o f cardamom and turmeric 
and also cardamom oil and curcumin, a coloring principle 
of turm eric on fungal growth and aflatoxin production.

MATERIALS & METHODS

Organism
The organism used in this study was A. parasiticus Speare 

(NRRL-2999) and the cultures of the organism were maintained on 
potato dextrose agar slants at 28°C ± 2°C.

Inoculum
The inoculum was produced by growing the organism on potato

Authors Madhyastha and Bhat are affiliated with the Food & Drug 
Toxicology Research Centre, National Institute o f Nutrition, Hy
derabad-500007, India.

dextrose agar slants for 4 days at 28 ± 2°C. The conidia were har
vested by adding 10 ml sterile water and aseptically dislodging the 
conidia with a sterile inoculating loop. The conidial suspension thus 
obtained had conidial concentration of 106 conidia/mL.

Substrate
Whole and ground black pepper {Piper nigrum L.), cardamom 

(Elettaria cardamomum L.), red pepper (Capsicum annuum L.), dry 
ginger (Zingiber officinale Roscoe) and turmeric (Curcuma longa 
L.) samples (50g each) were taken in 500 raL Erlenmeyer flasks in 
replicates. A set of whole and ground samples were autoclaved at 
121°C under 15 psi for 15 min while another set of whole samples 
was surface sterilized with 0.1% HgC^. All the samples were inocu
lated with conidial suspension of A. parasiticus and incubated at 
28 ± 2°C for 7 days. Uninoculated samples served as controls. The 
semi-synthetic medium used for testing the effect of ether and 
chloroform extracts of cardamom and turmeric and also cardamom 
oil and curcumin consisted of 2% yeast extract and 15% sucrose 
(YES) broth which is known to support aflatoxin production (Davis 
et ah, 1966). The broth was dispensed in 50 mL quantities into 250 
mL Erlenmeyer flasks and sterilized by autoclaving at 121°C for 15 
min. Ether and chloroform extracts of cardamom were obtained 
separately by extracting 5g, lOg and 25g ground cardamom with 
25 mL, 50 mL and 125 mL of each solvent, respectively. Similar 
extracts were obtained from turmeric also. Extracts were filtered 
through Whatman No. 1 filter paper and evaporated to dryness on a 
boiling water bath. The residue of each was dissolved in 2 mL each 
dimethyl sulfoxide (DMSO) and transferred into flasks under asep
tic conditions. Cardamom oil emulsified with 0.5 mL Tween ‘80’ 
was added to liquid medium to give concentrations of 50, 100, 
200, 300 and 500 mL/50 mL. Curcumin, dissolved in DMSO, was 
added to medium to obtain the concentrations of 10, 100, 500,
1,000 and 10,000 jug/mL before sterilization. The inoculum was 
added to each flask at the rate of 0.5 mL/flask and incubated at 
28 ± 2°C for 7 days. Controls were maintained for the different 
treatments. Cardamom oil and curcumin were obtained from Cen
tral Food Technological Research Institute, Regional Station, 
Hyderabad, and Central Drug Research Institute, Lucknow, India, 
respectively.

Fungal growth and aflatoxin production
Fungal growth on whole and ground spice substrates was esti

mated in terms of chitin as per the procedure described by Ride 
and Drysdale (1972). Atlatoxins were extracted by the modified 
method of Suzuki et al (1973). In the modified method a neutral 
alumina layer was included in the column for the clean up. Instead 
of two dimensional thin layer chromatography, the plate was de
veloped in chloroform + acetone (95:5 v/v) and anhydrous diethyl 
ether, successively. Quantitation was done by Photovolt densitom
eter (Pons et al., 1966).

Mycelial mat from the liquid medium in each flask was separated 
by filtering through Whatman No. 1 filter paper. Mats were washed 
twice with distilled water and dried at 80°C for 16 hr to a constant 
weight, the filtrates were extracted with 25 mL chloroform three 
times, the extracts were combined and evaporated to near dryness. 
The residue was dissolved in 1 mL benzene + acetonitrile (98:2 
v/v) and analyzed qualitatively by TLC and quantitatively by 
Photovolt densitometer (Pons et al., 1966).

RESULTS
AMONG the major spices tested, cardamom did no t sup
port detectable fungal growth and aflatoxin production. 
Black pepper and turm eric appeared to  be poor substrates 
for fungal growth as well as aflatoxin production. Ground
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Table 1—Growth and aflatoxin production o f Aspergillus parasiticus on major spicesa

Autoclaved (whole) Surface Sterilized (whole) Autoclaved (Powder)

Spice
Dry wt of Mycelia 

(mg/g)
AFB2
(M9/g)

A FG i
(Mg/g)

Dry wt of Mycelia 
(mg/g)

a f b 2
<Mg/g)

a f g 2
(Mg/g)

Dry wt of Mycelia 
(mg/g)

a f b 2
(49/9)

a f g 2
<Mg/g)

Black pepper 
Dry ginger 
Red pepper 
Turmeric

10.4 ± 0.6b 
28.2 ± 3.9
26.4 ± 1.1 
5.2 ± 0.3

0.05 ± 0.0 
0.63 ± 0.0 
1.8 ±0.0 
0.03 ± 0.0

NE
0.27 ± 0.0 
0.67 ± 0.0 

Tr.

18.4 ± 0.8 
19.3 ± 3.3 
20.1 ± 2.1 
7.2 ± 0.3

0.06 ± 0.0 
0.4 ± 0.0 
3.6 ± 0.0 
0.04 ± 0.0

NE
0.11 ± 0.0 
1.2 ±0.0 

Tr.

8.3 ± 0.3
33.7 ± 1.6
41.8 ± 2.2
8.4 ± 0.3

ND
3.7 ± 0.2 
0.05 ± 0.0 
0.04 ± 0.0

ND
0.53 ± 0.0 
0.02 ± 0.0 
0.02 ± 0.0

a Cardam on d id  not suppo rt detectab le  fungal g row th  and a fla to x in  p ro d uc tio n . 
NE: N o t Estim ated . N D : N o t D etected. T r.: Trace.
Mean value ± SD

Table 2—Effect o f ether and chloroform extracts o f cardamom and turmeric on growth and aflatoxin production o f Aspergillus parasiticus

C ard a m o m 3 T u rm e ric3

5g 10g 25g 5g 10g 25g

EE CE EE CE EE CE C ontro l EE CE EE CE EE CE C ontro l

Dry w e igh t o f 
M ycelia (m g/m L )

16.7 ± 1 .2 °  19.8 i 0.1 11.5 ± 1.5 10.7 ± 0 .3 9 .3  ± 0.1 ND 4 7 .8  ± 0 .6 2 9 .8  ± 3.9 23.1 ± 0.7 2 6 .4  ± 0.9 20 .1  ± 2 .9 2 6 .4  ± 0 .0 19.8 ± 0 .6 4 0 .2  ± 0 .2

A fla to x in  Bj 5.4 ± 0 .1  0 .2 4  ± 0 .0 T r. Tr. Tr. ND 4 8 .0  ± 2 .8 10.2 ± 0.3 18.5 ± 0.7 6 .2  ± 0 .5 1 1 .0  ± 0 .8 0 .7  ± 0 .0 4 .3  ± 0 .4 5 4 .5  ± 2.1
ipg/mL) 
A fla tox in  G i 1.3 ± 0 .0  0 .2 2  ± 0 .0 T r. Tr. Tr. ND 4 5 .8  ± 1.4 5 .4  ± 0 .2 4.1 ± 0.1 3 .3  ± 0 .2 3 .5  ± 0 .4 0 .3 2  ± 0.1 1.8 ± 0 .4 2 6 .3  ± 0 .4
Oig/mL) 
P ercentage of 65 62 7 6 a  7 5 “ 8 0 “ 100 0 25 40 34 48 34 49 0
in h ib itio n  (%)c (85) (99 .5) (100) (0) (81) (67) (89) (80) (99) (92) (0)

3 Cardamom and turmeric powder (in g) used for extracting with c Values In parentheses indicate the inhibition of total aflatoxinchloroform and ether. production and those outside for fungal growth inhibition.EE: Ether Extract; CE: Chloroform Extract. d Inhibition of total aflatoxin production was almost complete.b Mean value ± SD ND: Not detected. Tr. = Trace.

black pepper inhibited toxin production com pletely. Gin
ger and red pepper supported the growth as well as toxin 
production well. Surface sterilized red pepper was found to 
support more aflatoxin production when compared to 
autoclaved substrate. However, ground red pepper allowed 
comparatively less toxin production, but more fungal 
growth. Ginger in the ground and toxin production than 
whole ginger rhizome. Autoclaved whole ginger supported 
the fungal growth better than surface sterilized whole gin
ger. There was not much difference in autoclaved and sur
face sterilized ginger w ith regard to toxin production. Tur
meric in the ground form supported the toxin production 
slightly better than the autoclaved and surface sterilized 
rhizomes (Table 1). In the five spices studied, there was no 
correlation between fungal growth and aflatoxin produc
tion.

Ether and chloroform extracts of 25g ground cardamom 
inhibited fungal growth as well as toxin production almost 
completely. Ether and chloroform extracts of 25g ground 
turmeric inhibited fungal growth m oderately, but toxin 
production to a greater extent (Table 2). The inhibitory 
action of cardamom oil on fungal growth and aflatoxin 
production was observed to  be dose dependent. Although 
curcumin had stim ulatory effect on fungal growth at cer
tain levels, it inhibited aflatoxin production almost com
pletely at higher concentration (Table 3).

DISCUSSION
THE AUTOCLAVED whole black pepper supported afla
toxin production which is similar to  that observed by Seen- 
appa and Kempton (1980) after 30 days of incubation. 
The surface sterilized whole black pepper supported fungal 
growth as well as aflatoxin production slightly better than 
the autoclaved one which could be due to  the stimulatory 
effect o f essential oil. The to tal inhibition of toxin produc
tion in autoclaved ground black pepper could be due to  the 
exposed pungent principle, piperine (M adhyastha and Bhat,
1984). Ground ginger supported fairly good am ount of 
toxin production. The surface sterilized red pepper ap
peared to contain some stim ulatory substances for aflatoxin 
production, which might be the volatile oil tha t is lost dur

ing autoclaving. But, the ground red pepper which sup
ported comparatively less aflatoxin production appeared 
to have some inhibitory principle that was exposed in the 
ground form. The total toxin production on autoclaved 
whole red pepper was equal to  that observed by Flanningan 
and Hui (1976). As is evident from the study, the inhibit
ory effect of ether extract of cardamon on fungal growth 
and aflatoxin production could be due to  cardamom oil. 
Similarly, the inhibitory action of chloroform  extract of 
turmeric on fungal growth and aflatoxin production may be 
attributed to  curcumin and could also be partly due to tu r
meric oil as the oils of some spices were found to  have simi
lar effect (Tiwari et al., 1983).

Although Aspergillus sps. were isolated from  cardamom 
earlier (Pal and Kundu, 1972. Flanningan and Hui, 1976), 
in the present study it was found to  be an unsuitable sub
strate for the growth and toxin production of A. parasi-

Table 3—Effect o f cardamom oil and curcumin on growth and afla
toxin production by Aspergillus parasiticus

Dry weight

Concentration
of Mycelia 
(mg/mL)

Aflatoxin B2 
(Mg/mL)

Aflatoxin G2 
(pg/mL)

Cardamom oil (mL/50 mL)

0 41.5 ± 0.7a 42.0 ± 5.7 13.0 ± 4.2
50 37.9 ± 0.3 13.3 ± 0.4 4.0 ± 0.7

100 36.3 ± 0.6 8.7 ± 1.3 3.6 ± 0.9
200 30.4 ± 5.3 6.7 ± 1.6 0.9 ± 0.0
300 24.8 ± 0.7 5.9 ± 0.2 0.8 ± 0.2
500 18.1 ± 2.6 5.3 ± 0.1 0.7 ± 0.1

Curcumin (pg/mL)

0 30.7 ±2.7 38.6 ±9.3 20.6 ± 0.9
10 42.9 ± 1.7 21.5 ± 0.2 11.0 ± 1.4

100 28.2 ± 0.0 7.1 ±0.1 2.1 ± 0.1
500 28.1 ± 0.1 1.6 ± 0.2 1.8 ± 0.3

1000 17.4 ± 1.0 0.3 ± 0.0 0.04 ± 0.0
10000 30.3 ± 0.1 0.3 ± 0.0 0.03 ± 0.0

a Mean value ± SD
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ticus. Similar antim ycotic and antiaflatoxigenic effects were 
observed with cinnamon and clove which were later found 
to be due to  their respective chemical com ponents such as 
cinnamic aldehyde and eugenol (Bullerman et al., 1977). 
Inhibitory actions of other spices such as thym e, garlic and 
white mustard on fungal growth and aflatoxin production 
have been dem onstrated (H itokoto et al., 1977;M abrouk 
and El-Shayeb, 1981;A zzouz, 1981). Aflatoxin production 
by A. parasiticus in major spices under laboratory condi
tions is considerably less when compared to  other agricul
tural com modities such as cereals and oil seeds. Moreover, 
the am ount of consum ption of spice by man is low when 
compared to  staple cereals like corn (M adhyastha and Bhat, 
unpublished). Thus, m ycotoxin contam ination in spice is 
unlikely to pose a serious hazard to human health. How
ever, among the spices, ginger and red pepper can be 
considered as high risk com modities for which routine 
screening for aflatoxin may be necessary. However, the ob
servations that some of the spices and their extracts are 
inhibitory to fungal growth and toxin production are im
portant and can be exploited further for containm ent 
of toxin contam ination of foods.
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E f f e c t s  o f  G a m m a  I r r a d i a t i o n  D o s e  a n d  T i m i n g  o f  T r e a t m e n t  

a f t e r  H a r v e s t  o n  t h e  S t o r e a b i l i t y  o f  G a r l i c  B u l b s

J. H. KWOISI, M. W. BYUN, and H. O. CHO

---------------------------ABSTRACT__________________________
The effect of gamma irradiation dose and time of treatment after 
harvest on the storage of garlic bulbs was investigated. The effec
tiveness of irradiation for external sprout inhibition was not affected 
by the treatment time within 45 days after harvest. At 285 days 
after harvest, irradiation of 50 -  150 Gy caused about 6% less de
crease in weight loss compared with the unirradiated group, and 
spoilage rates of the unirradiated and irradiated cloves were 100% 
and 17 -  20%, respectively. For the overall storageability of garlic 
bulbs, 75 Gy was shown to be the minimal optimum dose, and there 
was no apparent effect depending upon the time of irradiation treat
ment after harvest.

INTRODUCTION
LARGE QUANTITIES of the to tal garlic production in 
Korea spoil annually due to sprouting, which is usually 
followed by shrinkage, weight loss and decay. A num ber of 
investigators have studied the inhibition of sprouting in 
garlic bulbs by controlling the storage conditions (Kolev 
et al., 1971). However, it is a fact tha t the prolongation of 
the storage life of garlic bulbs until next harvest has many 
the storage life of garlic bulbs until next harvest has many 
problems with respect to  the satisfactory sprout inhibition 
and additional loss reduction during storage. Since Sparrow 
and Christensen (1954) first stated that 60Co gamma radia
tion improved the storage quality of potato  tubers, many 
researchers have reported the advantage of gamma irradia
tion for the sprout inhibition of other root, bulb and tuber 
crops, with doses ranging from 20 -  150 Gy (Mekinney, 
1971; Salem, 1974; Cho et al., 1983). Khan and Wahid
(1978) proposed tha t 100 Gy irradiation followed by stor
age at 14 -  16 C was the optim um  condition for storing 
potatoes, onions and garlic in a good state for more than 
five m onths in tropical countries. Lustre et al. (1982) 
found that the irradiated garlic bulbs with doses of 5 0 -1 2 0  
Gy were m arketable for 6 m onths when the unirradiated 
ones were already com pletely deteriorated. Thomas et al.
(1975) also indicated that sprout inhibition by gamma 
irradiation was influenced by the physiological state of 
onions at the time of irradiation. In onions, it is now gen
erally agreed that the sooner irradiation is used after har
vest, the better will be the results and the lower the doses 
needed to inhibit sprouting (Mullins and Burr, 1961; 
Thomas et al., 1975). Hendel and Burr (1961), however, 
proposed that the effectiveness of irradiation for sprout 
control in potatoes was not affected by a delay between 
harvest and irradiation; garlic has not yet been investigated 
in this respect.

The present study was designed to  determ ine whether 
irradiation dose and the time of treatm ent after harvest 
affected sprout and root control, weight loss, and spoilage 
of garlic bulbs during storage.

Authors Kwon, B yu r and Cho are a ffilia ted  w ith the Korea A d 
vanced Energy Research Institute, 170-2, Kongneung Dong, Dobong  
Goo, Seoul, 130-02, Korea.

M ATERIALS & METHODS

Garlic

The garlic (A lliu m  sa tivu m  L.) used was a Korean local late 
variety consisting of six to seven cloves and obtained from a chief 
producing district, Seosan.

Curing and irradiation

Garlic bulbs in bundles of 20 plants were hung on posts in a 
warehouse and cured in circulating air of 22 -  25°C and a relative 
humidity of 60 -  65% for 45 days after harvest. During curing, the 
garlic bulbs were irradiated with doses of 50, 75, 100, and 150 Gy 
by a 10 kilo curie 60Co gamma irradiator (U.K., 250 Gy/hr) on the 
15th, 30th, and 45th day after harvest, respectively, and divided into 
three groups.

Storage

Tile stems of the unirradiated and irradiated garlic samples were 
cut off 2 -  3 cm from the bulbs. The garlic bulbs were packaged 
individually in perforated plastic boxes (60 x 45 x 45 cm) and 
stored at 10 ± 5°C, and 70 -  80%. relative humidity from the 45th 
day after harvest. The temperature and the relative humidity were 
controlled with an environmental controller (Keumsung Co., Ltd.).

Determ ination o f m oisture content

The moisture content of the cloves, skins and stems was deter
mined according to the air oven method (Osborne and Voogt,
1981).

Measurement o f sprouting and rooting

Sprouting and rooting rates were measured bi-monthly and ex
pressed as the percentage of sprouted or rooted cloves per 100 
cloves examined. Sprouting and rooting of stored garlic bulbs were 
measured as 1 mm lengths of sprout or root development from the 
cloves.

Measurement o f weight change

Two kilograms of garlic bulbs from each group were weighed at 
bi-monthly intervals, and the cumulative percentage of weight loss 
was calculated.

Evaluation of spoilage

The spoilage of garlic bulbs was determined at 285 days after 
harvest and expressed as the percentage of spoiled cloves per 100 
cloves. Evaluation criteria were based on the observation of any 
symptom among the external sprouting, rooting, shrinkage, dis
coloration, disease, and hollow cloves.

Analysis o f data
The results were analyzed statistically using the T-test and analy

sis of variance. All figures reported here represent the average of 
triplicate experiments.

RESU LTS & DISCUSSION

Moisture content of garlic bulbs during curing
During the drying of post-harvest garlic bulbs, the mois

ture conten t o f cloves was relatively constant, while that of 
the skins and stems rapidly decreased. To standardize the 
drying of garlic bulbs before placing them in storage, each 
treatm ent group was cured collectively for 45 days, al-
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though the m oisture content of the bulbs differed at the 
three periods of irradiation. A fter curing, moisture contents 
of the cloves, skins and stems were 64.0%, 14.9% and 
15.3%, respectively (Table 1).

Sprout and root inhibition of garlic bulbs during storage
The effects on sprout and root inhibition of the garlic 

bulbs irradiated with several doses on the 15th, 30th and 
45th  days after harvest are given in Table 2. The sprout 
leaves of the unirradiated bulbs emerged partially from the 
cloves at about 165 days after harvest, whereas all irra
diated bulbs showed com plete inhibition of external sprout
ing up to 285 days after harvest. El-Oksh et al. (1971) 
observed that sprouts in the gamma irradiated or maleic 
hydrazide-treated garlic cloves remained internal for 268 
days when stored at room tem perature, while those of the 
unirradiated bulbs were produced from cloves after 106 
days storage. M athur (1963) also indicated that garlic bulbs 
irradiated with 50 Gy within 1 m onth after harvest could 
be stored in a sound state for 7 m onths at 11 -  12 C and 
a relative hum idity of 85 -  95%, as against about 2 m onths 
for the unirradiated samples. The results observed agree

Table 1—Moisture content o f  post-harvest garlic bulbs during curing 
at 22 - 25° C*

Parts

Curing period (days after harvest)

0 15b 30b 45b

Cloves 66.6 64.5 64.0 64.0
Skins 74.1 47.4 22.1 14.9
Stems 76.0 50.0 23.8 15.3

a Each value is the average content (%) for 10 bulbs. 
b Lapsed tim e between harvest and Irradiation.

well w ith the above reports.
At the end of the storage period the rooting rates of the 

unirradiated and 50 Gy groups were 100% and 23%, respec
tively, while no roo t growth occurred in the other irradi
ated bulbs during the entire storage period, showing a simi
lar tendency among the three groups. Similar results were 
obtained by other investigators (Kwon, 1983; El-Oksh 
et al., 1971).

Weight change of garlic bulbs during storage
The physiological losses in weight were mainly due to 

transpiration and respiration (Hendel and Burr, 1961; 
Mathur, 1963). The cumulative percentage of weight loss 
was lower in the irradiated bulbs than in the unirradiated 
ones during storage (P <  0.05) (Table 3). Especially, at 285 
days after harvest, gamma irradiation caused about 6% less 
decrease in weight loss as compared w ith the unirradiated 
bulbs. This result confirms the observations of El-Oksh et 
al. (1971), Abdel-Al (1967) and Kwon (1983) w ith garlic 
and Cho et al. (1983) and Lustre et al. (1982) w ith onions. 
However, there was no significant difference among the 
irradiated groups in the time of the irradiation treatm ent.

Spoilage of garlic bulbs
At 285 days after harvest, the effects of irradiation dose 

and time of treatm ent on the spoilage of garlic cloves is 
shown in Fig. 1. Spoilage rates based on the external 
sprouting, rooting, shrinkage, discoloration, disease, and 
hollow cloves were 100% in the unirradiated cloves and 
17 -  20% in the irradiated ones. Among the irradiated 
groups, 75 and 100 Gy irradiated cloves were somewhat 
superior to those of 50 and 150 Gy; however, some shrunk
en or dried sprout leaves and em pty cavities were observed 
in the 100 and 150 Gy irradiated cloves. Em pty cavities

Table 2—E ffe c t o f  the irradiation dose and tim ing o f  treatment after harvest on the sprouting and rooting o f garlic bulbs during storage at 10 
± 5° C0

Irradiation timing (days after harvest)

Storage period 
(days after 
harvest)

15 30 45

0b 50 75 100 150 ob 50 75 100 150 ob 50 75 100 150

105 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(42) (0) (0) (0) (0) (42) (0) (0) (0) (0) (42) (18) (0) (0) (0)

165 21 0 0 0 0 21 0 0 0 0 21 0 0 0 0
(100) (18) (0) (0) (0) (100) (18) (0) (0) (0) (100) (23) (0) (0) (0)

225 96 0 0 0 0 96 0 0 0 0 96 0 0 0 0
(100) (18) (0) (0) (0) (100) (23) (0) (0) (0) (100) (23) (0) (0) (0)

285 100 0 0 0 0 100 0 0 0 0 100 0 0 0 0
(100) (23) (0) (0) (0) (100) (23) (0) (0) (0) (100) (23) (0) (0) (0)

a Sprouting and rooting are expressed as the percentage of sprouted or rooted cloves per 100 cloves exam ined and num ber In parenthesis deslg- 
nates rooting rate.

D Irradiation  dose (G y ).

Table 3—E ffect o f  the irradiation dose and tim ing o f  treatment after harvest on the weight change o f  garlic bulbs during storage at 10 ± 5° C*

Irradiation timing (days after harvest)
Storage period 

(days after 
harvest)

15 30 45

0b 50 75 100 150 0b 50 75 100 150 0b 50 75 100 150

105 14.5 13.4 13.3 13.8 13.9 14.5 13.5 13.0 13.9 13.5 14.5 13.6 13.5 14.1 13.8
165 25.8 22.9 22.2 22.0 23.1 25.8 23.1 22.2 22.1 22.9 25.8 23.5 22.9 22.5 23.0
225 32.2 30.8 29.1 27.3 29.4 32.2 29.9 29.2 27.8 29.0 32.2 30.5 29.4 28.1 29.6
285 37.0 32.2 31.9 29.6 31.9 37.0 32.0 32.0 29.4 31.2 37.0 32.9 32.3 30.0 31.5

W eight change Is expressed as the percentage of weight loss per initial weight and each value Is the average for trip licate  exp erim ents. P <  0 05 
between unirrad iated and Irradiated groups and P >  0 .05  among the treatm ent tim ing of Irradiation .
Irradiation dose (G y ).
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that developed in garlic cloves during storage were one of 
the most im portant factors influencing the quality of garlic 
bulbs (El-Oksh et al., 1971).

Also, it was shown that the spoilage of garlic bulbs was 
slightly affected by the tim e of the irradiation treatm ent 
within 45 days after harvest.

Considering the effect of irradiation on the storage- 
ability of garlic bulbs, 75 Gy was shown to be the minimal 
optim um  dose. There was no apparent effect from the time 
of the irradiation treatm ent after harvest on the storage of 
the bulbs.
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Fig. 1—Effect o f  the irradiation dose and time o f  treatment after 
harvest on the spoilage o f  garlic bulbs at 285 days after harvest. 
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TOASTED CANNED R IC E . . . From page 341

Amylographic viscosity values for rice flour from the 
various toasting treatm ents indicate (limited am ount of 
flour resulted in single values, therefore, significance could 
not be determined) that the pasting tem perature of the 
flour was elevated by toasting but was not further increased 
with prolonged toasting (Table 5). This indicates that the 
rate of swelling decreased since the dry weight of the flour 
was constant. The viscosity of the paste at 92.5°C further 
indicates that toasting influenced the rate of swelling and 
also that as toasting tim e was extended the swelling rate 
further decreased. The effect of toasting on the swelling 
rate continued to be apparent after 15 min at 92.5 C. Hot 
paste stability declined (viscosity decreased during the 15 
min holding at 92.5°C) for the nontoasted flour increased 
for all toasted flours. The rate of change in hot paste vis
cosity tended to  increase with increased severity of toast
ing. The nontoasted flour reached a much higher viscosity 
after cooling to  25°C but the rate o f viscosity increase 
(viscosity after cooling to  25°C divided by viscosity before 
cooling) appeared to  be nearly the same for all degrees of 
toasting (2.2 -  2.5). The rate of rétrogradation seemingly 
was unaffected by the toasting treatm ents.

REFEREN CES
B h a tta c h a ry a , K .R . 1 9 7 9 . T e s ts  fo r  p a rb o ile d  r ic e . In  “ P ro ceed in g s  

o f  th e  W o rk sh o p  on  C h em ica l A sp e c ts  o f  R ic e  G ra in  Q u a li ty .”  
L os B anos, L ag u n a , P h ilip p in es .

F e lle rs , D .A ., M o ssm an , A .P ., a n d  S u z u k i, H. 1 9 8 3 . R ice  s tick in ess .
2 . A p p lic a tio n  o f an  In s tro n  m e th o d  t o  m a k e  v a rie ta l c o m p a ris o n s  
a n d  to  s tu d y  m o d if ic a tio n  o f m ille d  r ic e  b y  h o t-a ir  t r e a tm e n t .  
C erea l C h em . 1 6 0 : 2 9 2 .

K n ig h t, E ., O k o ro , C ., a n d  O k a k a , J .C . 1 9 8 2 . T a s te  a n d  b io lo g ic a l 
re s p o n se  o f  to a s te d  w h e a t a n d  so y -w h ea t b re a d s . N u tr .  R ep . In t. 
2 6 : 8 2 7 .

N o b le , A .C . 1 9 7 5 . In s tru m e n ta l  an a ly sis  o f  th e  se n s o ry  p ro p e r tie s  
o f  fo o d . F o o d  T e c h n o l. 2 9 (1 2 ) :  56 .

S h a rp , R .N ., S h a rp , C .Q ., a n d  K a tta n ,  A .A . 1 9 8 1 . A  n e w  m e th o d  fo r  
th e rm a lly  p ro c e sse d  c a n n e d  r ic e . F o o d  T e c h n o l. 3 5 (5 ) : 75.

S h a rp , R .N ., K a tta n , A .A ., S h a rp , C .Q ., a n d  C ollins, J .A . 1 9 8 2 . 
S a fe ty  a n d  se n s o ry  e v a lu a tio n  o f  c a n n e d  ric e . J . F o o d  Sci. 4 7 : 
H 2 3 .

S h a rp , R .N ., K a t ta n ,  A .A ., a n d  S h a rp , C .Q . 1 9 8 4 . T h e  e ffe c ts  o f  
to a s t in g  o n  ric e  c o o k in g  q u a li ty .  A rk . F a rm  R es. 3 3 (4 ) : 11 .

S tee l, R .G .D . a n d  T o rr ie , J .H . 1 9 6 0 . “ P r in c ip les  a n d  P ro ce d u re s  o f 
S ta t is t ic s .”  M cG raw -H ill B o o k  C o ., In c ., N ew  Y o rk , NY.

T ra n t , A .S ., P a n g b o m , R .M ., a n d  L i t t le ,  A .C . 1 9 8 1 . P o te n tia l  fa llacy  
o f c o rre la tin g  h e d o n ic  re s p o n se s  w ith  p h y s ic a l a n d  ch em ica l 
m e a su re m e n ts . J . F o o d  Sci. 4 6 : 5 8 3 .

Ms rece iv ed  7 /1 6 /8 4 ;  rev ised  1 1 /2 /8 4 ;  a c c e p te d  1 1 /2 9 /8 4 .

Volume 50 (1985J-JOURNAL OF FO O D  SC IEN C E -381



U s e  o f  a n  E d i b l e  F i l m  t o  M a i n t a i n  W a t e r  V a p o r  

G r a d i e n t s  i n  F o o d s

S. L. KAMPER and O. FENNEMA

----------------- — ----- ABSTRACT-------------------------
An edible, bilayer film consisting of a layer of stearic-palmitic acid 
and a layer of hydroxypropyl methylcellulose was situated between 
two food components of markedly different water activities to de
termine the film’s ability to retard equalization of water activity. 
Tomato paste or salted tomato paste was used as the high-moisture 
food and ground crackers were used as the low-moisture food. Com
pared to a filter paper control, the bilayer film substantially slowed 
transfer of water from the salted tomato paste to the crackers dur
ing 14 days at 25°C and 21 days at 5°C. During 70 days at -20°C, 
the film essentially stopped the transfer of water from tomato paste 
to the crackers.

INTRODUCTION
MOISTURE TRANSFER in finished food products fre
quently leads to deleterious changes in product quality. 
The availability of an edible food coating which prevents 
m oisture exchange between com ponents of food mixtures 
would be highly desirable.

Analysis of the moisture barrier properties o f edible 
food coatings applied to food products has been limited to 
measurements of moisture change (m oisture gain or loss) 
and quality change (texture, color and flavor) (Allen et al., 
1963a, b; Bauer et al., 1968; Cole, 1969; Cosier, 1957; 
D’Atri et al., 1980; Earle, 1968; Earle and McKee, 1976; 
Earle and Snyder, 1966; Hamdy and White, 1969, Lazarus 
et al., 1976; McKee, 1978, Shaw et al., 1980; Shea, 1970; 
Silva et al., 1981; Stemmier and Stemmier, 1974; Ukai 
et al., 1976; Watters and Brekke, 1959, 1961; Werbin et 
al., 1970; Williams et al., 1978). These tests are useful for 
the qualitative screening of films of various compositions; 
however, they provide inexact indications of the ability 
of an edible film to maintain a specific aw gradient in a 
food product.

To accurately assess the effectiveness of a m oisture 
impermeable film, the moisture content-w ater activity 
properties o f the system must be known and considered. 
Moisture transfer will occur in a food when moisture vapor 
pressure (aw ) gradients exist, regardless o f the moisture 
contents of the individual food com ponents (Salwin and 
Slawson, 1959). In contrast, moisture content gradients can 
be m aintained in food products provided the water activi
ties of the com ponents are the same (Bone, 1969). Knowl
edge of the moisture content-w ater activity state o f food 
com ponents is also necessary to accurately interpret the 
im portance of m oisture changes occurring in food products.

An edible film composed of a lipid layer and a poly
saccharide layer was found to be an effective moisture 
vapor barrier with model systems (Kamper and Fennema,
1984). The objective of this study is to  test the ability of 
this film to maintain a water activity gradient existing be
tween two food components.

M ATERIALS & METHODS

Sample preparation

A bicomponent food consisting of saltine crackers (Nabisco) and 
tomato paste (Contadina) was selected for study. Although this 
combination does not represent a food item of commerce, it was 
convenient to use and provided a water activity gradient and physi
cal properties similar to those exhibited by fabricated food materials 
in which moist and dry components are in contact and are ex
pected to retain distinctly different physical properties during 
storage.

The crackers were pulverized in a blender. For above-freezing 
studies, the aw of the tomato paste was lowered by the addition of 
NaCl (15%) to water activities of 0.86 and 0.82 at 25°C and 5°C, 
respectively. This was done since preliminary studies showed that 
the film would soften and/or disintegrate when exposed to unmodi
fied tomato paste (aw above 0.95) at these temperatures. The toma
to paste was not modified when used at subfreezing temperatures 
since the aw at -20°C (0.82; Fennema and Berny, 1974) was suffi
ciently low to avoid this problem.

Film

The edible film used in this study was the stearic acid-palmitic 
acid emulsion film (Cjg-Cjg E-Film) described by Kamper and 
Fennema (1984). The average fatty acid concentration was 0.85 
mg/cm2 film with a range of 0.80 -  0.90 mg/cm2 film. Thickness of 
the films varied from 0.03 -  0.04 mm (1.3 -  1.7 mils).

Storage conditions

The food samples were placed in 39.3 cm3 (6.3 cm o.d., 5.0 
cm i.d., and 2.0 cm deep) cups with flat lips. Two cups, one contain
ing ground saltine crackers and another containing tomato paste 
were needed to prepare one sample with a high moisture-high aw 
fraction (tomato paste) and a low moisture-low aw fraction (crack
ers) (Fig. 1).

The sets of cups had either the C j 8-Cj 6 E-Film or a filter 
paper (control) separating the two food components. The filter 
paper, (Whatman 54 hardened, fast retention; Whatman Laboratory 
Products, Inc., Clifton, NJ) offered negligible resistance to mois
ture transfer. The filter paper was added simply to prevent the 
ground crackers from adhering to the tomato paste, thus allowing 
the two components to be easily separated and analyzed after stor
age. The lipid side of the Cig-Cjg E-Film faced the tomato paste. 
The two cups, separated by either a filter or a film, were combined 
and sealed with a blend of microcrystalline and paraffin wax.
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A u tho r Fennema is a ffiliated with the Dept, o f  F ood  Science, Univ. Fig. 1 —Schematic diagram_of container for sample storage. High
o f  Wisconsin-Madison, Madison, W! 53706. Au tho r Kamper, former- aw -high moisture side (tomato paste),' low  aw-low moisture side
ly  with the Univ. o f  Wisconsin, is now  with General M ills, Inc., (crackers); test film, either moisture barrier (C i8 -C j(; E -F ilm ) or
9000 P lym outh Ave. North, M inneapolis, M N  55427. contro l (filter paper); wax seal (m icrocrystalline-paraffin wax
------------------------------------------------------------------— ------------------------------ blend).
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The cups of tom ato paste and crackers intended for frozen stor
age, were stored separately for 16 hr at -2 0 °C  to freeze the tomato 
paste and thus lower the aw o f the tom ato paste to 0.82 at -2 0 °C  
(Fennema and Berny, 1974). The film was then applied and the 
cups were assembled and sealed. The bicom ponent food samples 
were stored at 25°C ± 2°C, 5°C ± 2°C or -2 0 °C  ± 2°C.

Sampling
Sampling times were chosen based on the progression o f mois

ture transfer between the two components. At suitable times, dishes 
were removed from storage, the wax seals broken, the components 
separated and analyzed for moisture content. All test variables 
and analyses were perform ed in duplicate.

Moisture transfer analysis

Moisture contents for tom ato paste and saltine crackers were 
determined by the vacuum oven m ethod (5 hr, 100°C and 30 inches 
Hg vacuum, AOAC, 1975).

Water activity values o f the crackers were obtained from a mois
ture sorption isotherm for saltine crackers. The m oisture sorption 
isotherm was prepared by allowing 5g samples o f  ground saltine 
crackers to equilibrate in vacuumized desiccators at 25°C in the 
presence of saturated salt solutions o f known aw . The salt solu
tions used were: LiCl (aw = 0.11) CH3COOK (aw = 0.23), MgCl2 
(aw = 0.33), K2C 0 3 (aw = 0.43), NaBr (aw = 0.58), N aN 02 (aw = 
0.65), NaCl (aw = 0.75), KC1 (aw = 0.85) and BaCl2 (aw = 0.90) 
(Rockland, 1960; Wink and Sears, 1950).

Water activity values o f the tom ato paste were determined using 
a Beckman Sina-Scope, Model S.IT-B, hum idity instrum ent (range 
50 -  95% RH) calibrated with saturated salt solutions.

Because aw is tem perature dependent, the aw values o f the sam
ples at 5°C and -2 0 °C  were corrected for the tem perature differ
ence between the measurement tem perature (25° C) and the actual 
storage tem perature (5°C or -2 0 °C ). The aw o f tom ato paste 
(5°C), which decreased only slightly during storage with crackers,

Table 1 —Water activity gradients in nonhomogeneous food products

High aw component Low aw component

Fish & Poultry 0.98 -  1.00 VS Breading 0.67 -  0.87
Baked cake 0.90 -  0.94 vs Cake Icing 0.76 -  0.84
Dried fruit 0.55 -  0.80 vs Cereal 0.10 -  0.20
Refrigerated 

biscuit dough 0.94 vs Pastry filling 0.60 -  0.70
Bakery goods 0.90 -  0.95 vs Nuts 0.20 -  0.30
Dehydrated beef 

soup & gravy base 0.34 vs Dehydrated beef 0.01 -  0.04

STORAGE TIME (Days at 25°C)

Fig. 2—Moisture transfer, expressed in terms o f aw at 25°C, from 
salted tomato paste to saltine crackers, with the two components 
separated by either an edible film ("w-film") or a filter paper 
("w/o film"). Edible film: C ia -C 16 E-Film, 0.85 mg lipid/cm2 
film, thickness 1.3 - 1.7 mils. Variability between the duplicate sam
ples is shown only when variability exceeds the size o f the symbol.

was simply corrected using a tem perature coefficient o f 0 .002  (aw 
change per degree centigrade) (Fennema, 1981).

Since tem perature coefficients for correcting water activity vary 
with the m oisture content o f the sample, a single tem perature coef
ficient could not be used to correct the aw o f crackers at 5°C and 
-2 0 °C  because the m oisture content o f these samples increased 
significantly during storage. Instead, published isotherms for native 
potato starch, 2.5 -  20°C (van den Berg and Leniger, 1978) and 
bovine muscle, —10°C to — 20°C (MacKenzie, 1975) were used to 
estim ate correction factors for the aw o f crackers stored at 5°C 
and -2 0 °  C. Although these correction factors are no t highly accur
ate, they are preferable to using uncorrected aw values, or aw values 
corrected with a single tem perature coefficient. Furtherm ore, good 
precision in determining aw values was of primary concern in this 
study, and a high level o f accuracy was o f secondary importance.

RESULTS & DISCUSSION
CRACKERS AND TOMATO PASTE were selected as the 
com ponents for the bicom ponent food because of their 
large difference in aw , their similarity to  existing products 
(for example, pizza crust/pizza sauce) and their ease of use. 
The initial aw gradient between the two com ponents was 
0.76 at 25°C, 0.75 at 5°C and 0.78 at -2 0 °C . These aw 
gradients are somewhat larger than typically found in non
homogeneous foods (Table 1), and were selected to  evalu
ate the barrier properties o f the edible film under severe but 
realistic conditions.

Moisture transfer, expressed in terms of aw , from 
tom ato paste to crackers, w ith the com ponents separated 
by either the C i8-C i6 E-Film or a filter paper control, 
are shown for three tem peratures in Fig. 2, 3 and 4.

The cracker com ponent o f the bicom ponent food ex
hibited greater changes in water conten t and w ater activity 
than the tom ato paste com ponent (all storage tem peratures 
and films) because so little water was originally present in 
the crackers. The aw of crackers stored with the filter paper 
control increased rapidly at 25 C and 5 C, attaining vapor 
pressure equilibrium with the tom ato paste after about 10 
days and 28 days, respectively (Fig. 2 and 3). However, 
at vapor pressure equilibrium, a water concentration grad
ient still existed. Establishm ent o f equilibrium at -2 0 °C  
(filter paper control) was of course much slower than at 
higher tem peratures (Fig. 4).

T h e C 18-C16 E-Film, at bo th  25°C and 5°C, substantially 
slowed the rate o f m oisture transfer as com pared to  the fil
ter paper controls (Fig. 2 and 3). A t —20 C, the edible bar
rier essentially stopped the transfer o f m oisture during the

0 10 20 30 40

STORAGE TIM E (Days at 5°C)

Fig. 3—Moisture transfer, expressed in terms o f am at 5° C, from 
salted tomato paste to saltine crackers, with the two components 
separated by either an edible film ("w/film") or a filter paper ("w/o 
film"). Edible film: C iq -C^q  E-FUm, 0.85 mg lipid/cm2 film, thick
ness 1.3 - 7.7 mils. Variability between the duplicate samples is 
shown only when variability exceeds the size o f the symbol.
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70 day storage period (Fig. 4). The position of the tom ato 
paste (top or bottom ) did no t influence the results (data 
not shown).

The cracker com ponent of some samples stored at 
25°C or 5°C in the presence of the edible film (Fig. 2 and
3) exhibited relatively large variability in aw . This variabil
ity probably resulted from flaws in the film or in the wax 
used to seal the test cups. The increasing rate of moisture 
transfer across the Ci8-Ci6 E-Films after about 5 wk at 
25°C or 5°C (exhibited by changes in the aw of the cracker 
com ponent) suggests that alterations occurred in film prop
erties. All films were examined visually after storage and 
although evidence of discontinuities was not apparent, all 
films after storage for at least 5 wk, were more elastic, in
dicating that hydration of the film had occurred. If so, an 
increase in permeability to  water vapor would be predicted 
(Karel, 1975).

Critical values of water activity (ac), that is, values above 
which products become unacceptable, have been estab
lished for many moisture sensitive products. Using an ac 
value of 0.39 for saltine crackers (Katz and Labuza, 1981), 
the C18-C i6 E-Film can be evaluated for its ability to 
extend the shelf life of the bicom ponent food product. 
Crackers stored with the filter paper control reached the ac 
within 1 day at 25°C and 5°C and within about 3 wk at 
—20 C. In comparison, the crackers separated from the 
tom ato paste by the C i8-C16 E-Film reached the ac in 
approxim ately 3 wk at 25 C, in about 5 wk at 5 C and 
were far from attaining this value after 10 wk at —20 C.

It should be noted that the water vapor differentials 
employed in this study were greater than those which would 
be encountered in many commercial situations (Table 1), 
thus the C j8-C16 E-Film would be expected to be even 
more effective than the results in Fig. 2, 3 and 4 would 
indicate.

The application of this film, as presently formulated, 
is limited to  food products with water activités of 0.90 
or below when above-freezing tem peratures are employed. 
However, foods with water activities greater than 0.90 
(when measured above freezing) may be used if the film is 
applied after the food has been frozen to a tem perature 
of — 10°C or lower.

Film of the type studied here would appear to have a 
good potential for commercial success as edible moisture 
barriers. Further tests are necessary to  determ ine film 
durability under commercial situations.
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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  t h e  M o i s t u r e  S o r p t i o n  I s o t h e r m s  

a n d  W a t e r  A c t i v i t y  S h i f t  o f  T w o  D e h y d r a t e d  F o o d s

T. P. LABUZA, A. KAANANE, and J. Y. CHEN

---------------------------ABSTRACT-----------------------------
The water activity (aw) of eight salt solutions was determined at 
three tem peratures (25, 30, 45°C) using a pressure transducer-vapor 
pressure manom eter. The aws of the salts showed a decrease with 
increasing tem perature, which was explained with the help o f a 
thermodynamic equation. This is opposite to the increase in aw with 
increase in tem perature for foods. Moisture sorption data for fish 
flour and cornmeal were obtained at 25-65°C. The Guggenheim- 
Anderson-deBoer model was evaluated and shown to  be comparable 
to the Brunauer-Emmett-Teller model for prediction of the mono- 
layer. Product was equilibrated a t different aws at 25°C then subse
quently shifted to 30° C and 45°C in a sealed chamber. The resultant 
aw change, measured on the Kaym ont-Rotronics, was predictable 
from the isotherm  at each tem perature using the Clausius Clapeyron 
relationship.

INTRODUCTION
AN IMPORTANT FACTOR affecting the stability of dehy
drated foods is water activity (aw). Both chemical reaction 
rates and microbial activity are directly controlled by aw 
(Scott, 1957; Labuza, 1970; Trailer and Christian, 1978). 
Salwin (1959) and Labuza (1970) showed that most 
deteriorative reactions in food systems have the lowest rate 
at the Brunauer-Emmett-Teller (BET) monolayer (Brunauer 
et al., 1938) which usually corresponds to  the 0.2-0.4 aw 
range. An increase in aw beyond this region will induce an 
increase in the reaction rate generally by a factor of 50- 
100% for each 0.1 aw change. This shift could happen 
under two different conditions. First, if a product made at 
some stable aw is sealed in moisture permeable packaging 
material and held at high external hum idity, the product 
will gain moisture from the atmosphere. The aw will ob
viously increase, resulting in decreased shelf life. The 
second condition occurs if the food is sealed in im perm e
able packaging material and then subjected to  an upward 
tem perature shift. Fig. 1 shows two isotherms, one at 25 C 
and the other at 45 C for the same food, indicating tha t at 
any constant moisture content, aw increases with increasing 
tem perature. The increase in aw should be predictable from 
the sorption isotherm  at the higher tem perature if this is 
available. Alternatively, some other m ethod of measuring 
the aw shift at the higher tem perature would be required.

Labuza (1968), Loncin (1980) and Iglesias and Chirife 
(1976b) have shown tha t the Clausius Clapeyron equation 
can be applied to  predict the isotherm  aw value at any 
tem perature if the corresponding heat o f sorption is known 
at constant moisture content. The equation is:

Qs
R (1)

where: a j , a2 are water activities at tem perature T i and T 2

Author Labuza is affiliated with Dept, o f Food Science & Nutrition, 
Univ. o f Minnesota, St. Paul, MN 55108. Author Kaanane is with 
the Dept, o f Food Technology & Nutrition, Institut Agronomique 
et Vétérinaire Hassan II, Rabat, Morocco. Author Chen is with 
Frito-Lay, Inc., Dallas, TX.

(°K); R = gas constant (1.987 cal/mole °K); Qs = excess 
heat of sorption (cal/mole).

To determine Qs , the sorption isotherm  must be mea
sured at a minimum of two tem peratures; however, more 
tem peratures in the range of study will give a better esti
mate. This is because several assumptions are made in ap
plying the Clausius Clapeyron equation. First, the heat of 
vaporization of pure water (AHV) and the excess heat of 
sorption (Qs) do not change w ith tem perature. Secondly, 
the equation applies only when the m oisture content of the 
system remains constant. These assumptions could be met 
for a pure system at low tem perature; however, for com 
plex systems like food, some irreversible changes can occur 
in the water blinding properties of the system, especially 
with extrapolation to  very high tem peratures such as during 
extrusion processing. From  tw o m oisture isotherms deter
mined at least at 10 C apart, the aw at any other tem pera
ture should be predictable from Eq. (1) if the assumptions 
are correct.

A t room  tem perature, water sorption isotherm s are 
known for many foods (Iglesias and Chirife, 1982). How
ever, according to  a recent review by Bruin and Luyben
(1980), few investigations have been conducted at higher 
tem peratures. Graciala et al. (1982) obtained sorption iso
therm s for apples at 20-60 C using the desiccator method 
(Gal, 1981). The typical shift of the isotherm  seen in Fig. 1 
as tem perature increases was found. One problem in the 
Graciala study was tha t salt solutions were used to  maintain 
the desired aw . The aw values used for the sorption iso
therm  plotted at high tem peratures were the salt solution 
aw values obtained at 25 C, i.e., no correction was made 
for the shift in aw of the salt solutions with tem perature, 
although for some salts such as NaCl the response is flat. 
F or others, the aw shift would introduce error in the value 
of Qs and any subsequent predictions.

CO

Fig. 1—Theoretical moisture sorption isotherms for a food at 25° C 
and 45°C showing the potential aw shift i f  a product were trans
ferred from 25° C to 45° C at constant moisture content in a sealed 
package.
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The most frequently used m ethods for measuring aw , 
such as gravimetric or hygrometric techniques, require 
standard reference sources for each aw value. These refer
ences are needed for maintaining a constant relative hum id
ity in the space around the sample for sorption isotherm 
determ ination or for proper calibration of electric hy
grometers used to  measure the aw . Generally, saturated salt 
solutions have been used by most workers (Carr and Harris, 
1949). Much literature data and several reviews are available 
giving the aw of salt solutions (Stokes and Robinson, 1949; 
Young, 1967; Rockland, 1960; Labuza et al., 1976; Green
span, 1977). U nfortunately, the literature does not agree 
on the exact aw of each salt solution and the effect of 
tem perature. Thus, it is difficult to  calibrate instrum ents 
and to  evaluate aw measuring devices, especially between 
laboratories (Chirife et al., 1983). The Greenspan (1977) 
review raised considerable doubt about the accuracy of the 
aw of saturated salt solutions, although his values are 
com monly employed. Greenspan proposed the best aw 
values for various salts at different tem peratures; however, 
these values could also be criticized. The aw values were 
com puted as a function of tem perature by using an empiri
cal polynomial equation fitted to  data published between 
1912 and 1968 which were collected by a wide variety of 
m ethods, including direct measurement and gravimetric 
methods. Given the instrum ental errors in the earlier 
studies, more recent measurements on advanced instru
ments with better accuracy are needed.

Based on the previous discussion, the present study was 
conducted to  determine: (1) the aw of saturated salt solu
tions as a function of tem perature using an enhanced vapor 
pressure m anom etric method, (2) a m ethod to  obtain mois
ture sorption isotherms at high tem perature so that better 
estimates of Qs could be made, (3) the effect of a tem pera
ture shift on aw changes in fish flour and cornmeal pre
pared to  constant moisture content, and (4) the relation
ship of acutal aw values for the shift study to  the ones 
found from the sorption isotherm at the shift tem perature 
as well as to  those predicted by the Clausius Clapeyron 
relationship.

MATERIALS & METHODS

Materials
The fish flour used in this study was shipped in plastic packaging 

from Morocco in the summer of 1982. Upon arrival, the product 
was transferred to sealed glass bottles. The sealed bottles were then 
stored a t 4°C for the duration of the study. Degerminated yellow 
corn flour was obtained in 100 pound bags from Krause Milling 
Company (Milwaukee, Wl). The com  flour was also stored a t 4°C 
in a sealed container.

Methods

Moisture content. The m oisture content of fish flour and corn- 
meal used in this study was determined by the AOAC (1980) 
vacuum oven m ethod using 10 hr at 70°C and 28" Hg vacuum.

Water activity measurement. Eight reagent grade salts were used. 
The salts were dissolved in ho t distilled water (100°C) and cooled to 
each test tem perature (25, 30, 45°C) for crystallization to  form a 
saturated slush. The vapor pressure m anom eter (VPM) used to 
measure the aw of the salts was similar to the one described by 
Lewicki et al. (1978), except a transducer piezo-electric pressure 
gauge was used in place of the oil manom eter as described by 
Troller (1983). The VPM was enclosed in a 0.25 in. (0.635 cm) 
plywood box lined with 2 inches (5.08 cm) of plastic foam to 
maintain tem perature to within ± 0.1° C. Up to ten measurements of 
vapor pressure were made for each salt at each tem perature.

Moisture adsorption isotherms. Moisture adsorption isotherm s of 
fish flour and cornmeal were determined at 25, 30 and 45° C using 
the principles based on Labuza (1984). Two to three gram samples 
were placed in weighed sample dishes and dehydrated in a vacuum 
oven at 70°C for 8 hr. After drying, triplicate samples were placed 
in desiccators containing saturated salt slurries in the range 0 .11- 
0.85 aw . These were then held at either 25, 30 or 45°C. The slurries 
were checked at seven day intervals to ensure saturation. Equilib
rium was judged to have been attained when the difference between 
two consecutive weekly sample weighings was less than 1 mg/g 
solids (generally 14-21 days). Since the desiccators could no t be 
used above 45°C, the moisture adsorption isotherm at 65°C was 
determined by a flow m ethod using the special chamber shown in 
Fig. 2. It consisted of three 1-L flasks containing saturated salt solu
tions o f the same aw. Between these flasks and the sorption cham 
ber, a 1-L flask was used as an entrainm ent device to  prevent con
densation of excess water in the sorption cham ber as air was

APPARATUS TO MEASURE SORPTION ISOTHERM AT HIGH TEMPERATURE

Fig. 2—Schematic o f set up used to 
determine moisture sorption isotherms 
above 45° C.

1 SALT SATURATERS

2 CONDENSOR

3 SORPTION CHAMBER

4 HEATER

5 FAN

6 TEMPERATURE SENSOR

7 DRY BULB THERMOCOUPLE

8 WET BULB THERMOCOUPLE

9 WET BULB THERMOMETER

10 SAMPLE HOLDER 

I I DIGITAL DISPLAY

12 TEMPERATURE CONTROLLER

13 AIR FLOW CONTROLLER
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bubbled through. The four flasks were connected to the sorption 
chamber where the samples were placed. Wet and dry bulb therm o
couples were inserted in to  the sorption chamber in order to check 
the relative hum idity. It was found that a t 65°C, 10-12 hr were 
sufficient for the sample to reach equilibrium. The data for all the 
isotherm s are shown in Table 1. The aws o f the salts are the cor
rected ones which will be explained later.

Effect o f tem perature shift on aw change a t constant m oisture 
content. To measure the effect o f a tem perature shift on the change 
in aw at constant moisture content, a DT Kaymont Hygroscope 
(Kaymont Instrum ents, Huntington Station, NY) was used. The 
food sample was first equilibrated to different aws a t 25° C. The DT 
Kaymont instrum ent was calibrated at each tem perature by expo
sure to the same saturated salt solutions used for the desiccators. 
The food samples equilibrated at 25°C were taken from the desicca
tor and placed into the measuring chamber o f the instrum ent which 
was connected to a circulating water bath with the tem perature set 
to 25°C ± 0.1°C. When equilibrium was reached, as noted by no 
change in the readings over a 1-hr period, the instrum ent aw value 
was read and the tem perature was then shifted to 30°C. After again 
reaching equilibrium, the aw was read again and the test was re
peated a t 45°C. The data collected was compensated according to 
the calibration curve for each specific tem perature. The moisture 
loss from the sample in to  the head space o f the Kaym ont Hygro
scope evaluated from the gas law was found to  be negligible and 
thus constant moisture was assumed, a necessary poin t for using Eq.
(1). For example, at 45°C for an aw o f 0.8, the equilibrium mois
ture content o f fish flour is 14g H2O/100g solids. The sample 
weight used in the instrum ent was 5g which contains 614 mg of 
water. For a tem perature shift o f 25 going to  45°C, the moisture 
loss in to  the head space is about 0.1 mg. This is small compared to 
the total o f 614 mg. From  this it may be concluded that the instru
m ent can be used to study the effect o f tem perature 
shift on aw at constant moisture content. The tem perature shift 
study was done in triplicate and the average aw is reported which is 
the corrected value using the calibration curve a t the tem perature 
o f the test.

RESULTS & DISCUSSION

Water activity of saturated salt solutions
The aw values of salt solutions as measured by the VPM 

m ethod at 25, 30 and 45 C are shown in Table 2 in com 
parison to  the Greenspon (1977) values. It should be noted 
that the standard deviation for all measurem ents was very 
small and that there are significant differences from the

Greenspan data (at the 95% level). The low standard devia
tion indicates tha t the VPM m ethod has good repeatability. 
As seen, the aw of the salt solutions decreases with an in
crease in tem perature. This is in agreement with the results 
obtained by Troller (1983) using the capacitance VPM, and 
close to  those of Chikao et al. (1976) but are opposite to 
Scott and Bernard (1981).

Regression analysis using the least square m ethod on In 
aw versus 1/T K for each salt is shown in Table 3 (Young, 
1967). For all equations, the r2 is between 0.96 and 0.99. 
Table 3 also shows that the tem perature effect on the aw of 
salt solutions is not the same for all salts. This is because 
salt solutions have different heats o f solution, as can be 
seen from  the slope of the different equations. The slope is 
related to the “ to tal apparent heat of water sorption” 
(Qas) f ° r saturated salt solutions. Qas is used to  avoid con
fusion with the heat of sorption of water in the case of 
food, since these heats do not measure the same quantity  of 
energy. The difference is due to the fact that the Clausius 
Clapeyron equation applies only when the moisture content 
is held constant. This is not the case for the salt solutions 
since at higher tem perature more salt is needed to  reach 
saturation and thus the moisture content decreases. The 
heat absorbed (AHX) in this process includes bo th  the 
enthalpy of vaporization of water from the given salt solu
tion (A H j) and the enthalpy of solvation of the solute into 
the solution (AH2). Hence:

AHx = A H !+ A H 2 (2)

AHt = AHr + Qs (3)

where: AHT = the heat of vaporization of water from the 
saturated salt solution + the heat o f solution of the solute 
in to  the solution; AH! = the heat of vaporization of water 
from the solution; AH2 = the heat of solution of the solute 
in H20 ;  AHx = latent heat of vaporization of pure water; 
Qs = the extra heat needed to  evaporate water from the 
salt solution due to the interaction of water with the solute.

It follows tha t the slope o f £n aw versus 1/T will be 
equal to  the heat of solution of the solute in water (AH2) 
plus the extra heat needed to evaporate water from the 
saturated salt solution (Qs), i.e., Qas = Qs + AH2 . Thus, the

Table 1—Water Adsorption Isotherms o f Fish Flour and Cornmeal as a Function o f Temperature

Fish flour 
Salts

25° C 30° C 45° C 65°C

aw g H2O/100 g solids aw g H2O/100 g solids a w g H20/100 g solids a w g H2O/100 g solids

LI Cl 0.115 2.12 0.110 1.69 0.103 1.52 0.20 1.85
KC-,HqCG 0.234 3.83 0.231 3.32 0.197 2.73 0.27 2.65
MqCI 2 0.329 5.53 0.325 4.50 0.307 3.75 0.35 3.52
K,CO t 0.443 6.82 0.437 5.62 0.429 4.60 0.43 4.38
M gtNO^ 0.536 7.65 0.521 6.44 0.496 5.40 0.51 5.11
NaNOz 0.654 10.29 0.648 8.42 0.599 7.30 0.64 7.85
NaCI 0.765 13.40 0.748 13.20 0.727 11.83 0.70 9.63
KCI 0.848 17.50 0.841 16.70 0.786 14.30 0.73

0.80
10.59
13.93

Cornmeal
Salts aw m aw m aw m a w m

Li Cl 0.115 4.69 ± 0.01 0.110 4.46 ± 0.15 0.103 3.39 ± 0.13 0.20 4.17 ± 0.01
KCt H^Oo 0.234 7.44 ± 0.12 0.231 6.35 ± 0.11 0.197 5.34 ± 0.07 0.37 6.33 ± 0.06

MgCI2 0.329 9.12 ± 0.04 0.325 8.12 ± 0.20 0.309 7.07 ± 0.07 0.45 7.56 ± 0.03

KoCO-, 0.443 11.04 ± 0.05 0.437 9.90 ± 0.16 0.429 8.39 ± 0.01 0.54 8.90 ± 0.17

Mq(NOo)o 0.536 11.91 + 0.01 0.521 10.43 ± 0.34 0.496 8.75 ± 0.02 0.58 9.23 ± 0.23

NaN02 0.654 13.14 ± 0.14 0.648 12.90 + 0.28 0.599 10.80 ± 0.08 0.63 9.30 ± 0.16

NaCI 0.765 15.47 ± 0.33 0.727 13.69 ± 0.09 0.727 13.69 ± 0.09 0.70 12.78 ± 0.45

KCI 0.846 19.58 ± 0.00 0.841 19.51 ± 0.39 0.786 1 7.04 ± 0.64 0.72
0.80

13.26 + 0.58 
15.04 ± 0.16
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Table 2-Values o f water activity o f saturated salt solutions at different temperatures as compared to the Greenspan (1977) values

Salts 25° C Greenspan 30° C Greenspan 45° C Greenspan

Li Cl 0.115a 
(0.003)b

0.113 0.110
(0.003)

0.113 0.103
(0.004)

0.112

k c 2h 3o 2 0.234
(0.003)

0.225 0.236
(0.002)

0.22 0.197
(0.002)

. . .

MgCI2 0.329
(0.003)

0.327 0.326
(0.004)

0.32 0.309
(0.002)

0.311

k 2c o 3 0.443 
(0.001 )

0.432 0.437
(0.001)

0.431 0.429
(0.002)

. . .

Mg(N03)2 0.536
(0.003)

0.530 0.521
(0.003)

0.541 0.496
(0.001)

0.470

NaN02 0.654
(0.002)

. . . 0.648
(0.003)

. . . 0.599
(0.002)

. . .

NaCI 0.765
(0.003)

0.750 0.748
(0.003)

0.751 0.727
(0.004)

0.745

KCI 0.846
(0.002)

. . . 0.841
(0.002)

0.836 0.786
(0.001)

. . .

® Water acitv ity  
b Standard deviation

Table 3—in  aw versus 1/T regression equations

Salts Regression equation r2

Li Cl fin aw = 500.95 1/T --3.85 0.976
k c 2h 3o 2 ßn aw = 861.39 1/T --4.33 0.965
MgCI2 fin aw = 303.35 1/T-- 2.13 0.995
k 2c o 3 fin aw = 145.0 1/T-- 1.3 0.967
MgN03 fin aw = 356.6 1/T--1.82 0.987
NaN02 fin aw = 435.96 11T -- 1.88 0.974
NaCI fin a = 228.92 1/T--1.04 0.961
KCI fin a = 367.58 1/T--1.39 0.967

Clausius Clapeyron will have the following form if one 
assumes constant com position, which over a small tem pera
ture range for salts is not a bad assumption.

—(Qs + AH2) T 1 1 “I

R | j 2  " t J

The slope of a p lot of fin aw versus 1/T should give:

slope =

(4)

(5)

As seen in Table 3, the slope for all salts has a positive value 
which means tha t Qs + AH2 is negative. Since Qs should be 
positive, it follows tha t AH2 is negative and its absolute 
value is higher than Qs . This is true for most of the salt 
solutions. The heats of solution at infinite dilution for some 
salts are available. F or example, for LiCl, M g(N03)2 , and 
KC1, they are respectively -8 8 5 0 , -3 7 0 0 , and —4404 
cal/mole (Perry, 1973). The AH2 values for saturated solu
tions are no t available. Assuming tha t one can use the 
values at infinite dilution, the negative value of H2 would 
cause the slope to  be positive, resulting in a decrease in 
aw with increased tem perature.

Thermodynamically, the chemical potential o f com
ponent A in an ideal solution, Fa l , is:

Ma l  =  Ma  +  R T  ß n  a A L  ( 6 )

where ¿uA = the chemical potential of pure liquid A and aA 
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is the activity of species A. Since at equilibrium in solid 
state, the activity of A is one, then:

Ma s =  Ma  ( 7 )

Thus, for one mole:

° A l -  GAS 
RT

= ßn aAL (8)

Since we know that aA is equal to  the mole fraction of 
species A(Xa ), then differentiating w ith respect to  tem 
perature we get:

3(£n XA) (H a -  Ha „) AHt 

3T “  RT2 RT2
where: HAl = the partial molar enthalpy of the com ponent 
A in the ideal solution; HAg = the partial molar enthalpy of 
pure solid A; AHT = the difference in enthalpy which 
should be a positive value since HAg >  HAl .

If Xw = mole fraction of water in the saturated salt solu
tion, then:

*A = 1 -  Xw (10)

and, Eq. (9) at constant pressure, p, becomes: 
ratCnCl -  Xw) ] l  AHtL 9T J p " “ RT2 (H )

Also, we know tha t aw = the water activity = 7WXW where 
7w = the activity coefficient for water. Thus, w ith respect 
to  1/T, Eq. (11) becomes:

9 f in ( l-------)
______ 7w

9(y)

AHt

R (12)

Thus, a plot of fin — —  J versus 1/T should be a straight 
line if AHt  does no t vaity'with tem perature. Regression of 
this equation was not possible since tha t value o f 7W is 
not known. Assuming a value of 1 for y w gave r 2 of 0.99 or 
greater but it should be obvious that y w is not 1.

Eq. (12) thus shows that for saturated salt solutions, the 
aw should decrease with increasing tem perature, as has been 
found in the present results and reported in m ost o f the 
literature where direct vapor pressure was measured. This



suggests that the opposite effect found by Scott and 
Bernard (1983) was due to  errors in calibration of the hy
grometer. Table 2 also shows the aw values measured on the 
VMP as compared to  the values from empirical polynomials 
of Greenspan (1977). A t test showed that all VPM values 
differed from those of Greenspan (1977) at the 95% confi
dence level. These VPM values were used in the rest of the 
study.

Water sorption isotherms of fish flour and cornmeal
The adsorption isotherms of fish flour and cornmeal 

determined at 25, 30, 45 and 65 C are presented respective
ly in Table 1 and in Fig. 3 and 4 using the corrected aws for 
the salts at each tem perature. All of the isotherm s gave 
the characteristic S shaped curve of normal m oisture ad
sorption isotherms (Adamson, 1979). It is clearly evident 
from the figures tha t for any constant moisture content, 
an increase in tem perature significantly increases the aw . 
A review of at least 150 published papers with isotherm 
data shows that many workers present sorption isotherms 
at high tem peratures by plotting equilibrium moisture 
content versus the aw values of salt solutions as determined 
at 25 C, rather than versus the true aw of the salt solution 
at the tem perature of the study. The error can be clearly 
seen in Fig. 5, where both the uncorrected and corrected 
isotherms are plotted at 45 C versus the true isotherm at 
25°C. As noted, not correcting isotherm  aw values distorts 
its shape and makes the magnitude of the shift seem larger 
than it actually is.

Application of BET and GAB equations
In an extensive review of sorption models proposed in 

the literature, Van Den Berg and Bruin (1981) stated that 
the “GAB” equation (from Guggenheim-Anderson-de 
Boer) was the best theoretical model for foods. It is a three 
param eter equation and is the accepted model used by all 
European food researchers (Bizot, 1983). The equation is:

m Ckaw
—  = ----------------------------------------  (14)
mo (1 - k a w ) ( l  - k a w + Ckaw)

where: aw = water activity; m = equilibrium m oisture 
content on dry basis; m0 = monolayer m oisture content; C 
C = Guggenheim constant = C 'explH j — Hm)/R T; Hj = 
heat of condensation of pure water vapor; Hm = to ta l heat 
of sorption of the first layer; k = factor correcting proper

ties of multilayer molecules w ith respect to  the bulk liquid 
= k 'exp(H ! -  Hq)/RT; Hq = to ta l heat of sorption of the 
multilayer.

An FIP9816 com puter was used on the isotherm  data of 
Table 1 to  perform the nonlinear regression needed to 
determ ine the equation constants. It should be noted that 
all the data can be used, while in the BET model data above 
aw = 0.45 is precluded. The curves drawn in Fig. 3 and 4 
are based on the com puter solution. The standardized 
residual errors showed no system atic departures as a func
tion of aw indicating excellent fit.

The values of the monolayer m oisture content at each 
tem perature as calculated by the GAB and BET equation 
are presented in Table 4. The results show that the mono- 
layer moisture content decreases with increasing tem pera
ture between 25-65 C, except for fish flour at 65 C. This 
behavior has also been reported for almost 100 different 
foods and food systems by Iglesias and Chirife (1976a, b). 
A t test showed that the m onolayer moisture contents as 
obtained by the GAB equation do no t differ from those 
obtained by the BET equation at the 95% level of signifi
cance for each tem perature. The GAB equation has an

MOISTURE SORPTION ISOTHERMS CORN MEHL

Rw

Fig. 4—Moisture sorption isotherms for cornmeal: <g> 25° C, x 25° C, 
• 4 ? C ,  a £5°C.

MOISTURE SORPTION ISOTHERMS ( PISH FLOUR)
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Fig. 3—Moisture sorption isotherms for fish flour: ® 25° C, x 35° C, 
• 45° C, * 65° C.

Fig. 5—Comparison between corrected (true salt aw at 45° C x) and 
uncorrected (aw value o f salt from 25° C ® ) isotherms at 45° C 
versus the true isotherm (•) at 25°C for fish flour.
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Table 4—Monolayer Moisture Content (mQ) g H 2O/100 g solids

GAB BET

Fish flour

25° C 5.12 4.33
30 4.33 3.65
45 3.24 3.15
65 3.94 3.30

Cornmeal

25° C 8.23 6.86
30 6.50 6.10
45 5.68 4.89
65 5.57 4.66

Table 5-Excess heat o f sorption (Qs) for cornmeal and fish flour 
as a function o f moisture content

Molstu re
g H2O/100g solids

Kcal/mole

Corn meal Fish flour

2 4.45 2.80
4 4.30 2.59
6 3.91 1.50
8 2.74 0.60

10 1.76 0.40
12 1.11 0.25
14 0.71 0.20
16 0.43 -
20 0.20 —

Table 6—Comparison o f water activity shift as measured on the Kay mont instrument (corrected with actual isotherm values) and the Clausius 
Clapeyron equation prediction

g H2O/100g solids
Qs*

Kcal/mole
25° C 

Isotherm
25° C 

Measured
35° C 

Measured
35°C

Isotherm
35° C

Equation**
45° C 

Measured
45° C 

Isotherm
45° C

Equation**

Fish flour

2.12 2.8 0.115 0.111 0.115 0.14 0.129 0.140 0.15 0.149
3.83 2.6 0.234 0.221 0.223 0.27 0.255 0.240 0.31 0.29
5.53 1.6 0.329 0.328 0.327 0.33 0.358 0.385 0.50 0.388
7.65 0.7 0.536 0.540 0.545 0.60 0.561 0.651 0.62 0.582

10.29 0.43 0.654 0.643 0.637 0.70 0.658 — 0.71 0.673
13.40 0.21 0.765 0.754 0.725 0.78 0.762 0.800 0.78 0.771

Cornmeal

4.69 4.2 0.115 0.078 0.093 0.11 0.098 0.112 0.16 0.12
7.44 3.0 0.234 0.205 0.226 0.27 0.24 0.271 0.35 0.28
9.12 2.2 0.329 0.314 0.338 0.40 0.354 0.405 0.50 0.40

11.04 1.47 0.443 0.433 0.462 0.54 0.469 0.534 0.61 0.51
11.91 1.10 0.536 0.525 0.522 0.59 0.56 0.609 0.64 0.59
13.14 0.91 0.654 0.601 0.620 0.65 0.63 0.697 0.69 0.66
15.59 0.48 0.765 0.686 0.721 0.74 0.71 0.810 0.76 0.72
19.58 0.2 0.846 0.799 0.833 0.84 0.81 0.875 0.83 0.816

* Estim ated  from  Q s versus m oisture data of Tab le  5
* *  Calcu lated  from  Clausius C lapeyro n  equation using the 2 5 °C  measured value for the prediction

advantage as compared to  the BET model since it offers an 
objective m ethod for drawing sorption isotherms up to  0.9 
aw , while the BET model is limited to  0.45-0.5 aw . Table 
5 presents the Qs values as a function of moisture content 
using linear regression of the aws at each of the four tem 
peratures (Eq. 1). Cornmeal has a higher sorption heat 
probably because it is predom inantly carbohydrate and 
has more polar groups. Above 14g H2O/100g solids, the 
excess heats are small for both systems (<500  cal/mole) as 
compared to the heat of vaporization (10.5 Kcal/mole) 
which is typical of most foods (Iglesias and Chirife, 1976b).

Temperature shift study
The effect of a tem perature shift on change in aw at 

constant m oisture content required the calibration of the 
Kaym ont instrum ent at each tem perature for the shift 
experiment. The calibration curves used all salts except 
K2C 0 3 , as it interacted with the cell at each temperature. 
This calibration was based on the AOAC (1980) standard 
procedure. Straight lines with an r2 of > 0 .98  were ob
tained. Fig. 6 shows the resulting aw shift for cornmeal 
at constant moisture content due to  the tem perature shift. 
It is evident from Fig. 6 that for any m oisture content, an 
increase in tem perature induces an increase in aw . For 
example, at 7% dry basis moisture content, the aw change is 
about 0.1 for a tem perature shift from 25 to  45°C.

Table 6 shows the measured aw found for the 30° and

45°C tem perature shift experim ent using the K aym ont aws, 
the aw at the test m oisture content at 30° and 45°C in ter
polated from the GAB isotherm equation at each tem pera
ture, and the aw predicted using the Clausius Clapeyron 
equation and the Qs values of Table 5 at the test moisture 
content. For fish flour at 35°C, the aw shift found using 
the Kaymont was about 0.01-0.02 units less than tha t pre
dicted from the Clausius Clapeyron equation for aw s below 
0.65 and from 0.01-0.05 units less than found from what 
should be the true isotherm , i.e., tha t using the corrected 
VPM aw values. At 45°C, however, the measured aw in the 
shift test was higher than the GAB value or Clausius Clapey
ron value above 0.65 aw . For the cornmeal, even at 25°C, 
the measured aws of the starting material were always less 
than the true isotherm  aw values. This could be due to  the 
use of the regression lines or possibly nonequilibrium , 
although storage was at 25°C for 2 wk. Thus, the measured 
values at 35°C and 45°C are less than the true isotherm , 
except for 45 C above an aw of 0.65. The measured aws 
were generally within 0.01 units of the predicted value 
from the Clausius Clapeyron equation at 35°C, and at 
45°C below 0.65 aw .

Overall, this study shows that the Clausius Clapeyron 
equation predicts the shift in aw with tem perature quite 
well while the isotherm  at the actual shift tem perature 
shows a higher value than the aw measured by a hygrom 
eter. Since the difference is less than 0.02 aw units in most
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Fig. 6 -W ater activ ity sh ift fo r cornmeal when shifted to 35° C and 
45°C from 2 f f  C  fo r constant moisture contents: • 2 5 °C, x  3 5 °C, 
®  45° C.

cases, using the hygrom eter in a tem perature shift experi
ment should give an adequate estimate of the aw at the 
higher tem perature w ithout having to  make the actual 
isotherm . It is also possible that, at the higher tem perature 
and aws where larger differences occurred (higher aw from 
instrum ent), the 4-6 wk storage in creating the actual iso
therm  at 45 C decreased the sorption capacity of the food 
material due to  chemical reactions. In the shift test, the 
sample at most was exposed to  45 C for less than 24 hr. It 
is also possible tha t in this tim e the water did not re-equilib
rate and may have been more lossely bound. Overall, it can 
be stated that the instrum ent m ethod used gives an ade
quate estimate of the actual shifts that could occur.
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---------------------------- ABSTRACT-----------------------------
A Finite Element model was used to predict the average moisture 
content of foods represented by axisymmetric shapes. The model 
was found to adequately predict the moisture content for the major
ity of the foods represented by cereal, dairy, fruit, vegetable, meat 
and semi-moist bakery food groups. For two foods, flour desorbing 
to 0.11 aw and turnips adsorbing to 0.75 aw, the predictions im
proved when variable diffusivity was used as contrasted with con
stant diffusivity. The Finite Element model was tested for different 
foods with different size, shape and diffusion potential.

INTRODUCTION
A MATHEMATICAL MODEL can be used as a tool to pre
dict the moisture content of foods during storage over time 
at a given water activity (aw ). The moisture distributions 
with time could also be predicted, as well as ingredient mix
ing. With modifications, the model could be used to de
scribe the shelf life of packaged foods. Mathematical model
ing can also be used for the prediction of drying times and 
of packaging and storage requirements.

Exact solutions to  differential equations governing mois
ture movement can be obtained for fixed geometries: 
sphere, slab or a cylinder (Crank, 1975). The solutions are 
obtained by assuming constant material properties (i.e., 
diffusion coefficient), but when the properties become de
pendent upon location or concentration the solutions 
become more complicated and often do not exist (Polivka 
and Wilson, 1976). Numerical techniques can be utilized 
for the more complex but truer to real life situations. 
Among numerical m ethods available to solve the govern
ing differential equations for moisture transfer are the Fi
nite Difference and the Finite Element analyses. The Finite 
Difference m ethod of analysis is based on the approxi
m ation by difference of a derivative at a point (Naveh et al.,
1983). Solutions by the Finite Difference m ethod often 
result in long com putational times, and often the material 
properties are difficult to vary from node to node (Misra 
and Young, 1979). In addition, the analysis is often limited 
to  cases where the body has (or can be approxim ated by) 
a simple geometry (Naveh et al., 1983). The Finite Element 
m ethod of analysis is a powerful m ethod of analysis which 
overcomes the above mentioned problems. Zhang et al.
(1984) used the F inite Element m ethod to model water 
diffusion in rice with diffusion coefficient as a function of 
moisture concentration, and they also were able to account 
for the change in the size of rice during soaking. The funda
mental concept of the Finite Element m ethod of analysis 
is tha t any continuous quantity, such as m oisture content 
or tem perature, can be approxim ated by a discrete model 
composed of a set of piecewise continuous quantity, such 
as moisture content or tem perature, can be approxim ated 
by a discrete model composed of a set of piecewise continu
ous functions defined over a finite num ber of domains 
(Segerlind, 1976).

Authors Lomauro and Bakshi are affiliated with the Dept, o f Food  
Science & Nutrition, Univ. o f Minnesota, 7334 Eckies Aire., St. 
Paul, M N  55108.

The objectives of this study were: (1) To discuss the 
development of a Finite Element model to  describe mois
ture diffusion in stored food products represented by axi
symmetric shape with constant and variable m oisture trans
fer properties, and (2) To compare the model predicted 
moisture contents to the experim ental values.

MATERIALS & METHODS
ALL OF THE FOODS used in this study were purchased from a 
local supermarket. The foods were selected in an attempt to repre
sent different food groups. The foods and representative food groups 
included: flour (cereal), nonfat dried milk (dairy), freeze-dried apple 
(fruit), freeze-dried turnip (vegetable), freeze-dried raw ground beef 
(meat), oatmeal cookies (semi-moist bakery product), shredded 
wheat (cereal), and raisins (slow sorbing, dense product). The sorp
tion experiments were carried out in desiccators and Mason jars 
at 25 + 1°C. All of the foods were adsorbed to 0.75 aw. The flour 
was also adsorbed and desorbed to 0.52 and 0.11 aw, respectively, 
with the intent of testing the model for a different driving force.

Saturated salt solutions were used to generate a constant equilib
rium relative humidity within the desiccators, Mason jars or fish 
tanks. The details of the experiment and equilibrium moisture con
tents (Table 1) for the foods are as given by Lomauro et al. (1984). 
In general, the food samples were 3 - 1 0  mm in thickness and 50 
mm in diameter. In addition the flour was adsorbed to 0.75 aw 
for three thickness and one pyramid shape to test the Finite Ele
ment model.

The initial moisture contents of the food samples were deter
mined by the Karl Fischer method (Fischer, 1935) using an Aqua- 
test IV titrator (Photovolt Corporation, New York, NY). The appa
ratus measures moisture content by relating change in current to a 
change in free iodine content.

The effective diffusion coefficient (DefD was calculated for each 
of the food products. The details were as given by Lomauro et al.
(1985).

RESULTS & DISCUSSION

Governing equation and boundary conditions
The differential equation for transient m oisture diffu

sion in an anisotropic, nonhomogeneous material represent
ing an axisymmetric body in cylindrical coordinates is:

9 9M 9M 9 9M 9M 
-  (rDr —  ) + Dr (—  ) + -  (rDz —  ) = r —  
9r dr 9r 9z 9z 9t

(1)

where r and z are the coordinate directions, Dr and Dz 
are the mass diffusivities in the coordinate directions, M is 
the m oisture content and t is the time. Eq. (1) assumes no 
changes in dimension, swelling or shrinkage during the sorp
tion.

The initial condition describing the body is defined by a 
function of r and z prescribing a m oisture distribution 
throughout the body:

M (r,z,0) = f (r,z) at t = 0 (2)
Two types of boundary conditions can be given for Eq. (1). 
A prescribed m oisture content on a surface S 1 :

M (r,z,t) = Ms; r,z on a surface; t > 0  (3)
and/or a convection type boundary condition on a surface 
S2 :
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3m
D  (r ,z ,t )  = h ' (M ' -  Ms ); r,z o n  a su rface; t > 0  (4 )

w h ere  D is th e  d if fu s io n  c o e f f ic ie n t ,  h ' is  th e  su rfa ce  m ass  
tra n sfer  c o e f f ic ie n t ,  M ' is th e  m o is tu r e  c o n te n t  o f  su rro u n d 
ing  a tm o sp h e r e , and Ms is th e  m o is tu r e  c o n te n t  at th e  sur
fa ce  o f  th e  b o d y . N is th e  o u tw a rd  n o r m a l to  th e  su rfa ce .

T h e  m a ter ia l p r o p e r t ie s  D r and D z can  b e  m o is tu r e  
c o n c e n tr a t io n  d e p e n d e n t . B o u n d a r y  c o n d it io n  1 (E q . 3 )  
can  b e  a fu n c t io n  o f  th e  tim e. T h e  e q u a t io n s  are d e fin e d  
fo r  an a x isy in m e tr ic  b o d y ;  th e r e fo r e , E q. 1 to  4  are as
su m ed  to  b e  in d e p e n d e n t  o f  th e  an g le  o f  r o ta t io n  arou n d  
th e  z ax is.

Finite Element solution

T h e  m o is tu r e  d is tr ib u tio n  w ith in  an a x isy m m e tr ic  so lid  
id e a liz e d  b y  a sy s te m  o f  F in ite  E le m e n ts  m a y  b e  d erived  
in  a n u m b e r  o f  w a y s  (P o liv k a  and W ilso n , 1 9 7 6 ) . N aveh
( 1 9 8 3 )  d er iv ed  th e  sy s te m  u s in g  v a r ia tio n a l c a lc u lu s , w h ere  
a fu n c t io n a l form  is fo u n d  and a n y  fu n c t io n  th a t m in im iz e s  
th e  in teg ra l o f  th e  fu n c t io n  a lso  sa tis f ie s  th e  g o v ern in g  
e q u a tio n . A n o th e r  m e th o d  is th e  m e th o d  o f  w e ig h te d  res id 
u a ls , w h ic h  is based  u p o n  th e  m in im iz a t io n  o f  a res id u a l 
e x is t in g  b e tw e e n  th e  e x a c t  and a p p r o x im a te  s o lu t io n  (N o r-  
rie and D e V r ie s , 1 9 7 8 ) . P o liv k a  and W ilson  ( 1 9 7 6 )  to o k  a 
p u re ly  p h y s ic a l in te r p r e ta t io n  fo r  th e  e q u a t io n s  w h ic h  g o v 
ern h e a t f lo w  e q u ilib r iu m . Id e n tic a l fin a l m a tr ix  e q u a t io n s  
are o b ta in e d  reg a rd less  o f  th e  m e th o d  u sed  (N a v e h , 1 9 8 3 ) .  
T h e  r esu lt in g  m a tr ix  d if fe r e n t ia l  e q u a t io n  g o v e rn in g  m o is 
tu re  d if fu s io n  in  a F in ite  E le m e n t sy s te m  c o n ta in in g  n 
n o d e s  is:

d
[C ] — [M ] +  [K ] [M ] -  F  = 0  (5 )

dt
n x n  lx n  n x n  lx n  lx n

w h ere  [C ] and [K ] are sq u are  c o e f f ic ie n t  m a tr ic es , F  
is  a c o lu m n  v e c to r  o f  k n o w n  v a lu e s  and [M ] is the  u n 
k n o w n  m o is tu r e  c o n te n t .  T h e  fo rm  o f  c o e f f ic ie n t  m a tr ic es  
is  as g iv en  b y  S eg er lin d  ( 1 9 7 6 ) .  T h e se  e q u a t io n s  w e re  p r o 
g ra m m ed  o n  C D C  c o m p u te r .

A  f lo w  ch a rt o f  th e  c o m p u te r  program  is  g iv en  in  F ig . 1. 
S in c e  it  is  k n o w n  th a t th e  d e g ree  o f  a c cu ra c y  o f  th e  F in ite  
E le m e n t m o d e l is  d e p e n d e n t  u p o n  th e  e le m e n t s iz e  and  
t im e  ste p  in c r e m e n t, a sm a ll s tu d y  w a s c o n d u c te d  to  fin d  
an a d e q u a te  t im e  ste p  in c r e m e n t  and grid s ize  fo r  a rep re
se n ta tiv e  fo o d  sh ap e  u n d e r  stu d y . B y  c o m p a r in g  th e  m o is 
ture  c o n te n t  v a lu e s  as p r e d ic te d  b y  F in ite  E le m e n t m o d e l  
and a n a ly tic a l s o lu t io n  fo r  a c y lin d r ic a l sh a p ed  o b je c t ,  it  
w a s fo u n d  th a t a grid c o n ta in in g  at lea st 3 0  4 -n o d e  iso p a ra 
m e tr ic  e le m e n ts  and a 1 hr t im e  ste p  in c r e m e n t w a s a d e q u a te  
fo r  d esc r ib in g  m o is tu r e  d if fu s io n .

Comparison o f Finite Element prediction to 
analytical solution

T o  te s t  th e  F in ite  E le m e n t  p rogram , a c y lin d e r ic a l  
sh ap ed  fo o d  p r o d u c t  w a s m o d e le d  and c h e c k e d  again st  
a n a ly t ic a l s o lu t io n  fo r  m o is tu r e  c o n te n t .  T h e  F in ite  E le
m e n t  c a lc u la t io n s  w ere  d o n e  u s in g  tw o  grid s iz es  ( 2 0  and  
3 0  — 4  n o d e  iso p a r a m e tr ic  e le m e n ts , and  tw o  t im e  ste p  in 
c r e m e n ts  (1  and 10  hr). T h e  fo llo w in g  c o n d it io n s  w e re  u sed  
fo r  th e  c a lc u la t io n s  fo r  a fo o d  p r o d u c t  r e p re se n te d  b y  a 
f in ite  c y lin d er : D if fu s io n  c o e f f ic ie n t  = 0 .3 3  m 2 /h r ; H eig h t  
= 10 m m , D ia m e te r  = 5 . 2  m m ; In it ia l m o is tu r e  c o n te n t ,  
M o = 1 2 .0 g  w a ter /lO O g  so lid ;  E q u ilib r iu m  m o is tu r e  c o n 
te n t ,  M e =  1 7 .0 g  w a te r /lO O g  so lid .

It w a s a ssu m ed  th a t a ll su r fa c es  in s ta n ta n e o u s ly  e q u ili
b ra ted  w ith  th e  a tm o sp h e r e . T h e  c a lc u la t io n s  fo r  th e  a n a ly 
t ica l s o lu t io n s  fo r  th e  c e n te r  m o is tu r e  w e re  m a d e  u s in g  th e  
firs t 6 0  te rm s o f  th e  fo l lo w in g  a n a ly tic a l so lu t io n s  g iv en  b y  
C rank (1 9 7 5 ) :

Infinite slab solution

M -M e 4  °° ( —l ) n — D ( 2 n + l ) 27r2 t
Fis = ------------ = —  2  ------------- e x p  [-------------- ------------ ]

M o-M e 7r n = o ( 2 n + l )  4 a 2

w h er e  a =  th ic k n e ss  o f  th e  slab.

Infinite cylinder solution

M -M e 2 °° e x p ( - D b 2 t)ric=------ =— s --------- —
M o-M e a n = i  b n j j ( b n a)

w h ere  a =  rad iu s o f  th e  c y lin d e r ;  b n = r o o ts  o f  Jo  ( b n a). 
T h u s, th e  c e n te r  m o is tu r e  c o n te n t  fo r  th e  f in ite  c y lin d e r  is:

M center =  [ ( T i s  x  F ic) (M o -M e)] +  M e 

T h e  F in ite  E le m e n t p r e d ic t io n s  are c o m p a r ed  w ith  th e  
a n a ly t ic a l s o lu t io n  in  F ig . 2 . It can  b e  se e n  th a t if  a su f f i 
c ie n t  n u m b e r  o f  e le m e n ts  an d  sm a ll t im e  in c r e m e n ts  are 
u se d , th e  F in ite  E le m e n t p r e d ic t io n s  are c lo s e  to  th e  a n a ly 
t ic a l so lu t io n . S im ila r  r e su lts  w e re  a c h iev ed  fo r  o th e r  g e o 
m e tr ie s  and fo r  average m o is tu r e  c o n te n t  (L o m a u r o  et al.,
1 9 8 5 ) .  T h e  a n a ly t ic a l so lu t io n s  are av a ila b le  fo r  f ix e d  g e o 
m e tr ic  sh a p es  o n ly  and th a t to o  fo r  c o n s ta n t  d if fu s iv ity .  
T h is  m a y  n o t  be th e  c a se  w ith  m o s t  o f  th e  fo o d  p r o d u cts . 
F o r  th e se  p r o d u c ts  F in ite  E le m e n t m o d e ls  can  be u sed . 
T h e  F in ite  E le m e n t p r e d ic t io n s  fo r  fo o d  p r o d u c ts  d escr ib ed

Fig. 1—Flow  chart for the Finite Element program.
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b y  b o th  c o n s ta n t  and var iab le  d if fu s iv it ie s  and r ep resen ted  
b y  d iffe r e n t  sh a p es and s iz es  are d isc u sse d  in th e  n e x t  
s e c tio n .

P ro d u c ts  r ep re se n te d  b y  a c o n s ta n t  d if fu s iv ity

T h e  F in ite  E le m e n t d e sc r ip t io n  fo r  th e  fo o d s  lis ted  in

Fig. 2—Comparison o f Finite Element predictions to an analytical 
solution for the center moisture content o f a cylinderical shaped 
food (Height = 10 mm, Diameter = 5.2 mm, Deff- 0.33 mnF/hr)

Table 1 —Parameters for food products in Finite Element model

Product
A dsorb ing  (A) 
Desorbing (D)

D iffusion  
coefficient 

m 2/hr x 107

Equilibrium  
m oisture content 

g water/100g solids

F lour D 0.13 9 a 6.66
F lour A 1.152 16.68
Nonfat dry  milk A 0.767 12.49
Freeze-dried apple A 0.146 31.77
Freeze-dried turnip A 0 .27413 30.75
Freeze-dried raw

ground beef A 1.105 15.66
Oatmeal cookie A 0.143 17.76
Shredded Wheat A 0.199 10.68
Raisin A 0.015 34.80

a ( D e f f ) l  =  0 . 1 4 6  fo r  T  = IVI —  M . / M n —  >  0 .12;  (De ff )2  = 0 .0 2 2
fo r  T =  < 0 . 1 2 .

D ( D e f f ) l  = 0 .2 6 8  fo r  r  = »  0 .05;  (D e ff )2  = 0 . 0 5 0  fo r  T  = <  0.05.

T a b le  1 is sh o w n  in F ig . 3 . E ach  o f  th e  f o o d s  e x c e p t  th e  
raisin  is r ep resen ted  as a so lid  o f  r o ta tio n  aro u n d  th e  h e ig h t  
a x is  (F ig . 3 ) .  T h e  fo o d  w a s d iv id ed  in to  35  4 -n o d e  iso p a r a 
m e tr ic  e le m e n ts . T h e  b o t to m  o f  th e  fo o d  (h a sh  m ark s)  
is  c o n s id e r e d  to  b e  im p e r v io u s  to  m o is tu r e  tra n sfer . T h e  to p  
b o u n d a r y  (n o  h a sh  m ark s) is c o n s id e r e d  to  be  at a c o n s ta n t  
m o istu r e  c o n te n t  th r o u g h o u t  th e  so r p tio n . T h is  a ssu m e s  
th a t th e  su r fa c e  o f  th e  fo o d  in s ta n ta n e o u s ly  e q u lib r a te s  to  
i t s  eq u ilib r iu m  m o is tu r e  c o n te n t  u p o n  c o n ta c t  w ith  th e  a t
m o sp h e r e . T h is  w o u ld  resu lt in  an  area o f  large  c o n c e n tr a 
t io n  g r a d ien t (ra p id  c h a n g e  in  m o is tu r e  c o n te n t )  and c o u ld  
ca u se  an o v e r p r e d ic t io n  in th e  in it ia l s ta g es o f  th e  so r p tio n  
p r e d ic t io n  (S e g e r lin d , 1 9 7 6 ) . T o  c o m p e n sa te  fo r  th is , th e  
e le m e n ts  c lo s e s t  to  th e  b o u n d a ry  w ere  m a d e  sm a ller  and  
in crea sed  in  s iz e  as th e  c e n te r  w a s a p p ro a c h e d . T h e  rad iu s  
o f  e a ch  o f  th e  f o o d s  w a s 5 0  m m  an d  th ic k n e s s  o f  th e  
sa m p le s  is  g iv en  in  T a b le  2.

T h e  average m o is tu r e  c o n te n t s  fo r  sh re d d ed  w h e a t ,  
c o o k ie s ,  n o n fa t  d r ied  m ilk  an d  g ro u n d  b e e f  as p r e d ic te d  b y  
F in ite  E le m e n t m o d e l are c o m p a r ed  w ith  th e  e x p e r im e n ta l  
v a lu e s  in  F ig . 4 . E ach  o f  th e  f o o d s  seem  to  sh o w  a g o o d  f it  
to  th e  p r e d ic te d  v a lu e s  o f  th e  F in ite  E le m e n t m o d e l.  T w o  
o f  th e  fo o d s ,  th e  f lo u r  at 0 .1 1  aw and th e  fr ee ze -d r ie d  tu r 
nip (F ig . 5 )  sh o w e d  an o v e r p r e d ic t io n  o f  th e  m o is tu r e  c o n 
te n t  as c o m p a r e d  t o  e x p e r im e n ta l v a lu e s  w h e n  d if fu s iv ity  
is  a ssu m ed  to  b e  c o n s ta n t .

T h e  m a ss  tra n sfer  p a ra m eters fo r  th e  ra isin  are a lso  
sh o w n  in  T a b le  1. T h is  p r o d u c t  w a s a lso  m o d e le d  as a f in ite

Fig. 3—Finite Element representation for sorption in a petri dish, 
35 4-node isoparametric elements.

Table 2—Goodness o f fit (mean relative deviation modulus, P) for 
model predictions

Product
Am bient air 

aw

Sample
thickness

mm

P value

Constant Variable 
diffusivity diffusivity

Flour 0.11 3.6 7.95 1.48
Flour 0.75 5.2 3.2
Flour 0.75 7.9 1.03
Flour 0.75 14.3 1.61
Flour 0.75 a 1.49
Nonfat dry  milk 0.75 3.2 1.03
Freeze-dried apple 0.75 2.7 1.07
Freeze-dried turnip 
Freeze-dried raw

0.75 2.5 1.83 1.55

ground beef 0.75 10.9 2.04
Oatmeal cookie 0.75 10.1 1.29
Shredded Wheat 0.75 2.9 0.52
Raisin 0.75 b 7.55

a F lo u r  in  a p y r a m id  s h a p e .
D C y lin d e r  shape, length = 14.5 mm; rad ius = 4.1 mm.
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Fig. 4—Comparison o f experimental data to model predictions for 
different foods adsorbing to 0.75 aw.

c y lin d e r , a x isy m m e tr ic ;  h o w e v e r , d u e  to  th e  sy m m e tr y  
in v o lv e d , h a lf  o f  th e  to ta l  so lid  w a s m o d e le d . T h e  raisin  
w a s d iv id ed  in to  4 9  4 -n o d e  iso p a r a m e tr ic  e le m e n ts . M o is
ture  tra n sfer  w as a ssu m ed  to  ta k e  p la c e  th r o u g h  th e  e n d s  
as w e ll as fro m  th e  radial su rfa ce . A g a in  to  c o m p e n sa te  fo r  
th e  large g r a d ien ts  a lo n g  th e  su r fa c e  b o u n d a r ie s , sm a ller  
e le m e n ts  w ere  u t iliz e d  a lo n g  th e  su rfa ce  and in crea sed  as 
th e  c e n te r  is  a p p ro a c h e d . T h e  F in ite  E le m e n t p r e d ic t io n  is 
g iv en  in F ig . 4 . A s ca n  b e  se e n , an o v e r p r e d ic t io n  is o b 
served  th r o u g h o u t  th e  m a jo r ity  o f  th e  a d so r p tio n . T h is  m a y  
h a v e  o ccu rred  fo r  severa l rea so n s. M an y o f  th e  ra is in s w ere  
a c tu a lly  e llip tic a l in  sh a p e  and w ere  n o t  w e l l  d e sc r ib ed  as 
c y lin d e r s . In m a n y  ca ses  th e  ra is in s w ere  f la t te n e d  o n  o n e  
s id e , m a k in g  th a t s id e  im p e r v io u s  to  m o is tu r e  tran sfer , 
w h ic h  w o u ld  in  tu rn  c a u se  an  o v e r p r e d ic t io n  b y  th e  F in ite  
E le m e n t m o d e l.

F o r  c o m p a r iso n  p u r p o se s , th e  m e a n  re la tiv e  d e v ia tio n  
m o d u lu s , P (E q . 6 )  w a s c a lc u la te d  fo r  e a ch  o f  th e  p r e d ic 
tio n s:

n Mj — Mpj
P =  ( 1 0 0 /n )  2  ---------------- ( 6 )

i= i M;

w h er e  n is th e  to ta l  n u m b e r  o f  d a ta  p o in ts ,  M, is  th e  a c tu a l 
data  p o in t , and  Mpj is th e  p r e d ic te d  m o is tu r e  c o n te n t .

T a b le  2 lis ts  th e  P v a lu e s  o b ta in e d  fo r  e a ch  o f  th e  fo o d s .  
A s ca n  b e  se e n  fro m  th e  ta b le , th e  m a jo r ity  o f  th e  p r e d ic 
t io n s  had  P v a lu e s  le s s  th a n  2 .0 .  T h e  largest d e v ia t io n  w a s  
fo r  th e  raisin , P = 7 .5 5 ,  f o l lo w e d  b y  th e  f lo u r  at 0 .1 1  aw , 
free ze -d r ie d  raw b e e f  and fr ee ze -d r ie d  tu rn ip . B a sed  o n  th e  
p r e d ic t io n s  (F ig . 5 )  and larger P -v a lu es fo r  th e  fr eeze -d r ied  
tu r n ip s  and th e  f lo u r  at 0 .1 1  aw , th e se  p r o d u c ts  w e re  re
e v a lu a ted  u s in g  var iab le  d if fu s iv it ie s .

Products represented by a variable diffusivity

T a b le  1 l is ts  th e  tw o  fo o d  p r o d u c ts  e x h ib it in g  a variab le  
d if fu s iv ity , f lo u r  at 0 .1 1  aw and tu rn ip . V a r ia b le  d if fu s iv i
t ie s  w e re  se le c te d  b a sed  o n  th e  p lo t s  o f  In T  v ersu s t im e  
(T  is th e  m o is tu r e  r a tio ) . T h e  p lo t s  fo r  th e se  fo o d  p r o d u c ts  
w ere  fo u n d  to  h a v e  a break at F  =  0 .1 2  fo r  f lo u r  o f  0 .1 1  
aw and T =  0 .0 5  fo r  th e  free ze -d r ie d  tu rn ip . A D e f f  fo r  e a ch  
o f  th e  p o r t io n s  o f  th e  cu rve  w a s c a lc u la te d . T h e  D e ffs  c a l
c u la te d  fro m  th e se  p lo t s  w e re  ca lle d  ( D e f f ) l  and  (D e f f )2  
and are sh o w n  in  T a b le  1.

T h e  F in ite  E le m e n t p r e d ic t io n s  fo r  b o th  th e  variab le  
an d  c o n s ta n t  d if fu s io n  c o e f f ic ie n t  c a se s  are g iv en  in F ig. 5 . 
T h e  fig u re  in d ic a te s  th a t th e  p r e d ic t io n s  im p r o v ed  w ith  a

Fig. 5—Comparison o f  experimental data 
to model predictions for foods described 
by variable diffusivity.
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Fig. 6—Comparison o f experimental data to model prediction for 
flour with different thicknesses and shape.

variab le  d if fu s iv ity . P v a lu e s  fo r  e a ch  o f  th e  tw o  fo o d s  are 
g iv en  in  T a b le  2 . In  b o th  ca ses  th e  P v a lu e s  w e re  b e tte r  for  
th e  var iab le  d if fu s iv ity  th a n  fo r  th e  c o n s ta n t  d if fu s iv ity  
case.

Verification of the finite elem ent m odel for 
different thickness and shape

In  th e  p r e c e d in g  s e c t io n ,  th e  F in ite  E le m e n t p r e d ic t io n s  
w ere  carried  o u t  fo r  a f in ite  c y lin d e r  w ith  o n e  th ic k n e ss  
ea ch . In  th is  s e c t io n , th e  m o d e l w ill  b e  v a lid a ted  fo r  d if fe r 
e n t  c y lin d e r  h e ig h ts  an d  a p y ra m id  sh ap e . T h e  f lo u r  sa m p le  
a d so rb in g  to  0 .7 5  aw w a s u t i l iz e d  fo r  th is  p u rp o se . T h e  f o l 
lo w in g  th r e e  th ic k n e sse s  w e re  e v a lu a ted : 5 .2 ,  7 .9 ,  an d  14 .2  
m m . T h e  p y r a m id  sh a p e  h a d  a h e ig h t  o f  2 9 .5  m m  and a 9 0  
m m  d ia m e ter  at th e  b ase. T h e  F in ite  E le m e n t p r e d ic t io n s  
are sh o w n  b y  th ic k n e ss  in  F ig . 6 . T h is  figu re  sh o w s  th a t th e  
b e st p r e d ic t io n  w a s fo r  th e  in te r m e d ia te  th ic k n e ss , 7 .9  m m . 
A n  o v e r p r e d ic t io n  is se e n  fo r  th e  th in n e s t  sa m p le , 5 .2  
m m , and an u n d e r p r e d ic to n  fo r  th e  th ic k e r  sa m p le , 14 .2  
m m . T h is  is  p r o b a b ly  d u e  to  th e  averaging o f  th e  d if fu s io n  
c o e f f ic ie n t s  o b ta in e d  fo r  e a ch  th ic k n e ss . T h e  m id d le  th ic k 
n e ss  sa m p le  had  a D e f f  c lo s e s t  to  th e  average D e f f  and  
sh o w e d  th e  b e st  fit .

A  fin a l p r e d ic t io n  w a s m a d e  fo r  th e  f lo u r  in  a p y ra m id  
sh a p e . T h e  F in ite  E le m e n t r e p r e se n ta t io n  is g iv en  in  F ig . 7 . 
T h e  figu re  r ep re se n ts  all o f  th e  fo o d  and c o n ta in s  51  4-

Fig. 7—Finite Element representation o f flour in a pyramid shape, 
51 4-node isoparametric elements.

n o d e  iso p a r a m e tr ic  e le m e n ts , again w ith  th e  b o u n d a r ie s  
r ep re se n te d  b y  sm all e le m e n ts  in c re a sin g  in  s iz e  to w a r d s  
th e  c e n te r  o f  th e  p r o d u c t to  o v e r c o m e  th e  m o is tu r e  grad 
ien ts . T h e  F in ite  E le m e n t p r e d ic t io n  is g iv en  in  F ig . 7 . T h e  
figu re  sh o w s  a g o o d  p r e d ic t io n  re la tiv e  t o  th e  e x p e r im e n ta l  
d ata , w ith  a slig h t o v e r p r e d ic t io n  in th e  la tte r  p o r t io n s  o f  
so r p tio n . T a b le  2 l is ts  th e  P v a lu e s  fo r  th e  f lo u r  w ith  d if
fe r e n t  th ic k n e sse s . T h e  m a jo r ity  are le s s  th a n  2 .0  e x c e p t  
fo r  th e  f lo u r  at 5 .1 8  m m  w h ic h  h as a P = 3 .2 0 .

In gen era l, th e  F in ite  E le m e n t m o d e l sh o w s  an a d e q u a te  
p r e d ic t io n  fo r  th e  m o is tu r e  c o n te n t  fo r  f o o d s  r ep re se n tin g  
d iffe r e n t  g ro u p s, s iz e s  and sh ap es. T h is  m o d e l can  b e  used  
as an aid in  p r e d ic t in g  eq u ilib r iu m  t im e  fo r  a fo o d  in a 
g iv en  e n v ir o n m e n t, in g r e d ie n t  m ix in g  and o th e r  b e h a v io r  o f  
s to r ed  fo o d s . W ith m o d if ic a t io n s  to  in c lu d e  th e  te m p e r a 
tu re  d e p e n d e n c e  o f  th e  p a ra m eters, th e  m o d e l c o u ld  be  
u sed  as an aid in  sh e lf  l ife  p r e d ic t io n s  du rin g  a d is tr ib u tio n  
c y c le  (r e la tiv e  h u m id ity  and te m p er a tu r e  f lu c tu a tin g ) ,  
and te m p er a tu r e  f lu c tu a tin g ) .
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M o i s t u r e  T r a n s f e r  P r o p e r t i e s  o f  D r y  a n d  S e m i m o i s t  F o o d s

C. J. LOMAURO, A.S. BAKSHI, and T. P. LABUZA

-------------------------- A BSTRA CT--------------------------
Equilibrium moisture content, mass diffusion coefficients, and den
sities were collected for wheat flour, shredded wheat, raisins, nonfat 
dry m ilk, and freeze-dried apple, turnip, and ground b eef at 25 ± 
1°C. Flour adsorbing to 0.75 aw had the largest mass diffusion co
efficient, 1.15 x 1 0 ~ 7 m 2/hr and raisins had the smallest value o f  
0.015 x 1 0 ~ 7 m 2 /hr. Two o f  the food  products, flour desorbing 
to 0 .11  aw and the freeze-dried turnip, exhibited diffusion coeffi
cients which were dependent on the moisture content. Most o f  the 
foods reached equilibrium within 1 wk based on an objective cri
terion o f  no more than a 0.5% dry basis m oisture difference over 
three successive readings at 1 wk interval.

INTRODUCTION
O N E  O F  T H E  B A S IC  p h y s ic a l p h e n o m e n a  o ccu rr in g  in  
fo o d s  du rin g  p r o c e ss in g  and sto ra g e  is w a te r  tra n sp o rt. T h is  
c o u ld  b e  d if fu s io n  o f  w a te r  in s id e  th e  fo o d  or  m o is tu r e  e x 
c h a n g e  b e tw e e n  th e  fo o d  and th e  e n v ir o n m e n t. T h e  a m o u n t  
o f  w a te r  p r e se n t at a n y  lo c a t io n  in  th e  fo o d  a f fe c t s  c h a ra c 
te r is t ic s  su ch  as d ry in g  t im e  and sh e lf  l ife .  W ith  th e  in tr o 
d u c t io n  o f  h ig h -sp e ed  c o m p u te r s  and p o w e r fu l n u m er ica l  
te c h n iq u e s , e .g ., f in ite  e le m e n t  a n a ly sis , it  h a s b e c o m e  fe a s
ib le  to  d e v e lo p  m o d e ls  d esc r ib in g  w a te r  tra n sp o rt p h e n o m 
ena . T h e se  m o d e ls  ca n  aid in  th e  r e d u c t io n  o f  th e  n u m b e r  
and ty p e  o f  e x p e r im e n ts  req u ired  to  u n d e rs ta n d  th e  in f lu 
e n c e  o f  e n v ir o n m e n ta l fa c to r s  and ty p e s  o f  p a c k a g in g  o n  
fo o d  q u a lity  du rin g  p r o c e ss in g  and sto ra g e. T h e  p a ra m eters  
n e c essa ry  to  p r e d ic t  th e  m o is tu r e  c o n t e n t  w ith  t im e  u s in g  a 
m a th e m a tic a l m o d e l are m o is tu r e  d if fu s io n  c o e f f ic ie n t ,  
eq u ilib r iu m  m o is tu r e  c o n te n t  and su rfa ce  m a ss tra n sfer  
c o e f f ic ie n t .  In m o st  o :  th e  so r p tio n  m o d e lin g  stu d ies , i t  is  
a ssu m ed  th a t th e  su rfa ce  o f  fo o d  p r o d u c t  r ea c h e s  e q u il ib 
rium  in s ta n ta n e o u s ly . T h is  is  n e c essa ry  b e c a u se  o f  th e  lack  
o f  a v a ila b ility  o f  m a ss tra n sfer  p r e d ic t io n  e q u a t io n s  fo r  th e  
fo o d  p r o d u c ts  e x p o se d  to  a lm o st z e r o  air v e lo c ity .  T h u s, 
th e  d if fu s io n  c o e f f ic ie n t s  c a lc u la te d  b a sed  o n  th is  a ssu m p 
t io n  m a y  b e  v ie w e d  as e f fe c t iv e  d if fu s io n  c o e f f ic ie n t  w h ic h  
a c c o u n t  fo r  b o th  in te rn a l and e x te r n a l r es is ta n c e  to  m o is 
ture  transfer.

V a r io u s m e th o d s  h a v e  b e e n  c ite d  in  th e  lite ra tu re  to  ca l
c u la te  d if fu s io n  c o e f f ic ie n ts .  O n e  m e th o d  o f  c a lc u la t io n  is 
to  d e te r m in e  th e  D e f f  as a fu n c t io n  o f  th e  m a ter ia l p r o p e r 
t ie s  o f  th e  fo o d  an d  i t s  su rro u n d in g  a tm o sp h e r e  (K in g , 
1 9 6 8 ;  B lu e s te in , 1 9 7 1 ;  R o m a n  e t a l., 1 9 8 2 ) .  O th e r  m e th o d s  
in c lu d e  so lv in g  n u m e r ic a lly  F ic k ’s se c o n d  law  o f  d if fu s io n  
(E q . 1) and th e n  f in d in g  th e  v a lu e  o f  D e f f  w h ic h  m in i
m iz e s  th e  error in  su m  o f  sq u ares b e tw e e n  th e  a c tu a l and  
p r e d ic te d  v a lu e s  o f  th e  m o isu r e  c o n te n t  (Z h a n g  e t  al., 
1 9 8 4 ;  B a k sh i and S in g h , 1 9 8 0 ;  M isra and Y o u n g , 1 9 8 0 ;  
S te f fe  and S in g h , 1 9 8 0 ;  W h itak er  an d  Y o u n g , 1 9 7 2 ) .

9 c
F =  —D —— (1 )

9 x

Authors Lomauro, Bakshi, and Labuza are affiliated with the Dept, 
of Food Science & Nutrition, Univ. o f Minnesota, 1334 Eck/es Ave., 
St. Paul, M N  55113.

A  th ird  m e th o d  is to  u se  an a n a ly t ic a l s o lu t io n  to  E q. (1 )  
su ch  as th e  o n e  g iv en  b e lo w  fo r  a m o is tu r e  tra n sfer  in  o n e  
d im e n s io n  in  a s e m i- in f in ite  slab:

M -  M e

M o — Me

8
2  ( 2 n + l ) ~  

n = 0(H)2

— D e ff (2  n + 1 ) 2 ( I I ) 2 t
e x p ------- ---------------------------

4 L 2
(2)

w h er e  M e =  eq u ilib r iu m  m o is tu r e  c o n te n t ;  M o =  in it ia l  
m o istu r e  c o n te n t ;  M =  m o is tu r e  c o n te n t  at t im e  t; L =  
th ic k n e s s  o f  th e  slab . E q . ( 2 )  a ssu m e s a u n ifo r m  in it ia l  
m o istu r e  c o n te n t ,  c o n s ta n t  su r fa c e  m o is tu r e  c o n te n t  and  
a c o n s ta n t  d e n s ity . H a n so n  e t  al. ( 1 9 7 1 )  and R o m a n  e t  al. 
( 1 9 8 2 )  h a v e  u sed  th e  fo l lo w in g  in  d e te r m in in g  e f fe c t iv e  or  
a p p a ren t d if fu s io n  c o e f f ic ie n t :

D e f f  = - ( 4 L 2 / n 2 ) * s lo p e  ( 3 )

w h er e  th e  s lo p e  is o b ta in e d  fr o m  a p lo t  o f  In F  v ersu s tim e.  
T h is  m e th o d  is e sp e c ia lly  u se fu l w h e n  a b reak  in  th e  T  vs 
t im e  p lo t  is  o b ser v e d . A  D e f f  ca n  b e  o b ta in e d  fo r  e a ch  p o r 
t io n  o f  th e  curve.

V e ry  l it t le  is  said  in  th e  lite r a tu r e  c o n c e r n in g  th e  d e te r 
m in a tio n  o f  an eq u ilib r iu m  m o is tu r e  c o n te n t  in  a g iven  
sa tu ra ted  a tm o sp h e r e . A  c o n s ta n t  w e ig h t  is  g en era lly  
im p lie d  b y  th e  term  e q u ilib r iu m  m o is tu r e  c o n te n t  (N e u -  
ber, 1 9 8 0 ) .  Z u r itz  e t al. ( 1 9 7 9 )  su g g ested  w e ig h in g  th e  fo o d  
sa m p le s  u n til  th e r e  w a s n o  w e ig h t  c h a n g e  as m ea su red  to  
th e  se c o n d  d e c im a l p la c e  ( 0 .0  lg ) .  F erre l e t  al. ( 1 9 6 6 )  
reco rd ed  w e ig h t  ch a n g e  w ith  t im e  u n t il  a c h a n g e  in  w e ig h t  
c o r r e sp o n d in g  to  le s s  th an  0 .0 5 %  ch a n g e  in  th e  m o is tu r e  
c o n te n t  w a s o b ser v e d . L a b u za  ( 1 9 8 4 )  su g g es ts  rec o rd in g  th e  
ch a n g e  in w e ig h t u n t il  th e  c h a n g e  in  m o is tu r e  c o n te n t  is 
le s s  th a n  0 . 0 0 l g  w a te r /g  d ry  so lid s .

T h e  sp e c if ic  o b je c t iv e s  o f  th is  s tu d y  w e r e  to :  ( 1 )  T o  te s t  
an o b je c t iv e  c r ite r io n  fo r  d e te r m in in g  th e  e q u ilib r iu m  m o is 
tu re  c o n te n t  w h e n  so r p tio n  iso th e r m s  are p rep a red ; (2 )  
D e te r m in e  th e  e q u ilib r iu m  m o is tu r e  c o n te n t s  o f  f o o d s  rep 
r esen tin g  d if fe r e n t  fo o d  g r o u p s  at 25  ±  1°C  and d iffe r e n t  
re la tiv e  h u m id it ie s ;  ( 3 )  D e te r m in e  th e  m a ss d if fu s iv ity  o f  
fo o d s  r e p r e se n tin g  d if fe r e n t  fo o d  g r o u p s at 2 5  ±  1°C . In 
a d d itio n , th e  c h a n g e s  in  d e n s ity  w e re  m o n ito r e d  to  q u a n 
t i fy  sw e llin g  or sh rin k age  and c o r r e sp o n d in g  c h a n g e s  in  
d im e n s io n , i f  m ea su ra b le .

M ATERIALS & METHODS
ALL OF THE FOODS used in this study (Table 1) were purchased 
from a local supermarket. The foods were selected in an attem pt to 
represent different food groups. The sorption experim ents were 
carried out in desiccators and Mason jars at 25 + 1°C, in the pres
ence o f  still air. All o f  the foods were adsorbed to 0.75 aw  from  
their initial stage. The flour was both adsorbed and desorbed to 0.5 2 
and 0.11 aw , respectively. In addition the flour was adsorbed to 
0.75 aw for three thicknesses and one different shape. Prior to each 
sorption experim ent, the m oisture content was determined by the 
Karl Fischer m ethod (Fischer, 1935) using an Aquatest IV titrator 
(Photovolt Corporation, New York, NY). Saturated salt solutions 
were used to generate a constant equilibrium relative hum idity w ith
in the desiccators or Mason jars. The saturated salt solutions were
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made according to the guidelines o f  the Hygrodynamics Technical 
Bulletin # 5 . The follow ing salt solutions were used in this study: 
lithium chloride (0.11 aw ); magnesium nitrate (0 .52  aw ), and sod
ium chloride (0.75 aw ).

During the sorption experim ents all o f  the foods were held in 
petri dishes (plastic, 15 x 60  m m ). The samples in the desiccators 
were weighed at 1-wk intervals. The weights were recorded to 
0 .00001 g (Mettler H51, Mettler Instrument Corporation, Princeton, 
NJ) as a function o f  time. Moisture content was converted to a dry 
basis (g H2 0 /g solids). Equilibrium was believed to be reached when 
the moisture content (dry basis, g water/g solids) did not change by 
more than 0.5% for three consecutive sampling periods o f  not less 
than 7 days. The equilibrium moisture content was considered to 
be the first in the series o f consecutive readings. The samples were 
left in the Mason jars for six months.

To collect more data points for calculating diffusion coefficients, 
sorption experim ents were also repeated in the desiccators. The 
sampling frequencies ranged from 12 -  24 hr for the foods ir. the 
desiccators. An additional experim ent was conducted for flour ad
sorbing to 0.75 aw as follows: A fish tank with the saturated salt 
solution was m odified so a food  sample in a petri dish could be 
suspended from the top. This allowed m onitoring o f  the sample 
weight w ithout removing the food from the equilibrium atmosphere.

The solid density o f  the food  samples was determined im m e
diately prior to and follow ing the sorption experiments. An air 
comparison pycnom eter (Beckman Model 930 , Beckman Instru
m ents, Inc., Fullerton, CA) was utilized for the density determina
tions.

D eff was found for each o f  the foods in this study using Eq.
(2) and a nonlinear optim ization technique on a computer. The 
first 6 0  terms in Eq. (2) were used for calculating the value o f  deff. 
A small study was conducted to determine the minimum number o f  
terms so that the series solution given by Eq. (2) coverages. This 
number was found to be 60.

RESU LTS & DISCUSSION

E q u ilib r iu m  m o is tu r e  c o n te n t

I f  th e  u p ta k e  o f  m o is tu r e  b y  a fo o d  p r o d u c t  is in te rn a lly  
c o n tr o lle d  b y  d if fu s io n , th e o r e t ic a lly  an in f in ite  t im e  is

Table 1 —Products used in sorption experiments

Food Group Product

Cereal Flour
Dairy Nonfat Dry Milk
Fruit Freeze Dried Apple
Vegetable Freeze Dried Turnip
Meat Freeze Dried Ground Beef
Semi-Moist Bakery Product Oatmeal Cookie
Formulated Cereal Product Shredced Wheat
Dense/Slow Sorbing Product Raisin

req u ired  to  reach  eq u ilib r iu m . F ig . 1 sh o w s  an e x a m p le  o f  
f lo u r  ( in  a 3 m m  th ic k  la y er )  a d so rb in g  to  a aw  o f  0 .7 5 .  
T h e  f lo u r  sa m p le , sh o w n  in F ig . 1, d o e s  n o t  sh o w  a c o n 
sta n t m o is tu r e  c o n te n t  e v en  a fter  10 d a y s  s to r a g e  p e r io d . 
T h e  f lu c tu a t io n s  in m o is tu r e  c o n te n t  m a y  b e  d u e  to  d is
tu r b a n c e s  c a u sed  b y  th e  eq u ilib r iu m  a tm o sp h e r e , te m p e r a 
ture  f lu c tu a t io n s  o f  th e  r o o m  a n d /o r  th e  error in  d e te r m in 
in g  th e  sa m p le  w e ig h t  itse lf .

E q u ilib r iu m  w a s b e lie v e d  to  h a v e  b e e n  rea c h e d  w h e n  th e  
m o is tu r e  c o n te n t  (d r y  basis , g w a te r /g  so lid s )  d id  n o t  
c h a n g e  b y  m o r e  th a n  0.5%  du rin g  th ree  c o n se c u t iv e  sa m p l
in g  p e r io d s  at n o t  m o r e  th a n  7 d a y  in terv a ls . A  c h a n g e  in  
0.5%  in th e  m o is tu r e  c o n te n t  r ep re se n ts  a w e ig h t  c h a n g e  o f  
a b o u t  1 m g /g , w h ic h  eq u a ls  th e  a c cu ra c y  o f  a ty p ic a l  
b a la n ce  fo u n d  in  fo o d  a n a ly sis  la b o r a to ry . T h e  eq u ilib r iu m  
m o istu r e  c o n te n t  w a s c o n s id e r e d  to  b e  th e  first in  th e  
ser ies  o f  th e  th r e e  c o n se c u t iv e  read in gs. T h is  o b je c t iv e  cri
te r io n  fo r  eq u ilib r iu m  m o is tu r e  c o n te n t  w a s c o m p a r e d  to  
th e  v a lu e s  o b ta in e d  a fter  6 m o n th s  sto ra g e  in  M ason  jars. 
A  ta b u la te d  c o m p a r iso n  is g iv en  in  T a b le  2 . T h e  range o f  
d if fe r e n c e  b e tw e e n  th e  eq u ilib r iu m  m o is tu r e  c o n te n t  as 
d e te r m in e d  b y  th e  6 -m o n th  s tu d y  and o b je c tiv e  c r ite r io n  
w a s - 0 . 5  lg  w a ter /lO O g  so lid s  fo r  sh red d ed  w h e a t  a d so rb in g  
to  0 .5  2 aw to  + 0 .7 7 g  w a te r /lO O g  so lid s  fo r  th e  fr ee ze -  
dried  ap p le . I f  th e  v a lu e s  o f  th e  m o is tu r e  c o n te n t  a fter  6  
m o n th s  are a ssu m ed  to  b e  tr u e  o r  c lo se r  to  th e  tru e  e q u il ib 
rium  c o n te n t ,  a p e r c e n t  error ca n  b e  c a lc u la te d . T h e  p er 
c e n t  error w a s g e n e ra lly  le s s  th a n  5%. E ven  th o u g h  so m e  o f

TIME , HOURS

Fig. 1 —Typical adsorption curve for food products used in this 
study. (Flour adsorption, 0.75 am, 3 mm thickness).

Table 2—Equilibrium moisture contents o f foods used in sorption experiments

Product aw

Equilibrium moisture content 
(g water/1 OOg solids)

%
Error

Difference0 
(g water/ 

100g solids)Mason jara Desiccator0

Flour 0.11 5.94 (0.09) 6.28 (0.07) 5.7 -0 .3 4
Flour 0.52 13.27 (0.10) 13.26 (0.11 ) 0.1 +0.01
Flour 0.75 mold 16.87 (0.08) - -
Nonfat dry milk 0.75 12.59 (0.01) 12.73 (0.17) 1.1 -0 .1 4
Freeze-dried apple 0.75 34.07 (0.39) 33.30 (0.66) 2.3 +0.77
Freeze-dried turnip 0.75 28.12 (0.59) mold - -
Freeze-dried raw ground beef 0.75 12.62 (0.39) 12.68 (0.40) 0.5 -0 .06
Oatmeal cookie 0.75 17.97 (0.05) 17.76 (0.06) 1.2 +0.21
Shredded Wheat 0.75 14.98 (0.09) 15.49 (0.19) 3.4 -0 .51
Raisin 0.75 mold mold - -

a S i x  m o n th  M a so n  jar exper iment,  average o f  three replicates, n um b e r  in ( ) is the s tandard deviation.
D D es iccato r  exper iments,  average of five replicates, equ i l ib r ium  m ois tu re  conten t  evaluated b y  0 . 5 %  cri terion, n um b e r  in ( ) is the s tandard  

deviation.
0 T h e  abso lu te  dif ference between the value o f  the m o is tu re  conten t  f rom  the M a son  jar and  desiccator.

398 -JO U R N A L  OF FO O D  SC IENCE-Vo lum e 50 (1985)



th e  fo o d s  had  b e c o m e  m o ld y  a fter  th e  6 -m o n th  p e r io d  and  
w ere  n o t  c o m p a r e d , th e  sam e g en era l tren d s can  be  e x 
p e c te d  to  h o ld . A s se e n  in  T a b le  2 , a fter  th e  6 -m o n th  p er 
io d  b o th  n o n fa t  dry m ilk  an d  sh red d ed  w h e a t  sh o w e d  a 
s lig h tly  lo w e r  e q u ilib r iu m  m o is tu r e  c o n te n t  th a n  th e  va lu e  
o b ta in e d  fro m  th e  d e s ic c a to r s . F o r  th e  n o n fa t  dried  m ilk ,  
th is  m a y  b e  d u e  to  an a m o r p h o u s-to -c r y s ta llin e  c h a n g e  o f  
th e  sugar p r e se n t du rin g  lo n g  term  sto ra g e  w h ic h  w o u ld  
r e d u c e  m o is tu r e  c o n te n t  (S a ltm a r c h  and L a b u za , 1 9 8 0 ) .  
F o r  th e  sh red d ed  w h e a t , a sim ilar  ty p e  o f  c r y s ta ll iz a t io n  o f  
th e  a m y lo se  or  a m y lo p e c t in  m a y  a lso  h a v e  o c cu rr ed  ca u sin g  
e x p u ls io n  o f  th e  a d so rb ed  w a ter . D if fe r e n c e s  m a y  a lso  be  
d u e  to  w e ig h in g  errors.

In  g en era l, th e  0.5%  c r iter io n  se e m s  to  b e  sa t is fa c to r y  
w ith  sa m p lin g  fo r  a w e ig h t  ch a n g e  at 7 -d a y  in terv a ls . T h e  
0.5%  c r iter io n  w a s u sed  fo r  all o f  th e  rem a in d er  o f  th e  so r p 
tio n  e x p e r im e n ts .

Table 3—Solid density o f foods used in sorption experiments

(g Solids/cc food)3
Product aw Initial Final

Flour 0.11 1.28 (0.015) 1.37 (0.020)
Flour 0.52 1.28 (0.015) 1.41 (0.021)
Flour 0.75 1.28 (0.015) 1.19 (0.018)
Nonfat dry milk 0.75 1.31 (0.017) 1.21 (0.014)
Freeze-dried apple 0.75 1.31 (0.018) 1.21 (0.014)
Freeze-dried turnip 0.75 1.02 (0.019) 1.12 (0.016)
Freeze-dried raw ground beef 0.75 1.14 (0.021) 1.09 (0.022)
Oatmeal cookie 0.75 1.29 (0.016) 1.09 (0.019)
Shredded Wheat 0.75 1.30 (0.107) 1.20 (0.019)
Raisin 0.75 1.23 (0.018) 1.07 (0.018)

3 Average of three reolicates. 1Number■ in ( ) is the standard devia-
tlon.

D e n s ity

T h e  so lid  d e n s ity  w a s d e te r m in e d  fo r  e a ch  fo o d  p r o d u ct  
b e fo r e  and a fter  th e  so r p tio n  e x p e r im e n ts . T h e  r esu lts  o f  
th e  d e n s ity  d e te r m in a tio n s  are g iv en  in T a b le  3 . T h e  m ajor
ity  o f  th e  fo o d s  fo l lo w  th e  g en era l tren d  o f  a d ec re a se  in  
d e n s ity  w ith  a d so r p tio n  and an  in c re a se  in  d e n s ity  w ith  
d e so r p tio n . T h e  stan d ard  d e v ia t io n  o f  th e  d e n s ity  as m e a 
su red  b y  air c o m p a r iso n  p y c n o m e te r  w a s 0 .0 6 5  g /c c .  C o n 
s id er in g  th is  and a sm all o b serv ed  c h a n g e  in  d e n s ity  a fter  
a b so r p tio n  or d e so r p t io n , a n e g lig ib le  c h a n g e  in  v o lu m e  o f  
fo o d  p r o d u c t ca n  be a ssu m ed .

D if fu s io n  c o e f f ic ie n t s

T h e  e f fe c t iv e  d if fu s io n  c o e f f ic ie n t ,  D e f f ,  c a lc u la te d  fo r  
e a ch  p r o d u c t ta k es  in to  a c c o u n t  th e  e f fe c t s  o f  a variab le  
d if fu s io n  c o e f f ic ie n t ,  var iab le  h e a t o f  a d so r p tio n , p a r tic le  
n o n u n ifo r m ity ,  sh ap e  irreg u la r ity , sw e llin g  an d  o th e r  
n o n id e a l b e h a v io r  (H a n so n  e t  a l . , 1 9 7 1 ) . D e f f s  w ere  c a lc u 
la ted  fo r  e a ch  fo o d  p r o d u c t  a ssu m in g  th e  p r o d u c t  w a s rep 
r e se n te d  as an in f in ite  slab  fo r  m o s t  o f  th e  fo o d s ,  e x c e p t  fo r  
th e  raisin  w h ic h  w a s a ssu m ed  to  b e  a f in ite  c y lin d e r . E q. 
( 2 )  w a s u sed  fo r  th e  slab  c a lc u la t io n s  and E q. ( 2 ) ,  ( 4 ) ,  
and ( 5 )  w ere  u t iliz e d  fo r  th e  raisin  c a lc u la t io n s . A ll o f  th e  
c a lc u la t io n s  w ere  carried  o u t  u s in g  th e  first 6 0  term s o f  th e  
in f in ite  ser ies so lu t io n .

r v
M — M e 4  °° 1

---------------= - —  2  (— - )  e x p  ( - D b n 2 t)
M o -  M e a 2 n= l bn"1

(4 )

w h er e  bn = r o o ts  o f  J o (b n  x a) = 0 ; J o (b n  x  a) = B e sse l  
fu n c t io n  o f  first k in d  o f  ord er  z er o ; a = rad iu s o f  th e  c y lin 
der; F ic =  m o is tu r e  ra tio  o f  se m i in f in ite  c y lin d er .

T fin ite  c y lin d e r  = Tjs x r ic (5 )

P lo ts  w ere  m a d e  o f  In T  vs t im e . F ig . 2 sh o w s  a ty p ic a l  
cu rve  fo u n d  fo r  th e  m a jo r ity  o f  th e  f o o d s  in  th is  s tu d y .  
T h ere  is a lin ear  r e la tio n sh ip  b e tw e e n  In T  and t im e . T h e

Fig. 2—Moisture ratio versus time plots for food products charac
terized by a constant diffusion coefficient, exemplified by flour ad
sorbing to 0.75 aw.

Fig. 3—Moisture ratio versus time plots for food products charac
terized by a variable diffusion coefficient, exemplified by freeze- 
dried turnip adsorbing to 9.75 aw.
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Table 4-Effective diffusion coefficients o f foods used in sorption experiments (5 replicates per meausrement)

Product aw

Flour 0.11
Flour 0.75
Nonfat dry milk 0.75
Freeze-dried apple 0.75
Freeze-dried turnip 0.75
Freeze-dried raw ground beef 0.75
Oatmeal cookie 0.75
Shredded Wheat 0.75
Raisin 0.75

3 D e ff  in m 2 /hr, num b e r  In ( ) is the s tandard  deviation.
°  ( D e f f ) l  = 0 .146  (0 .009 );  (D e ff )2  = 0 .0 2 2  (0.001).

f lo u r  o f  0 .1 1  aw  an d  th e  free ze -d r ie d  tu rn ip  b o th  sh o w e d  
b reak s in  th e  p lo t  o f  In T  versu s t im e . A  r ep re se n ta tiv e  
p lo t  is  sh o w n  in  F ig . 3 fo r  th e  fr ee ze -d r ie d  tu rn ip . T h e  
b reak s w e re  o b serv ed  at T  = 0 .1 2  fo r  th e  f lo u r  at 0 .1 1  aw  
and P  =  0 .0 5  fo r  th e  free ze -d r ie d  tu rn ip . A s a r esu lt , a D e f f  
fo r  e a ch  p o r t io n  o f  th e  curve w a s c a lc u la te d . T h e  resu ltin g  
v a lu e s  w ere  te rm ed  ( D e f f ) l  and  ( D e f f ) 2 .  T h e  a d so r p tio n  
o f  f lo u r  to  0 .5 2  aw  r esu lted  in  th e  r ea ch in g  o f  eq u ilib r iu m  
w ith in  a 12 hr p e r io d . A s a resu lt  o f  th e  l im ite d  n u m b e r  o f  
p o in ts , D e f f  w a s n o t  c a lc u la te d .

L a b u za  ( 1 9 8 4 )  s ta te d  th a t th e  D e f f  fo r  w a te r  in  air is  
a b o u t  9 .4  x  10~~2 m 2 /h r . T h e  D e f f  fo r  m o is tu r e  d if fu s io n  
in  a p o r o u s  so lid  g en era lly  ran ges fro m  3 .6  x  1 0 - 1 0  m 2 /h r  
fo r  a d e n se  fo o d  su ch  as a ra isin  to  3 .6  x  1 0 - 5  m 2 fo r  m o st  
free ze -d r ie d  f o o d s  (L a b u za , 1 9 8 4 ) . T h e  ran ge o f  D e f f  
fo u n d  in  th is  s tu d y  w a s fo u n d  to  be 1 .1 5  x  1 0 - 7  m 2 /h r  
to  1.5 x  1 0 - 9  m 2 /h r , th e  v a lu e s  fo r  e a ch  o f  th e  p r o d u c ts  
are fo u n d  in  T a b le  4 . S evera l o b se r v a tio n s  c a n  b e  m a d e  
fro m  T a b le  4 . T h e  ra isin  e x h ib ite d  th e  sm a lle s t  D e f f ,  1.5 
x  1 0 - 9  m 2 /h r . T h is  c o u ld  b e  d u e  to  th e  la ck  o f  p o r o u s  
s tru c tu re  in te r n a l to  th e  ra isin s as c o m p a r e d  to  th e  o th e r  
fo o d . T h e  D e f f  fo r  a d so r p tio n  ( f lo u r , 0 .7 5  aw ), 1 .1 5  x
1 0 - 7  m 2 /h r  is m u c h  grea ter  th a n  th e  v a lu e  fo r  d e so r p tio n  
( f lo u r , 0 .1 1  aw ), 1 .3 9  x 1 0 “ 8 m 2 /h r . H a n so n  e t  al. ( 1 9 7 1 )  
fo u n d  sim ilar  r esu lts  fo r  a d so r p tio n  and d e so r p tio n  o f  m o is 
tu re  o n  granular c o rn  starch . T h e y  a ttr ib u te d  th is  t o  th e  
d ry in g  o f  th e  o u te r  p o r t io n  o f  th e  sta rch  g ra n u le , c a u sin g  a 
lo w e r  D e f f  fo r  th a t su rfa ce . T h is  r esu lts  in  th e  fo r m a t io n  o f  
a barrier o f  h ig h  m a ss tra n sfer  r es is ta n c e  to  th e  w a te r  m o le 
c u le s  in  th e  in te r io r  o f  th e  granu le. T h is  d ry in g  o f  th e  o u te r  
su rfa ce  du rin g  d e so r p tio n  m a y  a lso  h a v e  o c cu rr ed  fo r  flo u r . 
S a m p le  c o m p a c t io n  and n o n u n ifo r m ity  o f  th e  sa m p le  th ic k 
n e ss  m a y  a lso  h ave led  to  d isc r ep a n c ie s  in  th e  v a lu e s  o f  
D e ff .  T h e  tw o  o b serv ed  D e f f s  fo r  th e  fr e e z e  d ried  tu rn ip  
m a y  b e  d u e  to  th e  fo llo w in g :  an in it ia l sw e llin g  o f  th e  p r o d 
u c t  fo l lo w e d  b y  a r e la x a t io n  o f  th e  p o r o u s  str u c tu r e  r esu lt
in g  in  a to ta l  c o lla p se  in  s tru c tu re  c a u sin g  a lo w e r  o v era ll 
D e f f  in  th e  fin a l s ta g es o f  so r p tio n . T h is  is  o n ly  a h y p o th e 
sis and a d d itio n a l w o rk  is n e e d e d  to  v a r ify  th is.

T h e  D e f f  fo r  th e  f lo u r  a d so rb in g  to  0 .7 5  aw  w a s  c a lc u 
la te d  fr o m  an average o f  th r e e  th ic k n e sse s  ran gin g  fro m
5 .5  -  1 4 .2  m m . T h e  e q u ilib r iu m  m o is tu r e  c o n te n t  w a s ca l
c u la te d  fro m  th e  th in n e s t  sa m p le , 5 .5  m m . T h e  f lo u r  ad 
so rb in g  to  0 .7 5  aw  had th e  largest sta n d a rd  d e v ia t io n ,  
0 .8 2 6 .  T h is  c o u ld  b e  d u e  to  th e  d if fe r e n t  th ic k n e s s e s  u sed . 
T h e  h e a t  o f  so r p t io n  c o u ld  a lso  h a v e  a c c o u n te d  fo r  a larger  
d if fu s io n  c o e f f ic ie n t ,  e sp e c ia lly  fo r  th e  th ic k e r  sam p le . 
T h e  a n a ly sis  su g g es ted  b y  K in g  ( 1 9 6 8 )  ca n  b e  u sed  to  d e te r 
m in e  th e  c h a n g e  in  m o is tu r e  tra n sfer  c o e f f ic ie n t s  d u e  to  
h e a t tra n sfer  e f fe c ts .  H o w e v er , th is  c o u ld  n o t  b e  d o n e  in  
th e  ca se  o f  f lo u r  b e c a u se  o f  th e  u n a v a ila b ity  o f  th e  p h y s ic a l  
p a ra m eters n e e d e d  and a lso  th e  a ssu m p tio n  o f  m o is tu r e  
tra n sfer  d u e  to  v a p o r  d if fu s io n  b y  K in g  ( 1 9 6 8 ) .  T h e  d if fu 
s io n  c o e f f ic ie n t s  g iv en  in  th is  p a p er  are c a lc u la te d  b a sed  o n  
th e  a ssu m p tio n  th a t m o is tu r e  tra n sfer  is  d u e  t o  liq u id  d if
fu s io n  o n ly .
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Thickness
(mm)

Initial
weight

(g)
Diffusion coefficient3 

m2/hr x 107

3.6 4.0 0.139b (0.006)
8.3 28.3 1.152 (0.826)
3.1 2.0 0.767 ( -  )
2.7 0.9 0.146 (0.015)
2.5 0.5 0.274° (0.009)

10.9 6.2 1.105 (0.212)
10.1 12.8 0.143 (0.015)
2.9 2.0 0.199 (0.026)
d 0.5 0.015 (0.006)

° ( D e f f ) l  = 0 .2 6 8  (0 .003 );  (D e ff )2  = 0 . 0 5 0  (0.003).  
a  C y l in d e r  shape, length =  14.5  m m ; radius  = 4.1  m m.

CONCLUSIONS

A N  O B J E C T IV E  C R IT E R IO N  o f  n o  m o r e  th a n  0.5%  dry  
b asis m o is tu r e  d if fe r e n c e  o v er  th r e e  su c c e ss iv e  rea d in g s  
ta k e n  at o n e  w e e k  in terv a ls  se e m s sa t is fa c to r y  fo r  e v a lu a t
in g  eq u ilib r iu m  m o is tu r e  c o n te n t  o f  d ry  an d  se m im o is t  
fo o d . M o st o f  th e  f o o d s  r ea c h e d  e q u ilib r iu m  w ith in  1 
m o n th  at 2 5 ° C  u s in g  th e  a b o v e  c r iter io n  and th e  v a lu e s  
c o m p a r ed  w e ll w ith  th e  6 -m o n th  s tu d y . T h e  e q u ilib r iu m  
m o is tu r e  c o n te n t  v a lu e s  fo r  th e se  f o o d s  are ta b u la te d . T h e  
m a ss d if fu s io n  c o e f f ic ie n t s  o f  th e  f o o d s  w e r e  d e te r m in e d  to  
b e  in  th e  range 1 .1 5  x  1 0 - 7  to  1 .1 5  x  1 0 - 9  m 2 /h r . A ll th e  
fo o d s  e x c e p t  f lo u r  d e so r b in g  to  0 .1 1  aw an d  fr ee ze -d r ie d  
tu r n ip s  a d so rb in g  to  0 .7 5  aw  w e re  a d e q u a te ly  d e sc r ib ed  b y  
a c o n s ta n t  d if fu s io n  c o e f f ic ie n t .  T h e  d if fu s io n  c o e f f ic ie n t s  
o f  f lo u r  are d if fe r e n t  fo r  a d so r p tio n  an d  d e so r p tio n .
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YOSHIHITO SHIRAI, KAZUHIRO NAKANISHI, RYUICHI MATSUNO, and TADASHI KAMIKUBO

------------------------------- ABSTRACT-------------------------------
The kinetics o f  ice crystallization in various polym er solutions were 
studied by the thermal response m ethod in a batch crystallizer. 
Polymers suppress the secondary nucleation o f  ice crystals, depend
ing on the kinds o f  polym er and concentration. The decrease o f  
the nucleation rate constant in polym er solutions was related to the 
increase o f  viscosity. The effects o f  polym ers on the nucleation rate 
were also observed in solutions containing low  molecular weight 
compounds.

INTRODUCTION
T H E  P R IN C IP L E , fr e e z e  c o n c e n tr a t io n  is  a su p er io r  m e th 
o d  fo r  th e  c o n c e n tr a t io n  o f  liq u id  fo o d s . F r e e z e  c o n c e n 
tr a tio n  h a s b e c o m e  p o p u la r  in  th e  c o f f e e  or  ju ic e  in d u str ie s . 
D e sp ite  th e  m a n y  m e r its  o f  fr e e z e  c o n c e n tr a t io n ,  it s  u t i l i 
z a t io n  in  in d u str ie s  is  s till l im ite d ,  m a in ly  d u e  to  th e  h ig h  
c a p ita l c o s t  and la ck  o f  r e lia b ility  fo r  th e  ap p aratu s. In  
1 9 7 9  T h ijssen  p o s tu la te d  th a t fr e e z e  c o n c e n tr a t io n  sy s te m s  
w o u ld  b e  m o r e  p o p u la r  i f  th e  c o s t  fo r  d e w a te r in g  b y  th is  
m e th o d  c o u ld  b e  r e d u c e d  b y  a h a lf. F u n d a m e n ta l s tu d ie s  
o n  fr e e z e  c o n c e n tr a t io n  are in su ff ic ie n t . E sp e c ia lly , in fo r 
m a tio n  a b o u t  ic e  c r y s ta ll iz a t io n  in  so lu t io n s  c o n ta in in g  h ig h  
m o lec u la r  w e ig h t  su b s ta n c e s  is  la ck in g . Ice  c r y s ta ll iz a t io n  
is  im p o r ta n t  in  th e se  s y s te m s  b e c a u se  m o s t  liq u id  fo o d s  
c o n ta in  h ig h  m o le c u la r  w e ig h t  su b s ta n c e s  lik e  p r o te in s  or  
p o ly sa c c h a r id e s  as w e ll as lo w  m o le c u la r  w e ig h t  o n es.

In  th e  fie ld  o f  c r y o b io lo g y ,  p o ly m e r s  are w e ll  k n o w n  as 
c r y o p r o te c ta n ts . A h m e d  e t  al. ( 1 9 7 5 )  r e p o r te d  th a t  g ly c o 
p r o te in s  in  th e  b lo o d  o f  p o la r  f ish  w o rk  as a n tifr e e z e  
a gen ts. E ven  s y n th e t ic  p o ly m e r s  su ch  as p o ly e th y le n e  
g ly c o l  su p p ress th e  n u c le a t io n  o f  ic e  (M ic h e lm o r e  and  
F ran k s 1 9 8 2 ;  A lle g r e t to  e t a l., 1 9 8 2 ) . H o w e v er , th e se  
s tu d ie s  are lim ite d  t o  th e  h o m o g e n e o u s  n u c le a t io n  o f  ice . 
A lth o u g h  O m ran  and K in g  ( 1 9 7 4 )  sh o w e d  th a t  p e c t in  su p 
p ressed  th e  se c o n d a r y  n u c le a t io n  o f  ic e  cry s ta ls , w h ic h  
o c cu rs  in  th e  p r e se n c e  o f  se e d  c ry sta ls  a t  lo w  su p e r c o o lin g ,  
th ere  are n o  s tu d ie s  o n  se c o n d a r y  n u c le a t io n  o f  ic e  cry s
ta ls  in  p o ly m e r  so lu t io n s . T h e  o b je c t  o f  th is  p a p er  is  to  
in v e st ig a te  th e  ic e  c r y s ta ll iz a t io n  in  so lu t io n  c o n ta in in g  
v a r io u s  h ig h  m o le c u la r  w e ig h t  su b s ta n c e s  b y  th e r m a l re
sp o n se  m e th o d s  in  a b a tc h  c ry sta llize r .

MATERIALS & METHODS

Samples

Solution o f  the follow ing high molecular weight substances at 
concentration o f  0.5 -  12.2% were used as samples. Dextran T 2000  
(M .W .:2,000,000 daltons), Dextran T 500 (M .W .:500,000 daltons), 
Dextran T40 (M .W .:40,000 daltons), F icoll 4 0 0  (M .W .:400,000  
daltons), F icoll 70 (M .W .:70,000 daltons) and dextran sulphate 
(M .W .:500,000 daltons) were purchased from Pharmacia Fine 
Chemicals. Crude ovalbumin, carboxy m ethylcellu lose (CMC) and 
polyethylene glycol (M .W .:20,000 daltons) were obtained from 
Wako Pure Chemical Industries. A protein fraction o f  skim milk was
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separated by gel chromatography (Sephadex G-50). Ovalbumin was 
dialyzed before use. The molecular weight o f  CMC was determined  
as 10,000 daltons by measuring the viscosity.

Theory

When a seed crystal is introduced into a solution o f  which super
cooling has been kept constant adiabatically, a thermal response 
curve shown in Fig. 1 is obtained (Omran and King 1974).

The induction time m ethod (ITM) developed by Omran and 
King (1974) and Stocking and King (1 976) and the supersaturation 
tim e curve m ethod (STCM) developed by Kane et al. (1 9 7 4 ) and 
extended by Shirai et al. (1 985) are useful for extracting the kine
tics o f  ice crystallization from the temperature response curve.

In the ITM, the inform ation o f  kinetic parameter is obtained  
from an induction time, tc necessary for a slight temperature rise 
6 (0 .0018°C  in this study) in region I. Stocking and King (1976)  
proposed the follow ing equation under the assumption that the 
nucleation rate was proportional to  the i th pow er o f the super
cooling and the growth rate was proportional to  the supercooling  
and inversely proportional to the radius o f  the ice particles:

4N/2ApIkvbg1-5A r i+1'Stc2-5

where X is the latent heat o f  ice; pj, the density o f  ice; kv, the vol
um e shape factor; b, the nucleation rate constant representing the 
effect o f the seed characteristics, flow  conditions etc.; g, the growth 
rate factor representing the dependency o f  the diffusivity and the 
thermal conductivity o f  the solution , flow  conditions etc.; AT0, 
the initial supercooling; tc , the tim e interval; M, the total mass in the  
crystallizer; and Cp, the specific heat capacity o f  the contents o f  
crystallizer. Eq. (1) indicates that the increase o f  the tim e interval, 
tc , means the decrease o f  the nucleation rate or the growth rate o f  
ice crystals. However, these cannot be evaluated independently.

In the STCM the maximum slope on the temperature tim e curve 
was measured. Kane et al. (1 974) proposed a m ethod to calculate 
the change in temperature and particle size distribution o f  ice crys
tals during batch crystallization by solving the population balance 
equation with respect to particle size and the heat balance equa
tion sim ultaneously under the assumption that the growth rate was 
independent o f  the crystal size, and deduced the kinetic parameter, 
p, which corresponds to the nucleation rate per crystal in continu
ous crystallizers and depends on the nucleation rate and the growth

Fig. 1 —Thermal response curve; 10% Dextran T500 solution; AT° 
= 0.130° C.
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rate o f  ice crystals. They further correlated ¡3 w ith the initial super
cooling and the maximum slope by computer simulation. The 
m ethod for calculating the temperature response curve and the 
change in crystal size distribution during the course o f  batch crystal
lization was extended by Shirai et al. (1985) to the case o f  crystal 
size dependent growth rate. After extensive calculation, the relation
ship among the supercooling, the maximum slope and the kinetic  
parameter ¡3 was given by Eq. (2):

(3°AT° = 5 .9 3 (,i° ) 0-027 (dT /d t)max (2)

where p  is the initial second m om ent o f  crystal size distribution,
and (3°, uie initial value o f  (3. The parameter ¡3 was expressed by an 
im plicit increasing function o f  the growth rate constants ga0 and 
ga_l and the nucleation rate constant an defined by Eq. (3) and (4), 
respectively, (Shirai et al., 1985):

Ga = SaO + g a -l/r (3)

= anMn (4)

where Ga is the linear growth rate o f  the a axis o f  ice crystals; r, 
the radius o f  the ice particles; N, the nucleation rate o f  ice crystals

per unit volum e; and p n the n th m om ent o f ice crystal size distri
bution. The values o f  gaQ and ga.j  are determined by the Nusselt 
number or Sherwood number correlation for agitated vessels pro
posed by Huige and Thijssen (1972). By assuming that the nuclea
tion rate is proportional to  the second power o f  the supercooling 
and to the second m om ent o f  the crystal size distribution, the 
nucleation rate constant is written as Eq. (5):

a2 = A 3AT2 (5)

The coefficient o f  the nucleation rate constant, A 3 , is determined  
from (3° and calculated values o f  ga0 and ga_i.

MATERIALS & METHODS
THE EXPERIMENTAL set-up and procedures were the same as 
those o f  our previous work (Shirai et al. 1985) except the m ethod  
for observation o f  ice crystals by a traveling m icroscope. Fig. 2 
shows the schematic diagram o f the crystallizer used. A light source 
for the m icroscope was placed beneath a long agitating shaft made 
o f  a glass tube (7 mm o.d.) with an acryl plate end. The thickness 
o f the space betw een the surface o f  the sample solution and the 
acryl plate was about as thin as 1 mm in order to supply enough 
light even in solutions like skim milk. A seed crystal 3 pL  was 
introduced into the solution in which supercooling had been kept 
constant, and the temperature change caused by the release o f  latent 
heat w ith ice crystal growth was measured by a thermistor (Ishi- 
zuka denshi 512  CT). After the temperature reached equilibrium, 
agitation was stopped, and ice crystals floating in the space above 
the acryl plate o f  the agitating shaft were observed w ith  the m icro
scope and photographed with a camera with 30-fold m agnification. 
The viscosity o f  polym er solutions were measured w ith  a B type  
rotational viscometer (Tokyo Keiki Seisakusho), w ith  a cylinder o f  
19 mm diameter, at 60  rpm in 300 mL beakers at 0°C.

RESULTS & DISCUSSION

The shape o f  ice crysta l fo rm ed in  po lym er so lu tions

F ig . 3 sh o w s  ty p ic a l  p h o to g r a p h s  o f  ic e  c r y s ta ls  fo r m e d  
in  p u re  w a te r  (F ig . 3 - l e f t )  and  1.5%  d e x tr a n  su lp h a te  so lu 
t io n  (F ig . 3 - r ig h t ) .  T ra n sp a ren t and d isc  sh a p ed  ic e  c r y s ta ls  
w e re  o b serv ed  in  p u re  w a ter . T h e  ic e  c r y s ta ls  fo r m e d  in  
every  p o ly m e r  s o lu t io n  u sed  in  th is  s tu d y  w e re  a lso  d isc  
sh a p e  w ith  sm a ll gra in s lik e  b u b b le s  ra d ia tin g  fr o m  th e  
c e n te r  o f  th e  ic e  c ry sta ls . T h e  ra tio  o f  th e  h e ig h t  to  th e  d i
a m e te r  o f  ic e  c r y s ta ls  fo r m e d  n o t  o n ly  in  p u re w a te r  b u t in  
ev ery  p o ly m e r  so lu t io n  w a s d e te r m in e d  t o  b e  1:8  to  1 :7.

K inetic p aram eter /3

T h e  k in e t ic  p a ra m eter  (3 w a s d e te r m in e d  b y  th e  STC M . 
F ig . 4  sh o w s  th e  r e la tio n sh ip  b e tw e e n  j3 and in it ia l su per-

Fig. 3—Ice crystals formed In pure water; isT° =0.116°C deft) and those in 1.5% dextran sulphate solution; & T° = 0.098°C (right).
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c o o lin g  (A T ° )  in  th e  so lu t io n s  te s te d . T h e  v a lu e s  o f  /3° 
in  th e  p o ly m e r  so lu t io n s  in c re a se d  w ith  in it ia l  su p e r c o o lin g  
and h a d  sm a ller  v a lu e s  o f  13° th a n  th a t  in  w a te r  at th e  sam e  
d egree  o f  su p e r c o o lin g . T o  c o n fir m  th e  r e lia b ility  o f  th e  
r esu lts , a s ta t is t ic a l tr e a tm e n t w a s  d o n e  u s in g  “ S tu d e n t s ’ 
t ” . T h e  v a lu e s  o f  In (3°, o b ta in e d  fr o m  th e  r esu lts  o f  F ig . 4  
b y  th e  le a s t  sq u are  m e th o d  at th e  in it ia l  su p e r c o o lin g  o f  
0 .0 5  C , are sh o w n  in  T a b le  1 w ith  th e  c o n f id e n c e  c o e f f i 
c ie n t , P , in  p er  c e n t . P is  th e  m a x im u m  c o n f id e n c e  c o e f f i 
c ie n t , b e lo w  w h ic h  th e  c o n f id e n c e  in te rv a ls  o f  In /3° fo r  
e a ch  s o lu t io n  an d  w a te r  n ev er  o v erla p . T h e  v is c o s ity  o f  e a ch  
p o ly m e r  s o lu t io n  is  a lso  s h o w n  in  T a b le  1. T h e  p a r a m e te r  j3 
is  e x p r e sse d  as th e  in c re a s in g  fu n c t io n  o f  th e  g r o w th  rate  
an d  th e  n u c le a t io n  r a te  o f  ic e  c r y s ta ls  (S h ir a i e t  a l., 1 9 8 5 ) ,  
th a t is , th e  d ec re a se  o f  e ith e r  th e  n u c le a t io n  or  g r o w th  rate  
r e d u c e s  th e  j3 v a lu e . H o w e v e r , th e  g r o w th  ra te  w o u ld  n o t  
d e crea se  s ig n if ic a n t ly  w ith  th e  a d d itio n  o f  p o ly m e r , s in c e  
l i t t le  fr e e z in g  p o in t  d e p r e ss io n  w a s  o b ser v e d  an d  th e  d e 
crease  in  th e  c a lc u la te d  h e a t  tr a n sfe r  c o e f f ic ie n t  w ith  an  
in c re a se  in  v is c o s ity  w a s  in s ig n if ic a n t  in  th e  e x p e r im e n ta l  
range. T h e n  th e  d e c re a se  in  th e  (3 v a lu e s  c a u se d  b y  th e  
p o ly m e r s  a d d ed  is  a scr ib a b le  m a in ly  t o  th e  d e c re a se  in  
n u c le a t io n  ra te .

In d u c t io n  t im e  t c

F ig . 5 sh o w s  th e  r e la t io n sh ip  b e tw e e n  th e  in d u c t io n  t im e ,  
t c , d e te r m in e d  b y  th e  IT M , and in it ia l  su p e r c o o lin g  (A T °)  
in  th e  sa m p le  so lu t io n s . T h e  v a lu e s  o f  t c in  p o ly m e r  so lu 
t io n s  d e c re a se d  w ith  in c re a se d  in it ia l  su p e r c o o lin g , as did  
th o s e  in  w a te r . T h e  s ta t is t ic a l  a n a ly s is  o f  th e  In tc v a lu e s  is 
sh o w n  in  T a b le  1. T h e  lo w  P v a lu e s  in  ITM  m a y  b e  a ttr ib 
u te d  t o  d i f f ic u lty  in  th e  m e a su r e m e n t o f  v e ry  sm a ll te m 
p era tu re  ch a n g e s . H o w e v e r , it  se e m s th a t  th e  In tc v a lu e s  are 
d if fe r e n t  fr o m  th e  r e su lt  fo r  w a te r  e sp e c ia lly  in  th e  ca se  o f  
p o ly m e r  so lu t io n s  w ith  h ig h  v is c o s ity .  T h u s, th e  v a lu e s  o f  
t c in  p o ly m e r  so lu t io n s  w e r e  in c lin e d  to  b e  g rea ter  th a n  in  
w a te r  at th e  sa m e  d eg ree  o f  su p e r c o o lin g . T h is  r esu lt  is  
a scr ib a b le  to  th e  d e c re a se  in  th e  n u c le a t io n  ra te  o f  ic e  
c ry s ta ls  in  p o ly m e r  s o lu t io n s  w ith  th e  sa m e  r e a so n  as d is
c u ssed  w ith  r e sp e c t  t o  (3, b e c a u se  th e  t c is  e x p r e s se d  as a 
d e c re a sin g  fu n c t io n  o f  th e  g r o w th  ra te  an d  th e  n u c le a t io n  
ra te  o f  ic e  c r y s ta ls  as sh o w n  in  E q . (1 ) .

M ean ic e  c r y s ta l s iz e

T alcing in to  c o n s id e r a t io n  th e  r esu lts  o f  (3 an d  t c , i t  is

e x p e c te d  th a t  th e  s ize  o f  ic e  c ry s ta ls  w il l  in c re a se  in  p o ly 
m er  so lu t io n s . T h e  m e a n  rad ii o f  ic e  cry s ta ls , r, in  sa m p le  
so lu t io n s  are sh o w n  in  F ig . 6 . In  T a b le  1 th e  r v a lu e s  are 
s ta t is t ic a lly  te s te d . T h e  P v a lu e s  are r e la t iv e ly  h ig h  as a 
w h o le ,  th o u g h  th e y  sca tter . T h is  m a y  b e  d u e  to  th e  d if f i
c u lty  in  th e  m e a su r e m e n t o f  ic e  c r y s ta l s iz e  e sp e c ia lly  in  
h ig h  su p e r c o o lin g , b e c a u se  th e  ic e  c r y s ta ls  are sm a ll and  
te n d  to  a g g lo m er a te  to g e th e r . T h e  o b ser v e d  ic e  c ry s ta ls  
in  p o ly m e r  so lu t io n s  w e r e  larger  th a n  th o s e  in  w a te r . T h u s, 
th e  n u c le a t io n  ra te  o f  ic e  c r y s ta ls  w o u ld  d ec re a se  in  th e  
p o ly m e r  so lu t io n s .

Fig. 4—Relationship between ß° and AT° in polymer solutions. 
Keys: o; 1% Dextran T500, •; 5% Dextran T500, o; 10% Dextran 
T500, if); 5% Dextran T2000, ■&; 0.5% CMC, ®; 1.5% dextran sul
phate, -f; 5% dextran sulphate, a; 12.2% protein fraction o f skim 
milk, T' 3% Dextran T40, «-/ 10% Dextran T40, o; 5% polyehtylene 
glycol, +/ 11.2% ovalbumin. A; 5% Fico ll 400, \  10% Fico ll 400, 
4/ 10% F ico ll 70, •; water. The line for water was obtained by the 
least square method with the correlation coefficient o f  0.983.

Table 1—Statistical treatment o f the In ¡3°, In tc, and r values at the initial supercooling o f 0.05 “C3

Solution
Viscosity 

(kg/m s) x 102 In ß°
P

(%) In tc
P

(%)
r

(jum)
P

(%)

10% Dextran T500 3.15 -3.75 ± 0.31 99 4.64 ± 0.53 80 458 ±75* 80
5% dextran sulphate 2.73 -3.64 ± 0.29 99 4.51 ± 0.36 80 437 ± 64* 90
0.5% CMC 2.35 -3.43 ± 0.28 70 4.13 ± 0.20 50 523 ± 40*** 90
12.2% protein fraction of skim milk 1.7'f -3.54 ± 0.27 95 4.63 ± 0.48 80 n.m.
5% Dextran T2000 1.44 -3.29 ± 0.20 60 4.38 ± 0.32 80 425 ±68* 60
1.5% dextran sulphate 1.40 -3.30 ± 0.14 70 4.04 ± 0.10 60 471 ± 61 95
5% Dextran T500 1.25 -3.40 ± 0.13 95 4.14 ± 0.18 70 469 ± 52 99
5% polyethylene glycol 1.25 -3.37 ± 0.13 90 4.18 ± 0.20 70 360 ± 10 60
11.2% obalbumin 1.21 -3.38 ± 0.21 70 — n.m.
10% Ficoll 400 1.10 -3.55 ± 0.27 98 4.20 ± 0.21 70 n.m
10% Dextran T40 0.90 -3.51 ± 0.28 95 4.27 ± 0.33 70 _* *

10% Ficoll 70 0.70 -3.27 ±0.14 70 4.00 ± 0.07 60 n.m.
5% Ficoll 400 0.67 -3.29 ± 0.15 70 4.04 ± 0.15 50 437 ± 55*** 90
3% Dextran T40 0.50 -3.17 ±0.11 50 - 394+ 37* 60
1% Dextran T500 0.45 -3.18 ± 0.11 50 — 387 ± 33* 70
water 0.18 -2.97 ± 0.12t (18,a) 3.66 ± 0.27t (18,a) 329 ± 20t (18,o:)

3 P: the maximum confidence coefficient below which the confidence Intervals of the values of In 0 , In tc and r for each solution and water 
never overlap.
—: the difference of the values between the solutions and water could not be shown statistically, n.m.: not measured. t(18,a): Students 't 
with the degree o+ freedom of 18 and the significance level a (=100-P). The number of experiments: *; 4, **; 5, ***; 6; others; >7. t: deter
mined by extrapolation.
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Effects o f viscosity o f polym er solutions on nucléation rate

U sin g  th e  c o e f f ic ie n t  o f  n u c lé a t io n  rate c o n s ta n t , A 3 , 
d e te r m in e d  b y  th e  m e th o d  d escr ib ed  in  th e  s e c t io n  “ T h e 
o r y ” th e  te m p er a tu r e  t im e  cu rve  and th e  f in a l c r y s ta l size  
d is tr ib u tio n  a fter  eq u ilib r iu m  w ere  c a lc u la te d  a c co r d in g  
to  th e  m e th o d  p r o p o se d  b y  Sh irai et al. ( 1 9 8 5 ) .  G o o d  
a g r ee m en ts  b e tw e e n  c a lc u la te d  and e x p e r im e n ta l resu lts  
fo r  ic e  c r y s ta lliz a t io n  in  w a te r  and 5% D e x tr a n  T 5 0 0  so lu -

Fig. 5—Relationship between tc and AT° in polymer solutions. Keys 
are the same as those in Fig. 4. The line for water was obtained by 
the least square method with the correlation coefficient o f —0.934.

a T°(°C )

Fig. 6—Mean radius o f ice crystals formed in polymer solutions. 
Keys are the same as those in Fig. 4. The line for water was obtained 
by the least square method with the correlation coefficient o f 
-0.904.

t io n  (S h ira i e t a l., 1 9 8 5 )  su g g ested  th e  a p p r o p r ia te n e ss  o f  
th e  m e th o d  to  o b ta in  A 3 . F ig . 7 sh o w s  th e  r e la tio n sh ip  
b e tw e e n  th e  c o e f f ic ie n t  o f  th e  n u c le a t io n  rate  c o n s ta n t ,  
A 3 , and th e  v is c o s it ie s  o f  p o ly m e r  so lu t io n s . T h e  lin e  in  
F ig . 7 w a s d e te rm in e d  by th e  lea s t  sq uare m e th o d  u s in g  all 
th e  A 3 v a lu e s  c a lc u la te d  from  the e x p e r im e n ta l data . T h e  
p o in ts  in  F ig . 7 are d e te rm in e d  b y  averaging  th e  A 3 v a lu e s  
o b ta in e d  fo r  ea ch  p o ly m e r  s o lu t io n . Ju d g in g  fro m  th e  sta 
t is t ic a l a n a ly sis , it w a s fo u n d  th a t a lin ear  c o r r e la tio n  w ith  a 
s lo p e  o f  —0 .0 3 3 6  ±  0 .0 0 7 8  b e tw e e n  th e  In A 3 v a lu e s  and  
th e  v isc o s it ie s  w ith  th e  c o n f id e n c e  le v e l o f  95%  e x is ts . A l
th o u g h  p o ly m e r  s o lu t io n s  m ig h t b eh a v e  as n o n -N e w to n ia n  
f lu id s , th e  m ea su red  v isc o s it ie s  w ere  a c c e p te d  as r ep re se n 
ta tiv es  in p o ly m e r  so lu t io n s . In th e  p o ly m e r  so lu t io n s ,  
th e  n u c le a t io n  rate  d ecrea ses  w ith  th e  in c re a se  in  v is c o s ity  
o f  th e  p o ly m e r  so lu t io n s  as sh o w n  in F ig . 7.

Y a g i and Y o sh id a  ( 1 9 7 5 )  o b serv ed  th e  b eh a v io r  o f  gas 
b u b b le s  in  th e  a g ita tin g  v e s s e l  and fo u n d  th a t a m a ss  o f  gas 
su rro u n d ed  th e  im p e lle r  lik e  a d o u g h n u t in  so d iu m  p o ly 
a c ry la te  s o lu t io n s  and CMC so lu t io n s . T h e y  ascr ib ed  th e  
p h e n o m e n o n  to  th e  n o rm a l stress e f fe c t  (W eissen b erg  
e f fe c t ) ,  th a t is , th e  radial o u tw a rd  liq u id  f lo w  fro m  th e  im 
p e ller  is  r e s tr ic te d  b e c a u se  o f  th e  h ig h  v is c o s it ie s  o f  so lu 
tio n s . I f  th is  p h e n o m e n o n  o c c u r s  ir. c r y s ta lliz e r s  w ith  an  
in c re a se  in  v is c o s ity ,  th e  fr e q u e n c y  o f  c o ll is io n s  b e tw e e n  
ice  c ry s ta ls  and w a ll or  im p e lle r  d e c re a se s  and c o n s e q u e n t ly  
th e  n u c le a t io n  rate m a y  decrease .

C o n tra ry  to  th is  m a c r o sc o p ic  e f fe c t ,  M ic h e lm o r e  and  
F ran k s ( 1 9 8 2 )  ascr ib ed  th e  in h ib it io n  o f  h o m o g e n e o u s  
n u c le a t io n  o f  ic e  b y  p o ly e th y le n e  g ly c o l  to  a p e r tu r b a tio n  
o f  th e  d if fu s io n a l fr e e d o m  o f  w a te r  m o le c u le s  b y  th e  p o ly 
m er. A lth o u g h  it is  n o t  c lear  w h e th e r  th is  c o n c e p t  is  a c c e p t
ab le  or  n o t  in  o u r  se c o n d a r y  n u c le a t io n  sy s te m , o th e r  m ic 
r o sc o p ic  fa c to r s  ( fo r  e x a m p le , m o le c u la r  w e ig h t , sh a p e  o f  
m o le c u le s , and  in te r a c t io n  a m o n g  m o le c u le s )  m ig h t c o n tr ib 
u te  to  th e  d ecrea se  o f  th e  se c o n d a r y  n u c le a t io n  as w e ll  as 
m a c r o sc o p ic  fa c to r s .

F ran k s e t  al. ( 1 9 8 3 )  in ferred  an in c re a se  in  th e  in te r 
fa c ia l free  en erg y  b e tw e e n  ic e  and an a q u e o u s  p h a se  o f  so lu 
t io n s  o f  h y d r o x y e th y l  starch  th r o u g h  h o m o g e n e o u s  n u c le a 
t io n  e x p e r im e n ts  w ith  a d if fe r e n tia l sca n n in g  c a lo r im e tr ic  
m e th o d . I f  th e  a d d itio n  o f  p o ly m e r  u sed  in  th is  s tu d y  in 
crea ses  th e  in te r fa c ia l free  e n e rg y , it a c ts  as an  in h ib ito r  o f  
se c o n d a r y  n u c le a t io n  o f  ic e  c ry s ta ls , s in c e  n u c le i  b o rn  from  
a seed  c ry s ta l, w h ic h  w o u ld  be  a b le  to  su rv ive in  w a te r , 
m ig h t m e lt  b e fo r e  th e y  grow  b e c a u se  o f  h ig h  in te r fa c ia l  
free  e n e rg y .

Fig. 7—Relationship between the coefficient o f nucleation rate 
constant and viscosity o f polymer solutions. The tine was obtained 
by the least square method with the correlation coefficient o f 
—0.48. The number o f data is 232. The range o f each point shows 
that the true value lies with the probability o f 95%.
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Fig. 8—Effect o f Dextran T500 on lactose solution. The lines were 
obtained by the least square method with correlation coefficients 
of 0.923 and 0.977 for 10% lactose solution and the mixed solu
tion, respectively.

E ffe c ts  o f  p o ly m e r  o n  th e  se c o n d a r y  n u c le a t io n  
in  s o lu t io n  o f  lo w  m o le c u la r  w e ig h t c o m p o u n d s

M an y fo o d s ,  fo r  e x a m p le  m ilk , c o n s is t  o f  b o th  lo w  and  
high  m o le c u la r  w e ig h t su b s ta n c es . F ig . 8 sh o w s  th e  rela 
t io n sh ip  b e tw e e n  th e  in it ia l p  v a lu e  an d  th e  in it ia l su p er
c o o lin g  fo r  th e  so lu t io n s  o f  ea ch  c o m p o n e n t  and m u lt i
c o m p o n e n ts . T h e  m e a n  s ize  o f  ic e  c ry s ta ls  in  th e  sam e  
sa m p le  so lu t io n s  are sh o w n  in F ig . 9. T h e  lin e s  in  F ig . 8 
and F ig . 9 w ere  o b ta in e d  b y  th e  le a s t  sq uare m e th o d . N o  
lin ea r  c o r r e la t io n  b e tw e e n  r and A T ° in  th e  case  o f  10%  
la c to s e  s o lu t io n  w a s fo u n d . F ig . 8 sh o w s  th a t th e  (3° v a lu es  
in  10% la c to s e  s o lu t io n  are n ear ly  th e  sam e as th o se  in  5% 
D e x tr a n  T5 0 0  s o lu t io n . M ean  s iz e s  o f  ic e  c ry sta ls  in  th e  
d e x tr a n  s o lu t io n  seem  greater  th a n  in w a te r  w h ile  th o s e  in  
th e  la c to s e  s o lu t io n  seem  sm aller . T h e r e fo r e , th e  d ecrea se  
o f  th e  P v a lu e s  in  th e  la c to s e  s o lu t io n  is  d u e  to  th e  d ecrea se  
o f  th e  g r o w th  rate  o f  ic e  c r y s ta ls , w h ile  in  th e  d e x tr a n  s o lu 
t io n  it is  th e  n u c le a t io n  rate.

In  th e  m ix e d  so lu t io n  o f  la c to s e  and d e x tr a n , th e  (3 
v a lu es d ecrea se  s t ill  m o r e  b e c a u se  o f  th e  d ecrea se  o f  th e  
g r o w th  rate  and th e  n u c le a t io n  rate  o f  ic e  c ry sta ls  in  the  
so lu t io n . T h e  m ea n  s iz es  o f  ic e  c r y s ta ls  in  th e  m ix e d  so lu 
t io n  w o u ld  be grea ter  th a n  th o s e  in la c to s e  so lu t io n ,  and  
th e y  are sm a ller  th a n  th o s e  in  5% D e x tra n  T5 0 0  so lu t io n .  
T h e se  r esu lts  in d ic a te  th a t th e  n u c le a t io n  rate d ecrea ses  
ev en  in  a la c to s e  s o lu t io n  b y  th e  a d d itio n  o f  h ig h  m o le c u la r  
w e ig h t c o m p o u n d s ,  and th a t th e  e f fe c t s  o f  e a ch  so lu te  o n  
th e  k in e t ic  p a ra m eters  w o u ld  b e  in d e p e n d e n t  in  th e  m ix ed  
so lu t io n .

F in a lly  th e  a b o v e  p h e n o m e n a  w ere  c o n fir m e d  in  a liq u id  
fo o d . F ig . 10  sh o w s  th e  m e a n  s iz es  o f  ic e  c ry s ta ls  fo r m e d  
in  20%  sk im  m ilk  c o m p a r e d  w ith  10% la c to s e  s o lu t io n . T h e  
sk im  m ilk  c o n ta in s  a b o u t  10% la c to s e . T h e  m ea n  size  o f  
cry sta ls  in  th e  sk im  m ilk  is grea ter  th a n  th a t in  th e  la c to s e  
so lu t io n . P r o te in  in  th e  sk im  m ilk  w o u ld  a lso  c o n tr ib u te  to  
th e  e n la rg e m en t o f  th e  m ea n  size  o f  cry sta ls .

a T ° ( ° C  )

Fig. 9—Effect o f Dextran T500 on mean radius o f ice crystals 
formed in lactose solution. The lines were obtained by the least 
square method with the correlation coefficient o f —0.811 for the 
mixed solution.

Fig. 10—Mean radius o f ice crystals formed in 20% skim milk and 
10% lactose solution. The line for skim milk was obtained by the 
least square method with the correlation coefficient o f —0.921.

C O N C L U S IO N

IC E C R Y S T A L L IZ A T IO N  in  v a r io u s  p o ly m e r  so lu t io n  w as  
in v e stig a ted  in  a b a tc h  c r y s ta lliz e r  b y  STCM  an d  ITM . T h e  
se c o n d a r y  n u c le a t io n  o f  ic e  c ry s ta ls  w as su p p ressed  b y  th e  
p o ly m e r s  d e p e n d in g  o n  th e  v is c o s ity  o f  th e  so lu t io n s .
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c o e f f ic ie n t  o f  th e  n u c lé a t io n  rate  c o n 
sta n t in  E q u a tio n  (5 ) .  
n u c lé a t io n  rate  c o n s ta n t  in  E q u a tio n  
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sp e c if ic  h ea t c a p a c ity  o f  c o n te n ts  o f  
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v o lu m e  sh a p e  fa c to r .
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a c tu a l n u c lé a t io n  rate.
rad iu s o f  an ic e  cry sta l.
m ea n  rad iu s o f  ic e  c ry sta ls .
te m p era tu re .
tim e.
in d u c tio n  t im e .

P i = d e n s ity  o f  ice .
P =  v isc o s ity .

m n ) Mn = n th  m o m e n t  o f  c r y s ta l s iz e  d is tr ib u 
tio n .

m 2 ° C 2 )
o

M 2 = in it ia l s e c o n d  m o m e n t  o f  seed  ic e  
cry sta l.

° C i ) X = la te n t  h e a t  o f  fu s io n  o f  ice .
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k in e t ic  p a ra m eter  o f  ic e  c r y s ta lliz a t io n ;  
n u c lé a t io n  rate  per  c r y s ta l in  a c o n t in 
u o u s  cry sta llizer . (1/s)
in it ia l v a lu e  o f  |3. ( th e  v a lu e s  fo r  th e  
in it ia l su p e r c o o lin g ) . (1/s)
su p e r c o o lin g . ( C)
in it ia l su p e r c o o lin g . ( C)
te m p er a tu r e  rise  in  th e  in d u c tio n  tim e  
p e r io d . (°C )
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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  o n  B i o a v a i l a b i l i t y  o f  M e a t  

a n d  H e m o g l o b i n  I r o n  F e d  t o  A n e m i c  R a t s

O. JANSUITTIVECHAKUL, A.W. MAHONEY, D.P. CORNFORTH,
D.G. HENDRICKS, and K. KANGSADALAMPAI

--------------------------------- A B S T R A C T ----------------------------------
Efficiency of converting dietary iron from meat, bovine hemoglobin (HB) 
and ferrous sulfate into hemoglobin was investigated in anemic rats. Raw 
or autoclaved HB, ar.d raw, autoclaved, boiled, or baked beef round, and 
ferrous sulfate were mixed into diets to give 36 mg Fe/kg diet. Heat 
treatments increased the efficiency of converting both HB and meat iron 
into hemoglobin by the anemic rats. Efficiencies of conversion were 23, 
30, 33, 37, 37, 36 or 60 (LSD 0.05/0.01 = 4/6), respectively, for raw 
HB. autoclaved HB. raw meat, autoclaved meat, boiled meat, baked meat 
or ferrous sulfate. An in vitro measurement of iron availability in meat 
correlated poorly with bioavailability determined in rats. Cooking did not 
significantly affect the bioavailability of meat iron.

IN T R O D U C T IO N

THE D IG ESTIBILITY  and nutritive value o f  protein has long  
been know n to be affected by heat processing. H ow ever, meat 
also is a major source o f  dietary iron in the U .S .A . Thermal 
processing o f  meat changes the oxidative state o f  its iron (Schricker 
and M iller, 1983; L ee and Shim aoka, 1984) and alters iron bioa
vailability. A u toclaving (121°C  for 15 min) increased the relative 
biological value o f  sodium  ferric pyrophosphate but did not affect 
the bioavailability o f  ferrous sulfate or ferric orthophosphate (W ood  
e t a l . ,  1978; Theuer et a l.,  1973). B oiling  o f  intrinsically labelled  
rabbit hem oglobin  for 3 min decreased the intestinal absorption  
o f  hem oglobin from 11 to 7% and 22 to 12% in normal and iron- 
deficient human subjects (Callender et a l .,  1957). Sim ilarly, au
toclaving meat at 121°C for 90  min was found to decrease the 
apparent iron a b so rp tio n  v a lu e s  w h en  fed  to w e a n lin g  rats 
(M cL aughlin , 1981; T so , 1979). On the other hand, Turnbull et 
al. (1962) reported that cook ing  hem oglobin in a boiling water 
bath for 15 m in did not alter the absorption o f  the hem oglobin  
iron in iron-deficient human subjects. O ldham  (1941) also found  
that the hem oglobin gain in rats fed with oven-dried meat was 
higher than those fed with unheated, vacuum  dried meat.

S in ce the results o f  the effect o f  heat processing are inconsis
tent, this experim ent was done to study the effect o f  heat treatment 
on meat and hem oglobin  iron bioavailability in anem ic rats as 
influenced by the hem e, nonhem e and soluble iron com ponents in 
meat and hem oglobin .

M A T E R IA L S  & M E T H O D S

Diet preparation. Five portions of 1500g each of commercial ground beef 
round were prepared raw; boiled for 5, 30 or 90 min; or autoclaved at 
I20°C for 90 min. Three intact 1500-g portions from the same round were 
baked to internal temperature of 60° (rare). 70°(medium) or 80°C (well 
done), then ground. The meat was lyophilized, reground and analyzed for 
total iron, heme iron, crude protein, crude fat and phosphorus contents.

Total iron content was analyzed in ashed samples by using NCL/acet- 
ylene flame atomic absorption spectrophotometry (Instrumentation Lab.,

Authors Mahoney, Cornforth, and Hendricks are affiliated with the Dept, of 
Nutrition & Food Sciences, UMC 87, Utah State University, Logan, UT 84322. 
Author Jansuittivechakul is now with the Dept, of Food Chemistry, Faculty of 
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Univ., Bangkok 10400, Thailand. Address reprint requests to Dr. A.W. Ma
honey.

Model 457, Wilmington, MA) at 248.3 nm (Boline and Shrenk, 1977; 
Clegg et al., 1981). Heme iron content was determined by extracting the 
heme pigments in the sample with acid acetone and then measuring the 
optical density at 640 nm (Hornsey, 1956). The protein and fat were 
determined by proximate analysis (Smith, 1980; Pearson, 1976; AOAC,
1975). The phosphorus content was determined by the vanado-molybdate 
colorimetric method (Pearson, 1976).

Bovine hemoglobin substrate powder type II (Sigma Chemical Com
pany, St. Louis, MO), either raw or autoclaved at 121°C for 90 min, was 
analyzed for total iron and heme iron contents.

The composition of the diets used is shown in Table 1. The diets were 
individually mixed in 1.5 kg batches in a Twin Shell Dry Blender (Pat- 
terson-Kelly Co., East Stroudsbury, PA). Each diet was then analyzed for 
total iron, heme iron and soluble iron contents.

In vitro digestion. The amount of soluble iron in the diets was deter
mined by incubating the dietary sample in 15 mL 0.IN HC1 containing
1.5 mg pepsin for 3 hr at 37°C, on a shaker platform (Lab line, Melrose 
Park, IL) at setting 100. The mixture was then neutralized with 0.5N 
NaOH and then 7.5 mL 0.2M borate buffer (pH 8.0) containing 4 mg 
pancreatin and 0.05M sodium azide was added. The mixture was shaken 
at 37°C for another 24 hr and then centrifuged at 20,000 x  g for 5 min. 
The solids were washed three times by resuspension of the pellet in 10 
ml deionized water, followed by recentrifugation. The supernatant and 
washings were combined and adjusted to 100 mL. Iron content in the 
solution was determined by atomic absorption spectrophometry (Nelson 
and Potter, 1980; Lee and Clydesdale, 1979).

Animal repletion studies. Eighty weanling male Sprague-Dawley rats 
(Simonsen Laboratories, Gilroy, Ca) were housed individually in stainless 
steel metabolic cages and were provided with deionized water and diet ad 
libitum. They were maintained in a temperature controlled environment 
with a 12-hr light-dark cycle. They were made anemic by feeding the low 
iron basal diet (Table 1) for 7 days,and by removing approximately 0.7 
mL blood twice, on the second and fourth day, from the retro-ocular

Table 1—Composition of diets containing iron from meat, hemoglobin and 
ferrous sulfate.

Ingredients (g) Meat
Iron Sources 

Hemoglobin F e S 0 4
Basalb

diet

Meat (lyophilized) 313 0 0 0
Hemoglobin3 0 109 0 0
FeSO4-7H20 0 0 0.175 0
Vitamin free caseinc 0 294 294 294
Rendered kidney fatc 52 70 70 70
Alpha-cellulose 50 50 50 50
NaH2P04c 20 25 25 25
CaC03 15 15 15 15
Mineral mixture0 12 12 12 12
Vitamin mixturee 20 20 20 20
Dextrose 518 405 513.825 514

3 Hemoglobin (bovine) substrate powder type II, Sigma Chemical Co., St. 
Louis, MO.

b Same composition as the diet containing 100% iron from ferrous sulfate, but 
no ferrous sulfate was added.

c Casein, rendered kidney fat and NaH2P04 were supplemented to provide the 
same quantities of protein, fat and phosphorus as provided by meat diet 
(1 OOg of lyophilized meat containing 11.2 mg Fe; 86.8g protein; 5.8g fat and 
0.415g phosphate).

d Contained the following (g/kg): KCI 296.7; MgC03 121.0; M nS04 12.7; 
CoCI2.6H20 0.7; CuS04.7H20 1.6; Kl 0.8; Na2Mo04.2H20 0.1; ZnS04.7H2O
28.0 and glucose to equal 1 kg.

e From Nutrition Biochemicals Corp., Cleveland, Ohio. It contained (g kg): 
vitamin A concentrate (200,000 IU retinyl acetate/g) 4.5, vitamin D concen
trate (400,000 IU calciferol/g) 0.25, niacin 4.5, riboflavin 1.0, pyridoxine HCI 
1,0g, thiamin HC11.0, ascorbic acid 45.0, Ca pantothenate 30.0, biotin 0.02, 
folic acid 0.09, vitamin B 12 0.00135 and dextrose to equal 1 kg.
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capillary bed using a heparinized capillary tube. On day eight, body weight, 
hematocrit and hemoglobin concentration were determined for each rat. 
Hemoglobin concentration was measured by the cyanmethemoglobin method 
(Crosby et ah, 1954).

These animals were then assigned to 8 groups of 10 animals each so 
that mean hemoglobin concentrations and mean body weights were similar 
among groups. About 10 grams of the experimental diets were fed daily 
to each rat for 10 days. One group of animals was selected as the low 
iron control which was continued on the basal diet throughout the repletion 
period. The total amounts of the diets consumed by each rat were deter
mined by weighing diet given, refused and spilled.

On day ten of the repletion period, body weight, hematocrit and hemo
globin concentrations were again determined. The rats were then killed 
by decapitation and their livers removed, weighed and analyzed for iron 
content by atomic absorption spectrophotometry (Boline and Schrenk, 1977; 
Clegg et al., 1981).

Effeciency of converting dietary iron into hemoglobin (Regeneration 
Efficiency) was calculated as previously described (Mahoney and Hen
dricks, 1982; Mahoney et al., 1974). All feces from each rat were collected 
for the last 7 days of the repletion period. The feces were analyzed for 
total iron content by ashing overnight at 550°C, solubilizing the ash with 
hot 6N HC1 and diluting appropriately with demineralyzed water for atomic 
absorption spectrophotometry. Apparent iron absorption expressed as per
cent, was calculated as [(iron intake minus fecal iron excretion) divided 
by iron intake] times 100.

Statistical analyses. Results were analyzed statistically by factorial 
analysis of variance (Cochran and Cox, 1957). Means were compared by 
the least significant difference (LSD) test (Ostle and Mensing, 1975) when 
“ F” was statistically significant (Carma and Swanson, 1973).

R E SU L T S & D ISC U SSIO N

TH E T O T A L  and hem e iron contents o f  lyoph ilizied  meat and 
diets are presented in Table 2. Fifty eight percent o f  the iron in 
ground b eef was found as hem e iron w hich is sim ilar to the find
ings o f  Schicker et al. (1982) and Field et al. (1980). Heat treat
ment reduced the amount o f  hem e iron in b ee f and bovine  
hem oglobin  in a dose responsive manner. This is sim ilar to the 
findings o f  others (Schricker et a l., 1982; Schricker and M iller,
1983) for cooked  meat. H eating blood (Schricker et a l.,  1982) or 
meat pigm ents (Chen et a l.,  1984) causes a m odest increase in 
nonhem e iron. The soluble iron contents in heat-treated meat diets 
were low er than that in raw meat diet but the difference w as not 
statistically significant betw een raw and autoclaved bovine hem o
globin diets.

The animal responses to dietary iron treatment are presented in 
Table 3. Ferrous sulfate w as used as the reference source o f  iron 
in this experim ent. T he regeneration effic ien cy  for ferrous sulfate  
w as the h ighest for all dietary treatments. This value is sim ilar to 
those reported earlier from this laboratory (Park et a l., 1983a,b).

C ook ing meat did not affect iron bioavailability com pared with 
uncooked product (Table 3). This was true whether bioavailability  
was expressed as regeneration e ffic ien cy , apparent absorption or 
liver iron concentration. The decrease in hem e iron in meat due 
to cooking (Table 2) w as not associated with any decrease in 
bioavailab ility  o f  meat iron as fed  to rats. In contrast B ogunjoko  
et al. (1 983) reported that cooking decreased the bioavailability  
o f  iron from chicken m uscle . The difference betw een their results 
and those in Table 3 may be m ethodological. They used an in

v ivo  rat gut segm ent technique and measured 59-iron uptake over  
a 2-hr period w hich may be inadequate for com plete d igestion  o f  
the meat protein com pared with our 10-day rat feed ing experi
m ent. The regeneration effic ien c ies o f  3 0 .5  to 37.0%  (Table 3) 
are sim ilar to the 35% calculated from the data o f  Pye and M cL eod
(1946) but are low er than previously reported from this laboratory 
(Farmer et a l., 1977; M ahoney et a l.. 1979).

C ooking im proved slightly the bioavailab ility  o f  hem oglobin  
iron (Table 3) even though its hem e iron content w as decreased  
(Table 2). S im ilarly, Park, et al. (1983a) found that cook ing  im 
proved regeneration effic ien cy  o f  fresh pork hem oglobin . Liver  
iron and iron regeneration effic ien cy  were found to be sign ificantly  
higher (p < 0 .0 1 )  in rats fed ferrous sulfate diet than those fed meat 
or hem oglobin diets. This show s that, in anem ic rats, the avail
ability o f  iron from ferrous sulfate was higher than iron from meat 
or hem oglobin. The regeneration effic ien cy  o f  ferrous sulfate diet 
was about tw o and three tim es the effic ier.cies o f  the meat h em o
globin diets. T hese results are in agreem ent with previous exper
im ents (A m ine and H egsted , 1971; Bannerm an, 1965; W heby et 
a l., 1970) in that the amount o f  ferrous sulfate iron absorbed by 
iron deficient rats w as tw o to three tim es greater than the amount 
o f  dietary hem oglobin iron absorbed.

A sim ulated gastro-intestinal d igestion  using com m ercially  
available enzym es was perform ed to determ ine iron bioavailab il
ity. The soluble iron content thus determ ined w as used as an 
indicator for iron bioavailab ility . A positive  relationship betw een  
in vitro release o f  nonhem e iron from vegetab le food s and iron 
bioavailability has been reported by N arasinga-R oa and Prabhav- 
athi (1978) and N elson  and Potter (1 9 8 0 ). A m ount o f  so lub le iron 
in the diet, how ever, correlated poorly with the b ioavailab ility  o f  
meat iron determ ined with rats (F ig. 1). The low  am ounts o f  
soluble iron in this experim ent m ay be due to the long incubation  
at neutral pH. Very insoluble hydroxides o f  iron could have been  
formed under these conditions o f  incubation resulting in the ap
parent low  soluble iron values observed. D iets containing h em o
globin had more soluble iron than meat diets but hem oglobin  diets 
had low er iron bioavailability in anem ic rats than did m eat diets. 
On the contrary, ferrous sulfate diet had higher solub le iron and 
also had high iron bioavailab ility . Even though the in vitro method 
is sim ple, rapid and low  in cost, the results, with the exception  
o f  the ferrous sulfate diet, related poorly (r =  0 .6 3 )  with bioavail
ability determ ined in the rats. Further research w ill be necessary  
before conclusions may be drawn on this subject.
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Table 2—Heme and total iron contents of lyophilized meats, hemoglobin and diets (mg/kg).

Raw Autoclaved3 Boiled meat Baked meat Hemoglobin15 LSDC
Iron source meat meat 5 min 30 min 90 min Rare Medium Well done Raw Autoclaved 0.05/0.01

Lyophilized Product
Total Iron 112 119 123 130 127 127 123 124 3220 3200 5/10
Heme iron 65 25 65.2 56.4 48.5 70.8 58.3 54.3 3200 1940 8/11

Diet
Total iron 32.2 33.7 33.4 31.4 35.3 36.1 36.4 36.7 36.8 36.0 NSd
Heme iron 14.0 4.0 15.8 13.4 11.0 19.2 15.5 14.1 21.1 14.6 1.3/1.9
Soluble iron 9.2 8.2 0.99 4,7 5.2 4.6 4.9 5.7 2.0 21.5 NS

a Autoclaved 90 min at 121°C in glass canning jars.
b Hemoglobin data were not included in the LSD determinations because the data were not obtained during the same set of analyses. 
c Mean differences must equal or exceed the least significant difference values to be statistically significant at the 5 or 1 percent levels of probability. 
d Not statistically significant (P>0.05).
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Tab<e 3— E ffec t o f d ie tary  iron s o u r c e s  on  hem a tin ic  r e s p o n s e  o f a n e m ic  rats fe d  rep le tion  d ie ts  for 10 d a y s

basal
diet

T1
Q_

 CD Raw
meat

Autoclaved3
meat

Boiled meat Baked meat Hemoglobin LSDb
Item 5 min 30 min 90 min Rare Medium Well done Raw Autoclaved3 0.05/0.01

Diet iron, mg/kg 5.1 39.5 32.2 33.7 33.4 31.4 35.3 36.1 36.4 36.7 36.8 36.0 —
Diet intake, g 80 96 107 99 105 99 105 106 109 110 87 92 12/15
Body weight, g 

Initial 72 74 72 72
74

72 72 72 73 74 72 72 NSC
Final 98 120 128 124 129 121 126 125 128 127 110 116 NS

Hemoglobin, g/dl 
Initial 6.00 5.90 5.93 5.87 5.84 6.21 6.31 6.02 6.03 6.07 5.87 5.93 NS
Final 4.82 12.17 7.35 7.86 7.06 7.63 8.45 8.33 8.45 8.66 6.79 7.50 1.00/1.33

HbFe gain/Fe 
intake, % 22.0 60.5 33.4 37.5 30.5 34.0 37.0 35.5 36.4 36.0 22.8 29.8 4.3/5.7

Absorption, % 61.6 87.7 54.0 53.0 58.4 51.3 62.5 48.8 60.8 59.1 55.2 58.7 6.8/9.1
Liver weight, g 3.20 4.75 4.25 4.37 4.42 4.18 4.51 4.22 4.67 4.38 4.10 4.48 0.43/0.57
Liver iron, (xg/g 30.0 46.8 32.0 31.7 31.0 32.6 33.3 34.5 37.8 35.4 30.4 34.1 5.2/7.0
a Autoclaved 90 min at 121°C in glass canning jars.
b Mean differences must equal or exceed the least significant difference values to be statistically significant at the 5 or 1 percent levels of probability. 
c NS = Not statistically significant (P >  0.05).

Fig. 1—Efficiency of hemoglobin iron gain (regeneration efficiency) by anemic 
rats and soluble iron content of diets containing iron from raw or autoclaved 
meat, raw or autoclaved hemoglobin, or unheated ferrous sulfate.
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M e a s u r i n g  D i e t a r y  F i b e r  i n  H u m a n  F o o d s

JUDITH A. MARLETTand JOAN G. CHESTERS

-----------------------------------------A B S T R A C T ----------------------------------------

Com positions o f  neutral detergent fiber (ND F) residues and water 
insoluble fiber fractions extracted by the Southgate m ethod from 
five foods were determined quantitatively and compared. Neutral 
saccharide com positions o f  the two fiber residues, measured by 
HPLC, were similar for four o f  the five foods. Uronic acids con
stituted 4 -  8% o f  fiber in all foods. When adjustments were made 
for protein, starch and moisture contents, mean recovery o f  the two 
fibers was 97 .9  ± 3.9%. Gravimetric quantitation o f  NDF or o f  a 
Southgate-derived insoluble fiber usually yielded a fiber content simi
lar to the chem ically determined value, although each o f  the South- 
gate residues had to be corrected for starch and/or crude protein 
content.

IN T R O D U C T IO N

M A N Y  M E T H O D S  h a v e  b e e n  p r o p o se d  to  m e a su r e  d ie ta ry  
fib er  in h u m a n  fo o d s tu f f s  (T h e a n d er  and A m a n , 1 9 7 9 a , b; 
A n d e rso n  and C ly d e sd a le , 1 9 8 0 ;  J a m es and T h e a n d er ,
1 9 8 1 ) .  T y p ic a lly , fo o d  sa m p le s  are tr ea ted  w ith  so lv e n ts  to  
r e m o v e  lip id s , so lu b le  sugars and so m e  p ig m e n ts , and  w ith  
an a m y la se  to  rem o v e  starch . S u b s e q u e n t ly , sa m p le s  are 
e x tr a c te d  w ith  h o t  w a te r  t o  sep a ra te  f ib e r  in to  a w ater-  
so lu b le  fr a c t io n  c o n ta in in g  g u m s, m u c ila g e s  and var iab le  
p r o p o r t io n s  o f  th e  p e c t in s  and h e m ic e llu lo s e s , and  a w ater-  
in so lu b le  fr a c t io n  c o n s is t in g  o f  c e llu lo se , th e  rest o f  th e  
h e m ic e llu lo s e s  and p e c t in s , an d  lig n in  (A sp  and J o h a n sso n ,  
1 9 8 1 ;  E n g ly s t, 1 9 8 1 ;  F u rd a , 1 9 8 1 ;  S c h w e iz e r  and W ursch , 
1 9 8 1 ;  S e lv en d ra n  e t  a l., 1 9 8 1 ;  S o u th g a te , 1 9 8  1; T h e a n d er  
and A m a n , 1 9 8 1 ) .  M any o f  th e se  m e th o d s  su ffer  fro m  tw o  
w e a k n esse s;  th e y  fa il to  in c lu d e  rec o v er ie s  to  c h e c k  for  
fib er  c a rb o h y d r a te  lo ss  and th e y  fa il to  r em o v e  starch  
a d e q u a te ly . T h e  m o s t  w e ll k n o w n  and w id e ly  u sed  m e th o d  
o f  d ie ta ry  f ib e r  a n a ly sis  u s in g  th is  a p p ro a ch  is th e  o n e  b y  
S o u th g a te  ( 1 9 6 9 ) .  D e v e lo p e d  to  m ea su re  d ie ta ry  fib er  in  
h u m a n  fo o d s ,  it  h as b e e n  m o d if ie d  as a resu lt o f  e x p e r ie n c e  
w ith  th e  m e th o d  (S o u th g a te , 1 9 7 6 ;  S o u th g a te , 1 9 8 1 ) .  
M any o f  th e  d ie ta ry  f ib e r  v a lu e s  fo r  fo o d s  in  th e  B ritish  
fo o d  c o m p o s it io n  ta b le s  w ere  o b ta in e d  w ith  th is  m e th o d  
(P a u l and S o u th g a te , 1 9 7 8 ) ,  a lth o u g h  it  is  n o t  g en era lly  
a p p re c ia te d  th at th e  a ccu ra cy  o f  th e se  f ib e r  v a lu e s  are 
l im ite d  b y  c o n ta m in a t io n  o f  th e  f ib e r  r es id u e  w ith  starch  
and by th e  u se  o f  c o lo r im e tr ic  q u a n tita t io n  o f  an u n k n o w n  
m ix tu r e  o f  sugars in th e  fib er  ac id  h y d r o ly sa te . T h e  n eu tra l 
d e te r g e n t fib er  (N D F )  m e th o d  d e v e lo p e d  b y  G o er in g  and  
V a n  S o e s t  ( 1 9 7 0 )  d if fe r s  in  th a t it reco v ers  p la n t c e ll  w a ll 
f ib e r  as th a t fr a c tio n  o f  a fo o d  in so lu b le  in n eu tra l d e te r 
g e n t  s o lu t io n . A lth o u g h  o r ig in a lly  d e v e lo p e d  to  m ea su re  
f ib e r  in  a n im a l fo ra g es, it h as b een  u sed  to  a n a ly z e  h u m a n  
f o o d s  (R o b e r ts o n  and V a n  S o e s t ,  1 9 8 1 ) .  T h e  m o d if ic a t io n  
o f  S c h a ller  ( 1 9 7 6 ) ,  in  w h ic h  th e  r es id u e  is in c u b a te d  w ith  
h o g  a m y la se , h as b e e n  u sed  to  r em o v e  starch  fro m  th e  N D F  
res id u e , a n o th e r  p r o b le m  in  th e  o r ig in a l m e th o d . T h e  N D F  
m e th o d  is te c h n ic a lly  s im p ler  and in v o lv e s  fe w e r  m a n ip u la 
t io n s  th a n  o th e r  m e th o d s . T h e  c r itic ism  o f  th is  m e th o d  th a t
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it is  g ra v im etr ic  ca n  be reso lv ed  i f  th e  N D F  res id u e  is acid  
h y d r o ly z e d  and su b se q u e n tly  a n a ly z ed  fo r  c o n s t i tu e n t  
n eu tra l and a c id ic  sugars and lign ir. (S la v in  and M arlett, 
1 9 8 3 ;  N e ils o n  and M arlett, 1 9 8 3 ) .

T h e  o v era ll o b je c tiv e  o f  th is  research  w a s to  e v a lu a te  and  
c o m p a r e  th e se  tw o  m e th o d s  o f  f ib e r  a n a ly sis . T h e  c o m p o s i
t io n s  o f  th e  N D F  r es id u e s  and o f  th e  in so lu b le  f ib e r  frac
t io n  e x tr a c te d  b y  th e  S o u th g a te  m e th o d  w ere  d e te r m in e d  
q u a n tita t iv e ly  in fiv e  fo o d s  and c o m p a r ed . S e c o n d ly ,  sa m 
p le s  w ere  a n a ly z ed  fo r  n itr o g e n , starch  and m o is tu r e  to  
ev a lu a te  rec o v er ie s  o f  th e  fib er  res id u es and to  d e te r m in e  
th e  a c tu a l starch  c o n ta m in a t io n  o f  th e  res id u es. T h e  th ird  
o b je c tiv e  o f  th e  research  w a s to  c o m p a r e  th e  e f fe c t iv e n e s s  
o f  e n z y m a tic  sta rch  r em o v a l fro m  N D F  an d  fro m  th e  
S o u th g a te  in so lu b le  fib er  fr a c tio n . T h e  f in a l o b je c tiv e  w a s  
to  ev a lu a te  th e  a c cu ra c y  o f  th e  gra v im etric  d e te r m in a tio n  
o f  N D F  b y  c o m p a r in g  th e  y ie ld  o f  th is  res id u e , co rr ec ted  
fo r  starch  and cru d e  p r o te in  c o n te n t  w h en  n e c essa ry , w ith  
th e  y ie ld  o f  N D F  as d e te r m in e d  b y  c h e m ic a l an a lysis .

M A T E R IA L S  & M E T H O D S

Sample preparation

Cereal and grain products were ground to 30  mesh in a Thomas- 
Wiley mill. Nationally available commercial grain products were 
selected for analysis except for the wheat bran (AACC-certified 
food grade wheat bran, St. Paul, MN); the coarse rolled wheat bread 
was produced by Holsum Bakeries, Inc. (Rice Lake, WI). The lima 
beans and peas (Del M onte), fresh apple (Washington State Red 
Delicious) and fresh carrots were procured locally, blended with  
distilled water and lyophilized. The dried apple pulp was a Euro
pean Economic com m ittee sample (James and Theander, 1981) 
(provided by Dr. H. Wiggins, MRC Dunn Nutrition Unit, Cambridge, 
England). All dried samples were stored at room temperature in 
sealed containers. Sample dry weights were determined on separate 
aliquots by AOAC procedures (1980).

NDF analysis

For chemical analysis, duplicate lyophilized ND F residues were 
prepared from five foods: wheat bran, lima beans, oatmeal, fresh 
apple and shredded wheat, using the Schaller m odification (1976). 
Three different m ethods o f removing starch from ND F residues 
were evaluated gravimetrically using 1 — 2g samples o f  11  foods. 
Glass wool was used as a filtering aid (Marlett and Lee, 1980; 
Brauer et al., 1981). In the first m odification dried food  samples 
were incubatedfor 1 hr at 37°C  with a bacterial amylase (E .C .3.2 .1 .1 , 
from Bacillus subtilus, #A 6 5 0 5 , Sigma Chemical Co., St. Louis, 
MO 6 3 1 7 8 ) prior to refluxing in neutral detergent solution for 1 hr. 
In the second m odification samples were refluxed in neutral deter
gent solution for 30  min, cooled and incubated at 37°C  for 1 hr 
with the same enzym e (Robertson and Van Soest, 1981). Samples 
were then refluxed for another 30  min and the analysis com pleted  
according to the unm odified procedure (Marlett and Lee, 1980; 
Robertson and Van Soest, 1981). The third m odification was the 
one proposed by Schaller (1976) in which prepared NDF residues 
are incubated with porcine amylase (Type VI-A, # A 6880 , Sigma). 
Preparation o f  all enzym e solutions and o f  the unm odified NDF  
residues has been described (Marlett and Lee, 1980; Robertson and 
Van Soest, 1981). Starch content o f  the NDF residues was deter
mined enzym atically with am yloglucosidase (E .C .3 .2 .1 .3 , from A. 
Niger, # A 3 5 1 4 , Sigma) (Brauer et al., 1981). Nitrogen was mea
sured by Kjeldahl digestion and colorimetric quantitation (Weather- 
burn, 1967).
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Preparation o f  water-insoluble fiber residues

Water-insoluble fiber residues for chemical or gravimetric analy
sis were obtained essentially by the Southgate m ethod (1969) 
as m odified by Southgate (1976). Duplicate lyophilized food sam
ples o f  3 -  5g were treated and washed sequentially with hot m eth
anol and hot diethyl ether (Southgate, 1976) under a hood and air 
dried overnight prior to pulverization with a mortar and pestle. Dis
tilled water, 4 mL, was added to 200 -  300 mg aliquots o f  the ex
tractive-free residue and sample placed in a boiling water bath for 
10 min to gelatinize starch. Acetate buffer, 0.2 mL, 2M (Southgate,
1976), a 10% am yloglucosidase solution , 1 mL, (E .C .3 .2 .1 .3 , from  
Rhiszopus m old, # A 7 2 5 5 , Sigma) and toluene were added and sam
ples incubated overnight at 37°C. The enzym e was prepared by sus
pending lg  in 10 mL distilled water, centrifuging the sample at 3000  
rpm for 10 min and discarding the pellet. Fiber polysaccharides 
were precipitated with four volum es (20 m L) 95% ethanol and 
washed with 10 mL 80% ethanol. The precipitate and supernatant 
were separated each time by centrifugation (Southgate, 1981). 
Residues were treated with 10 mL hot distilled water and placed in 
a boiling water bath for 20 min to extract the water-soluble fiber 
com ponents (Southgate, 1981). The insoluble fiber residue was 
separated from the filtrate by centrifugation, the hot water extrac
tion repeated and the sample recentrifuged. The gravimetric yield  
o f dried insoluble residue was determined and aliquots representing 
5 0  -  150 mg extractive-free residue taken for starch and nitrogen 
analysis, as described above.

Quantitative analysis o f fiber residues

NDF residues were hydrolyzed by a m odification o f  the Saeman 
et al. (1 954) procedure in use in our laboratory (Slavin and Marlett, 
1983). The procedure involves sequential 3 hr primary (72% sulfuric 
acid, am bient temperature) and 2 hr secondary (2N sulfuric acid, 
100°C) acid hydrolysis steps and uses barium hydroxide for neutral
ization. Glass w ool and any lignin were separated from the hydroly
sate by vacuum filtration and the apparent lignin determined  
gravimetrically. Neutralized samples were lyophilized and dissolved  
in 5 mL distilled, deionized water. Excess barium ions were removed 
with a strong catior.-exchange resin (AG 50W -X8, 200-400  mesh, 
hydrogen form, Bio-Rad Laboratories, Richmond, CA). Samples 
were filtered through a reverse-phase C jg  resin (Sep-PAK, Waters 
Associates, Milford, MA) and through a 0 .22  Millipore filter (Milli- 
pore Corp., Bedford, MA) (Slavin and Marlett, 1983). Aliquots, 
5 0  mg, o f  the Southgate insoluble fiber fractions were hydrolyzed  
using the Blake and Richards (1 970) m odification o f  the Saeman 
procedure which uses a 1 hr primary (72% sulfuric acid) and a 3 
hr secondary step (0.9 N sulfuric acid) and barium carbonate for 
neutralization (Neilson and Marlett, 1983). Follow ing neutraliza
tion, ions and particulate matter were removed from the samples 
as described above. In all instances where insoluble material was 
present, the m ixture was centrifuged at 1000 x g  for 10  min and the 
resultant pellet washed free o f  acid with water, vacuum dried over
night at < 40°C  over P2 O5 , weighed and reported as apparent lignin 
(Neilson and Marlett, 1983).

The neutral sugar com positions o f  the hydrolysates were deter
mined by HPLC using a carbohydrate analysis colum n (Aminex  
HPX-87P heavy m etal, 300  mm x 7.8 m m , Bio-Rad) operated at 
85°c with filtered and degassed water, at a flow  rate o f  0.6 m L/ 
min (Neilson and Marlett, 1983). Galactose and rhamnose coelute  
from this colum n (Slavin and Marlett, 1983). The am ounts o f  sugars 
present were com puted by a reporting integrator (H ew lett Pack
ard m odel 3390A , Avondale, PA) after calibration data were ob
tained with vacuum-dried, standard sugars (Sigma). Erythritol 
(Sigma), added just before neutralization, was used as the internal 
standard. The com ponent monosaccharides have been expressed as 
polysaccharides (X  0 .9 ) follow ing correction for residual starch, if  
present, and for hydrolysis losses which have been previously re
ported (Neilson and Marlett, 1983; Slavin and Marlett, 1983).

As previously described (Neilson and Marlett, 1983) uronic acids 
were determined colorimetrically by adapting the 3-hydroxydi- 
phcnyl (Pfaltz and Bauer, Inc., Stanford, CT) m ethod o f  Blumen- 
krantz and Asboe-Hansen (1973) with D-galacturonic acid (Sigma) 
as the standard. Fiber residues were treated with strong acid, 72%, 
sulfuric, for 3 hr at am bient temperature), diluted and vacuum fil
tered through glass fiber paper (Whatman, GFA). Uronic acids 
were expressed as a polysaccharide.

R E S U L T S

T H E  T O T A L  D IE T A R Y  F IB E R  r ec o v er ed  from  a fo o d  as 
N D F  w a s g e n e ra lly  sim ilar  to  th e  to ta l  fib er  r ec o v er ed  as 
th e  in so lu b le  fr a c tio n  b y  th e  S o u th g a te  m e th o d  (T a b le  1). 
L im a b ea n  N D F  w a s le s s  th a n  th e  S o u th g a te  in so lu b le  frac
t io n ,  1 3 .6  vs 17.6%  o f  th e  sa m p le  dry w e ig h t , b u t th e  N D F  
m e th o d  rec o v er ed  m o r e  f ib e r  fro m  sh red d ed  w h e a t  th an  
did  th e  S o u th g a te  p r o c e d u r e , 9 .1  vs 7 .8% . T h e  tw o  m e th o d s  
c o n s is te n t ly  rec o v er ed  d if fe r e n t  a m o u n ts  o f  ap p a ren t lig 
n in  and n eu tra l sugars a lth o u g h  th e  d if fe r e n c e s  w e re  n o t  
a lw a y s  large. T h e  N D F  r es id u e  fr o m  e a ch  fo o d  c o n ta in e d  
m o re  n eu tra l sugars an d  less  l ig n in  th a n  d id  th e  c o m p a r a b le  
in so lu b le  fib er  fr a c tio n . U r o n ic  a c id s  r e p r e se n te d  4  t o  6% 
o f  th e  to ta l  N D F  or  in so lu b le  f ib e r  e x c e p t  fo r  th e  S o u th -  
g a te  a p p le  r es id u e  w h ic h  w a s 8% u r o n ic  a c id s  (T a b le  1).

T h e  n eu tra l sa cch a r id e  c o m p o s i t io n s  o f  th e  tw o  fib er  
r es id u e s  w ere  sim ilar  fo r  fo u r  o f  th e  f iv e  f o o d s  s tu d ied  
(T a b le  2 ) .  T h e  N D F  r es id u e  fro m  o a tm e a l c o n ta in e d  m o re  
x y lo s e  and a ra b in o se  and le s s  m a n n o se  th a n  d id  th e  S o u th -  
g a te -d er iv ed  in so lu b le  fr a c t io n . T h e  N D F  m e th o d  a lso  re
c o v er ed  r e la tiv e ly  m o r e  x y lo s e  fro m  th e  tw o  w h e a t  p r o d 
u c ts , w h e a t  bran and sh red d ed  w h e a t.

R e c o v e r y  o f  th e  N D F  and th e  e x tr a c t iv e  free  res id u e  
o b ta in e d  b y  th e  S o u th g a te  m e th o d  ran ged  fro m  9 3 .1  -  
106 .6%  (T a b le  3 ) .  M ajor d if fe r e n c e s  w e re  d e te c te d  in  th e  
cru d e  p r o te in  c o n te n t  (N  X 6 .2 5 )  o f  th e  tw o  f ib e r  r e isd u e s  
from  all fo o d s . T h e  lig n in  c o n te n t  o f  th e  res id u e s  fro m  lim a  
b ea n s and a p p les  w ere  a lso  d if fe r e n t . T h e  larger a m o u n ts  o f  
cru d e  p r o te in  and lig n in  in  th e  S o u th g a te  e x tr a c t iv e -fr e e  
r es id u e  resu lted  in  a r e la tiv e ly  lo w e r  y ie ld  o f  n e u tr a l sugars  
(T a b le  3 ) . T h e  a n a ly t ic a l p r o c e d u r e  w a s r ep r o d u c ib le  
(T a b le  4 ) .  W hen  fo u r  se p a ra te  lim a  b ea n  N D F  r e s id u e s  w ere  
su b je c te d  to  q u a n tita t iv e  a n a ly sis , o ver  90%  o f  th e  res id u e  
w a s a c c o u n te d  fo r  in  e a c h  in sta n c e . T h e  c o e f f ic ie n t s  o f  
v a r ia tio n  e x c e e d e d  10% o n ly  w h e n  r e la tiv e ly  sm a ll a m o u n ts  
o f  n eu tra l sugars w ere  m ea su red  b y  H PL C .

S tarch  w a s m o st  e f fe c t iv e ly  r em o v e d  fro m  f ib e r  res id u e s  
b y  th e  p o r c in e  a m y la se  tr e a tm e n t o f  N D F  r e c o m m e n d e d  
b y  S c h a ller  ( 1 9 7 6 )  (T a b le  5 ) . T h e r e  w e re  n o  d if fe r e n c e s  in  
th e  f i ltr a t io n  ra tes  o f  sa m p le s  tr ea te d  w ith  th e  v a r io u s  e n 
z y m a t ic  m o d if ic a t io n s . M ea su r em e n t o f  sta rch  an d  n itr o g en  
in  th e  res id u e s  w a s n o t  a t te m p te d  w h e n  th e  y ie ld  o f  fib er  
w a s v e ry  lo w . W ith  th e  e x c e p t io n  o f  p u ffe d  r ice , o n ly  sm all

Table 1—Comparison o f the compositions o f insoluble dietary fiber 
fractions and N D F  residues

Neutral Uronic Dietary
sugars Lignin acids fiber

----------  % of original dry wt.-------------

WHEAT BRAN
NDF 28.4 ±0.6a 6.7 ± 0.4 1.5 ±0.1 36.6 +0.2
Southgate 26.7 +2.8 8.3 ± 0.8 1.7 ±0.1 36.7 + 1.9

LIMA BEANS
NDF 13.0 +0.2 0.0 0.6 ±0.0 13.6 ±0.2
Southgate 10.3 +0.2 6.3 ± 0.7 1.0 +0.0 17.6 ±0.2

OATMEAL
NDF 3.6 +0.5 0.9 ± 0.3 0.2 +0.0 4.6 +0.2
Southgate 2.0 +0.2 2.8 ± 0.0 0.1 ±0.0 4.9 +0.3

APPLES
NDF 6.9 +0.3 tr 0.4 ± 0.0 7.3 +0.3
Southgate 3.5 ±0.2 3.3 ± 0.0 0.6 ±0.0 7.4 +0.2

SHREDDED WHEAT
NDF 7.4 +0.0 1.4 ± 0.4 0.4 +0.0 9.1 ±0.3
Southgate 5.5 +0.7 2.1 ± 0.1 0.3 ±0.0 7.8 +0.6

a Mean ± SD , n = 2.
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a m o u n ts  o f  starch  rem a in e d  in  th e  N D F  r e s id u e s  o f  grain  
p r o d u c ts  w h e n  e ith er  a m y la se  p r e tr e a tm e n t o r  m id tr e a t
m e n t  w a s u se d . S ig n if ic a n t  a m o u n ts  o f  sta rch  rem a in ed  in  
th e  le g u m e  N D F  r e s id u e s  su b je c te d  to  th e  a m y la se  pre- 
o r  m id tr e a tm e n t and n e ith e r  th e  S c h a ller  m o d if ic a t io n  n o r  
th e  S o u th g a te  a p p ro a ch  r em o v e d  sta rch  fro m  p ea s (T a b le
5 ). T h e  S o u th g a te  a p p ro a c h  to  sta rch  r em o v a l w a s n o t  as 
e f fe c t iv e  and 5 -  10% o f  th e  r es id u e  w e ig h ts  o f  5 o f  th e  11 
f o o d s  s tu d ie d  w a s starch  (T a b le  5 ) . A s  e x p e c te d ,  th e  n e u 
tral d e te r g e n t s o lu t io n , c o m p a r ed  to  th e  S o u th g a te  e x tr a c 
t io n ,  so lu b iliz e d  n itr o g e n  fro m  th e  fib er  res id u es . G ravi
m etr ic  q u a n t ita t io n  o f  N D F  o r  o f  th e  S o u th g a te -d e r iv e d  
in so lu b le  f ib e r  fr a c t io n  u su a lly  y ie ld e d  a fib er  c o n te n t  s im i
lar to  th e  c h e m ic a lly  d e te r m in e d  v a lu e , a lth o u g h  e a ch  o f  
th e  S o u th g a te  r es id u e s  h ad  to  b e  c o r r e c te d  fo r  starch  
a n d /o r  cru d e  p r o te in  c o n te n t s  (T a b le  6 ) .

D IS C U S S IO N

T H E  D A T A  fro m  th is  s tu d y  in  w h ic h  th e  c o m p o s it io n s  o f  
N D F  and th e  S o u th g a te -d e r iv e d  in so lu b le  fib er  fr a c tio n  
w e re  c o m p a r e d , c o m b in e d  w ith  p r e v io u s  c o m p a r iso n s  o f

N D F  c o m p o s it io n  and th e  in so lu b le  f ib e r  fr a c t io n  o b ta in e d  
b y  th e  m e th o d  o f  T h e a n d er  (N e i ls o n  and M a rlett, 1 9 8 3 ) ,  
s tr o n g ly  su g g est th a t N D F  r ep re se n ts  th e  in so lu b le  fr a c t io n  
o f  d ie ta ry  fib er . In th e  p r e se n t s tu d y  th e  la rg est c o m p o s i
t io n a l d if fe r e n c e  b e tw e e n  th e  tw o  m e th o d s  w a s in  th e  
y ie ld  o f  a p p a ren t lig n in . T h is  is  a lso  th e  lea s t  se n s it iv e  ste p  
o f  th e  a n a ly t ic a l p r o c ed u r e  sin ce  :t is  g ra v im etric . It is 
th e o r e t ic a lly  p o s s ib le  th a t th e  r e la tiv e ly  larger y ie ld  o f  lig 
n in  r ep re se n te d  in c o m p le te  h y d r o ly s is  o f  th e  S o u th g a te  
res id u es . H o w e v er , earlier w ork  fr o m  th is  la b o r a to r y , in  
w h ic h  w h e a t  bran ap p a ren t lig n in  w a s r e h y d r o ly z e d , in d i
c a te s  th a t h y d r o ly s is  o f  th e  sugars in th e  in so lu b le  r es id u e s  
w a s c o m p le te  (N e ils o n  and M arlett, 1 9 8 3 ) .  T h e  S o u th g a te  
res id u e s  d id  c o n ta in  s ig n if ic a n t a m o u n ts  o f  cru d e  p r o te in .  
T h u s, a m o r e  p la u sib le  h y p o th e s is  is  th a t th e  ap p a ren t lig 
n in  fr a c t io n  m a y  in c lu d e  a c id -res ista n t c o m p le x e s  o f  car
b o h y d r a te  and n itr o g e n o u s  c o m p o n e n ts  w h ic h  w e re  fo r m e d  
du rin g  th e  e x tr a c t io n  s te p s  p r ior  to  acid  h y d r o ly s is .  T h is  
h y p o th e s is  w o u ld  b e  c o n s is te n t  w ith  o u r  o b se r v a tio n  
th a t m o r e  ap p a ren t lig n in  and le s s  n eu tra l sugars w ere  re 
c o v er ed  b y  th e  S o u th g a te  r es id u e  w h e n  c o m p a r e d  to  th e  
N D F  r es id u e  (T a b le  1). T h e  r e la tiv e ly  lo w  y ie ld  o f  ap p a ren t

Table 2—Neutral saccharide compositions o f insoluble fiber fractions and ND F residues

Cellobiose Glucose Xylose Gal/Rham Arabinose Mannose

% of total

WHEAT BRAN
NDF
Southgate

3.9 ± 0.1a 
3.1 ± 0.3

26.2 ± 0.3 
26.4 ± 2.2

44.2 ± 0.1 
34.9 ± 2.4

0.0
5.1 ± 2.0

25.7 ± 0.0 
30.5 ± 2.9

tr
0.0

LIM A  BEANS
NDF
Southgate

4.4 ± 0.7 
8.9 ± 0.3

69.8 ± 0.1 
61.1 ± 3.0

16.5 ± 0.0 
15.3 ± 0.0

0.0
0.0

9.2 ± 0.6 
6.7 ± 1.3

0.0
8.0 ± 4.2

O ATM EAL
NDF
Southgate

1.8 ± 0.2 
3.6 ± 0.0

35.7 ± 4.1 
36.3 ± 1.3

34.0 ± 2.1 
22.4 ± 0.3

2.9 ± 0.0 
3.3 ± 0.0

22.1 ± 0.8 
10.2 ± 0.5

3.6 ± 1.1 
24.2 ± 1.5

APPLES
NDF
Southgate

7.0 ± 1.1 
6.8 ± 0.1

51.9 ± 1.6 
45.7 ± 3.0

12.9 ± 0.1 
14.8 ± 0.8

8.1 ± 0.0 
9.4 ± 0.6

14.9 ± 0.1 
14.2 ± 1.2

5.5 ± 0.4 
8.8 ± 0.7

SHREDDED WHEAT
NDF
Southgate

1.6 ± 0.0 
5.6 ± 1.5

30.0 ± 0.7 
30.5 ± 1.7

44.2 ± 4.4 
32.1 ± 1.3

2.1 ± 0.3
3.1 ± 0.7

21.2 ± 5.2 
21.0 ± 0.6

1.0 ± 0.2 
7.8 ± 2.5

a Mean ± SD, n = 2.

Table 3—Recovers o f extractive free residue during quantitative dietary fiber analysis

Sample
Neutral
sugars3 Starch Protein0 Lignin

Uronic
acids Recovery

/ o  u t  exiracuve Tree residue

WHEAT BRAN
NDF
Southgate

69.7 ± 0.2C 
58.0 ± 6.2

0.0
0.0

4.7 ± 0.0 
17.0 ± 1.7

16.5 ± 0.4 
18.1 ± 1.8

3.7 ± 0.1
3.8 ± 0.2

94.7 ± 0.2 
96.9 ± 2.5

LIM A  BEANS
NDF
Southgate

95.2 ± 3.2 
34.9 ± 1.9

0.0
2.7 ± 0.0

0.0
43.7 ± 0.0

0.0
21.7 ± 2.1

4.0 ± 0.0 
3.6 ± 0.0

99.2 ± 3.2 
106.6 ± 0.2

O ATM EAL
NDF
Southgate

72.0 ±11.7 
14.6 ± 1.8

0.0
3.0 ± 0.0

3.5 ± 0.5 
53.7 ± 0.0

18.9 ± 8.6
20.9 ± 0.1

3.8 ± 0.0 
0.9 ± 0.0

98.4 ± 2.6 
93.1 ± 2.0

APPLES
NDF
Southgate

96.4 ± 0.0 
39.9 ± 2.5

0.0
0.0

0.0
12.9 ± 1.1

0.0
36.8 ± 0.4

5.5 ± 0.0
6.5 ± 0.0

102.0 ± 5.0 
96.0 ± 1.0

SHREDDED WHEAT
NDF
Southgate

77.0 ± 3.2 
44.3 ± 5.6

0.5 ± 0.0 
5.1 ± 0.0

0.8 ± 0.0 
27.1 ± 0.0

14.0 ± 3.6 
17.2 ± 0.6

3.9 ± 0.2 
2.1 ± 0.0

96.2 ± 0.2 
95.7 ± 5.0

3 Dete rm ined  b y  H P L C .  
D N  x 6.25. 
c Mean  ± S D ,  n = 2.
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lig n in  in th e  N D F  m a y  b e  d u e  in  p art to  th e  p r e se n c e  o f  
so d iu m  su lf ite  in  th e  d e te r g e n t so lu t io n  w h ic h  h a s b een  
r ep o rte d  to  so lu b iliz e  so m e  lig n in  (R o b e r ts o n  and V an  
S o e s t ,  1 9 8 1 ) .  H o w ev er , w e  w ere  u n a b le  to  d e m o n s tr a te  an y  
e f fe c t  o f  so d iu m  su lf ite  o n  th e  y ie ld  o f  ap p a ren t l ig n in  from  
peas. N e g lig ib le  lig n in  w a s rec o v er ed  in  th e  a b se n c e  as w e ll  
as in  th e  p r e se n c e  o f  so d iu m  su lf ite  (C h es ter s  an d  M arlett, 
u n p u b lis h e d ) , w h er ea s  a b o u t 1 /6  o f  th e  q u a n t ita t iv e ly  
a n a ly z ed  in so lu b le  f ib e r  fro m  p e a s  o b ta in e d  b y  th e  T h e-  
an d er  m e th o d  w a s ap p a ren t lig n in  (N e i ls o n  and M a rlett,

1 9 8 3 ) .  F ib er  r es id u e s  e x tr a c te d  b y  th is  m e th o d  a lso  c o n ta in  
s ig n if ic a n t  a m o u n ts  o f  cru d e  p r o te in  (N e i ls o n  and M arlett, 
1 9 8 3 ) .

G en e r a lly , th e  N D F  and th e  S o u th g a te  in so lu b le  fib er  
res id u e s  c o n ta in e d  sim ilar  and o n ly  sm all a m o u n ts  o f  u ro n ic  
a c id s, e v en  th o u g h  th e  f o o d s  w h ic h  w e r e  a n a ly z e d  w e re  
v ery  d if fe r e n t . A  larger u r o n ic  acid  fr a c t io n  th a n  th a t in  
e ith e r  th e  N D F  o r  S o u th g a te  res id u e  w a s r ec o v er ed  from  
a p p le  b y  th e  T h e a n d e r  m e th o d  o f  e x tr a c t in g  in so lu b le  
fib er  c o m p o n e n ts  (N e i ls o n  and M a rle tt, 1 9 8 3 ) .

Table 4— Variation in extraction and quantitative analysis o f N D F  from lima beans

Neutral Uronic
Sample Cellcbiose Glucose Xylose Gal/Rham Arablnose Mannose sugars acids Recovery NDFb

n/ ^ 3

1 4.9 69.8 16.5 0.0 8.8 0.0 93.0 4.0 97.0 13.4
2 4.0 69.9 16.5 0.0 9.6 0.0 97.4 4.0 101.4 13.7
3 1.3 75.8 14.1 1.6 7.3 0.0 88.4 4.0 92.4 13.1
4 1.6 72.4 14.6 1.7 9.7 0.0 98.9 4.0 102.9 15.5

Mean ± SD 3.0 ± 1.8 72.0 ± 2.8 15.4 ± 1.3 +l00d

8.9 ± 1.1 94.4 ± 4.7 4.0 ± 0.0 98.4 ± 4.7 13.9 ± 1.1
C.O.V.0 60.0 3.9 8.2 115.2 12.5 5.0 0.0 4.8 7.8

? Did not contain measurable amounts of starch, nitrogen or apparent lignin.
r Sum of fiber components , neutral sugars and uronic acids, expressed as % of original dry weight.

Coefficient of variation

Table 5 - Starch and nitrogen in N D F  and water-insoluble fiber residues from human foodstuffsa

Southgate
Amylase Amylase Amylase water-insoluble

Unmodified pretreatment midtreatment posttreatment fraction

Wheat Bran 45.2 ± 0.7“D 40.7 ± 0.3 36.4 ± 0.4 40.8 + 0.9 46.5 ± 0.6
Starch 0.8 ± 0.1c 1.2 ± 0.2 0.0 0.0 0.0
Nitrogen 1.8 ± 0.0C 1.5 ± 0.1 1.3 ± 0.1 0.7 ± 0.2 2.7 ± 0.3

Coarse Wheat Bread 8.6 ± 0.2 6.3 ± 0.0 5.6 ± 0.2 4.6 ± 0.2 15.2 ± 0.8
Starch 17.6 ± 1.4* 2.2 ± 0.4* 3.7 ± 0.3* 0.0 3.7 ± 1.0
Nitrr gen 2.1 ± 0.1 2.2 ± 0.2* 2.3 ± 0.0* 0.7 ± 0.1 7.5 ± 0.5

S!,,added Wheat 19.7 ± 0.8 10.7 ± 0.3 10.0 ± 0.1 10.4 ± 0.2 11.0 ± 0.3
Starch 26.8 ± 0.5* 3.3 ± 0.4 2.0 ± 0.3 0.6 ± 0.2 5.1 ± 0.4*
Nitrogen 1.2 ± 0.0* _d - 0.0 4.4 ± 0.1

Triscuits 20.0 ± 0.1 17.6 ± 0.4 18.3 ± 0.3 12.4 ± 1.8 13.6 ± 2.0
Starch 5.5 ± 0.7 0.0 0.0 0.0 10.4 ± 1.5
Nitrogen 0.5 ± 0.0* - - 0.0 4.0 ± 0.3

Oatmeal 6.7 ± 0.4 3.9 ± 0.1 4.1 ± 0.1 4.8 ± 0.2 6.9 ± 0.6
Starch 7.3 ± 1.0* 0.0 0.0 0.0 6.9 ± 0.1*
Nitrogen 2.2 ± 0.5* 1.4 ± 0.0* 1.7 ± 0.1* 0.0 9.1 ± 0.5

Rice Krispies 14.5 ± 0.9 3.4 ± 0.2 1.3 ± 0.1 0.8 + 0.1 8.8 ± 0.2
Starch 72.1 ± 5.8 1.5 ± 0.1* - — 0.0
Nitrogen 4.0 ± 0.3 1.1 ± 0.2 - - 13.9 ± 0.9

Macaroni 2.7 ± 0.1 2.0 + 0.1 1.5 ± 0.0* .1.9 ± 0.0 7.3 ± 0.7
Starch 27.1 ± 4.6* - - 0.0 4.9 ± 1.1
Nitrogen 0.0 - - - 8.3 ± 0.4

Puffed Rice 11.3 ± 0.9 1.3 ± 0.1 0.5 + 0.0* 0.7 ± 0.1 7.0 ± 0.8
Starch 82.9 ± 4.1* 10.6 ± 2.7 - — 0.0
Nitrogen 1.3 ± 0.1 - - - 15.1 ± 0.4

Lima Beans, canned 55.2 ± 0.4 17.9 ± 1.4 14.6 ± 0.0 15.2 ± 0.1 29.3 ± 0.7
Starch 94.1 ± 0.7* 20.9 ±1.1* 6.2 ± 1.3 0.0 2.8 ± 0.3
Nitrogen 0.0 - - 0.0 7.0 ± 0.8

Peas, canned 26.3 ± 1.6 16.6 ± 0.5 17.1 ± 0.3 18.2 ± 0.6 27.5 ± 0.2
Starch 30.7 ± 2.6 - 12.8 ± 1.2 6.5 ± 0.9 8.7 ± 1.1
Nitrogen 0.0 0.0 0.0 0.0 4.5 ± 0.1

Apple Pulp 9.5 ± 0.2 8.6 ± 0.2 9.8 ± 0.7 8.8 ± 0.5 8.6 ± 0.2
Starch 0.0 - - 0.0 0.0
Nitrogen 0.0 - - 0.0 2.1 ± 0.1

® n = 3 except  *  where  n =  2. b %  o f  fiber rf s idue -
“ %  of or ig inal  sample  d ry  weight.  N o t  determined.

V o l u m e  5 0  ( 1 9 8 5 ) - J 0 U R N A L  O F  F O O D  S C I E N C E - 4 1 3



M E A S U R IN G  D I E T A R Y  F I B E R  IN  H U M A N  F O O D S .  . .

Table 6—Comparison o f dietary fiber values determined by analysis 
vs. gravimetrically

N D F Insolubl e Residue

Sample Analytical Gravimetric Analytical Gravimetric

%  dry  weight

Wheat Bran 36.6 39.2a 36.6 39 .3a
Lim a Beans 13.6 15.2 17.6 16.8a
Oatmeal 4.6 4.8 4.9 2.8a
Apple 7.3 7.3 _ b -
Shredded Wheat 9.1 O GO Ol 7.8 7.7a

a Corrected  fo r  starch and/or crude  p ro te in  (N x 5.7) con ten t. 
“ N o t determ ined.

Q u a n tita tiv e  a n a ly sis  o f  th e  c o n s t i tu e n t  n eu tra l sugars 
d o e s  p r o v id e  so m e  in fo r m a tio n  a b o u t th e  m ajor  p o ly s a c 
ch a r id es  in  a p a rticu la r  fo o d  fib er . T h e  n e u tr a l sugar c o m 
p o s it io n  o f  th e  f o o d s  d e te r m in e d  in  th is  s tu d y  in d ic a te  th a t  
th e  in so lu b le  fib er  fr a c t io n  c o n ta in s , in  s o m e  in sta n c e s ,  
s ig n if ic a n t a m o u n ts  o f  h e m ic e llu lo s e  as w e ll as c e llu lo se .  
T h e  m ajor  p o ly sa c c h a r id e  in  w h ea t bran and sh red d ed  
w h e a t  w as an  a r a b in o x y la n  w h ic h  a c c o u n te d  fo r  a b o u t  55  
to  65%  o f  th e  n eu tra l sugars. T h e se  d ata  are c o n s is te n t  w ith  
th e  w ork  o f  B r illo u e t  e t al. ( 1 9 8 2 )  in w h ic h  th e  m ajor  p o ly 
sa cch a r id e  in  w h e a t  bran w a s a c o m p le x  h e te r o x y la n  c o m 
p o se d  pr im arily  o f  e q u iv a le n t a m o u n ts  o f  x y lo s e  and ara- 
b in o se . T h e  w h e a t  p r o d u c ts  h o w e v e r  d id  c o n ta in  3 0  -  35%  
g lu ca n s, as in d ic a te d  b y  th e  c o m b in e d  a m o u n ts  o f  c e llo -  
b io se  and g lu c o se . In c o n tr a st  to  th e  r e la tiv e ly  large h e m i
c e llu lo se  c o m p o n e n t  in w h e a t  p r o d u c ts , g lu c a n s w e re  m ajor  
c o m p o n e n ts  o f  lim a  b ea n s and a p p les  and p r o b a b ly  r e flec t  
c e llu lo se . O a tm ea l p o ly sa c c h a r id e  c o m p o s it io n  w a s c o m 
p le x  and d iffe r e d  w ith  th e  m e th o d  o f  a n a lysis . E x tr a c t io n  
o f  o a tm e a l w ith  n eu tra l d e te r g e n t s o lu t io n  r eco v ered  a 
m ajor  a r a b in o x y la n  fr a c t io n , a b o u t  55%  o f  th e  to ta l  n eu tra l  
sugars, w h er ea s  th e  S o u th g a te  p r o c ed u r e  e x tr a c te d  a resi
d u e  c o m p o se d  o f  a b o u t 1 /3  g lu c a n s, 1 /3  a r a b in o x y la n s  and  
1 /4  m an n an s. S o m e  o f  th e  d if fe r e n c e s  in th e  re la tiv e  d is
tr ib u tio n  o f  sugar b e tw e e n  x y lo s e  and g a la c to se /r h a m n o se ,  
and b e tw e e n  ara b in o se  and m a n n o se  c o n c e iv a b ly  c o u ld  
r e f le c t  th e  fa c t  th a t th e se  tw o  pairs o f  sugars are n o t  c o m 
p le te ly  reso lv e d  by th e  H PL C  c o lu m n  (N e i ls o n  and Mar- 
le t t ,  1 9 8 3 ) .  H o w e v er , a n y  d if fe r e n c e s  a tr r ib u ta b le  to  th e  
p artia l r e so lu t io n  are lik e ly  to  be  sm all, p a r ticu la r ly  s in c e  
th e  v a r ia b ility  b e tw e e n  th e  a n a ly sis  o f  d u p lic a te  sa m p le s  
w a s sm all.

It is  g e n e ra lly  agreed  th a t d ie ta ry  f ib e r  in  h u m a n  fo o d s  
c o n s is ts  o f  a la b ile  fr a c t io n , e x tr a c te d  w ith  h o t  w a te r , and  
a s ta b le  or  in so lu b le  fr a c t io n  w h ic h  is r eco v ered  as a res id u e  
fo llo w in g  th is  e x tr a c t io n  s tep . T h e  p h y s io lo g ic a l  e f fe c t s  
o f  th e se  tw o  c o m p o n e n ts  d iffe r , as w e ll. A v a ila b le  e v id e n c e  
in d ic a te s  th a t th e  la b ile  c o m p o n e n ts  a f fe c t  p r im a rily  sm all 
b o w e l fu n c t io n ,  w h er ea s  th e  sta b le  c o m p o n e n ts  m o d u la te  
large b o w e l fu n c t io n . A lth o u g h  r e la tiv e ly  few  fo o d s  have  
b e e n  q u a n tita t iv e ly  a n a ly z e d , it ap p ears th a t th e  in so lu b le  
fr a c t io n  is th e  m ajor  c o m p o n e n t  o f  to ta l  d ie ta ry  fiber.

T h e  so lu b le  and in so lu b le  fr a c t io n s  o f  f ib e r  from  11 
fo o d s  have b e e n  in d iv id u a lly  q u a n tita te d  and in  all in 
sta n ce s , th e  in so lu b le  fr a c t io n  a c c o u n te d  fo r  5*75%  o f  th e  
to ta l  d ie ta ry  fib er  in th e  fo o d  (T h e a n d e r  and A m a n , 
1 9 7 9 a , b; T h e a n d er  and A rnan , 1 9 8 1 ;  N e ils o n  and M arlett, 
1 9 8 3 ) .  O n ly  r y e  b isc u it  and f lo u r , p o ta to ,  a p p le  and a fo o d  
c o m p o s ite  r ep re se n tin g  a d a y ’s in ta k e  o f  a ty p ic a l  lo w  fib er  
d ie t  had > 1 5 %  so lu b le  f ib e r  c o m p o n e n ts . L ess th an  15% 
o f  th e  to ta l  d ie ta ry  fib er  from  le t tu c e ,  c a b b a g e , carro t, 
w h e a t  and rye brans and p e a s  c o n s is te d  o f  w a te r  so lu b le  
fib er  c o m p o n e n ts .  A larger so lu b le  f ib e r  fr a c t io n  has b een  
r ep o rte d  o n ly  w h e n  th o se  p r o c ed u r es  w ith  an acid  ste p  are 
u sed  w h ic h  so lu b iliz e s  so m e  o f  th e  la b ile  fib er  c a r b o h y 
d rates (R a sp e r , 1 9 8  1 ; S c h w e iz e r  and W ursch , 1 9 8 1 , J o h a n s

so n  e t  al., 1 9 8 2 ) .  F o r  e x a m p le , 2 0  -  75%  o f  th e  fib er  ara
b in o se  w a s lo s t  w h e n  fo o d  sa m p les  w ere  in c u b a te d  w ith  
p e p s in , pH  1 fo r  18 hr at 3 7  C, as is  d o n e  in  th e  J o h a n s
so n  e t  al. ( 1 9 8 2 )  m o d if ic a t io n  o f  th e  H e lle n d o r n  et al.
( 1 9 7 5 )  m e th o d . T h e  v a r ia b ility  in  th e  a m o u n t o f  f ib e r  so lu 
b ilized  w a s d e p e n d e n t  o n  th e  fo o d  a n a ly z ed  an d  is  a s ig n if i
c a n t n eg a tiv e  fe a tu r e  o f  th is  m e th o d . W e h a v e  fo u n d  th a t  
q u a n tita t iv e  a n a ly sis  o f  th e  in so lu b le  r es id u e  is te c h n ic a lly  
easier  th an  rec o v er in g  and m ea su r in g  th e  r e la tiv e ly  sm a ll 
a m o u n ts  o f  fib er  c a r b o h y d r a te s  fro m  a d ilu te  s o lu t io n  o f  
fib er  c o m p o n e n ts ,  e .g . th e  w a te r -so lu b le  fr a c t io n . T h u s, th e  
b e tter  a n a ly tic a l ap p ro a ch  w o u ld  be to  u t i l iz e  a m e th o d  
w h ic h  c o n s is te n t ly  r ec o v er s  th e  m ajor fr a c t io n  o f  th e  to ta l  
d ie ta ry  f ib e r  in  a fo rm  m o r e  a m e n a b le  to  q u a n tita t iv e  
an a lysis .

G rav im etr ic  e s t im a tio n  o f  th e  in so lu b le  f ib e r  fr a c t io n  
u sin g  th e  N D F  m e th o d  w o u ld  b e  a s im p le  c o n v e n ie n t  w a y  
to  m ea su re  n o t  o n ly  th e  in so lu b le  c o m p o n e n t s  o f  d ie ta ry  
fib er  b u t a lso  th e  m ajor  fr a c t io n  o f  th e  to ta l. H o w e v e r , th e  
N D F  m e th o d  m u st  in c lu d e  a step  to  r em o v e  sta rch  fro m  th e  
res id u e . In th e  p r e se n t  s tu d y , th e  g r a v im e tr ic a lly  d e te r 
m in e d  N D F  w a s w ith in  10% o f  th e  c h e m ic a lly  d e te r m in e d  
fib er  v a lu e  fo r  all f o o d s  a n a ly z ed  e x c e p t  sh red d ed  w h e a t  
w h er e  th e  d if fe r e n c e  w as 1 2 % w h e n  c o r r e c t io n s  fo r  starch  
and cru d e  p r o te in  w ere  a p p lied  to  th e  g ra v im etric  va lu e . 
M ost o f  th e se  d if fe r e n c e s  w o u ld  fa ll w ith in  th e  range o f  
e x p e r im e n ta l error w h e n  fib er  c o n te n t  w a s e x p r essed  o n  a 
fresh  w e ig h t basis. T h e  a b ilit ie s  o f  th e  n e u tr a l d e te rg e n t  
s o lu t io n  to  so lu b iliz e  p r o te in  and o f  th e  a m y la se  step  to  
r em o v e  sta rch  fro m  m o st  r es id u e s  are c lea r ly  a d v a n ta g es  
o f  th is  m e th o d . T h e  in a b ility  to  r em o v e  sta rch  c o m p le te ly  
from  p e a s  h a s b e e n  r ep o rte d  w h e n  o th e r  m e th o d s  o f  sta rch  
e x tr a c t io n  have b een  te s te d  (N e ils o n  and M a rlett, 1 9 8 3 ) .  
In c o m p le te  starch  r em o v a l fro m  k id n e y  b ea n  N D F  a lso  
h as b e e n  r ep o rte d  (M a r le tt  and L ee, 1 9 8 0 ) . T o g e th e r , th e  
fin d in g s  su g g est th a t starch  in  le g u m e s  is d if f ic u lt  to  r em o v e  
e n z y m a tic a lly  w ith o u t  p rior  g e la t in iz a t io n  u n d er  p ressu re , 
sim ilar  to  th a t w h ic h  is u sed  in  th e  p r o c e d u r e  to  m ea su re  
starch . S u ch  a g e la t in iz a t io n  step  in  a fib er  a n a ly sis  sc h e m e  
b e fo r e  e x tr a c t io n  o f  th e  w a te r  so lu b le  f ib e r  fr a c t io n  w o u ld  
in v a r ia b ly  resu lt in  th e  lo s s  o f  so m e  o f  th e  so lu b le  f ib e r  
c o m p o n e n ts . T o  o b ta in  an a c cu ra te  v a lu e  fo r  th e  g lu c o se  
c o n te n t  o f  th e  fib er  acid  h y d r o ly sa te , it  is  e s se n tia l to  
c o r r e c t  fo r  starch  c o n ta m in a t io n .
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-----------------------------------------A B S T R A C T ------------------------------------------

Microwave heating o f  soybeans for 9 min decreased protein solubil
ity  from 80 to 17%, from 81 to 18%, and from 72 to 16% when  
deionized H2 0 ,  0 .6N  NaCl and 0.4N  CaCl2 were used as solvents, 
respectively. Experiments were conducted to determine in vivo 
protein digestibility and m etabolizable nitrogen using male Sprague- 
Dawley rats. The percentages o f  true digestibility were found to be 
73, 84, 87 and 81 when the soybeans were microwave heated for 
0, 9, 12 and 15 min, respectively. Microwave heating soybeans up to 
15 min did not alter the fatty acids com position o f  the beans.

IN T R O D U C T IO N

V A R IO U S  H E A T IN G  M E T H O D S  h a v e  b een  u sed  to  im 
p ro v e  th e  n u tr it io n a l v a lu e  o f  so y b e a n s , p a r tia lly  b y  in v e s
t ig a tin g  tr y p sin  in h ib ito r  and l ip o x y g e n a se  a c t iv it ie s  (W h ite  
e t  a l., 1 9 6 7 ;  P ou r-E l and P e c k , 1 9 7 3 :  P ou r-E l e t al., 1 9 8 1 ;  
A hrar and S c h in o g e th e , 1 9 7 9 ;  H ill and  H arsh b u rger, 1 9 7 9 ;  
C o llin s  an d  B e a ty , 1 9 8 0 ;  M c N a u g h to n  and R e e c e , 1 9 8 0 ;  
H a fez  et a l., 1 9 8 4 ) .  T h e  in g e s t io n  o f  d ie ts  c o n ta in in g  raw  
so y b e a n s  b y  c h ic k s  c a u sed  a m ark ed  r e d u c t io n  in  th e  to ta l  
p r o te o ly t ic  a c t iv ity  in  th e  sm all in te s t in e  (A lu m o t  and N it-  
sa n , 1 9 6 1 ;  G ertler  e t a l., 1 9 6 7 ) . N o  su ch  e f fe c t  w a s o b 
served  w ith  rats (N itsa n  and A lu m o t ,  1 9 6 5 ) .  R a ts  fe d  d ie ts  
c o n ta in in g  raw so y b e a n  m e a l sh o w e d  h ig h er  in te s t in a l p r o 
t e o ly t ic  a c t iv ity  (H a in e s  and L y m a n , 1 9 6 1 ;  K a y a m a b a sh i  
and L y m a r, 1 9 6 6 ) .

T h is  s tu d y  w a s c o n d u c te d  to  ev a lu a te  th e  e f fe c t s  o f  
m icr o w a v e  h e a t in g  o n  th e  s o lu b ility  and d ig e s t ib ility  o f  
so y b e a n  p r o te in , and it s  e f fe c t  o n  in te s t in a l p r o te o ly t ic  
a c t iv ity  in  rats. T h e  e f fe c t  o f  m icr o w a v e  h e a tin g  o n  th e  
fa t ty  acid  c o m p o s it io n  o f  th e  so y  o il  w a s a lso  stu d ied .

M A T E R IA L S  &  M E T H O D S

COMMERCIAL SOYBEANS from Essex Cultivar were used. The 
beans were cleaned and divided for experim ental treatment. They 
were tested for m oisture, 7.5% (AOAC, 1980) and held in zip bags 
at 4°C  until heated.

Microwave heating

One kilogram batches o f  whole soybeans were heated in the 
microwave oven for 0 .0 , 9 .0 , 12.0 and 15.0 min at temperatures 
determined as reported earlier (Hafez et al., 1984). A m odified  
dom estic size Kenrr.ore microwave oven (Model 99872 , Sears R oe
buck, Co.) was used. The oven was rated to 6 5 0  watts (full power) 
at 2450  MHz and was operated at full power. To obtain uniform  
heating, a turntable was installed which slowly rotated the sample in 
a direction opposite to the built-in microwave stirrer. The sample 
was placed in a cylindrical shell container o f  2 .54  cm thickness.

Nitrogen solubility

Microwave treated samples (lOOg) were ground in a Wiley Mill, 
passed through a 60-mesh screen and divided into two portions.

Authors Hafez and Mohamed are affiliated with Nutrition Labora
tory, Dept, o f Human Ecology, and Author Singh is affiliated with 
Dept, o f Natural Sciences, Univ. o f Maryland Eastern Shore, Prin
cess Anne, MD 21853. Author Hewedy is affilaited with Dept, o f 
Biochemistry, Cairo Univ. Giza, Egypt.

The oil was extracted with hexane, and the defatted soybean samples 
were used to determ ine the solubility o f  soy protein before and 
after treatment. Nitrogen solubility was determined by extraction  
with H2 0 ,  NaCI or CaCl2 for 2 hr at room temperature (23°C). 
Different concentrations o f  solvents were used to determine the 
conditions o f  highest nitrogen solubility. The concentration ranges 
o f  the solvents were 0.1 -  1.0N for NaCl and 0.1 -  0 .6N  for CaCl2 . 
The pH ranged from 4.5 -  8 .5 . The optim um  conditions for the 
extraction o f  nitrogen were 0 .6 N for NaCl and 0.4N  for CaCl2 
at pH 6.6 -  7. The insoluble and soluble fractions were separated by 
centrifugation at 10 ,000  x g  for 15 min. Total and soluble nitrogen 
were determined by the micro-Kjeldahl procedure (AOAC, 1980).

Determination o f  fatty acids

The fatty acid m ethyl esters (FAME) were prepared from the 
lipid extract as follow s: 5 .0  mL o f  chloroform m iethanol (2:1) 
(Folch et al., 1957) lipid extract o f  soybean samples were eva
porated to dryness with stream o f nitrogen, and 2 mL each o f  
m ethanol and solution o f  80% KOH (W/'V) was added. The con
tents were shaken in a 40°C  water bath for 20 min, cooled  to room  
temperaure (23°C ) and shaken vigorously with 20 mL o f  resdistilled  
hexane. After standing for 15 min, the aqueous layer was trans
ferred into a 50 mL conical flask, and two drops o f  m ethyl orange 
was added, follow ed by acidification with HC1 (1:1 v/v). The liber
ated fatty acids were extracted three tim es with hexane using 10  ml 
portion for each extraction. The com bined fatty acid extract was 
dried over anhydrous sodium sulfate and the solvent was evapo
rated with stream o f  nitrogen. The fatty acids were dissolved in 
diethyl ether and m ethanol (2 :1 ), and m ethylated by the dropwise 
addition o f  diazom ethane solution until the yellow  color persisted 
and the bubbles o f  nitrogen gas ceased (Osman et al., 1978). The 
mixture was dried with a stream o f  nitrogen. Finally, the m ethylated  
fatty acids were dissolved in hexane and an aliquot (2 rnL) o f  the 
solution was analyzed by gas liquid chromatography. A Varian 
m odel 2400 GLC equipped with flam e ionization detector and 
coiled stainless steel colum n (2m x 4m m ) packed with 10% Degs 
supported on acid washed diatom ite G (1 0 0 /1 2 0  m esh) and con
nected with Model CDS-111 chromatography data system s (Varian, 
Palo A lto, CA) was used. Fatty acid standards were purchased from 
Sigma Company (St. Louis, MO) and m ethylated as m entioned  
above.

In vivo digestibility

Two kilograms o f  microwave heated soybeans were ground to 
0.64 cm mesh in a hammer mill and defatted by using hexane in a 
2.2L capacity fat soxhlet extractor; solvent was evaporated with a 
stream o f  air at room temperature. Diets were made with the soy
bean meal as the sole source o f  protein. The com position o f  the 
diet is shown in Table 1. Male Sprague-Dawley rats, having an ini
tial average w eight o f  90g were divided into five groups o f  two rats. 
The first group was fed the protein-free diet; the second group re
ceived a diet containing raw soybean; the third, fourth and fifth 
groups were fed diets containing soybean microwave heated at dif
ferent times. Rats were fed ad. l ib itum  and body weights were 
determined daily. The feces were collected daily from each cage, 
dried at 95°C for 5 hr, weighed, ground and stored in the freezer 
until analyzed for nitrogen. Dried feces (0 .5 g) was used to deter
m ine fecal nitrogen by the micro-Kjeldahl m ethod (AOAC, 1980).

Calculation o f  protein digestibility o f  soybean

Dietary N-(Fecal N -  Endogenous Fecal N)
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E F F E C T S  O F  M I C R O W A V E  H E A T I N G  O N  S O Y  P R O T E I N  . . .

Calculation o f  m etabolizable nitrogen o f  soybean

Dietary N-(Fecai N -  Endogenous Fecal N — 
Urinary N -  Endogenous Urinary N)

Endogenous fecal and urinary nitrogen are from endogenous 
source (body tissues) but are not from exogenous source (food). 
Endogenous fecal and urinary nitrogen arc equivalent to the fecal 
and urinary nitrogen excreted by rats fed a nitrogen-free diet (Callo
way and Margen, 1971).

The experimental diets were introduced to the animals for 7 
days. The animals were sacrificed at the end o f  the experimental 
period. Four inches o f  the small intestine from the posterior end o f  
the duodenum was im m ediately removed. The chym e was washed 
off, and the intestine was sliced and hom ogenized in 4 m L o f  saline 
solution. The hom ogenate was centrifuged for 6 0  min (4 0 ,000  x g) 
at 2°C. The supernatant was used to determine proteolytic enzym e  
activities using the m ethod o f Kakade et al. (1969).

R E S U L T S  &  D IS C U S S IO N S

T H E  E F F E C T S  o f  m ic r o w a v e  h e a tin g  o f  w h o le  so y b e a n s  
o n  n itr o g en  so lu b ility  are sh o w n  in  T a b le  2 . T h e  to ta l  n itr o 
gen  o f  so y b e a n  m e a l ( 8 .2 2 %) w a s n o t  a f fe c te d  b y  m icr o -  
w a v e  h e a tin g . F o r  a raw so y b e a n  m e a l, th e  s o lu b ility  in  
d e io n iz e d  H 2 0  an d  N aC l w a s sim ilar  (8 0 .3 %  and 8 1 .1 % , 
r e s p e c t iv e ly ) ,  and h ig h er  th an  th e  so lu b ility  in  C aC l2 
(7 2 .3 % ). M icro w a v e  h e a tin g  fo r  9 and 12 m in  d ra stica lly  
r ed u c ed  th e  s o lu b ility  in d e io n iz e d  H 2 0  ( 17.5%  and 17.3% ); 
in  N aC l (1 8 .4 %  and 15.4% ); and in  C aC l2 (1 5 .7 %  and  
14 .4% ). T h ere  w a s  a s lig h t d ecrea se  in s o lu b ility  in th e  case  
o f  15 m in  m icr o w a v e  h e a t in g  (1 5 .5 % , 12.7%  and 12.0%  
fo r  d e io n iz e d  H 2 0 ,  N aC l an d  C aC l2 , r e sp e c t iv e ly ) .

E arlier r ep o rts  (C lark  e t al., 1 9 7 7 ; B errig e t a l., 1 9 7 4 ;  
S c h in g o e th e  and A hrar, 1 9 7 7 )  in d ic a te d  th a t h e a t tr ea t
m e n t , e ith e r  dry or  m o is t ,  ca u se d  a c o n s id e r a b le  d ecrea se  
in  so lu b ility  o f  so y b e a n  m ea l p r o te in . A s th e  so y b e a n  m ea l 
w a s h e a te d , th e  r e la tiv e  p r o p o r t io n  o f  th e  a lu b m in  and

Table 1—Diet composition for in vivo digestibility

Ingredients

Soybean
diet

(grams)

Protein 
free diet 
(grams)

Defatted Soybean Meal3 400 0
Corn Oil 50 50
DL-M eth ion ine 4.5 0
A IN  Mineral M ix b 40 40
A IN  V itam in  M ix b 20 20
Dextrose 210 420
Corn Starch 225.5 420
A lpa-Cellb 50 50

a T h e  m icrow av ing  tim e  varied w ith  each o f fo u r  d iet, 0, 9, 12, and 
15 m in; w ho le  soybeans were m icrow aved  in 1 kg batches, then 
the beans were g round  and defatted  using hexane.

“ M inera l m ix tu re  and v itam in  fo r t if ic a t io n  m ix tu re  and alpha 
celts purchased from  ICN  nu tr it io n a l b iochem ica is  (C leveland, O H ).

g lo b u lin  fr a c t io n  d ecrea sed  a c c o m p a n ie d  b y  a c o r r e s p o n d 
in g  r e d u c t io n  in n itr o g en  s o lu b ility  (C lark  e t  a l., 1 9 7 7 ) .  
T h e se  s tu d ie s  a lso  d e m o n str a te d  th a t h e a t in g  ca u se d  irre
v e rs ib le  d isr u p tio n  o f  th e  qu artern ary  s tr u c tu r e  o f  g lo b u lin ,  
th e  m a jo r  c o m p o n e n t  o f  so y b e a n  p r o te in s  (M o ri e t  a l., 
1 9 8 1 ;  Y a m a g ish i e t a l., 1 9 8 0 ) .

T h e  p r e se n t s tu d y  in d ic a te d  th a t m ic r o w a v e  h e a tin g  had  
th e  sam e e f fe c t  ev en  th o u g h  it is  e le c tr o m a g n e t ic  in ch a ra c 
ter. T h e  e x tr a c t io n  o f  s o y p r o te in  u s in g  N aC l a n d /o r  C aC l2 
did  n o t  im p r o v e  th e  p r o te in  so lu b ility  o f  m ic r o w a v e  h e a ted  
so y b e a n s . T h is  m a y  b e  d u e  to  th e  irreversib le  d isr u p tio n  o f  
th e  q u a rtern a ry  p r o te in  stru c tu re .

T h e  fa t ty  acid  c o m p o s it io n  o f  raw and m icr o w a v e  tr ea te d  
so y b e a n  is g iven  in  T a b le  3 . T h e r e  w a s n o  q u a n tita t iv e  or  
q u a lita tiv e  d if fe r e n c e s  in  th e  c o m p o s it io n  b e tw e e n  raw and  
m icr o w a v e  trea ted  so y b e a n . M ai e t  al. ( 1 9 8 0 )  fo u n d  th a t  
th e  fa t ty  acid  c o m p o s it io n  o f  p e a n u ts  r em a in ed  u n ch a n g e d  
a fter  m ic r o w a v e  c o o k in g  u p  to  15 m in . O ur d a ta  are in  
a g r ee m en t w ith  th e  data  o f  M ai e t al. ( 1 9 8 0 ) .  T h e se  data  
in d ic a te d  th a t m icr o w a v e  h e a tin g  did n o t  c h a n g e  th e  fa t ty  
acid  p a tte r n  o f  th e  so y b e a n s . L ip o x y g e n a s e  a c t iv ity  w a s  
g rea tly  d ecrea sed  by m ic r o w a v e  h e a t in g  (P o u r -E l and P ec k , 
1 9 7 3 ;  H a fez  e t a l., 1 9 8 3 ) . T h e  d a ta  o f  f a t ty  a c id s  a n a ly s is  
sh o w e d  th a t so y b e a n  o il  ap p eared  n u tr it io n a lly  su p e r io r  to  
o th e r  b ea n  se e d s  o il  (w in g e d  b ean s, H a fez  et a l., 1 9 8 4 ;  
p e a n u ts , M ai et al., 1 9 8 0 )  d u e  to  h ig h er  u n sa tu ra te d  fa t ty  
ac id  c o n te n t .  B ased  o n  o u r  rep ort (H a fe z  e t  a l., 1 9 8 3 )  and  
ava ilab le  in fo r m a t io n , w e  ca n  su g g est th a t m ic r o w a v e  h e a t 
in g  o f  w h o le  so y b e a n s  b e fo r e  g r in d in g  to  e x tr a c t  th e  o il,  
w ill  p r o te c t  u n sa tu ra te d  fa t ty  a c id s  fro m  b e in g  o x id iz e d  
b y  th e  e n z y m e  l ip o x y g e n a se  and h e n c e  w ill  im p r o v e  th e  
n u tr it io n a l q u a lity  o f  so y b e a n  o il.

T a b le  4  illu s tr a te s  th e  in v iv o  p r o te in  d ig e s t ib ility  fo r  
raw and m icr o w a v e d  h e a te d  so y b e a n  fo r  m a le  S p ra g u e-D a w -  
le y  rats. T h e  d ig e s t ib ility  in crea sed  fo r  m ic r o w a v e  h e a t in g  
p e r io d s  o f  9 and 12 m in  (8 4 .2 3 %  and 8 7 .0 0 % , r e s p e c t iv e ly ) ,  
and th e n  d e c lin e d  at 15 m in  o f  m icr o w a v e  tr e a tm e n t. D e 
crea se  in  th e  s o lu b ility  o f  so y  p r o te in  w ith  in c re a sin g  m icro -  
w a v in g  t im e  w a s a c c o m p a n ie d  w ith  in c re a se  in  d ig e s t ib ility .  
T h e se  r esu lts  agree  w ith  th e  fa c t  th a t p ro p er  h e a t  tr e a tm e n t  
in c re a se s  th e  d ig e s t ib ility  o f  leg u m e  p r o te in s  (R h e e  and  
R h e e , 1 9 8 1 ,  H su  e t a l., 1 9 7 7 ) . S o y f lo u r  o r  s o y  gr its  w ith

Table 3—Effect o f microwave heating on the fatty acid composition 
of soybean oil

Fatty acids

M icrowave heating time, min

0 9 12 15

Palmitic C 16:0 10.71 10.23 10.91 10.27
Stearic 1-18:0 3.55 3.61 3.65 3.38
Oleic 1-18:1 19.43 19.35 19.55 20.24
Linoleic 1-18:2 57.64 57.81 57.81 57.81
Linolenic C 18:3 8.57 8.81 8.03 8.30

Table 2—Effect o f microwave heating on the nitrogen solubility o f soybean

Solvents3

M icrowaving 
time, min.

To ta lb
nitrogen

%

Deionized H 2 0 0.6N  NaCl 0.4N  C aC I2

Soluble 
nitrogen %

Solub ility
%

Soluble 
nitrogen %

Solub ility
%

Soluble 
nitrogen %

So lub ility
%

0 8.22 6.60 80.3 6.67 81.1 5.94 72.3
9 8.22 1.44 17.5 1.51 18.4 1.29 15.7

12 8.22 1.42 17.3 1.23 15.0 1.18 14.4
15 8.22 1.27 15.5 1.04 12.7 0.99 12.0

3 The  ra tio  o f  soybean meal: so lvent was 1:20 (W /V).
D T o ta l n itrogen (so luble and inso lub le) con ten ts o f the defatted  soybean meal per lOOg d ry  weight.
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Table 4 —Effect o f m icrowave heating on the in vivo digestib lility  o f  soybean protein, metabolizable nitrogen and intestinal p ro teolytic  activ ity3

Treatment

Body weight 
gain 7 days 

(grams)

Protein
digestibility

(%)

Metabolizable
nitrogen

(%)

Intestinal 
proteolytic 

activity, units/mg 
Protein13

Nitrogen free dietc -17.6 ± 0.40 - - 15.0 ± 2.0

Microwaving Time, min
0 28.0 ± 5.82 72.969 ± 2.046 68.938 ± 2.242 21.0 ± 0.20
9 70.6 ± 4.92 84.251 ± 0.472 79.764 ± 0.242 23.1 ± 2.3

12 73.8 ± 3.62 87.056 ± 0.853 83.207 ± 0.918 26.5 ± 3.2
15 63.3 ± 3..00 80.728 ± 0.88 76.230 ± 8.71 39.7 ± 1.5

Data are reported as M ean  ± S E M
c O ne  un it  is def ined  as an increase o f  0.01 ab so rbance  un its  at 2 8 0  nm  in 2 0  m in  per 10 m L  of the reaction  m ix tu re  under  the c o nd i t io n  de

fined herin.
c T h i s  g rou p  was  used to determ ine the e n d o g e n o u s  fecal and  u r ina ry  n it rogen.

lo w e r  s o lu b ility  in d e x  (P S I) and lo w e r  p r o te in  d isp er sio n  
in d e x  (P D I) v a lu e s  c o n ta in  le s s  a c tiv e  tr y p sin  in h ib ito r  and  
m o r e  d e n a tu re d  p r o te in  w h ic h  c a u se  in c re a se s  in  p r o te in  
d ig e s t ib ility  in v i t r o  (H su  e t  a l., 1 9 7 7 ) .  T h e  r e d u c t io n  in  
d ig e s t ib ility  a fter  1 2  m in  o f  m ic r o w a v e  tr e a tm e n t w a s p r o b 
a b ly  d u e  to  th e  M aillard r e a c t io n  an d  th e  fo r m a t io n  o f  
b r o w n in g  su b s ta n c e s  w h ic h  w ere  fo u n d  a fter  m ic r o w a v e  
h e a tin g . R h e e  and R h e e  ( 1 9 8 1 )  r ep o rte d  d e c re a se s  in  th e  
d ig e s t ib ility  o f  p r o te in  in v i t r o  w h e n  b r o w n in g  su b s ta n c e s  
in c re a se d . H a fez  and M o h a m ed  ( 1 9 8 3 )  a lso  fo u n d  th a t th e  
b r o w n in g  su b s ta n c e s  h a v e  p r o te o ly t ic  in h ib ito r  a c tiv ity .

D a ta  o n  th e  m e ta b o liz a b le  n itr o g e n  o f  raw and m icro -  
w a v e  tr e a te d  s o y b e a n s  are sh o w n  in  T a b le  4 . In th is  e x p e r i
m e n t  h ig h er  d ig e s t ib ility  and m e ta b o liz a b le  n itr o g e n  w ere  
o b serv ed  w h e n  th e  s o y b e a n s  w e re  m ic r o w a v e  h e a te d  fo r  
12 m in . T h e  c o r r e la t io n  c o e f f ic ie n t  o f  d ig e s t ib ility  and  
m e ta b o liz a b le  n itr o g e n  w a s fo u n d  to  b e  0 .9 9 9 .  T h e  lin ea r  
r eg ressio n  e q u a tio n  w a s c a lc u la te d  t o  be  Y  =  0 .9 9 9  X 
- 4 . 1 6 7 ,  w h e r e  X  is  d ig e s t ib ility  and Y  is m e ta b o liz a b le  
n itr o g en .

R a ts  fe d  th e  m ic r o w a v e  h e a te d  so y b e a n  m e a l sh o w e d  
b e tte r  g r o w th  th a n  rats fe d  th e  raw so y b e a n  m e a l (T a b le  4 ) .  
H igh er b o d y  w e ig h t  ga in  w a s o b ta in e d  w h e n  so y b e a n s  w ere  
m icr o w a v e  h e a te d  fo r  9 and 12 m in  ( 7 0 .6  and 7 3 .8  g /b o d y  
g a in /7  d a y s , r e s p e c t iv e ly ) .  O n th e  o th e r  h a n d , lo w e r  b o d y  
w e ig h t  ga in  w a s o b ta in e d  w h e n  th e  a n im a ls  w e re  fe d  s o y 
b ea n  m ic r o w a v e  h e a te d  fo r  15 m in . T h is  m a y  b e  a ttr ib u te d  
to  th e  in c re a se  o f  b r o w n in g  su b s ta n c e s  w h ic h  w a s r ep o rte d  
earlier b y  H a fe z  e t  al. ( 1 9 8 4 )  w h e n  th e  so y b e a n  se e d s  w e re  
h e a te d  b y  u s in g  a m ic r o w a v e  o v e n .

H igh  c o r r e la t io n  b e tw e e n  b o d y  w e ig h t  gain  and m e ta b 
o liz a b le  n itr o g e n  (r  =  0 .9 7 8 )  w a s o b se r v e d . T h is  c o r r e la t io n  
w a s s lig h t ly  h ig h er  th a n  th e  c o r r e la t io n  b e tw e e n  th e  d ig e s t i
b il ity  and b o d y  w e ig h t  ga in  (r  =  0 .9 5 8 ) .  T h e  lin ea r  re
g r ess io n  e q u a t io n s  are: W =  3 .9 0 8  X  —2 3 4 .9 9 2  and W =  
3 .9 1 4  Y  —2 5 0 .4 2 9  w h e r e  W, X and Y  stan d  fo r  b o d y  
w e ig h t  g a in , m e ta b o liz a b le  n itr o g e n  and d ig e s t ib ility ,  
r e sp e c t iv e ly .

T h e  e f fe c t  o f  raw an d  m ic r o w a v e  h e a te d  so y b e a n  d ie ts  
o n  th e  in te s t in a l p r o :e o ly t ic  a c t iv ity  is  sh o w n  in  T a b le  4 . 
T h e  d a ta  in d ic a te d  th a t th e  p r o te o ly t ic  a c t iv ity  in crea sed  
w ith  m ic r o w a v e  h e a t in g  t im e  ( 2 3 .1 ,  2 6 .5  and 3 9 .7  u n its /m g  
p r o te in  fo r  9 , 12 ar.d 15 m in ) . P o s it iv e  c o r r e la t io n  (r  =  
0 .7 8 8 )  w a s o b serv ed  b e tw e e n  m ic r o w a v e  h e a t in g  t im e  
an d  p r o te o ly t ic  a c t iv ity . T h e  h ig h e st  e n z y m a tic  a c t iv ity  
a c c o m p a n ie d  b y  a c o r r e sp o n d in g  r e d u c t io n  in  d ig e s t ib ility  
and m e ta b o liz a b le  n itr o g e n  ( 8 0 .7 3  and 7 6 .2 3 % , r esp e c 
t iv e ly )  w a s r ec o rd ed  fo r  th e  15 m in  m ic r o w a v e  h e a te d  s o y 
b ean .

S in c e  th e  b r o w n in g  su b s ta n c e s  h a v e  p r o te o ly t ic  in h ib ito r  
a c t iv ity  as m e n t io n e d  a b o v e , w e  su g g es ted  th a t th e  in c re a se  
in  p r o te o ly t ic  a c t iv ity  m a y  b e  c a u se d  b y  h y p e r s e c t io n  o f  
p r o te o ly t ic  e n z y m e  b y  th e  p a n cr e a se  d u e  to  th e  in c re a se  in

b r o w n in g  su b s ta n c e s . B r o w n in g  su b s ta n c e s  in h ib ite d  p r o 
t e o ly t ic  e n z y m e s  in v i t r o  (R h e e  and R h e e  1 9 8 1 , H su  e t a l.,
1 9 7 7 ) ,  b u t th e ir  m e c h a n ism  in v iv o  is  s t il l  u n k n o w n . In  
ca se  o f  raw so y b e a n  d ie t ,  tr y p s in  m a y  b e  c o m p le x e d  w ith  
th e  in h ib ito r s  in tr o d u c e d  in to  th e  in te s t in a l tra ct driv ing  
th e  eq u ilib r iu m  p a n crea s  tr y p s in o g e n  ^  tr y p s in  to  th e  r igh t, 
th u s  d e p le t in g  th e  tr y p s in o g e n  and c a u sin g  h y p e r se c r e t io n  
w h ic h  in tu rn  c a u se s  p a n c r e a tic  h y p e r tr o p h y . T h e  m icro -  
w a v e  tr e a tm e n t s to p s  th e  p a n c r e a tic  h y p e r tr o p h y  b y  d e 
s tr o y in g  th e  tr y p s in  in h ib ito r s  (H a fe z  e t  a l., 1 9 8 3 ) .  B o th  
in h ib ite d  p r o te o ly t ic  a c t iv ity , an d  p a n cr e a tic  h y p e r tr o p h y  
a p p ea red  to  b e  in v o lv e d  in  th e  g r o w th  d e p r e ss io n  o f  th e  a n i
m a l fe d  raw  so y b e a n  d ie t.

In c o n tr a s t , N itsa n  and B o n d i ( 1 9 6 5 )  in d ic a te d  th a t  
th e r e  w e re  n o  d if fe r e n c e s  in  th e  e f f e c t  o f  raw an d  h e a te d  
so y b e a n s  o n  th e  le v e l o f  p r o te o ly t ic  a c t iv ity  in  th e  sm a ll 
in te s t in e  o f  rats. T h e y  in d ic a te d  th a t th e ir  r e su lts  w e re  
p r o b a b ly  d u e  to  th e  n o n s p e c if ic  su b stra te  (c a se in )  w h ic h  
w a s u sed  to  m e a su re  p r o te o ly s is  a lo n g  th e  e n tire  d ig e stiv e  
tract. In  o u r  e x p e r im e n t , 1 0  cm  o f  th e  sm a ll in te s t in e  
fro m  th e  p o s te r io r  en d  o f  th e  d u o d e n u m  w a s u sed  to  m e a 
su re  p r o te o ly s is .

It sh o u ld  b e  p o in te d  o u t  th a t p r o p e r  m ic r o w a v e  tr ea t
m e n t  in c re a se d  th e  d ig e s t ib ility  o f  so y b e a n . O p tim u m  
m icr o w a v e  h e a t in g  t im e  w a s a ro u n d  9 - 1 2  m in  fo r  1 k g  
w h o le  so y b e a n s  to  im p r o v e  w e ig h t  g a in , d ig e s t ib ility  and  
in te s t in a l p r o te o ly t ic  a c t iv ity  u n d e r  th e  e x p e r im e n ta l c o n 
d it io n s  in  th is  s tu d y .
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I n  V i v o  a n d  I n  V i t r o  A s s e s s m e n t  o f  A n t i n u t r i t i o n a l  F a c t o r s

i n  P e a n u t  a n d  S o y

H. S. SITREN, E. M. AHMED, and D.E. GEORGE

--------------------------------------- A B S T R A C T ----------------------------------------- -

Raw and heat processed peanut flours were found to contain higher 
in vitro trypsin inhibitor activity and lectin content than similarly 
processed soy flour. When fed to weanling rats at a level o f  10% pro
tein, the response pattern in food  consum ption, growth, liver func
tion, and serum chemistries was not consistent among or between  
the groups. It is concluded that the levels o f  antinutritional factors 
in legumes do not correlate with their overall biological impact in 
feeding studies with the rat.

IN T R O D U C T IO N

M U C H  IS K N O W N  a b o u t th e  d e p r e ss io n  in g r o w th  and al
tered  p a n cr e a tic  fu n c t io n  o f  rats fed  raw  or  d ry -h ea t p r o c 
e sse d  so y  (L ien er , 1 9 8 1 ;  K o rg d a h l and H o lm , 1 9 7 9 ;R a c k is ,  
1 9 7 4 ;  T u rn er  and L ien er , 1 9 7 5 ) .  T h e se  e f fe c t s  are b e lie v e d  
to  b e  m e d ia te d  p r im arily  b y  th e  a c t io n  o f  c e r ta in  a n tin u tr i
t io n a l fa c to r s  su ch  as p r o te in a se  in h ib ito r s  and h e m a g g lu 
tin in s  or le c t in s . T h e se  fa c to r s  are n a tu ra lly  p r e se n t in so y  
b u t are la rg e ly  in a c tiv a te d  b y  m o is t-h e a t  p r o c ess in g  (L ie n 
er, 1 9 7 9 ) .

O th e r  le g u m e s , su ch  as p e a n u t , a lso  c o n ta in  a n tin u tr i
t io n a l fa c to r s  b u t m u c h  le ss  is  k n o w n  a b o u t  th e  e f fe c t s  o f  
h e a t  p r o c e s s in g  o n  th em  and o n  g r o w th  and p a n cr e a tic  
fu n c t io n  in  rats fed  th is  p r o te in . F u rth er , th ere  is l it t le  or  
n o  in fo r m a t io n  o n  th e  e f fe c t s  o f  fe e d in g  raw o r  p r o c essed  
le g u m e s  o n  o th e r  o rgan s, su ch  as th e  liver , and  o n  th e  lev e ls  
o f  b lo o d  c h e m is tr ie s  su ch  as seru m  p r o te in s  an d  lip id s.

T h e  p u rp o se  o f  th is  s tu d y  w a s to : ( 1 )  q u a n t ita te  th e  le c 
tin  c o n te n t  an d  tr y p sin  in h ib ito r y  a c t iv ity  o f  so y b e a n  and  
p e a n u ts; ( 2 )  d e te r m in e  th e  e f fe c t s  o f  p r o c e ss in g  m e th o d s  on  
th e  a c t iv ity  o f  th e se  a n tin u tr it io n a l fa c to r s;  and (3 )  ch a ra c 
te r ize  th e  e f fe c t s  o n  g r o w th , liver  fu n c t io n ,  and b lo o d  
c h e m is tr ie s  o f  rats fe d  raw  or  p r o c essed  p e a n u t  and so y .

M A T E R IA L S  & M E T H O D S

Preparation o f  flours

Soybeans o f the Bragg variety were obtained com mercially. 
They were ground in a Waring Blendor to a flour consistency. The 
product was then spread on a shallow pan and the hulls were blown  
free by an electric fan. The flour was collected and refrigerated. 
Partially defatted, deskinned peanuts o f  the Florunner variety were 
obtained com mercially. The m ethod o f  defatting was by low  tem 
perature pressing. The peanuts were ground and stored as described 
above.

Heat treatment was carried out as follow s. A portion o f  each raw 
flour was placed in a shallow stainless steel pan at a thickness o f  
about 1.0  cm, and then subjected to processing by one o f  two 
m ethods: dry heating in a forced air oven at 177°C for 20 m in, 
or m oist heating in an autoclave at 121°C  and 15 p.s.i. for 20 min. 
After heating, the flours were allowed to cool at room temperature 
and refrigerated. Samples o f  the raw, dry-heated, and m oist-heated  
flours, as well as food  grade casein, were taken for the analysis o f  
moisture content, Kjeldahl nitrogen (N) and crude lipid. These data
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were used in formulating the diets for the rat feeding studies.

In vitro studies

Two grams o f  flour were extracted with 100 mL o f  0.85%  
sodium chloride for 2 hr at 2 -  3°C. The suspension was centri
fuged at 15,000 rpm for 1 hr at 4°C. The supernatant was filtered  
through Whatman paper no. 3. The filtrate was then analyzed for TI 
activity and lectin concentration. TI activity was determined by a 
m ethod m odified from Kakade et al. (1974) and Krogdahl and 
Holm (1979) as reported by Ahmed et al. (1983). The reaction  
mixture contained: 2 mL o f a 2 mg % solution o f  trypsin (Type III, 
Sigma Chemical), 5 mL o f  benzoyl-DL-arginine-p-nitroanilide (U.S. 
Biochemicals) dissolved in TRIS buffer, pH 9 .55 , prewarmed to 
37°C, and 1 mL o f  the seed extract. The mixture was incubated  
at 37°C  for exactly 10 m in, inactivated with 1 mL o f 30% acetic 
acid, and centrifuged for 15 min at 27 ,000  x g. The color intensity  
o f  the supernatant was measured at 4 1 0  nm. Sample blanks were 
included in each assay. A standard curve was prepared from puri
fied soy TI (Type I-S, Sigma Chemical). Results are expressed as % 
inhibition o f  bovine trypsin on a synthetic peptide substrate. We 
have found that this procedure gives consistent and reproducible 
results. Casein, a product not known to contain TI, was assayed as 
a negative control and showed no TI activity.

Lectin content was determined on the same saline extracts by a 
slight m odification o f the photom etric m ethods o f  Liener (1955), 
Herholzer and Suggs (1969), and Lotan et al. (1975). Type A 
human red blood cells (RBC) were obtained and pre-treated as fo l
lows: 50 mL o f a 4% suspension o f  washed RBC were m ixed with 
10 units o f  neurarnidinase (Sigma Chemical) and incubated at 37°C  
for 70 m in. The treated RBC suspension was diluted to 1.5% RBC 
with 0.85% saline, pH 7.2  and then m ixed with serial dilutions o f  
the saline extracts from peanut and soy. Agglutination was allowed  
to proceed at room temperature. The m ost dilute concentration o f  
extract which agglutinated the 1.5% RBC suspension after 150 min 
was used to calculate lectin concentration. The concentration is 
expressed as Mg lectin in comparison with the agglutinating activity  
o f  purified, commercial peanut and soy lectins (N o. L-0881 and 
Type I-S, respectively. Sigma Chemical). The minimum concentra
tion o f  lectin which agglutinated the treated RBC was 0 .062  Mg/ml 
for peanut and 0.39  Mg/ml for soy.

In vivo studies

Male, weanling Sprague-Dawiey rats (Harlan industries, Indian
apolis, IN) were housed individually in stainless steel cages with wire 
mesh bottom s. They were given a 10% casein control diet (Table 1) 
and water ad libitum for 1 wk. Groups o f  10 rats were then assigned 
to receive one o f  seven experimental diets as outlined in Table 1. 
Food intake and body weight changes were measured regularly over 
the next 28 days. The amount o f  spilled food  was measured and 
taken into account in the calculation o f  food  intake o f  rats. Three 
to four rats from each group were then randomly selected for bio- 
chemial analyses. They were rapidly decapitated and trunk blood  
was collected in chilled tubes and allowed to clot. Serum was sepa
rated by centrifugation and frozen pending analysis for total protein 
(Yatzidis, 1977), albumin (Doumas et al., 1971), urea (Marsh et al., 
1965), cholesterol (Zlatkis, 1953), and triglycerides (Ellefson and 
Carraway, 1976).

Livers were removed, weighed, and frozen in liquid nitrogen. 
Subsequently they were thawed, hom ogenized in ice-cold distilled 
water, and analyzed for total protein content and the activities o f  
the enzym es aspartate aminotransferase (AST, E.C. 2.6. I I ) ,  alanine 
aminotransferase (ALT, E.C. 2.6 .1 .2),  lactate dehydrogenase (LDH,
E.C. 1 .1 .1 .27),  and alkaline phosphatase (AP, E.C. 3 .1 .3 .1 )  by 
m ethods previously described (Sitren and Stevenson, 1978).
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Pancreata and small intestines were removed and processed for 
enzyme analysis. However, the results from this work will be re
ported in a separate paper.

The experiment was repeated once. Food consumption data 
from the two experiments showed that the intake of rats fed diets 
containing the raw meals was markedly lower than that of the other 
groups. Thus another experiment was carried out which included a 
restricted-fed (RF) casein group that was pair-fed to the group in
gesting the raw peanut diet.

The protein efficiency ratio (PER) for each group was calcualted 
from the four week feeding period. The results from similarly 
treated groups of rats in all 3 experiments were not different and 
therefore the data have been pooled. Analysis of variance was 
performed and the means were compared at the 5% level of prob
ability by the least significance difference test (Steel and Torrie,
1960).

R E S U L T S

In  v itro  s tu d ie s

T a b le  2 lis ts  th e  TI a c t iv ity  and le c t in  c o n te n t  o f  th e  
flo u rs. R aw  p e a n u t  w a s fo u n d  to  c o n ta in  th e  h ig h e s t  le v e l  
o f  TI a c t iv ity  a m o n g  all tr e a tm e n ts . T h e  a p p lic a t io n  o f  dry  
h e a t led  to  a m o d e s t  r e d u c t io n  w h ile  m o is t  h e a t d ecrea sed  
it  b y  a p p r o x im a te ly  80% . A  sim ilar  r esp o n se  to  h e a t w as  
fo u n d  w ith  th e  so y  f lo u r . In  all c o m p a r a b le  tr e a tm e n ts ,  
th e  TI a c t iv ity  rem a in e d  h ig h er  in  p e a n u t as c o m p a r e d  w ith  
so y . T h e  m a g n itu d e  and r e sp o n se  p a tte r n  o f  le c t in s  in  th e  
f lo u r s  p a ra lle led  th a t o b ser v e d  fo r  TI a c t iv ity .

T h e  m e th o d  o f  p a r tia lly  d e fa t t in g  th e  p e a n u ts  p r ior  to  
fu r th e r  p r o c e ss in g  w a s lo w  te m p e r a tu r e  p ressin g . T h is  m e th 
o d  d id  n o t  g e n e ra te  s u f f ic ie n t  h e a t to  a lter  T I and le c t in  
c o n te n t , s in c e  sa m p le s  o f  th e  raw , u n p r esse d  se e d s  o f  th e  
sa m e b a tc h  w ere  a n a ly z e d  and fo u n d  to  c o n ta in  T I and  
le c t in  c o n c e n tr a t io n s  w h ic h  w ere  n o t  h ig h er  th a n  th a t  
fo u n d  in  th e  p ressed  p r o d u c t . A n o th e r  v a r ie ty  o f  p e a n u t ,  
V irg in ia , w a s a lso  a n a ly z e d  and fo u n d  to  c o n ta in  sim ilar  
le v e ls  o f  T I an d  le c t in .

In  v iv o  s tu d ie s

P E R ’s are p r e se n te d  in  F ig . 1. A s e x p e c te d ,  rats fe d  th e  
raw or  d r y -h e a ted  so y  d ie ts  sh o w e d  m a r k e d ly  lo w e r  P E R ’s 
th a n  all o th e r  g ro u p s. T h e  P E R  o f  rats fe d  th e  w e t-h e a te d  
s o y  a p p ro a c h e d  90%  o f  th e  a d  l ib i t u m  (A L )  ca se in  c o n tr o l  
value. T h e  P E R ’s o f  th e  th ree  g ro u p s in g e st in g  th e  p e a n u t  
d ie ts  w ere  in te r m e d ia te  b e tw e e n  th e  c o n tr o l an d  th e  raw  
so y  fe d  g ro u p s. A p p a r e n tly , w e t  h e a t p r o c e ss in g  o f  p e a n u t  
did  n o t  im p r o v e  its  g r o w th  p r o m o tin g  a b ility . It sh o u ld  b e  
n o te d  th a t d if fe r e n c e s  in  P E R  v a lu e s  w ere  n o t  d u e  to  d e 
creased  fo o d  in ta k e  (T a b le  3 )  s in c e  th e  R F  c a se in  fed  grou p  
h ad  a P E R  sim ilar  to  th a t o f  th e  A L  c a se in  c o n tr o l  grou p  
a lth o u g h  th e  la tte r  g ro u p  c o n su m e d  o n e-th ird  m o r e  fo o d .

Table 1—Composition o f diets

Ingredient %

Protein (casein, peanut flour or soy flour)3 10
Sucrose 25
Total lipidb (corn oil + oil in flour) 8
Fiber 1
Vitamin mix All\l° 1
Mineral mix AINC 3.5
Cholin bitartrate 0.2
Corn starch to 100

a Casein  was  8 9 . 6 %  prote in, peanut  3 6 . 9 %  prote in , and s o y  3 5 . 3 %  
prote in  b y  analys is ; peanut and  s o y  f lou rs  were  added as raw, d ry-  
heated (1 7 7 ° C  for  2 0  m in)  or  mois t-heated (1 2 1 ° C  for  2 0  min); 
the prote in  concen tra t ion  o f  the com pleted  diets  differed s light ly  
f rom  one  ano the r  but were ison it ro gen ou s  as ver ified b y  Kjeldahl 
analysis.

b Peanut f lou r  was  partial ly  defatted; s o y  f lou r  w as  full-fat; the lipid 
content  o f  the  f lou rs  w a s  measured and taken  into  account  in 
fo rm u la t ing  the diets. 

c A m e r ican  Institute o f  N u t r i t io n  (1 977 ) .

H y p o tr o p h y  o f  th e  liver  o c cu rred  in all 3 p e a n u t fed  
g ro u p s in  c o m p a r iso n  w ith  th e  A L  ca se in  g ro u p  (F ig . 2 ). 
In  c o n tr a st , livers h y p e r tr o p h ie d  in th e  raw and dry h ea t  
s o y  g ro u p s b u t n o t  in  th e  w e t  h e a t  s o y  group .

N o  s ig n if ic a n t d if fe r e n c e s  in  liver  p r o te in  c o n te n t  w ere  
fo u n d  a m o n g  th e  g ro u p s (F ig . 2 ) . H o w e v e r , severa l m ajor  
d iffe r e n c e s  w ere  o b serv ed  in  h e p a tic  e n z y m e  a c t iv it ie s  (F ig .
3 ) . A L T  w a s  s ig n if ic a n tly  grea ter  in  all 3 p e a n u t  fe d  g ro u p s  
as c o m p a r e d  w ith  th e  A L  c o n tr o l  w h er ea s  n o  in crea se  w as  
n o te d  in a n y  o f  th e  so y  fed  g ro u p s. S ig n if ic a n t  ch a n g e s  in  
L D H  w ere  n o t  fo u n d  a m o n g  or  b e tw e e n  th e  p e a n u t and s o y  
fed  g r o u p s b u t all m e a n  v a lu e s  w e re  s ig n if ic a n tly  le s s  th an  
th e  A L  and R F  c a se in  g ro u p s. A P e n z y m e  a c t iv it ie s  w ere  
s ig n if ic a n tly  e le v a ted  in  all s o y  and p e a n u t fed  rats, e x c e p t  
fo r  th e  raw p e a n u t fe d  g r o u p , as c o m p a r e d  w ith  th e  A L  
c a se in  c o n tr o l.  H o w e v e r , th e  raw  p e a n u t fed  gro u p  sh o w e d  
a s ig n if ica n t in crea se  w h e n  c o m p a r e d  w ith  th e  R F  ca se in  
fed  rats.

S eru m  c h e m is tr ie s  are p r e se n te d  in  F ig . 4 . T o ta l  p r o te in  
and a lb u m in  w ere  s ig n if ic a n tly  h igh er  in  b o th  raw and dry- 
h e a te d , b u t n o t  w e t-h e a te d , p e a n u t fed  g r o u p s in  c o m p a r i
so n  w ith  b o th  ca se in  c o n tr o l  g ro u p s . C o n v e r se ly , a d e 
crease  w a s n o te d  in th e  g r o u p s fed  th e  raw  and d r y -h e a ted , 
b u t n o t  th e  w e t-h e a te d , s o y  d ie ts . S eru m  u rea  N  le v e ls  w ere  
e le v a ted  in  all p e a n u t and s o y  fe d  g ro u p s , h o w e v e r  th e  in 
crease  w as g r ea te st in  th e  g r o u p s  c o n su m in g  th e  raw and  
d r y -h e a ted  leg u m e  d ie ts . R a ts  e a tin g  th e  w e t-h e a t  p e a n u t or

C a se in  Peanu t Soy

Fig. 1—Protein efficiency ratio (PER) o f  rats fed 10% dietary pro
tein from raw or heat processed peanut or soy or from casein for 
4 wk. A L  = ad libitum fed, R F  = food restricted to amount con
sumed by group R peanut, R = raw flour, OH = dry heated flour 
for 20 min at 177° C, M H  = moist heated flour for 20 min at 121° C. 
Bars represent means ± SEM. Means with unlike superscripts are 
significantly different at P  < 0.05.

Table 2—Trypsin inhibitor (TI) activity and lectin concentration o f 
raw and processed peanut and soybean flours

Flour Treatment
TI

(% inhibition of enzyme)
Lectin 

fug/g flour)

Raw 82 144.7
Peanut3 Dry Heated13 76 117.7

Moist Heated0 17 0.9

Raw 76 112.1
Soybean Dry Heatedb 61 94.7

Moist Heated0 11 0.0

a Partially defatted b y  cold  pressing; lipid content  of peanut and s o y  
f lou rs  w as  similar. 

b 1 7 7 ° C  for 20  min.
0 1 2 1 ° C  and 15 p.s.i. for 2 0  min.
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P E A N U T  A N D  S O Y  A N T IN U T R IT IO N A L  F A C T O R S . .  .

s o y  d ie ts  had  seru m  tr ig ly ce r id e  lev e ls  w h ic h  w e re  n o t  d if
fe r e n t  from  e ith e r  o f  th e  c o n tr o l g rou p s. R a ts  w h ic h  in 
g e sted  th e  raw o r  d r y -h e a ted  p e a n u t d ie ts  h a d  in crea sed  
tr ig ly ce r id es  w h er ea s  a n im a ls w h ic h  a te  th e  dry h e a te d  
so y  sh o w e d  a d ecrea se  ( tr ig ly c e r id e  le v e ls  w e re  n o t  d e ter 
m in e d  in th e  raw  s o y  d ie t  grou p  d u e  to  in su ff ic ie n t  a m o u n ts  
o f  seru m ). T h e  o n ly  s ig n if ic a n t d if fe r e n c e  ob serv ed  in  seru m  
c h o le s te r o l w a s a d ecrea se  in  rats fe d  th e  d r y -h e a ted  so y  
d iet.

D IS C U S S IO N

T H E S E  R E S U L T S  c o n fir m  so m e  o f  th e  r ep o rte d  a f fe c ts  o f  
fe e d in g  p e a n u t an d  so y  (L ien er , 1 9 8 1 ;  B o r ch er s  and A ck er-  
so n , 1 9 5 0 ;  T u rn er  and L ien er , 1 9 7 5 ;  K a k a d e  e t  a l ,  1 9 7 2 )  
w h ile  e x te n d in g  o u r  k n o w le d g e  in  o th e r  areas. R aw  so y  is 
k n o w n  to  c o n ta in  b io lo g ic a lly  a c tiv e  a n tin u tr it io n a l fa c to r s . 
H o w e v er , it  w a s an u n e x p e c te d  fin d in g  th a t p e a n u t c o n 
ta in ed  a h ig h er  T I and le c t in  c o n te n t  th a n  so y  w h e n  m e a 
su red  b y  id e n t ic a l  e x tr a c t io n  and c h e m ic a l a ssay  te c h n iq u e s .  
I t  is n o t  p o s s ib le  to  c o m p a r e  d ir e c t ly  o u r  fig u res fo r  TI 
a c t iv it ie s  an d  le c t in  c o n c e n tr a t io n s  w ith  th o se  r ep o rte d  b y  
o th e r  in v e stig a to rs . T h is  is  d u e  to  d if fe r e n c e s  in  e x tr a c t io n  
m e th o d s  and assay  te c h n iq u e s . W e h a v e  d e f in e d  le c t in  c o n -

C ase in  Peanu t Soy

Fig. 2—Liver weight (A) and liver protein concentration (B) o f rats 
fed 10% dietary protein from raw or heat processed peanut or 
soy or from casein for 4 wk. A L  = ad libitum fed, R F  = food re
stricted to amount consumed by group R peanut, R = raw flour, DH 
= dry heated flour for 20 min at 177°C, M H  = moist heated fiour 
for 20 min at 121°C. Bars represent means ± SEM. No significant 
differences were found among any o f the groups.

te n t  in  r e la t io n  to  p u r ified  le c t in  sta n d a rd s and TI a c t iv ity  
in  r e la t io n  to  a stan d ard  cu rve  th a t w a s d er ived  fro m  th e  
assa y  o f  p u r if ied  so y b e a n  TI. O th e r  w o r k e rs  h a v e  r ep o rte d  
TI a c t iv ity  and le c t in  c o n te n t  in  m o re  arb itrary  u n its  (B o r 
ch ers  and A c k e r so n , 1 9 5 0 ;  T u rn er and L ien er , 1 9 7 5 ;  K a
k a d e  e t a l., 1 9 7 2 ) . C o m p a r iso n s  can  b e  m a d e  o n  th e  b asis  
o f  th e  c h a n g e s  w h ic h  o c cu rr ed  in  T I and le c t in  c o n te n t  c o n 
se q u e n t  to  h ea t p ro cess in g . F o r  e x a m p le , th e  a p p lic a t io n  
o f  m o is t  h ea t fo r  2 0  m in  to  s o y  w a s sh o w n  to  lo w e r  b o th  
T I a c t iv ity  and le c t in  c o n c e n tr a t io n  b y  90%  or m o r e  (T u r
ner and L ien er , 1 9 7 5 ;  L ien er , 1 9 7 9 ) .  T h e  f ig u res  o b ta in e d  
h ere  fo r  s o y  are an 86% d ec re a se  in  T I and a 100%  d e 
crease  in  le c t in  c o n c e n tr a t io n . P ea n u t sh o w e d  a d e c re a se  o f  
79%  in  T I a c t iv ity  and o f  99%  in le c t in  c o n te n t .

A lth o u g h  raw p e a n u t and raw so y  c o n ta in  a b u n d a n t TI 
and le c t in s  w h ic h  are m o s t ly  e lim in a te d  b y  m o is t  h e a t in g ,  
th e  b io lo g ic a l  r e sp o n se  to  fe e d in g  th e  raw and p r o c e s se d  
flo u r s  w a s n o t  u n ifo r m  e ith er  a m o n g  or  b e tw e e n  th e  g ro u p s  
o f  rats. T h e  d if fe r e n c e s  in  P E R ’s a m o n g  rats fe d  th e  th ree  
s o y  d ie ts  are in  a g r ee m en t w ith  th e  f in d in g s  o f  o th e r  in v e s
tig a to rs  (K a k a d e  e t al., 1 9 7 2 ;  L ien er , 1 9 8 1 ;  R a ck is , 1 9 7 4 ) .  
H o w e v er , th e r e  is  still d isa g r e em e n t o n  w h e th e r  o r  n o t  th e  
n u tr it iv e  v a lu e  o f  p e a n u t is  im p r o v ed  b y  h e a t  p r o c ess in g .  
C am a and M o rto n  ( 1 9 5 0 )  and B a la su n d a ro n  e t  al. ( 1 9 5 8 )  
c la im ed  th a t m o is t  h e a t-tre a te d  p e a n u t im p r o v ed  P E R , 
w h er ea s  B o rch ers  and A c h e r so n  ( 1 9 5 0 )  and A n a n th a ra -  
m a n  and C a rp en ter  ( 1 9 6 4 )  r ep o rte d  n o  im p r o v e m e n t. O ur  
r esu lts  are in  a g r ee m en t w ith  th o s e  o f  th e  la tte r  tw o  g ro u p s. 
T h is  d isc r ep a n c y  m a y  b e  e x p la in e d  b y  d if fe r e n c e s  b e tw e e n  
la b o r a to r ie s  in  p r o c ess in g  te c h n iq u e s  as w e ll as in  th e  p r o 
te in  c o n te n t  o f  th e  d ie ts  and d u ra tio n  o f  fe e d in g  s tu d ie s  
fo r  th e  P E R  d e te r m in a tio n s . T h u s , a lth o u g h  raw p e a n u t  
c o n ta in s  h ig h  le v e ls  o f  try p sin  in h ib ito r s  and le c t in s  as 
m ea su red  b y  in  v itro  assay (T a b le  2 ) ,  th e y  a p p a r e n tly  d o  
n o t  e x e r t  a n eg a tiv e  e f fe c t  o n  g r o w th , u n lik e  th a t o f  s o y ,  at 
a d ie ta ry  p r o te in  c o n c e n tr a t io n  o f  1 0 %.

W hile m o s t  r ep o rts  c o n c e r n e d  w ith  a n tin u tr it io n a l fa c 
to r s  o f  le g u m e s  h a v e  fo c u se d  o n  th e ir  im p a c t  o n  th e  p a n 
creas (K w a a n  et al., 1 9 6 8 ;  K ro g d a h l and H o lm , 1 9 7 9 ;  
L ien er , 1 9 7 9 ) ,  w e  th o u g h t  it im p o r ta n t  to  a lso  e x a m in e  
th e ir  e f fe c t s  o n  o th e r  m e ta b o lic  p r o c esses . A s sh o w n  in  
F ig . 2 and 3 , th e  liver w a s in f lu e n c e d  g r ea tly  b y  fe e d in g  
th e se  leg u m es . H o w e v e r , th e  c h a n g e s  seen  w e r e  n o t  sim ilar  
a m o n g  g r o u p s fed  th e  f lo u r s  w h ic h  w ere  p r o c e s se d  b y  id e n 
tica l m e th o d s . F e e d in g  raw  p e a n u t  d e c re a se d  liv er  w e ig h t  
w h er ea s  raw  so y  in crea sed  it . T h e  sam e tren d  w a s e n c o u n 
tered  w ith  th e  dry h e a te d  p r o d u c ts . H o w e v er , fe e d in g  m o is t  
h e a te d  s o y  resu lted  in  n o r m a l s iz e  livers w h ile  th e r e  w a s n o  
c h a n g e  in  th e  r esp o n se  to  fe e d in g  m o is t  h e a te d  p e a n u t.  
S tr u th e r s  e t  al. ( 1 9 8 3 )  fo u n d  n o  d if fe r e n c e  in  liv er  w e ig h ts  
b e tw e e n  rats fe d  raw o r  m o is t  h e a t-tre a te d  so y . H o w e v e r ,  
th e y  u sed  rats w h ic h  w e re  m u c h  o ld e r  th a n  ou rs, and  th u s  
it is  p o s s ib le  th a t th e  d if fe r e n c e  in  m a tu r ity  a c c o u n ts  fo r  
th is  d isc r ep a n c y .

Table 3—Average weekly food intake o f rats

Dietary group 1 2

Week

3 4 Total

Casein ad libitum 64 75 83 93 315
Casein restricted fed3 48 61 59 67 236
Peanut

Raw 48 61 59 67 236
Dry heated 47 67 60 62 236
Moist heated 55 61 69 66 251

Soy
Raw 34 41 46 45 166
Dry heated 40 45 54 48 187
Moist heated 57 72 78 82 289

3 Food intake in this group was restricted to the am ount consum ed 
by the group fed raw peanut.
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T h e  a lte r a t io n s  se e n  in  liver  e n z y m e  a c t iv it ie s  (F ig . 3 )  
w e re  g e n e ra lly  c o n s is te n t  w ith in , b u t  n o t  b e tw e e n , th e  tw o  
se ts  o f  e x p e r im e n ta l g ro u p s. T h u s  it is  u n lik e ly  th a t th e se  
b io c h e m ic a l d if fe r e n c e s  in  liver  fu n c t io n  are r e la ted  to  
a n tin u tr it io n a l fa c to r  c o n te n t  s in c e  h e a t tr e a tm e n t red u ced  
th e  le v e ls  o f  TI and le c t in  b u t h ad  l it t le  e f fe c t  o n  th e  liver  
te sts . F u r th e rm o r e  th e se  r esu lts  p r o v id e  n o  e v id e n c e  o f  a 
c o r r e la t io n  w ith  P E R  v a lu e s  s in c e , fo r  e x a m p le , n o  c h a n g e s  
o c cu rred  a m o n g  th e  3 so y  g r o u p s w ith  r e sp e c t  to  liv er  p r o 
te in  and e n z y m e  a c t iv it ie s  e v en  th o u g h  P E R ’s im p r o v ed  
w ith  d ry  and m o is t  h e a tin g .

T h e  o b serv ed  d if fe r e n c e s  in  severa l o f  th e  serum  c h e m is 
tr ies  (F ig . 4 )  d id  ap p ear  to  be  d e p e n d e n t  u p o n  th e  p r o c ess 
in g  m e th o d . R ats fe d  th e  m o is t  h e a te d  p e a n u t and so y  p r o 
te in s , as o p p o se d  to  th e  raw  and dry h e a te d  p r o d u c ts ,  
sh o w e d  seru m  le v e ls  w h ic h  w ere  n earer  to  th o s e  o f  th e  A L  
c o n tr o l (F ig . 4 ) .  U n e x p e c te d ly ,  th e  g r o u p s fe d  th e  raw and  
dry h e a te d  p e a n u t had  s ig n if ic a n tly  h ig h er  to ta l  p r o te in ,  
a lb u m in , an d  tr ig ly c e r id e  c o n c e n tr a t io n s  th a n  th e  g ro u p s in 
g e stin g  th e  raw  an d  dry h e a te d  so y .

T h is  w o r k  d o e s  n o t  n e c essa r ily  d e m o n s tr a te  th a t th e  
p r e se n c e  o f  T I a n d /o r  le c t in  w a s th e  a g e n t(s )  r e sp o n s ib le  fo r  
th e  o b ser v e d  fin d in g s . O th er  fa c to r s  su ch  as th e  e f fe c t  o f  
p r o c ess in g  and d ig e s t ib ility  o f  th e  p r o te in s  m a y  b e in 
v o lv e d . F o r  e x a m p le , L ien er  ( 1 9 7 9 )  sh o w e d  th a t th e  re
m o v a l o f  TI and le c t in  fro m  raw  so y b e a n  b y  a f f in ity  c h r o m 
a to g r a p h y  o n ly  p a r tia lly  o v e rc a m e  th e  g r o w th  d ep r e ss in g  
e f fe c t  o f  in ta c t  raw  so y . T h is  su g g ests  th a t th e  u n d e n a tu re d  
so y  p r o te in  is in  i t s e l f  r e fr a c to r y  to  th e  d ig e stiv e  p r o c ess  
u n le ss  first d en a tu red  b y  h eat. T h is  c o n d it io n  m a y  n o t

a p p ly  to  p e a n u t  p r o te in  s in c e  n o  im p r o v e m e n t in  g r o w th  
e f f ic ie n c y  o c cu rr ed  w ith  h ea t p r o c ess in g . It is  a c k n o w le d g e d  
th a t a d d itio n a l s tu d ie s  sh o u ld  b e  carried  o u t  in w h ic h  TI 
and le c t in s  are iso la te d  and s tu d ied  in d e p e n d e n t  o f  th e  raw  
f lo u r  to  d e te r m in e  th e ir  p r e c ise  b io lo g ic a l  im p a c t. S o m e  o f  
th e  r e su lts  p r e se n ted  h ere  d o  su g g est th a t th e  p h y s ic a l and  
b io c h e m ic a l p r o p e r t ie s  o f  a n t in u tr it io n a l fa c to r s  in  p e a n u t  
and so y  d if fe r  c o n s id e r a b ly . A lth o u g h  raw p e a n u t  c o n ta in s  
high  TI a c t iv ity  as m e a su red  b y  its  in h ib ito r y  a c t io n  again st  
b o v in e  tr y p s in , it  is c o n c e iv a b le  th a t th e  c h e m ic a l p ro p er 
t ie s  o f  p e a n u t TI are su ch  th a t it  is  s u c e p t ib le  to  d e s tr u c t io n  
b y  gastr ic  d ig e s t io n  or  u n a b le  to  c o m p le x  w ith , and in h ib it ,  
th e  tr y p sin  se c re ted  b y  rats. In  a n y  e v e n t , it  is  a p p a ren t th a t  
th e  n u tr it io n a l p r o p e r tie s  o f  le g u m e s  c a n n o t  b e  c la ss if ie d  
a c co r d in g  to  th e  TI and le c t in  c o n c e n tr a t io n s  s in c e  p e a n u t  
and so y  h a v e  c o m p a r a b le  le v e ls  y e t  rats to le r a te  raw p e a n u t  
m u c h  b e tte r  th a n  raw so y .

It is p o s s ib le  th a t h e a t p r o c e s s in g  a lter ed  d ig e s t ib ility  
a n d /o r  a m in o  acid  a v a ila b ility  w h ic h  m a y  h a v e  a c c o u n te d  
fo r  so m e  o f  th e  r esu lts  r ep o rte d  h ere . In  g en era l, im p r o v e 
m e n ts  in  d ig e s t ib ility  and a m in o  acid  a v a ila b ility  are a sso 
c ia te d  w ith  an im p r o v e m e n t in  th e  e f f ic ie n c y  o f  u t i l iz a t io n  
w h ic h  in  tu rn  m a y  b e r e f le c te d  b y  an  in c re a se  in  P E R . 
H o w e v er , as d e m o n s tr a te d  in  th is  s tu d y , P E R ’s w e re  n o t  im 
p ro v ed  in  rats fed  p r o c e sse d  p e a n u t .

It is  im p o r ta n t  to  a d d ress th e  m a rk ed  m e ta b o lic  ch a n g e s  
w h ic h  o c cu rred  in th e  R F  ca se in  fe d  g ro u p . T h e  m o s t  lik e ly  
e x p la n a t io n  is th a t th e y  w e re  c o n se q u e n t  t o  an a ltered  p a t
tern  o f  f o o d  in ta k e  b y  th e  rats r a th er  th a n  th e  lo w e r  a m o u n t  
o f  fo o d  e a ten . R e str ic t in g  a ra t’s in ta k e  o f  f o o d  a lters  its

A  A L T

C ase in  Peanut Soy

C  L D H

C ase in  Peanut Soy

Case in  Peanu t Soy

C ase in  Peanut Soy

Fig. 3—Hepatocellular enzyme activities: A = alanine aminotransferase (AL T), B -  aspartate aminotransferase (AST), C = lactate dehydrogenase 
(LDH) and D = alkaline phosphatase (AP), o f rats fed 10% dietary protein from raw or heat processed peanut or soy or from casein for 4 
wk. A L  = ad libitum fed, R F  = food restricted to amount consumed by group R peanut, R  -  raw flour, DH = dry heated flour for 20 min at 
177° C, M H  = moist heated flour for 20 min at 121°C. Results are expressed as a % o f t h e A L  casein group. Bars represent means ± SEM. Means 
with unlike superscripts are significantly different at P  < 0.05.
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P E A N U T  A N D  S O Y  A N T IN U T R IT IO N A L  F A C T O R S .  . .

fe e d in g  b e h a v io r  fro m  th e  n o rm a l a d  l i b i t u m  e a tin g  p a ttern . 
A  rat w h ic h  is p r o v id ed  w ith  a su rp lu s o f  f o o d  w ill  eat sm all 
p o r t io n s  th r o u g h o u t  th e  2 4  hr d a y  (L e M a g n o n  and T a lo n , 
1 9 6 6 ) .  H o w e v er , i f  th e  a m o u n t o f  fo o d  p r o v id e d  is  r e s tr ic t
e d , th e  rat w ill a d a p t b y  e a tin g  v ir tu a lly  all th e  fo o d  in  a 
sh o r te n e d  t im e  p e r io d , th e r e b y  b e c o m in g  a m e a l-e a ter  
(C o h n  and J o se p h , 1 9 6 7 ) .  T h is  a d ju stm e n t o c c u r s  b y  as 
l i t t le  as a 20%  r e d u c t io n  in  th e  q u a n t ity  o f  f o o d  n o rm a lly  
c o n su m e d  (C o h n  and J o se p h , 1 9 6 7 ) . In  c o m p a r iso n  w ith  
a d  l i b i t u m  fe e d in g , m ea l e a tin g  h as b e e n  sh o w n  to  c a u se  
m ark ed  d e v ia t io n s  in  b o d y  c o m p o s it io n  and in  n u m er o u s  
m e ta b o lic  fu n c t io n s  (F u r u y a  e t a l., 1 9 7 9 ;  S itr en  an d  S te v 
e n so n , 1 9 7 8 ) .  T h e  R F  c a se in  fe d  rats in  o u r  s tu d y  w ere  
o b serv ed  to  in g e st  th e ir  e n tire  d a ily  a llo w a n c e  o f  f o o d  w ith 
in  a fe w  h o u rs  o f  p r e se n ta t io n , and th e r e fo r e  th e y  w ere  
w ith o u t  fo o d  fo r  m o st  o f  th e  d a y . In e f fe c t ,  th e y  w e re , in  
all l ik e l ih o o d , fa stin g  o n  th e  m o r n in g  th e y  w ere  ta k e n  fo r  
a n a ly sis . T h e se  c o n d it io n s  w o u ld  e x p la in  w h y  th is  grou p  
sh o w e d  su b s ta n tia l a n a ly t ic a l d if fe r e n c e s  from  th e  A L  
c a se in  c o n tr o ls .
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Fig. 4—Serum chemistries: A  = total protein (TP), B = albumin 
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terol (CHOL), o f rats fed 10% dietary protein from raw or heat pro
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heated flour for 20 min at 121°C. Bars represent means ± SEM. 
Means with unlike superscripts are significantly different at P  < 0.05.
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I r o n  B i n d i n g  b y  F i b e r  i s  I n f l u e n c e d  b y  C o m p e t i n g  M i n e r a l s

J. SALVADOR GARCIA-LOPEZ and KEN LEE

A B S T R A C T M A T E R IA L S  &  M E T H O D S

Iron was bound by neutral (NDF) and acid (ADF) detergent fibers 
extracted from cooked pinto beans (P h a s e o lu s  v u lg a ris ). Soluble 
iron (total iron minus bound iron) in the presence of NDF was 
increased from 13.11 ± 5.08 to 35.58 ± 9.20% and from 22.22 ± 
164 to 29.98 ± 0.96% when 1.17 and 1.38 ppm (18.4 and 21.4 
mM) of copper and zinc were added, respectively. In contrast, 0.93 
ppm (14.6 mM) of copper decreased the soluble iron from 61.02 ±
5.77 to 17.88 + 4.5% in the presence of ADF. Neither magnesium 
or cobalt altered the amount of soluble iron in the presence of 
fiber. The change in soluble iron was directly proportional to the 
concentration of copper and zinc. The presence of two types of 
binding sites is proposed.

IN T R O D U C T IO N

IR O N  B IO A V A IL A B IL IT Y  varies w ith in  fo o d s  and d e 
p e n d s  o n  th e  c o n c e n tr a t io n  o f  en h a n ce r s  an d  in h ib ito r s  o f  
iro n  a b so rp tio n . G en er a lly  h igh  iro n  b io a v a ila b ility  is o b 
served  fr o m  fo o d s  su c h  as m e a t w h ile  lo w  b io a v a ila b ility  is 
o b ser v e d  fr o m  cerea ls  and le g u m e s  (L a y r is se  e t a l., 1 9 6 9 ) .  
P o o r  iro n  b io a v a ila b ility  in cerea ls and le g u m e s  se e m s  to  
b e a sso c ia te d  w ith  th e  p r e se n c e  o f  c o m p o u n d s  ca p a b le  o f  
fo r m in g  in so lu b le  c o m p le x e s  w ith  iro n , su c h  as p h y ta te s  
and fib e r  (R e in h o ld  e t a l., 1 9 8 1 ;  O b erlea s e t  a l., 1 9 6 6 ) .  
R e in h o ld  e t al. ( 1 9 7 5 )  r ep o rte d  th a t fib er  w a s r esp o n s ib le  
fo r  th e  lo w  iro n  b io a v a ila b ility  o b serv ed  fr o m  cerea ls . H o w 
ever, d if fe r e n t  in v e stig a to rs  have fo u n d  c o n f l ic t in g  r esu lts  
w h e n  s tu d y in g  th e  e f fe c t  o f  f ib e r  o n  m in era l m e ta b o lism .  
S im p so n  e t  al. ( 1 9 8 1 )  fo u n d  th a t a d d itio n  o f  w h e a t  bran to  
h ig h  and lo w  iro n  b io a v a ila b ility  d ie ts  d e c re a se d  iro n  ab
so r p tio n , w h erea s  S a n d stea d  e t  al. ( 1 9 7 8 )  fo u n d  th a t ad d i
t io n  o f  c o rn  an d  w h e a t  bran t o  th e  d ie t  had  n o  e f fe c t  on  
iro n  b a la n ce  o f  m en . S o m e  in v e stig a to rs  h a v e  sh o w n  fib er  
in h ib its  ir o n  a b so r p tio n  (K e lsa y  e t a l., 1 9 7 8 ;  R e in h o ld  e t  
al., 1 9 7 5 ;  G arcia  and W y a tt, 1 9 8 2 ;  F e r n a n d e z  and P h illip s, 
1 9 8 2 a )  w h ile  o th e r s  h a v e  sh o w n  n o  e f fe c t  (M iller , 1 9 7 9 ;  
K elsa y  e t  a l., 1 9 7 9 ) .

T h e  e f fe c t  o f  f ib e r  o n  iro n  a b so r p tio n  m a y  d e p e n d  n o t  
o n ly  o n  th e  a m o u n t o f  f ib e r  e a te n  b u t a lso  o n  th e  so u r c e  or  
ty p e  o f  f ib e r  c o n su m e d . O fte n  o v e r lo o k e d  is th e  p o ss ib le  
p r e se n c e  o f  in h ib ito r s  o f  iro n  b in d in g  b y  fib er , w h ic h  in  
tu rn  w o u ld  in c re a se  th e  a m o u n t o f  av a ila b le  iron . T h is  has  
g a in ed  r e c e n t  in te r e s t  as s o m e  research ers h a v e  r ep o rte d  
th a t c o m p o u n d s  su ch  as p h y ta te , c itr ic  a c id , a sc o r b ic  acid , 
E D T A  and o th e r s  in h ib it  iro n  b in d in g  b y  f ib e r  (R e in h o ld  
e t  a l., 1 9 8 1 ;  F er n a n d e z  an d  P h illip s , 1 9 8 2 b ) .  H o w e v er , fe w  
h a v e  s tu d ie d  th e  e f f e c t  o f  c o m p e tin g  m in era ls o n  th e  a b ility  
o f  f ib e r  to  b in d  iron .

T h e  p u rp o se  o f  th is  in v e s t ig a t io n  w as to  ev a lu a te  th e  
e f fe c t  o f  th e  c o m p e tin g  m in era ls, c o p p e r , z in c , m a g n esiu m  
and c o b a lt  o n  th e  iro n  b in d in g  c a p a c ity  o f  fib er.

Author Lee is affiliated with the Food Science Dept. Univ. o f Wis- 
consin-Madison, 1605 Linden Drive, Madison, W! 53706. Author 
Garcia-Lopez is affiliated with Centro de Investigación en Alimentos 
y Desarrolo, Apdo. Postal 1735, HermosiUo Son. 83260, Mexico.

Sample preparation
Acid detergent fiber (ADF) and neutral detergent fiber (NDF) 

were extracted from cooked pinto beans (P h a s e o lu s  vu lg a ris ) ob
tained locally. The beans were cleaned and washed with tap water 
and soaked in glass-distilled demineralized water for 24 hr at 24°C 
(3:1 water to bean ratio). After soaking, the water was discarded 
and the beans were boiled in demineralized water until soft (70 
min). The beans were cooled and the supernatant discarded. Beans 
were blended to a paste (Waring Blendor), frozen and freeze-dried 
using a Virtis Model 10-100 Lyophilizer. The dried bean powder 
was reground (Salton Quick-Mill) to pass through a 60 mesh screen 
and stored at -40°C until used.

NDF was obtained by the method of Robertson and Van Soest
(1977) as modified by Reinhold and Garcia-Lopez (1979). ADF was 
obtained using the method of Van Soest (1973).

Binding
The effect of copper, zinc, magnesium and cobalt on iron bind

ing by fiber was determined using a method described by Reinhold et 
al. (1981). Fiber samples were ground using a mortar and pestle to 
pass a 60 mesh screen. Ten milligrams of either NDF or ADF were 
weighed into separate test tubes of 14 mL capacity and washed for 
20 min with 10 mL glucose-saline solution (GSS). The GSS con
tained 128 mM NaCl, 4 mM KC1 and 28 mM D-glucose. After wash
ing the samples were centrifuged for 10 min at 705 x g  and the 
supernatant discarded. Ten milliliters glucose-saline mineral solution 
(GSMS) containing 0.65 ppm (11.64 m M ) iron and different amounts 
of a second mineral (Cu, Zn, Mg or Co) were added to the fiber resi
due. The GSMS contained 128 mM NaCl, 4 mM KC1, 28 mM D- 
glucose, 1 mM sodium acetate, 0.5 mM imidazole, 0.2 mM HC1, 
0.028 mM ascorbate and the desired concentration of minerals. This 
level of ascorbate was shown to have no influence on iron binding 
(Reinhold et al., 1981) and was present to stabilize aqueous ferrous 
iron. The tubes were mixed at 21 oscillations/min using a tube 
rocker for 20 min and the pH of each solution was adjusted to 
6.50 ± 0.05 with 0.02N HC1 or 0.02N NaOH. In experiments with 
copper the pH was first adjusted using C.1N then 0.02N NaHCC>3 
to avoid precipitation. Mixing was continued for 40 min and the 
tubes were centrifuged again for 10 min at 705 x g . The superna
tants were removed and the mineral concentration determined using 
a flame-type Perkin Elmer Model 2380 atomic absorption spectro
photometer.

For each solution treated with fiber, a control was prepared 
from which fiber was omitted. The difference in iron concentration 
between the control solution and that exposed to fiber measured 
the extent of iron bound by fiber. The ability of Cu, Zn, Mg, and Co 
to inhibit iron binding by fiber was measured by determining the 
percent of soluble iron as follows:

%  soluble iron = total iron -  bound iron
-------------------------------x 100total iron

The source of minerals as well as the range of concentrations 
used are shown in Table 1. The data were analyzed by analysis of 
variance and Duncan’s multiple range test using a MINITAB statisti
cal software package (Ryan et al., 1982).

R E S U L T S  & D IS C U S S IO N

T H E  E F F E C T S  o f  c o p p e r , z in c , m a g n esiu m  and c o b a lt  o n  
th e  iro n  b o u n d  b y  N D F  are sh o w n  in  F ig . 1. C o p p e r  and  
z in c  s ig n if ic a n t ly  in crea sed  th e  p e r ce n t so lu b le  iro n , th is  
d ecrea sed  th e  iro n  b o u n d  b y  N D F . C o p p er  in c r e a se d  (p  <  
0 .0 1 )  th e  s o lu b le  iro n  fr o m  1 3 .1 1  ±  5 .0 8  w ith  n o  c o p p e r

424 -JO U R N A L  OF FOOD SC IENCE-Vo lum e 50 (1985)



Table 1— Sources o f minerals and range o f concentrations tested

Mineral Source
N D F a
(ppm)

A D F a
(ppm)

Fe Fel\IH4 ( S 0 4 )2 '  12 H 2 0 0.65 0.65
Cu C u S 0 4 • 5 H 2 0 0 - 1 . 1 7 0 -  0.93
Mg M g S 0 4 • 7 H 2 0 0 - 1 . 0 0 0 -  0.47
Zn Z n S 0 4 •7  H 2 0 0 - 1 . 4 0 0 -  0.93
Co C o C I2 • 6 H 2 0 0 - 1 . 0 0 -

a N D F  = neutral detergent fiber; A D F  = acid  detergent fiber.

ppm COPPER

ppm ZINC

z
o
05

Ocn

40.

30.

20.

10.

0.

ppm COBALT

: 3  3  3  3  3

] g  B  B  B  B

0.00  0.21 0 .38  0 .68  1.00

Fig. 1—Effect o f copper, magnesium, zinc and cobalt on soluble iron 
in the presence o f neutral detergent fiber (NDF). Bars with different 
letters along the same mineral are different at p < 0.01. Each bar 
represents the mean o f two duplicates. The unshaded area is plus or 
minus one standard deviation.

added to 35.58 ± 9.20% when 1.17 ppm (18.4 /¿M) of cop
per was present. Although zinc also increased (p <  0.01) 
the soluble iron, the increment was smaller than that ob
tained with copper (from 22.22 ± 1.64% with no zinc 
added to 28.88 ± 0.96% when 1.38 ppm (21.4 /¿M) of zinc 
were present). Neither magnesium nor cobalt increased or 
decreased the soluble iron when present up to concentra
tions of one ppm (41.1 and 17.0 jliM, respectively). This 
lack of measurable effect with magnesium may be due to 
the high concentration of magnesium already present in the 
NDF fraction (18.33 ± 8.25 ppm). Although no other cal
cium data are available for comparison, Berner and Hood
(1983) reported a decrease in the amount of iron bound by 
sodium alginate when calcium was added. Our observations 
are consistent with those of Thompson and Weber (1982), 
who found a decrease in the amount of copper and zinc 
bound by a different source of NDF when added together.

The effect o f copper, zinc and magnesium on soluble 
iron in the presence of ADF is shown in Fig. 2. Opposite to 
what was observed with NDF, copper decreased the percent 
of soluble iron significantly. The percent of soluble iron 
was decreased (p <  0.01) from 61.02 ± 5.77% with no 
copper to 17.88 ± 4.50% when 0.93 ppm of (14.6 juM) 
copper was present. Neither magnesium nor zinc changed 
the percent of soluble iron.

The increase in iron binding by ADF as opposed to the 
decrease in iron bound by NDF in the presence of copper 
may be due in part to a concentration effect. The concen
tration of iron in the ADF fraction was lower than the NDF 
fraction (15.93 ± 12.00 vs. 5.31 ± 3.26 ppm of iron). How
ever, such differences were not statistically significant due 
to wide variations in endogenous iron content. It is impor-

ppm COPPER ppm MAGNESIUM

ppm ZINC

Fig. 2—Effect o f copper, magnesium and zinc on soluble iron in the 
presence o f acid detergent fiber (ADF). Bars with different letters 
along the same mineral are different at p < 0.01. Each bar repre
sents the mean o f two duplicates. The unshaded area is plus or 
minus one standard deviation.

ppm  COPPER or ZINC

Fig. 3— Varying levels o f copper or zinc bound by 10 mg N D F  or 10 
mg A D F  in the presence o f 0.65 ppm iron. Each point represents 
the mean ± 1 SD o f two duplicates.

tant to note that in all the experiments the ADF fraction 
bound less iron than the NDF fraction.

The absence of hemicellulose in the ADF fraction as well 
as other unidentified compounds (possibly polyphenolic 
compounds) seems to uncover a binding site for copper 
which synergistically enhances iron binding. This binding 
site appears to be unaffected by zinc. This is corroborated 
by the fact that ADF bound more copper and zinc than 
NDF at all concentrations tested (Fig. 3).

It is also possible that lignin-type compounds formed 
during boiling may have generated additional binding sites 
in the ADF. These data suggest the presence of two types 
of chemically distinct binding sites: site type A which is 
specific for Cu and/or Zn and site type B that binds Cu, Zn 
and Fe. Site type B seems to be associated with the hemi
cellulose fraction or possibly with polyphenolic com-

—Continued on page 428
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B i o a v a i l a b i l i t y  o f  I r o n  i n  G r e e n  P e a s ,  S p i n a c h ,  B r a n  C e r e a l ,  

a n d  C o r n m e a l  f e d  t o  A n e m i c  R a t s

DEJIA ZHANG, DELOY G. HENDRICKS, ARTHUR W. MAHONEY, and DAREN P. CORNFORTH

--------------------------------ABSTRACT---------------:----------------
Bioavailability of iron from green peas, spinach, bran cereal and 
cornmeal was evaluated by hemoglobin regeneration efficiency in 
the anemic rat. By analysis these respective food items contained 
85, 163, 55 and 35 mg of iron per kg of dry weight. Iron from 
ferrous sulfate, peas, spinach, bran cereal and cornmeal was con
verted to hemoglobin iron with respective efficiencies of 67, 64, 
34, 53 and 39 percent. Based on these bioavailabilities, peas, spin
ach, bran cereal, and cornmeal provide 14, 19, 12, and 3 mg of 
available iron per 1000 kcal. Plant foods can make significant con
tributions of available iron in the diet.

INTRODUCTION
A MAJOR NUTRITION PROBLEM for several segments 
of the population is iron deficiency anemia (Ten-State 
Nutrition Survey, 1968-70).. Although iron fortification 
has resulted in increased intake of food iron, some sources 
of iron used in fortification are of low bioavailability (Rios,
1975). Food iron occurs in two forms with respect to the 
mechanism of absorption: heme and nonheme iron (Hall- 
berg and Bjorn-Rassmussen, 1972; Cook, 1983). Herr.e iron 
is readily absorbed and its absorption is little affected by 
the other ingredients in foods. Nonheme iron is absorbed 
less efficiently and its absorption is vulnerable to various 
factors in foods (Cook, 1983). The factors in food which 
enhance or inhibit nonheme iron absorption have recently 
been reviewed (Monson et al., 1978: Morris, 1983; Ma
honey and Hendricks, 1984).

Plant foods are widely consumed and contribute a major 
percentage of the iron in human diet. Finding the plant 
foods which are rich in available iron is important for meet
ing the iron requirement of the population without iron 
fortification or supplementation. These studies were de
signed to examine the bioavailability of the iron in green 
peas, spinach, bran cereal and cornmeal. Hemoglobin regen
eration by anemic rats was used to estimate iron bioavail
ability (Mahoney and Hendricks, 1982).

MATERIALS & METHODS

Foods

The foods used in these experiments were purchased from local 
supermarkets. Frozen green peas and spinach were frcezc-dried and 
ground in a stainless steel blender. Bran cereal and enriched corn 
meal were commercial products and also finely ground in a stain
less steel blender. The iron concentration in the foods was estimated 
by AO AC  (1980) method 14,011.

Diets

The composition of the diets is shown in Table 1. The foods 
were added to a basal diet formulation to provide 2 0  mg iron/kg 
above the basal diet mix. The amounts of dietary protein, fat, fiber, 
phosphate, calcium, sodium and potassium were then formulated 
to be similar in all diets by adjusting the levels of casein, corn oil,

The authors are affiliated with the Colleges o f Family Life & Agri
culture, Dept, o f Nutrition & Food Sciences, UMC 87, Utah State 
Univ., Logan, U T 84322.

cellulose, NaH 2 PC>4 , CaC0 3 , NaCl or KC1 respectively. Freshly 
purchased FeSCU • 7H20  was used as a reference source of dietary 
iron. Diet ingredients were thoroughly mixed in a stainless steel 
mixer bowl by a mechanical mixer.

Animal experiment

Male, weanling, Sprague-Dawley rats (Simonsen Laboratories, 
Gilroy, CA) were individually house in stainless steel cages with 
wire-mesh bottoms and fronts. Housing was in a temperature con
trolled room with a 12-hr day and night lighting cycle. The rats 
were made anemic by feeding the basal diet without any added 
FeSC>4 • 7H20  (9.76 ppm iron) for 7 days and taking approxi
mately 1 mL of blood from the retro-ocular capillary bed on day 1 
and again on day 4. The anemic rats were randomly assigned to 
groups of 9 or 10 animals each balancing across treatments for 
hemoglobin concentration and body weight. The animals reported 
in this study consuming peas as the primary iron source were fed in 
a separate trial in which initial hemoglobin levels were lower. All 
studies from this laboratory follow a similar protocol and have 
FeSC>4 and basal groups to check relative iron bioavailability and to 
compare completeness of depletion. Thus between trial comparisons 
show low variability within a single food iron source.

During the 10-day repletion period, each rat received 9g daily of 
the respective diets. Any spilled diet was weighed and recorded to 
determine the net diet consumption, used for determining iron in
take. Demineralized water was allowed ad libitum.

Analytical procedures

At the initiation and termination of the experiment, blood was 
obtained from the retro-ocular capillary bed with a heparinized 
glass capillary tube. Hemoglobin was quantitated from duplicate 
samples of blood by colorimetry (Crosby et al., 1954). Food, diet

Table I—Diet formulations fed to rats (gm/kg)

Item FeSÛ 4 Peas Spinach
Bran

cereal Cornmeal

Peas 240
Spinach 120
Bran cereal 370
Cornmeal 570
Casein 198 134 155.8 146.7 148.2
Corn oil 100 100 96.4 88.9 93.2
Cellulose 50 50 42.8 21.1 46.6
N a H 2 P 0 4 26.9 26.9 25.5 11.5 25.9
C 3 C O 3 17.0 17.0 14.8 10.6 17.1
V itam in  m ixture3 20 20 20 20 20
Mineral m ixture13 11.6 11.6 11.6 11.6 11.6
NaCl 2.5 1.0 3.0
KC I 10.8 3.2 9.5
F e S 0 4 • 7 H 2 0 0.1
Dextrose 563.1 400.5 512.1 310.4 54.9
Fe content, mg/kgc 29.2 30.8 30.7 35.4 29.7

a T h e  v itam in  m ix tu re  con ta ined  (in g/kq): a lpha-tocophero l (1000 
IU/g), 5.0: L-ascorb ic acid, 45.0: ch o lin e  ch lo ride , 75.0; D -ca lc ium  
pantothenate, 3.0; in os ito l, 5.0; m enad ione, 2.25; n iac in , 4.5; 
P A B A ,  5.0; pyrodox ine-H C I, 1.0; r ib o fla v in , 1.0; th iam in-HCI, 
1.0; v itam in  A  acetate, 900 ,000  units; ca lc ife ro l (D 2 ), 100,000  
units; b io t in , 20 mg; fo l ic  acid, 90 mg; v itam in  B 2 2 , 1.35 mg; and 
dextrose  added to  make to  1 kg.

D The  m ineral m ix tu re  con ta ined  (in g/kg): KCI, 296.7; M g C 0 3 , 
121; M n S 0 4 , 12.7; C o C I2 • 6 H 2 0 , 0.7; Z n S 0 4 • 7 H 2 0 , 38; 
CUSO 4 • 5 H 2 0 , 1.6; K l,  0.8; N aM oO ^  0 2 H oO , 0.12; and glucose, 
528.4.
iron  con ten t o f the diets as determ ined  by analysis.
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Table 2 —Bioavai/abiHty o f  iron from  FeSOq, green peas, spinach, bran cereal and cornmeal fed to anemic rats fo r 10 days

Iron Source

Item Basal3 Fe S 0 4 Peas Spinach Bran cereal Cornmeal F L S D

Num ber of rats 10 1 0 9 1 0 10 1 0 _
Initial BW, g 88 92 89 92 91 87 N S —

BW gain, g 27 24 24 21 26 26 2.50 4.7
Initial hemoglobin, g/dL 7.31 7.30 6.0 7.22 7.28 7.29 N S —

Hem oglobin gain, g/dL 0.39 5.28 5.72 2.40 4.73 2.33 51.93 0.63/.84
Iron intake, mg 0.86 2.61 2.79 2.76 3.18 2.66 N S —

Efficiency, % 63 67 64 Q/! 53 39 50.29 5.48/7.30
Relative efficiency 94 100 96 51 79 58 — —

j^The data from  the rats fed  the  basal d ie t were no t Included in the  statistica l analysis.
Mean d iffe rences m ust equal or exceed the  Least S ig n ifican t D iffe ren ce  values to  be s ta tis tica lly  s ign ifican t at the 5 or 1 percent levels o f  
p rob ab ility .

and liver samples were wet-ashed in 800 m L Kjeldahl flasks using 
H 2 SO4 , HNO 3 , and H 2 O 2  as oxidants. Samples were left in about 
4 m L H 2 SO4  solution and diluted to 50 m L using demineralized 
water. Iron concentration of the ash solution was determined color- 
imetrically (AOAC, 1980). Hemoglobin regeneration efficiency was 
calculated for each animal as follows:

mg HbFe(final) -  mg HbFe(initial)
Efficiency = ------------------------------------------- x 100

mg iron consumed

Hemoglobin iron (mg) was calculated as follows:

0.067 mL blood g hemoglobin
mg Hb iron = g body Wt x -------------------  x ----------------- x

g body Wt m L blood

3.35 mg Fe

g Hb

Mg of iron consumed was calculated from (food given -  food not 
eaten) x analyzed iron value for that diet.

The data were analysed statistically by analysis of variance. 
When F was significant (P <  0.05), least significant difference values 
(LSD) were calculated (Steele and Torre, 1960; Carma and Swan
son, 1973).

RESULTS & DISCUSSION
THE IRON CONTENT of the foods used were 85, 163, 
55, and 35 mg/kg for peas, spinach, bran cereal and corn- 
meal, respectively, on a dry weight basis. On a fresh basis 
these values would be 1.6, 1.4, 5.3 and 3.1 mg Fe per lOOg 
for the foods. These values are in agreement with published 
values (Watt and Merrill, 1967).

The hematinic responses o f the rats are presented in 
Table 2. The efficiency of converting iron from the ferrous 
sulfate diet into hemoglobin by the anemic rats was 67%. 
This value is similar to what Park et al. (1983a, 1983b) 
reported for ferrous sulfate and to what we have observed 
in other experiments.

Uncooked peas were a good source of available iron with 
an efficiency 96% that of ferrous sulfate (Table 2). Smith 
and Otis (1937) reported that the iron in dried peas is also 
well utilized by iron deficient rats with bioavailabilities 
between 85 and 88% that of ferric chloride.

The iron uncooked spinach was utilized only 5 1% as 
efficiently as in ferrous sulfate (Table 2). Gordon and Chao
(1984) using similar methodology obtained a relative bio
availability of 75% for spinach compared with ferrous sul
fate using this procedure. A relative bioavailability of 67% 
for spinach compared with ferric chloride was calculated 
from the rat data of Pye and MacLeod (1946) in which the 
methodology was similar to that used in Table 2. Van 
Campen and Welch (1980) reported that iron deficient rats 
absorbed 69.7 or 69.8% of the Fe-59 dosed in single meals 
when given as intrinsically labelled uncooked lyophilized 
spinach or ferric chloride. Thus, iron bioavaiiability as

Table 3—Iron content and potential iron availability from green 
peas, spinach, bran cereal and cornmeal

Green
peas Spinach

Bran
cereal Cornmeal

Fe Content, mg/100g 1 . 6 1.4 5.3 3.1
fresh basis

Fe Content, mg/1000 2 2 . 0 57.0 17.0 17.0
kcal

Available Fe, mg/100ga 1.1 0.5 2.8 1.2
Available Fe, mg/1000 14.0 19.0 12.0 3.3

kcal
Available Fe, mg/servingb 0.9 0.5 0.8 0.2
Estimated calories/ 55.0 24.0 71.0 73.0

serving

3 A va ila b le  Iron ca lcu la ted  by m u lt ip ly in g  the Iron ce n ten t o f the 
fo o d  as analyzed by the e ff ic ie n cy  values ob ta ined  w ith  the rat 
studies.

“ Servings o f green peas, sp inach and co rnm ea l are based on 1/2 
cup o f  the  prepared food . Serving o f th e  bran cereal was ca lcu lated  
as 28g.

determined in this study (Table 2) appears to be lower than 
previously reported by others.

The bioavaiiability of the iron in bran cereal relative to 
ferrous sulfate was 79% (Table 2). The bioavaiiability of 
iron in wheat bran relative to ferrous sulfate was reported 
to be 97% (Gordon and Chao, 1984) and 98% relative to 
ferric chloride calculated from the data o f Pye and Mac
Leod (1946). Others have reported that the bioavaiiability 
of iron in wheat bran is similar to ferric chloride when fed 
to rats (Rose and and Vahlteich, 1932; Vahlteich et al., 
1936; Free and Bing, 1940). This is because rats contain 
intestinal phytase (Pileggi, 1959) which is thought to free 
any phytate bound iron, thus making it more bioavailable 
(Morris and Ellis, 1976).

The iron in cornmeal was 58% as available as ferrous sul
fate (Table 2). However, Smith and Otis (1937) reported 
that iron in ground whole corn was 92 and 96% as available 
to rats as ferric chloride. Ifon (1981) reported that in rats 
37.5% o f the iron ingested from maize was utilized for 
hemoglobin regeneration. This is similar to the efficiency 
found in the present study.

Iron deficiency anemia can be corrected by the ingestion 
of foods from which the iron is available for absorption and 
metabolism provided other hematinic factors such as cop
per, folic acid and cobalamin are also adequate in the diet. 
The foods used in this study contribute significant quanti
ties o f available iron to the human diet (Table 3). This 
contribution of available iron would be accompanied by a 
very low calorie intake.

It is concluded that plant foods can be excellent sources 
of dietary iron. Both the total amount of iron present in
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I R O N  B I O A  V A ! L A B I L I T Y  O F  N A  T U R A L  F O O D S . . .

the food and its bioavailability need to be considered when 
evaluating foods as sources of iron to be included into the 
diet. The bioavailability data reported here were obtained 
in individual food sources; but, foods are combined in 
many ways both qualitatively and quantitatively in differ
ent menus. The interactions of foods as they affect iron 
bioavailability need to be explored as is being done for 
meat enhancement of nonheme iron bioavailability (Mon- 
son et al., 1978; Shah et al., 1983; Ranger and Neale, 1984).
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pounds. NDF has been reported to contain such com
pounds (Garcia Lopez and Wyatt, 1981). Site type A seems 
to be associated with the cellulose-lignin fraction. Reinhold 
et al. (1981) reported the presence of one type of binding 
site in NDF obtained from corn and wheat. However, Fer
nandez and Phillips (1982b) reported the presence of two 
types of binding sites for iron in lignin.

This investigation has shown decreased iron binding by 
NDF in the presence of copper and zinc, whereas an in
crease in iron binding by ADF was shown in the presence of 
copper. This suggests multiple binding sites for these min
erals. These results demonstrate the need to consider com
petitive binding by other minerals as well as the source of 
fiber when assessing the effect of fiber on iron metabolism.
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C o m p a r i s o n  o f  t h e  V o l a t i l e  C o n s t i t u e n t s  f r o m  

R a b b i t e y e  B l u e b e r r i e s  ( V a c c i n i u m  a s h e i )  D u r i n g  R i p e n i n g

R. J. HO RV A Tand S. D. SENTER

------------------------------- ABSTRACT--------------------------------
GLC-MS analyses of steam distillates prepared from Delite, Tif- 
blue, and Woodard cultivars of rabbiteye blueberries at three stages 
of maturity showed qualitative and quantitative differences in their 
organic constituents. Fifty-one compounds, consisting of aldehydes, 
ketones, alcohols, aromatic hydrocarbons, terpenes, esters, and 
three methyl substituted indanones (the latter tentative) were iden
tified and compared. Most compounds with molecular weights of 
1 0 0  -  2 0 0  amu appeared to increase with maturity and indicate 
potential use as indices of quality. Terpenes, Cg unsaturated alde
hydes, and unsaturated alcohols were the predominant types of 
compounds identified in the distillates. Synthetic mixtures of lina- 
lool, //wis-2-hexenal, irarzs-2-hexenol, c/s-3-hexen-l-ol and geraniol 
possessed typical fruity aromas reminiscent of fresh blueberry odor- 
flavor as determined by informal sensory evaluations.

INTRODUCTION
RABBITEYE BLUEBERRIES ( V a c c in iu m  a sh e i  Reade) 
have received recent attention in the southeastern United 
States because of their potential as a cash crop to develop
ing rural areas. Six cultivars have been recently introduced 
by the Coastal Plain Experiment Station, Tifton, GA 
(Brightwell, 1969), that are highly prolific, relatively 
resistant to insects and diseases, and offer high potential 
for increasing total acreage in production. Increase in 
production and economic importance of this crop has 
necessitated definitive analysis of flavor quality, especially 
characteristic o f variety and stages of development.

Previous investigators have identified some volatiles of 
low-bush blueberries ( V a c c in iu m  a n g u s t i f o l i u m )  (Hall et al., 
1970). Parliment and Kolor (1975) identified 21 com
pounds in high bush blueberries ( V. c o r y m b o s u m )  including 
low molecular weight esters, alcohols, aldehydes, and 
terpenes. However, only minor attempts were made to 
relate three of the identified compounds to blueberry 
aroma. Hirvi and Honkanen (1983) reported identification 
of 19 compounds. Horvat et al. (1983) described the 
identification of 42 compounds in Rabbiteye blueberries 
( V. ash e i ) .

This investigation is a continuation of our earlier re
search on the identification of volatile compounds in 
Rabbiteye blueberries to establish definitive chemical 
indices whereby the quality of blueberries may be deter
mined objectively.

MATERIALS & METHODS
SAM PLES of Rabbiteye blueberries (cvs. Delite, Tifblue, and Wood
ard) at three stages of maturity were obtained from the University 
of Georgia Horticultural Farm, Athens, GA. The berries were sepa
rated into three stages of maturity using the following criteria: 
trace of anthocyanin pigmentation (pinkish); deep blue coloration 
but not separating easily from the bush, and deep blue coloration 
with berries readily released from the bush. Two hundred gram sam
ples of the berries were selected and placed in a Waring Blendor with

Authors Horvat and Senter are affiliated with the USDA-ARS  
Richard B. Russell Agricultural Research Center, P.O. Box 5677, 
Athens, GA 30613

200 m L distilled water; the container was sealed and the berries 
macerated for 3 min at medium speed. The resulting slurry was 
placed in a 3-L round-bottom flask containing 400 m L distilled 
water. A  Likens-Nickerson steam distillation, continuous extrac
tion head was attached (Likens and Nickerson, 1964) to the flask 
and 120 mL of glass distilled pentane was placed in the solvent 
flask. The isolation was carried out by boiling the pentane and 
blueberry macerate for 6  hr. After cooling the apparatus, the flask 
containing the pentane was removed, cooled to ca. 40°C and main
tained at this temperature. The extract was then concentrated to 
ca. 0.5 mL by blowing a gentle stream of high purity nitrogen on 
its surface and further concentrated to 1 0 0  juL by allowing the sol
vent to evaporate at ambient temperature. Further concentration 
to 50 /rL was later required to identify the trace constituents in 
these extracts.

GLC-MS analyses

Analyses were performed with a Perkin Elmer Model 900 gas- 
liquid chromatograph equipped with a flame ionization detector on 
samples ranging from 0.2 -  1.0 g L  in volume. The chromatograph 
was connected by means of an effluent splitter to a DuPont 21- 
490B mass spectrometer equipped with differential pumping on the 
analyzer section. Separations were made on a 50m X 0.05 cm glass 
open-tubular column coated with OV-1. GLC conditions were: 
carrier gas inlet pressure, 0 .6  kg/cm2; injector and manifold tem
perature, 250°C; and column programmed from 55°C to 215°C 
at 1.5°C/min.

Table 1 —Volatile compounds o f rabbiteye blueberry identified by 
GLC-MS3

methanol m/e 154; oxygenated terpene (8)
acetaldehyde* isomer of buty lbenzene* (9)
ethanol* isomer of pentylbenzene
2-pentanone* lina loo l* (12)
Tpenten-3-o l* terpinyl acetate3
toluene* (1) isomer o f dodecene
hexanal* geraniol* (13)
2-furfural* terpinene-4-ol*
frans-2-hexenal (2) a-terpineol* (14)
frans^-hexenol trans caran-c/s-3-ol3 (15)
c/s-3-hexen-1-ol p-menth-8-ene-10-ol (16)
isomer of xylene nero l* (17)
isomer of xylene th ym o l*  (18)
acetylfu ran isomer of octylbenzene3 (19)
benzaldehyde carvacrolb
pulegone eugenol* (20)
i-propylbenzene isomer o f d ivinylbenzene3 (21)
1 ,8-cineole m/e 204; sesquiterpene (22)
myrcene (3) isomer of pentam ethyl-2,3-dihydroindene '
allocim ene15 /3-ionone* (23)
isomer of buty Ibenezene *2-tridecanone* (24)
terpinolene (4) m/e 204; sesquiterpene (25)
lim onene* (5) isomer of tetram ethylindanone-13 (26)
p-cym ene* (6) isom er of tetram ethylindanone-13 (27)
hexano l* (7) geranyl form ate* (28)

isomer of pentam ethyl-1-indanonea (29)
m/e 204; sesquiterpene
n-eicosane (31)
octadecyl alcohol (32)

* Prev ious ly  id en t if ie d  in  Rabb iteye  b luebe rry  (V acc in ium  ashei).
3 Num bers in parentheses co rrespond  to  G L C  peaks in ch rom ato- 

grams.
D Iden tified  so le ly  on the basis o f  a com parison  o f  th e ir mass spectra 

w ith  standards in  the literature.
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C O M P A R I S O N  O F  V O L A T I L E  C O N S T I T U E N T S . .

Mass spectrometer conditions were: ion source temperature, 
210°C; scan rate, 10 sec per decade; ionizing voltage, 70 eV; and ion 
source pressure, 2 X 10~ 5 Torr. Compounds were identified by 
comparison of their mass spectra and GLC retention times to those 
of known standards obtained from commercial sources or synthe
sized by established methods. All reference compounds were an
alyzed by GLC-MS for purity. Compounds identified on the basis 
of comparison of their mass spectra with published spectra are de
signated “tentatively” identified. Estimates of levels of components 
of interest, fnms-2 -hexenal, tra ils-2 -hexenol, linalool and geraniol, 
were determined by normalization of peak areas. All blueberry 
isolates were run in duplicate. Precision of the GLC procedure was 
determined from the results of five repetitive analyses of a standard 
pentane solution containing these compounds in approximately 
the same concentration as the isolates.

Odor evaluation of synthetic mixtures

Synthetic mixtures of select compounds identified in this 
investigation and those identified previously as “impact compounds” 
(Parliment and Kolax, 1975) were prepared in pentane in ratios 
similar to that observed in GLC profiles of the volatile fractions

of ripe blueberreis. Aliquots of these solutions and the volatile 
fractions of ripe blueberries were applied to blotter paper, the 
solvent was evaporated and informal odor evaluations were made by 
four experienced odor-flavor researchers for their similarity of odor.

RESULTS & DISCUSSION
EACH BLUEBERRY cv. examined showed an increase in 
medium to high molecular weight compounds with matur
ity. Fig. 1 shows the GLC chromatograms of the volatile 
fractions from green, midripe, and ripe Woodard berries. 
Note that most of the compounds represented by peaks
9 - 3 6  increased in levels with maturity, whereas peaks 
1 through 7 decreased. Similar results were obtained from 
analysis of the Delite and Tifblue berries.

GLC analysis of the volatile fractions from ripe Wood
ard, Delite and Tifblue berries revealed qualitative and 
quantitative differences by cv. (Fig. 2). Highly concentrated 
samples (50 juL) were required to reveal peaks 2 ,8 ,  16*, 
19, 21, 23, 25, 29, 31 through 37 in the Woodard berries

Fig. 1—GLC  chromatograms o f green 
(1), midripe (2), and ripe (3) Woodard 
blueberries.
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which were absent in the more dilute concentrates. An
alyses of highly concentrated distillates revealed the same 
range of compounds in all three cvs. Compounds identi
fied are listed in Table 1 in order of elution and include 
several not identified in our prior reserach (Horvat et al., 
1983). Of particular interest are the tentatively identified 
three methyl-substituted indanones and pentamethyl-2,3- 
dihydroindene that have not been previously reported in 
plant materials. The total number of compounds identified 
from blueberry volatiles (lowbush, highbush, and Rabbit- 
eye) now totals 62. It appears that the range of compounds 
present in highbush and Rabbiteye blueberries are very 
similar.

The compounds selected for comparison as indices 
of maturity in the three ripening Rabbiteye blueberry cvs. 
were linalool, frans-2-hexenal, t r a n s -2-hexenol, cw-3-hexen-
l-'ol and geraniol, the latter three having been previously 
identified as flavor impact compounds by Parliment and 
Kolor (1975). The importance of cw-3-hexen-l-ol and ger
aniol to blueberry aroma was established in the present

study by comparing pentane solutions of these two com
pounds and the three flavor impact compounds identified 
by Parliment and Kolor (1975) to ripe blueberry isolates by 
means of an informal odor panel. The consensus of the 
panel members was that these synthetic mixtures possessed 
the same aroma as the blueberry isolates. Estimates of the 
levels of these impact compounds was determined by GLC. 
Results of these analyses (Table 2) revealed that t ra n s -2-  
hexenol and fran.y-2-hexenal decreased with ripening in 
all cvs., whereas linalool reached a maximum in the mid- 
ripe fruit of two of the cvs. In Tifblue, maximum levels 
of linalool occurred in the ripe berries (12.9%). However, 
geraniol reached a maximum concentration in the midripe 
fruit of all three cvs. Differences in levels o f these four 
compounds in the mature fruit o f the three cvs. studied 
appear to reflect subtle differences that were apparent in 
aroma and taste, although each cv. possessed a typical blue
berry aroma.

—Continued on page 436

Table 2—Concentration o f flavor impact components from blueberry volatiles at three stages o f maturity

Delite Tifblue W oodard

Green M idripe Ripe Green M idripe R ipe Green M idripe R ipe

frarrs-2-hexenal 0 .62a 0.33a 0.34a 0.77a 0.51a 0.46a 0.89a 0.49a 0.47a
frar?s-2-hexenol 0.07 0.05 0.05 0.09 0.04 0.05 0.11 0.08 0.06
e/s-3-hexen-1-ol Tr. Tr. Tr. Tr. Tr. Tr. 0.07 0.05 Tr.
linalool 1.02 1.29 1.47 8.70 9.81 12.92 2.65 12.31 8.47
geraniol 2.92 3.40 2.24 0.13 0.28 0.24 0.57 4.08 2.33

a Num bers represent percentage o f  to ta l area o f  G L C  peaks in ch rom atogram s. Re lative  standard dev iation  fo r  trans-2-hexenal, trans-2-hexenol, 
and geran io l was 0.01 and lin a lo o l 0.25.

Fig. 2 —G LC  chromatograms o f ripe De- 
iite, Tifblue, and Woodard blueberries.
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L e a k a g e  o f  A n t h o c y a n i n s  f r o m  S k i n  o f  T h a w e d ,  F r o z e n  

H i g h b u s h  B l u e b e r r i e s  ( V a c c i n i u m  c o r y m b o s u m  L . )

GERALD M. SAPERS, SUSAN B. JONES, and JOHN G. PHILLIPS

------------------------------- ABSTRACT-------------------------------
Factors affecting the tendency of thawed blueberries to leak pig
mented exudate were investigated. Drip and anthocyanin leakage 
rates (ALR) were determined spectrophotometrically. Leakage vs 
time curves were linear or two-phase linear, A L R  varying with cul
tivar, ripeness, and berry condition. Dewaxing increased A L R  
with most cultivars. A L R  did not correlate with berry anthocyanin 
content, surface area, or cuticle thickness. A L R  and amount of 
drip were poorly correlated. A L R  varied from berry-to-berry within 
samples. Leakage was observed to be nonuniform on berry surfaces, 
appearing at skin cracks and ruptures, the calyx area, and other 
point sources. An hypothesis relating leakage to skin condition, 
fluid accumulation, and anthocyanin content is presented.

INTRODUCTION
THE LEAKAGE of pigmented exudate through the skin 
of frozen blueberries during thawing (drip) may detract 
from product appearance. The extent of drip with frozen 
strawberries depends on cultivar (Ferry and Cabibel, 1973) 
and freezing rate (Kaloyereas, 1947). Crivelli and Rosati 
(1975) reported cultivar differences in drip loss from thaw
ing raspberries and thornless blackberries. Previously, we 
reported differences in the tendency of highbush blueber
ries to leak during thawing, Elliott berries being especially 
prone to this behavior (Sapers et al., 1984b). Differences 
in SEM images of the epicuticular wax were seen between 
this cultivar and Burlington, a cultivar not prone to leakage.

With sirup-packed berries, solutes including pigments 
diffuse from the fruits into the sirup during frozen storage 
at temperatures above —18 C (Guadagni and Nimms, 
1957). Moon et al. (1936) considered the color of frozen 
blueberries to be enhanced by the pigmented sirup result
ing from this process. Guadagni et al. (1960) demonstrated 
that the diffusion of pigments from frozen raspberries to 
sirup follows first order kinetics, the rate constant obeying 
the Arrhenius equation. In a previous study of anthocyanin 
leakage from raw or cooked highbush blueberries, we 
obtained linear or two-phase linear leakage vs time curves, 
leakage rates varying among the cultivars compared and 
appearing to be associated with the incidence of skin rup
turing and with berry pigment content (Sapers et al., 1985). 
Our objectives in the present study were to determine the 
mechanism of anthocyanin leakage from thawing blueber
ries and the basis of cultivar differences in the tendency to 
leak.

MATERIALS & METHODS

Sample preparation and measurement 
of leakage rates (dynamic system)

Samples of nine highbush blueberry cultivars (Berkeley, Blue- 
crop, Bluetta, Burlington, Coville, F.arliblue, Elliott, Jersey, and 
Weymouth) were obtained from the USDA, Rutgers University 
Blueberry and Cranberry Research Center in Chatsworth, New Jer-

Authors Sapers, Jones, and Phillips are with the USDA-ARS, East
ern Regional Research Center, 600 East Mermaid Lane, Philadel
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sey in 1982 (two harvests) and 1983. Cleaned, dry berries were 
packaged in 1 /2 -gallon polyethylene freezing containers and frozen 
at -13°C, the containers being lined up in a single row directly fac
ing the blower to assure uniform and rapid freezing. After several 
days’ equilibration, the containers were transferred to the freezer 
shelves and stored for as long as 18 months.

Anthocyanin leakage was determined with 50g portions of blue
berry samples, sorted to exclude atypically large, small, or defective 
berries and weighed in the frozen state. The berries were thawed 
overnight at 3°C and then equilibrated at 25°C for 1 hr. Immedi
ately prior to the determination, drip was removed from the thawed 
berries by rinsing with three successive 35-mL portions of distilled 
water. The rinsings were collected under suction, combined and 
retained for volume measurement and spectrophotometric analysis. 
After draining and rinsing, selected samples were dewaxed in CHCI3  

prior to the leakage measurements. Leakage was determined in a 
“dynamic” model system by stirring the rinsed or dewaxed, rinsed 
berries in 500 mL distilled water under standardized conditions; 
taking aliquots at 4-min intervals over 24 min; filtering the aliquots; 
diluting the aliquots with pH 3 Mcllvaine’s buffer; and measuring 
their absorbance at 519 nm, the absorption maximum of blueberry 
anthocyanins at this pH, with a Pcrkin-Elmer Model 552 UV-visible 
spectrophotometer. Leakage rates were obtained by plotting absorb
ance vs stirring time curves and measuring their slopes. Procedures 
for dewaxing and determining leakage rates were described in detail 
previously (Sapers et al., 1985). The combined rinsings from the 
thawed berries were diluted with an equal volume of pH 3 buffer 
and analyzed spectrophotometrically at 519 nm. Data on the condi
tion and number of berries (used to estimate total surface area 
Sapers et al, 1985) in each portion evaluated for leakage were 
recorded. Leakage data were compared with values of the total 
anthocyanin content, titratable acidity, soluble solids content, 
and soluble solids-acidity ratio (SS/A) determined previously on 
each berry sample (Sapers et al., 1984a):

Berry-to-beny variation in leakage

To determine whether leakage from thawed samples was subject 
to berry-to-berry variation, the individual berries in a 50g sample 
that had been thawed and rinsed by the procedures described above 
were blotted on absorbent tissue and then distributed in 3 oz plas
tic cups, each cup containing 20 m L distilled water. After 24 min 
at approximately 20°C (without stirring), 20 mL pH 3 Mcllvaine’s 
buffer was added to each cup, and after mixing, the coloration 
of the liquid was evaluated subjectively.

To compare potential causes of leakage, sets of five matched 
berries that were found to be similar in leakage behavior after 15 
min in the static system described above, were selected for study. 
The berries were treated by making a 5-mm slit in the skin with a 
razor blade, abrading the skin by scraping with the blade perpen
dicular to the skin, or removing a section of skin with the razor 
blade. Leakage rates were measured with a scaled-down version of 
the dynamic system used for 50g samples. Each matched set of ber
ries was added to 100 m L distilled water in a 150 m L beaker and 
stirred with a 25 mm magnetic stirring bar under standardized 
conditions for 24 min. Aliquots were taken after 8 , 16, and 24 min, 
diluted with an equal volume of pH 3 buffer, and analyzed spectro
photometrically.

Examination of individual berries

Individual berries from frozen samples were thawed and rinsed 
as described above. Cross sections of fresh, frozen, and thawed 
berries were compared visually to determine the extent of anthocy- 
anin diffusion from the skin into the berry interior. After rinsing to 
remove adhering drip, thawed berries were oriented in different 
positions and blotted on absorbent tissue to locate sources of leak
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age on the berry surfaces. Leakage sites also were observed with a 
Bausch and Lomb StereoZoom microscope at a magnification of 
14-60X.

Measurement of skin thickness
Cuticle and epidermal cell wall thickness were determined for 

Bluetta and Elliott blueberries by microscopic examination of em
bedded sections. The skin specimens (approx 1 mm cubes) were 
immersion-fixed with 4%  glutaraldehyde in 0.01M Na cacodylate 
pH 7 for 4 hr at room temperature, postfixed with 1% OSO4  in the 
same buffer for 2  hr, dehydrated in a graded ethanol series, and 
embedded in Spurr resin. Following polymerization, sections 1 
/am thick were cut with an LK B  IV  Ultratome and mounted on 
glass slides, which were later cover-slipped. Measurements of skin 
thickness were taken with a 16X micrometer eyepiece mounted on 
an Olympus BH-2 light microscope with a 100X objective. For each 
cultivar, sections were prepared from five berries, and 40 thickness 
measurements were made per berry. Skin thickness was operation
ally defined as the distance from the outer berry surface to the cyto
plasmic surface of the epidermal cell outer wall.

Statistical methods
Correlation and regression techniques were used to investigate 

relationships between leakage rates and other variables. Analysis of 
variance techniques were used to separate out sources of variability 
for leakage rates such as cultivar, harvest date and season, and the 
dewaxing treatment. Comparisons between means were made by 
application of the Waller-Duncan K-ratio T test (Waller and Dun
can, 1969).

RESULTS & DISCUSSION

A nthocyanin leakage from thawed samples

The blueberry samples employed in this study varied in 
acidity and soluble solids, indicative of possible ripeness 
differences (Woodruff et al., 1960), as well as in total 
anthocyanin content and berry surface area, both of which 
might be expected to influence leakage (Table 1). Differ
ences in composition and surface area between samples 
harvested in 1982 and 1983 generally were small.

Anthocyanin leakage from thawed blueberries usually 
could be represented by linear absorbance vs time curves 
(Fig. 1, see Burlington). Occasionally, samples yielded two-

phase linear leakage curves, the second slope being greater 
than the first (Fig. 1, see Earliblue), indicating the occur
rence of an event causing the leakage rate to increase during 
the trial. On the other hand, many dewaxed samples (Fig. 
1, see Bluetta) yielded two-phase linear leakage curves with 
the second slope smaller than the first, suggesting deple
tion of the leakage source or an increase in the resistance 
of the berries to leakage.

Leakage rates (slopes) varied over a 20-fold range (Table
2), depending on cultivar, ripeness, condition, and dewax
ing. The highest leakage rates were obtained with samples 
that underwent extensive skin rupturing during the leakage 
determination, an indication of poor condition. Compari
sons of Berkeley, Bluetta, and Earliblue samples, harvested 
on two dates during the 1982 season, indicated an effect of 
berry ripeness on anthocyanin leakage, higher leakage rates 
being obtained with samples of each cultivar having the 
higher SS/A ratios (effect significant at 0.01 level by F- 
test).

Mean anthocyanin leakage rates for 1982 and 1983 
samples of nine highbush blueberry cultivars are given in 
Table 3. The relatively large differences in leakage rates 
between seasons cannot be explained in terms of differences 
in sample ripeness (see Table 1). With the exception of the 
1982 Earliblue and Weymouth berries discussed previously, 
all samples appeared to be in good condition, based on the 
turbidity of the water in which they were stirred. However, 
the 1982 samples may have been subjected to transient 
thawing during frozen storage due to unrecorded power 
outages and/or equipment malfunctions. Such thawing is 
indicated by visual observation of frozen berry cross sec
tions, showing the occurrence of a narrow zone of pigment 
diffusion from the skin into the mesocarp. The diffusion 
zones were wider with 1982 samples than w: h 1983 sam
ples. One would expect leakage rates to be greater in berries 
damaged by freeze-thaw cycling. Cultivar differences in 
leakage rates for samples of similar ripeness and condition, 
obtained in the same season, were similar in magnitude to 
ripeness effects on leakage, the rates falling within a three
fold range. Bluecrop and Bluetta berries tended to leak 
less while Weymouth tended to have a higher leakage rate.

Table 1—Composition and surface area o f highbush blueberry samples

Cultivar
Harvest

date

Titratable 
acidity 

(%  citric)

Soluble
solids

(%  at 20°C) S S / A a
Total

an thocyan in13
Total surface 
area (cm 2 )c

Berkeley 7-22-82 0.53 13.8 26.0 154 206
8-2-82 0.40 13.6 33.6 148 185
7-19-83 0.36 12,4 35.1 102 173

Bluecrop 7-16-82 0.56 11.9 21.4 86 177
7-23-82 0.64 12.5 19.6 84 175
7-19-83 0.65 13.6 21.0 66 185

Bluetta 6-28-82 0.72 10.9 15.3 168 201
7-9-82 0.48 12.2 25.8 154 211
7-5-83 0.50 11.1 22.4 135 198

Burlington 8-2-82 0.70 14.8 21.5 270 223
8-2-83 0.98 13.2 13.5 152 235

Coville 8-2-83 0.65 14.1 22.0 143 192
Earliblue 6-23-82 0.50 12.5 25.0 140 196

7-2-82 0.34 12.2 36.3 135 193
7-5-83 0.31 14.0 44.8 153 194

Elliott 8-3-82 1.26 11.3 9.0 224 204
8-9-82 1.36 11.5 8.4 204 207
8-2-83 1.37 16.2 11.9 233 227

Jersey 7-19-83 0.71 14.8 20.9 164 224
W eym outh 6-28-82 0.54 11.4 21.0 152 204

7-6-82 0.45 11.0 24.4 132 207
7-5-83 0.84 11.2 13.2 129 217

® So lu b le  so lids -r t it ra ta t le  a c id ity
°  A b so rbance  o f e th a no lic  ex tract at 543 nm X  d ilu t io n  fa cto r 
c F o r  50g sample
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The highest leakage rates obtained with thawed berries were 
substantially smaller than rates measured previously with 
coooked samples (Sapers et al., 1985).

Dewaxing increased the leakage rate with Bluetta, Bur
lington, Covrile, Elliott, and Jersey blueberries, presumably 
by removing a barrier to the diffusion of polar anthocya- 
nins from the underlying epidermal cells. It is not clear why 
the other cultivars did not respond similarly. However, their 
behavior was consistent over two seasons. Norris (1974) 
observed an increase in the penetration of 2,4-D through 
isolated plant cuticles after dewaxing. The removal of wax 
from blueberry skin also might affect its mechanical proper
ties, making it more vulnerable to cracks and tears that 
would represent potential leakage sites.

The linear relationship found between absorbance and 
stirring time suggests that the leakage process may be 
described by Fick’s law of diffusion, according to which 
the anthocyanin diffusion rate across the blueberry cuticu
lar membrane should be directly proportional to the berry 
surface area and anthocyanin concentration gradient and 
inversely proportional to the membrane thickness. Our 
data were not consistent with this hypothesis, however; 
correlations between leakage rates and the sample antho- 
cyanin content (assumed to be proportional to the antho
cyanin concentration in epidermal cells), the sample sur
face area, or the product of the anthocyanin content and 
surface area lacking significance except with the dewaxed 
1983 berries (Table 4). Although not significant at the 5% 
level, correlation coefficients for the 1982 samples also 
were higher for dewaxed berries than for corresponding 
untreated samples. The lack o f significance in 1982 may 
be a reflection of the smaller number of cultivars compared, 
data for Earliblue and Weymouth samples being excluded 
because of atypical berry condition.

Leakage rates for 1983 Elliott and Bluetta samples, 
untreated or dewaxed (see Table 3), were compared with

Fig. 1 —Anthocyanin leakage curves for thawed highbush blueberries 
(1983 season).

measured cuticle and epidermal cell wall thicknesses (1.8 
and 3.6 pm for Elliott, and 1.2 and 3.0 /Jtm for Bluetta, 
respectively) to determine conformity to Fick’s law. 
Leakage rates were not inversely proportional to the thick
ness of either or both structures, as would be expected if 
Fick’s law were operative, even when rates were corrected 
for differences in berry anthocyanin content and surface 
area. Norris (1974) found no correlation between the leaf 
or fruit cuticle thickness of various plants and the penetra
tion of 2,4-D. Likewise, Schonherr (1976) reported that 
permeability coefficients for the diffusion of tritiated 
water across cuticles isolated from the leaves of several 
plants were not inversely proportional to cuticle thickness.

These results indicate that anthocyanin leakage is a more 
complex phenomenon than simple diffusion through the 
cuticle. Apparently, the cuticle per se is not an effective 
barrier to diffusion. The epicuticular wax is an effective 
barrier, and its removal by dewaxing in chloroform makes 
the leakage process appear more like diffusion through a 
membrane, perhaps the semipermeable plasma membrane 
of epidermal cells. With berries that are not dewaxed, leak
age rates may be limited by diffusion through more per
meable sites or discontinuities in the epicuticular wax.

Correlation between leakage rate and drip

Although the thawed berry samples evaluated in this 
study were visibly wet, they did not leak sufficient exudate 
during thawing to produce a measureable drip volume. 
Therefore, the extent of drip loss was estimated by rinsing 
the thawed berries with water and measuring the total 
quantity of anthocyanin in the rinsings (Table 3). In prin-

Table 2 —Effect o f ripeness and condition on anthocyanin leakage 
from thawed blueberries—1982 season

Cultivar
Harvest

date S S / A a Condition

Leakage rate (X 1 0  3 )b

N ot dewaxed Dewaxed

Berkeley 7-22-82 26.0 Good 2.2 3.3
8-2-82 33.6 Good 4.9 3.7

Bluetta 6-28-82 15.3 Good 1.8 4.0
7-9-82 25.8 Good 4.0 -

Earliblue 6-28-82 25.0 Fair 5.3 8.1
7-2-82 36.3 Poor 16.7 13.1

W eym outh 6-28-82 21.0 Fair 8.9 8.5
7-6-82 24.4 Poor 42.6 22.1

a So lub le  so lids (%) -r tltra tab le  a c id ity  (% citr ic) 
“  Ab so rbance  un its per m in per lOOg berries

Table 3—Cultivar differences in anthocyanin leakage from thawed 
blueberries

Leakage rate ( X 10 3 )a

1982 1983

Cultivar
Not

dewaxed Dewaxed
N ot

dewaxed Dewaxed
Drip 

( 1983 )b

Berkeley 3.6ef 3.59 2.1cd 2.5ef 42.2 d
Bluecrop 3.1ef 3.29 0.7e 0.79 3.09
Bluetta 2.8f 4.0f9 0.8e 2.1f 14.0 f
Burlington 4 0ef 4.9f 2.1cd 3.4d 50.2 C
Coville - - 1.9d 2.9de 18.2 f
Earliblue 11.0d 10.6d 1.9d 2.4ef 18.3 f
Elliott 4.6e 8.7e 1.7d 4 .1c 37 .8de
Jersey - - 2.1cd 3.3d 15.6f
W eym outh 20.6C 15.3C 2.6C 2.3ef 37.4 e

a A bso rbance  un its per m in per 100g berries 
“ A b so rbance  un its per lOOg berries
c' 9 Means w ith  d iffe ren t superscripts In same co lum n  are s ig n ifica n t

ly  d iffe ren t (p < 0.05)
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ciple, this estimate o f drip should be related to the leakage 
rate, as determined in the dynam ic system, since drip repre
sents leakage over an extended period o f time. However, 
the correlation between these two measurements, while 
significant, was too low (r =  0.57) to be o f any predictive 
value.

A  num ber o f factors can explain the poor correlation 
between drip and leakage rates. First, drip represents a slow 
process occurring over a wide temperature range while 
leakage rates are measured over a brief time interval at a 
constant and higher temperature. Second, the drip process 
differs qualitatively from  leakage (as we measured it), 
resulting from  the slow melting o f ice crystals in the inter
cellular spaces, d iffusion  of pigments and other solutes 
from  damaged epidermal cells, and the d ilution of these 
cellular fluids by the melted ice. The quantity o f intercel
lular ice and extent o f cell damage depend on freezing rate 
and storage conditions (Joslyn, 1966). D uring  thawing, the 
pigmented cellular fluids accumulate w ithin the berries 
and also penetrate the skin as exudate. O n ly  this last step 
is measured as leakage in our system. In  spite o f the poor 
correlation between drip and leakage. We believe that both 
measurements are useful in understanding the basis o f proc- 
essibility and the effects o f cultivar and sample condition 
on processability.

A nthocyanin leakage from individual berries

Observations made w ith individual thawed berries in the 
static m odel system shed considerable light on  the leakage 
process. O f  prim ary importance is the fact that leakage

Table 4—Correlations between anthocyanin leakage rates and total 
anthocyanin content and surface area for untreated and dewaxed 
biueberry samples

C o rre la t io n
C o e f f ic ie n t

1 9 8 2 a 1 9 8 3 b

Untreated

Leakage  ra te  vs t o t a l  a n t h o c y a n in 0.41 0 .3 0
Leakage  ra te  vs su r face  a rea 0 .1 6 0 .2 9
Leakage  ra te  vs to ta l 0 .37 0 . 3 0

a n t h o c y a n i n  X s u r fa c e  a rea

Dewaxed

Leakage  ra te  vs to ta l  a n t h o c y a n i n 0 .6 3 0 . 9 0 c
Leakage  ra te  vs su r fa c e  a rea 0 .4 6 0 . 7 1 d
Leakage  ra te  vs to ta l 0 .5 9 0 . 9 0 c

a n t h o c y a n i n  X s u r fa c e  a rea

3 F ive  cu lt iva rs co m p ared  
b N in e  cu lt ivars com p ared  
“ S ig n if ic a n t  at p = 0.01 
“ S ig n if ica n t  at p = 0 .05

w ithin a berry sample is not uniform  but varies greatly 
from berry-to-berry, some berries even exhibiting no 
leakage (Table 5). The percentages o f nonleaking and leak
ing berries were not highly correlated w ith leakage rates for 
50g samples, probably because o f the large contribution to 
anthocyanin leakage made by a relatively small number of 
berries. Nevertheless, clear differences in the distribution 
o f leaking berries can be seen w ith w idely differing samples 
such as Burlington and Weymouth. W ith the latter cultivar, 
the effects o f berry condition on the leakage rate and dis
tribution are evident. Sim ilarly, dewaxing increases the 
proportion of leaking berries as well as the leakage rate.

Close exam ination o f  leaking berries revealed an asso
ciation between the severity o f leakage and the occurrence 
o f skin rupturing that resulted in the release o f seeds and 
other particulate matter as well as anthocyanin. However, 
not all anthocyanin leakage was accompanied by turbidity 
or visible skin rupturing. To  determine the effects o f skin 
abrasion, rupturing, and fragmentation on anthocyanin 
leakage rates, these defects were simulated in sets o f berries 
matched according to the extent o f leakage in the static 
system by scraping, slitting, or rem oving a section o f skin 
on each berry. Leakage rates determined for these sets 
w ith the scaled dow n dynam ic m odel system are given in 
Table 6 . A s  m ight be expected, leakage rates fo r berries 
classified in the “ slight leakage” category were higher than 
rates for berries classified as nonleaker. Leakage rates for 
the latter were not increased by  abrading the skin w ith  a 
razor blade. However, slitting the skin  did increase the leak
age rate by permitting the escape o f  pigmented cellular 
fluids released from  cells that had collapsed during thaw
ing. S k in  fragments trimmed from  the berries did not 
release m uch anthocyanin in spite o f their high pigment 
content. However, the berries from  w hich skin fragments 
were taken gave relatively high leakage rates. It is likely

Table 6—Anthocyanin leakage from simulated defects in skin o f 
Berkeley blueberriesa

Trial
A p p e a r a n c e  in 
s ta t ic  s y s tem T r e a t m e n t

Leakage  ra te  
(X 1 0 _ 3 )b

1 N o leakage N one 2 .4
No leakage Skin  a b ra d e d 1.5
S ligh t  leakage N o n e 8.1

2 N o leakage N o n e 1.2
No leakage Skin  slit 3 .5
N o leakage Skin  f r ag m e n ts 1.6

3 No leakage N o n e 2.8
No leakage Skin  f r ag m e n ts 4.1
N o leakage Berry  a f te r  sk in  f r ag m e n ts  

re m o v e d
7 .6

Harvested  8/2/82
D S lo p e  o f  ab so rbance  vs t im e  cu rve  (ab sorbance  un its  per m in  per 

1 0 0 g  berries)

Table 5—Anthocyanin leakage from individual berries

Percen tag e  o f  berr ies
Leakage

S a m p le3 T  r e a t m e n t C o n d i t i o n
ra te

( x i c n 3 )b
No

leakage
Sligh t

le ak ag e0
M o d er a te
leakage“

B u r l in g to n  8 /2 N o n e G o o d 4 .0 87 13 0
B lu e t ta  6 /2 8 N o n e G o o d 1.8 67 25 8

D ew ax ed G o o d 4 .0 2 6 44 3 0
El l io t t  8 / 3 N o n e G o o d 5 .0 38 47 15

D e w a x e d G o o d 1 2 . 6 / 8 . 4 d 9 59 31
W e y m o u th  6 / 2 8 N o n e Fair 8 .9 6 4 21 14

7 / 6 N o n e P o o r 4 2 . 6 / 2 9 . 8 d 22 4 4 34

j* 1 9 8 2  season 
b S lo p e  o f  a b s o r b a n c e vs t im e  curve (a b s o rb a n c e  u n i ts  pe r  min  per

^  Sl igh t  = t ra c e  o f  p ink  co lo r ;  
a T w o - p h a s e  l inear  cu rv e  w i th

m o d e r a t e  = light p ink .
ra te s  c o r r e s p o n d in g  t o  s lo p e  1/ s l o p e  2

1 00g  berries)
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that this leakage represents anthocyanin that diffused from 
epidermal cells w ithin the skin into the mesocarp during 
thawing and was released along w ith accumulating cellular 
fluids when the barrier represented by the skin was re
moved. Exam inations o f cross sections o f fresh, frozen, and 
thawed blueberries clearly show the form ation o f a pigment 
gradient from the skin to the interior during thawing.

To determine the site o f leakage in berries not having 
visible skin defects, the surfaces o f individual berries were 
examined by the blotting technique and by m icroscopic 
observation. Leakage appeared to come from  scattered 
point sources on the berry surface rather than from  the 
entire surface as would be the case if anthocyanin diffusion 
from  epidermal cells through the cuticle were uniform. 
Under the microscope, the point sources o f leakage could 
be seen as small droplets o f juice flow ing from  cracks or 
punctures in the skin. Leakage also appeared at the blossom  
end o f the berries, apparently com ing from  the calyx. N o  
leakage was seen at the stem scar.

These results suggest that differences in leakage between 
samples may be due at least in part to differences in the 
mechanical strength, thickness, and/or condition o f the skin 
which affect the development o f point source leaks. A d d i
tional differences between samples in the accumulation o f 
cellular fluids under the skin, due to tissue damage during 
freezing and storage, may affect the pressure exerted by 
such fluids. Leakage w ill occur when the fluid pressure is 
sufficient to break through weak points in the skin. Acco rd 
ing to our hypothesis then, sample leakage rates reflect the 
number o f point source leaks (a characteristic o f the berry 
skin), the volume leaked (a manifestation o f tissue damage 
and ice formation), and the anthocyanin concentration 
o f the leaking fluid (determined by cultivar and ripeness). 
Linearity implies a constant flow o f exudate from  multiple 
point source leaks. Two-phase linear leakage curves where 
the second slope is greater than the first slope m ay repre
sent the occurrence o f a major new point source leak (i.e., 
an extensive skin rupture) during the period o f measure
ment. Leakage curves where the second slope is less than 
the first m ay result from the cessation o f one or several 
major point source leak due to decreasing internal pres

sure. Research to confirm  this hypothesis and examine its 
im plications is continuing.
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CONCLUSION

T H E  O D O R - F L A V O R  characteristics o f Rabbiteye blue
berries is a complex m ixture of organic com pounds in 
w hich 51 have been identified in this study. In  addition 
to the com pounds previously related to flavor impact in 
blueberry aroma, two additional com pounds, czT-3 -hexen-l- 
ol and geraniol, were related to the aroma profile o f this 
comm odity. Synthetic m ixtures o f these com pounds and 
those previously identified as being significant to blue
berry aroma possessed typical aroma profiles as determined 
by inform al sensory evaluations.
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L e a k a g e  o f  A n t h o c y a n i n s  f r o m  S k i n  o f  R a w  a n d  C o o k e d  

H i g h b u s h  B l u e b e r r i e s  ( V a c c i n i u m  c o r y m b o s u m  L . )

GERALD M. SAPERS and JOHN G. PHILLIPS

----------------------------------- ABSTRACT-----------------------------------
Anthocyanin leakage from raw, dewaxed, or cooked blueberries 

was determined by spectrophotometric analysis of water in which 
berries were stirred. Leakage did not occur with fresh berries but 
was observed in samples refrigerated for 5 wk that contained soft 
berries. Dewaxing produced minimal leakage except with samples 
of poor condition. Pigment losses from dewaxed berries probably 
resulted from rupturing of the weakened skin. Leakage from cooked 
berries was more extensive, leakage vs stirring time curves being 
linear or two-phase linear. Leakage rates for cooked berries varied 
among the cultivars compared and appeared to be associated with 
the incidence of skin rupturing and with berry pigment content.

INTRODUCTION

THE LEAKAGE OF EXUDATE from the skins o f  fruits 
greatly influences product appearance and acceptability, 
especially if the exudate is pigm ented. Dekazos and Smit
(1976 ) attributed leakage o f juice from fresh rabbiteye 
blueberries, a storage defect, to  physiological breakdown, 
resulting from changes in the berry environment within 
closed containers. The loss o f cellular fluids from thawing 
plant tissue (drip) depends on the method o f freezing, the 
conditions and duration o f  frozen storage, the m ethod of 
thawing, and the measurement technique (Joslyn, 1966). 
Previously, we observed cultivar-related differences in the 
tendency of highbush blueberries to leak during thawing 
and to impart color to water during cooking (Sapers et al., 
1984b).

These phenomena are related to the integrity or per
meability o f  the skin to cellular fluids and can be under
stood in terms o f the barrier properties o f  the different 
structures comprising the skin, i.e., the outerm ost epicu- 
ticular wax layer, the underlying cuticle, and the epidermal 
and subepidermal cell layers in which the anthocyanin  
pigments are located. Schonherr (1 9 7 6 ) found that the 
water permeability o f isolated cuticular membranes was 
com pletely determined by the cuticular wax and was inde
pendent o f membrane thickness. Norris (1 9 7 4 ) reported 
that dewaxing greatly increased the permeability o f  iso
lated plant cuticles to 2 ,4-dichlorophenoxyacetic acid 
(2,4-D ). Albrigo et al. (1 9 8 0 ) observed that weight loss 
due to the dehydration o f wild blueberries ( Vaccinium 
elliotti Chapm.) was usually greater w ith black-colored 
berries than with blue-colored berries which have a higher 
wax content.

Our objective in this study was to relate anthocyanin  
leakage from the epidermal cells o f  blueberries during 
refrigerated storage and cooking to the barrier properties 
of the skin and its constituent parts in order to understand 
the mechanism o f leakage and the physical basis o f  cultivar 
differences in leakage behavior. Leakage during thawing of  
frozen blueberries will be the subject o f a separate report.

Authors Sapers and Phillips are with the USDA-ARS, Eastern Re
gional Research Center, 600 E. Mermaid Lane, Philadelphia, PA 
19118.

MATERIALS & METHODS

Source and treatment of blueberries

Samples of seven highbush blueberry cultivars (Berkeley, Blue- 
crop, Burlington, Coville, Elliott, Jersey, and Weymouth) were 
obtained from the USDA, Rutgers University Blueberry and Cran
berry Research Center in Chatsworth, NJ, in 1983. Cleaned, dry 
berries were packaged in 1 /2 -gallon polyethylene containers, cov
ered with lids having 4 mm diam. holes at 3 -  4 cm intervals to per
mit gas exchange, and stored at 3°C for as long as 5 wk.

Anthocyanin leakage was determined with 50g portions of ber
ries that had been sorted to exclude atypically large, small, or 
defective berries and then equilibrated at about 25°C for 1 hr prior 
to the determination. To determine the effects of cooking on antho
cyanin leakage, 50g portions of refrigerated berries were placed in 
a small wire kitchen strainer, held over rapidly boiling water in a 
stainless steel beaker heated on a hot plate (covered with a metal 
lid), and steamed for exactly 1  min under standardized conditions. 
The steamed berries were cooled by immersion in ice water for 1 
min and then rinsed with three successive 30 -  35 m L portions of 
distilled water in a 60 mL coarse porosity fritted glass filter funnel 
under suction to remove residual cooling water prior to the measure
ment of leakage.

To determine the effect of epicuticular wax on anthocyanin 
leakage, 50g portions of fresh berries, equilibrated to 25°C, were 
dewaxed by stirring for 1 min in 100 m L CHCI3  under standardized 
conditions at ambient temperature. Dewaxed berries were separated 
from the C H C L 3 in a fitted glass filter funnel under sucion.

To determine the effect of berry condition on anthocyanin 
leakage, refrigerated samples were sorted prior to weighing to 
exclude berries with visible defects. Berries that were soft to touch 
but appeared sound in other respects were either included or re
jected, depending on the purpose of the experiment.

Model system for evaluation of anthocyanin leakage

Following equilibrium to room temperature (and rinsing of 
steamed berries), each preweighed portion of berries was added to 
500 m L distilled water in a 600 m L beaker containing a 50 mm 
magnetic stirring bar and was stirred under standardized conditions 
for 24 min. At 4 min intervals, approximately 10 m L aliquots 
were withdrawn with a wide tip serological pipet and filtered through 
Whatman No. 1 paper under suction to remove seeds, wax and 
other particulate matter released from the stirring berries. A 5 mL 
portion of filtrate was added to 5 m L pH 3 Mcllvaine’s buffer 
(Hodgman, 1954), and the remaining filtrate was returned to the 
sample. Following the 24 min stirring procedure, the number and 
condition of berries in the samples and the turbidity of the water 
were noted.

Anthocyanins in the diluted aliquots were estimated spectro- 
photometrically at 519 nm, the visible absorption maximum, with 
a Perkin-Elmer Model 552 UV-visible spectrophotometer. Since 
anthocyanin leakage usually was linear or two-phase linear with 
time, the rate of leakage was determined as the slope of the absorb
ance vs time curve, calculated by linear regression analysis. Leakage 
rates were determined with 4 - 5  replications.

Leakage rates were compared with berry total anthocyanin con
tent, determined by spectrophotometric analysis of acidified ethan- 
olic extracts of blueberry samples (Sapers et al., 1983); the soluble 
solids-titratable acidity ratio (SS/A) (Sapers et al., 1984a); and total 
surface area, estimated from the weight (W) and number of berries 
(N) in a sample, assuming the berries to be spherical and to have a 
density of 1.04 (corresponding to a 10% sugar solution): Total sur
face area (cm2) = 4.71 (W2 N )H 3.
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Statistical methods

Comparisons of leakage rates between cultivars were made by an 
analysis of variance and application of Scheffe’s test (Scheffe,
1953). Relationships between the leakage rates and various other 
parameters were investigated by means of correlation analysis.

R E S U L T S  &  D IS C U S S IO N

A nthocyanin leakage from raw and dewaxed blueberries

Raw  highbush blueberries from  fresh samples showed no 
significant anthocyanin leakage when tested in our model

LUO
z<t

Fig. 7— Anthocyanin leakage from raw (R) and dewaxed ID) blue
berries.
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Fig. 2—Anthocyanin leakage from raw Burlington and E lliott blue
berries after refrigerated storage.

system, as would be expected from  com m on experience 
(Fig. 1, Bluecrop, Coville and Jersey). Raw  W eym outh  
berries showed slight anthocyanin leakage and also released 
some particulate matter during stirring, behavior not shown 
by the other samples and an indication that this sample 
was in poor condition. The sample apparently was not over
ripe, in fact having a low SS/A  value (13.2) indicative o f 
an early stage o f ripeness (W oodru ff et al., 1960).

Dewaxed blueberries behaved similarly, most samples 
releasing little or no anthocyanin (Fig. 1, Bluecrop). H ow 
ever, in some cases, m inor leakage occurred, usually accom
panied by turbidity. Absorbance vs time curves appeared 
to be linear (Fig. 1, Coville), sometimes preceded by a time 
interval during which leakage was m inim al or absent (Fig. 
1, Jersey). The latter behavior suggests the occurrence o f a 
single event causing leakage such as the sudden puncturing 
or rupturing o f the skin o f one berry. V isib le  skin splitting 
was seen w ith dewaxed W eym outh berries, the more exten
sive anthocyanin leakage found w ith this sample being 
observed primarily in the vicin ity o f the skin ruptures. 
These results clearly show that removal o f the epicuticular 
wax p e r  s e  does not greatly affect anthocyanin leakage 
from  raw berries, other barriers in the skin lim iting the leak
age rate. However, dewaxing may weaken the berry cuticle 
sufficiently to allow the skin to rupture, permitting some 
leakage from  the exposed edges or undersurface o f the torn 
skin.

A nthocyanin leakage from stored blueberries

I f  blueberries are refrigerated for a prolonged period o f 
time, some softening and decay will occur (Dekazos and 
Smit, 1976). When we evaluated sound, firm  berries stored 
for as long as 5 wk (soft berries being removed from  sam
ples during sorting), we measured no anthocyanin leakage 
(Fig. 2), although the water in which the berries were 
stirred usually became turbid. However, w ith samples con
taining soft berries (not removed during sorting), significant 
anthocyanin leakage did occur. Leakage was accompanied 
by skin rupturing in as m any as 1 0 %  o f the berries being 
tested, a p roportion sim ilar to the percentage of soft ber
ries in the sample (9 %  for Burlington and 15%  for Elliott). 
Thus, anthocyanin leakage from  stored blueberries depends 
on  the extent to w hich individual berries undergo softening,

Fig. 3—Anthocyanin leakage from fresh, steam-cooked blueberries.
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R h e o l o g i c a l  B e h a v i o r  o f  S o y a  O i l - W a t e r  E m u l s i o n s :  

D e p e n d e n c e  u p o n  O i l  C o n c e n t r a t i o n

N. GLADWELL, M. J. GRIMSON, R. R. RAHALKAR, and P. RICHMOND

---------------------------------- ABSTRACT------------------------------------
Stress-strain measurements have been performed in the linear region 
for soya oil-water emulsions stabilized with xanthan gum for various 
oil concentrations and for xanthan gum solutions for various xan
than gum concentrations. The big increase observed in the shear 
modulus for the emulsions (as compared to the solutions) is pri
marily due to the interaction between xanthan gum molecules and 
emulsion droplets. The results obtained are in broad agreement with 
the existing theories for concentrated dispersions and tend to show 
that the interdroplet interaction is similar to that expected for ‘soft’ 
deformabe spheres. The results for xanthan gum solutions can be 
explained if the xanthan gum solutions are not true solutions, but 
some form of dispersions.

INTRODUCTION

OIL-WATER EMULSIONS form the basis o f many food  
systems. The disperse phase concentration ranges from a 
few percent (e.g. orange squash) to 80% (e.g. mayonnaise). 
Many food emulsions are viscoelastic. When a small shear 
stress is applied, the emulsion behaves like a solid by stor
ing m ost o f the energy. At high stress values, the emulsion 
behaves like a liquid in that the flow occurs. For interme
diate values o f shear stress, som e o f  the energy is stored in 
the system while the rest is dissipated, w hich is characteris
tic o f  a viscoelastic fluid.

Shear modulus is a measure o f the elasticity o f the em ul
sion. The higher the shear modulus, the greater is the capac
ity o f the emulsion to store energy. In practical terms, it 
means that a certain shear stress has to be applied before 
the flow  can occur. A high value of shear m odulus is indica
tive o f enhanced emulsion stability in low  stress situations, 
e.g. during storage and transportation. On the other hand, it 
also means that higher stresses (and hence greater pressure 
drops) are required before the emulsion can flow , resulting 
in greater pumping and processing costs. High shear m odu
lus usually im plies high viscosity which also increases pump
ing and handling difficulties.

Shear modulus is dependent upon several emulsion 
parameters, such as, the disperse phase concentration, drop
let diameter, polydispersity etc. (D ickinson and Stainsby,
1982). It is also possible to link shear m odulus w ith col
loidal interation betw een the droplets (Buscall et al.,
1982). To measure shear modulus o f the emulsions, it is 
necessary to carry out the experim ents in the linear region, 
where there is no breakdown o f  emulsion structure. At high 
deform ation values, breakdown o f the coagulation struc
ture takes place, resulting in liquid-like flow. Shear modulus 
o f suspensions have been reported by serveral investigators. 
Zosel (1 9 8 2 ) and Buscall et al. (1982 ) carried out the shear 
modulus measurements on polystyrene latex suspension. 
Strong dependence upon polystyrene concentration was 
observed in both cases. The dependence o f shear modulus

The authors are affiliated with A F R C  Food Research Institute, Col- 
nev Lane. Norwich. NR4 7UA England, U.K.__________________

upon droplet size was studied by Sherman (1970 ). The 
shear modulus was found to decrease w ith increasing drop 
volume. The objective o f this study to investigate the rela
tionship between colloidal interactions and bulk rheology. 
We have investigated the dependence o f shear m odulus 
upon the oil content over a wide range o f concentrations. 
The emulsions were stabilized by xanthan gum. As a com 
parison, variation o f shear modulus with xanthan gum con
centration was also studied for xanthan solutions.

MATERIALS & METHODS
D E IO N IZE D  W ATER  was used for the preparation of emulsions. A 
soyabean oil with fatty acid composition 16:0 9.8%, 18:0 3.9%, 
18:1 20.1%, 18:2 51%, 18:3 7.1% was used. Emulsifer was egg yolk 
powder and the stabilizer was xantaan gum, both of which were 
supplied by Colman’s of Norwich.

Emulsions were prepared with oil concentration ranging from 
20% (comparable to salad dressings) to 70% (comparable to mayon
naise) while keeping the amount of egg yolk and xanthan gum con
stant. Table 1 lists the composition of A  series emulsions and cor
responding xanthan gum solutions (assuming all the xanthan gum in 
the emulsions was in the aqueous phase). B series of emulsions, with 
composition identical to the A series but with no xanthan gum was 
also prepared. Further details of materials and the method of emul
sion preparation are given elsewhere (Hennock et al., 1984).

Particle size measurements

Average droplet sizes of the emulsions were measured by using 
a Malvern particle size analyser Model 2600 MSD. The technique 
works essentially by measuring the diffraction pattern of the emul
sion as a monochromatic beam of laser light (red light \  = 633 nm) 
is passed through it. The details of the technique are given elsewhere 
(Hennock et al., 1984).

Rheology

The creep recovery measurements were carried out using a 
series II Deer rheometer. A concentric cylinder assembly, with 
inner and outer diameters 12 mm and 15 mm, respectively, was 
employed. The inner cylinder could be subjected to very small 
angular displacements (typically a fraction of a degree) by applying 
a fixed amount of torque. The strain slowly creeps up to the equilib
rium value. The stress is then removed and the strain decay is ob
served, the two responses together giving the creep/recovery be
haviour. The calculations of shear stress and shear strain were made 
by standard procedures (Whorlow, 1980).

RESULTS & DISCUSSION

FIG. 1 shows a typical creep-recovery response o f the emul
sions. The response essentially consists o f tw o parts. When a 
fixed stress was applied, the elastic com pliance rose instan
taneously to a value Jo, equal to reciprocal o f  the instan
taneous elastic modulus. After that, there was a tim e de
pendent build up which consists o f  the equilibrium com pli
ance and the viscous compliance. The e x p e r i m e n t  was 
repeated for several different values o f stress. The instantan
eous strain (y), associated with Jo (= y/o) was plotted
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a consequence o f  “ physiological breakdown” (W oodruff 
et al., 1960) and/or bruising (Ballinger et al., 1973) and not 
a generalized deterioration in the barrier properties o f  the 
skin affecting all berries.

A nthocyanin  leakage from  co oked  fresh blueberries

A nthocyanin leakage from steam-cooked fresh blueber
ries greatly exceeded that from raw berries, even deter
iorated berries stored 5 wk (Fig. 3). Absorbance vs time 
curves for the five cultivars compared usually were two- 
phase Unear, the second slope being smaller than the first 
(see Burlington and Elliott). Occasional trials yielded  
linear or curvilinear leakage curves (see Bluecrop). Leakage 
rates (slopes 1 and 2 , corresponding to  each portion o f  the 
two-phase linear curves) varied greatly among replicates o f  
the same sample and appeared to be related to the occur
rence o f berries having visible skin ruptures after 24 min 
stirring (Table 1). Correlation coefficients for slope 1 vs % 
ruptures were 0 .94 and 0.78 for Elliott and Jersey, respec
tively). Leakage from skin ruptures in cooked berries entails 
the relatively unrestricted diffusion o f pigments and other 
solutes from epidermal cells in the exocarp and the dis
organized cell layers o f the exposed surface. The greatly en
hanced rate o f leakage with cooked berries as compared to  
raw samples is evidence for the destruction by heat o f  the 
primary barrier to anthocyanin diffusion from the exocarp, 
the semipermeable plasma membranes o f epidermal cells 
(Adams and Blundstone, 1971). Disruption o f the epicu- 
ticular wax during cooking, indicated by the appearance of 
a wax film on the surface o f the cooling water and water in 
which berries were stirred, as well as by the loss o f bloom , 
also would remove a barrier to anthocyanin leakage from  
underlying tissues.

Cultivar differences in the rate o f anthocyanin leakage 
(Table 2) were large, Bluecrop and Coville leaking less than 
Burlington and Elliott. If anthocyanin leakage were con
trolled by diffusion from the pigm ent-containing epidermal

Table 1-Anthocyanin leakage vs skin rupturing in steam-cooked 
blueberries

Cultivar Trial

Berries with 
skin

ruptures (%)

Leakage rate (X1 0 3)a

Slope 1 Slope 2

Elliott 1 27 71.0 _
2 32 73.4 46.6
3 38 64.6 -
4 52 125.2 61.0
5 62 158.0 87.2

Jersey 1 7 9.2 24.2
2 21 44.0 —
3 49 87.0 60.8
4 50 89.2 45.6
5 58 70.8 22.6

A b so rb a n c e  u n it s  per m in  per 100g  berries

cells through the overlaying cuticle over the entire berry 
surface, one would expect leakage rates to  be directly pro
portional to the berry surface area and anthocyanin content. 
Although these characteristics varied among the cultivars 
compared, correlations between them and leakage rates 
were marginally significant, surface area appearing to be 
less important than total anthocyanin (Table 3). The appar
ent inverse relationship between leakage rates and the SS/A  
ratio, an indicator o f ripeness (W oodruff et al., 1960), 
may be fortuitous since the low ratio for Elliott reflects 
the high acidity that is characteristic o f this cultivar rather 
than a lack o f ripeness (Sapers et al., 1984a). The incidence 
o f skin rupturing does not appear to explain differences in 
leakage rates between cultivars (see Table 2, Bluecrop vs 
Coville). However, the extent o f  skin rupturing, i.e., the 
dim ensions o f the rupture or exposed skin undersurface, 
which were not measured, may be more directly related 
to leakage than the incidence o f  skin rupturing. Both the 
incidence and severity o f skin rupturing after cooking may 
be related to the thickness, tensile strength, and condition  
(damage due to weathering or handling) o f  the berry skin.

The occurrence o f two-phase linear absorbance vs time 
curves suggests a change in the mechanism o f  leakage during 
the period o f measurement, perhaps the depletion o f one 
pigment source (i.e ., a skin rupture) w ith subsequent diffu
sion from a less accessible pigment source (i.e., diffusion  
from epidermal cells through the cuticle) determining the 
leakage rate. The correlation between slope 2 and the total 
anthocyanin content and surface area is consistent with 
diffusion over the entire berry surface.

Both mechanisms, anthocyanin leakage through the 
cuticle and from skin ruptures, probably contributed to  
the coloration o f  cooking water, as observed previously 
(Sapers et a l, 1984b). Such leakage may be desirable with 
canned products, for which a highly colored syrup is sought, 
but would be undesirable w ith baked products where diffu
sion o f  anthocyanins through the batter would produce an 
unattractive appearance. Cultivars such as Bluecrop and 
Coville would be superior to Burlington and Elliott for the 
latter application. Inform ation on the causes o f  cultivar dif
ferences in the tendency o f  cooked blueberries to  leak may 
be useful in selecting new cultivars for superior process- 
ability. — Continued on page 443

Table 3—Correlation between leakage rate and berry total anthocya
nin content and surface area

Correlation coefficient

Correlation Slope 1 Slope 2

Slope vs surface area 0.400 0.560b
Slope vs TAcya 0.824 0.878b
Slope vs surface area x Tacy 0.879b 0.923b

a T ota l a n th o c ya n in  content 
“ S ig n if ica n t  at p = 0 .05

Table 2—Anthocyanin leakage from steam-cooked blueberries

Leakage rate (X10 3)c

Total Berries with ruptures (%) Slope 1 Slope 2
surface

Cultivar SS/Aa T Acyb area (cm 2 ) Mean Range Trials Mean Range Trials Mean Range

Bluecrop 21.0 66 166 15 12-18 3 54.3e 47.8- 62.6 4 25.0f 15.0-35.4

Burlington 13.5 152 230 44 35-53 4 95.6d 79.6-111.0 4 54.2de 38.0-64.4

Coville- 77.t, 143 186 58 38-77 4 66.4e 56.0- 77.2 5 30.5f 22.4-42.8

Elliott) 11.9 233 207 42 27-62 5 98.4d 64.6-158.0 3 64.9d 46.6-87.2

Jersey 20.9 164 221 44 21-58 4 72.8e 44.0- 89.2 3 43.0e 22.6-60.8

a S o lu b le  so lld s/titratab le  ac id ity
b T o ta l a n th o c y a n in  = ab so rbance  o f e 'h a n o lic  ex tract at 5 4 3  nm  x 

d ilu t io n  fac to r

c A b so rb a n c e  un its  per m in  per 1 0 0 g  berries
d ~ f  M e an s  w ith  d iffe ren t sup e rsc rip ts  in sam e co lu m n  are sign ifi 

can t ly  d iffe ren t (p <  0 .05 )
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againsi the applied stress (a). In the linear viscoelastic 
the emulsion behaved essentially like a Hookean 

id and stress-strain relationship was linear. The shear 
m odulus G is given by 0 / 7 . Thus, the shear modulus was 
obtained from the slope o f  y-o plot. The stress-strain 
behavior o f  the A series emulsions and xanthan gum solu
tions is given in Fig. 2 and 3, respectively. The B series 
emulsions (excep t for the one with 70% oil) did not exhibit 

creep-recovery behavior. The emulsion with 70% oil (with-
out xanthan gum) was viscoelastic to some extent but the 
precise measurement o f  shear modulus was not possible due 
to the low values o f stresses involved. Table 1 lists the shear 
m odulus values for the em ulsions and solutions.

The shear modulus for the emulsions is an order o f  mag
nitude higher than that for the corresponding xanthan gum 
solutions. If the em ulsions are regarded as the xanthan gum 
microgel filled v/ith the em ulsion droplets (soya oil droplets 
with the emulsifier m olecules adsorbed at the interface), 
there w ill be a reinforcing effect due to the emulsion drop
lets. However, one would expect this effect to  be very small, 
since the shear m odulus o f  the emulsion droplets w ithout 
the xanthan gum microgel is negligible (none was observed 
for the B series emulsions). To obtain an order o f  magni
tude reinforcing effect as in the present case, the m odulus

Table 1—Composition and shear moduli o f oil-water emulsions and 
xanthan gum solutions. A  1 to A 6  are emulsions, while X I  to X6  are 
xanthan gum solutionsa

Sample
Water 
wt %

Soya
oil

wt %

Egg 
yolk 
wt %

Xanthan 
wt %

Droplet
size
yum

Shear
modulus

A1 76 20 3 1 2.4
Pa

107
A2 66 30 3 1 3.1 176
A3 56 40 3 1 3.0 295
A4 46 50 3 1 2.7 395
A5 36 60 3 1 2.8 562
A6 26 70 3 1 2.9 957
X1 98.7 - - 1 .3 - 6.00
X2 98.5 — - 1.5 - 8.62
X3 98.2 - - 1.8 - 11.8
X4 97.8 — - 2.2 - 21.6
X5 97.2 — — 2.8 - 35.0
X6 96.2 - - 3.8 - 44.5

a The B series emulsions had compositions identical to the A series 
emulsions except that no xanthan gum was used.

o f the filler droplets would have to be quite high. Thus 
the com posite theories such as Kerner m odel (Kerner,
1956) or van der Poel m odel (Poel, 1958) cannot ade
quately explain the behavior o f  the emulsions.

The xanthan gum solutions and the emulsion (w htout 
xantham gum) separately have low  shear moduli. However, 
when they were mixed togetherasin  the A series emulsions, 
it resulted in a large increase in the shear modulus. This is 
probably due to the strong interactions between the emul
sion droplets and xanthan microgel. One possibility is that 
the xanthan gum m olecules get adsorbed at the oil-water 
interface. There is evidence in the literature to suggest that 
xanthan gum may be surface active (Prud’hom m e and 
Long, 1983). Xanthan gum may act partly as an emulsifier 
(by being adsorbed at the interface) and partly as a thick
ener (by forming a microgel). There may also be interac
tions between xanthan gum m olecules and egg yolk lipo
proteins.

Fig. 4b shows the plot shear m odulus vs volum e frac
tion o f oil. The dependence is linear over the entire range 
studied with a slope o f  1.6. According to the theory pro
posed by Buscall et al. (1 9 8 2 ), shear modulus G is related 
to the total interparticle potential V by

(1)

where, R is the equilibrim center to center distance and a 
is a constant. Assuming that the dominant repulsive inter
action betw een the droplets is represented by an inverse 
power potential, [V(r) a  r_ n ] ,  the relationship between  
G and <p, the disperse phase volum e fraction can be ob
tained as follow s (Gladwell et al., 1985):

n
log G = (—+ 1) log 0  + constant (2)

3

According to a recent article by Sornette and Ostrow- 
sky (1984 ), the steric interaction betw een fluctuating 
spherical drops gives a relationship o f  the form

S

G a  0 4 / 3  [ 1 -  {<p/<pm) l l3 ] ~ 3  ( 3 i

where <f>m is the close packed volum e fraction. For $ « $ m 
this gives an exponent 4 /3 . However, for larger values o f 
(¡> there is no simple exponent although if  a correlation is 
forced, the effective exponent w ill be greater than 4/3 . 
Our results, w ith the power o f  1.6 are consistent w ith this 
approach. This suggests that the interaction between the

Fig. 1—A  typical compliance curve for 
the A ! emulsion, a = 2.38 Pa.
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Fig. 2—Strain-stress behaviour o f the A series emulsions, y - shear 
-strain, a - shear stress. Pa.

droplets is similar to  that betw een the oscillating spheres 
rather than that betw een the rigid spheres. This will be the 
case if  the droplets deform easily under the applied shear 
stress. Network or chain m odels for the flocculated emul
sions predict a linear relationship between G and 0  (van den 
Tem pel, 1961; Nederveen, 1963; Sherman, 1970). How
ever, this is contrary to  som e experim ental observations. A 
much stronger dependence o f  G upon 0  was observed by 
Sherman (1 9 6 7 ) and by Hoffman and Myres (1965 ). G  was 
found to  be dependent upon 0 2  by Zosel (1982 ) for poly
styrene latex suspensions and for T i0 2  suspensions in 
water. He postulated the presence o f 0 C, a critical disperse 
phase concentration below w hich G = 0. However, in our 
case, there was no 0 C, since even at 0  = 0 , the system (xan- 
than solution when 0 = 0 ) had a measurable shear modulus.

Plot o f  log G vs log C for xanthan solutions is also a 
straight line w ith the slope o f  2 (Fig. 4a). This is roughly 
similar to the log G - log 0  relationship for the emulsions. 
Xanthan gum solutions were prepared at room tempera
ture. Xanthan gum solutions prepared in this way are 
thought to be dispersions, rather than the true solutions 
tD intzis et al., 1970). Increasing the xanthan gum concen
tration also increases the concentration o f  the xanthan

Fig. 3—Strain-stress behavior o f  xanthan gum soiutrms.

gum particles in the dispersion. According tc M a  is et al.
(1 9 8 3 ) this is the origin o f  the shear modulu f a  : m han 
gum solutions. When the solutions were hea ed c 'brain 
true solutions and then cooled again, the si ea: modulus 
disappeared and the solutions exhibited Newtonrrr rekav- 
ior. If m ost o f  the increase in G can be attrrrafic o  the 
presence o f particulate matter in the xan th a i gur. solu
tions’, one would expect the G-C dependence to  3 -s mJar 
to the G-0 dependence for the emulsions, th i s e-p f-in ing  
our results.

CONCLUSIONS

IN SOYA OIL-WATER EMULSIONS most o f ta : « elas
tic behavior can be attributed to the in teracticrs :e r» esn
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Fig. 4—(a) Plot o f shear modulus vs concentration for the xanthan 
solutions; (b) Plot o f shear modulus vs volume fraction o f o il for 
the emulsions. G - shear modulus. Pa; c - concentration, weight %; 
0 - volume percent o f oil.

xanthan gum microgel and emulsion droplets. The results 
obtained do not agree with the predictions of the chain or 
network models, but are in agreement with the theory of 
membranes, indicating that the droplets behave as soft 
deformable spheres, rather than as rigid spheres. While 
xanthan gum solutions are much less viscoelastic than the 
emulsions, their behaviour follows a similar pattern, indi
cating that the xanthan gum solutions prepared at room 
temperature are probably dispersions and not true solu
tions.
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A N T H O C Y A N IN  L E A K A G E  F R O M  B L U E B E R R IE S . . . From page 439,

CONCLUSIONS

Significant anthocyanin leakage from raw blueberries 
does not occur, except in stored berries that have under
gone softening. The removal of the epicuticular wax has 
little effect on the extent of anthocyanin leakage from raw 
berries.

Cooking destroys the primary barrier to anthocyanin 
leakage, resulting in high leakage rates. Cultivar differences 
in anthocyanin leakage rates after cooking are due primar
ily to differences in the tendency of berry skins to rupture, 
and secondarily to berry anthocyanin content and surface 
area.
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E f f e c t  o f  H y d r a t i o n  o f  C o w p e a  M e a l  o n  P h y s i c a l  a n d  S e n s o r y  A t t r i b u t e s

o f  a  T r a d i t i o n a l  W e s t  A f r i c a n  F o o d

K .H . M c W A T T E R S  & M .S . C H H IN N A N

--------------------------------- A B S T R A C T ----------------------------------

Effects of water level (56, 58 and 60%) and hydration time (0, 30, and 
60 min) on apparen: viscosity of cowpea paste and physical-sensory at
tributes of akara, a finished food made from paste, were determined. Water 
level had a greater effect than hydration time on paste viscosity and on 
crude fat content, shear force, lightness (L), and saturation index (AE) of 
akara. Apparent viscosity of cowpea paste was the only parameter signif
icantly affected by the interaction of water level and hydration time. Over
all, the 60% water level produced paste with flow properties and akara 
with physical characteristics most like the traditional product. Sensory 
attributes of meal-based products were acceptable.

IN T R O D U C T IO N

C O W P E A S  (V ig n a  u n g u ic u la td )  are widely consumed in West 
Africa as a boiled vegetable using fresh or rehydrated dry seeds, 
as an ingredient in soups, stews, and casseroles, and as paste in 
steamed and fried dishes (Dovlo et al,, 1976). Two time-consum
ing processes involved in preparing cowpeas for certain applica
tions are removal of the seed coat and size reduction of seed. In 
an effort to simplify processing of cowpeas and other grain leg
umes in developing countries, village-scale technologies of de
cortication (Reichert and Youngs, 1976; Reichert et al., 1979) and 
flour production (Anon., 1976; Onayemi and Potter, 1976; East
man, 1980) have been developed.

A  collaborative research project being conducted by the Uni
versity of Georgia and the University of Nigeria under the auspices 
of the Bean/Cowpea Collaborative Research Support Program (U.S. 
Agency for International Development) is seeking to improve the 
processing, preservation, and utilization of cowpeas. In addition 
to developing technologies to improve the ease and efficiency of 
removing the cowpea seed coat, a major focus of the project has 
been optimizing conditions for processing and using cowpea meal. 
Although cowpea flour is available in West African markets, it 
has not gained widespread acceptance, largely because of its poor 
functionality, i.e., water absorption and performance in prepara
tion of traditional foods (Dovlo et al., 1976). A  recent study in 
our laboratory determined that the poor performance of a com
mercial cowpea flcur obtained from Nigeria and used as an in
gredient in akara, a traditional West African dish made by deep- 
fat frying cowpea paste, was related to its small average particle 
size (McWatters, 1983). Particle size analysis of the flour showed 
the greatest concentration, 48% , of particles to be in the 400-mesh 
range whereas the greatest concentration of traditionally made 
paste particles, 42% , was in the 100-mesh range. This indicated 
that milling conditions prese<T¡y employed in West Africa for 
producing fine flours from maize and sorghum may not be appro
priate for cowpeas. W illiams (1980) concluded that cowpea meal 
(middlings) was more suitable for akara preparation than fine flour 
or coarse grits.

In addition to particle size distribution, other factors to be con
sidered in determining and optimizing the performance of cowpea 
meal or flour are watensolids ratio and hydration time. One N i
gerian manufacturer’s instructions for using cowpea flour rec-

A u t h o r s  M c W a t t e r s  a n d  C h i h i n n a n  a r e  a f f i l i a t e d  w i t h  t h e  D e p t ,  o f  F o o d  S c i 

e n c e ,  U n i v .  o f  G e o r g i a  A g r i c u l t u r a l  E x p e r i m e n t  S t a t i o n ,  E x p e r i m e n t ,  GA 3 0 2 1 2 .

ommended a flour to water ratio of 4:5 and no hydration time 
whereas another recommended a 4:3 flour to water ratio and a 3- 
hr hydration time. Since recommended procedures for utilizing 
cowpea meal/flour in traditional West African foods are quite 
variable, this study was conducted to determine the influence of 
hydrating cowpea meal under different conditions on its functional 
performance in a specific food system, i.e., akara.

M A T E R IA L S & M E T H O D S

C ow pea m eal and  paste preparation

The California blackeye pea was selected as the seed  
source because o f  its acceptability in developing countries 
including N igeria, Senegal, Botswana, and the W est Indies; 
Nigeria has imported California blackeye peas in recent 
years because o f insufficient domestic supplies (Hall, 1984). 
M ost o f  the dry seed industry in the U .S . also uses black- 
eye-type cultivars, usually California B lackeye 5 (Fery,
1981).
Peas (4 .5  kg) were decorticated for 6  min in a mini-PRL  
rollover dehuller (Nutana M achine C o ., Saskatoon, Can
ada) equipped with carborundum stones rotating at 1 , 0 0 0  

rpm. After passing through a seed cleaner, decorticated  
cotyledons were made into meal in a Retsch microjet ultra
centrifugal m ill, M odel Z M 1, equipped with a 1.0 mm  
screen and operated at 10,000 rpm. Previous work had shown 
that the 1 . 0  mm screen produced a particle size distribution 
in meal w hich resulted in acceptable end product quality 
(M cW atters, 1983). The moisture content o f  the m eal, de
termined by vacuum drying 5-g sam ples for 24 hr at 70°C, 
was 11%. Paste was prepared by adding sufficient water to 
the meal to adjust the moisture content to 56 , 58 , or 60%. 
Preliminary studies had shown that water levels below  56%  
or above 60% produced pastes that had poor flow  charac
teristics, i .e . ,  were too thick or thin, respectively. For each 
batch, 2 0 0 g cow pea meal was m ixed with water and stirred 
gently with a spoon for 2 min. The resulting paste was 
covered and held undisturbed for 0 , 30 , or 60 min. Each 
water level-hydration tim e treatment was replicated tw ice.

A kara preparation

Akara was prepared from pastes made from the water 
level/hydration time treatments described above. Akara was 
also prepared by the traditional process (D ovlo  et a l., 1976) 
for comparison. Seasoning levels and frying conditions as
sociated with akara preparation have been described pre
viously (McWatters and Brantley, 1982; M cW atters, 1983).

P hysical m easurem ents

V iscosity o f  pastes whipped in a Hobart m ixer (N -50) at 
speed 3 for 1.5 min was determined. Apparent v iscosity  o f  
pastes at 23°C was measured with a Brookfield V iscom eter  
M odel RVT and M odel C Helipath Stand equipped with a 
TB spindle and operated at 5 rpm (Chhinnan et a l., 1983). 
The dial readings o f the viscom eter were m ultiplied by the 
manufacturer-supplied conversion factor o f  8 . 0  to obtain 
values in poise.
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Akara was analyzed in quadruplicate for moisture con
tent, crude fat content, and force required to shear as de
scribed by M cW atters (1983). Hunter color values (L , a, 
b) o f  four akara balls from each treatment were determined 
with a Gardner X L-845 colorim eter set against a yellow  
reference standard (L =  7 8 .5 3 , a =  -2 .0 3 , b =  23 .55). 
Psychometric color terms involving chroma (C ), chromat- 
icity difference (A C ), hue difference (AH) and saturation 
index (AE) were calculated from L, a, b values as given  
below  (A non ., 1979):

C =  (a2  +  b 2 ) 1/ 2  

AC =  (a2  +  b§) -  (a2  +  b2 ) 172 

AE =  [(AL ) 2  +  (Aa ) 2 +  (Ab)2 l 172 

AH =  [(AE ) 2  -  (AL ) 2 -  (AC ) 2 ] 172 

where, A refers to the difference between sample and ref
erence standard; subscripts r and s are associated with the 
reference standard and the sam ple, respectively. The L, a, 
b color space and the above psychom etric color terms are 
represented graphically in Fig. 1.

Sensory  evaluation

A set o f  four sam ples consisting o f  a reference (R) made 
by the traditional process and the products o f three hydra
tion tim es at one water level was evaluated at each session. 
Sam ples for each set were prepared in the morning, cooled  
to room temperature, and covered with aluminum foil until 
evaluated at mid-afternoon. Sam ples were arranged in ran
dom order on heat-resistant white plates, reheated at 150°C 
for 5 min in a conventional oven , and evaluated w hile warm 
by a ten-member panel. A ll panelists had served on pre
vious akara panels, were familiar with the traditional prod
uct, and were trained in the use o f  sensory evaluation  
procedures. Sam ples were rated for color, texture, and fla
vor on a scale o f  9 to 1 (9 =  excellent, 5 =  borderline, 1 
=  very poor) as described by McW atters (1983).

S tatistica l analysis

The objective and sensory data were analyzed separately 
using analysis o f  variance procedure, PROC A N O V A , o f  
Statistical A nalysis System  - SA S 79 (H elw ig and C ouncil,

F i g .  1 — G r a p h i c  r e p r e s e n t a t i o n  o f  p s y c h o m e t r i c  c o l o r  t e r m s .

1979). The objective measurement variables associated with 
paste and akara prepared from cow pea meal were first ana
lyzed as a function o f  hydration time and water level. Fol
low ing this analysis, appropriate hypotheses were tested to 
compare the difference betw een akara prepared from cow - 
pea meal and by the traditional process.

For sensory data analysis, the reference scores corre
sponding to each set were analyzed to test their variation 
among sets. N o statistical difference at the 5% significance  
level was found. A s a result o f  this, all o f  the sensory data 
was pooled and analyzed in the manner described for the 
objective data.

R E SU L T S & D IS C U S S IO N

M OST OF THE SAM PLES tested were prepared from  
cow pea meal w hile others were prepared by the traditional 
process. In the fo llow ing d iscussion , no reference to the 
sample preparation process w ill im ply that the sam ples were 
prepared from cow pea meal.

Analysis o f  variance o f  the effect o f  water level and 
hydration time on paste v iscosity  and several physical char
acteristics o f  akara is shown in Table 1. Water level had a 
major effect on apparent v iscosity  o f  cow pea paste and on 
crude fat content, shear force, lightness (L) and saturation 
index (AE) o f  akara. Hydration time had a significant effect 
on hue difference (AH) o f  akara. Water level-hydration time 
interaction had a significant effect on the apparent viscosity  
o f cow pea paste. The moisture content o f  akara was not 
affected by either water level or hydration time.

Data for traditionally processed cow pea paste and akara 
and those obtained for cowpea meal were pooled. The pooled 
apparent viscosity data were analyzed considering each water 
level and hydration time as 9 individual treatments and 
traditional paste as one additional treatment (Table 2). This 
approach was taken because o f  significant interaction be
tween water level and hydration tim e. A nalysis o f  variance 
o f the pooled data for moisture content, crude fat, shear 
force, L, and AE values considering each water level o f  
cow pea meal as an individual treatment and the traditionally 
prepared akara as the fourth treatment is shown inTable 3. 
Hue difference, AH, was found to be affected by hydration 
time only (Table 1), and pertinent analysis o f  the pooled  
data for this color characteristic is presented in Table 4.

The first step in analysis o f  the sensory data involved  
testing the variability in the reference scores given by the 
panelists on different days o f  scoring. It was found that no 
statistical difference existed among different sets o f refer
ence scores. It may be noted that the reference score was 
the score assigned by a panelist to the akara sam ple pre
pared by the traditional process. Statistical analysis o f  the 
sensory attributes o f  akara for the data corresponding to all 
combinations o f  water level and hydration time was per
formed. N o significant effect on the sensory attributes o f  
color, texture, and flavor due to these treatments was ob
served. Results from the analysis com paring sensory attri
butes to akara made from cowpea meal and by the traditional 
process are given in Table 5.

Pastes prepared at the 56% water level had the highest 
apparent viscosity values and were the most v iscous, 58% 
water level pastes were intermediate, and 60% water level 
pastes were the least viscous (Table 2). At the 56% water 
level, v iscosities o f pastes hydrated for 30 and 60 min were 
similar and significantly less viscous than paste at the 0  min 
hydration time. At the 58% water level, v iscosities o f  pastes 
hydrated for 0 and 30 min were sim ilar and significantly  
more viscous than paste hydrated for 60 min; the sam e trend 
was observed at the 60% water level. A ll treatments pro
duced pastes w hich were more viscous than paste made by 
the traditional process. Overall, the 60% water level pro-
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H Y D R A T I O N  O F  C O W P E A  M E A L . . .

T a b l e  1 — L e v e l  o f  s i g n i f i c a n c e  f o r  t h e  m a i n  a n d  i n t e r a c t i v e  e f f e c t s  o f  w a t e r  l e v e l  a n d  h y d r a t i o n  t i m e  o n  p h y s i c a l  v a r i a b l e s  a s s o c i a t e d  w i t h  c o w p e a  p a s t e  a n d  

a k a r a  p r e p a r e d  f r o m  c o w p e a  m e a l __________________________________________________________________________________________________________________

Cowpea paste Akara

Apparent Crude Shear Instrumental color values
viscosity Moisture fat force A E A H
(Poise) (%) (%) (N/g) L

Water Level, W  (%) . . . NS . . . . . . • . . . NS
Hydration time, T (min) NS NS NS NS NS NS ***

W  x T *** NS NS NS NS NS NS

NS - not significant; *P 0̂.05; **P«0.01; *’*P«0.001

T a b l e  2 — E f f e c t  o f  w a t e r  l e v e l  a n d  h y d r a t i o n  t i m e  o n  a p p a r e n t  v i s c o s i t y  o f  

w h i p p e d  c o w p e a  p a s t e  p r e p a r e d  f r o m  c o w p e a  m e a l  a n d  t r a d i t i o n a l  p a s t e

Water level
<%)

Hydration time 
(min)

Apparent viscosity 
(poise)

56 0 578.4a
30 559.2°
60 563.2°

58 0 440.8°
30 436.0°
60 423.2°

60 0 332.8°
30 321.6°
60 316.0'

Traditional paste 301.69

a‘g Values not having a common superscript are significantly different at P 0.05.

T a b l e  3 — E f f e c t  o f  w a t e r  l e v e l  o n  m o i s t u r e  c o n t e n t ,  c r u d e  f a t  c o n t e n t ,  s h e a r  

f o r c e ,  L ,  a n d  A £  v a l u e s  o f  a k a r a  p r e p a r e d  f r o m  c o w p e a  m e a l  a n d  t r a d i t i o n a l  

p a s t e

Process

Water
level
(%)

Moisture
<%)

Crude
fate
(%)

Shear
force
(N/g)

L
A E

Cowpea meal 56 46.8 24.2° 14.6a 38.3a 41.7°
58 47.1 26.4c 13.5° 38.0a 42.1°
60 47.5 29.0° 11.7° 35.2° 44.8a

Traditional 45.4 38.6a 12.5°° 35.8° 44.3a

a'd Values in a column not having a common superscript are significantly different at P =s
0.05.

e Dry weight basis.

T a b l e  4— E f f e c t  o f  h y d r a t i o n  t i m e  o n  h u e  d i f f e r e n c e ,  AH, o f  a k a r a  p r e p a r e d  

f r o m  c o w p e a  m e a l  a n d  t r a d i t i o n a l  p a s t e

Process Hydration time (min) A H

Cowpea meal 0 8.96°
30 9.64°
60 10.41a

Traditional - 10.62a

a‘c Values not having a common superscript are significantly different at P =s 0.05.

T a b l e  5 —  C o m p a r i s o n  o f  s e n s o r y  r a t i n g s '  o f  a k a r a  p r e p a r e d  f r o m  c o w p e a  

m e a l  a n d  t r a d i t i o n a l  p a s t e ______________

Process Color Texture Flavor

Cowpea meal 7.61a 6.92° 7.30°
Traditional 7.85a 7.95a 7.95a

a~b Scale of 9 to 1 where 9 = excellent, 5 = borderline, 1 = very poor; values in a column 
not having a common superscript are significantly different at P 0.05.

duced paste v iscosities most like that o f  traditional paste 
(61.3%  moisture).

In a previous study (Chhinnan et a l., 1983) involving  
rheological characteristics o f  cow pea paste, the authors had 
found that the apparent viscosity o f  cow pea paste was sig 
nificantly affected by water level only; how ever, the m ag
nitude o f  v iscosity values reported are comparable to those 
obtained in this study.

Water level had a major effect on crude fat content and 
shear force but not on moisture content o f  akara prepared 
from cow pea meal (Table 3). Percentage crude fat increased 
as the level o f  water used to hydrate cow pea meal increased

from 56 to 60%. A ll water level treatments produced akara 
which was significantly lower in crude fat content than 
akara made by the traditional process. Shear force values 
indicate that the amount o f  force required to shear akara 
decreased significantly as water level for meal hydration 
increased from 56 to 60%. Shear values for the 58 and 60%  
water levels were similar to that o f  traditionally-made akara 
and significantly lower than shear values obtained at the 
56% water level.

Color values for lightness (L) and saturation index (AE) 
o f akara were also influenced by the water level used to 
hydrate cow pea meal (Table 3). Akara balls prepared from  
meal at the 56 and 58% water levels had similar L values 
and were significantly lighter than those at the 60% water 
level or those made by the traditional process. Saturation 
index or total color difference values indicate that the 60%  
water level produced akara more like the traditional product 
than the 56% or 58% water levels. Hue difference (AH)values 
o f akara increased as the length o f  tim e for hydrating co w 
pea meal increased from 0 to 60 minutes (Table 4). Akara 
made from cow pea meal hydrated for 60 minutes and akara 
made by the traditional process had similar AH values.

Comparison o f  sensory scores for akara prepared from  
hydrated cowpea meal and from traditionally processed paste 
indicates that there was no significant difference in color 
due to processing treatment (Table 5). Texture and flavor 
scores o f  akara prepared from hydrated meal were sign ifi
cantly lower than those o f  the traditional product. A ll o f  
the meal-based products were acceptable, with mean scores 
o f 7 (good) for color and flavor and 6  (fair) for texture. A  
frequent comment made by panelists concerning texture was 
that the test products were drier and less oily  than traditional 
akara. Since the moisture content o f  traditional and test 
samples were similar (Table 3), the perceived drier texture 
o f the meal products was probably due to their low er crude 
fat content.

Results o f  this study show that the level o f  water used 
to hydrate cow pea meal had a greater effect on physical 
characteristics o f  paste and akara than the length o f  time 
the meal was hydrated or the interaction o f  water level and 
hydration time. Overall, the 60% water level produced paste 
with flow  properties and akara with physical characteristics 
more like the traditional product than the other water levels. 
Sensory attributes o f  all m eal-based products were accept
able, receiving ratings o f  good (color, flavor) or fair (tex
ture). Optimizing conditions for processing and using cowpea 
meal should promote the resourceful utilization o f  this im 
portant legum e.
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K i n e t i c s  o f  F o l a c i n  D e s t r u c t i o n  i n  S w i s s  C h a r d  D u r i n g  S t o r a g e

D. B. GAMI and T.-S. CHEN

----------------------------------- A BST R A C T -----------------------------------
The folacin activities in fresh Swiss chard leaves stored in open air 
at 4, 21, 35 and 40°C were determined by a microbiological assay 
using L a c t o b a c i l lu s  ca se i. At 21°C the leaves were also stored in 
plastic bags and under moist conditions. Folacin was most stable 
when the vegetable was stored in plastic bags, followed by the 
moist condition, and least stable in open air at 21°C. The degrada
tion of folacin in Swiss chard under all conditions followed first- 
order kinetics. The temperature dependent folate degradation con
formed to the Arrhenius equation and the activation energy was 
24 kcal/mole.

INTRODUCTION

FOLACIN DEFICIENCY is probably the most common 
vitamin deficiency in the U.S. (Chanarin, 1981). The USDA 
Nationwide Food Consumption Survey, 1977-78, indicated 
that the RDA for folacin is difficult to meet and the esti
mated average folacin intake for men and women is 88% 
and 71% of the RDA, respectively (Peterkin et al., 1981). 
Quantitative assessment of folacin status through dietary 
intake information, however, has been exceedingly diffi
cult. The problem is mainly a lack of reliable food folate 
data. Many foods that may contribute to dietary folacin 
intake have not been assayed by the recognized L a c t o b a c i l 
lus c ase i  microbiological method and the effects of storage, 
processing and preparation on folacin in these foods have 
not been studied.

Green leafy vegetables are generally considered good 
sources of folacin. Swiss chard is a garden vegetable plant 
with large fleshy curly or fanlike leaves and broad midribs 
which could be white or red. The plant withstands dry 
weather well and grows constantly throughout the sum
mer. A search of literature reveals two reports on folacin 
in Swiss chard. Olsen et al. (1947) reported 111 /Ug of 
folacin per lOOg chard but the value may be underesti
mated since ascorbic acid was not used in the assay to pro
tect folacin. Mullin et al. (1982) determined folacin content 
of three cultivars of Swiss chard and the storage effect at 
4°C.

Interest in quantitative approaches to analysis o f food 
quality deterioration during processing and storage has 
resulted in numerous kinetic studies on nutrient destruc
tion. Since 1979 when Chen and Cooper (1979) reported 
the kinetics of thermal destruction of two naturally occur
ring folates, several kinetic studies on folacin degradation 
reactions involving heating synthetic folacin derivatives in 
buffers or in model food systems have been published 
(Day and Gregory, 1983; Mnkeni and Beveridge, 1982,
1983). However, the destruction kinetics of this vitamin as 
a natural food component have not been previously inves
tigated. The purposes of this study were to determine the 
effect of storage conditions on the stability of folacin and 
the temperature dependence of the rate of folacin degrada
tion in Swiss chard.

Authors Garni and Chen are affiliated with the Div. o f Food Science 
& Nutrition, Dept, o f Home Economics, California State Univ., 
Northridge, CA 91330.

MATERIALS & METHODS

Sample

Fresh Swiss chard (B e ta  v u lg a ris; var. cicla), with broad white 
midribs and fanlike leaves, grown in Oxnard, CA, was obtained 
from a wholesale distributor within 48 hr of harvest. The lower 
stems of the leaves were removed and the leaves washed and patted 
dry on paper towels. Preliminary experiments showed that folacin 
content was directly related to the leaf size. To control the variabil
ity due to leaf size, the leaves were sorted, based on weight, into six 
lots: 1 -  lOg, 11 -  20g, 21 -  30g, 31 -  40g, 41 -  50g, and 51 -  60g. 
One leaf from each lot was taken to assemble a sample bunch of 
six leaves and a total of 72 sample bunches was assembled. The sam
ple bunches were then divided into six groups for stroage under vari
ous conditions. Three groups were stored at 21°C, one each in open 
air, under moist condition and in plastic bags. The remaining three 
groups were stored in open air at 4, 35, and 40°C. For moist stor
age, a tray containing water was placed in a cardboard box (18 x 
1 2  x 1 0  in with holes on the sides) and the sample bunches were 
placed in rows on wire racks above the water tray. The box was 
covered with wet cheese cloth. For storage in plastic bags, the pro
duce bags of the clear polyethylene type available in supermarkets 
were used. Sample bunches were put one in each bag and the bags 
were sealed by twist-tieing at the neck. For open air storage, the 
sample bunches were placed in open cardboard boxes.

Sample extraction

A sample bunch of Swiss chard was withdrawn from each stor
age chamber at various time intervals for extraction and analysis of 
folacin activity. The leaves in each bunch were chopped and well 
mixed. Triplicated samples of 20g each of chopped leaves were 
immediately extracted in 200 m L of boiling sodium phosphate 
buffer (0.1M, pH 6.1) containing 0.5% ascorbic acid, by homogeniz
ing in a Waring blender at high speed for 1.5 min. The homogenate 
was autoclaved at 121°C for 15 min, cooled in an ice-water bath and 
centrifuged at 3000 x g  for 15 min at 0°C. The supernatant was 
assayed for folacin activity.

Folacin assay

Folacin activity of Swiss chard extract was determined by a 
microbiological method using L a c t o b a c i l lu s  c a se i (ATCC 7469) 
as the assaying organism. To break down the polyglutamyl folacin 
derivatives into forms that can support the growth of L .  ca se i, the 
sample extracts were treated with chicken pancreas conjugase. The 
reaction mixture, consisting of 0.5 m L of sample extract, 0.5 m L 
of conjugase solution and 4.0 mL buffer, was incubated at 37°C for 
2 hr as described by Kirsch and Chen (1984). The conjugase-treated 
sample extract was then diluted 1 0  times with buffer and assayed in 
triplicate of 0.2 mL each in accordance with the method of Chen 
et al. (1983). The mean folacin activity and standard deviation of 
the mean for each sample were calculated from nine measurements. 
The standard deviations ranged from 0.5 -  12% of the mean values 
indicating low variability of the microbiological assay used. The 
folacin content of the vegetable, measured as folacin activity by 
the microbiological assay, is expressed in p g  folic acid equivalent per 
1 0 0  g fresh weight.

Treatment of data

The percent folacin retention in Swiss chard during storage was 
calculated by comparing the folacin content of stored samples to 
that of the fresh sample. The order of the degradation reaction of 
folacin during storage was ascertained graphically by plotting 
either the folacin content or percent folacin retention against 
time of storage using a computer program C U RF IT  based on linear
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regression analysis. The straight line which resulted from plotting 
logarithm of folacin content or percent folacin retention versus time 
indicated a first order reaction. The first-order rate constant (k) 
was calculated from the slope of the line obtained in this semi-log 
plot. The half-life of folacin in Swiss chard under each storage con
dition was determined by the equation, ty2 = 0.693/k.

The temperature dependence for folacin degradation in Swiss 
chard was further analyzed according to the Arrhenius equation:

k = A exp(-Ea/RT)

where k = first-order rate constant; A  = Arrhenius pre-exponential; 
Ea = Arrhenius activation energy (cal/mole); R  = gas constant; and 
T = absolute temperature (°K).

RESULTS & DISCUSSION

FRESH SWISS CHARD LEAVES contained 297 fig folic 
acid equivalents per lOOg fresh weight (Fig. 1). This is sig
nificantly higher than the values o f  123 -  199 jug/100g for 
three cultivars o f field grown Swiss chard reported by Mul- 
lin et al. (1982 ). The difference between the values ob
tained in the tw o studies may be partially due to the dif
ference in the experim ental technique. Kirsch and Chen
(1984 ) have shown that variations in the conjugase treat
ment procedures alone could result in as much as 50% 
variance in the folacin values assayed m icrobiologically. 
Other important factors that could affect folacin content 
o f vegetables include variety, growing conditions, maturity 
and post-harvest holding conditions.

When stored at room temperature (21 C), Swiss chard 
retained good visual quality up to 2, 4, and 6  days under 
open-air, m oist, and bagged conditions, respectively. The 
samples stored in open air were slightly discolored and 
wilted on the second day. The leaves became tough and the 
stem had brown spots on the third day. On the fourth day, 
the leaves turned yellow  and the midrib turned brown but 
no disagreable odors were noticed. The m oist and bag- 
stored samples were crisp for the first three days o f  storage. 
The yellow ing o f the leaves became increasingly noticeable 
after four days when brown spots were also developed, 
more so under the moist condition. By the sixth day, the 
bagged sample bunch had brown spots on the middle two  
or three leaves o f the bunch and the other leaves were yel
lowish green in color. Both moist and bag stored samples 
had developed unacceptable odor on the seventh day o f 
storage.

The folacin content o f Swiss chard stored at 21 C de
creased with time under all three conditions. The bagged 
sample showed the slowest rate o f loss follow ed by the
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Fig. 1-Changes in folacin content o f Swiss chard under three stor
age conditions at room temperature (21° C).

moist and open-air samples (Fig. 1). The open-air sample 
lost 30% folacin in 24 hr, whereas 25% and 4% losses o f  
folacin occurred in the moist and bagged Swiss chard, re
spectively. As shown in Fig. 1, the linearity o f  the folacin  
degradation curves obtained on a semi-log p lot indicates 
that the loss o f  folacin followed first order reaction kinetics 
when Swiss chard was stored under open-air and m oist con
ditions. When stored in the plastic bag, however, two stages 
o f the folacin degradation reaction in Swiss chard are appar
ent. The first part o f  the reaction occurs along the horizon
tal portion o f the curve (Fig. 1) where no appreciable 
folacin loss is occurring. The second part o f the reaction  
occurs along the sloped portion o f the curve, after about 32 
hr of storage at 21°C, and the loss o f folacin could be again 
described by first order reaction kinetics.

The high correlation coefficients (> 0 .9 8 )  obtained from  
linear regression analysis indicate that the data satisfactorily 
conform to the first order function for the degradation o f  
folacin in Swiss chard under all storage conditions (Table 
1). The calculated first order reaction constants and half- 
lives are also presented in Table 1. A lthough the rate con
stant for the bagged sample was very close to that o f the 
m oist sample, plastic bags appeared to cause a delay in the 
initiation o f  folacin degradation and offered better protec
tion for the storage o f Swiss chard. Previous workers 
(K enny, 1971; Umiecka, 1981) have also shown that the 
unperforated plastic bags helped preserve fruits and vege
tables for short periods o f storage. It is interesting to note  
that the half-life o f folacin in Swiss chard appeared to be 
closely related to the loss o f aesthetic qualities o f the vege
table.

As shown in Fig. 2, when stored in open air in the pro
duce box under refrigerated condition (4°C ), Swiss chard 
retained 8 8 % o f the folacin over a 1 0  day period which is 
more time than would normally be expected from field to  
table. This agrees w ith Muhin et al. (1 9 8 2 ) w ho found that 
storage at 4 C did not affect folacin content o f  Swiss 
chard adversely over a 14 day period. As the storage tem 
perature increased, an increasing proportion o f  folacin was 
lost. For example, approxim ately 10, 30, and 43% o f fola
cin loss occurred in 6  hr of storage at 21, 35, and 40°C , 
respectively (Fig. 2). Similar observatons on ascorbic acid 
retention in Swiss chard were made by earlier workers. 
Zepplin and Elvehjem (1 9 4 4 ) reported 30 -  35% loss o f  
vitamin C in Swiss chard stored at room temperature for 
3 days, whereas no loss o f the vitamin was observed at 8  -  
10°C. McComb (1957 ) also found no loss o f vitamin C in 
Swiss chard stored at 10 -  12°C for 4 days. Therefore, rapid 
cooling and storage at low temperature are beneficial for 
highly perishable vegetables in nutrient retention.

The loss o f  folacin in Swiss chard during storage at ele
vated temperatures also follow ed first order kinetics, w ith  
correlation coefficients greater than 0.98. The first order 
rate constants calculated from the slopes o f the lines in 
F i|. 2 are 0 .0123 , 0 .0625 , and 0 .0987/hr at 21, 35 , and 
40  C, respectively (Table 1). However, the order o f the

Table 1—Effect o f storage conditions on first-order rate constant 
and half-life for folacin degradation in Swiss chard

Storage
condition

Correlation
coefficient

Rate constant 
k (hr- 1 )

Half-life 
ti/2 (hr)

In plastic bag
at 21°C 0.998 0.00810 108

Under moist condition
at 210 C 0.996 0.00896 77

In open air at: 4°C 0.925 0.00086 806
21°C 0.988 0.0123 56
35° C 0.992 0.0625 11
40° C 0.980 0.0987 7
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Fig. 2—Fo/acin retention in Swiss chard stored in open air at differ
ent temperatures.

reaction o f folacin degradation at 4°C could not be ascer
tained since the data fit zero and first order kinetics equally 
well (r = 0 .93). The first order rate constant calculated is
0 .00086  and the half-life would be 33 days (Table 1).

The first order kinetic for the degradation reaction o f  
the naturally occurring folates in Swiss chard during storage 
is in agreement w ith previous research. The thermal destruc
tion reactions o f synthetic folacin derivatives have been 
reported to be first order in solutions or in m odel food sys
tem s (Chen and Cooper, 1979; Mnkeni and Beverage, 1982,
1983), except under limited oxygen (Day and Gregory, 
1983; Ruddick et al., 1980). Since the nature o f the folacin  
derivatives in Swiss chard is unknown and the storage tem 
peratures em ployed in the present study are much lower 
than the experim ental temperatures for the thermal de
struction studies reported in the literature, a comparison 
o f the rate constants would not be meaningful.

The low  values o f the first order rate constants ob
tained in this study (Table 1) indicate that the folacin pres
ent in the Swiss chard is relatively stable under refrigerated 
and room storage conditions. One factor that could have 
contributed to the stability o f folacin is the presence of 
a moderate am ount o f  ascorbic acid in Swiss chard. Fresh 
chard contains 50 -  95 mg ascorbic acid/lOOg (Zepplin and 
Elvehjem, 1944) and a level o f 80  -  140 mg ascorbic acid/ 
lOOg was found to be sufficient to  exert an antioxidative 
effect on the folate activity in Brussels sprouts during stor
age (Malin, 1977).

Conform ation o f the thermal inactivation data for fola
cin in fresh Swiss chard to the Arrhenius equation is shown  
graphically in Fig. 3 where the natural log o f  the rate con
stant is plotted against 1/T. The linearity o f  the line sup
ports the use o f the Arrhenius m odel for expressing the 
temperature dependence o f  the reaction rate constant for 
folacin. The Arrhenius activation energy (Ea) for the fola
cin degradation reaction in Swiss chard was calculated to be 
24 kcal/m ole which falls in the range o f  20 -  30  kcal/m ole, 
typical values o f activation energy for vitamin destruction  
in foods (Saguy and Karel, 1980). In comparison, values o f
9.5 kcal/m ole (Chen and Cooper, 1979), 7.1 kcal/m ole  
(Ruddick et al., 1980), and 17 -  19.8 kcal/m ole in buffers 
and 7.85 -  10.8 kcal/m ole in food m odel system s (Mnkeni 
and Beveridge, 1983) have been reported for 5-m ethyl- 
tetrahydrofolic acid, the only naturally occurring folate for 
which Ea has been published. The differences betw een the 
Ea values obtained in the present study and the literature 
values are attributable to the difference in the nature o f  the 
folates involved. Although the 5-m ethyl derivative o f  fola-

Fig. 3—Plot o f rate constant IK) for folacin destruction and storage 
temperature o f Swiss chard according to the Arrhenius equation.

cin is the major form found in cabbage, lettuce and orange 
juice, the 5- or 10-formyl derivatives predom inate in the 
soybean (Stokstad, 1979). Further work to identify the 
forms o f folates present in the Swiss chard and other 
foods as well as to determine the Ea values for folate  
derivatives other than the 5-m ethyltetrahydrofolic acid is 
needed.

It appears that the rate o f folacin loss in fresh Swiss 
chard during storage is low and the half-life o f folacin coin
cides with the loss o f the aesthetic qualities o f  the vege
table. Low temperature storage in plastic bags helped pre
serve the vitamin and visual qualities o f  fresh vegetables. 
However, the apparent differences in the activation energy 
for folacin destruction observed in Swiss chard and that 
occurring in food m odel system s suggest that more informa
tion is needed on the distribution o f folacin derivatives in 
plant materials.

REFERENCES
Chanarin, I. 1981. Dietary deficiencies of vitamin B-12 and folic 

acid. In “Nutrition Problems in Modern Society,” (Ed.) Howard, 
A.N. John Libby, London.

Chen, T.-S. and Cooper, R.G. 1979. Thermal destruction of folacin: 
effect of ascorbic acid, oxygen, and temperature. J. Food Sci. 
44: 713.

Chen, T.-S., Lui, C.K.F., and Smith, C.H. 1983. Folacin content of 
tea. J. Amer. Diet. Assoc. 82: 627.

Day, B.P.E. and Gregory, J.F. 1983. Thermal stability of folic acid 
and 5-methyltetrahydrofolic acid in liquid model food systems. 
J. Food Sci. 48: 581.

Kenny, A. 1971. Storage of gooseberries in plastic bags. J. Food 
Technol. 6 : 403.

Kirsch, A.K. and Chen, T.-S. 1984. Comparison of conjugase treat
ment procedures in the microbiological assay for food folacin. 
J. Food Sci. 49: 94.

McComb, C.L. 1957. Ascorbic acid oxidase activity of certain vege
tables and changes in the dehydroascorbic acid during shelf- 
life. Food Res. 22: 448.

Maline, J.D. 1977. Total folate activity in Brussels sprouts: the ef
fects of storage, processing, cooking and ascorbic acid content. 
J. Food Technol. 12: 623.

Mnkeni, A.P. and Beveridge, T. 1982. Thermal destruction of pter- 
oylglutamic acid in buffer and model food systems. J. Food Sci. 
47: 2038.

Mnkeni, A.P. and Beveridge, T. 1983. Thermal destruction of 5- 
methyltetrahydrofolic acid in buffer and model food systems. 
J Food Sci. 48: 595.

Mullin, W.J., Wood, D.F., and Howsam, S.G. 1982. Some factors 
affecting folacin content of spinach, Swiss chard, broccoli and 
Brussels sprouts, nutr. Rep. Int’l. 26: 7.

—Continued on page 453

Volume 50 (1985)-JOU RNAL OF FO O D  SC IE N C E -4 4 9



C h e m i c a l  C o m p o s i t i o n  a n d  N u t r i t i v e  V a l u e  

o f  T r u f f l e s  o f  S a u d i  A r a b i a

W. N. SAWAYA, A. AL-SHALHAT, A. AL-SOGAIR, and M. AL-MOHAMMAD

------------------------------------A BSTRACT----------------------------------
The chemical composition and nutritional quality of truffles of 
Saudi Arabia, T e rfe z ia  c la v e ry i and T irm a n ia  n ivea , were studied. 
Results showed 19.6 and 27.2% protein, 2.8 and 7.4% fat, 7.0 and 
13.2% crude fiber, 4.6 and 5.4% ash and 1.8 and 5.1% ascorbic acid 
for T. c la v e ry i and T. n ivea , respectively. Both varieties contained 
high amounts of K and P and fair levels of Fe, Cu, Zn and Mn. All 
essential amino acids were present in fairly good amounts. Leucine 
and lysine were the first limiting amino acids in T. c la v e ry i and val
ine in T. n ivea . In-vitro protein digestibility (82.8 -  86.7%) was 
slightly lower than that of Animal Nutrition Research Council 
(ANRC) casein (90.0%) but the calculated protein efficiency ratio 
(2.1 -  2.49) was relatively close to the value of 2.5 for ANRC  
casein.

INTRODUCTION

TRUFFLE TUBERS are widespread around the world 
including various parts o f the Middle East and North 
Africa. However, the most highly prized truffle is the 
Perigord truffle, T u b e r  m e l a n o s p o r u m  V ittad., that grows 
in Southern Europe. The Perigord truffle is valued for its 
aroma imparted to foods and is usually used as a condi
ment. In countries o f the Middle East and North Africa, 
truffles are usually used in cooked dishes and have long 
been utilized by Arabs o f the desert as substitutes for meat 
in their diet.

Unlike the European truffles which grow in forests in 
association with oak trees, the Saudi truffles are desert 
species found in the interior o f Saudi Arabia excluding the 
deep sand and bare rocky regions. Records for the years 
1966 -  1974 show that the interior regions o f  Saudi Arabia 
where such truffles grow have a mean temperature of
24.1 C and an annual average rainfall o f 127 mm.

In Saudi Arabia, three types of truffles namely Gibaah, 
Kholeissi and Zubaidi are found, but tw o o f  these, i.e. 
Gibaah and Kholeissi (brown truffle) are different forms of 
the same species, T e r fe z ia  c la v e r y i  Chatin, (Terfeziaceae), 
while Zubaidi (w hite truffle) was identified as T irm a n ia  
n iv e a  (Desf. Fr. )Trappe (Pezizaceae). The w hite truffle,
T. nivea ,  produces the largest ascocarp (up to lOOOg) and 
the brown truffle yields smaller ones (Khleissi, up to 300g  
and Gibaah up to 700g). Reports on the occurrence of 
these tw o species in the Middle East and North Africa are 
sporadic and at least one o f these species was reported to 
be found in Kuwait, Iraq, Syria, Libya, Qatar, Morocco and 
Tunisia (Abdalla et al., 1979; Cook, 1984). Published infor
mation on their food values is still lacking and the limited 
data available in the literature was m ostly reported from 
Kuwait, Iraq and Libya (Khalaf et al., 1970; Al-Delaimy, 
1977; Hussein and Eid, 1980; Ahmed et al., 1981 and 
Al-Shabibi et al., 1982) and involves only one o f these 
species, T e r fe z ia  c la v e r y i  Chatin. In Saudi Arabia only pre
liminary work relating to the proximate analysis and the 
contents o f some mineral elem ents in these two truffle

The authors are affiliated with the Regional Agriculture and  Water 
Research Center, M inistry o f  Agriculture and  Water, P.O. B o x  17285, 
Riyadh, Saud i Arabia 11484.

species was done (Abdalla et al., 1979) but data is still 
lacking on the nutritional quality o f the local truffles.

The purpose o f  this investigation was to determine the 
chemical com position and nutritional characteristics o f the 
truffles growing in Saudi Arabia which may also be com 
mon to other countries in the area.

MATERIALS & METHODS

Collection of samples

Samples of two different species of truffles, T e rfe z ia  c la v e ry i  
Chatin, including the brown Kholeissi and Gibaah varieties, and 
T irm a n ia  n ivea , including the white Zubaidi were purchased fresh 
from the local market and washed free of adhering soil. Three sam
ples of each variety were purchased from different localities in 
Riyadh city and the samples (4 kg each) were thoroughly mixed. 
Representative samples from the composite lots were used for 
analysis. These truffles were those from Haffar Al-Batin area in the 
interior of Saudi Arabia about 500 kM  north of Riyadh city. Since 
truffles sometimes are peeled due to the difficulty of removing all 
the dirt between the crevices, samples from each species collected 
were divided into two parts, peeled and unpeeled, and were blended 
separately by a Brabender chopper. Samples were withdrawn for 
moisture and vitamin C analysis and the remaining were imme
diately freeze-dried (Stokes, Model 902-1-8), ground and kept in 
air tight glass jars in the deep freeze (-40°C) for further analysis.

Chemical and nutritional analysis

Proximate analysis. Methods outlined in AO AC (1980) were 
used for the analysis of moisture (Method 7.003), crude fat (7.056), 
crude fiber (7.061), ash (7.009) and vitamin C (43.056). Crude 
protein (N x 6.25) was determined with a Kjeldahl (Protein/Nitro- 
gen) analyser (Kjel-Foss Automatic Model 16210, A/S N. Foss 
Electric, Denmark) using the AO AC  (1980) method (7.024).

Mineral element analysis. For the determination of mineral ele
ments, (Na, K, Ca, Mg, P, Fe, Cu, Zn and Mn) the ash was dissolved 
in 5 m L 20% HQ. The final diluted solution for Ca and Mg con
tained 1 %  lanthanum to overcome interferences, especially by phos
phates. All minerals except Na, K  and P were determined with an 
atomic absorption spectrophotometer (Perkin Elmer, Model 603). 
Na and K were determined with a flame photometer (Beckman, 
Klina flame). P was determined spectrophotometrically using the 
procedure of Watanabe and Olsen (1965).

Amino acid analysis. Amino acid analysis was done by hydrolyz
ing under vacuum the freeze-dried samples containing 5 mg protein 
for 24 hr at 110°C (Moore and Stein, 1963). For tryptophan analy
sis, samples were hydrolyzed with 5N NaOH according to the 
method of Hugli and Moore (1972). The sulphur-containing amino 
acids were obtained using performic acid treatment and then hy
drolyzing with 6 N HC1 (Moore, 1963). All hydrolysates were an
alyzed with a Beckman amino acid analyzer (Model 119CL).

In-vitro protein digestibility (IVPD) and calculated protein 
efficiency ratio (C-PER). IVPD was measured according to the 
method outlined by Satterlee et al. (1979) using a modification of 
the multienzyme automatic recording technique reported by Hsu 
et al. (1977). The C-PER was obtained by using data from IVPD  
and essential amino acid composition of the protein according to 
procedures outlined by Satterlee et al. (1979). Animal Nutrition 
Research Council (ANRC) casein was included for comparison.

Chemical score. The chemical scores were obtained by dividing 
the contents of the essential amino acids by the amounts of the 
same amino acids in the FAO/WHO reference protein (1973).
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TABLE 1 shows the results o f the chemical com position  
o f  the three truffle tubers. Results for the protein, fat, 
fiber and ash contents were generally higher than those o f  
the most com m only consum ed vegetables and tubers (Watt 
and Merrill, 1975; Pellet and Shadarevian, 1970). The 
white species o f  truffles T ir m a n ia  n iv ea  (Desf. Fr. ) Trappe 
(Zubaidi) contained considerably higher levels o f protein, 
fat and fiber compared to the contents o f these nutrients in 
the brown truffles, T e r fe z ia  c la v e r y i  Chatin. The contents 
o f protein in the tw o Saudi Arabian brown truffles were 
lower than that in the truffle T u b e r  m e l a n o s p o r u m  (Del- 
mas, 1980) and black truffles, T e r fe z ia  c la v e r y i  Chatin 
o f Iraq (Khalaf et al., 1970; Al-Shabibi et al., 1982) but 
slightly higher than the protein content o f 17.19% in the 
Libyan brown truffles, T e r fe z ia  b o u d i e r i  Chatin. The 
contents o f fat, ash and crude fiber o f both the white and 
brown species o f Saudi Arabian truffles were comparable 
to the contents o f these nutrients in the Iraqi and Libyan 
truffles except that the Libyan truffles contained relatively 
higher levels o f ash and the Saudi w hite truffles contained  
higher levels o f  crude fiber. The vitamin C contents o f the 
Saudi truffles o f both white and brown species were lower 
than the values reported in literature (Abdalla et al., 1979). 
The Gibaah variety contained a higher concentration of 
vitamins C than those o f Kholeissi and Zubaidi varieties. 
The results for vitamin C are in close agreement w ith those 
reported for T u b e r  m e l a n o s p o r u m  (Delmas, 1980). Results 
o f the present study showed considerable variations from 
those o f  Abdalla et al. (1 9 7 9 ) who reported on a dry weight 
basis 68.25 and 69.96% protein, 0 .36  and 0.37% fat and 
32 and 107 mg% o f vitamin C in the Zubaidi and Kholeis
si truffles o f  Saudi Arabia, respectively. The moisture con
tent o f  the three Saudi truffles (75 .27  -  78.89% ) was com 
parable w ith the values reported in the literature for other 
varieties o f truffles (Khalaf et al., 1970; Abdalla et al., 
1979; Al-Shabibi et al., 1982). Of the tw o Saudi Arabian 
brown varieties, Gibaah contained higher levels o f  protein, 
fat, ash and vitamin C even though both belonged to the 
same species T. c la v e r y i  Chatin, as identified by B.M.

RESULTS & DISCUSSION Spooner (private com m unication) o f the Kew Herbarium 
o f the Royal Botanic Gardens, Surrey, England.

Peeling o f truffles resulted in considerable decrease in 
the protein, fat, ash and ascorbic acid contents. The crude 
fiber content, on the other hand, tended to be higher in 
the peeled truffles. The reason for the higher fiber content 
in the peeled truffles can not be ascertained.

Mineral elem ent contents

Table 2 shows the data on the mineral elem ent contents 
o f the truffles. The concentration o f  potassium was the 
highest in all the varieties follow ed by phosphorus, sodium, 
magnesium and calcium. In general, the levels o f  the macro 
elem ents in the three truffle samples were comparable to  
those found in com m only consum ed tubers such as pota
toes and other similar foods such as mushrooms. No major 
differences were observed in the levels o f these macroele
ments in the different varieties investigated. Among the 
microelem ents, copper was present in higher concentration  
while iron and zinc were present in fair am ounts when com 
pared to their daily needs (F ood  and Nutrition Board, 1980). 
Gibaah variety showed a higher concentration o f iron while 
the w hite truffle, Zubaidi, showed a considerably higher 
concentration o f copper compared to the other tw o vari
eties. In comparison with other truffles, the local varieties 
contained comparable amounts o f  potassium to those o f  
Libyan and Kuwaiti truffles (Ahm ed et al., 1981; Hussein 
and Eid, 1980) and T. m e l a n o s p o r u m  (Delm as, 1980). 
The calcium content was similar to that o f the Libyan truf
fles but considerably lower than that o f T. m e l a n o s p o r u m  
truffles and Kuwaiti truffles which also contained higher 
levels o f magnesium. The local truffles were also low er in 
the levels o f  iron, zinc, copper and manganese when com 
pared to the levels o f  these m icroelem ents in Libyan and 
Kuwaiti truffles. However, the iron content was similar to 
that o f  T. m e l a n o s p o r u m  truffles and the copper content 
was in agreement w ith that o f  the Italian piedm antese truf
fles (Barbero, 1974). With respect to the levels o f  these 
mineral elem ents in the same species o f Saudi truffles 
reported by Abdalla et al. (1979 ), the contents o f  potas-

Table 1— Chem ical com position  o f  truffles

Moisture
%

Protein*
%

Fat*
%

Crude Fiber*
%

Ash*
%

Ascorbic Acid' 
(mg/100 g)

Whole
Unpeeled: Gibaah (B)** 75.44 24.96 ± 0.04 4.20 ± 0.31 7.02 ± 0.22 6.39 ± 0.36 5.10 ± 0

Kholeissi (B)** 78.89 19.59 ± 0.04 2.81 ± 0.03 7.85 ± 0.13 4.64 ± 0.28 1.82 ± 0
Zubaidi (W)** 75.27 27.18 ± 0.04 7.42 ± 0.41 13.02 ± 0.02 5.40 ± 0,08 1.56 ± 0

Peeled: Gibaah 79.39 20.26 ± 0.05 3.43 ± 0.53 10.48 ±0.16 4.46 ±0.19 1.42 ± 0
Kholeissi 78.29 19.65 ± 0.05 3.43 ± 0.09 7.81 ± 0.15 4.33 ± 0.38 0.70 ± 0
Zubaidi 75.21 25.49 ± 0.05 7.19 ± 0.34 14.89 ± 0.28 5.00 ± 0.52 1.00 ± 0

* V a lue s  are averages o f 4  d e te rm ina t io n s ± standard  dev iation  on d ry  w e ight basis 
* *  B  =  B ro w n  species, W  = W h ite  species

Table 2 — Mineral com position  o f trufflesa

Truffles Ca Mg P Na K Fe Mn Cu Zn

Unpeeled:

Gibaah 129 ± 29.1 104 ± 6.9 756  ± 35.3 199 ± 23.5 1730 ± 60.4 10.68 ± 1.03 0.48 ± 0.06 1.69 ± 0.20 5,10 ± 0.11
Kholeissi 67 ± 30.6 82  ± 2.7 506  ± 1 1 .3 189 ± 24.3 1408 ± 62.2 4.81 ± 0.23 0.41 ± 0.05 2.30 ± 0.37 4.33 ± 0.35
Zubaidi

Peeled:
62 ± 16.3 101 ± 1.0 644  ± 27.3 110 ± 9.5 1734  ± 8.7 4.35 ± 0.20 0.49 ± 0.03 11.54 ± 0.48 5.04 ± 0.19

Gibaah 41 ± 2.6 74 ± 2.3 653  ± 7.6 184 ± 13.7 1548 ± 31.3 1.82 ± 0.26 0.21 ± 0.02 1.33 ± 0.24 3.69 ± 0.24
Kholeissi 34 ± 8.2 73  ± 3.4 513  ± 23.1 142 ± 16.9 1393 ± 29.7 .1.75 ± 0.45 0.22 ± 0 .1 0 1.95 ± 0.20 3.71 ± 0.30

Zubaidi 38 ± 5.9 97  ± 6.9 623  ± 23.9 199 ± 20.0 1602 ± 56.6 2.31 ± 0.43 0.44 ± 0.09 8.74  ± 0.32 4,53 ± 0.22

a Average  values o f 4  d e te rm ina t io n s  ± stand a rd  dev ia tion s expre ssed  as m g/100  g d ry  w e ight
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Table 3 —A m in o  acid  com position o f truffles (g/100g protein)3

Unpeeled Truffles Peeled Truffles FAO/WHO (1973) 
Ref. protein 

patternGibaah Kholeissi Zubaidi Gibaah Kholeissi Zubaidi

Aspartic acid 8.04 ± 0.18 8.25 + 0.35 8.83 ± 0.07 8.24 + 0.07 7.81 ± 0.28 8.57 + 0.40 _
Threonine 5.38 ± 0.14 4.09 ± 0.06 7.81 ± 0.06 5.24 + 0.11 4.00  ± 0.14 7.19 + 0.40 4.0
Serine 3.96 ± 0.03 3.52 + 0.01 4.29 ± 0.08 4.19 ± 0.04 3.38 ± 0.23 4.56 + 0.16 —
Glutam ic acid 13.37 ± 0.28 14.78 + 0.27 14.37 ± 0.20 17.98 ± 0.30 15.19 ± 0.50 14.79 + 0.69 —
Proline 5.03 ± 0.11 4.01 + 0.40 4.95 ± 0.06 5.67 + 0.57 3.97 ± 0.22 5.94 + 0.55 —
Glycine 3.58 ± 0.07 3.64 ± 0.01 4.33 ± 0.06 3.90 ± 0.03 3.51 ± 0.09 4.35 ± 0.20 —
Alanine 6.42 ± 0.13 5.01 + 0.03 6.46 ± 0.06 6.79 ± 0.09 4.90  ± 0.15 6.43 ± 0.20 —
Valine 3.96 ± 0.07 3.71 ± 0.02 4.65 ± 0.13 3.95 + 0.03 3.74 ± 0.33 4.77 ± 0.15 5.0
Methionine (M) 4.23 ± 0.05 3.14 + 0.09 3.22 ± 0.26 4.01 + 0.12 3.00 ± 0.17 3.80 + 0.19 —
Cystine (C) 1.62 ± 0.20 1.26 ± 0.02 1.30 ± 0.06 1.78 + 0.29 1.14 ± 0.47 1.44 + 0.30 —
M  + C 5.85 ± 0.25 4.40 + 0.21 4.52 ± 0.32 5.79 + 0.42 4.14 ± 0.64 5.24 + 0.48 3.5
Isoleucine 3.69 ± 0.05 3.54 ± 0.03 4.42 ± 0.11 3.74 + 0.11 3.36 ± 0.09 4.39 + 0.19 4.0
Leucine 5.23 ± 0.09 5.28 ± 0.10 5.50 ± 0.10 5.65 ± 0.03 4.94 ± 0.11 5.14 ± 0.18 7.0
Tyrosine  (T) 2.90 ± 0.02 3.42 + 0.13 3.09 ± 0.08 2.76 ± 0.11 3.11 ± 0.05 3.11 + 0.37 —
Phenylalanine (P) 2.97 ± 0.04 3.17 + 0.06 3.37 ± 0.05 3.11 + 0.02 3.04 ± 0.04 3.32 ±0.03 -
T + P 5.87 ± 0.06 6.59 + 0.19 6.46 ± 0.12 5.87 + 0.13 6.15 ± 0.18 6.43 + 0.40 6.0
Lysine 4.13 ± 0.05 5.49 + 0.10 5.70  ± 0.29 5.22 + 0.03 5.40 ± 0.28 4.93 + 0.19 5.5
Histidine 1.45 ± 0.02 2.09 ± 0.03 2.18 ± 0.17 2.00 + 0.03 2.18 ± 0.02 1.70 + 0.07 —
Argin ine 3.20 ± 0.05 7.95 + 0.16 4.46  ± 0.16 4.46 ± 0.03 8.37 ± 0.19 3.52 ± 0.17 -
Tryptophan 1.20 ± 0.03 1.23 + 0.0 1.44 ± 0.06 1.27 +0.09 1.20 ± 0.15 1.30 +0.03 1.0
a A ve rage  values o f 4  d e te rm ina t ion s ± S tan d a rd  d ev ia tions

sium and magnesium reported in the present study were 
relatively comparable to the values (dry basis) o f 1610 mg 
and 1826 m g /1 0 0 g for potassium and magnesium, respec
tively. However, the phosphorus content was several times 
higher than that reported by the above authors (141 -  
214 m g/100g) while the iron, Zn and Mn contents were 
lower than the iron (58.1 -  63.6 m g/100g) and Zn (5.5 -
16.2 m g/100g) and Mn (3 .6  -  6.9 m g/100g) contents re
ported by Abdalla et al. (1979).

Peeling o f truffles showed a reduction in the levels of 
all mineral elem ent contents which was more pronounced  
in case o f  calcium, iron and to a lesser extent manganese 
and zinc.

Amino acid com position

Data on the amino acid com position is presented in 
Table 3. Eighteen amino acids including tryptophan were 
determined. All the essential amino acids were present in 
fairly good amounts. Of the sulphur-containing amino acids 
(m ethionine + cystine), tryptophan and lysine, w hich are 
usually limiting in many foods o f plant origin, the former 
tw o were present in amounts exceeding the FAO/WHO 
(1 9 7 3 ) reference protein pattern while lysine along with  
leucine were the limiting amino acids in the Gibaah variety 
and constituted approxim ately 75% o f the FAO/WHO 
(1 9 7 3 ) reference protein requirement. Leucine was lim it
ing in the Gibaah and Zubaidi variety while valine was lim it
ing in the Kholeissi. In general, the amino acid profiles o f  
the truffles indicated a good nutritional quality o f the truf
fle proteins with chemical scores (Table 4) o f unpeeled 
truffles ranging betw een 74 -  79 for the three varieties. 
No major differences were observed in the amino acid 
profiles o f the three truffle varieties except arginine, whose 
concentration was tw ice as much in Kholeissi variety as 
that in the other tw o varieties. Furthermore, peeling did 
not affect the amino acid com position o f the truffles to  
any significant exrent. When these results were compared 
w ith those reported in the literature, the amino acid pattern 
o f Saudi truffles varied considerably from those o f Iraqi 
truffles, T. claveryi and Terfezia hafizi in which sulphur 
amino acids (m ethionine + cystine) were the m ost deficient 
essential amino acids (Al-Delaim y, 1977) and also from the 
Libyan truffles, T. boudieri, in which lysine was reported to

Table 4 — Chemical score, IV P D  and C -P E R  o f  truffles

Truffles
Chemical

score

First 
limiting 

amino acid
I VPDa

% C-PERa

Unpeeled

Gibbah 75 lysine
leucine

84.6 ± 0.19 2.09 ± 0.0

Kholeissi 74 valine 82.8 ± 0.23 2.10 ± 0.0
Zubaidi 79 leucine 86.7 ± 1.12 2.49 ± 0.0

Peeled

Gibaah 79 valine 87.3 ± 3.14 2.35 ± 0.1
Kholeissi 71 leucine 83.6 ± 0.53 2.06 ± 0.32
Zubaidi 73 leucine 86.6 ± 2.71 2.35 ± 0.06
ANRC-caseinb - 90.0 2.50

a A ve rage  values o f 4  d e te rm ina t ion s ± standard  dev ia tions 
“ A n im a l N u t r it io n  Research  C o u n c il casein

be the first lim iting essential amino acid (Ahmad et al.,
1981).

IVPD and C-PER
The results o f IVPD and C-PER (Table 4) showed that 

the w hite truffle, Tirmania nivea (Zubaidi) had a higher 
IVPD and C-PER value and therefore, had a better nutri
tional quality over the tw o brown varieites (Gibaah and 
Kholeissi). The nutritional quality o f  the w hite truffles 
was comparable to that o f the ANRC-casein. The IVPD 
values o f  the three truffles did not show any major differ
ence but the C-PER values o f  the two brown varieties were 
relatively lower than that o f  the w hite Zubaidi variety. 
Peeling o f  truffles showed a slight increase in the IVPD 
values but did not indicate any consistent trend on the 
C-PER.

The results o f this study showed that considerable varia
tion may be found in the chemical com position o f truffles 
which might be due to differences in species and/or envi
ronment under which they grow. Saudi truffles like other 
truffles reported in the literature are o f  good nutritional 
quality.
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M o i s t u r e  S o r p t i o n  o f  D r y  B a k e r y  P r o d u c t s  

b y  I n v e r s e  G a s  C h r o m a t o g r a p h y

H. J. HELEN and S. G. GILBERT

----------------------------------- ABSTRACT--------------------------- ------
Inverse gas chromatography was used to study moisture sorption 
properties of two bakery products as a function of temperature and 
food structure. Crackers (high in fat, low in sugar) were found to 
be more hygroscopic than sweet biscuits. Sorption isotherms at dif
ferent temperatures were determined to obtain thermodynamic 
parameters of sorption. Enthalpy and entropy functions as well as 
Zimm-Lundberg clustering analysis suggested different sorption 
mechanisms in the two systems. Active site binding mechanism was 
manifested in the cracker system by highly negative enthalpy and 
entropy changes at low moisture contents. Water-water interactions 
were more favored in the sweet biscuit system at the same free 
energy level. Addition of crystalline sucrose decreased hygroscopic- 
ity of the cracker system and increased formation of water-water 
interactions.

INTRODUCTION

BISCUITS AND COOKIES are dry bakery products whose 
major ingredients are wheat flour, sugar, and shortening. 
Cracker formulae include very little or no sucrose. The 
cracker structure is basically that o f a gluten network in 
which are embedded the starch grains (F lint and Moss, 
1970). In short sweet biscuits the structure is made up 
mainly by fat and sugar bridges, and no continuous pro
tein network is present (Francis and Grove, 1962). Part o f 
the sugar stays in crystalline state through the baking 
process (Kissell et al., 1973; Pomeranz, 1973) or may 
recrystallize after baking. Fat is present in the cracker 
system as globules and as continuous layer enveloping the 
protein-starch network. In the sweet biscuit system , starch 
and protein particles are sealed within a thin film o f fat 
(F lint and Moss, 1 970).

An inherent quality characteristic o f dry bakery prod
ucts is their crispness. They lose quality during storage 
mainly through tw o deterioration processes: fat autoxida- 
tion causing rancidity and moisture pickup leading to loss 
o f crispness (Helen and Aaltio, 1978). Moisture effects on 
dry bakery products and snacks have been studied widely 
from the crispness point o f  view (Katz and Labuza, 1981), 
but inform ation is lacking on the therm odynam ics and 
mechanism o f  water sorption in these food systems.

Moisture sorption isotherm o f  a food relates the m ois
ture uptake by the food  solids as a function o f  the equilib
rium vapor pressure o f water surrounding the food at the 
same temperature. In therm odynamic terms, sorption 
isotherms are essentially the relation o f total free energy 
change to the amount sorbed (Y oung and Crowell, 1962). 
From the practical point o f  view, moisture sorption iso
therms are a necessary part o f inform ation needed by a 
food manufacturer for predicting the shelf life o f moisture 
sensitive foods, such as dry bakery products. They are part 
o f the data required for calculating the required package
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barrier properties for different storage and distribution  
conditions.

Inverse Gas Chromatography (IGC) is a rapid, effective  
system for studying the therm odynamic properties o f  a 
solid used for the stationary phase in relation to a m obile 
gas phase containing selected solutes such as water. It has 
been used successfully in this laboratory to generate data 
for determination o f water vapor sorption isotherm s o f a 
single, hom ogeneous solid food ingredient, such as sucrose, 
glucose, and different starches (Sm ith et al., 1981; Smith,
1982). A recent review o f  IGC theory also covers food  
applications (Gilbert, 1984). In this research the IGC 
technique was applied to investigate moisture sorption in 
com plex, heterogeneous dry bakery product systems. The 
objectives o f  this work were: ( 1 ) to  study the effects o f  
temperature and food  structure on the moisture sorption o f  
tw o com positionally different dry bakery product systems: 
a cracker and a sweet biscuit; ( 2 ) to determ ine from the 
therm odynamic parameters o f moisture sorption, the na
ture o f the w ater/food com ponent and water/water inter
actions.

MATERIALS & METHODS
PLA IN  U N SA LT ED  C RACK ERS, plain uncoated sweet biscuits, 
both manufactured by Nabisco Inc., (East Hanover, NJ), and 
granulated pure cane sugar, manufactured by The National Sugar 
Refining Co., (NY), were used as experimental material.

Conventional static method isotherms were determined by 
equilibrium with a range of saturated salt solutions (Rockland, 
1960; Helen, 1983).

Crackers and biscuits were ground in a mortar and sieved in a 
mechanical sieving instrument. Particles passed through the 35 
mesh/sieve and left on the 49 mesh/sieve were mixed with inert 
diatomaceous support material (Supelcoport 60/80) at 1 -  2%  (w/w) 
loading level. A weighed amount of that mixture was packed in a 50 
cm by 6.3 cm (1/4 in.) (o.d.). The amount of food in the column 
was optimized so that the diffusional effects causing peak broaden
ing were minimized. However, loadings were high enough to sepa
rate the retention times of the noninteractive agent (air) and the 
water vapor.

Unpublished studies (Apostolopolous and Gilbert, 1984) have 
shown that particle size of ground hydrophilic foods has only a 
minor effect on sorption isotherms determined by IGC. The fibrous 
structure of these baked goods also aided in eliminating most of the 
diffusional and other kinetic factors limiting equilibrium attainment 
which contribute to peak broadening.

Each data set was duplicated with different columns with the 
same type of loading with no significant differences relative to 
sample type when appropriate care was taken to condition the 
stationary phase with dry helium carrier gas to an initial steady 
response equal to the blank helium. The column was installed in the 
oven of a VArian 2 0 0  dual column gas chromatograph equipped 
with a thermal conductivity detector and conditioned for 24 hr with 
carrier gas before starting the experiment.

In the IGC experiments distilled water probes of 0.1-5.0 pL 
were pulsed through the column by dry carrier gas. Triplicate 
injections were made. Sorption isotherms were determined from the 
chromatograms using the method presented by Kiselev and Yashin 
(1969). Peak areas were measured by a planimeter for substitution 
in the equations for pressure and amount absorbed (Coelho et al.,
1979). Sorption experiments were run at four temperatures: 25°, 
30°, 35°, and 40°C. The operational GC conditions were: column 
temperature: 25°, 30°, 35°, 40°C; injector temperature: 150°C;
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detector temperature: 155°C; filament current: 150 mA; carrier gas: 
helium, dried by a moisture trap before columns; carrier gas flow 
rate: 30 cc/min.; recorder chart speed: 0.85 cm/min.

Statistical analyses (ANO VA) were performed on isothermal 
data by comparing the slopes of linearized sorption isothermal data 
by two model equations from the Hewlett Packard Statistical 
Package.

m = Aex^P  or m = C = Dp = Ep2

where m i s moisture uptake and p is the respective water vapor 
pressure obtained from the IGC data as discussed above.

A, B, C, D, E, are estimated parameters.
All data gave R 2 values ranging from 0.97 -  0.99.

Clustering analysis

In order to gain more insight into the mechanism of water sorp
tion, the Zimm-Lundberg clustering analysis was done on the sorp
tion data. This approach includes a direct measurement of nonran
dom mixing in a two-component system without using any precon
ceived model. The cluster theory (Zimm, 1953; Zimm and Lund- 
berg, 1956) defines a function measuring the tendency of the sorbed 
molecules to cluster and provides a means to calculate the average 
number of sorbate molecules in a cluster. Clustering analysis has 
been used to explain sorption processes in different sorbent-sorbate 
systems (Rogers et al., 1959; Starkweather, 1963; 1975; Lieberman 
et al., 1972; Coelho et al., 1979).

Fig. 1—Sorption  isotherms o f  cracker at different temperatures.

Fig. 2 -S o rp t io n  isotherms o f  sweet biscuit at different temperatures.

Sorption isotherms

Sorption isotherms o f the cracker and the sweet biscuit 
system s at 25°, 30°, 35°, and 40° are shown in Fig. 1 and 
2 , where moisture uptake is p lotted as a function o f water 
vapor pressure. The sorption data indicate the expected  
temperature effect in both system s i.e., the higher the 
temperature the less moisture is absorbed at a given vapor 
pressure. Sorption isotherms o f similar shape using static 
m ethods have been reported for biscuits and cookies at 
room temperature (N em itz, 1968; Zabik et al., 1979). 
The shape o f the isotherms suggests a very heterogeneous 
binding surface, characteristic o f  a com plex food system, 
such as a dry bakery product. The isotherms are convex  
toward the axis. This suggests that the adsorption was 
cooperative in nature: the more m olecules already adsorbed, 
the easier it was for further m olecules to becom e adsorbed. 
The main cause for the shape o f the isotherms, which re
flects the presence o f hydrophobic surfaces, was probably 
the fat com ponent which, during the baking, will cover a 
major part o f the active sites o f  flour. In the sweet biscuit 
structure at least part o f the sugar was in the crystalline 
state thus flattening the isotherm at low water vapor pres
sures. Sorption isotherms obtained by the static m ethod  
and IGC measurements were in reasonable agreement (Fig.
2 ) validating the use of the more rapid, continuous and 
sensitive IGC procedure for food  particles.

The sorption isotherms o f  the cracker and the sweet 
biscuit at 30 C are plotted in the same graph for compari
son (Fig. 3). The cracker absorbed significantly more mois
ture than the sw eet biscuit at the same water vapor pres
sure. Also the cracker isotherm was steeper than the sweet 
biscuit isotherm at low water vapor pressures.

Mixtures o f cracker:crystalline sucrose was prepared at 
three levels (1 0 0 :0 , 8 0 :20 , and 50:50 , w /w ), by mixing 
ground cracker particles with sucrose crystals o f the same 
average particle size (35 -  45 mesh). Sorption isotherms 
were determined for each mixture at the four temperatuers 
and from the temperature dependence o f  the isotherm s the 
therm odynamic parameters o f  sorption were calculated.

RESULTS & DISCUSSION

Fig. 3 —Sorption  isotherm o f  cracker and sweet biscuit at 3 0 ° C.

Volume 50 ( 1985)—JO U RN A L OF FO OD  SC IE N C E -4 5 5



M O IS T U R E  S O R P T IO N  O F  D R Y  B A K E R Y  P R O D U C T S . . .

Thermodyamics o f moisture sorption
The total free energy change AG required to transfer 

water m olecules from the vapor state to the food surface 
is a quantitative measure o f the affinity o f the food for the 
water. The excess AGS is the key therm odynamic parameter 
in evaluating the interaction propensity o f a food system  
with water. The excess free energy change, AGS, at tempera
ture T was calculated from the follow ing equation:

AGS = RT In p /p0

where: R is the universal gas constant; T is absolute tem 
perature; p /p 0 is the relative water vapor pressure @T with  
pure water as the standard.

In Fig. 4 the free excess energy changes of the tw o sys
tems are presented as a function of moisture uptake. The 
negative AGS values indicate that moisture sorption on food  
solids is a spontaneous process; the lower the moisture con
tent the stronger the tendency towards sorption. The AGS 
values o f the cracker system were significantly more nega
tive at all moisture levels than those o f the sweet biscuit 
system in agreement w ith higher potential o f the cracker 
for moisture sorption than the sweet biscuit.

Fig. 4 - F r e e  energy o f sorption as a function o f  moisture uptake 
at 30°.

The differential or isosteric enthalpy o f sorption, AHS, 
is a molar quantity directly related to the energy o f inter
action between sorbating water m olecules and the sorption  
sites in the food. This energy of interaction can suggest 
the sorption mechanism involved. As Iglesias and Chirife
(1 9 7 6 ) noted, direct calorimetric measurement o f  sorption  
enthalpies in foods were difficult because o f the small 
amount o f heat evolved. In this study, the AHS values 
were calculated from the temperature dependence of the 
com puter fitted isotherms using the Clausius-Clapeyron 
equation as described by Coelho et al. (1979 ). This plot o f  
In Pj vs 1/t gives a slope equal to AHS/R.

Once AGS and AHS are known the respective entropy  
change o f  sorption, ASs , can be calculated from the Gibb’s 
equation:

AHS -  AGS

The term ASs describes the change in the randomness 
or disorder o f the food-water system during the sorption  
process.

The calculated enthalpy and entropy changes o f  sorp
tion in the tw o system s at 30 C are presented as a function  
of moisture uptake in Fig. 5 and 6. The shapes of the en
thalpy and entropy functions are closely similar which is in 
agreement w ith behavior found by Bettelheim  and Vol-

16

2 * 4 * 6 * 8 * To

MOISTURE UPTAKE (g/g x 10'2)

Fig. 6 — Entropy  o f  sorption as a function o f  moisture uptake at 
30°  C.

Fig. 5 — Enthalpy o f  sorption as a function o f  m oisture uptake.

Fig. 7 — Mean du ste r size as a function o f  moisture uptake at 30°  C.
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man (1957), and Everett (1950) suggesting that a high 
degree of H/S com pensation occurred. The enthalpy and 
entropy values of the cracker-water system showed charac
teristics typical of an active site binding process. A t very 
low moisture contents the most active (energetically most 
favorable) sites became occupied by water molecules 
as reflected by the high negative AHS ( -1 5 .4  Kcal/mole) 
and ASs (—45.4 cal/mol) values. These are consistent with 
those reported for starch (Chung and Pfost, 1967; Smith,
1982) and proteins (Kuntz and Kausman, 1974). Less 
active sites were occupied giving rise to lower interaction 
energy, and at about 4 -  5% moisture content water-water 
interactions started to become prevalent as indicated by 
AHS values close to AH of vaporization of pure water 
(about —10.4 kcal/m ole). The observed net enthalpy 
change of —5 kcal/m ole at 1% moisture level probably 
reflects hydrogen bonding between the first water mole
cules and active polar groups in the protein-starch matrix.

The enthalpy and entropy changes of the sweet biscuit 
system showed the opposite behavior to tha t in the cracker 
system. The Hs and Ss functions changed from less negative 
values at very low m oisture content to more negative values 
as more m oisture was gained by the system. This suggests 
that some structural changes, besides the physical adsorp
tion of water vapor on the food solids, takes place in the 
sweet biscuit matrix during the sorption process. Swelling

Fig. 8—Effect o f crystalline sucrose addition on the sorption iso
therm o f cracker at 30° C: a, cracker'.sucrose (100:0); o, cracker: 
sucrose (80:20); •, cracker'.sucrose (50:50); A, sweet biscuit.

2  ̂ 4 ' 6 ' 8
MOISTURE UPTAKE (g/g x10"2)

10

Fig. 9—Effect o f crystalline sucrose addition on A Hs values in 
cracker system, o, cracker .sucrsoe (100:0); □, cracker'.sucrose 
(80:20): A, crack er .'sucrose (50:50).

of the structure and incipient local dissolution of sugar 
surfaces are possible explanations for the observed behavior 
of the enthalpy and entropy functions in the sweet biscuit 
system (Bettelheim et al., 1970; Iglesias et al., 1976).

The opposite behavior o f both the enthalpy and entropy 
functions in the two systems suggests that different sorp
tion mechanisms were involved. The therm odynam ic data 
clearly reflect that in the cracker system at low moisture 
levels the sorption took place by an active site, Freundlich- 
type binding mechanism changing gradually into water- 
water interactions with form ation of water clusters. In the 
sweet biscuit system the active site binding mechanism was 
masked by structural changes in the food m atrix giving rise 
to a positive entropy production.

Clustering analysis
The mean cluster size in the two systems at 30°C is 

plotted as a function of moisture uptake in Fig. 7. The 
data show that the mean cluster size was greater in the 
sweet biscuit system at all moisture levels. This indicates 
that in the cracker system there was a greater ratio of 
water-food site interactions than in the sweet biscuit sys
tem where water-water interactions were more favored.

Crystalline sucrose inthe cracker system
The differences in the sorption behavior of the two dry 

bakery product systems were considered to be due to  the 
basic difference in their structures. Since the cracker formula 
included no sucrose, addition of crystalline sucrose was 
made to the cracker system to determine its affect on the 
sorption characteristics.

Isotherms and therm odynam ic parameters at 30 C are 
presented in Fig. 8, 9, 10, and Table 1. The more crystal
line sucrose added to  the cracker the closer the isotherm 
resembled that of the sweet biscuit (Fig. 8). Crystalline 
sucrose addition decreased the average hygroscopicity of 
the cracker system as a result of the dilution of the macro- 
molecular active sites capable of binding water molecules. 
This observation is consistent w ith the results o f El-Warraky 
et al. (1980) who also reported that increasing sugar con
centration in biscuits decreased m oisture sorption.

Thermodynamic support for the above conclusion was 
provided by the AGS values which became less negative 
and approached the respective AGS values of the sweet 
biscuit system with increasing sucrose concentration, thus

2 U 6 8 10
MOISTURE UPTAKE (g/g x 10'2)

Fig. 10—Effect o f crystalline sucrose addition on A Ss values in 
cracker system at 30° C. o, cracker-sucrose (100:0); □, cracker: 
sucrose (80:20); A, cracker'.sucrose (50:50).
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MOISTURE SORPTION OF D R Y  B A K E R Y  PRODUCTS. . .

Table 1 —Free energy o f sorption in cracker '.crystalline sucrose and 
sweet biscuit systems at different moisture levels at 30°C

Moisture 
content 
(% d.b.)

A G s (kcal/mole)

Cr:Sucr.
(100:0)

Cr:Sucr.
(80:20)

Cr:Sucr.
(50:50)

Sweet
Bise.

1 -1 .5 7 -1 .46 -1 .2 3 -1 .0 4
1.5 -1 .1 5 -1 .07 -0 .9 4 -0 .82
2 -0 .9 7 -0 .9 0 -0 .7 9 -0 .7 0
4 -0 .67 -0.61 -0 .5 4 -0 .48
6 -0 .5 5 -0 .49 -0 .4 3 -0 .38
8 -0 .4 7 -0 .42 -0 .3 7 -0 .32

10 -0 .4 2 -0 .37 -0 .3 2 -0 .27

indicating a decreasing affinity for water. In the same 
way AHS and ASs values approached the respective values 
of the sweet biscuit system, (Fig. 9 vs Fig. 5, Fig. 10 
vs Fig. 6). Fig. 9 and 10 clearly show how crystalline 
sucrose addition changed the shapes of the enthalpy and en
tropy functions of the cracker system. These data suggest 
that the water binding mechanism in the cracker system 
partly changed as a result of the crystalline sucrose addi
tions; the less crystalline sucrose in the system the less the 
resulting active site binding giving typically high negative 
AHS and ASs values at low moisture contents.

Data on the men cluster sizes in the different cracker: 
crystalline sucrose systems are compared with the sweet 
biscuit system in Table 2. The data indicate that the more 
crystalline sucrose in the cracker system the greater the 
average cluster size at all moisture levels. This suggests 
that addition of crystalline sucrose made the cracker 
system less hydrophilic giving impetus to more water clus
tering.

Thus, isotherms, therm odynamic parameters, and the 
clustering analysis gave support to the validity of the 
hypotehsis that addition of crystalline sucrose in the crack
er system changes the system’s sorption characteristics 
closer to  those of the sweet biscuit system.

REFEREN CES
A p o s to lo p o u lo s ,  D . a n d  G ilb e rt, S .G . 1 9 8 4 . W ater s o rp t io n  o f 

c o ffe e  so lu b le s  b y  inverse  gas c h ro m a to g ra p h y . In s tru m e n ta l  
A n a ly sis  o f  F o o d s . V o l. 2 .

B e t te lh e im , F .A ., B lo ck , A ., a n d  K a u fm a n , L .J . 1 9 7 0 . H e a ts  o f 
w a te r  v a p o r  s o rp t io n  in  sw e lling  b io p o ly m e rs .  B io p o ly m e rs  9 : 
1 5 3 1 .

B e t te lh e im , F .A . a n d  V o lm a n , D .H . 1 9 5 7 . P e c tic  s u b s ta n c e s  — w a te r .
2 . T h e rm o d y n a m ic s  o f  w a te r  s o rp tio n . J .  P o ly m . S ci. 2 4 : 4 4 5 . 

C h u n g , D .S . a n d  P fo s t, H .B . 1 9 6 7 . A d so rp tio n  a n d  d e s o rp tio n  o f 
w a te r  v a p o r b y  cerea l g ra in s  a n d  th e ir  p ro d u c ts .  T ran s , o f  th e  
A S A E  10 : 5 4 9 .

C o e lh o , U ., M iltz , J . ,  a n d  G ilb e r t, S .G . 1 9 7 9 . W ater b in d in g  o n  c o l
lag en  b y  inve rse  gas c h ro m a to g ra p h y : th e rm o d y n a m ic  c o n s id e ra 
tio n s . M ac ro m o lecu le s  1 2 : 2 8 4 .

E l-W arrak y , A .G ., A b d e l-R ah m an , N .R ., E l-S a m k a ry , M .A ., and  
E asa, A .A . 1 9 8 0 . E f fe c t o f  su g ar , fa ts  an d  o ils  o n  b is c u i t  q u a li ty .  
R ese a rch  B ull. N o . 1 3 6 5 . F a c u lty  o f  A g ric u ltu re , A im  S h am s 
U n iv ., C airo , E g y p t.

E v e re tt ,  D .H . 1 9 5 0 . T h e  th e rm o d y n a m ic s  o f a d s o rp tio n . P a rt 3. 
A n a ly sis  a n d  d iscu ss io n  o f  e x p e r im e n ta l  d ta .  T ran s . F a ra d a y  S oc . 
4 6 : 9 5 7 .

F lin t ,  O . an d  M oss, R . 1 9 7 0 . A  c o m p a ra tiv e  s tu d y  o f  th e  m ic ro 
s t ru c tu re  o f  d if f e r e n t  ty p e s  o f  b is cu its  an d  th e ir  d o u g h s . F o o d  
T rad e  R ev iew  4 0 (4 ) :  3 2 .

F ran c is , B. a n d  G roves, C .H . 1 9 6 2 . A n o te  o n  th e  a p p lic a tio n  o f  h is
to lo g ic a l te c h n iq u e s  to  th e  s tu d y  o f  th e  s t ru c tu re  o f  b a k e d  goods. 
J .  R o y a l M icrosc . S oc . 8 1 : 5 3 .

G ilb e rt, S .G . 1 0 8 4 . “ A d v an ces  in  C h ro m a to g ra p h y ,”  V o l. 2 3 , C h.
6 . M arce l D e k k e r , N ew  Y o rk .

Table 2—Mean duster size in crackericrystalline sucrose and sweet 
biscuit systems at different moisture levels at 30°C

Mean cluster size
Moisture
content 
(% d.b.)

Cr:Sucr.
(100:0)

Cr:Sucr.
(80:20)

Cr:Sucr.
(50:50)

Sweet
Bise.

1 0.53 0.57 0.76 0.96
1.5 0.75 0.79 1.00 1.24
2 0.99 1.03 1.23 1.54
4 1.65 1.70 1.81 2.26
6 1.94 2.02 2.16 2.52
8 2.21 2.30 2.49 2.70

10 2.45 2.56 2.78 3.05

G regg, S .J. a n d  S ing, K .S.W . 1 9 6 7 . “ A d so rp tio n , S u rface  A rea  a n d  
P o ro s ity .”  A cad e m ic  P ress, N ew  Y o rk .

H e len , H .J . 1 9 8 3 . M o is tu re  s o rp t io n  o f  d ry  b a k e ry  p ro d u c ts  b y  in 
verse  gas c h ro m a to g ra p h y  fo r  p ack ag e  o p tim iz a t io n .  P h .d . th e s is . 
R u tg e rs  U niv ., F o o d  S c ien ce  D e p t.,  N ew  B ru n sw ick , N J.

H e len , H .J . a n d  A a ltio , 1 9 7 8 . U b e r d ie  W irkung  v o n  V e rp ack - 
u n g s m a te r ia le n  a u f  d ie  H a ltb a rk e it  vo n  K ek sen : e ine  k r it is c h e  
B e tra c h tu n g  u n d  e ine  e m p irisch e  U n te rsu ch u n g . F o r u m  W are- 
W issen sch aft u . P rax is  6 : 94 .

Ig lesias, H .A . a n d  C h irife , J . 1 9 7 6 . Is o s te r ic  h e a ts  o f  w a te r  v a p o r  
s o rp t io n  o n  d e h y d ra te d  fo o d s . P a rt 1. A n a ly sis  o f  th e  d if f e r e n t ia l  
h e a t  cu rves. L ebensm .-W iss. u .-T e c h n o l. 9 : 1 1 6 .

Ig lesias, H .A ., C h irife , J .,  a n d  V io llaz , P. 1 9 7 6 . T h e rm o d y n a m ic s  o f 
w a te r  v a p o r s o rp t io n  b y  sugar b e e t  r o o t .  J .  F o o d  T e c h n o l. 1 1 : 9 1 .

K a tz , E . an d  L a b u z a , T .P . 1 9 8 1 . E f fe c t  o f  w a te r  a c t iv ity  o n  th e  
sen so ry  c risp n ess  a n d  m e c h an ic a l d e fo rm a tio n  o f  s n ac k  fo o d  
p ro d u c ts .  J .  F o o d  S ci. 4 6 : 4 0 3 .

K iselev , A .V . a n d  Y ash in , Y .I . 1 9 6 9 . “ G as A d s o rp tio n  C h ro m a 
to g ra p h y .”  P le n u m  P ress, N ew  Y o rk , N Y .

K issell, L .T ., M arsha ll, B .D ., a n d  Y a m az a k i, W .T . 1 9 7 3 . E f fe c t  o f  
v a ria b ility  in  su g ar g ra n u la tio n  o n  th e  e v a lu a tio n  o f  f lo u r  c o o k ie  
q u a li ty .  C erea l C h em . 5 0 : 2 5 5 .

K u n tz ,  I .D . a n d  K a u zm a n , W. 1 9 7 4 . H y d ra t io n  o f  p ro te in s  a n d  p o ly 
p e p tid e s .  A dv . in  P ro te in  C h em . 2 8 : 2 3 9 .

L e ib e rm a n , E .R .,  G ilb e r t,  s .G ., a n d  S rin ivasa , V. 1 9 7 2 . T h e  u se  o f  
gas p e rm e a b ility  as a  m o le c u la r  p ro b e  fo r  th e  s tu d y  o f  cross- 
l in k e d  co llag en  s tru c tu re s .  T ran s . N .Y . A cad . Sci., S e r. 1 1 , V ol. 
3 4 : 6 9 4 .

N e m itz , G . 1 9 6 3 . D ie h y g ro s k o p is c h e n  E ig en s c h a f ten  g e tro c k n e te r  
L e b e n sm itte l .  Z e its c h r if t  fu r  L e b e n sm itte l-U n te rs u c h u n g  u n d  
-F o rsc h u n g  1 2 3 : 1.

P o m e ra n z , Y . 1 9 7 3 . “ W h ea t C h em is try  a n d  T e c h n o lo g y .”  A A CC  
P u b l.,  S t .  P au l, M N.

R o c k la n d , L. 1 9 6 0 . S a tu ra te d  s a lt s o lu tio n s  fo r  s ta t ic  c o n tro l  o f 
re la tiv e  h u m id i ty  b e tw e e n  5° a n d  4 0 ° C. A nal. C h em . 3 2 : 1 3 7 5 .

R o g e rs , C .E ., S ta n n e t t ,  V .T ., an d  S zw arc , M. 1 9 5 9 . T h e  s o rp t io n  o f 
o rg an ic  v ap o rs  b y  p o ly e th y le n e . J . P h y s . C h em . 6 3 : 1 4 0 6 .

S ta rk w e a th e r ,  H .W . 1 9 6 3 . C lu ste r in g  o f  w a te r  in  p o ly m e rs . P o ly m e r  
L e tte r s  1 : 1 3 3 .

S ta rk w e a th e r ,  H .W . 1 9 7 5 . S o m e  a sp e c ts  o f  w a te r  c lu s te rs  in  p o ly 
m ers . M ac ro m o lec u le s  8 : 4 7 6 .

S m ith , D .S ., M an n h e im , C .H ., a n d  G ilb e rt, S .G . 1 9 8 1 . W ate r s o rp 
t io n  is o th e rm s  o f  su c ro se  a n d  g lu co se  b y  in v e rse  gas c h ro m a to g 
ra p h y .  J . F o o d  Sci. 4 6 : 1 0 5 1 .

S m ith , D .S . 1 9 8 2 . T h e  th e rm o d y n a m ic  a n d  s tru c tu ra l  a sp e c ts  o f  
w a te r  s o rp t io n  b y  s ta rch e s  u sing  in v e rse  gas c h ro m a to g ra p h y . 
P h .D . th e s is . R u tg e rs  U niv ., N ew  B ru n sw ick , N J.

Y o u n g , D .M . an d  C ro w ell, A .D . 1 9 6 2 . “ P h y s ica l A d s o rp tio n  o f  
G ase s .”  B u tte rw o r ts ,  W ash in g to n .

Z a b ik , M .E ., F ie rk e , S .G ., a n d  B ris to l, D .K . 1 9 7 9 . H u m id ity  e f 
fe c ts  o n  te x tu ra l  c h a ra c te r is tic s  o f  sugar-snap  c o o k ie s . C erea l 
C h em . 5 6 : 2 9 .

Z im m , B .H . 1 9 5 3 . S im p lif ie d  re la t io n  b e tw e e n  th e rm o d y n a m ic s  
a n d  m o le c u la r  d is t r ib u t io n  fu n c tio n s  fo r  a  m ix tu re .  J .  C h em . 
P h y s . 2 1 : 5 .

Z im m , B .H . an d  L u n d b e rg , J .L . 1 9 5 6 . S o rp t io n  o f  v ap o rs  b y  h ig h  
p o ly m e rs . J .  P h y s . C h em . 6 0 : 4 2 5 .

Ms rece iv ed  2 /8 /8 4 ;  rev ised  1 0 /1 7 /8 4 ;  a c c e p te d  1 0 /1 9 /8 4 .

P re s e n te d  a t  th e  4 3 rd  A n n u a l M ee tin g  o f  th e  I n s t i tu te  o f  F o o d  
T e c h n o lo g is ts , N ew  O rlean s, L A , J u n e  19  -  2 2 , 1 9 8 3 .

J o u rn a l  S eries , N .J . A g ric u ltu ra l E x p e r im e n t S ta t io n ,  C o o k  C ol
lege, R u tg e rs , T h e  S ta te  U niv ., D e p t, o f  F o o d  S c ien ce , N ew  B ru n s
w ic k , N J 0 8 9 0 3 .  T h is  w o rk  w as p e r fo rm e d  as a p a r t  o f  N JA E S  
P ro je c t N o . 1 0 5 0 7 , s u p p o r te d  b y  th e  N ew  J e rse y  A grie . E x p . S ta 
t io n .
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I n f l u e n c e  o f  T e m p e r a t u r e  a n d  T i m e  o n  C o o k i n g  K i n e t i c s  o f  P o t a t o e s

T. H A R A D A , H. T IR TO H U S O D O , and K. PAU LU S

--------------------------A BSTRA CT--------------------------
To study cooking kinetics, slices (6 ram thick, 30 mm diameter) 
of 3 potato varieties were treated in water at 90°, 100° and 110°C 
for varying times. Sensory, chemical and physical properties were 
investigated. Changes during cooking at constant temperature were 
mathematically described by a 0 order (texture, taste) and a 1st 
order (shear force, dry matter, pectin, soluble amylose, cell size) 
equation. The starch content remained constant. Temperature de
pendence of the rate constant could always be described by a first 
order equation. The z-values, which are necessary to calculate C- 
value for practical heat treatments, could be determined. Correla
tions established between kinetics of different properties showed 
that behavior of certain potato properties may be predicted by 
shear-force measurement.

INTRODUCTION
DESPITE SEVERAL ATTEMPTS to  relate sensory data to 
objectively measured texture and/or chemical com ponents 
in processed potatoes, there are still some unanswered ques
tions. They concern both analytical problems and diffi
culties in interpreting the param eters measured. List and 
Emschermann (1981) reported that, in vegetables, the most 
im portant reaction during cooking was the change o f in
soluble protopectin  into soluble hydropectin. Starch was 
found to be an essential com ponent of potatoes. Kovacs 
et al. (1975) studied heat treatm ents of potatoes at tem 
peratures up to  95 C. The rate of cooking, defined as the 
reciprocal o f the cooking tim e required to  reach a certain 
change in hardness was shown to be a linear function of the 
tem perature. The Q 10 values between 75 and 95 C were 
on average 2.0 in the majority of cases. Several authors have 
suggested the use of first order equations to describe sof
tening of plant tissue during heating (Bourne, 1976; Sefa- 
Dedeh et al., 1978; Paulus and Saguy, 1980; Loh and 
Breene, 198 1; Paulus and T irtohusodo, 1982).

Experim ents in this field frequently neglect the sys
tem atical aspects of experim entation; studies of cooking 
kinetics, for example, should include a wide range of cook
ing tem peratuers and times. Therefore, in  this research, the 
cooking behavior of potatoes was studied at 90 , 100 
and 110 C in order to  describe changes during cooking over 
the whole range of relevant tem perature and time condi
tions.

M ATERIALS & METHODS

Potato samples
The potato varieties Bintje, Mentor and Desiree, stored at 6 -  8° C 

up to 16 wk, were used in this study. Two days before the experi
ments, the potatoes were removed from storage for preparation of 
samples. For each treatment 100 slices (30 mm in diameter, 6.0 mm 
thick) were cut out of the core of 20 -  30 potato tubers and placed 
in wire baskets for cooking.

The authors were cooperating at the Federal Research Centre for 
Nutrition, Engesserstrasse 20, D-7500 Karlsruhe 1, Federal
Republic o f Germany. Mr. Harada is again working with Ajinomoto 
Co., Kawasaki, Japan. Inquiries should be directed to Dr. Paulus.

Thermal treatment
An apparatus especially designed for the experiments was used 

(Paulus et al., 1978) which allowed the slices to reach the required 
process temperature very rapidly and to cool rapidly after cooking. 
The slices were treated in approximately 16L water at the three 
temperatures — 90°, 100° and 110°C. Process times varied between 
6 and 48 min at 90°C, 4 and 12 min at 100°C, and 1.5 and 4 min 
at 110°C. Cooking time was defined as the time elapsing from the 
moment when the product reached an average temperature of 80°C 
until the end of the heat treatment. The cooking time therefore is 
always shorter than the process time.

For an approximate calculation of the average temperature of 
the slices during processing the following equation was used:

o A s 7 a • t 
J , L  e-<2*> L2

( 1 )7

T ~ — T

6  = -------- ( 2 )
T~-T0

where: r - = water temperature (90°, 100°, 110°C); r0 = product 
temperature (20°C) at t = 0; r  = average product temperature; 
t = heating time; d = thickness of the slice; L = half thickness of the 
slice (%d = 3 • 10_3m); a = thermal diffusivity (0.148 • 10-6  
m2s- 1 ).

Different practical cooking processes take place at the varying 
temperatures. Hence the effect of each process must be described 
in a different way. The integral effect is calculated as follows: 
follows:

t t -  r r
E = /  10---------dt (3)

0 z
where the integral effect E is the cook value C in this special case. 
The z-value characterizes the temperature dependence of the change 
in the property investigated, e.g. texture, r  is the product tempera
ture and r r is the reference temperature. For cooking processes r r 
usually is 100°C.

Laboratory analyses
The treated slices were divided at random for chemical analysis, 

sensory evaluation and texture measurements.
Chemical analysis (40 slices). Dry matter content was deter

mined gravimetrically after drying 10 -  15gof the mashed potatoes 
at 105° C for 4 hr.

Starch, pectin and soluble amylose contents as well as cell size 
were determined as reported elsewhere (Harada and Paulus, 1984).

Sensory evaluation (30 slices). A special category scale was used 
to assess taste and texture. The method is described in detail by 
Paulus and Tirtohusodo (1982) and Harada and Paulus (1984). 
Texture and taste of the cooked slices were analyzed by a trained 
panel of eight persons. The category scales for taste and texture 
comprised 11 categories (1 = completely raw/very hard, 6 = optimal 
taste/optimal texture, 11 = completely overcooked/pulpy). Each 
panel member recorded his numerical judgement of 3 slices per 
sample. White bread and light tea were available to panelists to rinse 
residual particulate matter from the mouth. The judgements for 
each given sample was averaged and used for regression analysis.

The numerical judgement 6 corresponds to an optimally cooked 
sample. As texture is most important for evaluating the cooking 
degree, the time required to reach this value of texture at constant 
treatment temperature was called “optimal cooking time.”

Texture measurement (30 slices). A universal testing machine 
(Zwick, model 1442) was used for shear-force measurements (Hara-
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da and Paulus, 1984). Maximum shear force was used to character
ize the effects of thermal treatment.

RESU LTS & DISCUSSION

Texture and taste
The changes ir. texture and taste during cooking are 

shown in Fig. 1 and 2 for Mentor variety. These changes 
can be described by a 0 order relationship as follows:

S = a + b • t (4)
where: S = numerical value of taste and texture judgem ent 
according to  the category scale; t = process time (min); 
a = numerical value of taste and texture judgem ent at t = 
0 being 1.0 theoretically; b = rate constant (m in- 1 ).

The values for the coefficients a and b are compiled in 
Tables 1 and 2. Bintje variety required the shortest, and 
Desiree variety the longest cooking times at each of the 
three temperatures. The rate constants were similar for each 
sensory property in each variety, indicating that texture and 
taste, though independent properties, changed at similar 
rates at constant process temperatures. This means, if 
texture received optim al ratings, taste also reached a nearly 
optim al cooking degree. By using the optim al cooking times 
based on texture (Table 1) to  calculate the corresponding 
numerical values of taste, one obtains an average value for 
taste of 6.3 ± 0.33.

The tem perature dependence of the changes in texture 
and taste can be expressed as follows:

log b =  — c + d • t  (5)
where: b = rate constant for texture and taste changes at 
constant tem perature (°C- 1 ); T  = process tem perature 
(°C); c, d = coefficients.

The values for the coefficients are listed in Table 3. Fur
therm ore, the z-values are tabulated; they are the reciprocal 
of the coefficient d in Eq. (5). These z-values are necessary 
to calculate the cook value, C, of a practical therm al proc
ess corresponding to Eq. (3). The z-value indicates how 
sensitively a com ponent or property responds to tem pera
ture. Low values of z, or high values of d (Eq. 5) indicate 
tha t the tem perature is very im portant. The influence of 
tem perature on the rate constant, b, (Eq. 5) is also con
siderable, thus the intensity of a reaction or change is de
term ined mainly by tem perature. On the o ther hand high 
values of z or low values of d indicate that tem perature is 
of secondary im portance. The z-values for texture and taste 
are in an interm ediary range and very similar. For micro
organisms, for instance, z-values are much lower, for heat- 
resistant enzymes and most vitamins z-values are higher.

Shear force
Changes in shear force during cooking are shown in Fig. 

3 for the variety Bintje. These changes can be described

Fig. 1—Development o f texture during cooking o f "Mentor" pota
toes ft - very hard; 6 = optima/ texture; 11= pulpy).

Fig. 2—Development o f taste during cooking o f "Mentor"potatoes 
(1 -  completely raw; 6 = optima/ taste; 11 = completely overcooked).

Table 1—Development o f sensory texture during cooking (S = a + 
b ■ t)a

Variety
Temp

<°C)
a b

min- 1 n r2
optimal cooking 

time (min)

Bintje 90 1.09 0.141 9 0.90 34.8
100 0.609 0.816 8 0.98 6.6
110 0.562 1.52 8 0.88 3.6

Mentor 90 0.843 0.115 8 0.96 44.8
100 0.761 0.548 9 0.98 9.6
110 0.468 1.50 9 0.94 3.7

Desiree 90 1.13 0.097 6 0.94 50.2
100 1.20 0.419 9 0.92 11.5
110 0.779 1.32 8 0.90 4.0

a S = numerical va ue of texture; t = process time (min); a = texture 
value at t = 0; b = rate constant (min- 1 ); n = number of experi
ments (cooking times); r = correlation coefficient.

Table 2—Development o f taste during cooking (S = a + b • tP

Temp a b
Variety °C - min- 1 n r2

Bintje 90 1.50 0.144 8 0.98
100 0.997 0.749 8 0.96
110 0.724 1.49 9 0.95

Mentor 90 0.943 0.111 8 0.98
100 1.10 0.542 9 0.96
110 0.918 1.45 9 0.96

Desiree 90 1.42 0.099 7 0.88
100 1.53 1.414 9 0.86
110 1.01 1.42 9 0.88

S - numbericai value of taste; t = process time (min); a = taste 
value at t = 0; b = rate constant (min- 1 ); n = number of experi
ments (cooking times); r = correlation coefficient
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mathematically by a first order equation, but a second 
order mechanism would also fit the measured shear-force 
data. In comparing the first order to  the second order cor
relation, the average regression coefficients for the two 
equations are very similar for the same set of data. Using a 
first order equation has the advantage that the shear force 
of the raw material can be taken into account. This equa
tion reflects the actual sitaution primarily in shorter process 
times. For process times exceeding the optim al cooking 
time, greater differences between calculated and real value 
exist, due to  the fact that even overcooked samples still 
have a certain shear force This section of the shear-force 
development curve is preferably described by a second 
order equation. In practice, however, the process up to the 
optim al cooking time is o f utm ost im portance, and there
fore it seems justifiable to  describe changes in shear force 
F with time t as follows:

log F = a — b • t (6)
where: F = measured shear force (N); t = process time 
(min); a = shear force of the raw product (N): b = rate 
constant (m in- 1 ).

The most im portant data are summarized in Table 4. 
The shear force at optim al cooking times was between 2 
and 5N. This indicates a very narrow range as compared 
to untreated samples showing shear forces between 75 
and 80N.

It is impossible, on the other hand, to  determ ine from 
data obtained in only 3 varieties w hether a certain shear 
force value indicates an optim al cooking effect for any 
potato  variety. This question will be dealt with in future 
studies.

Table 3 —Temperature dependence o f the alteration o f shear force, 
sensory texture and taste Hog b = — c + d • r)a

Variety c
d

" r 1 r2
z-value

°C

Shear Bintje 5.86 0.049 0.96 20.4
force Mentor 6.36 0.054 0.94 18.5

Desiree 6.24 0.052 0.96 19.2

Sensory Bintje 5.42 0.052 0.92 19.2
texture Mentor 5.92 0.056 0.96 17.9

Desiree 6.10 0.057 1.0 17.6

Sensory Bintje 5.34 0.051 0.94 19.6
taste Mentor 5.93 0.056 0.96 17.9

Desiree 6.20 0.058 1.0 17.2

a b = rate constant (°C"- 1); r  = process temperature O O o Q. 1)

coefficients; r = correlation coefficient

Table 4—Mathematical description o f shear force versus time during 
cooking (log F  = a — b • t)a

Variety
Temp 

° C
a
N

b
N • min- 1 n r2

F at t 
N

opt

Bintje 90 1.71 0.039 7 0.91 2.1
100 1.84 0.172 7 0.98 5.0 3.4
110 1.89 0.389 8 0.96 3.1

Mentor 90 1.47 0.028 8 0.79 1.8
100 1.80 0.168 7 0.95 1.6 2.4
110 1.86 0.341 7 0.99 3.9

Desiree 90 1.70 0.029 7 0.92 1.8
100 1.75 0.121 6 0.96 2.3 2.4
110 1.88 0.327 7 0.94 3.4

a F = shear force (N); t =. process time (min); topt = optimal cooking 
time (min); a = log shear force of the raw product (N); b = rate 
constant (min- 1 ); n = number of experiments (cooking times); r = 
correlation coefficient.

The z-values for shear force are listed in Table 3. It can 
be seen that the z-values for shear force are only slightly 
higher than those for sensory texture. It is therefore pos
sible to  evaluate the cooking effect on the basis of shear- 
force measurements if the relationship between shear force 
and sensory texture is known. This relationship may be 
expressed m athem atically by combining Eq. (4) and (6) 
for each variety at each tem perature. Averaging the data 
results in the following expression:

log F = 1.99 -  0.26 • S (7)
The average shear force at optim al cooking is 2.7N.

Cooking effect

Despite similar z-values, different therm al treatm ents 
must be carried out to obtain the desired cooking effect in 
each of the three varieties.

Chemical com ponents and cell size

The average data for the change from the raw into the 
optimally cooked state are summarized in Table 5. Dry 
m atter and pectin contents were reduced, starch contents 
remained constant, cell size was increased, and soluble 
amylose contents were reduced during the therm al treat
ments. Possible explanations for these changes are given 
below.

All these changes were taking place as a function of tem 
perature and time of the treatm ent and can be described 
mathem atically. To express the influence of process time

Fig. 3—Development o f shear force during cooking o f "Bintje" 
potatoes.

Table 5—Average values (all 3 varieties) o f some constituents and 
properties for raw and optimally cooked potatoes

Constituent/ Raw potato Optimally cooked
property slices potato slices

Texture judgement (— ) 1 .0 a 6.0 a
Shear force (N) 77 2.7

Dry matter content (%) 19.8 17.4 + 1.04
Starch content <%) 13.9 13.9 + 0.29
Soluble amylose content (%) - 0 .118+  0.027
Pectin content (%) 0.270 0.201 ± 0.016
Cell size (pm) 143 212 +14.6

a These values were not determined, they were assessed by defini
tion.
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T a b le  6 — C o n s ta n t s  o f  E q .  ( 8 )  a n d  d a t a  f o r  t h e  r e l a t i v e  c h a n g e s  o f  t h e  c o m p o n e n t s  a n d  p r o p e r t i e s  a t  o p t i m a / c o o k i n g a

Variety

Temp

°C

Dry matter Pectin Soluble amylose Cell size

a

%

103b
% • min-1

r2
Vopt
---- • 100
Vo

%

a

%

102b 
% • min-

r2
-1 _

Vopt
----- 100
Vo

%

a

%

103b
% • min-1

r2 Vopt

%

a

Mm

102b
Mm • min-1

r2
Vopt
---- • 100

Vo
%

Bintje 90 1.29 1.40 0.86 89 0.58 0.477 0.96 67 0.55 0.487 0.94 0.131 2.32 0.404 0.83 146
100 1.30 5.80 0.86 92 0.56 1.59 0.94 78 0.55 1.83 0.85 0.108 2.35 2.03 0.90 138
110 1.30 8.96 0.92 93 0.57 3.73 0.90 73 0.55 6.28 0.92 0.174 2.35 6.03 0.79 159

Mentor 90 1.20 1.31 0.83 88 0.53 0.362 0.86 70 0.54 0.471 0.88 0.145 2.34 0.486 0.88 159
100 1.30 6.51 0.90 87 0.53 1.47 0.96 74 0.54 1.13 0.83 0.093 2.35 1.10 0.92 132
110 1.30 9,67 0.77 92 0.53 3.11 0.92 78 0.54 2.84 0.96 0.075 2.33 5.26 0.76 158

Desiree 90 1.29 2.19 0.94 77 0.61 0.322 0.86 68 0.53 0.283 0.98 0.108 2.36 0.310 0.92 148
100 1.29 6.84 0.98 84 0.61 0.875 0.90 78 0.53 1.28 0.94 0.112 2.36 1.11 0.92 140
110 1.29 12.40 0.96 90 0.61 1.85 0.86 84 0.53 4.11 0.88 0.116 2.35 4.61 0.90 156

3 V o p t = c o n te n t  a t o p tim al cook ing  tim e; y Q = c o n te n t o f  th e  unprocessed  p ro d u ct.

Table 7-z-values for dry matter, pectin, soluble amylose content 
and cell sizea

D ry m a tte r P ec tin
S o lu b le
a m y lo se Cell s ze

V arie ty
z

°C
r2 z

°C
r2 z

°C
r2

o o
 N r2

B in tje 2 5 .0 0 .9 3 21.8 0 .9 9 18.1 1.00 1 7 .2 0 .9 9
M en to r 2 3 .0 0 .8 9 2 1 .4 0 .9 7 25 .7 1.00 1 9 .6 0 .9 7
D esiree 2 7 .0 0 .9 7 2 7 .0 0 .9 9 17 .2 0 .9 9 17 .2 1.00
A verage 2 5 .0 - 23.1 - 2 0 .3 - 1 8 .0 -

a r = correlation coefficient.

at constant process tem peratures, first-order equations 
can be used of the general form:

log y = a -  b • t (8a)
log (ytotal -  y) = a -  b • t (8b)
log (Ymax -  y) = a -  b • t (8c)

where: y = conten t of the constituent under consideration 
at time t; t = process time (min); a = conten t of the consti
tuen t under consideration in the unprocessed product; b = 
rate constant (m in- 1 ).

In the case of dry m atter and pectin, the absolute con
tents, y, are used (Eq. 8a). It seemed to  be more reasonable 
in the case of soluble amylose to  describe the difference 
between to tal amylose content, ytotal (m ultiplying starch 
content by 0.25), and soluble amylose content, y, as a 
function of process time (Eq. 8b). Finally, in the case of 
cell size the difference between a maximum cell size, ymax, 
and the real cell size was used (Eq. 8c). The maximum cell 
size was found to  be 365 nm  for all three varieties.

The decrease in dry m atter and pectin content, the re
duction in soluble amylose conten t and the increase in cell 
size were calculated for all com binations of tem perature 
and tim e with Eq. (8) and the corresponding constants are 
listed in Table 6. The last columns of Table 6 are most 
interesting, as these data apparently show a tendency 
tow ards similar relative changes during the treatm ent up to 
optim al cooking time. A comparison of these relative values 
for the com ponents and properties at the optim al cooking 
po in t resulted in nearly identical values. They were aver
aged n o t only for one variety and different therm al treat
ments, but for all three varieties and treatm ents. Dry m atter 
contents were reduced to 88.0 ± 3.7%, pectin contents to
74.4 ± 5.3%, cell size increased to 148 ± 7%. Soluble amy
lose was leached out up to  about 3% of the original to tal 
amylose content.

The tem perature dependence o f the rate constants, b, 
could be again expressed corresponding to  Eq. (5). For the 
coefficient, d, the z-values listed in Table 7 were calculated

as explained earlier. The com ponents and properties o f the 
three varieties investigated did not show the same behavior. 
The z-value of 18°C for cell size increase was the lowest, 
suggesting that cell size increase was the most tem pera
ture-sensitive property of all the properties investigated. 
Furtherm ore, this z-value is very close to  those found for 
texture and taste (see Table 3).

CONCLUSIONS
A LABORATORY STUDY designed to  assess cooking kine
tics for three po ta to  varieties was conducted. For all consti
tuents (dry m atter, starch, soluble amylose, pectin) and 
properties (cell size, texture, taste, shear force) a m athe
matical description of the changes during therm al treatm ent 
was possible.

Changes in the most im portant sensory properties, tex
ture and taste, w ith tim e at constant process tem perature 
could be expressed by a zero order equation. The kinetics, 
including tem perature dependence of the changes, are very 
similar. As texture is the most im portant sensory property 
to show cooking effects, and, as kinetics o f taste changes 
are very similar, the sensory texture judgem ents were used 
to define the different cooking degrees and to asses an op
timal cooking time.

The changes in shear force w ith treatm ent tim e at con
stant process tem perature followed a first order relation
ship. The tem perature dependence o f this mechanism is 
similar to that for texture. Therefore, a good correlation 
was found to  exist between shear force and sensory tex
ture. Thus, changes in texture could be described and con
trolled by a corresponding objective shear force measure
ment. The shear forces of raw potatoes differed somewhat 
from variety to  variety and also the shear forces at optim al 
cooking time were somewhat different.

For dry m atter, soluble amylose, pectin con ten t and cell 
size, the changes at constant tem peratures could also be 
characterized by first order equations. Starch contents were 
not influenced during processing. The tem perature depend
ence had varying influence on physical properties, cell- 
size increase being most dependent, and reduction in dry 
m atter conten t being least dependent upon tem perature. 
For the individual parameters investigated, the same relative 
values were calculated at optim al cooking time for all three 
varieties. The tem perature-tim e integral over the whole 
process, according to the definition of the cooking degree, 
is the decisive measure for the effects of a therm al treat
ment.

The data obtained do not allow, however, the general 
prediction of cooking behavior o f any variety from its 
chemical com position. The coefficients and constants in 
the m athem atical expressions applied must be determ ined 
for each individual case. - Continued on page 472
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I n f l u e n c e  o f  t h e  C o m p o s i t i o n  o f  P o t a t o e s  o n  T h e i r  C o o k i n g  K i n e t i c s

T. HARADA, H. TIRTOHUSODO, and K. PAULUS

---------------------------- ABSTRACT----------------------------
A  previous study o f three potato varieties indicated that shear force 
measurement m ay be used to predict the behavior of certain potato 
properties during cooking. To verify this hypothesis and to confirm  
other previous findings, slices (6 m m  thick, 30 m m  in diameter) o f 
21 potato varieties were thermally treated in water at 100°C. Mathe
matical expressions were assessed, and coefficients were determined 
to describe the kinetic behavior o f  the varieties.

INTRODUCTION
FOR PRACTICAL PURPOSES, particularly for the po ta to 
processing industry or catering institutions, it is im portant 
to develop simple m ethods allowing prediction of the be
havior of potatoes during defined therm al treatments.

Results obtained with 3 varieties — Bintje, M entor and 
Desiree — have shown tha t changes in properties taken into 
account (sensory properties, chemical and physical prop
erties), may be described by similar m athem atical relation
ships (Harada et al., 1985). The sensory properties texture 
and taste, and also the objective criterion of shear force, 
showed nearly the same tem perature dependence of the 
pertinent rate constant. A correlation between shear force 
and sensory texture would offer a possibility for replacing 
sensory tests since simple and rapid texture measurements 
would provide sufficiently precise inform ation on the cook
ing behavior of a certain potato  variety.

In order to verify such a hypothesis, the correlation be
tween subjective and objective texture properties should 
first be studied in a broad spectrum of potato  varieties. 
Furtherm ore it seemed of interest to look for further cor
relations between the properties investigated, including 
com position of the raw material, in order to obtain expla
nations for the cooking behavior and cooking kinetics of 
potatoes.

MATERIALS & METHODS

Potato samples

Twenty-one potato varieties obtained from  both the domestic 
and im ported markets were used. Tubers purchased from  wholesale 
traders had not been stored previously. One hundred slices (6 mm 
thick, 30  m m  in diameter) from  20  -  30  potato tubers were used for 
one treatment and subsequent investigations.

Therm al treatment

Potato slices were treated in water at 1 00°C. Process times varied 
from  1 m in  to 30  m in  and included the range o f distinct overcook
ing. Equipm ent and processing techniques were reported by Paulus 
et al. (1978) and Harada et al. (1985).

Chemical, physical and sensory analyses

The fo llow ing properties were determ ined in all o f  the 21 varie
ties: specific weight, cell diameter, dry matter, starch, pectin, shear

The authors were cooperating at the Federal Research Centre for 
Nutrition, Engesserstrasse 20, D-7500 Karlsruhe 7, Federal Repub
lic o f Germany. Mr. Harada is again working with Ajinomoto Co., 
Kawasaki, Japan. Address inquiries to Dr. Paulus.

force, texture and taste. The m ethods used were discussed in detail 
elsewhere (Harada and Paulus, 1985; Harada et al., 1985).

Previous experiments had show n that dry matter and pectin 
contents changed considerably during cooking, whereas starch con
tent was not influenced by the treatment. The starch content there
fore was not investigated in the treated samples, but was used to 
characterize the raw material.

RESULTS & DISCUSSION

Raw potatoes
Data characterizing the com position of potatoes and cell 

sizes are compiled in Table 1. There were considerable dif
ferences among the 21 varieties. Specific weights varied 
between 1.061 and 1.096 g/cra3, and dry m atter contents 
between 15.2 and 22.5%. Starch contents were between
10.1 and 17.4%. Pectin levels showed variety-specific fluc
tuations ranging from 0.170 -  0.290%. Cell diameters varied 
from 132 -  171 ¡im. In view of this great variability in the 
raw material, the spectrum of varieties used could be re
garded as representative of potatoes available in the market.

Shear forces of raw tuber slices were between 56.3 and 
83.4N. These values confirm considerable differences in the 
firmness of the raw material.

Texture and taste were not determ ined in raw slices. The 
category scale for sensory analyses of these two properties 
comprised 11 categories, from 1 = com pletely raw/very

Table 1 —Chemical analysis o f raw potato slices

S p ec ific D ry Cell
q rav itv m a tte r S ta rc h P ec tin size

V arie ty g /c m 3 % % % /im

B in tje 1 .0 8 8 19 .8 14.1 0 .2 7 3 145
M en to r 1 .0 8 7 20.0 13 .9 0 .2 9 0 145
D esiree 1.081 19 .5 13 .6 0 .2 4 8 139
S ask ia 1 .0 7 0 15 .9 10 .3 0 .2 5 7 133
N ico la 1 .0 7 3 17 .9 13 .2 0.212 140
S p u n ta 1 .0 7 6 18.1 14 .5 0.202 132
Jea rla 1 .0 7 6 1 7 .0 13 .8 0 .2 1 5 146
C h ris ta 1 .0 6 9 15 .5 10.8 0 .2 0 6 147
A tica 1 .0 6 5 15 .2 10.8 0.221 166
S ieg linde 1 .0 9 6 2 2 .3 16 .6 0.200 151
U lla 1 .0 7 9 21.2 16 .3 0 .2 3 4 144
Wilja 1 .0 7 4 19 .9 15 .6 0 .1 9 0 139
C livia 1 .0 7 0 19.1 13 .2 0 .2 4 8 164
S e lm a 1 .0 7 8 19 .8 14.1 0 .2 1 5 138
G ra ta 1 .0 8 2 20.0 15.1 0 .1 7 0 145
C u lpa 1 .0 8 0 19 .3 14 .4 0 .2 0 7 156
G ra n d ifo lia 1 .0 9 2 20.0 1 5 .0 0.200 150
A ula 1 .0 9 4 2 2 .5 1 7 .4 0 .2 3 8 169
G ran o la 1.081 2 0 .9 15.7 0 .1 9 7 158
Irm gard 1 .0 8 5 18 .5 14.2 0.210 171
Isola 1 .061 15 .6 10.1 0 .2 1 7 164

X 1 .078± 1 9 .0± 13 .9± 0.221 ±
0 .0 0 9 2.1 2.0 0 .0 2 8 1 5 0 ± 1 2

M ax. 1 .0 9 6 2 2 .5 1 7 .4 0 .2 9 0 171

Min 1.061 15 .2 10.1 0 .1 7 0 132
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hard to 11 = completely overcooked/pulpy; 6 = optimally 
developed property. According to these categories, the 
sensory quality of the raw slices was fixed at 1 for texture 
and taste.

Average values of properties and constituents evaluated 
are listed in Table 2.

Processed potatoes
Dry matter, pectin, cell diameter. Data obtained for

6 - 1 0  process times of different lengths at 100 C for each 
variety corresponded to a first order equation describing 
these properties as a function of process time.

Changes in dry m atter content, which decreased during 
the treatm ent, are compiled in Table 3. The first two col
umns show the constants for the respective equation, 
whereas the last two columns indicate the corresponding 
data for optim al cooking times. The variability of the rate 
constant b is of primary interest as this constant provides 
a value for the intensity of changes. A pronounced differ
ence in the rate of dry m atter decrease was evident. A com
parison of varieties Nicola and Culpa revealed that the rate 
of substance losses differed by as much as a factor of 3. 
As the correlation coefficients confirmed, however, these 
changes may be adequately described by the mechanisms 
selected.

Table 2—Average values (all varieties) o f some constituents and 
properties for raw and optimally cooked potatoes

C o n s t i tu e n t /p ro p e r ty
R aw  p o ta to  

slices
O p tim a lly  c o o k e d  

p o ta to  slices

T e x tu re  ju d g m e n t 1 .0a 6.0a
S h ea r fo rce ' N) 7 1 .4  ± 7 .9 2 .7 3  ± 1.4

D ry m a tte r  c o n te n t '%> 1 9 .0  ± 2 .1 16 .7  ± 1.9
P e c tin  c o n te n t i%) 0.221 ± 0 .0 2 8 0 .1 7 2  ± 0 .0 2 3
Cell size 'Min) 15 0  ± 1 2 2 0 3  ± 1 1 .3

3 These values were not determined, they were assessed by defini
tion.

The same general m athem atical relationships could be 
applied to describe changes in pectin content (Table 4) 
and cell size (Table 5). The last columns of these tables, 
showing the relative changes at optim al cooking tim e 
compared to nonprocessed samples, were of special inter
est. It became obvious from these dates that the relative 
changes during therm al treatm ent were very similar in all

Table 3—Mathematical description o f the changes in dry matter con
tent (%) during cooking (log y = a — b x 10~^t)3

V arie ty
a

%
b

% m in - 1
n — r y ^op t

%

V t o p t - 100
Yt = 0

%

B intje 1 .3 0 2 5 .8 0 7 0 .9 3 18.2 9 1 .9
M en to r 1 .3 0 0 6 .51 8 0 .9 6 17.1 8 5 .5
D esiree 1 .2 9 3 6 .8 4 9 0 .9 9 16 .2 83 .1
Saskia 1 .2 0 4 5 .2 5 10 0 .8 7 14 .2 8 9 .3
N icola 1 .2 4 2 3 .7 7 9 0 .8 3 15 .6 8 7 .2
S p u n ta 1 .2 5 0 4 .81 9 0 .8 7 15 .6 86.2
Jea rla 1 .2 3 4 5 .9 8 7 0.91 15 .4 9 0 .6
C h ris ta 1 .1 8 7 5 .9 6 8 0 .9 2 13 .6 8 7 .7
A tica 1 .1 8 4 6.02 6 0 .9 0 14 .4 9 4 .7
S ieg linde 1 .3 4 6 5 .1 7 6 0 .9 8 20.2 9 0 .6
Ulla 1 .3 2 3 4 .91 6 0 .9 6 1 9 .0 8 9 .6
W ilja 1.301 7 .2 5 8 0 .9 8 17.2 8 6 .4
S elm a 1 .2 9 6 5 .1 7 8 0.91 18.2 9 1 .9
G ra ta 1 .3 0 9 7 .3 2 8 0 .9 7 17 .8 8 9 .0
C u lpa 1 .2 8 4 11.7 7 0 .9 6 15 .4 7 9 .8
G ra n d lfo lia 1 .3 0 2 8 .1 4 7 0 .9 5 17 .6 88.0
A ula 1 .352 7 .4 7 6 0 .9 7 2 0 .4 8 0 .7
Irm gard 1 .2 6 6 4 .7 4 7 0 .9 3 17 .5 9 4 .6
Isola 1 .1 9 3 4 .3 0 7 0 .9 6 14.5 9 2 .9

-  6 .1 6  ± 1 .73 - -  16 .7  ± 1.9 .8 8 .9  + 3 .7

a y = dry matter content (%); a = log of the theoretical dry matter 
content at t = 0; t = process time (min); topt = optimal process 
time (min); b = rate constant (% min- 1 ); n = number of experi
ments (cooking times); r = correlation coefficient.

Table 4—Mathematical description o f the changes in pectin content 
(%) during cooking (log y = a — b x 10~^ t)a

Table 5—Mathematical description o f the changes in cell size (pm) 
during cooking (log (vmax — y) = a — b x 10~2 t)a

ytPpt t 100 ytopt 100
Vt = 0

V arie ty
a

%
b

% m in - 1
n —r V a t t o p t

% %

B intje 0 .5 6 4 1.59 8 0 .9 7 0 .2 1 4 7 8 .4
M en to r 0 .5 2 6 1.37 9 0 .9 8 0 .2 1 4 7 3 .8
D esiree 0 .6 1 2 0 .8 7 5 8 0 .9 5 0 .1 9 3 7 7 .8
S ask ia 0 .5 8 4 0 .9 7 7 10 0 .9 5 0 .2 0 8 8 0 .9
N icola 0.686 0 .8 6 0 9 0 .9 2 0 .1 6 2 7 6 .4
S p u n ta 0 .6 9 9 1.09 9 0 .9 3 0 .1 5 0 7 4 .3
Jea rla 0 .6 6 0 1.65 7 0 .9 0 0 .1 6 9 7 8 .6
C h ris ta 0 .691 0 .9 2 6 9 0 .9 2 0 .1 6 7 81.1
A tica 0 .6 6 2 2 .0 8 6 0 .9 6 0 .1 7 5 7 9 .2
S ieg linde 0 .7 0 0 1.15 6 0 .9 7 0 .1 5 6 7 8 .0
U lla 0 .6 3 4 1.37 6 0 .9 5 0 .1 7 8 76.1
W ilja 0 .7 2 3 1.18 7 0 .9 9 0 .1 4 7 7 7 .4
S e lm a 0 .671 1 .29 8 0 .9 2 0 .1 6 7 77 .7
G ra ta 0 .7 7 9 1 .52 8 0 .9 4 0 .1 3 0 7 6 .5
C u lpa 0.688 1 .55 7 0 .9 6 0 .1 5 5 7 4 .9
G ra n d ifo lia 0 .7 0 5 1 .54 7 0 .9 0 0 .1 5 6 7 8 .0
A ula 0 .6 2 5 1 .7 0 6 0 .9 7 0 .1 9 4 8 1 .5
Irm gard 0 .6 7 3 1.87 6 0 .9 8 0 .1 6 9 8 0 .5
Isola 0 .6 6 4 1.68 7 0 .9 8 0 .1 6 4 7 5 .6

-  1 .3 9  + 0 .3 4 0 - -  0 .1 7 2  ± 0 .0 2 3  7 7 .7  ± 2 .2

a y = pectin content (%); a = log of the theoretical pectin content at 
t = 0; t = process t me (min); topt = optimal process time (min); 
b = rate constant (% min- 1 ); n = number of experiments; r = 
correlation coefficient.

V t=0

V arie ty
a b 

pm pm m in —:l
n —r y a t  t o p t

/im %

B in tje 2 .3 5 2 2 .0 3 8 0 .9 5 199 137
M en to r 2 .3 4 6 1.10 8 0 .9 6 191 132
D esiree 2 .3 5 9 1.11 8 0 .9 6 194 140
Sask ia 2 .3 7 5 1 .94 8 0 .9 6 211 159
N icola 2 .3 4 9 1 .13 8 0 .9 0 199 142
S p u n ta 2 .3 6 3 2.21 8 0 .9 7 2 3 5 178
Jea rla 2 .3 3 6 2 .0 6 6 0 .9 8 210 144
C hris ta 2 .3 3 7 1.66 9 0 .8 9 2 1 6 147
A tica 2 .2 9 5 1.88 6 0 .9 0 2 0 4 123
S ieg linde 2 .3 2 6 1 .42 5 0 .9 9 2 0 6 136
U 11 a 2 .3 4 3 1.12 6 0 .9 9 186 129
W ilja 2 .3 5 3 1 .84 6 0 .9 9 211 152
S elm a 2 .3 5 7 1.31 6 0 .9 8 187 136
G ra ta 2 .3 4 1 1 .49 7 0 .9 4 1 .94 134
C u lpa 2 .3 2 2 1.37 7 0 .9 0 201 129
G ra n d ifo lia  2 .3 2 8 1 .75 6 0 .9 7 2 0 5 137
A ula 2 .2 8 8 2 .0 6 6 0 .9 9 2 1 3 126
Irm gard 2 .2 9 0 1.61 6 0 .9 4 2 0 4 119
Isola 2 .3 0 6 1.11 6 0 .9 8 196 120

-  1 .5 9  ± 0 .3 7 1  - -  2 0 3  ± 1 1 .3  138  ± 13 .8

a y = cell size (;um); ymax = maximal cell size (Mm); a = log of the 
theoretical cell size at t = 0; t = process time (min); topt = optimal 
process time (min); b = rate constant (Mm • min- 1); n = number 
of experiments; r = correlation coefficient.

464-JOURNAL OF FOOD SCIENCE-Volume 50 (1985)



varieties tested; the corresponding values at optim al cook
ing times could therefore be averaged. The low standard 
deviations of these mean values indicated that there seemed 
to be no varietal influence as far as changes in these con
stituents and properties were concerned. The apparent 
contradiction to the quite different values for the rate 
constant, b, could be explained by different times required 
to reach the optim al cooking point.

Texture and taste. The results of the calculated changes 
in the most im portant sensory properties texture and taste, 
based on the experim ental data, are summarized in Tables 
6 and 7. For both properties the changes at a constant proc
ess tem perature of 100 C could be described as a linear 
function of time. The high correlation coefficients confirm 
that both sensory m ethod and m athem atical treatm ent of 
the results were sufficiently precise to  characterize the de
velopment of taste and texture during cooking.

Previous studies with three other varieties had revealed 
that the rate constants for texture and taste development 
at constant process tem peratures for the same variety were 
relatively similar; the kinetics of changes in taste and tex
ture, hence, corresponded well (Harada et al., 1985).

This funding can be generalized as the values for rate 
constant b for taste and texture development in Tables 
6 and 7 are very similar within the same variety.

Optimal cooking time was defined as the process time 
necessary to  obtain a judgem ent of sensory texture cor
responding to category 6. These optim al cooking times for 
the 21 varieties which were calculated on the basis of the 
individual equations for texture are listed in the last col
umns of Table 6. Rate constants for texture changes varied 
considerably, and this is the reason for the extremely dif
ferent optim al cooking times. Cooking times varied for the 
same process conditions from 4.5 min for variety Atica to 
nearly 12 min for varieties Nicola and Desiree.

The last column of Table 7 contains the calculated taste 
values for optim al process times. These values are very close 
to category 6 which has been described as the optim al taste 
category. This underlines the finding m entioned before that 
texture and taste showed very similar kinetics during cook
ing, both in a qualitative and quantitative sense.

Shear force. The decrease in shear force of po ta to  slices

Table 6—Development o f  sensory texture during cooking fS = a + 
b ■ t)a

a b O p tim a l c o o k in g
V arie ty - m in  1 n r tim e  m in

B in tje 0 .6 0 9 0 .8 1 6 8 0 .9 9 6.61
M en to r 0 .761 0 .5 4 8 9 0 .9 9 9 .5 6
D esiree 1.20 0 .4 1 9 9 0 .9 6 1 1 .5
Saskia 1 .13 0 .4 9 5 10 0 .9 5 9 .8 4
N icoia 1 .1 6 0 .4 1 8 9 0 .9 7 11.6
S p u n ta 1 .0 3 0 .4 4 0 8 0 .9 7 11 .3
Jea rla 0 .6 9 0 0 .7 6 6 6 0 .9 9 6 .9 3
C hrista 1 .03 0 .5 1 8 8 0 .9 9 9 .5 9
A tica 0 .6 4 7 1 .1 7 6 0 .9 6 4 .5 8
S ieg linde 1 .2 3 0 .531 5 0 .9 9 8 .9 8
Ulla 0 .9 0 0 0 .621 8 1.00 8.21
Wilja 1 .0 5 0 .5 4 3 9 0 .9 9 9 .1 2
Clivia 1 .2 7 0 .7 0 8 7 0 .9 9 6.68
Selm a 1 .3 3 0 .5 7 0 9 0 .9 6 8 .1 9
G ra ta 1.12 0 .6 8 2 8 0 .9 9 7 .1 6
C ulpa 1.41 0 .5 9 7 8 0 .9 8 7 .6 9
G ran d ifo lia 1 .4 4 0 .6 6 9 8 0 .9 8 6 .8 2
A ula 0 .8 9 2 0 .9 9 9 6 1.00 5.11
G rano la 1 .5 0 0 .6 6 0 7 0 .9 8 6 .8 2
Irm gard 1 .0 9 0 .9 4 8 7 1.00 5 .1 8
Isola 1.31 0 .6 6 0 7 0 .9 8 7 .0 5

3 S = n u m erica l va lue  of te x tu re ;  t = p ro ce ss  t im e  (m in ); a = te x tu re
value a t  t = 0; b = ra te c o n s ta n t (m in / ; n = n u m b e r o f ex p eri-
ments (cooking times); r = correlation coefficient.

with increasing time of therm al treatm ent could be de
scribed by first order or second order equations, as previous 
studies had shown. Advantages and disadvantages of the 
two mechanisms have been previously explained (Harada 
e ta l., 1985).

Table 8 contains the data for either approach. They con
firm the results obtained in studies with only three varieties. 
Either approach obviously was suitable to keep the sum of 
the distance squares low, as all correlation coefficients were 
very close to 1.0. If the calculated shear force values for 
the optim al cooking times are com pared, one finds a ten
dency towards lower values from use of a first order equa
tion. The description by second order equation, corres
ponding to  a flatter curve with longer cooking times, there
fore, is more suitable to describe conditions of over-cooking. 
When the mean values of shear forces at optim al cooking 
times were compared to  the actually measured shear forces 
at optimal cooking times, the following results were ob
tained: First order mechanism: F = 2.55 ± 1.3N; Second 
order mechanism: F = 3.66 ± 1.2N; Measured at topt: 
F = 3.15 ± 0.93N.

This comparison shows that for the part of the therm al 
process up to the point of optim al cooking, which usually 
is of practical significance, the simpler m athem atical de
scription of a first order equation had no disadvantage, 
but offered the advantage of including also the initial values 
of nonprocessed potatoes. For times t >  topt use of a sec
ond order mechanism was justifiable as well, however. 
But independent of the kind of m athem atical description 
used, shear forces for the optim al cooking state were close 
to each other. Mean value and standard deviation of the 
actually measured values were between 2 and 5N indicat
ing a relatively narrow range.

Correlations
Texture and shear force. On the basis of either param

eter being represented as a function of time, a first order 
equation was obtained as mathem atical description, i.e. the 
logarithm of shear force, F, could be described as a func
tion of texture evaluation, S. This is shown in Fig. 1. The 
equation for this curve, which was based on 163 value 
pairs, is:

Table 7—Development o f taste during cooking (S = a + b • t)a

V arie ty a b
m in - 1

n r S

a t to p t

B in tje 0 .9 9 7 0 .7 4 9 8 0 .9 8 6.0
M en to r 1.10 0 .5 4 2 9 0 .9 8 6 .3
D eisree 1 .53 0 .4 1 4 9 0 .9 3 6 .3
Sask ia 1 .46 0 .4 7 8 10 0 .9 9 6.2
N icola 1 .56 0 .4 4 0 9 0 .9 4 6.6
S p u n ta 1 .1 4 0 .4 6 5 8 0 .9 3 6 .4
Jea rla 1.11 0 .6 8 5 6 0 .9 8 5 .9
C h ris ta 1 .27 0 .5 7 0 8 0 .9 5 6 .7
A tica 0 .781 1.10 6 0 .9 6 5 .8
S ieg linde 1.35 0 .5 4 1 5 0 .9 9 6.2
U lla 1.02 0 .6 3 1 8 1.00 6.1
W ilja 1.10 0 .5 4 8 9 0 .9 8 6.1
Clivia 1 .6 0 0 .6 3 9 7 0 .9 6 5 .9
S elm a 1 .5 0 0 .5 6 8 9 0 .9 5 6.1
G ra ta 1 .09 0 .7 2 9 8 0 .9 8 6 .3
C u lpa 1 .67 0 .5 7 1 8 0 .9 6 6.0
G ra n d ifo lia 1 .57 0 .6 7 4 8 0 .9 7 6.2
A ula 0 .9 3 4 1.01 6 0 .9 9 6.1
G ran o la 1 .5 6 0 .6 7 6 8 0 .9 6 6.2
Irm gard 1.10 0 .9 0 4 6 1.00 5 .8
Isola 1 .23 0 .7 1 4 7 1.00 6 .3

a S = numerical value of taste; t = process time (min); a = taste value 
at t = 0; b = rate constant (min i ); n = number of experiments 
(cooking time); r = correlation coefficient.
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log F =  1.919 -  0.246 S r = - 0 .8 8 4  (1)
For the optim al texture value (S = 6) a shear force of 2.8N 
was obtained which was in good correspondence to  the 
mean value of the actual shear foce at the point o f optim al 
cooking (3.2N). From use of a second order equation, the 
shear force was 3.6N.

This correlation can be used to save expensive sensory 
analyses. Fig. 1 shows that it will scarcely be possible to 
predict the cooking behavior of an individual potato  vari
ety exactly on the basis of a single shear force measurem ent 
only. But an approxim ate assessment o f the cooking be
havior could be obtained from two shear force measure
m ents as explained in the following. The two shear force 
values measured at two different treatm ent times allow con
stants a and b to  be determined in the equation describing 
shear force F as a function of process time (see Table 8):

log F = a + b • t (2)
This equation (2), then, is the variety-specific relationship 
valid only for the potatoes under consideration. But the 
two measured shear force values can be used to  determine 
the corresponding texture values through the relationship 
drawn in Fig. 1 which is valid for any potato  variety. With 
the resulting values for texture, S, and the corresponding 
process times, the coefficients in the correlation between 
S and t (Table 6)

S = a + b • t (3)
can be calculated. In this way the two m athem atical de
scriptions for a certain variety of potatoes were defined, 
and the optim al cooking time could now be determined by 
the correlation between sensory texture, S, and treatm ent 
time, t, for which coefficients a and b are known, by 
using the value of 6.0 for S. It should be noted, however, 
that this is possible only if the same geometry of potato  
slices and the same test arrangement for tex ture measure
m ents are applied.

Cell diameter of raw potatoes and cooking time. Of the
parameters considered for predicting the cooking behavior 
from the raw material, mean cell diameter seemed to  be a 
suitable criterion. The correlation is shown in Fig. 2. The

equations correlating cell diameter C and optim al cooking 
time, topt, are

C = 186.76 -  4.63 • t r = -0 .8 0 4  (4)

to p t= 28.93 -  0.140C r = —0.804 (5)
The graph and equations show that it is possible to  predict 
optim al cooking time with qualifications. Again, the corre
lation is valid only for the geometry used in these experi
ments.

Beside the exact description of cooking kinetics, this 
relationship gave a highly interesting qualitative result. 
Obviously the cell size of raw potatoes is an im portant 
criterion for the behavior of potatoes during therm al treat
m ents in water. The smaller the cell size the longer the time 
necessary to obtain an optim ally cooked product, and the 
larger the cell size the shorter this time. As cell size is a 
variety-specific property, this relationship could be used for 
selecting potato  varieties for thermal treatm ents to obtain 
a desired effect of the treatm ent.

Composition and cooking behavior
Many attem pts were made to correlate the cooking behav

ior w ith certain com ponents, or, more generally, to the 
com position of the product. Williams (1963) reported that 
cell wall ingredients decreased with increasing dry m atter 
content. Keijbets (1974) reported decreasing pectin con
tent and specific weight on the other. A correlation of 
ingredients to each other seems only partially suitable to 
predict the cooking behavior.

There are many reports and surveys dealing with the 
influence of individual ingredients on the breakdown of 
potatoes (Linehan and Hughes, 1969a, b; Warren et al., 
1975; Warren and Woodman, 1974; Reeve, 1977; Had- 
ziyev and Steele, 1979). The influence of cell size or tex
ture was reported by Barrios et al. (1963) and by Linehan 
et al. (1968). Barrios assumed that large cells led to a dis
tinct mealiness after cooking, and Linehan concluded that 
potatoes with larger cells tended more to breaking down 
during cooking.

Fig. 3 shows the correlation between shear force and dry 
m atter content of potatoes at optim al cooking time. It

Table 8—Mathematical description o f the change in shear force F  during cookinga

V a rie ty

log F = a — b t log F = a — b • log t
M easured  sh ea r  fo rc e  

a t  o r  n e a r  t o p ^.
N

n a
N

b
N /m in

r F t=0
N

Û.

LL n a
N

b
N /m in

r ^ t= o p t
N

B in tje 7 1 .8 4 4 0 .1 7 2 0 .9 9 7 7 .8 5 .0 6 2.222 1 .9 0 3 1.00 4 .6 5.1
M en to r 7 1 .8 0 4 0 .1 6 8 0 .9 7 7 6 .6 1.6 6 2 .1 3 6 1 .808 0 .9 9 2 .3 3 .3
D esiree 6 1 .7 6 6 0 .1 2 9 0 .9 8 7 9 .0 1.9 5 1 .9 7 2 1 .4 8 4 0 .9 9 2 .5 2 .3
Sask ia 11 1 .6 8 2 0 .171 0 .9 5 7 6 .2 1.0 10 1 .5 4 9 1 .2 8 4 0 .9 9 1.9 2.1
N icola 11 1 .4 9 8 0 .1 2 7 0.91 67 .1 1.0 10 1 .3 9 6 1 .0 1 8 0 .9 8 2.1 2.2
S p u n ta 9 1 .5 7 5 0 .1 7 4 0 .1 7 5 6 .3 0 .4 8 1 .3 3 8 0 .991 0 .9 8 2.0 2 .5
Jea rla 8 1 .5 3 9 0.222 0 .9 7 7 2 .5 1.0 7 1 .5 3 3 1 .1 8 6 0 .9 6 3 .4 3 .6
C h ris ta 10 1 .6 3 4 0 .171 0 .9 8 6 5 .4 1.0 9 1 .4 1 2 1 .065 0 .9 6 2 .3 2.0
A tica 7 1.781 0 .2 8 6 0 .9 9 69 .1 2 .9 6 1 .3 7 4 1 .2 5 6 0 .9 2 3 .5 2 .7
S ieg linde 11 1.841 0 .1 5 0 1.00 7 3 .0 3.1 10 1 .7 1 4 1 .0 8 3 0 .9 5 4 .8 3 .6
U lla 11 1 .8 4 3 0 .1 4 9 0 .9 9 7 9 .0 4.1 10 1 .7 0 6 1.061 0 .9 4 5 .4 3 .7
W ilja 12 1.771 0 .1 4 4 0 .9 7 7 7 .2 2.8 11 1 .6 7 4 1 .145 0 .9 5 3 .8 3 .3
Clivia 9 1 .7 2 6 0.202 0 .9 9 6 5 .7 2 .4 8 1 .4 8 4 1 .192 0 .9 7 3 .2 2 .7
S e lm a 10 1 .7 9 9 0 .1 6 4 0 .9 9 5 7 .5 2 .9 9 1 .6 1 5 1 .049 0 .9 5 4 .5 2 .7
G ra ta 10 1 .7 3 2 0 .1 8 9 1.00 62.1 2 .4 9 1 .5 5 2 1 .017 0 .9 4 4 .8 3 .3
C u lp a 10 1 .787 0 .171 1.00 7 3 .4 3 .0 9 1 .5 8 8 1 .087 0 .9 4 4 .2 3.1
G ra n d ifo lia 9 1 .7 7 9 0 .1 9 5 1.00 6 4 .0 2 .9 8 1.571 1 .1 3 8 0 .9 3 4 .2 3 .0
A ula 8 1 .8 6 9 0 .2 3 9 1.00 8 3 .4 4 .4 7 1 .5 4 9 1.220 0 .9 4 4 .8 5 .4
Irm gard 8 1 .7 6 9 0 .2 0 7 0 .9 9 6 4 .5 4 .9 7 1 .4 9 6 1 .0 6 4 0 .9 4 5 .4 4 .2
Isola 9 1 .7 7 2 0 .2 0 5 0 .9 8 7 8 .0 2.1 8 1 .5 1 4 1.191 0 .9 6 3 .2 2 .5
G ran o la 9 1 .8 5 6 0 .2 0 6 0 .9 9 8 2 .4 2.7 8 1 .609 1 .2 1 9 0 .9 5 3 .9 2.8
2 F = shear force (N); t = process time (min); a = log shear force of the raw material (N); b = rate constant (N min- 1 ); r = correlation coeffi

cient.
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Sensory texture/category

Fig. 1—Correlation between shear force and sensory texture (21 
varieties, n = 163; category 1 = very hard; 6 = optimal texture, 
11 = pulpy), log F  = 1.919 -  0.246 S, r = -0.88.

should be noted that shear forces for the individual varie
ties, as m entioned before, were in a relatively narrow range 
of about 1 -- 5N. A correlation to the corresponding dry 
m atter conten t could be established, although the corre
lation coefficient was not very high.

There were no convincing correlations between pectin 
content and cooking behavior although pectin has been 
frequently m entioned as an im portant factor (Reeve,
1977).

Changes in cell diameter, however, seemed to be a suit
able param eter for explaining the cooking behavior. In 
addition to the already discussed correlation between cell 
diameter and time necessary for optim al cooking (Fig. 1), 
Fig. 4 shows that the relative increase in cell diam eter was 
paralleled by a relative decrease in dry m atter content.

Each living cell has a certain potential for cell exten
sion which is effective only, however, if the necessary 
space is available. A cell can increase in size and volume 
only if other cells provide this necessary space. Thermal 
treatm ents lead to mechanical damage, i.e., cells burst; 
the osmotic system is affected, if not destroyed; starch 
grains break or dissolve. Cells which have been damaged 
in this way decrease considerable in volume or are com
pletely lost while others take their place. In this way also 
the stability of the entire system is reduced, as binding 
capacity and forces between individual cells decrease until 
finally the tissue disintegrates in the state of extrem e over
cooking.

CONCLUSIONS
CHANGES in dry m atter content, pectin content, and cell 
diameter of po ta to  slices during therm al treatm ent in water 
are described by a first order equation. The constants of

Optimal cooking time /  min

_L
15

Fig. 2—Correlation between cell size o f raw potatoes and optimal 
cooking time (21 varieties, n = 21). C = 186.76 — 4.63 topt, r = 
-0.80; topt = 28.93 -  0.140 C, r = -0.80.

this equation differed from variety to variety. Substance 
losses per unit of time during cooking may differ by as 
much as a factor of 3. But, as varieties w ith a high value for 
the rate constant had a short cooking time, and vice versa, 
relative changes within the varieties up to  the point of 
optim al cooking were similar.

Changes in the most im portant sensory properties, tex
ture and taste, could be expressed by a zero order equation. 
Rate constants for texture and taste were very similar, 
and, therefore, texture may be used as an indicator prop
erty. Optimal cooking time, assessed on the basis of tex
ture, varied from 4.5 -  11.5 min.

The description of the decrease in shear force during 
cooking was more complicated. Up to the optim al cooking 
time the data fitted a first order equation. For treatm ents 
beyond the optim al cooking time, second order equations 
were more suitable, as they m ore precisely describe the very 
flat curve for obtained longer cooking times. Average shear 
force decreased from 72N for raw slices to  3N for optimally 
cooked ones.

The correlation between texture and shear force was 
mathem atically expressed. This equation could be used to 
check the cooking behavior of an unknow n variety. With 
two shear-force measurements, the optim al cooking times 
could be approxim ated.

A very interesting finding was that a close relationship 
exists between cell size of the raw potatoes and optim al 
cooking time: the smaller the cell diameter, the longer the 
cooking times. Cell diameter, hence, offered a possibility 
for explaining the cooking behavior of potatoes. Cell diam
eters of the raw m aterial allowed the necessary cooking
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Fig. 3—Correlation between shear force and dry matter content o f 
optimally cooked potatoes (19 varieties, n = 19). F  = 0.466 D — 
5.255, r = 0.67.

times and the cooking behavior to be relatively precisely 
predicted. Conditions prevailing at optim al cooking time 
could be explained by cell extension and simultaneous de
crease in dry m atter content by leaching.

F urther correlations were found in this study, such as a 
correlation between shear force and dry m atter content at 
optim al cooking time, and a correlation between changes in 
cell size and dry m atter content contributed to  explaining 
cooking kinetics and cooking behavior.

Fig. 4—Correlation between relative increase o f cell size and rela
tive decrease o f dry matter content at optimal cooking time (16 
varieties, n = 16). log Cre/ = 1.044 + 0.051 Drei, r = 0.81.
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S w e e t n e s s  E v a l u a t i o n  o f  M i x t u r e s  o f  F r u c t o s e  

w i t h  S a c c h a r i n ,  A s p a r t a m e  o r  A c e s u l f a m e  K

Ph. VAN TORNOUT, J. PELGROMS, and J. VAN DER MEEREN

---------------------------- ABSTRACT----------------------------
Some sensorial properties of synthetic sweeteners are limiting fac
tors for use in low calorie soft drinks. By combining synthetic 
sweeteners with small fructose additions, these limitations can be 
overcome. Using paired comparison evaluation tests, nonlinear 
sweetness/concentration relations were established against sucrose, 
in acidified noncarbonated mineral water, for fructose, saccharin, 
aspartame and Acesulfame K. In binary combinations with fructose, 
sweetness additivity was demonstrated, for each of the three syn
thetic sweeteners. This is in contrast with literature reporting speci
fic synergistic effects. By taking advantage of the high relative 
sweetness of fructose, low calorie soft drinks containing as little as
2 - 3 %  sugar could not be distinguished sensorially from tradition
al sucrose drinks.

INTRODUCTION
THE INCREASING INTEREST for low-calorie and special 
dietary foods encouraged investigators to develop new 
synthetic sweeteners. Among them aspartam e (aspartyl- 
phenylalanine m ethyl ester) and Acesulfame K (3.4-dihydro-
6-m ethyl-1.2.3.-ox athiazine-4-one-2.2-dioxide potassium
salt) seem to be the most promising products besides sac
charin. Using these sweeteners as the single sweetener in 
low-calorie foods often results in poor or objectionable sen
sorial properties. Off- o r after-tastes can be detected e.g. 
the b itter after-taste of saccharin (Larson Powers and Pang- 
born, 1978a, b; Daniels 1973). Lack of “body” is also a 
major objection to  the incorporation of synthetic sweeten
ers in low calorie foods.

In order to  mask aftertastes and give “ body” to the 
product, m ixtures o f sugars and synthetic com binations 
have been developed. In these sweetener com binations 
specific sweetness properties have been detected and syn
ergism has been claimed (Stone and Oliver, 1969; Yama- 
guchi et al., 1970; Moskowitz and Klarman, 1975; Hy- 
vonen et al., 1978). Synergistic effects are inferred when 
the sweetness o f a m ixture is greater than the sum of the 
sweetnesses of its com ponents. Evaluation of synergism 
has been done in different ways and objections can be 
raised to  certain m ethods described in the literature, 
e.g. comparison of sweetness results obtained by differ
ent methods. Among the sugars used in such com binations 
fructose is the m ost interesting because of its highest sweet
ness. This high sweetness is most striking in low concentra
tion and at low tem peratures (Hyvonen et al., 1977a).

The actual purpose of the study was twofold: (1) to 
establish that the 8 -12%  sucrose in traditional recipes 
could be replaced by com binations of small fructose per
centages (1 -  5%) assisted by artificial sweeteners at much 
lower dosage levels than required in drinks exclusively 
sweetened w ith chemicals; (2) to  obtain accurate data 
which can be used to  predict sweetness levels m atching the 
sweetness of the sucrose reference drinks.

The authors are affiliated with the Food Laboratory, N V  A M YLU M , 
Van Wambekekaai 13, B-9300 Aalst, Belgium.

MATERIALS & METHODS
FRUCTOSE was the product Fructamyl C of NV Amylum (Bel
gium), sucrose from Suiker Tienen (Belgium), Na-saccharin was 
purchased from Bayer (Germany), Aspartame from GD Searle & 
Co (USA) and Acesulfame K from Hoechst (Germany). Citric acid 
was a product of Merck (Germany). All compounds had a purity 
in excess of 99%. Spa Reine (Spa Belgium), a noncarbonated min
eral water, was used to make the test solution. Cola flavor was pur
chased from Citrusco (Belgium) and the orange flavor from Chaud- 
fontaine (Belgium).

Solution preparation
All solutions were prepared with mineral water, at least 2 hr 

before testing. This is necessary with fructose so that it reaches 
mutarotation-equilibrium (Hyvonen et al., 1977b, c), which has 
a significant effect on the sweetness of fructose solutions (Shalien- 
berger, 1982). As this equilibrium is affected by temperature, 
all the tests were carried out at ±8°C. Each solution was prepared on 
a weight/weight basis and brought to pH 3 with 0.05% citric acid, 
which is closer to soft drink applications than sweetness evaluation 
tests at neutral pH.

Taste panel
The panel consisted of 10 highly trained subjects, selected from 

a larger group according to their performance in sweetness evalua
tion. All tests were carried out in separate taste booths, aircondi- 
tioned and equipped with constant illumination. The samples 
(±20 mL) were swallowed and oral rinsing was performed between 
two samples, only one sweetener concentration was evaluated per 
panel session.

Sweetness evaluation experiments
The method used was a modification of the constant-stimulus 

paired comparison method (Cameron, 1945; Yamaguchi et al., 
1970). The sweetness of a test sample at a given concentration 
(sample D) was compared with a set of three randomised sucrose 
solutions at different concentrations (sample A, B and C). Three 
sucrose solutions with respective concentrations of X, X + (X/10) 
and X -  (X/10) seemed to be the most practical number of test 
samples.

The panel members were first asked to rank the three sucrose 
concentrations in order of increasing sweetness level. This question 
was included to check the sweetness evaluation ability of the panel 
members at each test session. About 80% of the trained panel 
members were able to rank the reference samples in the correct 
order. If the sucrose concentration range was decreased an insuffi
cient number of panelists succeeded in correct ranking.

The panel members were then asked to match the test sample D 
with one of the sucrose concentrations or with a value between two 
of them.

Using the data given in Fig. 1 to 4, mixtures of fructose with one 
of the synthetic sweeteners were prepared. The percentages of the 
respective components were graphically derived in a way that total 
sweetness should be equal to the sweetness of a 10% sucrose solu
tion. The sweetness of these mixtures was evaluated in a paired com
parison test where the test solution was compared to three sucrose 
solutions with a concentration range from 8 -  12%. Synergism was 
inferred when the sweetness of a mixture was greater than the 
summation of the theoretical sweetness values of the components.

The solutions were adjusted to pH 3.0 and the testing tempera
ture was 8°C as for the sweetness evaluation of the single solutions.

Panel members were also asked to comment on possible off- 
tastes or on varying sweetness responses.
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Interpretation of taste results
Only the answers of the panel members who were able to rank 

the reference sucrose solutions in the right order, were selected for 
further interpretation. For each acceptable evaluation of the sweet
ness of the test sample we attributed to this sample a value corres
ponding to a sucrose concentration with equivalent sweetness. 
This was done in two ways. First, if the test sample was found to 
be equal in sweetness to one of the reference sucrose solutions, 
this sucrose concentration was considered “Equi-sweet.” But, if the 
test sample was ranked between two sucrose concentrations, we 
attributed to the test sample a value corresponding to the mean of 
the two sucrose concentrations. As a result of each taste session, 
which represented 20 replications per sample, we were able to 
derive an “Equi-sweet” sucrose concentration for every test sam

ple, by calculating the statistical average of the individual judge
ments. Relative sweetness is defined as the ratio of the “Equi- 
sweet” sucrose concentration to the corresponding sweetener 
concentration. This method takes into account that a panel mem
ber can also evaluate the test sample as being equi-sweet with one of 
the reference solutions and as a result is not forced to rank the test 
solution between two reference solutions.

Evaluation of low calorie soft drinks
In order to check the results obtained with model systems, two 

soft drinks, a cola and an orange drink, were formulated to include 
mixtures of 3% fructose with one of the synthetic sweeteners. 
The sweetener composition is given in Table 2. The soft drinks were 
acidified with 0.24% citric acid solution (50% w/w) and contained 
0.015% sodium benzoate as a preservative.

% FRUCTOSE % SACCHARIN

Fig. 1 -"Equi-sweet" sucrose concentration and relative sweetness 
as a function o f fructose concentration.

Fig. 2—“Equi-sweet" sucrose concentration and relative sweetness 
as a function o f saccharin concentration.

% ASPARTAME
Fig. 3—"Equi-sweet" sucrose concentration and relative sweetness 
as a function o f aspartame concentration.

% ACESULFAME K

Fig. 4—"Equi-sweet" sucrose concentration and relative sweetness 
as a function o f Acesulfame K  concentration.
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The reference cola drink was based on 11% sucrose while the 
reference orange drink contained 9.7% sucrose. The sweetness of the 
low calorie soft drinks was theoretically matched to the respective 
reference drinks by calculation on the basis of the data obtained 
with model systems (Eq. 1 to 4).

The low calorie soft drinks were then evaluated by the taste 
panel in a triangle test against the reference drink. The panel mem
bers were also asked to comment on possible deviating sensorial 
properties.

RESULTS
SWEETNESS VALUES for fructose and for three artifi
cial sweeteners as a function of their concentration, at pH 
3, were obtained using a paired comparison taste panel 
m ethod. Fig. 1 to  4 represent the average (N = 20) “ Equi- 
sweet” sucrose concentration (ES) and the calculated 
relative sweetness as a function of the concentration, in 
the case of four sweeteners evaluated separately (fructose, 
saccharin, aspartame, Acesulfame-K).

The ES-value expressed a sucrose percentage (w/w) to 
which the tested sample was equivalent in sweetness. The 
sweetener concentration is expressed in % (w/w).

The statistical expression of the relation between ES and 
concentration is given by the following four equations:

Fructose: ES = 1.767- Cf0-848 ( r=  0.986) (1)
Aspartame: ES = 0.118- Ca°-684 ( r=  0.984) (2)
Saccharine: ES = 0.45 1 -C S0-509 (r = 0.994) (3)
Acesulfame K: ES = 0.237- Ck°-541 ( r=  0.984) (4)

This type of relationship was ascertained by applying a 
linear correlation calculation m ethod to  the logarithms of 
the ES-values and of the corresponding sweetener concen
trations.

The graphical representation shows that the relative 
sweetness (sucrose = 1) was most dependent on the concen
tration and that the im portance of this effect was inversely 
related to  that concentration; the relative sweetness in
creased with decreasing sweetener concentration. Although 
this variability was lowest w ith fructose, it was still appre
ciable. F or instance, when fructose concentration decreased 
from 7% to 3%, the relative sweetness increased from  1.33 
to  1.46. The variability in relative sweetness was m ost strik
ing w ith saccharin. Relative sweetness doubled, from 330 
to 660, for a decrease in concentration from 0.02% to 
0.005%. From these data one can postulate that the sweet
ness efficiency of these sweeteners is much higher at low 
concentrations than it is at high concentrations. This is in 
line with general affinity kinetics, e.g. receptor binding 
(Freychet 1976; Beidler, 1974).

The results obtained by combining 2.5%, 4% and 5% 
fructose with saccharin, aspartame or Acesulfame K are 
given in Table 1. The synergism observed in these experi
m ents did not exceed 10% which is w ithin the accuracy of 
the evaluation m ethod and therefore statistically nonsignifi
cant. We used an identical sweetness evaluation-method 
for pure sweetener solutions and for com binations of 
sweeteners, in contrast to the work of Hyvonen et al.
(1978) who used the m agnitude estim ation m ethod for the 
sweetness evaluation of single sweetener solutions, and the 
paired comparison m ethod for the com binations. Hyvonen 
claimed synergism in fructose saccharin m ixtures up to 
60%. Our findings are in agreement with Beidler (1974) 
tha t the summ ation of sweetness values obtained by magni
tude estim ation m ethods often  leads to a kind of synergism 
which should be defined as “ false synergism” .

When using paired com parison evaluation m ethods 
(Table 1), the algebraic summ ation of “ equi-sweet” concen
trations gave a very good prediction of the actual sweet
ness o f m ixtures o f fructose and a synthetic sweetener such 
as saccharin, aspartame or Acesulfame K. Only a slight, 
but nonsignificant difference was detected for the fructose- 
Acesulfame K mixture.

Thus, when fructose was com bined w ith saccharin, w ith 
aspartam e, or with Acesulfame K, no synergistic sweetness 
effects were detected. In fact, as a result o f the nonlinear 
relative sweetness versus concentration relationship (Fig. 
1 -  4), each com ponent o f a m ixture can be used with 
greater efficiency than either alone at higher concentra
tions. From this it is obvious that total sweetness o f a 
sweetener m ixture can be brought to  an optim um . This is 
comparable with the findings of Weickmann et al. (1969) 
who stated that synergism was maximal when the com po
nents of a m ixture contributed about the same am ount to 
its sweetness. With the approach we have adopted one can 
see that the basis of this phenom enon is not synergism but 
rather an optim al sweetness efficiency for the different 
m ixture com ponents. For every sweetener com ponent in a 
m ixture there will always be a com prom ise between relative 
sweetness and net sweetness contribution.

Table 1 indicates the proportion  of panel members who 
detected off-tastes, using a sucrose solution as reference. We 
can state generally that off-tastes were detected at relatively 
high synthetic sweetener concentrations. This was most 
evident with saccharin because of its pronounced b itter 
after-taste. In addition to  a higher sweetness efficiency, 
combining fructose w ith these synthetic sweeteners resulted 
in a more acceptable sweetener form ulation. Possible off- 
tastes were drastically decreased because of the much lower 
synthetic sweetener concentrations needed.

Table 1-Theoretical and experimental sweetnesses, the resulting percentage synergism and the proportion o f off-tastes detected in a paired 
comparison test o f different sweetener mixturesa

Component sweetness

Mixture composition

2.5% fructose + 0.0130% saccharin
4 % fructose + 0.0075% saccharin
5 % fructose + 0.0052% saccharin

2.5% fructose + 0.025% aspartame
4 % fructose + 0.020% aspartame
5 % fructose + 0.014% aspartame

2.5% fructose + 0.032% Acesulfame K
4 % fructose + 0.020% Acesulfame K
5 % fructose + 0.012% Acesulfame K

Proportion of
Synthetic Theoretical Experimental off-tastes

Fructose sweetener sum value % synergy detected

3.8 5.7 9.5 9.5 0 11/17
5.7 4.3 10.0 9.8 -2% 2/16
6.9 3.4 10.3 10.5 + 2% 2/16

3.8 5.5 9.3 9.4 1% 5/16
5.7 4.3 10.0 10.3 3% 1/16

6.9 3.2 10.1 10.3 2% 0/16

3.8 5.9 9.7 10.1 4% 10/15
5.7 4.3 10.0 10.9 9% 3/15

6.9 2.9 9.8 10.0 10% 1/15

a Evaluation was done at 8°C and the solutions brought to pH 3.0 by adding 0.05% citric acid.
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Applications
Because it is often claimed that certain parameters, e.g., 

flavors, m outhfeel, clouding agents etc. could bias the re
sults obtained with pure acidified water solutions, com mer
cial soft drink form ulations were also subm itted to  a com
parative taste evaluation. The aim was to check whether 
calculated percentages of com binations of fructose and 
artificial sweetener attained the sweetness o f the all sucrose 
soft drink, which represented a target sweetness level. 
As Table 2 illustrates there was a good equivalence between 
the sweetness o f the reference drinks and the sweetness of 
the three combined drinks, the com positions of which were 
based on the results obtained with model systems.

Except for the cola drink based on fructose-saccharin 
all other form ulations were found to be indistinguishable 
by triangle test from the respective reference drinks based 
on sucrose. For the fructose-saccharin cola drink, a bitter 
after-taste was detected and some panel members com
plained of a lack of body effect. In this case a calorie re
duction of ±70% was achieved w ithout significantly chang
ing the sensorial properties o f the drink. In practice a com
promise will have to  be made between different factors 
such as sweetness, quality, calorie content and price.

The possibility o f predicting within the investigated 
concentration ranges the sweetness of any com bination of 
one or more of these four sweeteners leads directly to  an 
easy handling of concrete problems. A m anufacturer of, 
e.g. soft drinks, may wish to know by calculation the 
am ount of artificial sweetener required in addition to a 
given small percentage of sugars present, in order to  attain 
the sweetness level o f the reference product, i.e. the tradi
tional soft drink. A similar situation applies to food legisla
tive tasks, e.g. the actual case of a low calorie soft drink 
for which limits of use of artificial sweeteners have to  be 
fixed as a function of the RDI/ADI ratio (Real Daily In
take/A cceptable Daily Intake) and of a drastically reduced 
limit ofthe authorized am ount of sugar.
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---------------------------------ABSTRACT----------------------------------
Binary mixtures of sugar, citric acid, malic acid, soy protein and 
starch, after exposure to various relative humidities, were analyzed 
by Scanning Electron Microscopy (SEM). It is shown that depending 
on interparticle surface affinity, concentration and relative humidity, 
the mixtures could be random, partially random, ordered or partially 
ordered. The type of bridging, between the aggregated particles 
depended on their chemical species and the availability of surface 
moisture.

INTRODUCTION
MANY FOOD POWDERS are mixtures of basic ingredients, 
nutrients, flavoring agents and other materials of specific 
functionality. During processing, handling and storage it is 
essential to assure a uniform com position in these mix
tures due to  nutritional, technological and economical con
siderations. In order to produce and maintain uniform mix
tures it is worth knowing the type of m ixture that is cre
ated during the mixing process.

According to Weidenbaum (1958) and Williams (1968), 
among others, a random m ixture of freely flowing particles 
of equal size, shape, and density has the characteristic that: 
“ the probability of finding a particle of a given type A at 
any point in the m ixture is a constant equal to the propor
tion of that kind of particle in the whole m ixture.” If the 
particles are not identical (exception should be made for 
color) then a partially randomized m ixture will be formed.

Hersey (1975), Yip and Hersey (1977b), Thiel et al.
(1981) have described what they called “ ordered mix
tures,” where fine particles are adhering onto larger carrier 
particles. The “order” element in these mixtures (ordered 
units) is in that the fine particles are not randomly dis
tributed and are most likely to be at the surface of the 
larger particles forming an aggregate or an agglomerate. 
Ordered mixing requires particle interaction through ad
sorption, chem isorption, surface tension, frictional, electro
static or any other type of adhesion (Hersey, 1975). This is 
in contrast to a truly random m ixture where no cohesive or 
adhesive forces is of appreciable magnitude (Staniforth,
1981). If the ordered units are not equally sized, a segrega
tion process will occur and a “ segregated ordered m ixture” 
will be obtained (Thiel et a l ,  1981).

In general, there is a limit to the num ber of fine particles 
that can adhere to  a larger particle. If the remaining fine 
particles in excess o f this quantity , especially if cohesive, 
can agglomerate with their own kind, they will create a 
“ partial ordered random m ixture” (Hersey et al., 1979; 
T h e ile ta l., 1981).

Egerman and Orr (1983) have questioned the terms 
“ random ” and “ordered” in classifying powder m ixtures on 
the grounds that particle interaction and their distribution 
in the m ixture can be due to  different physical phenomena.

Authors Barbosa Canovas and Peleg are with the Dept, o f Food 
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They have therefore suggested the term “ interactive mix
ture” be used instead of ordered m ixtures, when adhesion
al phenomena are dom inant. “ Noninteractive” will replace 
“ random m ixture” when all the ingredients are free flowing.

According to  S taniforth (1981) a binary m ixture of 
particles having a diameter o f 100 microns and above will 
be mainly random since for this particle size the gravita
tional force dominates over interparticle electrostatic 
forces. Mixtures of particles having 40 microns and less 
tend to  be ordered mixtures because at this size range 
interparticle forces become a decisive factor.

Interparticle surface attraction  can also be affected by 
the presence of m oisture through the form ation of inter
particle liquid bridges. This mechanism can be responsible 
for the aggregation of particles that do not adhere in a dry 
state due to  the absence of surface forces. Such forces, it 
ought to  be added, can also be affected by atmospheric 
hum idity. The intensity of Van der Waals forces, for exam
ple, tend to  increase with the hum idity while that of elec
trostatic forces, attractive or repulsive, tends to  decrease 
(Stephenson and Thiel, 1980).

The form ation of interparticle liquid bridges requires 
the presence of a free liquid phase at the particles surface. 
The source of the liquid is usually m oisture from the atmos
phere or melting. Recently Downton et al. (1982) analyzed 
the adherence mechanism during caking and agglomeration 
of hygroscopic powders and dem onstrated that increasing 
the interparticle liquid surface tension and the interparticle 
contact tim e increased the adherence tendency while higher 
viscosity or larger interparticle distance decreased it.

In recent years Scanning Electron Microscopy (SEM) 
has become a convenient and useful tool in m icrostructural 
analysis of nonfood and food powders and m ixtures since 
it offers the possibility of high resolution and a large field 
of depth (Johari and Bhatttacharyya, 1969; Hollenbach 
et al., 1982, 1983).

The objective of this work, was to  observe the micro- 
structure of selected model food powder m ixtures com
posed o f crystalline, proteinaceous and starchy ingredients 
and to  classify them according to  their particles capacity 
to  adhere as a result of exposure to various hum idity 
conditions.

MATERIALS & METHODS

I n g r e d ie n t s

Binary mixtures were prepared by using granular sucrose (from 
a local store), industrial granular citric acid (Miles Laboratories, 
Inc. Biotech. Products Division, Elkhart, IN), industrial granular 
malic acid (Alberta Gas Chemicals, Parsippany, NJ), precipitated 
isolated soy protein (Cargill Inc., Minneapolis, MN), and domestic 
cornstarch (A.E. Staley Mfg. Co., Oak Brook, IL).

Mixture preparation

Powdered sucrose was obtained by pulverizing the granular suc
rose in a laboratory mill (Micro-Mill, Technilab Instruments, Pequa- 
noc, NJ). Before mixing, ail the powders (including the powdered 
sucrose) were sieved for 15 min using a laboratory sieve shaker 
(Soiltest, Inc., Evanston, IL). For the study reported in this work 
the fractions used are listed in Table 1.
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Prior to  mixing, exposure to  moisture, and analysis the powders 
were dried in a vacuum oven (Labline, Inc., Chicago, IL) for 48 hr 
at 70°C. The dry ingredients of some of the mixtures were exposed 
to controlled levels of relative hum idity at am bient tem perature by 
enclosing the samples in evacuated glass desiccators with silica for 
aw = 0, water for aw = 1 and saturated salt solutions i.e. LiCl • H2O 
for aw = 0.11; MgCl.2 • 6 H2 O for aw = 0.32; NaNC>2 for aw = 0.65; 
KC1 for aw = 0.85, as described by Rockland (1975) and Greenspan
(1977). The time of exposure was selected to let the m ixtures reach 
equilibrium but, in some cases, mainly at high relative humidities, 
in order to  avoid partial or total dissolution, the time was shorter. 
The dry or so-treated powders were then m ixed at various con
trolled weight ratios. Few of the  dry m ixtures were also exposed to 
the different controlled levels of relative hum idity. Every m ixture 
was divided into two equally weighed parts. One part was dried 
in the vacuum oven for 48 hr at 70°C and the other one was kept 
wet. After this, the m ixtures were sampled and analyzed by Scan
ning Electron Microscopy (SEM).

SEM sample preparation and observations

Samples were affixed to aluminum stubs with copper tape, 
coated with approxim ately 40 nm (400 A) gold palladium and ex-

Fig. 1 —Scanning electron micrograph o f 1:1 (w/w) dry sucrose and 
citric acid granules mixture. Note the typical appearance o f a ran
dom mixture (R.M.).

Fig. 2-Scanning electron micrograph o f 1:1 (w/w) dry sucrose and 
malic acid granules mixture. Note the typical appearance o f a ran
dom mixture (R.M.).

amined w ith an ,ISI Super III-A Scanning Electron Microscope at an 
accelerating voltage o f 15 kV. Images were recorded on Polaroid 
type, positive/negative film. The com ponents o f the m ixture were 
recognized from the micrographs of the pure ingredients and, then, 
the type of m ixture was evaluated.

RESULTS & DISCUSSION
THE TYPICAL APPEARANCE of random m ixtures com 
posed of free-flowing particles of roughly the same size is 
shown in Fig. 1 -  3. It is clearly evident from the m icro
graphs that each individual particle is free to  move and 
therefore its location in the m ixture is a result of a m otion 
sequence that is controlled by chance only. It can be added 
that the surface of these particles (i.e. the sucrose and the 
acids) is no t necessarily inert. On the contrary, they can 
and do attract fines of their own and of other species as 
shown in Fig. 9 and 11, for example. (See also Hollenbach 
et al., 1982, 1983). What apparently determ ined the kind 
of m ixture in this case, therefore, is tha t the surface forces 
of the dry particles were insufficient to  affect neighboring 
particles because they were relatively small compared to the 
weight o f the particles.

The typical appearance of an ordered m ixture is shown 
in Fig. 4 - 6 .  These micrographs illustrate the adherence of 
the fines to the larger particles surface. The weight fraction 
of the fines in these samples was such tha t there was 
enough surface available for them to adhere to. It is also 
evident from these micrographs tha t there was a clear 
preference to  the large particles surface as the site of adher
ence over the surface o f fine particles o f the same species.

Table 1—Components used to study mixture types

U.S. Standard Sieve openings
Ingredients mesh (microns)

Granular sucrose 30 - 50 590 - 297
Powdered sucrose 140 - 270 105 - 53
Citric acid 30 - 50 590 - 297
Malic acid 3 0 - 50 590- 297
Soy protein 50 - 70 297 - 210
Corn starch 140- 200 105 - 74

Fig. 3—Scanning electron micrograph o f 1:1 (w/w) dry malic acid 
and citric acid granules mixture. Note the typical appearance o f a 
random mixture (R.M.).
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This preference, o r surface affinity, was most likely a con
sequence of the relative strength of liquid bridges in com
parison w ith molecular forces (Rum pf, 1961). Thus, during 
mixing any aggregate of the same particles (e.g. starch or 
soy protein) could easily be dispersed while those com
posed of a particle bound by liquid bridges could not. 
The case of Fig, 5 is somewhat unique in this respect. But 
as can be seen from the figure, the fines aggregate, probably 
bound by liquid bridges themselves, could adhere to  the 
larger particles by forming the same type of bridges. Since 
the availability of adherence sites at the large particles sur
face is lim ited, any excess o f fines can either be dispersed 
randomly or form new aggregates. The appearance of such 
systems, also known a s“ partially ordered random m ixture,” 
is shown in Fig. 7 - 1 1 .  The term refers to  the fact that the 
aggregates, i.e. the “ ordered” element, is random ly dis
tributed in the mixture. In other words, if the aggregates 
are stable enough to  be considered as an independent com
ponent, i.e. an equivalent to a new particles species, then 
the m ixture appearance is that of a random mixture.

As far as free flowing particles are concerned, there is 
also another possibility. When the m ixture is composed of 
two noninteractive powders differing in particle size, it 
can be called “ partially random  m ixture” since an equilib
rium is established between the random ization (mixing) 
and segregation (demixing) processes. An example of its 
appearance is shown in Fig. 12.

Effects of particle size and water activity
Although this com m unicaton focuses on the appearance 

of different types o f pow der m ixtures and not on the mech
anisms by which they are formed, a few words ought to 
be added regarding the two most influenctial factors that 
govern the mixing characteristics of powders. In general, 
interaction between particles is regulated by the relation
ship between the strength of the attractive (or repulsive) 
forces and gravitational forces [ ie . the weight o f the af
fected particle(s)]. Thus, surface attraction can have a 
negligible effect where only large particles are involved 
(e.g. granular sucrose), and a decisive effect where fine par
ticles o f the same chemical species are involved (e.g. pow
dered scurose). Such effects are no t only evident in the 
powder micro structure and the appearance of the particles

but also, as previsouly m entioned, in totally  altered bulk 
properties such as density, compressibility and flowability. 
(The la tter is partly a reflection of the ability o f particles 
to  overcome the attractive forces.) It is, therefore, clear 
that the different kinds of “ ordered m ixtures” are more 
likely to be formed when at least one of the com ponents 
has a considerably small size. This, o f course is not only a 
consequence of a smaller particle weight bu t also of the fact 
tha t a larger surface area (especially as a result of grinding, 
see also Flink, 1983) is associated w ith higher surface 
energy, and that the effective interparticle distance is also 
by far reduced (Rum pf, 1961).

High water activity in this context mainly acts as a 
means of providing attractive forces in the form of liquid 
bridges. These are the result o f surface dissolution, lique-

Fig. 5—Scanning electron micrograph o f 1:1 (w/w) fine sucrose and 
granular citric acid mixture after exposure to 65% RH for 24 hr. 
Note the adherence o f the fine sucrose particles to the surface o f 
the large citric acid particles and the typical appearance o f an or
dered mixture (O.M.).

CORNSTARCH

SOY PROTEIN

GRANULAR SUCROSE

Fig. 4—Scanning electronic micrograph o f 9:1 (w/w) granular suc
rose and cornstarch mixture after the ingredients were exposed to 
100% RH  for three hours and then dried. Note the typical appear
ance o f an ordered mixture (O.M.).

Fig. 6—Scanning electron micrograph o f 4:1 (w/w) granular sugar 
and soy protein mixture after the ingredients were exposed to 65% 
RH, mixed and then dried. Note the adherence o f the soy protein 
to the surface o f the granular sugar (O.M.).
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faction or the appearance of a condensed w ater layer. Sur
face dissolution can clearly be seen by comparing the 
sucrose particle surface appearance in Fig. 7 (wet) and Fig. 
12 (dry). In such cases, it ought to be added, equilibrium 
conditions need not to be reached, and as long as enough 
surface material has been converted to  a liquid form, the 
effect will be practically the same (see Moreyra and Peleg,
1981).

CONCLUSIONS
IT IS EVIDENT that binary food powder m ixtures can 
have different structures and that the la tter can be affected,

Fig. 7—Scanning electron micrograph o f 1:1 (m/w) granular sucrose 
and cornstarch mixture. This kind o f mixture was formed as a re
sult o f exposure to high relative humidity (aw -  1.0) after mixing. 
Note the adherence o f the starch particle to the partially dissolved 
surface o f the sugar particle, the formation o f starch agglomerates 
as a consequence o f sucrose surface saturation and the typical 
appearance o f a partially ordered randomized mixture (P.O.R.M.).

Fig. 9—Scanning electron micrograph o f 1:1 (w/w) fine sucrose 
and granular malic mixture after the ingredients were mixed dry and 
then exposed to 65% RH. Note the adherence o f fines (powdered 
sucrose) to the surface o f the malic acid particles, the formation o f 
fines agglomerates and the typical appearance o f a partially ordered 
randomized mixture (P.O.R.M.).

and perhaps controlled, by exposure to  moist atm osphere 
(see Table 2 and Fig. 13). In the reported work, no effort 
was made to  isolate and quantify the effect o f the m ixture 
type on the bulk properties of these powders (e.g. density, 
flowability). Earlier results, however, (e.g. Hollenbach et 
al., 1982, 1983) indicate that m odification of the m ixture 
m icrostructure can result in considerable changes in bulk 
properties. It appears, therefore, that the m ixture type and 
the possibility o f its control may be a key factor in contro l
ling and perhaps improving powders perform ance and sta
bility against segregation. This work is only the first stage 
that was primarily intended to  establish the existence of

Fig. 8—Scanning electron micrograph o f 1:1 (w/w) dry fine sucrose 
and granular malic mixture. Note the adherence o f the powdered 
sucrose to the surface o f the citric acid, th low  interaction among 
fines and the typical appearance o f a partially ordered randomized 
mixture (P.O.R.M.).

Fig. 10—Scanning electron micrograph o f 1:1 (w/w) dry soy protein 
and cornstarch mixture. Note the adherence o f the starch particles 
to the surface o f the soy protein and the free starch particles and 
the typical appearance o f a partially ordered randomized mixture 
IP.O.R.M.).
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different kinds of food powders mixtures. Its results 
dem onstrate tha t the different kinds indeed exist and that 
it is w orth investigating their quantitative effects on powder 
flowability and stability against segregation.
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Table 2—Structural classification o f selected binary food powder 
mixtures

Component Component B

Type of mixture3

After
exposure

Wt cone to moist 
[A/B] Dry atm

Fine Sucrose Granular 50:50 P.O.R.M.(8)b P.O.R.M.*9
Malic Acid

Granular 50:50 P.O.R.M. O.M.*5)
97:3 P.O.R.M.(11) P.O.R.M.
95:5 P.O.R.M. P.O.R.M.

Granular Granular 50:50 r .m .*2> R.M.
Sucrose Malic Acid

Granular 50:50 R.M.*1) P.O.R.M.
Citric Acid

97:3 R.M. -
95:5 R.M. —

Cornstarch 50:50 p .r .m .<12> P.O.R.M.*7
90:10 P.R.M. o .m .*4>

Soy Protein 50:50 P.R.M. P.O.R.M.
80:20 P.R.M. o .m .*6)

Granular Granular 50:50 r .m .(3) P.O.R.M.
Malic Acid Citric Acid

Cornstarch Soy Protein 20:80 P.O.R.M. P.O.R.M.
50:50 P.O.R.M.(10) P.O.R.M.

a P.o.R.M. — Partially Ordered Random Mixture: O.M. — Ordered
Mixture; P. R.M. — Partially Random Mixture; R.M. — Random
Mixture

D Numbers in parentheses indicate the fiqure number in which the
particular mixture structure is shown.

Fig. 12—Scanning electron micrograph o f 1:1 (w/w) dry granulated 
sucrose and cornstarch mixture. Note the formation o f some small 
cornstarch agglomerates and the typical appearance o f a partially 
randomized mixture (P.R.M.). There is no interaction among com
ponents.

Fig. 13—Scanning electron micrograph o f fused aggregates o f suc
rose and citric acid granules after mixture exposure to 65% RH  for 
48 hr. In the dry form the two produce a perfect random mixture.
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S e n s o r y  a n d  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  C h o p s  a s  A f f e c t e d  

b y  P r e c o o k i n g ,  C u r i n g  a n d  F r o z e n  S t o r a g e

L. F. MILLER, H. B. HEDRICK, and M. E. BAILEY

--------------------------- ABSTRACT-----------------------------
F o u i  p ro c e s s in g  p r o c e d u r e s  w e re  c o m p a r e d  as m e t h o d s  o f  r e d u c in g  
w a r m e d -o v e r  f la v o r  (W O F ) o f  p o r k  c h o p s  d u r in g  f r o z e n  s to r a g e  fo r  
8 4  d a y s .  T h e s e  p r o c e d u r e s  w e re  (1 )  o v e n -b ro i l e d  c h o p s ,  (2 )  c h o p s  
f r o m  lo in s  p r e c o o k e d  w i th  n o  a d d i t iv e s ,  (3 )  c h o p s  f r o m  lo in s  c u r e d  
w i th  0 .5 %  s a l t  a n d  4 0  p p m  N a N 0 2 a n d  p r e c o o k e d ,  a n d  (4 )  c h o p s  
f r o m  lo in s  c u r e d  w i th  2%. s a l t  a n d  1 2 0  p p m  N a N 0 2 a n d  p r e c o o k e d .  
S a m p le s  w e re  e v a lu a te d  b y  th e  T B A  te s t ,  W a r n c r -B ra tz le r  s h e a r ,  
h y d r o x y p r o l in e  a s s a y  a n d  b y  s e n s o ry  a n a ly s is  a f t e r  f r o z e n  s to ra g e  
a t  - 1 8 ° C .  C h o p s  f r o m  th e  t h r e e  p r e c o o k e d  t r e a t m e n t s  w e r e  m o r e  
t e n d e r  t h a n  o v e n -b ro i l e d  c h o p s .  N i t r i t e  i n h ib i t e d  W O F’ d e v e l o p m e n t  
o f  p r e c o o k e d  c h o p s  d u r in g  f r o z e n  s to r a g e  a n d  4 0  p p m  n i t r i t e  w a s  
n e a r ly  a s  e f f e c t iv e  a s  1 2 0  p p m .

INTRODUCTION
RESEARCH related to precooking or partial cooking of 
meat prior to  frozen storage and subsequent reheating was 
reported by Watts et al. (1948). Precooked pork products 
are particularly susceptible to lipid oxidation (Hornstein 
et al., 1961) and rapidly develop objectionable flavors and 
odors referred to as “ warmed-over flavor” (Tims and Watts, 
1958; Dugan, 1961; Younathan and Watts, 1960). These 
objectionable flavors have been dem onstrated to occur 
rapidly in cooked uncured meats (Younathan and Watts,
1960) and are caused by the oxidation of unsaturated fatty  
acids catalyzed by iron porphyrins and nonhem e iron (Tap- 
pel, 1955, Love, 1983).

Several investigators have presented data indicating that 
precooked pork products were acceptable after reheating 
(Campbell and Mandigo, 1978; Hope, 1971; Korschgen and 
Baldwin, 1971; Watts et al., 1948). Hope (1971) reported 
that pork chops cut from precooked loins and later broiled 
had more desirable flavor characteristics than fresh broiled 
pork chops and final preparation represents an advantage 
to food service establishments and is of particular interest 
to the pork industry if pork is used as a fast food menu 
item (Anonym ous, 1982).

From the consumer viewpoint there is concern regarding 
added sodium in processed m eat products (Kolari, 1980). 
The am ount of NaCl can be reduced to levels lower than 
traditionally used in some processed meats and still result 
in a desirable product (Olson and Terrell, 1981) that may 
be more stable during storage.

The present study was undertaken to compare sensory 
and chemical characteristics of oven-broiled pork chops 
with those of precooked cured and uncured chops after 
varied periods of frozen storage.

MATERIALS & METHODS
S I X T Y - F O U R  P O R K  L O IN S  w e re  s e le c te d  o n  t h e  b a s is  o f  c o m 

p o s i t e  q u a l i t y  s c o r e  a n d  w e ig h t  a p p r o x im a te ly  2 4  h r  p o s t - s la u g h te r .  
Q u a l i ty  c h a r a c te r i s t i c s  r a n g e d  f r o m  a  c o m p o s i t e  s c o r e  o f  2 .5  -  3 .5

Authors Hedrick and Bailey are with the Dept, o f Food Science & 
Nutrition, Univ. o f Missouri, Columbia, MO 65211. Author Miller 
is with the Dept, o f Animal Sciences, Purdue Univ., West Lafayette, 
IN 47907.

o n  t h e  b a s is  o f  I o w a  S t a t e  P o r k  Q u a l i ty  S ta n d a r d s  ( A n o n y m o u s ,
1 9 6 9 ) .  T h e  tw o  w e ig h t  g r o u p s  c o n s i s te d  o f  a n  e q u a l  n u m b e r  o f  l ig h t  
(6 .3  -  7 .7  k g )  a n d  h e a v y  w e ig h t  lo in s  (9 .9  -  1 1 .3  k g ) .  T h e  d a y  o f  
s e le c t io n  th e  lo in s  w e re  in d iv id u a l ly  w r a p p e d  in  l a m in a t e d  f r e e z e r  
p a p e r ,  f r o z e n  a t  - 2 6 ° C  a n d  l a t e r  s t o r e d  a t  - 1 8 ° C  f o r  7 - 2 8  d a y s .

E ig h t  f r o z e n  lo in s  f r o m  e a c h  w e ig h t  g ro u p  w e r e  r a n d o m ly  a s 
s ig n e d  to  e a c h  o f  f o u r  t r e a t m e n t s :  (1 )  f r o z e n  lo in s  c u t  i n t o  c h o p s  
a n d  c h o p s  o v e n -b ro i l e d  ( s u b s e q u e n t ly  r e f e r r e d  t o  a s  f r e s h  c h o p s ) ;  
(2 )  lo in s  p r e c o o k e d  w i th  n o  a d d e d  s e a s o n in g ;  (3 )  lo in s  c u r e d  w i th  
0 .5 %  N a C l a n d  4 0  p p m  N a N 0 2 a n d  p r e c o o k e d ;  a n d  (4 )  lo in s  c u r e d  
w i th  2%  N a C l a n d  1 2 0  p p m  N a N 0 2 a n d  p r e c o o k e d .

T r e a t m e n t  1 lo in s  w e re  c u t  w h i le  f r o z e n  i n t o  2 .5  c m  th i c k  c h o p s  
a n d  t h e  f r o z e n  c h o p s  p a c k a g e d ,  id e n t i f i e d  a n d  s t o r e d  a s  d e s c r ib e d  
la te r .  L o in s  a s s ig n e d  to  t r e a t m e n t s  2 , 3 a n d  4  w e r e  r e m o v e d  f r o m  
th e  f r e e z e r  a n d  th a w e d  a t  4 ° C  f o r  a p p r o x im a te ly  1 8  h r .  T r e a t m e n t  
3 a n d  4  lo in s  w e re  t h e n  s t i t c h  p u m p e d  1 0 %  o f  lo in  w e ig h t  ( f o u r  
n e e d le  a t t a c h m e n t  w i th  2 .5  c m  n e e d le  s p a c in g ) ,  w i th  c u r in g  s o lu 
t i o n s  c o n ta in in g  5 %  N a C l a n d  4 0 0  p p m  N a N 0 2 , a n d  2 0 %  N a C l a n d  
1 2 0 0  p p m  N a N 0 2 , r e s p e c t iv e ly .  T r e a t m e n t  2 , 3 a n d  4  lo in s  w e re  
t h e n  s to r e d  1 8  h r  a t  2 ° C . T h e s e  lo in s  w e re  s u b s e q u e n t ly  c o o k e d  in  
a  s m o k e h o u s e  a t  9 3 ° C  t o  a n  i n t e r n a l  t e m p e r a t u r e  o f  6 6 ° C .  S m o k e  
g e n e r a t e d  f r o m  h i c k o r y  s a w d u s t  w a s  a p p l ie d  f o r  1 h r  d u r in g  th e  
c o o k in g  p ro c e s s .  A f te r  r e m o v a l  f r o m  t h e  s m o k e h o u s e ,  t h e  lo in s  w e re  
c h i l le d  a t  2 ° C  f o r  1 8  h r .  L o in s  f r o m  t r e a t m e n t s  2 , 3 a n d  4  w e re  
t h e n  c u t  i n t o  2 .5  c m  th i c k  c h o p s .  T w e n ty  c e n t e r  lo in  c h o p s  f r o m  
e a c h  lo in  w e re  d iv id e d  in t o  4  g r o u p s  o f  5 c h o p s  e a c h ,  b e g in n in g  
a t  t h e  a n t e r i o r  e n d  o f  t h e  lo in .  T h e  lo n g is s im u s  m u s c l e  p o r t i o n s  
f r o m  t h e  f i r s t  c h o p  o f  e a c h  g ro u p  w e re  c o m p o s i t e d  f o r  p r o x i m a t e  
a n a ly s is  (A O A C , 1 9 8 0 ) ,  s o d iu m  d e t e r m i n a t i o n  (A O A C , 1 9 8 0 ) ,  
a n d  r e s id u a l  c o l le g e n  a n a ly s is  u s in g  a  p r o c e d u r e  t h a t  c o m b in e d  th e  
c o l la g e n  s e p a r a t i o n  p r o c e d u r e s  o f  G o ll  e t  a l .  ( 1 9 6 3 )  a n d  P a u l  e t  a l. 
( 1 9 7 3 )  a n d  th e  c o lo r im e t r i c  p r o c e d u r e  o f  B e rg m a n  a n d  L o x le y  
( 1 9 6 3 ) .  T h e  r e m a in in g  4  c h o p s  f r o m  e a c h  g ro u p  w e re  in d iv id u a l ly  
p a c k a g e d  in  m y la r  p o u c h e s  w i th  f i lm  p e n e t r a t i o n  c h a r a c t e r i s t i c s  as 
f o l l o w s :  0 2 , 1 c c / 6 4 5 2  c m 2 / 2 4  h r  a t  2 5 ° C ;  C 0 2 , 3 c c / 6 4 5 2  c m 2 /2 4  
h r  a t  2 5 ° C ;  H 2 0 ,  0 .3  c c / 6 4 5 2  c m 2 / 2 4  h r  a t  3 8 ° C  a n d  9 5 %  re la t iv e  
h u m id i ty .  T h e  p a c k a g e d  c h o p s  w e r e  t h e n  f r o z e n  a t  —2 6 ° C  a n d  
s to r e d  a t  - 1 8 ° C  f o r  p e r io d s  o f  0 ,  2 8 ,  5 6  a n d  8 4  d a y s  f r o m  in i t i a 
t i o n  o f  s tu d y  o n  t h e  f r o z e n  lo in s .  A t  t h e  e n d  o f  e a c h  s to r a g e  p e r io d ,  
c h o p s  f r o m  t r e a t m e n t  1 w e re  o v e n - b r o i l e d  in  a n a t u r a l  g a s  f o r c e d  
a ir  c o n v e c t io n  o v e n  a t  1 7 7 ° C  to  a n  i n t e r n a l  t e m p e r a t u r e  o f  7 4 ° C . 
P r e c o o k e d  c h o p s  f r o m  t r e a t m e n t s  2 , 3 a n d  4  w e r e  s im i la r ly  o v e n -  
b r o i l e d  a t  1 7 7 ° C  to  a n  i n t e r n a l  t e m p e r a t u r e  o f  4 3 ° C .  S e n s o ry ,  
W a r n e r -B ra tz le r  s h e a r ,  t h io b a r b i t u r i c  a c id  (T B A )  ( W it te  e t a l . ,  1 9 7 0 ] ,  
s a l t  (N a C l)  (A O A C , 1 9 8 0 )  a n d  r e s id u a l  n i t r i t e  (A O A C , 1 9 8 0 )  a n 
a ly s e s  w e re  p e r f o r m e d  o n  t h e  lo n g is s im u s  m u s c l e  p o r t i o n  o f  t h e  
o v e n -b ro i le d  c h o p s  f r o m  e a c h  p ro c e s s in g  t r e a t m e n t .

S e n s o ry  e v a lu a t io n s  w e r e  p e r f o r m e d  b y  a  s ix  m e m b e r  e x p e r 
ie n c e d  p a n e l .  T h e  p a n e l i s t s  e v a lu a te d  s a m p le s  f r o m  a ll  f o u r  t r e a t 
m e n ts  a t  e a c h  s e s s io n .  A n  e ig h t  p o i n t  s c o r in g  s y s te m  w a s  u s e d  f o r  
ju ic in e s s ,  te n d e r n e s s ,  f la v o r  a n d  a c c e p ta b i l i t y .  T h e  s c o r in g  s y s te m  
u s e d  f o r  f la v o r  w a s :  1 = e x t r e m e ly  u n d e s i r a b l e ;  2  =  v e ry  u n d e s i r a b l e ;  
3 = m o d e r a t e ly  u n d e s i r a b l e ;  4  = s l ig h t ly  u n d e s i r a b l e ;  5  = s l ig h t ly  
d e s i r a b l e ;  6  = m o d e r a t e ly  d e s i r a b l e ;  7 =  v e ry  d e s i r a b l e  a n d  8 = e x 
t r e m e ly  d e s i r a b l e .  I n  t h e  c a s e  o f  ju ic in e s s ,  t h e  t e r m s  d r y  a n d  ju i c y  
r e p la c e d  th e  t e r m s  u n d e s i r a b l e  a n d  d e s i r a b l e  t h a t  w e r e  u s e d  f o r  
e v a lu a t in g  f la v o r ;  f o r  te n d e r n e s s ,  t h e  t e r m s  to u g h  a n d  t e n d e r  w e re  
u s e d ,  a n d  f o r  a c c e p ta b i l i t y  t h e  t e r m s  u n a c c e p ta b l e  a n d  a c c e p ta b l e  
w e r e  u s e d  in s te a d  o f  u n d e s i r a b l e  a n d  d e s i r a b le .  T h e  p a n e l  s c o r in g  
s y s te m  f o r  w a r m e d -o v e r  f la v o r  (W O F )  w a s  as f o l l o w s :  1 =  e x t r e m e ly  
d e t e c t a b l e  W O F ; 2 = v e ry  d e t e c t a b l e  W O F : 3 = m o d e r a t e ly  d e t e c t 
a b le  W O F ; 4  = s l ig h t ly  d e t e c t a b l e  W O F ; a n d  5 =  n o  d e t e c t a b l e  W O F .

P r o c e s s in g  lo s s e s  w e re  c a l c u la te d  f r o m  w e ig h ts  o b t a i n e d  a t  v a r i 
o u s  in te r v a l s  o f  p ro c e s s in g  a n d  s to r a g e .  T h e  d a t a  p r e s e n t e d  a r e  a 
s u m m a t io n  o f  c o o k in g ,  c u t t i n g  a n d  r e h e a t in g  lo s s e s .

478-JOURNAL OF FOOD SCIENCE- Volume 50 (1985)



The data were analyzed using a split plot and time analysis of 
variance as outlined by Gill and Hafs (1971). Duncan’s New Multi
ple Range Test was used to separate mean differences where model 
effects were found to be significant (Snedecor and Cochran, 1979).

RESULTS & DISCUSSION
THE MEAN SQUARES for analysis of variance of various 
characteristics of pork chops evaluated in this study are 
presented in Table 1. Processing treatm ents significantly 
affected (P <  0.01) processing losses, sensory characteris
tics, Warner-Bratzler shear values, hydroxy proline content, 
TBA values, protein, moisture, sodium, sodium chloride, 
and nitrite content o f pork chops. The am ount of ether- 
extractable constituents was not related to  processing trea t
ment. Type of loin, light vs. heavy weight, had not signifi
cant effect (P >  0.05) on any of the variables evaluated 
except sensory panel juiciness score. There were no signifi
cant interactions between processing treatm ents and type 
of loin. To facilitate presentation of data in Table 2 and in 
subsequent figures, the data from the two loin weight 
groups were combined.

Frozen storage significantly affected sensory panel 
tenderness scores (P <  0.05), sensory panel juiciness scores, 
WOF scores. Warner-Bratzler shear values and TBA values 
(P <  0.01). There were no significant (P >  0.05) interac
tions between processing treatm ent and storage period, 
loin type and storage period, or between processing treat
ment, loin type and storage period.

Mean values for to tal processing losses for the four pork 
chop treatm ent groups are presented in Table 2. The pre
cooked chops processed with 2% salt and 120 ppm nitrite 
(treatm ent 4) had the lowest processing losses (P <  0.05). 
The lower processing losses of treatm ent 4 compared to 
treatm ent 3 (0.5% salt and 40 ppm nitrite) can be attrib
uted to the water binding effect of the higher salt level 
(Wierbicki e: ah, 1957).

Fresh broiled chops (treatm ent 1) had higher Warner- 
Bratzler shear values and lower sensory panel tenderness 
scores (P <  0.05) than chops from the three precooked 
treatm ents. Precooking consistently improved tenderness 
and the addition of salt in the precooked treatm ents im
proved tenderness compared to the precooked no salt

Table 7 —Mean squares for analysis of variance of characteristics of pork loin chops

Variable

Source of variation and degrees of freedom

Processing 
treatment (P) 

3

Loin 
type (L) 

1
PXL
3

Replica
tion
56

Storage (S) 
3

PXS
9

LXS
3

PX LXS 
9

Error
168

Total processing loss 990.7** 321.9 3.2 150.9 184.3 41.3 5.3 9.7 36.8
Sensory panel tenderness 81.8** 0.3 3.7 1.7 2.5* 2.0 0.1 0.6 0.9
Juiciness 33.6** 11.7** 0.9 1.1 4.5** 0.1 0.3 0.6 0.9
Flavor 39.5** 0.1 0.6 1.3 1.5 1.2 0.9 0.7 0.8
Acceptability 45.8** 0.3 0.7 1.5 1.8 1.3 0.4 1.4 0.9
Warmed over flavor 14.7** 0.0 0.2 0.3 2.1** 0.3 0.2 0.2 0.3
Warner-Bratzler shear 249.8** 11.9 6.9 5.9 11.0** 1.4 1.2 1.5 1.3
Hydroxyproline3 1.0** 0.1 0.3 0.1
TBA value 355.1** 12.0 6.9 3.5 9.9** 3.5 0.2 1.3 1.9
Crude protein3 90.8** 2.2 6.5 2.3
Ether extract3 8.8 0.2 3.0 6.0
Moisture3 112.1** 7.7 0.3 5.9
Sodium3 1.8** 0.0 0.0 0.0
NaCI3 14.9** 0.0 0.1 0.1
NaN02a 6066.5** 155.8 185.7 126.1

a Degrees of freedom for replication 56.
* Significant (P < 0.05); ^Significant (P < 0.01).

Table 2—Effect of processing treatment on mean processing losses, shear values, sensory and chemical characteristics of pork chops

Processing treatment

1

Fresh broiled

2

Precooked
unseasoned

3
Precooked 
0.5% NaCI 

40 ppm NaNCQ

4
Precooked 
2% NaCI

120 ppm NaNCQ SEe

Processing loss, % 35.79a 36.303 35.57a 28.05b 0.49
Warner-Bratzler shear, kg/1.27 cm 4.03a 2.46b 2.37bc 2.01c 0.09
Hydroxyproline, mg/g 
Sensory panel:

1.933 1.36b 1.48b 1.45b 0,04

Juiciness 3.30c 4.23b 4.34b 5.063 0.13
Tenderness 3.78b 5.68a 5.89a 6.27a 0.15
Flavor 4.21c 3.78d 4.89b 5.57a 0.14
Acceptability 4.02c 3.67c 4.77b 5.58b 0.15
Warmed-over flavor 4.13b 3.32c 4.04b 4.483 0.02

TBA, (mg/kg) 5.66a 6,09a 1.95b 1.673 0.74
Crude protein, % 21.34c 26.47a 24.06b 21.69c 0.06
Ether extract, % 5.093 6.28a 5.98a 4.69a 0.31
Moisture, % ■7 2.04 3 65.89d 68.12c 70.16b 0.94
Sodium chloride, % 0.02c 0.01c 0.63b 2.063 0.02
Sodium, % 0.05c 0.05c 0.23b 0.753 0.004
Nitrite, ppm 0.70c 0.38c 18.10b 41.643 1.40

a,b,c'dValUes bearing different superscripts on the same line are different (P < 0.05) 
e Standard error of the mean.
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treated samples. The lower hydroxyproline content of sam
ples from the three precooked treatm ents compared to that 
of fresh broiled samples are consistent with the lower shear 
values and higher sensory panel tenderness scores for chops 
receiving these treatments.

Sensory panel juiciness, flavor and acceptability scores 
were higher (P <  0.05) for precooked samples containing 
salt and nitrite than for fresh-broiled samples. Likewise 
precooked samples containing no salt or nitrite were rated 
higher for juiciness desirability than fresh-broiled samples. 
More detectable WOF was observed for precooked-unsea
soned samples than for fresh-broiled and precooked samples 
containing salt and nitrite. The more desirable flavor scores 
and less detectable WOF in precooked samples containing 
salt and nitrite can be attributed to the protective effect of 
nitrite against lipid autoxidation (Sato and Hegarty, 1971; 
Bailey and Swain, 1973; Fooladi et al., 1979). Precooked 
samples processed with 120 ppm nitrite were rated more 
desirable for flavor and had less WOF than samples proc
essed w ith 40 ppm nitrite indicating that the higher nitrite 
level provided more protection against autoxidation. 
However, the protective effect against autoxidation pro
vided by the 40 ppm level of nitrite suggests that lower 
levels of nitrite may be used than currently used in proc
essed cured meats. The effect smoke application had on 
flavor and acceptability scores was not determined. How
ever, since treatm ent 2, 3 and 4 loins all were smoked, 
the various differences among these three treatm ents 
attributed to  salt and nitrite appear valid.

The lower TBA values for samples containing nitrite 
clearly dem onstrate the protective effect of nitrite against 
autoxidation. In addition, the present study indicates 
that oxidative changes also occur rapidly in fresh chops 
during cooking and sample preparation.

Fig. 1-Effect o f frozen storage on TBA values (mg/kgj o f pork 
chops.

Differences between treatm ents for protein, ether- 
extractable constituents and moisture were essentially re
lated to processing losses. Samples from treatm ent 2, 
which had the greater processing losses, contained more 
protein and ether-extractable constituents and less mois
ture than samples from the other treatm ents. Sodium chlor
ide, sodium and nitrite levels of fresh-broiled and pre
cooked-unseasoned samples were similar, while the higher 
levels of these constituents for treatm ents 3 and 4 were 
related to the levels of salt and nitrite added during proc
essing.

Data presented in Fig. 1, 2 and 3 illustrate the effect of 
frozen storage time on TBA values, sensory panel flavor 
scores and sensory panel WOF scores, respectively. TBA 
values remained rather constant during the 84 day storage 
period for the treatm ents that contained nitrite. TBA 
values were highest for both the fresh and precooked- 
unseasoned samples during the period of frozen storage 
and especially increased for the precooked-unseasoned 
samples after 28 days of storage.

Flavor scores for the fresh and precooked samples proc
essed with 120 ppm nitrite changed very little during 
the entire period of frozen storage. Flavor scores for the 
precooked samples processed with 40 ppm nitrite de
creased slightly during frozen storage, and scores for pre
cooked samples processed with no nitrite decreased mar
kedly after 28 days of storage. The changes in flavor scores 
during the period of storage were significantly related to 
changes in TBA values (r = 0.44).

In general, the sensory panel observed an overall in
crease in WOF in samples from all processing treatm ents 
during the 84 day storage period, the greatest increase

Fig. 2 —Effect o f frozen storage on sensory panel flavor desirability 
scores o f pork chops. (Score o f 7 -  Extremely undesirable; 8 = 
Extremely desirable).
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Days of Storage

Fig. 3—Effect o f frozen storage on warmed-over flavor scores o f 
pork chops (Score o f 1 = Extremely detectable; 5 = not detectable).

was observed for precooked samples containing no nitrite. 
WOF scores were significantly correlated with flavor scores 
(r = 0.66); as WOF increased, flavor desirability scores 
decreased.

Results from this study indicate that precooking pork 
loins in a smokehouse to  an internal tem perature of 66°C, 
subsequently cutting the loins into chops and oven-broiling 
to an internal tem perature of 43 C improved tenderness 
and juiciness compared to nonprecooked chops oven- 
broiled to an internal tem perature of 74°C. Loins con
taining 2% salt had the lowest processing losses compared 
to no salt or 0.5% salt. To successfully freeze and store 
precooked pork chops for potential use by fast food 
operations, protection from the development of WOF must 
be provided. N itrite inhibited WOF development of pre
cooked chops during frozen storage and 40 ppm was near
ly as effective as 120 ppm.
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M i c r o b i a l  F l o r a  o f  L a m b  C a r c a s s e s  S t o r e d  a t  0 ° C  i n  P a c k s  

F l u s h e d  w i t h  N i t r o g e n  o r  F i l l e d  w i t h  C a r b o n  D i o x i d e

F. H. G RAU, I. J. EUSTACE, and B. A. B ILL

-------------------------- ABSTRACT---------------------------
Two treatments to effect low-oxygen conditions for chilled storage of lamb 
carcasses were compared. Carcasses were placed in bags of low gas 
permeability and either flushed with nitrogen or filled with carbon dioxide. 
Carbon dioxide significantly reduced the growth of gram-negative oxi
dative and fermentative bacteria. Brochothrix thermosphacta. and lactic- 
acid bacteria both on surface tissues and in the purge fluid (weep) from 
the carcasses. The mean pH of the purge fluid from both sets of carcasses 
was 6.3. When prinul cuts prepared from stored carcasses were held in 
air at 5°C, development of off-odors was slower for the carcasses that had 
been stored in carbon dioxide. While the aerobic spoilage flora of loins 
from unstored carcasses was composed mainly of B.thermosphacta and 
oxidative gram-negative bacteria, this latter group became a smaller com
ponent of the spoilage flora of the loins the longer the carcasses had been 
stored.

INTRODUCTION
WHEN PRIMAL CUTS of lamb are vacuum-packaged and stored 
at 0-2°C, they remain unspoiled for 6 wk (Patterson and Gibbs, 
1978; Shaw et al., 1980). However, on opening packs stored for 
such a period, the primals have only a short aerobic storage life 
at 5°C (Shaw et al., 1980). While there are economic advantages 
in vacuum-packaging lamb carcasses, the large headspace formed 
by the abdominal and chest cavity poses a potential problem. This 
relatively large headspace could lead to a higher oxygen and a 
lower carbon dioxide content than is normally found in vacuum- 
packaged cuts of meat, and consequently a shorter shelf-life. Fur
thermore, most of the surface of lamb carcasses is composed of 
fatty or connective tissue with little exposed lean so that oxygen 
is likely to be consumed more slowly than occurs with vacuum- 
packaged primal cuts of meat. The ecological environment of 
packaged lamb carcasses therefore differs from that of packaged 
primals.

Flushing with an oxygen-free gas is a means of reducing the 
amount of oxygen in the headspace. Carbon dioxide would appear 
to be an ideal gas to use as a flushing gas since atmospheres high 
in carbon dioxide have been shown to extend the shelf-life of 
veal, beef, pork, and chicken (Sander and Soo, 1978; Enfors et 
al., 1979; Seideman et al., 1979; Hess et al.. 1980; Blickstad et 
al., 1981; Erichsen and Molin, 1981). High carbon dioxide con
centrations inhibit, :n apparently decreasing order of effectiveness, 
the growth of gram-negative oxidative and fermentative bacteria, 
Brochothrix thermosphacta. and lactic-acid bacteria. The rela
tively large headspace of packaged carcasses can serve as a gas 
reservoir to help maintain a high carbon dioxide tension within 
the pack.

In this study lamp carcasses were vacuum-packaged after flush
ing the headspace with nitrogen, and other carcasses were pack
aged in the presence of carbon dioxide. The objectives were to 
examine the effect of the two gas treatments on (1) the numbers 
and types of microbial flora that grew at 0°C on the carcasses and 
in the accumulated purge fluid (weep); (2) the development of 
off-odors from the packaged carcasses; (3) the development of 
off-odors at 5°C in air from primal cuts prepared from the stored

T h e  a u th o r s  a r e  a f f il ia te d  w ith  th e  M e a t R e s e a r c h  L a b o ra to ry , C S IR O  D iv isio n  
o f  F o o d  R e s e a r c h ,  C a n n o n  Hill, Q u e e n s la n d ,  4 1 7 0 , A u s tra lia .

carcasses; and (4) the composition of the micro-flora of one of 
these primal cuts (i.e. the loin) when spoiled aerobically.

MATERIALS & METHODS

M eat packaging

Thirteen lamb carcasses (without kidneys) were obtained 24 hr after 
slaughter from a commercial abattoir. The carcasses had been chilled in 
air at 0-4°C and weighed 13.1-14.7 kg (mean 14.0). The brisket was cut 
through from the abdominal opening to the neck. The forelegs and neck 
were cut from each carcass, tied together and placed in the chest cavity. 
The back-bone was cut through between the sixth lumbar and first sacral 
vertebra. The hindquarter was then folded so that the hindlegs of the 
carcass were inserted through the abdominal opening into the chest cavity. 
“ Bone-gard” (W .R. Grace, Melbourne, Australia) was placed over the 
butt of the neck, the foreleg joints, the brisket, and over the exposed 
vertebra] column to prevent bone puncturing the packaging bags. The 
“ telescoped" carcasses were then individually packed in plastic bags (92 
cm x  46 cm; Barrier Bag, T  gauge; W .R. Grace). The bags were formed 
from film composed of a layer of polyvinylidene chloride coated on both 
sides with ethylene-vinyl acetate copolymer. The nominal oxygen trans
mission rate was about 35 mL/m2 per 24 hr per 101 kPa measured at 25°C 
and 75%  relative humidity.

The carcasses were selected at random and allotted to two treatments. 
S ix of the packed carcasses were evacuated (to 75 kPa) and 5 L  of high 
purity nitrogen (Commonwealth Industrial Gases. Brisbane, Australia) added. 
The evacuation and nitrogen-flush cycle was repeated three times. The 
packs were then evacuated to 75 kPa and clip sealed (N 2-packs). Seven 
carcass-packs were evacuated and flushed three times with high purity 
food grade carbon dioxide (< 0 .0 2 %  oxygen), evacuated to 75 kPa, and 
finally 5L  of carbon dioxide was added to each of the packs before they 
were clip sealed ( C 0 2-packs). Evacuation, gas-flushing, and clip-sealing 
were done using a nozzle-type vacuum-packaging machine (Cryovac, model 
V S  2109; W .R. Grace) which was modified by the addition of a gas line 
into the nozzle, and of a rubber sleeve (7 mm thick) and clamp over the 
nozzle (to reduce air leakage during gas flushing). Only the clipped end 
of the bag was heat shrunk by immersion for 1 sec in water at 90°C. The 
packaged carcasses were stored for up to 10 wk in a room maintained at 
0-l°C .

Gas analysis

Before opening. I m L of gas was removed from each pack by a gas- 
tight syringe (Dynatech Precision Sampling Corp., Baton Rouge, LA ) 
inserted through a patch of cured silicone sealing compound (Silastic 732 
R TV , Dow-Corning, Australia) fixed to the film with a keying adhesive 
(Contact Bond Cement, Bostik, Australia). The percentage of nitrogen, 
oxygen and carbon dioxide was measured using a Fisher Hamilton Model 
29 gas partitioner (Fisher Scientific Co., Pittsburgh, PA).

p H  measurement

The pH of the M.longissim us dorsi muscle was measured on each of 
the carcasses before packaging by insertion of a combination electrode 
(Philips C64/1) into the cut muscle exposed when the back-bone was 
severed before “ telescoping." Purge fluid was warmed to room temper
ature and its pH measured with a Radiometer TT T  1C pH meter fitted 
with a G K  2302 C  Radiometer combination electrode.

Sam pling of carcass-packs, and aerobic storage of prim al cuts

Two carcasses (one from each gas treatment) were removed from stor
age after 1 hr (zero time), and after 2,4,6.8 and 10 wk. At each sampling 
time, after gas samples were taken, the packs were opened, examined 
immediately for odor, and microbiological samples of the carcass and 
purge fluid were taken. The purge was collected and its volume measured.
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The carcasses, removed from the packaging material, were allowed to 
hang at 10°C for 1 hr when they were again appraised.

The carcasses were then each broken into six portions— forequarters, 
loins, and hindlegs. These primal cuts were placed in individual polyeth
ylene bags (low density polyethylene, 0.035 mm thick, oxygen transmis
sion rate about 4500 mL/m2 per 24 hr), and stored at 5°C. The primals 
were examined twice daily for off-odor by a five-membered panel and 
scored on a 9-point hedonic scale. When the loins were considered to have 
a moderate to strong off-odor, they were microbiologically sampled.

M icrobio logical sam pling

Seven sites on each carcass were sampled by excising 2 samples (each 
5 cm2 x  ca 4 mm deep) from each site. For zero time samples (carcasses 
sampled 1 hr after packaging), four 5 cm2 samples were taken from each 
site. Three sites were from the outside of the carcass (i.e. in contact with 
the packaging film): brisket, rump and mid-back. Four sites were from 
inside the body cavity of the telescoped carcass: abdominal wall near the 
diaphragm, renal area, inside surface of the hindlegs, and the forelegs and 
neck.

From the aerobically stored loins, the three sites sampled were muscle 
from the sacral end of the loin, fatty tissue on the outer surface, and 
connective tissue in the abdominal cavity. For each site sample, a 5 cm2 
sample was excised from each of the two loins. To each 10 cm2 (or 20 
cm2) sample 95 m L of 0 .1 %  peptone water was added and the samples 
treated for 1 min with a Colworth Stomacher, Model 400 (A.J. Seward 
and Co. Ltd., London. England). Appropriate dilutions were made in 
0 .1%  peptone water. Aliquots (0.1 or 0.2 mL) were spread on the surface 
of duplicate plates of A P T  agar (Difco); violet red bile agar (V R B ; Oxoid); 
M R S  (de Man, Rogosa, Sharpe) agar (Oxoid); streptomycin thallous ace
tate actidione agar (ST A A ; Gardner, 1966); oxytetracycline glucose yeast 
extract agar (Mossel et al., 1962) modified by the addition of 100 pg/mL 
streptomycin (O SG Y ); 0 .8%  peptone (Oxoid) mineral salts agar (Grau, 
1983); and tryptone soya agar (Oxoid) supplemented with 0 .5%  yeast 
extract (Oxoid) and 0 .2%  glucose (TYSG ).

Plates were incubated aerobically at 25°C and counted at 2,3 and 4 
days. A n  additional set of M R S  agar plates was incubated anaerobically 
(Oxoid anaerobic system) at 25°C for 5 days. Plates of T Y S G  and peptone- 
salts agars were also incubated aerobically at 0°C and counted after 21 
days. From each medium up to 10 colonies of each colonial type were 
isolated onto T Y SG ,  and examined for their growth responses on M R S ,  
S T A A  and V R B  at 25°C, and on T Y S G  and A P T  at 5°C. The isolates 
were further examined for catalase, oxidase (Collins and Taylor, 1967), 
motility, morphology, gram reaction (Bruck, 1982), oxidative-fermenta
tive utilization of glucose (Hugh and Leifson, 1953), arginine dihydrolyase 
(Thomley, 1960), D N A se  (Bacto-DNase test agar, Difco), H 2S production 
from cysteine (lead acetate agar, Difco. modified by replacing thiosulfate 
with 0 .02%  L-cysteine HC1). Isolates were identified as lactic-acid bac
teria, B . t h e r m o s p h a c l a ,  yeasts, E n t e r o b a c te r i a c e a e ,  A e r o m o n a s  s p p . .  
P s e u d o m o n a s  s p p . ,  A l t e r o m o n a s  s p p . ,  moraxella- or acinetobacter-like 
organisms. After colonies had been isolated from peptone-salts agar plates, 
the plates were flooded with oxidase reagent (Edwards and Ewing, 1972) 
to obtain an estimate of the count of oxidase-positive bacteria.

RESULTS

Gas analysis of packaged carcasses
The gas composition in three carcass-packs was measured 1 hr 

after packaging. The nitrogen-packed carcass contained 0.4% ox
ygen and 99.2% nitrogen. Two carcasses packed with 5L of car
bon dioxide contained 0.4 and 0.6% oxygen, 1.6 and 2.5% nitrogen, 
and 98 and 97% carbon dioxide. In the C 0 2-packs, the film be
came tight around the carcasses after 1 day of storage at 0°C, 
presumably because much of the carbon dioxide dissolved in the 
tissue.

Fig. 1 shows the carbon dioxide concentration in the gas phase 
in the carcass packs during storage. In the N2-packs, there was a 
slow increase in carbon dioxide to reach 16% in 10 wk. In the 
C 02-packs, the carbon dioxide concentration fell rapidly to sta
bilize at around 40% at 4 wk. In both sets, most of the residual 
gas was nitrogen. The oxygen content was 0.5-1%.

Purge fluid from packaged carcasses
For carcasses stored in nitrogen, the mean volume of purge 

fluid was 0.7% (range 0.2-0.9%) of the carcass weight. The purge 
was 2.0% (range 1.3-3.4%) for carcasses stored in carbon diox-

W eeks a t 0'C

F ig . 1— G ro w th  o f  p s y c h ro t r o p h ic  m ic r o o rg a n is m s  in  p u r g e  flu id , a n d  the  

c a rb o n  d io x id e  co n ce n tra t io n  in  the  h e a d - s p a c e  o f  p a c k a g e d  c a r c a s s e s  s to re d  

a t 0°C : N 2, p a c k s  f lu s h e d  w ith  n itro g e n ;  C 0 2, p a c k s  c o n ta in in g  5 L  o f  a d d e d

c a rb o n  d io x id e ;  • ----- • ,  la c t ic - a c id  b a c te r ia ;  A — A, B .therm osphacta;
□ ------ □ ,  gram -negative oxidative bacteria; ■ —— ■  gram -negative ferm en
tative bacteria; ▼------percent carbon dioxide.

ide. Packaging in carbon dioxide significantly increased the amount 
of purge (p<0.05; t test). Most of the purge accumulated in the 
body cavity.

The mean pH of the purge fluid for both sets of carcasses was 
high (pH 6.3; range 6.02-6.45) even though the pH of the lon- 
gissimus dorsi muscles at the time of packaging was not (mean 
pH 5.7; range 5.52-5.90).

The purge contained a large psychrotrophic bacterial population 
(Fig. 1). For instance, in the N2-packs, lactic-acid bacteria reached 
a count of more than 109/mL, and both B.thermosphacta and 
fermentative gram-negative bacteria reached more than 108/mL. 
However, there were considerable differences in the microbial 
growth in the purge from the N2-and C 0 2-packs. In the N2-packs, 
lactic-acid bacteria and B.thermosphacla both reached counts of 
ca 108/mL in 4 wk. In the C 0 2-packs, the count of lactic-acid 
bacteria was 108/mL in 6 wk, and it took 10 wk for the
B.thermosphacta count to reach 4 x 107/mL. The growth of the 
gram-negative flora was also much slower in the purge from the 
C 0 2-packs. After 6 wk storage, the gram-negative count in the 
purge from the N2-packs was ca 4 x 107/mL, and from the C 02- 
pack was a little over 100/mL. In both types of pack, fermentative 
gram-negative bacteria (Enterobacteriaceae and Aeromonas spp.) 
tended to dominate the gram-negative flora at later stages of stor
age. Up to 4 wk storage, the aerobic gram-negative flora was a 
mixture of pseudomonads, moraxella- and acinetobacter-like or
ganisms. In :he purge from later storage times, alteromonads were 
commonly detected along with pseudomonads and moraxella-like 
organisms. Psychrotrophic yeasts were occasionally detected in 
the purge fluid but never at a count above 200/mL.

Microbial flora on the surface tissue of packaged carcasses
Two carcasses were sampled 1 hr after packaging. The mean 

aerobic mesophilic count (TYSG incubated at 25°C) of the seven 
sites on each of these two carcasses was 3.8 x 103/cm2. The 
psychrotrophic count (TYSG incubated at 0°C) was too low to 
estimate accurately since eight of the 14 samples gave counts of 
s  25/cm2. The psychrotrophic organisms detected were morax
ella-, acinetobacter-like bacteria, and B.thermosphacta.

Fig. 2 shows the effect of storage time on the mean log count 
of the four major groups of psychrotrophic bacteria on the seven 
carcass sites. The numbers of bacteria/cm2 of surface tissue were 
considerably lower than the viable count/mL of purge fluid. The 
growth on the carcasses of the lactic-acid bacteria, B. thermos- 
phacta, and the gram-negative oxidative and fermentative bacteria 
was slower in the C 0 2-packs. On carcasses in the N2-packs, lactic- 
acid bacteria and B.thermosphacla were present in approximately 
equal numbers throughout storage. On the other hand, in the C 0 2-
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Fig. 2 — G ro w th  o f  p s y c h r o tr o p h ic  m ic r o o r g a n is m s  o n  th e  s u r fa c e  t i s s u e  o f  
p a c k a g e d  c a r c a s s e s  s to r e d  a t  0°C : W2, p a c k s  f l u s h e d  w ith  n itro g e n ;  C 0 2.
p a c k s  c o n ta in in g  5L  o f  a d d e d  c a r b o n  d io x id e ;  • ----- •  la c t ic - a c id  b a c te r ia ;
A— A, B .therm osphacta; □ ----- G, g r a m - n e g a t iv e  b a c te r ia ;  0 ,  p r e d o m i 
n a n tly  o x id a tiv e , f, p r e d o m in a n t ly  fe r m e n ta tiv e  g r a m - n e g a t iv e  b a c te r ia . E a c h  
d a tu m  p o in t  is  th e  m e a n  o f  th e  lo g  c o u n t s / c m 2 o f  7  s i t e s  p e r  c a r c a s s .

packs. B .t h e r m o s p h a c ta  grew more slowly than the lactic-acid 
bacteria. The growth of the gram-negative bacteria was very strongly 
inhibited in the C 0 2-packs. Fermentative organisms (E n te r o b a c -  

t e r i a c e a e  and A e r o m o n a s  s p p . )  were the predominant gram-neg
ative bacteria on carcasses stored for 8 and 10 wk. At this stage 
of storage gram-negative oxidative types (alteromonads, pseudo
monads, and moraxella-like organisms) were detected on some 
carcass sites, but in lower numbers than the fermentative types.

For carcasses stored in the N2-packs. the counts of lactic-acid 
bacteria and B .t h e r m o s p h a c ta  on the foreleg and neck samples 
were about 10-fold higher than the mean counts from the other 
six tissue samples. No consistent differences were apparent in the 
counts of these organisms among the other six carcass sites.

For carcasses stored in the C 0 2-packs, the counts of the lactic- 
acid bacteria and of B .th e r m o s p h a c ta  were again consistently highest 
on the foreleg and neck. In addition, there was also a consistent 
difference in the counts of B .th e r m o s p h a c ta  between samples taken 
from regions of the carcass in contact with the packaging film 
(rump, mid-back and brisket) and those from areas of the carcass 
exposed to the gas phase within the body cavity (renal, abdominal- 
wall and inside hindleg). For example, after 4 and 10 wk storage 
the B .th e r m o s p h a c ta  count on the forelegs and neck was 1.2 x 
104 and 8.2 x  106/cirr. the mean of the rump, mid-back and 
brisket sites was 2.5 x  103 and 1.1 x  106/cm2, and the mean 
of the renal, abdominal-wall and inside hindlegs was 102 and 3 
x  104/cm2, respectively.

Off-odor of packaged carcasses

When packs stored for 6-10 wk were opened, stronger off-odors 
were detected from the N2-packs than from the C 0 2-packs. Hy
drogen-sulfide and sour odors were detected in the N2-packs stored 
for 6-10 wk. From the C 0 2-packs, a slightly sour odor was de
tected at 8 wk, and hydrogen-sulfide and sour odors at 10 wk. 
After the carcasses were hung in air at 10°C for 1 hr, these odors 
dissipated, leaving only a very slightly sour odor from the carcass 
which had been stored for 10 wk in nitrogen.

Spoilage in air at 5°C

The primal cuts prepared from stored carcasses were stored at 
5°C in polyethylene bags and examined for spoilage (off-odor). 
In Fig. 3, the number of days to spoilage of the six primals is 
plotted against the number of weeks the packaged carcasses had 
been stored at 0°C.

Primals removed from packs 1 hr after packaging (zero time) 
spoiled in 7 days. The longer the carcasses were stored in nitrogen, 
the shorter the time to spoilage of the aerobically stored primals. 
Off-odors developed more slowly from primals prepared from

W e e k s  S t o r e d  a t  0 ° C
Fig. 3 — A e r o b ic  s p o i la g e  (o ff-o d o r) a t  5°C  o f  p r im a l c u t s  p r e p a r e d  fro m  c a r 
c a s s e s  s to r e d  a t  0 °C  in  n i tr o g e n  (A) o r  c a r b o n  d io x id e  (o): b a r , r a n g e  o f  t im e s  
to  o ff-o d o r;  A a n d  o, t im e  o f  m ic r o b io lo g ic a l  s a m p l in g  o f  lo in s .

carcasses which had been stored in C 0 2-packs. However, after 
carcasses had been stored for 10 wk, there was essentially no 
difference in the spoilage time of primals from the two packaging 
treatments.

When aerobic storage of the loins at 5°C had resulted in spoil
age, separate microbiological samples were taken from three sites 
on the loins. Examination of the microbial counts by analysis of 
variance showed that the sites differed significantly in their mi
crobial flora. The counts of B .th e r m o s p h a c ta  and gram-negative 
bacteria were, on average, about one log unit higher on the outer, 
fatty-tissue surface than on the lean end or the inner, connective- 
tissue surface of the loins. On the other hand, the numbers of 
lactic-acid bacteria were about 0.6 of a log unit higher on the lean 
end of the loin than on the other two surfaces sampled. The counts 
of lactic-acid bacteria, B .th e r m o s p h a c ta ,  and gram-negative fer
mentative and oxidative bacteria on the outer, fatty-tissue surface 
of the loins at spoilage are shown in Table 1. The dominant flora 
on aerobic spoilage of loins prepared from carcasses 1 hr after 
packaging (o wk) was B .th e r m o s p h a c ta ,  pseudomonads, and mor
axella-like organisms.

The flora at spoilage on loins from carcasses stored in nitrogen 
for 2 wk was still dominated by the same types of organisms but 
with the addition of significant numbers of lactic-acid bacteria. 
As the storage time in the N2-packs increased from 4 to 10 wk, 
gram-negative oxidative bacteria progressively became a smaller 
proportion of the loin flora at the time of aerobic spoilage. On the 
other hand, gram-negative fermentative bacteria (principally E n -  

t e r o b a c t e r ia c e a e  with some aeromonads) progressively increased.
B .t h e r m o s p h a c ta  formed a significant proportion of the spoilage 
flora at all times. Between 6 and 10 wk, lactic-acid bacteria out
numbered the other flora.

On loins from carcasses which had been stored in carbon diox
ide for 2 and 4 wk, B .th e r m o s p h a c ta ,  pseudomonads and mor
axella-like organisms dominated the aerobic spoilage flora along 
with significant numbers of lactic-acid bacteria. When carcasses 
were stored for 6-10 wk in carbon dioxide, B .t h e r m o s p h a c ta  and 
lactic-acid bacteria formed the predominant flora of the loin at 
spoilage with gram-negative bacteria being only a minor compo
nent.

Estimation of micro-flora on plating media

The gram-negative count was frequently significantly lower on 
VRB agar than that obtained on peptone-salts, or TYSG agars.
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Table 1—Log numbers of microorganisms on lamb loinsa when spo iled  in air at 5°C

C arcass gas 
treatment

Wk c a rca sse s  
stored a t 0°C

Days loins 
stored at 5°C

Lactic-acid
bacteria

B .th e r m o s p h a c ta Gram -negative11
fermentative

Gram-negative0
oxidative

n 2 0 7 <  6.00 7.68 <  5.00 8 08
2 5 7.60 8.¿7 <  5.00 8 18
4 3 6.71 8.04 <  5.00 7 02
6 2 7.80 7.76 5.15 5.60
8 2 7.45 6.97 5.93 4 00

10 2 8.18 6.^9 7.02 4 30

o o 0 7 <  6.00 7.96 <  5.00 7 70
2 8 7.00 8.60 <  5.00 7 95
4 6 7.05 8.56 <  5.00 8 45
6 4 7.16 8.¿2 < 5.00 <  5 00
8 3 7.30 7.54 4.48 4.48

10 2 7.71 6.23 5.57 4.42

a Samples from the fatty tissue on the outer surface of the loin. 
b Enterobacteriaceae, and aeromonads.
c Pseudomonads, alteromonads, moraxella- and acinetobacter-like organisms.

This was mainly due to the failure of moraxella-like bacteria, 
alteromonads and aeromonads to grow on VRB agar. Since aero
monads were commonly present, the oxidase-positive count on 
peptone-salts agar was of little value in estimating the aerobic 
gram-negative flora.

All colonies that were examined from OSGY agar were yeasts. 
Only rarely were colonies growing on STAA agar not
B.thermosphacta. Such rare colonies could be distinguished by 
their colonial morphology and an oxidase-positive reaction when 
the plates were flooded with oxidase reagents.

The greatest difficulty encountered was in counting the lactic- 
acid bacteria. In some samples, particularly those from carcasses 
stored in carbon dioxide, a higher count of lactic-acid bacteria 
was given by APT and MRS than by TYSG agar. However, on 
APT agar, the other flora formed such large colonies that over
crowding frequently occurred. On MRS agar there was a consid
erable proportion of colonies that were identified as B.thermosphacta 
or Enterobacteriaceae and which often did not give an unambig
uous catalase positive reaction when tested from the MRS plates. 
A large number of colonies therefore had to be picked from MRS 
to TYSG or APT to enable the catalase test to be done success
fully. When MRS plates were incubated anaerobically, it was 
often difficult to sub-culture small colonies (ca l mm diameter). 
Many such colonies were identified as colonies of B.thermosphacta 
in which it appeared most of the cells were non-viable. In spite 
of these problems, MRS was the only medium on which lactic- 
acid bacteria could be identified when the other flora considerably 
outnumbered these organisms.

DISCUSSION
THIS STUDY has shown that, when lamb carcasses are packaged, 
a carbon dioxide atmosphere is more efficient than nitrogen flush
ing in delaying the growth of gram-negative oxidative and fer
mentative bacteria, B.thermosphacta, and lactic-acid bacteria. This 
agrees with the data of Sander and Soo (1978), Enfors et al.
(1979), Hess et al. (1980), Blickstad et al. (1981), and Erichsen 
and Molin (1981) for meat derived from other animal species. As 
a consequence the development of off-odors is delayed both while 
the lamb carcasses are still packaged and when primal cuts pre
pared from the carcasses are subsequently stored aerobically at 
5°C. However, after the lamb carcasses were stored for 8-10 wk 
at 0°C, the difference between nitrogen and carbon dioxide treat
ments in the extent of off-odor formation became considerably 
less. One reason for this may be the significant decrease in the 
carbon dioxide concentration in the gas phase within the packs 
during storage.

Of interest is the very high count of microorganisms in the purge 
fluid from the packaged carcasses. It is therefore difficult to know 
whether the production of sour or hydrogen sulfide odors in the 
packaged carcasses is a consequence of microbial growth in the 
purge fluid or of microbial growth on the predominantly fatty and

connective tissue surfaces of the carcasses. Microbial counts of 
the carcass tissue alone could give a false impression of the role 
some organisms could play in spoilage. For example, the mean 
count of gram-negative bacteria on the carcasses stored in nitrogen 
was not greater than 105/cm2, but the count of these bacteria in 
the purge was about 108/mL.

The high pH of the purge fluid suggests that microbial growth 
in it will resemble microbial growth on high pH (pH 5= 6) lean. 
Indeed the detection of alteromonads in the purge in significant 
numbers is ir agreement with this. Furthermore it has been shown 
(Egan and Grau, 1981; Grau, 1981; 1983) that growth of
B.thermosphacta and of Enterobacteriaceae occurs more readily 
on fatty tissue than on lean of low pH (pH *5 5.7). Therefore, 
both purge fluid and most of the carcass surface provide ecological 
environments in which a more mixed flora is able to grow than 
could be expected to grow on low pH lean. This can be seen in 
the data for carcasses stored in nitrogen where both B .thermosphacta 
and Enterobacteriaceae form a significant proportion of the pop
ulation both in the purge fluid and on the carcass surfaces. Pat
terson and Gibbs (1978) and Shaw et al. (1980) also noted that
B.thermosphacta formed a large proportion of the total flora on 
vacuum-packed primal cuts of lamb.

There appears to be little evidence in the microbiological results 
obtained here to suggest that lactic-acid bacteria inhibited the growth 
of the other organisms. For example, in the purge from carcasses 
stored in carbon dioxide for 6-10 wk, the count of lactic-acid 
bacteria was above 108/mL yet the count of both B.thermosphacta 
and gram-negative bacteria increased considerably during this pe
riod.

The aerobic spoilage flora of loins from carcasses that had not 
been stored in nitrogen or carbon dioxide consisted of moraxella- 
like bacteria, pseudomonads and B.thermosphacta. B.thermosphacta 
and moraxella-like bacteria were also found to dominate the aero
bic flora of spoiled lamb loins by Shaw et al. (1980). These 
authors also observed that the aerobic spoilage flora of loins, 
which had previously been stored in vacuum-packs, was still dom
inated by B.thermosphacta and gram-negative oxidative bacteria. 
In the experiments reported here, however, the gram-negative ox
idative bacteria became progressively a smaller proportion of the 
aerobic spoilage flora of loins as the storage time of the carcasses 
increased.
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R e l a t i o n s h i p s  o f  H y d r o p h o b i c i t y  a n d  N e t  C h a r g e  t o  t h e  

S o l u b i l i t y  o f  M i l k  a n d  S o y  P r o t e i n s

SHIGERU HAYAKAWA and SHURYO NAKAI

----------------------------ABSTRACT----------------------------
P r o te in  h y d r o p h o b i c i t y  o f  4 2  n a t iv e  a n d  p a r t i a l l y  d e n a t u r e d  m ilk  
a n d  s o y  p r o t e i n  s a m p le s  w a s  d e t e r m in e d  f lu o r o m e t r i c a l l y  b y  u s in g  
th r e e  p r o b e s ,  l - a n i l i n o - 8 - n a p h th a l e n c s u l f o n a t e  (A N S ) ,  c is - p a r in a r -  
a t e  (C P A ) a n d  1 ,6 - d ip h e n y l  h e x a t r i e n e  (D P H ) , a n d  c h r o m a to g r a p h -  
ic a l ly  b y  u s in g  P h e n y l  S e p h a r o s e  C L -4 B  (P S C ). P S C  a n d  A N S  h y d r o -  
p h o b ic i t i e s  c o r r e l a t e d  w e ll  to  th e  p r o t e in  i n s o lu b i l i ty  d e t e r m in e d  a t  
z e r o  z e t a  p o t e n t i a l ,  w h e re a s  n o  s ig n if ic a n t  c o r r e l a t i o n  w a s  o b s e r v e d  
b e tw e e n  C P A  h y d r o p h o b i c i t y  a n d  p r o t e in  in s o lu b i l i t y .  W h e n  b a c k 
w a rd s  s te p w is e  r e g re s s io n  a n a ly s is  w a s  a p p l ie d  to  1 8 9  d a ta  o f  p r o 
te in  i n s o lu b i l i t y ,  a  s ig n i f i c a n t  c o r r e l a t i o n  (P  <  0 .0 0 1 )  w a s  o b ta in e d  
b e tw e e n  P S C  h y d r o p h o b i c i t y ,  z e t a  p o t e n t i a l  a n d  p r o t e i n  i n s o lu b i l 
i t y .  I t  is s u g g e s te d  t h a t  t h e  a r o m a t ic  h y d r o p h o b i c i t y ,  in  c o n ju n c 
t i o n  w i th  z e t a  p o t e n t i a l ,  m a y  p la y  a  m o r e  i m p o r t a n t  r o le  in  p r o t e in  
s o lu b l i ty  t h a n  th e  a l ip h a t ic  h y d r o p h o b i c i t y .

INTRODUCTION
SOLUBILITY OF PROTEINS has been thought to be the 
most im portant factor for their functionality (Kinsella,
1976). In the extraction and precipitation of proteins 
during production, inform ation about changes in solubility 
is o f prime im portance (Hermansson, 1973). Good solubil
ity can markedly expand potential applications of proteins. 
Heat treatm ent causes the loss of functional properties and 
its effect is usually measured as a loss of solubility (Wolf, 
1970).

Protein solubility may affect other functional proper
ties. Although some authors reported that emulsifying 
properties and solubility were not well correlated (Aoki 
et al., 1980, McWatters and Holmes, 1979) better correla
tions to the various protein functionalities were obtained 
when hydrophobic parameters were used in conjunction 
with solublity (Voutsinas et al., 1983a, b; Voutsinas and 
Nakai, 1983; Townsend and Nakai, 1983). Li-Chan et al.
(1984) also reported that solubility parameters were influ
ential in emulsifying properties for samples with low 
(< 5 0%) solubility.

Solubility of proteins has been studied for a long time. 
However, reliable quantitative relationships between 
solubility and structures of proteins have not been dem on
strated. Measurements of the solubility of amino acids and 
related substances have been used to assess the contribu
tion of the side chains to the free energy of transfer which 
was used for calculation of hydrophobicity (Nozaki and 
Tanford, 1971). McGowan and Mellors (1979) reported 
the relationships between the solubility of amino acids and 
hydrophobicity.

Bigelow (1967) has suggested that charge frequency and 
hydrophobicity are likely to  be the two structural features 
which have the greatest influence on the solubility. Melan- 
der and Horvath (1977) determined the salt effect on pro
tein solubility and suggested that it could be described by 
the two antagonistic effects on electrostatic and hydropho
bic interactions.

The purpose of the present study was to determine

Authors Hayakawa and Nakai are affiliated with the Dept, o f Food 
Science, Univ. o f British Columbia, Vancouver, B.C., V6T 2A2.

quantitatively the effect of hydrophobicity and charge on 
the solubility o f milk and soy proteins.

MATERIALS & METHODS

M a te r ia ls

a s l -C a s e in  w a s  p r e p a r e d  b y  th e  D E  A E -c e l lu lo s e  c h r o m a to g r a p h ic  
m e t h o d  o f  T h o m p s o n  (1 9 6 6 ) .  « -C a se in  w a s  p r e p a r e d  b y  th e  m e t h o d  
o f  Z i t t l e  a n d  C u s te r  ( 1 9 6 3 ) .  S o y  7 S  a n d  1 1 S g lo b u l in s  w e re  p r e 
p a r e d  b y  th e  m e t h o d  o f  T h a n h  a n d  S h ib a s a k i  ( 1 9 7 6 )  f r o m  d e f a t t e d  
s o y  f l o u r  (C a n a s o y  E n t .  L t d . ,  V a n c o u v e r ,  B C ). c rC a s e in  (C  7 8 9 1 ) ,  
a - l a c t a lb u m in  (L  6 0 1 0 ) ,  /3 - la c to g lo b u lin  (L  0 1 3 0 ) ,  b o v in e  s e r u m  a l 
b u m in  (A  6 0 0 3 ) ,  o v a lb u m in  (A  2 5 1 2 )  a n d  s o y b e a n  t r y p s in  i n h i b i t o r  
(T  9 0 0 3 )  w e re  p u r c h a s e d  f r o m  S ig m a  C h e m ic a ls  (S t .  L o u is ,  M O ). 
/3-C asein  w a s  p u r c h a s e d  f r o m  C h e m ic a l  D y n a m ic s  C o rp .  ( S o u th  
P la in f ie ld ,  N J ) .  P h e n y l  S e p h a r o s e  C L -4 B  ( 1 7 - 0 8 1 0 - 0 1 ,  L o t .  G L -  
1 9 4 1 9 )  w a s  t h e  p r o d u c t  o f  P h a rm a c ia  F in e  C h e m ic a ls  (U p p s a la ,  
S w e d e n ) .  M a g n e s iu m  s a l t  o f  l - a n i l i n o - 8 - n a p h th a l e n e s u l f o n ic  a c id  
w a s  p r e p a r e d  f r o m  te c h n ic a l  g ra d e  s o d iu m  s a l t  ( E a s tm a n  K o d a k  
C o ., R o c h e s te r ,  N Y )  a c c o rd in g  to  t h e  m e t h o d  o f  W e b e r  a n d  Y o u n g  
( 1 9 6 4 ) .  c is - P a r in a i ic  a c id  w a s  p u r c h a s e d  f r o m  M o le c u la r  P r o b e s  
( J u n c t i o n  C i ty ,  O R ) .  1 ,6 -D ip h e n y l  h e x a t r i e n e  a n d  3 , 3 '- d im e th y l -  
b i p h e n y l  w e re  o b t a i n e d  f r o m  A ld r ic h  C h e m ic a l  C o . (M ilw a u k e e ,  
WI).

P r o te i n  in s o lu b i l i ty

T h e  s o lu t io n s  o f  4 2  n a t iv e  a n d  d e n a t u r e d  m ilk  a n d  s o y  p r o t e i n  
s a m p le s  w e re  p r e p a r e d  a s  fo l lo w s ,  (a )  N a t iv e  p r o t e i n s  w e re  d is s o lv e d  
in  0 .0 1 M  p h o s p h a t e  b u f f e r  (p H  7 )  a 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  
0 .1  o r  0 .2  % . ( b )  N a t iv e  p r o t e i n  s o lu t io n s  w e r e  h e a t e d  a t  d i f f e r e n t  
t e m p e r a tu r e s  f o r  1 0  m in  in  th e  p r e s e n c e  o r  a b s e n c e  o f  1 0  m M  
m c r c a p t o e t h a n o l  a n d  t h e n  c o o le d  in  i c e -w a te r ,  (c )  N a t iv e  p r o t e i n  
s o lu t io n s  w e re  a d ju s t e d  t o  p H  2  w i th  I N  H C1, h e a t e d  a t  9 5 ° C  f o r  
1 0  m in ,  c o o le d  in  ic e - w a te r  a n d  th e n  r e a d ju s t e d  t o  p H  7 w i th  I N  
N a O H . (d )  N a t iv e  p r o t e i n  s o lu t io n s  w e re  a d ju s t e d  t o  p H  1 2  w i th  
I N  N a O H , i n c u b a te d  f o r  2  h r  a t  r o o m  t e m p e r a t u r e  a n d  r e a d ju s t e d  
t o  p H  7 w i th  I N  HC1. (e )  N a tiv e  p r o t e in s  w e re  d is s o lv e d  in  0 .0 8 6  
M T r is - 0 .0 9 M  g ly c in e - 0 .0 0 4  M E D T A  (p H  8 )  b u f f e r  c o n ta in in g  
8 M  u r e a  a n d  1 0 0  m M  m e r c a p to e th a n o l  a n d  th e n  a f t e r  s ta n d in g  
f o r  2  h r  a t  r o o m  t e m p e r a tu r e  u r e a  w a s  r e m o v e d  b y  a  S e p h a d e x  G -2 5  
ge l f i l t r a t i o n  c o lu m n  e q u i l i b r a t e d  w i th  0 .0 1 M  p h o s p h a t e  b u f f e r  
(p H  7 ) .  A ll o f t h e  a b o v e  s o lu t io n s  o f  p r o t e i n  s a m p le s  w e r e  c e n t r i 
f u g e d  a t  6 , 0 0 0  x g  f o l l o w in g  th e  a d j u s t m e n t  t o  t h e  s p e c i f i e d  p H  a n d  
h o ld in g  f o r  2  h r  a t  r o o m  t e m p e r a tu r e .  P r o t e i n  c o n t e n t  in  t h e  s u p e r 
n a t a n t  w a s  m e a s u r e d  b y  t h e  m e t h o d  o f  L o w r y  e t  a l. ( 1 9 5 1 )  o r  B io  
R a d  p r o t e i n  a ss a y  m e t h o d  ( R ic h m o n d ,  C A ). I n  th i s  w o r k ,  p r o t e i n  
i n s o lu b i l i ty  w a s  e x p re s s e d  a s  a  p e r c e n t a g e  o f  in s o lu b le  p r o t e i n  in  
t h e  t o t a l  p r o t e i n  in  s u s p e n s io n  a t  t h e  s p e c i f i e d  p H .

H y d r o p h o b i c i t y  d e t e r m in a t io n

H y d r o p h o b ic i t y  m e a s u r e m e n t  o f  t h e  p r o t e i n  s a m p le s  u s in g  h y 
d r o p h o b ic  c h r o m a to g r a p h y  w a s  p e r f o r m e d  o n  a  P h e n y l  S e p h a ro s e  
C L -4 B  c o lu m n  (1 .5  x 4 .5  c m )  e q u i l i b r a t e d  w i th  0 .0 1 M  p h o s p h a te  
b u f f e r  (p H  7 ) .  P r o te i n  w a s  e lu te d  w i th  0 .0 1 M  p h o s p h a t e  b u f f e r  
(p H  7 )  w i th  a n  e x p o n e n t i a l  g r a d ie n t  o f  i s o p r o p a n o l ,  0  -  5 0 % . I s o 
p r o p a n o l  m a y  b e  m o r e  s u i ta b le  t h a n  a c e to n i t r i l e  o r  m e t h a n o l  a s  a n  
o rg a n ic  m o d i f i e r  in  h y d r o p h o b ic  c h r o m a to g r a p h y  f o r  h y d r o p h o b i c  
p e p t id e s  a n d  p r o t e in s  b e c a u s e  p r o t e i n s  a r e  m o r e  s o lu b le  in  th is  
a lc o h o l ,  a n d  m o r e o v e r  t h e  c o n c e n t r a t i o n  f o r  e l u t i o n  m a y  b e  d e 
c r e a s e d  d u e  to  i t s  h ig h  e lu t io n  e f f i c ie n c y  (M a h o n e y  a n d  H e r m o d s o n ,  
1 9 8 0 :  W ils o n  e t  a l . ,  1 9 8 1 ;  H e u k e s h o v e n  a n d  D e r n ic k ,  1 9 8 2 ) .  A ll o f  
t h e  p r o t e in s  w e re  s o lu b le  in  5 0 %  i s o p r o p a n o l .  H y d r o p h o b i c i t y  w a s  
e x p re s s e d  as w e ig h t  a v e r a g e  c e n t e r  p o i n t  o f  p r o t e i n  p e a k  m o n i t o r e d  
b y  m e a s u r in g  a b s o r b a n c e  a t  2 8 0  n m . T h e  e l u t io n  v o lu m e  w a s  e x 
p r e s s e d  a s  t h e  c o r r e s p o n d in g  p e r  c e n t  i s o p r o p a n o l  c o n c e n t r a t i o n .
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Hydrophobicity was also determined using hydrophobic fluores- 
ence probes, l-anilino-8-naphthalenesulfonate (ANS), cis-parinarate 
(CPA) and 1,6-diphenyl-hexatriene (DPH). Measurements were 
performed according to the method of Kato and Nakai (1980) 
in the absence of SDS. Each protein sample (2 mL) was serially 
diluted with 0.01M phosphate buffer (pH 7) to obtain protein 
concentrations ranging from 0.008 -  0.03%. Then, 10 pL ANS 
(8.0 mM in 0.1M phosphate buffer, pH 7), CPA (3.6 mM in abso
lute ethanol containing equimolar butylated hydroxytoluene) or 
DPH (1.0 mM in tetrahydrofuran) solution was added. Fluorescence 
intensity (FI) was measured with an Aminco Bowman spectrophoto- 
fluorometer, No. 4-8202 at wavelengths (kex, kem) °f (390, 470), 
(325, 420) and (360, 430) for ANS, CPA and DPH, respectively. 
The FI reading was standardized by adjusting the reading of the 
fluorometer to 30% full scale for ANS in methanol, 70% full scale 
for CPA in decane and 60% full scale for DPH in decane. The net 
FI at each protein concentration was determined by subtracting 
FI of each solution without probe from that with probe. The ini
tial slope (Sq) of the FI versus protein concentration (%) plot, that 
was calculated by linear regression analysis with a Monroe 1880 
programmable calculator, was used as an index of the protein hydro
phobicity.

Net charge determination
Net charge was measured with a particle microelectrophoresis 

apparatus (Pen Kem, Laser Zee Model 501, Bedford Hills, NY). 
Protein particle suspension was prepared by homogenizing the mix
ture of 0.1% protein solution and 3,3'-dimethyl biphenyl (100:3) 
using a Brinkmann Polytron at 3000 rpm for 30 sec and then 
diluted with 40 fold-volume of 0.01M acetate buffer with pH rang
ing from 4 - 6 .  Buffer with a constant specific conductance (0.8 
m mhos/cm) was used because specific conductance, which depends 
on salt concentration, strongly affected the measurement of the 
electrophoretic mobility. The electrophoretic mobility is given by

M = V/E (1)
where V is the particle velocity and E is the applied field strength. 
Mobilities were measured at an applied potential difference of 150
V. The following equation was used to calculate the zeta potential 
(Kruyt, 1952)

P = fe/4 7tt} (2)
where J is the zeta potential, e is the dielectric constant and rj is 
the viscosity of the suspension medium. Absolute value of zeta 
potential in mV derived from mobility measurement was used 
in the following computations.

Statistical analysis
Simple linear regression analysis was performed with a Monroe 

1880 programmable calculator. Backward stepwise multiple re
gression analysis was carried out with the UBC Triangular Regres
sion Package, while 3-dimensional surface plots were generated by 
using the UBC Surface Visualization Routines program, with an Am
dahl 470 V/8 computer.

RESULTS & DISCUSSION

Correlation o f hydrophobicity to protein solubility

Although hydrophobicity determined by using CPA was 
well correlated to the protein functionalities (Kato and 
Nakai, 1980; Nakai et al., 1980; Townsend and Nakai, 
1983; Voutsinas et al., 1983a, b; Kato et al., 1983; Li-Chan 
et al., 1984), the CPA hydrophobicity  was influenced by a 
small change o f pH. This pH effect was also observed by 
Kato et al. (1984). H ydrophobicities for most of the pro
teins determined by using hydrophobic chrom atography 
as well as dissociable fluorescence probes are affected by 
pH. Therefore, hydrophobicity was determined at a con
stant pH (7.0) to  eliminate the pH effect. Fig. 1. 2 and 3 
show the correlation between CPA, ANS or PSC hydro
phobicity and protein insolubility of 42 protein samples 
measured at the zeta potential of zero mV. Insolubility 
‘at zero zeta potential’ was used to remove the charge 
effects from the insolubility data. CPA hydrophobicity, 
as well as DPH hydrophobicity (result not shown), did not

show significant correlation to the insolubility (Fig. 1). 
Conversely, ANS hydrophobicity showed a good correla
tion to the insolubility (Fig. 2) with correlation coefficient 
0.592 (P <  0.001). In this correlation com putation, the 
data of native bovine serum albumin was eliminated be
cause this protein was capable of combining with a large 
variety of anions including such simple ions as chloride 
(Scatchard et al., 1950; Laurence, 1952) and some of the 
binding sites did not bind alkyl carboxylates at all, whereas 
both alkyl sulfates and sulfonates were strongly bound 
(Reynolds et al., 1967, 1968). There was a more highly 
significant correlation (r = 0.775, P <  0.001) between the 
PSC hydrophobicity and the insolubility (Fig. 3) w ith the 
regression equation:

[% insoluble protein] = 9.30 + 2.93 PSC (3)
Although the theoretical basis of binding of protein to 
phenyl Sepharose is not clear, the elution position depends 
on the hydrophobicity alone when the proteins are similar 
in structure (Burley and Sleigh, 1983) and proteins with 
many aromatic amino acids on the surface may bind well 
to  phenyl Sepharose through rr-7r bond interaction.

Fig. 4 and 5 show the effect of heating on the relative 
hydrophobicities and the insolubility o f soybean trypsin 
inhibitor and j3-lactoglobulin. Insolubility was measured

C P A  H y d r o p h o b i c i t y  x 1 0 '3
Fig. 1—Relationship between protein insolubility at zero zeta 
potential ano hydrophobicity measured fluorometrically using cis- 
parinaric acid (CPAI. (I) oi-casein; (2) as/-casein; (3) 0-casein; (41 
K-casein; (5) native a-lactalbumin (a-La); (6) a-La heated at 90°C;
(7) - (13) a-La heated at 30, 40, 45, 50, 60, 80 and 90° C in the 
presence o f iO mM mercaptoethanol (ME); (14) a-La treated with 
8M urea and 100 mM ME; (15) native 0-lactoglobulin (0-Lg); (16) - 
(20) 0-Lg heated at 75, 80, 85, 90 and 95° C; (21) 0-Lg treated with 
urea and ME; (22) native ovalbumin; (23) ovalbumin heated at 
85°C; (24) bovine serum albumin (BSA) treated with urea and ME; 
(25) BSA heated at 90°C; (26) native BSA; (27) native soybean 
trypsin inhibitor (STI); (28) STI heated at 95° C; (29) STI heated at 
95° C in the presence o f ME; (30) STI treated with urea and ME; 
(31) STI heated at 95°C at pH  2; (32 STI treated with alkali (pH 
12); (33) native soy 7S globulin (7S); (34) 7S heated at 95°C; (35) 
7S treated with urea and ME; (36) 7S heated at 95°C at pH  2; (37) 
7S treated with alkali; (38) native soy 1 IS globulin (US); (39) 11S 
heated at 95°C; (40) 11S treated with urea and ME; (41) 11S 
heated at 95°C at pH  2; (42) 11S treated with alkali. (*Hydro- 
phobicity was higher than 4000.)
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HYDROPHOBICITY AN D PROTEIN S O L U B I L I T Y .

‘at zero zeta potential’. There are two different types of 
proteins among the heat sensitive proteins. For the majority 
of proteins tested all of CPA, ANS and PSC hydrophobici- 
ties and the insolubility are positively correlated as tem 
perature changes (Fig. 4). However, for |3-lactoglobulin, as 
well as bovine serum albumin, CPA hydrophobicity , unlike 
others, is negatively correlated as tem perature changes (Fig.
5). It is well known that native bovine serum albumin and

A N S  H y d r o p h o b i c i t y  x 10~2
Fig. 2—Relationship between protein insolubility at zero zeta poten
tial and hydrophobicity measured fluorometrically using 1-anih'no- 
8-naphthalenesulfonate (ANS). Sample identification is the same as 
in Fig. 1. Regression equation: [% insoluble protein] = 36.2 + 
0.309 ANS (r = 0.592, P  < 0.001).

Fig. 4—Effect o f heating on protein insolubility at zero zeta poten
tial and hydrophobicity o f soybean trypsin inhibitor. Protein solu
tion (0.2%) was heated at pH  7 for 10 min in the presence o f 10 mM 
mercaptoethanol. Relative hydrophobicity represents the value 
against that o f protein heated at 70° C.

/Hactoglobulin show strong interaction with aliphatic 
hydrocarbon chains (Wishnia and Pinder, 1966; Shanbhag 
and Axelsson, 1975; Chen and Morawetz, 1981; Mattarella 
and Richardson, 1983), triglyceride (Smith et al., 1983) 
and fatty  acid (Kato and Naicai, 1980; Kato et al., 1983; 
Voutsinas et al., 1983a) in aqueous environment. Decrease 
in affinity of these proteins with aliphatic hydrocarbon 
chains by heat denaturation has been observed (Kato et al., 
1983; Voutsinas et al., 1983a). cis-Parinaric acid is com-

Fig. 3—Relationship between protein insolubility at zero zeta po
tential and hydrophobicity measured by the hydrophobic chroma
tography on a Phenyl Sepharose CL-4B column. Sample identifi
cation is the same as in Fig. 1. Regression equation: [% insoluble 
protein] = 9.30 + 2.93 PSC (r = 0.775, P < 0.001).

Fig. 5 -E ffe ct o f heating on protein insolubility at zero zeta poten
tial and hydrophobicity o f (3-lactoglobulin. Relative hydrophobicity 
for ANS  and PSC represents the value against that o f protein heated 
at 95°C and relative hydrophobicity for CPA represents the value 
against that o f unheated protein.
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posed of an aliphatic hydrocarbon chain, while anilino- 
naphthalenesulfonate is composed of arom atic rings; arom a
tic groups are also attached to agarose in phenyl Sepharose. 
Therefore, it is postulated that the binding sites of CPA on 
protein molecules may differ from those of ANS and 
phenyl Sepharose. Aromatic solvent may possess different 
characteristics from aliphatic solvent in terms of polarity. 
Snyder (1978) has suggested that the polarity scale is 
essential for classifying the solvents and aromatic solvents 
are classified into a different group from aliphatic hydro
carbons. Kamlet et al. (1977) found that although a plot of 
it* scale of solvent polarities against vmax (maximum reac
tion rate) values of non-hydrogen-bonding solvents showed 
considerable scatter, the correlation significantly improved 
when either aliphatic solvents or aromatic solvents was 
taken alone. Specific retardation of aromatic amino acids 
on crosslinked dextran gel was also observed (Porath, 1960). 
Hofstee and Otillio (1978) found that some proteins were 
preferentially bound by the aliphatic adsorbent, others by 
the aromatic adsorbent using agaroses substituted by 
n-alkyl-ligands with and w ithout term inal phenyl group. 
Therefore, it is reasonable to  classify the hydrophobicity 
of protein into the aliphatic hydrophobicity due to  alipha
tic amino acid residues and the arom atic hydrophobicity 
due to  aromatic amino acid residues. CPA seems to be 
useful for determining the aliphatic hydrophobicity, and 
ANS and phenyl Sepharose for determining the aromatic 
hydrophobicity.

Good correlations of ANS and PSC hydrophobicities 
to the protein insolubility (Fig. 2 and 3) indicate that the 
exposed aromatic amino acids may play an im portant role 
in the protein insolubility. Although the theoretical basis 
of im portance of aromatic amino acid residues in the pro
tein solubility is unknow n, the im portant role of aromatic 
amino acid residues may partly owe to high hydrophobicity 
of aromatic amino acids calculated from free energy of 
transfer (Nozaki and Tanford) and from hydrophobic 
fragmental constant (Rekker, 1977). Although hydropho
bicity of aromatic amino acids is higher than that of ali
phatic amino acids, the hydrophobicity  of aromatic amino 
acids may be underestim ated because its 7r electrons lead to 
stronger van der Waals attraction  to  water molecules. The 
standard free energy of transfer of ligand molecules to 
hydrophobic regions on protein molecules may be more 
negative than that for a hydrocarbon because the process 
of binding may involve elimination of a hydrocarbon-w ater

interface at protein surface (Tanford, 1973). Therefore, 
hydrophobic interaction between aromatic amino acid 
residues may be much stronger when the elimination of 
water in the process of aggregation takes place.

Correlation of zeta potential and hydrophobicity 
to the protein solubility

A nother im portant factor affecting solubility is net 
charge on the protein molecules. Net charge effect is usu
ally shown as pH effect, that is, protein solubility is dis
played as a function of pH (Wolf, 1970). However, proteins 
have different isoelectric points that can be shifted by de- 
naturation and chemical m odification such as acetylation 
and succinylation. It is quite difficult to com pare the 
charge effect, as a function of pH, on the functional prop
erties of proteins having different isoelectric points. It is 
useful to use zeta potential instead of pH as a variable. The 
aggregate size of soy protein particles was correlated well to 
zeta potential (Chan et al., 1982). Protein insolubility was 
affected by zeta potential and proteins showed the maxi
mum insolubility at zeta potential near zero (Fig. 6).

Table 1 shows the results of backward stepwise multiple 
regression analysis which is applied to protein insolubility 
measured ‘at different zeta potentials’ ranging from 0 -  
30 mV as functions of hydrophobicity and the absolute 
values of zeta potential. There was a good correlation (P <  
0.001) when ANS hydrophobicity  was used as an indepen
dent variable representing hydrophobicity. The data of na
tive bovine serum albumin were again eliminated from an
alysis. A much better correlation (P <  0.001) was obtained 
when PSC hydrophobicity was used. Insolubility signifi
cantly (P <  0.001) correlated with PSC hydrophobicity, 
negative value of square of zeta potential and negative value 
of the interaction of zeta potential (ZP) and PSC hydro
phobicity :

[% insoluble protein] = 3.43 PSC -  0.057 PSC • ZP —
0.042ZP2 + 4.4 (4)

Meanwhile, the regression equation obtained using CPA 
data as an independent variable showed that CPA hydro
phobicity correlated negatively to  the insolubility which 
was theoretically unagreeable even though it was significant. 
Therefore, it is suggested that the aromatic hydrophobicity 
as well as zeta potential are responsible for the protein solu
bility. Surface hydrophobicity determined by using CPA

Fig. 6—Effect o f zeta potential on pro
tein insolubility o f several proteins. 
[A] u-lactalbumin; (1) unheated, (2) 
heated at 40° C, (3) 50° C, (4) 60° C, 
(5) 80°C in the presence o f 10 mM 
mercaptoethanol. [B] Caseins; (1) a- 
casein, (2) as ; -casein, (3) p-casein, (4) 
k-casein. [C] Soy proteins; (1) unheated 
and 12) heated soybean trypsin inhibit
or, (3) unheated and (4) heated soy 7S 
globulin, (5) unheated and (6) heated 
soy 11S globulin.

0 10 20 30 0 10 20 30 0 10 20 30

I Zeta Potential I , m V
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and the protein solubility. Surface hydrophobicity deter
mined by using CPA and the protein solubility were well 
correlated to some functional properties (Voutsinas et al., 
1983a. b; Voutsinas and Nakai, 1983; Townsend and Nakai, 
1983; Li-Chan et al., 1984). This indicates that a com bina
tion o: the aliphatic and aromatic hydrophobicities may be 
im portant to explain the protein functionalities.

Three dimensional surface plots of the insolubility 
of milk and soy proteins

Three dimensional surface plots were generated by a 
com puter to help visualization of the relationship between 
zeta potential, PSC hydrophobicity and the protein insolu
bility 'at different zeta potentials’ for all of the poroteins 
determined (Fig. 7) and those except soy proteins (Fig. 8). 
These figures clearly indicated that the protein insolubility

increases with an increase of hydrophobicity and w ith a 
decrease of zeta potential. A much sm oother figure was ob
tained after eliminating the data of soy proteins. This 
means that the insolubility property of milk proteins is 
slightly different from that of soy proteins and suggests 
that there are some other factors which may affect protein 
solubility such as structural effects, especially the differ
ence in conjugation (e.g. phosphoproteins vs. glycopro
teins).

In conclusion, protein hydrophobicity may be subclas
sified into the aliphatic hydrophobicity and the aromatic 
hydrophobicity and the contribution of each hydrophobic
ity to  protein functionality is desirable to  be assessed sepa
rately. Backward stepwise multiple regression analysis 
showed that the aromatic hydrophobicity and zeta poten
tial were major factors for the protein solubility.

Table 1 —Multiple regression models for prediction o f the protein insolubility

Dependent
variable

Variable
description

Regression
coefficient F-ratio F-probability Rvalue

%  Insoluble Constant 4.44 0.72 0.396 0.120
protein )PSC)a PSC 3.43 94.70 0.000 0.841
(n = 18S; R2 = 0.612, ZP2 -0.0416 7.67 0.006 -0 .295
P < 0.001; S.E.e = 23.2) PSC x ZP -0.0573 7.04 0.009 -0 .366

% Insoluble Constant 13.4 5.15 0.024 0.362
protein ANS)b ANS 0.781 62.34 0.000 1.404
(n = 183; R2 = 0.480, ANS2 -0.0014 22.51 0.000 -0.761
P <  0.001 ; ZP2 -0.042 10.18 0.002 -0 .302
S.E. = 26.9) ANS x ZP -0 .010 8.27 0.005 -0 .387

% Insoluble Constant 70.9 221.9 0.000 1.915
protein iCPA)c CPA2 -0.0000011 14.61 0.000 -0 .242
(n = 189; R2 = 0.258, ZP -1 .89 47.40 0.000 -0 .435
P < 0.001; S.E. = 32.0)

% Insoluble Constant 71.1 150.4 0.000 1.878
protein iDPH)d DPH -0 .180 7.61 0.007 -0 .554
(n = 125; R2 = 0.275, DPH2 0.0004 7.75 0.006 0.559
P < 0.001; S.E. = 32.6) ZP2 -0.0635 37.67 0.000 -0 .476

a,b ,c,d  | ^solubility correlated to PSC , A N S , C P A  and DPH  h yd ro p h o b icity , respectively . 
e Standard error of estim ate.

Fig. 7—Three dimensional surface plot o f protein insolubility as 
functions o f zeta potential (ZP) and PSC hydrophobicity (Sq). 
Protein insolubility was measured at different zeta potentials 
ranging from 0 - 30 mV.

Fig. 8—Three dimensional surface plot o f protein insolubility ex
c is in g  the data o f soy proteins as functions o f zeta potential (ZP) 
and PSC hydrophobicity (Sq).
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----------------------------ABSTRACT----------------------------
The effect of electrical stimulation of pork carcasses on distribution 
and rate of migration of curing ingredients (nitrite, salt, glucose) 
was investigated. Sixty cylindrical triceps brachii muscle samples 
were prepared at 24 hr post-stimulation from three pigs (left side 
stimulated; right side control, not stimulated) and determination for 
nitrite, salt and glucose were made at 24, 48 and 72 hr post-curing 
at each of four cylindrical segment depths of 1.25 cm each. The 
analysis of variance indicated that electrical stimulation caused 
significant (P < 0.01) improvement in absorption and migration of 
curing ingredients (nitrite, salt, glucose) into all depths of the pork 
cylinder.

INTRODUCTION
ELECTRICAL STIMULATION has been reported to  im
prove tenderness in beef, lamb and goats (Chrystall and 
Hagyard, 1975, 1976; Grusby et al., 1976; Gilbert and 
Davey, 1976; Gilbert et al., 1976; Davey et al., 1976; 
Smith et al., 1977; Saveli et al., 1977; Sorinmade et al.,
1978) as well as influencing other m eat quality (flavor, 
lean color, heat ring, marbling, retail case life) parameters 
(Saveli et al., 1979).

Pork tissue has not been intensively investigated in 
terms of the influence of electrical stim ulation on meat 
quality but in the pork research work of Smith et al.
(1980) Crenwelge et al. (1980) and Johnson et al. (1982) 
it was reported that electrical stim ulation does not appear 
to improve quality, quality indication or palatability traits 
of pork muscle.

The effects of electrical stimulation have not previously 
been evaluated to any major extent in terms of the migra
tion rate and distribution of curing ingredients in either 
beef or pork tissue. Ockerman and Dowiercial, (1980) 
stated that neither tumbling nor electrical stim ulation had 
a significant effect on the levels of sodium nitrite or sodium 
chloride under the conditions of their research. They did, 
however, report improved distribution of curing ingredients, 
especially nitrite, by electrical stimulation and that could 
be a very valuable factor in the current attem pts to shorten 
the curing time or to reduce the nitrite level in curing solu
tion and cured meat.

The objectives of this study were to  determine whether 
electrical stimulation influences the distribution and rate 
of migration of curing ingredients in pork tissue during the 
curing process.

MATERIALS & METHODS
THREE PIGS were conventionally slaughtered and the left side of 
each carcass was electrically stimulated after splitting within 45 
min post-slaughter. The carcasses were stimulated using a High 
Voltage JASEC Electrical Meat Stimulator (JASEC, Inc., Attica, 
IN). Each treated side received 15 electrical impulses of 500V alter
nating current of 2.5 sec each in duration followed by 2.5 sec of 
no current. The other side (right) was used as a control (nonstimu- 
lated). The triceps brachii muscles were removed 24 hr postmortem

Author Kwiatek is affiliated with the Dept, o f Hygiene o f Animal 
Products, Veterinary Research Institute, Pulawy, Poland.

from both sides of the chilled carcasses. Cylindrical samples of
1.5 cm in diameter and 5 cm in length (Parallel to muscle fibers) 
were prepared from the muscles using an electrical cork borer on 
the firmly chilled tissue. These cylindrical samples were tightly 
placed into plastic tubes (1.5 cm internal diameter X 9 cm in length) 
in an effort to prevent migration of curing solution between the sam
ple and sides of the tube. This technique has many similarities to 
the procedure used by Wistreich et al. (1959, 1960) to study chlor
ine accumulation. Curing solution (2.5 ml) composed of 20% NaCl, 
6% glucose and 0.16% sodium nitrite was added to the tubes above 
the samples. Both stimulated and nonstimulated samples in the 
tubes were held at 3 -  5°C and sampled at 24, 48, and 72 hr. No 
visual PSE tissue was noted in either the fresh or cured tissue of 
cither the control or stimulated samples; however, these small sam
ples were not an ideal model for this evaluation and only a small 
number of hogs are represented in this sample. At each sampling 
time, the excess cure above the sample was discarded and the cylin
drical sample was removed from the tube and divided into four 
cylindrical segments of 1.25 cm in depth from the top (adjacent 
to curing solution) to the bottom of the sample. These segmented 
samples were each individually analyzed for nitrite level using the 
procedure described by Ockerman (1981) with two necessary 
changes: (1) samples were blended in a Stomacher Lab-Blender 
with 80 mL hot 70°C distilled water for 2 min and, after that, were 
quantitatively transferred into a 500 mL volumetric flask, (2) no 
mercuric chloride was added to the flask after 2 hr extraction in a 
water bath to avoid the addition of any extra chloride ions. Ocker
man and Dowiercial (1980) have reported that elimination of 
merucric chloride did not affect the analysis for nitrite in cured 
tissue. In this way it was possible to use the same extract to deter
mine content of nitrite, sodium chloride and glucose. Salt was 
analyzed by the Dicromat (R) (Diamond Crystal Salt Co., St. Clair, 
MI) procedure (Anonymous, 1977) which involved using the salt 
analyzer containing an electronic probe. Glucose was determined 
by the procedure described by Koniecko (1979) for meat products. 
Ten triceps brachii cylindrical samples were prepared for each treat
ment (stimulated and nonstimulated) and each time period (24, 48, 
72 hr) and each segment (0 -  1.25, 1.26 -  2.50, 2.51 -  3.75, 3.76 -
5.0 cm) was analyzed for NaCl, NaNC>2 and glucose. This resulted 
in a total of 40 determinations for nitrite, salt and glucose for each 
treatment (stimulated vs nonstimulated) and for each period of time 
(24, 48, and 72 post cure).

Analysis of variance (Harvey, 1968) was used to determine the 
significance of stimulation, depth of sample, time and their interac
tions. Means were separated by Duncan Multiple Range Test (Ock
erman, 1983).

RESULTS & DISCUSSION
THE RESULTS of migration and distribution of curing 
ingredients (nitrite, salt, glucose) in stimulated and non
stimulated pork tissue are shown in Fig. 1 -  6).

All two-way interactions (stim ulation X time, stimula
tion X depth, time X depth) were significant (P <  0.01) 
for nitrite concentrations and Fig. 1 illustrates the stimula
tion X depth relationships. This suggests that nitrite con
centration was increased at each depth by stim ulation and 
the analysis of variance indicated that stim ulation had a 
significant (P <  0.01) influence on this nitrite level. Fig. 2 
shows the three-way interaction (stim ulation X time X 
depth) for nitrite concentration and again illustrates the 
effect of stim ulation, depth and linear time on the pene
tration  rate. The differences in the levels of nitrite in each 
cylindrical sample depth between stimulated and nonstim u
lated samples were approxim ately the same (20 -  30 ppm)
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during the to tal time period of curing, except the segment 
of sample adjacent (0 -  1.25 cm in depth) to  the curing 
solution after the 24 hrs curing period where the levels 
did not differ significantly between stimulated and non- 
stimulated samples.

As shown in Fig. 3 and 4 electrical stim ulation caused 
a significant increase (P <  0.01) in the NaCl concentration 
at all sample depths. Figure 3 illustrates the significant

Fig. 1—Effect o f electrical stimulation on the concentration o f 
nitrite at several depths in pork tissue (n = 30 per bar).

(P <  0.01) stimulation X depth interaction and the general 
shape of the pattern is similar to  Fig. 1 for nitrite. Figure 4 
shows the three-way interaction (stim ulation X tim e X 
depth) for salt and it is similar to Fig. 2 for nitrite except 
there is a slightly greater difference in the salt concentra
tion for stimulated and nonstim ulated tissue at the 0 -
1.25 cm depth of 24 hr and the salt differences are not as 
great and are not significant in the 3,75 -  5.0 cm depth at 
any time period. This decreased influence of electrical 
stim ulation for salt at greater depths may be due to the 
larger influence of osmotic pressure of salt due to its 
higher concentration. The analysis of variance indicated 
that electrical stim ulation as well as linear time (24, 48 
and 72 hr post cure) and depth of tissue had a highly 
significant ( P <  0.01) influence on the salt concentrations.

Electrical stim ulation also caused an increase in glucose 
penetration and concentrations for all depths of cylindrical 
segmented samples in com parison to nonstim ulated tissues 
(Fig. 5, 6), and again the concentration of glucose (Fig.
5) is similar to  the relative concentration of nitrite in Fig. 
1. Fig. 6 illustrates the concentration of glucose for the 
stimulation X time X depth interaction. The pattern

Fig. 3—Effect o f electrical stimulation on the concentration o f 
salt at severa ' depths in pork tissue (n = 30 per bar).

500

0-1.25 cm 1.26-2.50 cm 2.51-3.75 cm 376-5.0 cm depth

8
7
6
5
4
3
2
1
0

0-1.25 cm 1.26-2.50 cm

H Nonstimulated 

I  Stimulated
a-n Bars with the same letters are 

not different at the 0.05 level

2.51-3.75 cm 3.76-5. Ocm depth

Fig. 2 -E ffe ct o f o f electrical stimulation, time and sample depth on Fig. 4 -E ffe ct o f electrical stimulation, time and sample depth on
the concentration o f nitrite in pork tissue (n = 10 per bar). the concentration o f salt in pork tissue In = 10 per bar).
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E L E C T R I C A L  S T I M U L A T I O N  A N D  C U R IN G  P R O C E S S . . .

1.8 S  Nonstimulated

Fig. 5—Effect o f e.'ectrical stimulation on the concentration o f 
glucose at several depths in pork tissue (n = 30 per bar).

once again is similar to the nitrite (Fig. 2) and salt (Fig. 4) 
patterns previously observed.

This overall increase in migration and concentration 
of cure ingredients was probably influenced by the disrup
tion of muscle tissue caused by electrical stimulation as 
would be expected and agrees in general with the report of 
Ockerman and Dowiercial (1980). In a normal curing opera
tion the movement of curing pickle com ponents would be 
caused by salt which diffuses inwards, forms a complex 
with the protein of meat which creates a higher osmotic 
pressure than the brine (Lawrie, 1979). When electrical 
stim ulation is applied the distribution and migration of 
the cure ingredients may also be prom oted by the dis
ruption of the muscle sarcolemma, which may take place 
during stimulation (Saveli et al., 1978; Sonaiya et al., 1982; 
Cross, 1978). This would prom ote the migration of curing 
ingredients both oetween muscle bundles and fibers and 
into those fibers with fragmented sarcolemma, resulting 
in a quicker and more uniform distribution of curing ingre
dients. It would be prem ature to recommend electrical 
stim ulation of pork carcasses based on this research since 
it did not attem pt to measure PSE conditions or loss of 
curing ingredients during heat processing.
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D e s c r i p t i v e  S e n s o r y  A s s e s s m e n t  o f  B e e f  S t e a k s  b y  

C a t e g o r y  S c a l i n g ,  L i n e  S c a l i n g  a n d  M a g n i t u d e  E s t i m a t i o n

P. J. SHAND, Z. J. HAWRYSH, R. T. HARDIIM and L. E. JEREMIAH

----------------------------ABSTRACT-----------------------------
Eighteen trained panelists evaluated the eating quality o f  a total of 
54 cooked sem imem branosus steaks from  delay chilled and hot 
boned treatments using category scaling (CS), line scaling (L S )  and 
magnitude estimation (M E )  in different sequences. Treatment F- 
values showed that C S  was m ost sensitive and L S  was least sensitive 
in detecting differences in steak quality attributes. M E  was as sensi
tive as C S  to m ost treatment differences. Fo r tenderness, correla
tions between each o f the three evaluation techniques were high 
(r >  0.86). Significant correlations (r >  0.63) between panel tender
ness assessments and shear data were also found. C S  was m ost 
preferred and M E  was least preferred by panelists. Panelists found 
M E  the m ost difficult to use.

INTRODUCTION
M E A T  S C IE N T IS T S  ro u t in e ly  u t il ize  t ra in e d  desc rip t ive  
panels  to  d e te r m in e  th e  e f fec ts  o f  va r ious  p r o d u c t i o n  and  
p rocess ing  t r e a tm e n t s  o n  th e  q u a l i ty  a t t r i b u te s  o f  c o o k e d  
m ea t .  C a te g o ry  scales,  g enera l ly  e m p lo y e d  f o r  th e  d e sc r ip 
tive se n so ry  a ssessm en t  o f  m e a t  (A M S A , 1978) ,  m ay  have 
so m e  sh o r tc o m in g s .  Pane lis ts  m a y  avoid  using  th e  ends  o f  
th e  scale  a n d  th is  “ c a teg o ry  end  e f f e c t ”  m ay  bias t h e  
ra t ings  ( O ’M a h o n y ,  1979) .  In  a d d i t io n ,  successive in te rva ls  
a lo n g  th e  scale  m ay  n o t  be eq u a l  in sub jec t ive  m ag n i tu d e  
a l th o u g h  d a ta  ana lyses  are based  o n  th is  a s s u m p t io n  
(S te v en s  a n d  G a lan te r ,  1 9 5 7 ;  C lo n in g e r  e t  al., 1976).

S e m is t ru c tu re d  line scales,  w h ic h  f o r m  th e  basis fo r  
“ Q u a n t i t a t iv e  D escr ip t ive  A n a ly s is” ( S to n e  e t  al., 1980),  
have  b e e n  u se d  b y  several m e a t  re sea rch ers  (H a r r ie s  e t  al., 
19 7 2 ;  B o u t o n  e t  al., 19 8 0 )  a n d  have  b e e n  r e p o r t e d  t o  be  
m o re  sensi t ive  t o  p r o d u c t  d i f fe re n ce s  t h a n  s t r u c tu r e d  scales 
(B a te n ,  1946) .  R e d u c e d  ve rba l  a n ch o r in g  m ay  also m in i
m ize th e  p ro b le m  o f  u n e q u a l  in te rva ls  a ssoc ia ted  w i th  th e  
i n te r p r e t a t i o n  o f  de sc r ip t ive  te rm s  ( J o n e s  et al., 1955).

M ag n i tu d e  e s t im a t io n ,  a r a t io  scaling te c h n iq u e ,  has 
b e c o m e  p o p u la r  f o r  f o o d  r e sea rch  (M o sk o w i tz ,  1 9 8 3 )  b u t  
has n o t  b e e n  w ide ly  u t i l ized  w i th  m e a t  (Segars  e t  al., 19 7 5 ;
1981) .  Use o f  m a g n i tu d e  e s t im a t io n  m ay  e l im in a te  p o t e n 
tial  b iases o f  c o n v e n t io n a l  ( in te rva l)  scales b e cau se  p a n e l 
ists  are n o t  l im i te d  to  a f ix ed  set  o f  n u m b e rs .  In  a d d i t io n ,  
s ince  i n s t r u m e n ta l  m e a s u r e m e n ts  a re  c a l ib ra ted  in ra t io s ,  
i t  m a y  be a d v an tag e o u s  to  also have  senso ry  m easure s  on  a 
ra t io  scale ( L a r m o n d ,  1976).

R e c o m m e n d a t i o n s  regard ing  th e  e x te n t  o f  panelis t  
t ra in in g  f o r  c a teg o ry  scaling, line scaling a n d  m a g n i tu d e  
e s t im a t io n  d iffer .  A n  ‘e x p e r t ’ de sc r ip t ive  p anel  using c a te 
g o ry  scales m ay  receive th re e  to  f o u r  m o n th s  o f  in tens ive  
t ra in in g  (A M S A , 1 9 7 8 ) ,  while  panel is ts  using  line scales fo r  
q u a l i ty  ev a lu a t io n s  usua l ly  receive a b o u t  10 h o u r s  o f  t r a in 
ing ( Z o o k  a n d  W essm an,  1977) .  W ith  m a g n i tu d e  e s t im a t io n ,
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i t  is fe l t  t h a t  a c o n sc ie n t io u s  p e r so n  can  m a k e  q u a n t i t a t iv e  
e s t im a te s  o f  a t t r i b u te s  a f te r  a few  in t r o d u c t o r y  sessions 
(M o sk o w i tz ,  1977) .  H ow ever ,  th e  use  o f  m ag n i tu d e  es t im a
t io n  by  t ra in ed  ra th e r  t h a n  u n t r a in e d  p anels  m ay  resu l t  in 
im p ro v e d  d i s c r im in a t io n  o f  t e x tu r a l  a t t r i b u te s  (C a rde l lo  
e t  al., 1982a).

C o m p ara t iv e  s tu d ies  e x a m in in g  th e  use  o f  c a teg o ry  
scaling (CS),  l ine  scaling (L S )  a n d  m ag n i tu d e  e s t im a t io n  
(M E ) in m e a t  r e sea rch  are  lacking. T h e re fo re ,  th is  investiga
t io n  was des igned  to  c o m p a r e  t h e  sensi t iv i ty  a n d  a cc u ra c y  o f  
th ese  sen so ry  e v a lu a t io n  t e c h n iq u e s  f o r  t h e  desc rip t ive  
se n so ry  asse ssm en t  o f  beef,  a n d  to  inves tiga te  s ta tis t ica l  
r e la t io n sh ip s  b e tw e e n  th e  th ree  e v a lu a t io n  t e c h n iq u e s  and  
ease o f  scale usage.

MATERIALS & METHODS

Panelists

The panel consisted o f 18 students and staff (17 females, 1 male; 
18-35 years) in the Dept, o f  Fo o d s  &  N utrition  at the Univ. o f 
Alberta. Sixteen o f the 18 were naive to sensory evaluation. The 
remaining panelists had some taste panel experience but had not 
served on  a panel for several years.

Sixteen triangle tests were used to screen 28 potential panelists 
as described by C ross et al. (1978). Panelists were then intensively 
trained over a 12-wk period in the use o f each evaluation technique, 
panel procedures and quality attribute definitions. The training time 
and experience provided for each evaluation technique was similar. 
A  panel leader, equally experienced w ith each evaluation procedure, 
conducted all training sessions. The introduction and refinement o f 
C S, L S  and M E  procedures followed a sim ilar format. D uring  train
ing, panelists ind ividually scored a wide varitey o f  beef samples 
(different tender and less tender m uscles from  animals o f  various 
ages were cooked to varying degrees o f  doneness (61-75°C )) using 
each evaluation technique. Fo r C S  and LS, scores were recorded and 
then discussed in round table sessions. To  avoid influencing panel
ists’ choice o f num bers when using M E , on ly relative differences 
between meat samples presented were discussed. In  addition, 
panelists were oriented to M E  using lines and shapes (Moskow itz,
1977) before evaluations o f meat began.

Panel performance was evaluated twice during training follow ing 
the procedures o f  C ross et al. (1978 ) and A M S A  (1978). The 
panelists that participated were sensitive to sample differences, con
sistent over time and h ighly motivated.

Sam ples

A  total o f 18 sem imem branosus (SM )  roasts, nine from  each of 
two postmortem  processing treatments, were obtained from  the 
Agriculture Canada Research Branch, Lacombe, Alberta. Details of 
breeding, management and postm ortem  handling o f the animals 
were described by Jeremiah et al. (1984). N ine  o f the S M  roasts 
were excised from  delay chilled carcasses which had been held for 
the first 2 hr after slaughter at 10-15°C and then aged for 6 days at 
2°C. The remaining nine roasts were hot boned 40  m in  postm ortem  
and then aged for 6 days at 2°C. The roasts (distal end o f the SM ) 
were individually vacuum-packaged in barrier bags, stored ( - 3 0 ° C) 
for several m onths and then transported to the Univ. o f Alberta.

Three adjacent 3.8 cm steaks were cut, perpendicular to the 
muscle fiber direction, from each frozen roast and then individually 
packaged and stored as described by Haw rysh  and Wolfe (1983). 
The three steaks, from  each o f  nine roasts per treatment, were 
assigned according to three 3 x 3  Latin  square designs for prepara
tion in each o f  three phases or time periods.
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Prior to use, each wrapped frozen steak was thawed for 3 hr at 
22°C and then for 20 hr at 3°C. A ll steaks were ind ividually roasted 
at 176°C to an internal temperature o f 65°C. The internal tempera
ture o f each steak was m onitored w ith two copper-constantan 
thermocouples connected to a Honeyw ell recording potentiometer. 
After cooling to 50°C, each cooked steak was weighed, wrapped in 
plastic and refrigerated for approxim ately 1 hr to facilitate sampling 
o f the meat. Sam pling procedures for sensory and objective mea
surements are described by Shand (1984). Total cooking time (m in) 
was noted and the percentage cooking losses, based on  the weight of 
each thawed steak, were calculated.

D uring  sample preparation, the degree o f doneness of each 
cooked steak was assessed by three experienced judges using a 
double-pointed category scale (1 = well-done, 5 = medium, 9 = rare).

Sensory evaluation
To  m inim ize the effects o f carryover, learning and m otivational 

factors, panelists used each sensory evaluation technique sequen
tially, in different predetermined orders, in the three distinct phases 
o f the study. In  each phase, panelists evaluated one o f three adja
cent steaks from  each o f nine roasts per treatment using one o f  the 
three evaluation procedures. Prior to each phase, a short unidenti
fied retraining period for each evaluation technique was held.

Panel sessions were held daily between 1030 hr and 1430 nr in 
an atm ospherically controlled sensory panel room  equipped w ith 
eight individual booths and white lights. Each panelist received two
1.3 cm cubes o f beef from designated positions in each o f four 
steaks (which represented two replications). The samples (in small 
covered glass jars) had been warmed to 50°C  in double boiler 
systems on Salton H otrays®  assembled in each booth. Distilled 
water (21°C) was provided for rinsing between samples. Sample 
presentation was balanced for serving order, judge and replication.

Panelists assessed five descriptive attributes in each beef sample: 
initial tenderness (based on  two chews w ith the molar teeth), overall 
tenderness, connective tissue amount, overall juiciness and flavor 
intensity. Fo r  CS, each panelist rated each attribute in the samples 
using an eight point descriptive category scale: 8 = extremely ten
der, juicy, meaty and no connective tissue; 1 = extremely tough, 
dry, weak and abundant connective tissue. Each panelist standard
ized his /her overall tenderness scores by the num ber o f  chews 
required to completely masticate a cube of beef. Fo r  LS, each 
panelist marked a vertical line across a 15 cm line at the point w hich 
best described his/her impression of each of the attributes in the 
beef cubes. The line scales were anchored 1.3 cm from  each end 
with the appropriate descriptors (very tender-very tough; small 
amount connective tissue-large am ount connective tissue; very 
juicy-very dry; very meaty-very weak). A  value from  0.0-15.0 was 
assigned to each rating by converting the m ark on the line to a 
numerical score. F o r  the m odulus free M E  procedure, each panelist 
assigned any num ber (greater than 0) o f  his/her choice to describe 
each attribute in the first sample presented. In  each successive 
sample, panelists assigned num bers in relation to those attributes in 
the previous sample. F o r  M E , panelists were instructed to assign 
num bers to reflect the ratios o f  sensory intensity and that the ratio 
relationship o f the num bers assigned was more im portant than the 
actual num bers assigned. The use of larger num bers indicated 
increased toughness, connective tissue amount, juiciness and meati
ness.

U p on  com pletion o f the study, the panelists ind ividually ranked 
the three evaluation techniques for ease of learning, effort required 
for sample evaluation and scale preference.

Objective measurements
Objective measurements of the cooked steaks were made on 

samples at 21°C  taken from  positions adjacent to those used for 
sensory evaluation. E ight to 10 cores (1.3 x 1.3 x  3.2 cm) per steak, 
cut parallel to the muscle fibers, were sheared once w ith a Warner 
Bratzler blade attached to the Ottawa Texture Measuring System  
(O T M S )  using the procedure described by Haw rysh  et al. (1979). 
The percentage press fluid in triplicate 0.5g samples from  each steak 
was determined as described by Shand (1984). Hunter color mea
surements were made on samples from each cooked steak using p ro 
cedures given by Haw rysh  and Wolfe (1983).

Data analyses
Arithm etic means were calculated for C S  and L S  data; geometric 

means were calculated tor M E . Least squares split-plot analyses of

variance were computed for the various factors under investigation. 
The magnitude estimates were transformed to logarithm s for data 
analyses unless otherwise noted. However, it was not necessary to 
normalize M E  data according to the procedures described by Powers 
et al. (1981) because panelist variation was removed in the analyses 
o f  variance procedures utilized.

Correlation and regression analyses were perform ed to assess 
linear and other mathematical functions for appropriate sensory 
data between each o f  the three evaluation techniques. In  addition, 
for initial and overall tenderness, correlation and regression analyses 
were performed between each o f the evaluation techniques and 
Warner Bratzler shear data. The functions evaluated included; linear 
(Y  = a + bX ), power (Y  = a X n ), logarithm ic (Y  = a + b lnX), hyper
bolic (Y  = a +  b (1/X)) and parabolic (Y  = a +  b X  +  c X 2). Fo r evalu
ation o f the nonlinear functions, appropriate transform ations o f  the 
data were made and linear regressions were computed. A ll correla
tions and regressions were com puted across treatments rather than 
w ithin treatments to allow an evaluation o f relationships over the 
entire range o f the data.

For the three evaluation techniques, the ranked data for selected 
criteria were converted to scores according to the m ethod o f F isher 
and Yates (1942) as described by  Larm ond  (1977) and then sub
mitted to analyses o f variance. Mean separation o f ranks was done 
using Student New m an K e u l’s Multip le Range test (Steel and Torrie,
1980).

RESULTS & DISCUSSION
T H E  RAW W E IG H T , c o o k in g  t im e ,  f inal  i n te rn a l  t e m p e r a 
tu re  a n d  c o o k in g  losses fo r  SM s teak s  (T ab le  1) sh o w  n o  
d i f fe ren ces  a t t r i b u ta b le  to  p o s t m o r t e m  t r e a tm e n t .  In  th e  
p re se n t  s tu d y ,  s teaks  t o o k  an  average to ta l  c o o k in g  t im e  o f
56 .8  m in  to  reach  65 C a n d  gave to ta l ,  vo la t i le  a n d  drip  
losses o f  22 .6%, 19.6%  and  3.0%, respec tive ly .  M oore  e t  al.
( 1 9 8 0 )  ro a s te d  3.8 cm  SM s teak s  in a r o t a r y  gas oven  at 
177 C to  65 C in 55 .2  m in  a n d  o b ta in e d  to ta l ,  vo la t i le  and  
dr ip  losses o f  20 .6%, 19.0% an d  1.6%, respec tive ly .

D a ta  fo r  th e  desc rip t ive  sen so ry  a ssessm en ts  o f  de lay  
chilled  a n d  h o t  b o n e d  s teaks  b y  CS, LS a n d  ME are  su m 
m arized  in T ab le  2. W hen  panel is ts  e m p lo y e d  CS, h o t  b o n e d  
s teak s  w ere  ra te d  lo w er  (P  <  0 .0 5 )  in in it ia l  t e n d e rn e s s  a n d  
overall  t en d e rn es s  and  h igher  (P <  0 .0 1 )  in overall  ju ic in es s  
th a n  c o m p a ra b le  de lay  chilled steaks.  W ith  the  LS t e c h 
n ique ,  th e re  were  no  sign if ican t  d i f fe re n ce s  in the  q u a l i ty  
a t t r i b u te s  d u e  to  p o s t m o r te m  t r e a tm e n t .  Using ME, p anel
ists scored  th e  h o t  b o n e d  s teak s  lo w e r  (P  <  0 .0 5 )  in overall  
t e n d e rn e s s  an d  h igher  (P <  0 .0 1 )  in ju ic in ess  t h a n  c o m 
p arab le  de lay  chilled steaks.

A l th o u g h  th e re  w ere  d i f fe ren ces  in th e  levels o f  s ta t is t i 
cal  s ignificance, t h e  d i re c t io n  a n d  e x t e n t  o f  th e  d i f fe re n ce  
b e tw e e n  m e a n  scores assigned to  each  o f  th e  q u a l i ty  a t t r i b 
u tes  in th e  de lay  chilled  an d  h o t  b o n e d  s teaks  w ere  genera l
ly s imilar  fo r  CS, LS a n d  ME (T ab le  2). F o r  eac h  e v a lu a t io n  
t e c h n iq u e ,  d i f fe ren ces  b e tw e e n  s te ak  t r e a tm e n t  m ean s  
t e n d e d  to  be large fo r  in it ia l  t e n d e rn es s  and  overall  t e n d e r 
ness,  in te r m e d ia t e  fo r  a m o u n t  o f  c o n n ec t iv e  t issue and  
ju ic iness ,  a n d  sl ight fo r  f lavor  in tens i ty .

Table 1 —Means and standard errors for raw weight, cooking time, 
final internal temperature and cooking losses for semimembranosus 
steaks from delay chilled and hot boned treatments

Postmortem treatment

Measurement Delay chilled Hot boned S E M a

Raw weight, g 457.7 449.6 52.31
Cooking time, min 55.3 58.4 2.75
Final internal

temperature, C 65.1 65.1 0.16
Cooking losses, %

Total 23.1 22.1 1.29
Volatile 20.1 19.2 1.01
Drip 3.0 2.9 0.72

a Standard error o f the  means.
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Table 2—Means and standard errors for category scaling, line scaling 
and magnitude estimation o f semimembranosus steaks from delay 
chilled and hot boned treatments

Attribute

Postmortem treatment 

Delay chilled Hot boned S E M a

Category scaleb
Initial tenderness 5.4 4.5 0.26*
Overall tenderness 5.1 4.2 0.23*
Connective tissue amount 4.9 4.6 0.12
Overall juiciness 4.7 5.0 0 .05 **
Flavor intensity 5.0 5.0 0.10

Line scale0
Initial tenderness 9.8 8.2 0.50
Overall tenderness 8.9 7.6 0.42
Connective tissue amount 9.7 9.2 0.36
Overall juiciness 7.7 8.3 0.25
Flavor intensity 7.9 8.0 0.23

Magnitude estimation01
Initial tenderness 13.7 15.5 (0.034)e
Overall tenderness 16.3 20.0 (0.023)*
Connective tissue amount 10.0 11.5 (0.023)
Overall juiciness 12.3 14.4 (0.014)**
Flavor intensity 13.9 14.4 (0.012)

Standard e rro r o f  th e  means.
D M ax im um  score = 8. H igher values in d ica te  increased tenderness, 

ju iciness, flavo r in tens ity  and decreased connective  tissue am oun t. 
c M ax im um  score = 15. H igher values in d ica te  increased tenderness, 

ju iciness, fla vo r in ten s ity  and decreased connective  tissue am oun t. 
a M od u lu s  free scoring . H igher values in d ica te  increased toughness, 

connective  tissue am oun t, ju ic iness and fla vo r in tens ity . 
e S tandard error expressed as log 10 value.
*,** S ig n ifican t at P < 0.05 and P < 0.01, respectively .

S e n so ry  a sse ssm en ts  o f  ten d e rn e s s  t e n d  to  be  su p p o r t e d  
b y  W arn e r  B ra tz le r  shear  d a ta  (T ab le  3). A l th o u g h  th e  
d i f fe re n ce  w as  n o t  s ta t is t ica l ly  s ign if ican t,  th e  average shear  
fo rce  va lue  fo r  h o t  b o n e d  s teaks  was h ig h er  t h a n  t h a t  o f  
c o m p a ra b le  de lay  chilled  s teaks .  S ince  s teak s  f r o m  th e  d e 
lay  chil led and  h o t  b o n e d  t r e a tm e n t s  a t t a in e d  th e  sam e  
average in te rn a l  t e m p e ra tu r e  o f  6 5 . 1°C (range ,  6 4 .8 -6 5 .5 ° ) ,  
ju ic iness  was n o t  e x p e c te d  to  d i f fe r  b e tw e e n  th e  t r e a t 
m en ts .  How ever ,  th e  s ign if ican t  d i f fe re n ce s  fo r  ju ic in ess  
o b se rv ed  in T ab le  2 are s u p p o r t e d  b y  o b jec t iv e  m ea su re 
m e n ts  (T ab le  3). V isua l  e v a lu a t io n  o f  s teak  d o n e n e s s  in 
d ica ted  t h a t  th e  h o t  b o n e d  s teak s  w e re  m o re  ra re  (P <  0 . 0 1 )  
t h a n  c o m p a ra b le  d e la y  ch il led  s teaks .  A l th o u g h  H u n te r  L 
( l i g h t n e s s )  a n d  b ( y e l l o w n e s s ) va lues f o r  b o t h  t r e a tm e n ts  
w ere  similar,  t h e  H u n te r  a ( r e d n e s s ) va lue  fo r  h o t  b o n e d  
s teak s  w as h igher  (P <  0 . 0 0 1 )  t h a n  t h a t  o f  c o m p a ra b le  
de lay  chilled s teaks .  In  a d d i t io n ,  a g re a te r  (P  <  0 . 0 1 )  

p e rce n ta g e  o f  press  f lu id  was re leased f ro m  h o t  b o n e d  
s teak s  t h a n  f r o m  c o m p a ra b le  de lay  chilled  steaks.

J e r e m ia h  e t  al. ( 1 9 8 4 ) ,  u s ing  s imilar  SM s teaks  b u t  a 
g re a te r  n u m b e r  o f  rep l ica t io n s  t h a n  in  t h e  p re se n t  s tu d y ,  
r e p o r te d  t h a t  h o t  b o n e d  s teaks  w ere  lo w e r  (P <  0 .0 5 )  in 
in it ia l  ten d e rn e s s  a n d  overall  t e n d e rn e s s  an d  h ig h e r  (P  <  
0 .0 5 )  in  c o n n ec t iv e  t issue  t h a n  th e i r  d e la y  chilled  c o u n te r 
par ts .  F la v o r  sco res  b e tw e e n  p o s t m o r t e m  t r e a tm e n t s  d id  
n o t  d if fe r  s ign if ican tly .  In  c o n t r a s t  to  resu l ts  o f  t h e  p re se n t  
s tu d y ,  J e re m ia h  e t  al. ( 1 9 8 4 )  did n o t  f in d  s ign if ican t  d i f fe r 
ences in ju ic in ess  d u e  to  p o s t m o r t e m  t r e a tm e n t .

T r e a tm e n t  F-va lues w ere  used  as a m ea su re  o f  scale 
sens i t iv i ty  (M o sk o w i tz ,  1982) .  CS was m o s t  sensi t ive  t o  
t r e a tm e n t  d i f fe ren ces  (T ab le  4)  as in d ic a te d  b y  th e  th re e  
s ign if ican t  F-values o b ta in e d  fo r  in it ia l  t en d e rn es s ,  overall  
t en d e rn e s s  a n d  ju ic iness .  F o r  t h e  LS te c h n iq u e ,  n o  signifi
c an t  t r e a tm e n t  F-va lues w ere  d e te rm in e d .  F o r  ME, t r e a t 
m e n t  F-values fo r  overall  t en d e rn e s s  and  ju ic in ess  were  
sign if ican t  a n d  s im ila r  t o  th o se  o b ta in e d  by  CS; how ever ,  
t h e  F-va lue  f o r  in i t ia l  t e n d e rn e s s  was n o t  s ta t is t ica l ly  sig
n if ican t .  D if f icu l t ie s  w i th  t h e  ME p r o c e d u r e  m a y  h ave  con-

Table 3 —Means and standard errors for objective measurements and 
degree o f doneness for semimembranosus steaks from delay chilled 
and hot boned treatments

Postmortem treatment

Measurement Delay chilled Hot boned S E M a

OTMS-Warner Bratzler 7.7 8.7 0.66
blade, kg

Degree of donenessb 4.9 5.6 0.14 * *
H un te r L 44.9 42.6 1.93

a 6.8 8.4 0.09 * * *
b 10.4 10.5 0.13

Press fluid, % 36.5 40.1 0.61 * *

j* S tandard error o f the  means.
D Doneness scale: 1 = we ll-done , 5 = m edium , and 9 = rare.
** *** s ig n ifica n t at P <  0.01 ;md P <  0.001 , respectively .

Table 4—Treatment F-values from analyses o f variance o f quality 
attributes in semimembranosus steaks from category scaling, line 
scaling, and magnitude estimation

Treatment F-values

Attribute
Category
scaling

Line
scaling

Magnitude
estimation

Initial tenderness 6.63* 4.97 1.22
Overall tenderness 7.33* 5.11 7.30*
Connective tissue amount 4.33 1.21 3.92
Overall juiciness 13.55** 3.03 12 .26 **
Flavor intensity 0.00 0.10 0.82

*,** Significant at P <  0.05 and P < 0.01, respectively (Of = 1, 8)

Table 5—Pearson correlation coefficients (r) between panel assess-
ments from each evaluation techniquea

Attribute r

Initial tenderness
CS vs LS 0 .9 3 ***
CS vs ME - 0 . 8 6 * * *
LS vs ME - 0 . 9 1 * * *

Overa 1 tenderness
CS vs LS 0 .9 3 ***
CS vs ME - 0 . 9 2 * * *
LS vs M E - 0 . 9 2 * * *

Connective tissue amount
CS vs LS 0.54*
CS vs ME -0 .3 4
LS vs M E -0 .5 3 *

Overa 1 juiciness
CS vs LS 0.44*
CS vs ME 0 .7 4 ** *
LS vs ME 0 .65 **

Flavor intensity
CS vs LS 0.37
CS vs M E 0.59 **
LS vs M E 0.36

a Category scaling (CS), line scaling (LS) and m agn itude estim ation  
(M E).

* ** *** S ig n ifican t at P < 0.05, P < 0.01 and P < 0.001, respec
tive ly.

t r ib u t e d  t c  p a n e l i s t s ’ in ab i l i ty  t o  d isc r im in a te  d if fe ren ces  in 
in it ia l  t e n d e rn e s s  b e tw e e n  th e  t w o  p o s t m o r t e m  t r e a tm e n ts .  
B ecause  o f  th e  t im e  an d  e f fo r t  r e q u i r e d  f o r  sam p le  m as tica 
t io n ,  pane l is ts  n o te d  d i f f ic u l ty  in  r e m e m b e r in g  th e i r  im-
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Table 6—Coefficients o f determinationa (R^) for initiai and overall tenderness between each o f the three evaluation techniques0 fitted to five 
mathematical functions

Mathematical function

Comparison 
Y vs X

Linear
(Y = a + bX)

Power 
(Y = aXn)

Logarithmic 
(Y = a + blnX)

Hyperbolic 
(Y = a +b (1/X))

Parabolic
(Y = a + bX + cX2)

Initial tenderness
CS vs LS 0.86 0.89 0.85 0.81 0.87
LS vs CS 0.86 0.89 0.89 0.90 0.91
CS vs ME 0.74 0.76 0.77 0.78 0.78
ME vs CS 0.74 0.76 0.74 0.73 0.74
LS vs ME 0.82 0.79 0.82 0.79 0.83
ME vs LS 0.82 0.79 0.81 0.79 0.83

Overall tenderness
CS vs LS 0.86 0.86 0.83 0.78 0.90
LS vs CS 0.86 0.86 0.89 0.90 0.90
CS vs ME 0.84 0.85 0.85 0.86 0.86
ME vs CS 0.84 0.85 0.84 0.82 0.84
LS vs ME 0.84 0.79 0.84 0.83 0.84
ME vs LS 0.84 0.79 0.80 0.75 0.89

a  A ll co e ff ic ie n ts  o f dete rm ina tion  were s ign ifican t at P < 0.001.
° Category scaling (CS), line scaling (LS) and m agnitude estim ation  (M E).

Table 7—Pearson correlation coefficients (r) between panel tender
ness assessments from each evaluation techniquea and Warner 
Bratzier shear data

Attribute r

Initial tenderness
CS -0 .71 * * *
LS - 0 . 6 8 * * *
ME 0.63 **

Overall tenderness
CS - 0 . 6 8 * * *
LS - 0 . 6 9 * * *
ME 0 .7 0 ***

a  Category scaling (CS), line scaling (LS) and m agnitude estim ation  
(M E).

** *** s ig n ifica n t at P < 0.01 and P < 0.001, respectively .

press ions  o f  o n e  sam ple  re la tive  to  a n o th e r .  How ever ,  
M o sk o w i tz  ( 1 9 8 3 )  o b se rv ed  t h a t  pane l is ts  dev e lo p  the ir  
o w n  in te rn a l  f ram e  o f  r e fe re n ce  fo r  assigning scores to  each 
sam ple  and  th u s  m ay  n o t  need  to  r e m e m b e r  a t t r i b u te s  in 
successive  samples.

T h e  p a n e l i s t s ’ in ab i l i ty  to  d is t ingu ish  t r e a tm e n t  d i f fe r 
ences  b y  th e  LS t e c h n iq u e  was u n e x p e c te d .  S to n e  e t  al. 
( 1 9 8 0 )  have r e p o r t e d  success w i th  line scales f o r  “ Q u a n t i 
ta t ive  Descr ip t ive  A na lys is ;” how ever ,  few s tu d ies  have 
c o m p a re d  th e  sensi t iv i ty  o f  the  LS t e c h n iq u e  to  o th e r  
e v a lu a t io n  p ro c ed u re s .  A l th o u g h  g raph ic  ( l ine) scaling 
a llow s a p anel is t  to  d isc r im in a te  as f inely  as desired ,  th is  
scaling t e c h n iq u e  does  n o t  fo rce  su c h  a j u d g e m e n t  (Sy- 
m o n d s ,  1924) .  R a f fen sp e rg e r  e t  al. ( 1 9 5 6 )  scored  the  
t e n d e rn e s s  o f  b e e f  cu ts  f ro m  d i f fe re n t  g rades  using a n ine  
p o i n t  c a te g o ry  scale and  a m o d if ie d  line scale  (n ine  divi
s ions w ere  m a rk e d )  and  o b ta in e d  sim ila r  re su l ts  using each  
m e th o d .  H ow ever ,  fo r  assessm ents  o f  ap p le  q u a l i ty ,  B a ten  
( 1 9 4 6 )  r e p o r t e d  t h a t  t h e  LS t e c h n iq u e  re su l te d  in larger 
t-values t h a n  th e  CS tec h n iq u e .  In  a d d i t io n ,  G io v a n n i  and  
P a n g b o rn  ( 1 9 8 3 )  o b ta in e d  larger t r e a tm e n t  F-va lues fo r  
p a n e l i s t s ’ e v a lu a t io n s  o f  in ten s i t ie s  o f  fa t  in m ilk  and  
sucrose  in l e m o n a d e  b y  th e  LS t e c h n iq u e  th a n  by  ME.

C o m p ar iso n s  o f  CS a n d  ME p r o c e d u re s  have f r e q u e n t ly  
b e e n  m a d e  b y  u n t r a in e d  p anels  fo r  h e d o n ic  e v a lu a t io n s  o f  
f o o d  p r o d u c t s  (M o s k o w i tz  and  Sidel,  1971 ;  M oskow itz ,
1982) .  H ow ever ,  few  s tu d ies  using  t ra in ed  pane l is ts  have 
c o m p a re d  CS an d  ME fo r  th e  desc rip t ive  a ssessm en t  o f  fo o d

a t t r ib u te s .  M cDaniel  and  Sa w y e r  ( 1 9 8 1 )  used  n in e  p o in t  CS 
and  m o d u lu s  f ree  ME to  score  th e  in te n s i ty  o f  19 desc r ip 
tive p ro f i le  t e rm s  o f  w h isk ey  so u r  f o r m u la t io n s .  ME y ie lded  
a s im ila r  n u m b e r  o f  s ign if ican t  d i f fe ren ces  to  CS (M cD an ie l  
a n d  Saw yer ,  1981).

C o r re la t io n  c o eff ic ien ts  b e tw e e n  each  o f  t h e  e va lua t ion  
t e c h n iq u e s  (T ab le  5) fo r  in it ia l  a n d  overall  t en d e rn e s s  were  
h igh ly  sign if ican t  an d  in d ic a te d  s t ro n g  linear re la t io n sh ip s  
b e tw e e n  scores assigned b y  ju d g es  using CS, LS an d  ME. 
T h e  a ss ignm en t  o f  h ig h er  n u m b e r s  in d ic a te d  g re a te r  t e n d e r 
ness fo r  b o t h  CS a n d  LS. High n u m b e r s  signified to u g h n es s  
w i th  ME. T h u s  th e  posi t ive  a n d  negative  r e la t io n sh ip s  a re  as 
e x p ec te d .  F o r  th e  re m a in in g  a t t r ib u te s ,  th e  c o r re la t io n s  
b e tw e e n  each  o f  th e  th ree  tec h n iq u es ,  wh i le  s o m e t im e s  
significant,  w e re  m o d e r a te  to  low. S a m p le  h e te ro g e n e i ty ,  
especial ly  f o r  c o n n ec tiv e  t issue a m o u n t ,  a n d  a n a r ro w  
s t im u lu s  range, p a r t icu la r ly  fo r  ju ic in ess  a n d  f lavor  in te n 
sity,  m a y  have c o n t r ib u t e d  to  th e  low  c o r re la t io n s  o b ta in e d  
(Szczesn iak ,  1968;  Cross e t  al., 1978).

C o e ff ic ien ts  o f  d e te r m in a t io n  (T ab le  6) o b ta in e d  fo r  
t e n d e rn e s s  a ssessm en ts  f ro m  CS, LS a n d  ME f i t t e d  to  each  
o f  five m a th e m a t ic a l  fu n c t io n s  w ere  similar.  N o n e  o f  the  
m a th e m a t i c a l  fu n c t io n s  p ro v id ed  a c o n s is ten t ly  s u p e r io r  fi t  
o f  th e  da ta .  F o r  the  p a rab o l ic  fu n c t io n s  b e tw e e n  CS a n d  
ME ten d e rn es s  da ta ,  th e  q u a d r a t i c  ( X 2 ) t e r m  d id  n o t  m ak e  
a s ignificant  c o n t r i b u t io n  to  th e  fu n c t io n .  T hus ,  fo r  init ial  
an d  overall  t en d e rn ess ,  th e  re la t io n sh ip s  b e tw e e n  CS and  
ME d a ta  are n o t  curvilinear.  In  co n tra s t ,  C arde l lo  e t  al, 
( 1 9 8 2 b )  resca led  six s ta n d a rd  t e x t u r e  scales using  ME an d  
fo u n d  t h a t  the  CS d a ta  was concave  d o w n w a r d  re la tive  to  
th e  ME data .  T h is  in d ica ted  t h a t  at h ig h er  in te n s i t ie s  o f  
each  a t t r i b u t e  ev a lu a ted ,  CS was less sensi t ive  t h a n  ME to  
d i f fe ren ces  in  th ese  a t t r ib u te s .  In  t h e  p r e s e n t  s tu d y ,  h o w 
ever, d a ta  f o r  the  e v a lu a t io n  o f  b e e f  sam ples  using  CS d id  
n o t  cover th e  en ti re  s t im u lu s  range  o f  th e  scale  and  th u s  
m ay  have  in f lu e n ce d  th e  shape  o f  the  re su l t in g  fu n c tio n s .

R egress ion  analyses  o f  overall  t e n d e rn e s s  d a ta  b e tw e e n  
each  o f  th e  th re e  e v a lu a t io n  t e c h n iq u e s  y ie ld ed  the  fo l lo w 
ing l inea r  regress ion  e q u a t io n s :  fo r  CS a n d  LS, Y = 0 .1 6  + 
0 .5 5 X  ( r 2 = 0 .8 6 ) ;  fo r  CS a n d  ME, Y = 8.45 -  0 .2 0 X  ( r 2 = 
0 .8 4 ) ;  and  fo r  LS an d  ME, Y = 14.65 -  0 .3 5 X  ( r 2 = 0 .8 4 ) ,  
respectively .

C o r re la t io n s  o f  senso ry  scores and  m ec h an ic a l  m e a su re 
m e n ts  have been  used as an  in d ic a to r  o f  p an e l  a cc u rac y  
( H o v e n d e n  e t  al., 1979).  C o r re la t io n s  o f  t e n d e rn es s  d a ta  
w i th  W arner  B ra tz ie r  shear  values (T ab le  7)  y ie ld ed  sim ila r  
sign if ican t  r-values. How ever ,  these  c o r re la t io n s  o n ly
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Table 8—Coefficients o f determinationa (R^) between panel tenderness assessments from each evaluation techniqueb and Warner Bratzler shear 
data fitted to five mathematical functions

Mathematical function

Attribute
Linear

(Y = a + bX)
Power 

(Y = a X n )
Logarithmic 

(Y = a + blnX)
Hyperbolic 

(Y = a + b (1 /X))
Parabolic

(Y = a + b X  + c X 2 )

Initial tenderness
CS 0.51 0.53 0.51 0.50 0.51
LS 0.47 0.47 0.46 0.44 0.47
M E 0.40 0.37 0.39 0.37 0.40

Overall tenderness
CS 0.46 0.47 0.46 0.45 0.46
LS 0.48 0.48 0.47 0.44 0.49
M E 0.49 0.47 0.48 0.47 0.49

a C o e ffic ie n ts  o f  de te rm in a tion  >  0.46 w ere  s ign ifican t at P <  0.001; co e ff ic ie n ts  o f  d e te rm ina tion  >  0 .3 3  w ere s ign ifican t at P <  0.01. 
b Category scaling (CS), line  scaling (LS) and m agnitude estim ation  (M E).

a c c o u n te d  fo r  40-5 1% o f  t h e  v a r ia t io n  in th e  da ta .  T h e  h igh 
u n e x p la in e d  v a r ia t io n  in the  d a ta  m ay  be a re f le c t io n  o f  the  
lack o f  sens i t iv i ty  o f  th e  W arner  B ra tz le r  shear  to  s t ru c tu ra l  
c o m p o n e n t s  t h a t  in f lu e n ce  t a s te  p a n e l  assessm ents .  G u l le t t  
e t  al. ( 1 9 8 3 )  r e p o r t e d  t h a t  shea r  va lues m a y  n o t  be  re la ted  
to  t h e  p a n e l i s t s ’ p e r c e p t io n s  o f  m e a t  ten d e rn es s .

S im ila r  c o eff ic ien ts  o f  d e te r m in a t io n  (T a b le  8) b e tw e e n  
se n so ry  a sse ssm en ts  o f  t e n d e rn e s s  a n d  shea r  d a ta  were  
d e te r m in e d  f o r  eac h  o f  t h e  five m a th e m a t i c a l  fu n c t io n s .  
T h u s ,  t h e  CS, LS a n d  ME d a ta  can  be e x p la in ed  eq u a l ly  
well b y  e a c h  o f  th ese  fu n c t io n s .  F u r th e r m o r e ,  l inear,  
lo g a r i th m ic ,  h y p e r b o l i c  a n d  p a rab o l ic  fu n c t io n s  d esc r ib ed  
ME d a ta  as well as th e  m o re  t rad i t io n a l ly  used  p o w e r  
f u n c t io n .  T h is  f in d in g  agrees w i th  a r e c e n t  r e p o r t  by  
G io v a n n i  an d  P a n g b o rn  ( 1 9 8 3 ) .  F o r  in it ial  t e n d e rn e s s  and  
overall  t en d e rn es s ,  t h e  p o w e r  f u n c t io n s  re la t in g  ME a n d  
shear  d a ta  y ie ld e d  e x p o n e n t s  o f  1.13 a n d  1.05, re spec tive ly .  
B ecause  o f  d a ta  var iab il i ty ,  th e  s t a n d a r d  e r ro rs  fo r  init ial  
ten d e rn e s s  ( 0 .3 7 )  a n d  overal l  t e n d e rn e s s  (0 .2 8 )  a re  large. 
T h u s  th ese  e x p o n e n t s  m a y  n o t  be  re liab le  in d ic a to r s  o f  
sen so ry  r e sp o n se .  Segars e t  al. ( 1 9 7 5 )  r e p o r t e d  t h a t  ex 
p o n e n t s  re la t in g  t e x tu r a l  p ro p e r t i e s  o f  m e a t  to  an in s t ru 
m e n ta l  m ea su re  ( p u n c h  a n d  die shea r  device) ranged  f ro m
1.8 to  2 .6 .  H ow ever ,  c o m p a r is o n  o f  e x p o n e n t s  b e tw e e n  
s tu d ies  is d i f f ic u l t  becau se  e x p o n e n t s  m a y  be  d e p e n d e n t  o n  
s t im u lu s  range  and  re sp o n se  range  ( B i rn b a u m ,  1 9 8 2 ) .

Pane lis ts  ra n k e d  th e  e v a lu a t io n  t e c h n iq u e s  f o r  se lec ted  
c r i te r ia  (T ab le  9). CS and  LS w ere  eas ier  to  learn  a n d  
re q u ire d  less e f fo r t  f o r  sam p le  e v a lu t io n  t h a n  ME. In  a d d i 
t io n ,  p an e l i s t s  p re fe r r e d  CS over  b o t h  LS an d  ME. LS was 
ra n k e d  in te r m e d ia t e  in p re fe re n ce  a n d  ME was least  p r e 
fe rred .  T h e  e f fec t  o f  scale p re fe re n c e  o n  m o t iv a t io n  is 
u n k n o w n .  I f  a p ane l is t  is n o t  c o m f o r t a b l e  w i th  th e  task, 
s e n so ry  p e r fo r m a n c e  m a y  be  a f fe c te d .  H ow eve r ,  B a te n  
( 1 9 4 6 )  r e p o r t e d  t h a t  even  t h o u g h  pan e l is ts  p re fe r re d  th e  CS 
t e c h n iq u e  to  t h e  LS t e c h n iq u e ,  th e i r  d i s c r im in a t io n  o f  
d i f fe re n ce s  in a p p le  va r ie t ie s  w as  g re a te r  w i th  LS t h a n  w i th  
CS.

Pane lis ts  s t a te d  t h a t  th e  p r in c ip le  o f  ME w as easy  to  
u n d e r s t a n d  b u t  t h a t  its  a p p l i c a t io n  to  m e a t  was d iff icu l t .  
G e n era l ly ,  t h e  desc rip t ive  se n so ry  a ssessm en t  o f  b e e f  in 
volves t h e  s im u l ta n e o u s  e v a lu a t io n  o f  several charac te r is t ics .  
T h is  t y p e  o f  a ssessm en t  m a y  be m o re  d if f icu l t  w i th  ME 
t h a n  w i th  e i th e r  CS o r  LS, a n d  m a y  re su l t  in d e c reased  sen 
s i t iv i ty  t o  t r e a tm e n t  d i ffe rences .  Segars e t  al. ( 1 9 8 1 )  m o d i 
fied  th e i r  ME p r o c e d u r e  fo r  i r rad ia te d  beef ,  h a m  a n d  p o u l 
t r y  ro l ls  in  o rd e r  to  re d u c e  m e m o r y  in te r f e re n c e  a n d  to  
m a k e  ME ev a lu a t io n s  eas ie r  f o r  t h e  p an e l i s t s  (C arde l lo ,  
p e r so n a l  c o m m u n ic a t io n ) .  O r ig inal ly ,  pan e l is ts  ev a lu a ted  
f o u r  a t t r i b u te s  in  eac h  sam ple  in  th e  series p re se n te d ;  in a 
l a te r  p h a se  o f  t h e  inves t iga t ion ,  pan e l is ts  e v a lu a te d  a

Table 9—Mean values for the ranking o f selected criteria for cate
gory scaling (CS), line scaling (LS) and magnitude estimation (ME) 
by the 18 panelists

Evaluation techniqu e

Criteria13
Category

scaling
Line

scaling
Magnitude
estimation

Ease of learning 1.4b 1.6b 3.0a * * *
Effort for sample 1.6b 1.6b 2.8a * * *

evaluation 
Scale preference 1.4C 2.1b 2.6a * * *

’ • Means w ith in  the same row  sharing a com m on  superscrip t are 
not s ig n ifican tly  d iffe ren t at P < 0.05.
Rank ing  based on: 1 = easiest, least e ffo rt and most preferred; 3 = 
most d if f ic u lt ,  most e ffo rt and least preferred.

*** S ign ifican t at P < 0.001.

se p a ra te  series o f  sam p le s  f o r  e ac h  o f  th re e  a t t r i b u te s  
(Segars  et al., 1981).

CONCLUSIONS
R E S U L T S  o f  th is  w o rk  in d ic a te  t h a t  fo r  th e  desc rip t ive  
se n so ry  asse ssm en t  o f  SM steaks ,  CS was m o s t  sensi t ive  to  
t r e a tm e n t  d i f fe re n ce s  in s teak  a t t r i b u t e s  a n d  w as p re fe r re d  
b y  the  t ra in ed  panelis ts .  Panelis t  e v a lu a t io n s  b y  th e  LS 
t e c h n iq u e  d id  n o t  resu l t  in t r e a tm e n t  d i f fe re n ce s  fo r  a n y  o f  
th e  a t t r i b u te s  scored .  H ow ever ,  th e  LS te c h n iq u e  was c o n 
sidered  easy to  learn  and  re q u ire d  li t t le  e f fo r t  fo r  sam ple  
e v a lu a t io n .  A l th o u g h  pan e l is ts  f o u n d  t h a t  t h e  ME t e c h n iq u e  
d e m a n d e d  th e  m o s t  e f fo r t  f o r  sam p le  e v a lu a t io n  a n d  was 
leas t  p re fe r red ,  ME w as as sensi t ive  as t h e  CS t e c h n iq u e  to  
m o s t  t r e a tm e n t  d i f fe rences .  T o  o p t im iz e  th e  p o te n t i a l  o f  
t h e  ME p ro c e d u re  f o r  t h e  d e sc r ip t iv e  assessm en ts  o f  c o o k e d  
beef ,  so m e  p r o c e d u r a l  m o d if i c a t io n s  m a y  be needed .
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E f f e c t  o f  M a i l l a r d  R e a c t i o n  P r o d u c t s  o n  t h e  

S t a b i l i t y  o f  M i n c e d  H e r r i n g  i n  F r o z e n  S t o r a g e

R. BECKEL, H. LINGNERT, B. LUNDGREN, G. HALL, and G. R. WALLER

-----------------------------ABSTRACT----------------------------
Crude and partially purified Maillard reaction products (M R P )  
from arginine and xylose, and crude M R P  from  histid ine and glu
cose, were tested as antioxidants in a m ince o f fresh herring (Clupea 
harengus). M ince portions containing various concentrations o f M R P  
were stored at -2 0 ° C .  Samples were w ithdrawn at 0, 2, 5, 8, 12, 16, 
10, 24, and 28 w k o f  storage and subjected to sensory evaluation, 
G C  and G C /M S  analysis o f  headspace volatiles, and peroxide value 
determination. Substantial oxidation was show n w ith all measuring 
methods, and no significant inh ib itory  effect was found for any 
Maillard additive throughout the 28-w k period.

INTRODUCTION
F A T T Y  F IS H ,  such  as h e r r in g  an d  m ac k e re l ,  a re  e x t r e m e ly  
suscep t ib le  t o  l ip id  o x id a t io n  b e cau se  o f  th e i r  h igh  c o n te n t  
o f  p o ly u n s a tu r a t e d  f a t ty  acids. T h e  h igh ly  u n s a tu r a t e d  
acids C 20 :5  a n d  C 2 2 :6  c o n s t i t u t e  m o re  t h a n  10% o f  the  
to ta l  f a t t y  ac ids  in h e r r in g  (A c k m a n ,  1980) .  L ipid o x id a 
t io n ,  t h u s  b e c o m e s  th e  spoiling  m e c h an ism  t h a t  l im its  the  
s to rage  t im e  f o r  such  f a t t y  fish.  M inc ing  o f  th e  fish e n 
h a n c e s  su sce p t ib i l i ty  to  o x id a t io n ,  s ince p ro te c t iv e  m e m 
b ra n e  sy s tem s  th e n  are d e s t ro y e d  a n d  c o n ta c t  is fac i l i ta ted  
a m o n g  l ip ids,  o x y g e n ,  a n d  lip id  o x id a t io n  c a ta ly s ts  in th e  
fish tissue. T h e re  are th re e  m e t h o d s  fo r  r e ta rd in g  o x id a t io n  
in fish p r o d u c ts :  lo w er in g  th e  s to rage  t e m p e ra tu r e  (H a rd y  
and  S m ith ,  1976) ,  e x c lu d in g  o x y g e n  (H a r d y  an d  Sm ith ,  
1976 ;  Bilinski  e t  al., 19 7 9 ;  S m i th  e t  al., 1980) ,  and  a d d in g  
a n t io x id an ts .  A w ide  range  o f  a n t io x id a t iv e  c o m p o u n d s ,  
in c lu d in g  so d iu m  e r y th o r b a te ,  a sco rb ic  acid ,  g lu tam ates ,  
E D T A , a n d  several p h e n o l ic  c o m p o u n d s ,  have  b e e n  t r ied  in 
fish an d  f ish  p r o d u c t s  (H i re m a th ,  19 7 3 ;  D en g  e t  al., 19 7 7 ;  
M oled ina  e t  al., 1 9 7 7 ;  B ilinski  e t  al., 1979).  T h e  e f fec t ive 
ness o f  add it ives  d e p e n d s  o n  th e  t y p e  o f  fish p r o d u c t  a n d  
on  th e  l ik e l ih o o d  o f  o b ta in in g  an  even d i s t r ib u t io n  in th e  
p ro d u c t .  In  general,  w a te r -so lu b le  a n t io x id a n t s  have  b e e n  
m o re  use fu l  t h a n  l ip id -so lub le  ones ,  p r o b a b ly  o w in g  to  
b e t t e r  d is t r ib u t io n .

Maillard r e a c t io n  p r o d u c t s  (M R P )  f ro m  a m in o  ac ids  and  
sugars have n o t  been  te s te d  in fish p ro d u c ts ,  b u t  t h e y  have 
been  sh o w n  to  possess  a n t io x id a t iv e  p ro p e r t i e s  in m o d e l  
sy s te m s  (L in g n e r t  a n d  E r iksson ,  1 9 8 1 )  a n d  have  also been  
success fu lly  u sed  in fo o d s ,  su c h  as f ro z e n  sausage (L in g 
n e r t  a n d  L u n d g re n ,  1 9 8 0 ) ,  c o o k ie s  (L in g n e r t ,  1980) ,  and  
m ilk  p o w d e r  (Hall  a n d  L ingner t ,  1984) .  In  all th ese  fo o d  
e x p e r im e n ts ,  u n p u r i f ie d  M R P f ro m  h is t id in e  a n d  g lucose  
w e re  used .  T h e  o b jec t iv e  o f  th is  s tu d y  was to  d e te rm in e  
th e  e ffec tiveness  o f  w a te r - so lu b le  M R P  a t  in h ib i t in g  lip id 
o x id a t io n  in  m in c e d  h e r r in g  d u r in g  f ro z e n  storage.

MATERIALS & METHODS
Synthesis of MRP

M R P  were prepared from  the com binations arginine-xylose

Authors Beckel and Waller are affiliated with the Dept, o f Biochem
istry, Oklahoma Agricultural Experiment Station, Oklahoma State 
Univ., Stillwater, OK 74078. Authors Lingnert, Lundgren, and Hall 
are affiliated with SIK — The Swedish Food Institute, Box 5401,
S-402 29 Gotebor, Sweden.

and histidine-glucose. The arginine-xylose product was prepared 
by refluxing a solution o f 4.0 m ol L-arginine m onohydroch lo ride  
(A jin im oto  Co. Inc., Japan) and 2.0 m o l D-xylose (Merck, G F R )  
in 2 .0L  distilled water for 20 hr. The crude reaction m ixture ob 
tained is designated at A X C .  One liter A X C  was partially purified 
(Lingnert et al., 1983) by dia lyzing three times (24 hr each) against 
17 .5L  degassed, ^ -sa tu ra te d , distilled water w ith Spectrapor 6 
dialysis tubing (Spectrum  Medical Industries Inc., L o s  Angeles, C A )  
with a molecular weight cut-off o f 1000  daltons. The retentate ob
tained is designated as A X .

The histidine-glucose product was sim ilarly prepared from  1.0 
m ol L-histidine m onohydroch lo ride  m onohydrate  (A jin im oto ) and 
0.5 m ol D-glucose (Fluka, Sw itzerland) in 1.0L distilled water. Be
fore heating the m ixture, it was adjusted to p H  7.0 w ith K O H . The 
crude reaction m ixture is designated as H G C .

A X ,  A X C ,  and H G C  were saturated w ith nitrogen and stored at 
+4°C  until use.

Preparation of mince
S ix ty  kg freshly caught (less than 24 hr, kept in ice), deboned 

and skinned herring was m inced and divided into six 9-kg portions 
to which was added 4 5 0  m L  distilled water or 4 5 0  m L  o f  one o f the 
fo llow ing solutions: A X  (0.2 m g/m L), A X  (2.0 m g/mL), A X  (20 
m g/mL), A X C  (20 mg/mL), and H G C  (20 mg/m L). The final 
experimental samples, therefore, were a control (I) and m ince con- 
taning 0 .0 0 1 %  A X  (II), 0 .0 1 %  A X  ( III) ,  0 .1%  A X  ( IV ), 0 .1%  A X C  
(V), and 0 .1%  H G C  (V I).

One hundred round patties (65g each) were form ed from  each 
portion, immediately frozen in a blast freezer at -3 0 ° C ,  and ind i
vidually packed in lam inated alum inum  pouches. The pouches were 
sealed and stored at - 2 0 ° C. App rox im ate ly  36 hr elapsed from  the 
time the fish was caught until the final portion  was frozen.

Seven patties o f  each experimental sample were w ithdrawn at 
0, 2, 5, 8, 12, 16, 20, 24, and 28 w k  o f storage and subjected to 
sensory evaluation, G C  and G C / M S  analysis o f  volatile com pounds, 
and peroxide value determination. Three o f  the samples from  each 
storage time were transferred to storage at - 8 0 ° C  to be used for 
sensory evaluation at the end o f the storage experiment.

Sensory evaluation
The patties were thawed by placing the sealed pouches in a 20°C  

water bath for approxim ately 1 hr. Each patty was then divided into 
ten identical portions (6.5g each) w hich were placed in covered cups 
(250  m L), equilibrated to room  temperature for approxim ately 
1 hr, and presented to the judges for evaluation.

Total odor intensity and intensity o f  ind ividual odor character
istics (fresh herring, salted herring, rancid herring, sourness, and 
sweetness) were evaluated by a panel o f  nine judges w ho had pre
viously participated in sensory evaluation o f  rancid foods, but were 
not trained judges of herring. The intensity scale consisted o f a 
10-cm-long straight line w ith the anchor points “little” and “m uch” 
1 cm from  the left and right endpoints, respectively. The judges 
were allowed to indicate intensity anywhere on the line. The evalua
tions were transformed into scores from  0.0 -  10.0 with a digitizer 
(Hewlett Packard m odel No. 9111 A), and these scores were sub
jected to statistical analyses described below.

D uring  introductory sessions, the panelists were presented with 
the experimental samples as well as samples o f frozen herring (w ith
out M R P )  o f various storage times. They were also given very fresh 
herring (w ithin 24 hr after catch, and kept near 0°C) to become 
acquainted w ith the odor o f such herring. The panel chose the odor 
terms m entioned above as adequate to describe the experimental 
samples. Total odor intensity was defined as odor intensity w ithout 
regard for its character. Fresh herring was defined as already m en
tioned, and rancid herring b y  the odor o f  herring stored in  air 
(“old fish liver o il” ).
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Samples perceived as different from  fresh herring, but not yet 
rancid, were described as having the odor o f  “ salted herring,” a 
com m on food  in Sweden. Finally, the panelists found the odor o f 
the samples som ewhat “ sweet” and “ sour” .

Experimental designs. Differences am ong the six samples were 
studied at each w ithdrawal time using experimental design A  de
scribed below. C om b in ing  results into one statistical analysis per
m itted indirect study o f  the effect o f storage time on a particular 
sample. However, this indirect procedure was considered insensitive 
to small changes am ong the samples. Therefore, Design B was used 
shortly after the term ination o f the storage experiment to confirm  
or invalidate the conclusions drawn from  the series o f  experiments 
o f Design A. Design B involved a sim ultaneous sensory evaluation 
o f different storage times for a particular sample.

Design A. A t  each o f the nine sample w ithdrawal times sensory 
evaluations o f the six experimental samples were perform ed three 
times (replicates). Each time all samples were presented simultane
ously in random ized order, with different orders for the different 
judges. For each attribute, intensity data were entered into a two- 
way analysis of variance, A N O V A ,  to study the variables: (1) 
samples (df = 5), and (2) judges (df = 6-8), and their interaction.

Design B. A t  each withdrawal time, some samples were put into 
storage at -8 0 ° C .  Im m ediately after com pletion o f the - 2 0 ° C  
storage experiment, three o f  the experimental samples (I, I V  and V )  
from  four o f  the storage times (0, 5, 16, and 28 w k) were chosen for 
experiment B. The 12 samples (3 samples x 4 storage times) were 
presented to the judges and evaluated as in experiment A. The 
evaluation was perform ed three times. Fo r each attribute all data 
were inserted into a three-way A N O V A  w ith the variables: (1) 
samples (df = 2), (2) storage time (d f = 3), and (3) judges (df = 6). 
Note  that e.g. storage time 16 w k here means 16 w k at - 2 0 ° C  fo l
lowed by at least 12 w k at -8 0 ° C ,  etc.

GC analysis of headspace volatiles
A  headspace sampling procedure (von S ydow  et al., 1970) 

was used to concentrate volatiles from the herring homogenates. A  
50-g sample o f the mince was hom ogenized w ith 75 m L  activatcd- 
carbon-filtered distilled water. A  100-g portion o f the homogenate 
was then weighed into a 5 00 -m L  headspace sampling flask, flushed 
w ith helium, and equilibrated at 25°C  for 30  min. The volatiles 
in 350  m L  headspace gas were collected in a liquid-nitrogen-chilled 
trap on  a concentration/injection system m ounted on a Perkin 
Elmer 900  gas chromatograph. A  stainless steel co lum n (0.75 mm 
x 180 m ) coated w ith S F  96/Igepal, 95/5, was used. The carrier gas 
was He and the flow  rate was 12 m L/m in. The injector and the 
detector temperatures were 100°C  and 180°, respectively, and the 
colum n had an initial 3-min period at 20°C  followed by a 2°C/ 
m in  increase to 140°C. A  Finnigan 4023  G C / M S/ D A  system was 
used to identify the volatile com pounds.

Peroxide value determination
The fat from  20g m ince was extracted w ith chloroform -m eth

anol as described by Bligh and Dyer (1959) and the peroxide value 
determ ined by iodom etric titration according to A O A C  M ethod  No. 
28.023 (A O A C ,  1970). Linear regression analysis was used to deter
m ine equations describing the increase o f  the peroxide values during 
storage. The slopes o f the regression equation o f different samples 
were com pared according to Davies and Goldsm ith  (1972).

RESULTS & DISCUSSION

Sensory properties
At all nine withdrawal times, no statistically significant 

rancidity difference among the six samples was obtained. 
Accordingly the sensory evaluation did not show any of the 
additives, AX, AXC, or HGC, to have a significant antioxi- 
dative effect on the raw herring.

With the attributes “ fresh herring” , “ salted herring” , 
“ sourness” , and “ total odor intensity” significant differ
ences between the samples were obtained only occasionally, 
and with no seemingly systematic relation to additions of 
MRP. They were therefore considered coincidental. Signifi
cant “ sweetness” differences were obtained, however, 
showing that the HGC in sample VI added faint sweetness 
to the odor.
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Table 1—Major volatiles in headspace gas by GC/MS/DA analysis 
from minced herring with no addition o f M RP during the storage 
period o f 0 - 28 wk

Mass 
spectral 
peak no.a Compound

Concentration
range
(ng/L)

1 Propane 68 -  6570
2 Propene 25 -  225
3 Ethanal 67 -  590
4 Propanal + Propanone + CgHjp13 54 -  1540
6 Pentane 8.6 -  463
7 2-Penteneb 115 -  2610
8 2-Penteneb + 1,3-Pentadiene 10 -  1080

11 Methylpropanal 0.9 -  50
12 Butanal + Butanone 25 -  90
14-16C 1,4-Hexadiene + Hexane + 3-Hexene 13 -  91
20 3-Methylbutanal 1.4 -  54
21 2-Methylbutanal 15 -  23
23 2-Pentanone 4.5 -  23
24 3-Pentanone 4.9 -  71
26 2-Ethylfuran n.d.d -  17
27,28 TPenten-3-ol + Heptane 23 -  342
33 Hexana! 0.5 -  33
34 Octadieneb 0.4 -  132
38 Octeneb 0.5 -  26
39 Octadiene*3 0.3 -  529
41 Octadiene*3 3.4 -  307
43 2-Hexenal n.d4 -  13

j* O riginal mass spectral data are available from  S IK .  
b O ne of the isom ers.

 ̂These peaks were not a lw ays resolved. 
d n .d . -- not detected.

An increase in the intensity of “ rancid herring” with 
respect to storage time was observed for all samples. Using 
Design B this increase was shown to be significant.

Formation of volatile compounds
Chromatograms of headspace volatiles of each treatm ent 

of minced herring, stored for 0 - 2 8  wk, showed that many 
com pounds increased with storage time. Table 1 lists the 
major com pounds identified by GC/MS/DA and their con
centration in the control. About 5 0 com pounds were iden
tified and the major classes were: saturated and unsatur
ated hydrocarbons, straight-chain aldehydes, branched- 
chain aldehydes, ketones, and alcohols. The concentration 
ranges in the samples with added MRP were similar to those 
in the control. Several of the com pounds occurred in peaks 
tha t were not com pletely resolved. The proportions of dif
ferent com pounds in unresolved peaks were obtained by 
analyzing their relative contributions to mass spectra. Hy
drocarbons which may be formed via degradation of fatty  
acids (Grosch, 1982) showed the largest increase during 
storage. Straight-chain aldehydes anc unsaturated alcohols 
such as l-penten-3-ol are formed via lipid oxidation. The 
branched-chain aldehydes, i.e. m ethylpropanal and 2- and
3-m ethylbutanal, are formed via Strecker degradation of 
amino acids.

Formation of peroxides
The changes in peroxide values with time for the control 

and the five samples with additions of MRP were found to 
increase considerably. After 28 wk, peroxide values of ap
proxim ately 30 meq/kg were reached in all samples. There 
were no statistically significant differences among samples 
with different additions.

DISCUSSION
THE ADDITION of MRP to the fish mince was expected 
to retard the form ation of volatile oxidation products;

—Continued on page 530
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--------------------------------- ABSTRACT---------------------------------
Differential Scanning Calorimetry (DSC) has been used to study the 
thermal properties of fish muscle proteins and to measure the extent 
of their dénaturation under various processing conditions. Fish myo
sin was susceptible to dénaturation by frozen storage and dehydra
tion. Dénaturation of certain fish proteins was partially reversible. 
Although fish myosin was very unstable, its thermal stability was 
found to increase in species adapted to higher environmental tem
peratures.

INTRODUCTION
DIFFERENTIAL SCANNING CALORIMETRY (DSC) is a 
very useful means of studying the therm al properties of 
muscle proteins (Wright et ah, 1977) and of protein dena- 
turation (Arntfield and Murray, 1981). The behavior of 
the proteins can be studied in situ, and there is no need 
for solubilization of the sample. The technique has allowed 
the therm ally induced transitions of rabbit and beef actin, 
myosin and sacroplasmic proteins to  be studied as a func
tion of pH and ionic strength (Wright et al., 1977; Staburs- 
vik et al., 1980). The effects of process conditions on beef 
and vegetable protein denaturation have also been inves
tigated (Quinn et al., 1980: Arntfield and Murray, 1981). 
However, apart from a study which included a thermogram 
of cod muscle (Martens and Void, 1976), there has been 
little DSC analysis of muscle proteins from marine sources. 
This seems a peculiar omission for two main reasons: (1) 
Fish muscle proteins are much more unstable than mam
malian to physical processes such as freezing and frozen 
storage (Shepherd, 1960). DSC would help to establish 
whether this instability exists during other food manufac
turing processes. (2) The fact that fish species live in polar 
as well as tropical waters ( - 2  C to  28 C) w ithout any 
control over their body tem perature affords an opportun
ity  o f establishing whether the therm al denaturation char
acteristics o f fish muscle proteins are dependent on the 
environmental conditions. Some previous studies have 
measured the myosin ATPase activity as a function of 
environmental tem perature (Johnston et al., 1973). Parallel 
changes in the therm ally induced unfolding of the m yo
fibrillar proteins have not been examined.

The work described in this paper therefore attem pts to 
characterize qualitatively, using DSC: (1) The extent of 
denaturation incurred by the muscle proteins o f cod during 
freezing, frozen storage and drying; and of herring during 
marinading. (2) The therm al properties of the muscle pro
teins from fish species adapted to different environmental 
temperatures.

Authors Hastings, Rodger, and Park are affiliated with Unilever 
Research Laboratory, Greyhope Road, Aberdeen, AB9 2JA, United 
Kingdom. Author Matthews is with the Council for the Conservation 
o f the Environment and Prevention o f Pollution, Oman. Author 
Anderson is with the Dept, o f Brewing & Biological Sciences, Heriot- 
Watt Univ., Edinburgh, U.K.

MATERIALS & METHODS
COD (Gadus morhua) were obtained live from a local fisherman, 
and kept in an aquarium until needed. Herring (Clupea harengus) 
and squid (Loligo forbesi) were obtained fresh ( 2 -3  days old) from 
the Aberdeen Fish Market. Jumbo Tiger Prawns (Penaeus monodon) 
were donated by colleagues involved in Tropical Aquaculture studies. 
Myofibrils isolated from Arctic Char (Salvenlinus alpinus), Noto- 
thenia neglecta, and Tilapia mossambica by the method of Perry and 
Gray (1956) were obtained from Dr. 1. Johnson, St. Andrews Univ., 
Fife, Scotland. The environmental temperatures of the fish which 
were subjected to the comparative study are summarized in Table 1.

Protein purification
Muscle proteins of pre-rigor cod were isolated for DSC studies as 

follows: An acetone actin powder was prepared according to the 
procedure of Tsao and Bailey (1953). Actin was extracted from the 
acetone powder by the method of Seki et al., (1973). Myofibrils 
were prepared by the method of Goodno and Swenson (1975). 
Sarcoplasmic proteins were prepared by extracting minced cod 
muscle with 0.1M KC1, 2 mM MgCQ, 20 mM KH2PO4 (pH 7, m = 
0.1) for 45 min. The slurry was strained through gauze and the fil
trate centrifuged at 40,000 x g for 90 min at +2°C. The superna
tant was dialyzed against the extraction buffer for 24 hr and centri
fuged again. The supernatant was concentrated by ultra-filtration 
and used for DSC analysis. Connective tissue, as a source of colla
gen, was dissected from the myocommata of the larger cod used 
in the study.

Differential scanning calorimetry (DSC)
Differential scanning calorimetry was performed on a Perkin- 

Elmer DSC II. The instrument was temperature calibrated using 
water and benzil. Samples weighing 10 -  15 mg with an accuracy of 
± 0.01 mg were sealed in Perkin-Elmer volatile sample pans. Refer
ence pans contained an equal weight of water. The samples were 
scanned at a heating rate of 10° K/min over the range 274 -  370°K 
at an instrument sensitivity of 0.1 or 0.2 mcal/sec. The machine 
constant used to calculate enthalpies (AH) was obtained from ther
mograms of indium calibration standards. The apparent transition 
heat, AHapp, was determined from the peak area and expressed in 
mcal/mg day weight. It was most reproducible to record peak transi
tion temperatures as peak maxima (Tm).

Process conditions
Three different processes which are well established in the food 

industry were used.
Freezing and frozen storage. Fresh post-rigor cod fillets were 

minced on a Baader 694 deboning machine, blast frozen at -40°C 
and stored at -10°C. Samples were removed for DSC analyses after 
0, 2, 6 and 10 wk.

Table 1—Average temperature o f the environment o f various fish 
species

Environmental temperature
Species °C

Gadus morhua 0 to 6
Clupea harengus 4 to 8
Lo Ugo forbesi 2 to 6
Penaeus morodon 25 to 30
Salvelinus alpinus 0 to 4
Notothenia neglecta —2 to 0
Tilapia mossambica 25
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Salting/Marinading (high ionic strength, low pH). Herring fillets 
were soaked in  stirred solutions o f  (1) 1 4 %  w/w salt, (2) 7 %  w/w 
acetic acid and (3) 1 4%  w/w salt and 7 %  w/w acid at a fish/solution 
ration 1:1 for 4 days to allow equlibration to occur. (The herring 
used in this study had a 7 0 %  water content. A ssum ing  all this water 
is free to equilibrate, then the final levels o f  salt and acid in the 
aqueous phase are approxim ately 8 %  (1 .5M ) and 4 %  respectively). 
However, as well as determ ining the effects o f  acid and salt as “dé
naturants” o f  herring muscle proteins, the reversibility o f  these 
changes was assessed. Samples o f fish were therefore dialyzed 
against runn ing water for 2 days.

D rying. Skinned cold fillets were cut into  1.5 cm^ dice, spread 
on trays and dried in a To rry  k iln  at 4 different temperatures: 
30°, 45°, 60° and 90°C. The corresponding wet bulb temperatures 
were 28°, 39°, 47° and 60° C  respectively. Samples were taken at 
intervals during the course o f drying. Duplicate samples were 
allowed to rehydrate overnight in an excess o f  cold water (2°C). 
In  this way it was possible to determine not on ly the effect o f 
reduced moisture content on muscle protein dénaturation, but also 
whether the effects were reversible.

RESULTS & DISCUSSION
THE DSC RESULTS were recorded as “ therm ogram s,” 
which are plots of the differential heat input (meals per sec
ond) against tem perature. In each DSC analysis the sample 
and reference were heated at a constant rate (10 K/min) 
from 274 K to 370°K. As the tem perature rose, heat- 
induced endothermic protein unfolding occurred in the 
sample. The unfolding was registered by the DSC as the 
additional energy required by the protein sample to match 
the linear tem perature increase of the reference. The 
energy was plotted as peaks on the thermogram. Baselines 
were fitted to each curve to allow calculation of areas and 
enthalpy changes. Changes in protein structure during DSC 
analysis are sometimes referred to  as “ transition” changes.

Characterization of thermal transitions of cod muscle
A comparison of DSC thermograms of various purified 

cod muscle proteins is shown in Fig. 1. It is apparent that

cod muscle has the same basic DSC profile as rabbit muscle, 
made up from a pattern of myosin, sarcoplasmic proteins 
and actin (Wright et al., 1977). The main differences were 
that the major myosin transition in cod occurred at about 
10 K below that in rabbit, and more peaks were observed 
in isolated sarcoplasmic proteins from ccd than from 
rabbit. On the basis of our results on isolated cod proteins 
and assuming that cod DSC profiles follow a similar pattern 
to those of rabbit, the peaks on the thermogram for whole 
cod muscle (a) were labelled 1 to 8 and assigned as fol
lows: (1) com posite of first myosin transition and first 
collagen transition; (2) the second (major) collagen transi
tion; (3) com posite of the second (major) myosin transition 
and the first sarcoplasmic transition; (4) third myosin tran
sition; (5) second sarcoplasmic transition; (6) third sarco
plasmic transition; (7) actin transition; (8) a fourth sarco
plasmic transition is sometimes present. A11 the proteins 
were at pH 7.0 and ionic strength between 0.5 and 1.0, 
except the purified actin, where the ionic strength was 
0.05. The transition of purified actin has a slightly higher 
Tm as a result.

Effect of freezing and frozen storage
Freezing followed by imm ediate thawing has little effect 

on the characteristic therm al transitions of cod muscle (Fig. 
2a). However, after 2 wk at —10 C (Fig. 2b) it is apparent 
that myosin has undergone some partial denatuation. The 
thermograms for the 6 and 10 wk storage period (Fig. 2c 
and 2d) indicate that (1) there is little subsequent effect 
on the myosin transition after 2 weeks at —10 C (as mea
sured by DSC) and (2) actin, collagen, and sarcoplasmic 
proteins are largely unaffected by frozen storage.

Effects of high ionic strength and low pH
The thermogram of untreated herring muscle is shown in 

Fig. 3. A fter treatm ent with 14% salt solution, the transi
tion tem peratures were lowered by 5 -  10 K, and the peak

300 320 340 360
Temperature °K

Fig. 1—DSC thermograms o f cod proteins: 
(a) Whole cod muscle; Ib) Actin; (c) Myo
fibrils; (d) Sarcoplasmic proteins; (e) Colla
gen. The peaks are numbered for discussion 
in the text.

Fig. 2—DSC thermograms o f cod muscle 
during TO wk frozen storage at — 10°C: 
(a) Control (frozen and thawed imme
diately); (b) 2 wk; (c) 6 wk; (d) 10 wk.

Fig. 3—DSC thermograms o f herring muscle: 
(a) Control, untreated; (b) Soaked in 14% 
salt for 3 hr; (c) Dialyzed against running 
water for 24 hr.
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areas decreased (Fig. 3b). Dialysis of identically treated 
samples resulted in only partial recovery of the peak areas 
and restoration of the original transition temperatures. This 
supports the results of an earlier study by Stabursvik and 
Martens (1980) who showed that salt depressed transition 
temperatures in beef muscle suggesting that the muscle 
protein structure was destabilized.

At the equilibrated pH level of acid treated fish (pH
4.0), the myosin and actin transitions in herring muscle were 
almost completely lost (Fig. 4a), but part of the original 
thermogram was recovered after sample dialysis (Fig. 4b). 
When herring was soaked in 14% salt and 7% acid, only one 
low broad peak with Tm = 318°K, was seen (Fig. 5). After 
sample dialysis, the resulting thermogram indicated that 
actin had recovered almost completely, but myosin less so. 
The major observation from this part of the study is that 
myosin and actin are not irreversibly denatured after ex
posure to high ionic strength ('\4.5M) and low pH (4.0), 
even when these “harsh” conditions are combined. Cer
tainly, myosin does not “renature” fully, but actin exhi

bits a significant degree of recovery of its native conforma
tion.

Effect of drying
DSC thermograms of cod muscle dried for 2 hr at four 

temperatures are shown in Fig. 6. Thermal transitions were 
lost completely if the wet bulb temperature during drying 
exceeded the natural transition temperature. As the mois
ture content of the muscle decreased, transition tempera
tures increased (Fig. 7). The relationship between the tran
sition temperature for actin and the muscle moisture con
tent is shown in Fig. 8, for drying at 45°C. No thermal 
transitions remained after overnight drying at 30 or 45°C, 
after 4 hr at 60°C or 1 hr at 90°C (Table 2). The corres
ponding wet bulb temperatures are given in the methods 
section. There are two possible explanations for this obser
vation: (1) irreversible heat denaturation had occurred dur
ing drying, or (2) there was no water medium to allow ther
mal unfolding (Hagerdal and Martens, 1976).

D
Cl
c

ra<D
X

Da
c

(0a>
X

Fig. 4—DSC thermograms o f herring muscle: (a) Soaked in 7% acid 
for 2 min; fb) Dialyzed against running water for 24 hr.

Fig. 5—DSC thermogram o f herring muscle: (a) Soaked in 14% salt 
and 7% acid for 2 min; (b) Dialyzed against running water for 23 hr.

Tem perature °K

Fig. 6—DSC thermograms o f cod muscle 
dried for 2 hr in the Torry kiln: (a) raw cod; 
(b) dried at 30°C; (c) 45°C; (d) 60°C, 
(e) 90° C.

Fig. 7—DSC thermograms o f cod muscle 
dried in the Torry kiln at 45° C: fa) 0 hr; 
(b) 2 hr; (c) 4 hr, (d) 22 hr.

Fig. 8—Transition temperature (Tm) o f 
actin as a function o f water content o f cod 
muscle dried at 45° C.
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The reversibility of the apparent denaturation caused by 
drying is shown in Fig. 9. The extent to which the original 
thermograms were recovered after rehydration depended on 
the wet bulb drying tem perature (Table 3). Actin recovery 
was more com plete at the lower drying temperatures. There 
was considerable irreversible myosin denaturation irrespec
tive of drying tem perature, again highlighting the relative 
instability of fish myosin compared to fish actin. In their 
study of myoglobin (Hagerdal and Martens, 1976) sug
gested that proteins became more stable to  heat as the 
m oisture content fell because inter- and intra-molecular 
electrostatic interactions and hydrogen bonds became 
established in sites earlier occupied by water. This could 
well explain our own observations. For myosin however, 
loss o f water may initiate the type of irreversible aggre
gation reactions which are presumed to occur during frozen 
storage.

Species differences
Typical DSC thermograms of raw muscle from cod, 

herring, squid and jum bo  tiger prawn are shown in Fig. 10. 
The profiles displayed a similar pattern of myosin and actin 
peaks. However, aquid and jum bo tiger prawn had more 
diffuse actin peaks than cod or herring and jum bo tiger 
prawn had two peaks near the actin position. Cod, herring

Table 2—Average apparent transition heat o f cod muscle dried at 
30°C, 45°C, 60°C and 90° C

Time of drying
Temperature of drying

30° C 45° C 60° C 90° C

Raw Cod 3.88a 5.49 3.36 2.55
30 min — — - 0.94

1 hr 3.68 2.98 1.95 0.24
2 hr 4.52 3.58 0.690 0.00
4 hr 3.82 1.90 0.127 -

6 hr 3.43 0.46 0.00 -
22 hr 0.00 0.00 - -

a U nits are meals per mg dry weight

and squid are N orth A tlantic species adapted to  similar 
environmental temperatures, 0° to 8°C (Table 1). Jum bo 
tiger prawns are a tropical species, adapted to  tem pera
tures of approxim ately 25 -  30°C. The DSC shows that the 
jum bo tiger prawn muscle proteins are more therm ostable 
than the three North Atlantic species. The first peak on 
he thermogram of the prawn muscle is approxim ately 

10°C higher than the other species.
DSC thermograms of myofibrils from Notothenia, 

Artie char and Tilapia are shown in Fig. 11. N otothenia  
neglecta inhabits Antarctic waters (0 to - 2  C), Arctic 
char is a cold water species ( 0 - 4  C) and Tilapia is found in 
the trpics (25 -  30°C). The profiles showed major myosin 
peaks followed by a small actin peak at approxim ately 
340°K and dem onstrated again that proteins of warm water 
species were more therm ostable than those of cold water 
species. The myosin transition was at a higher tem perature 
in Tilapia than in the cold water species. These results are 
good evidence to support the general statem ent that myosin 
is more therm ostable in species adapted to  warm water.

In summary, using DSC as a tool for measuring protein 
denaturation, it has been shown that fish muscle myosin is 
very unstable and easily irreversibly denatured during 
handling and processing. Perhaps because of this intrinsic 
instability, the conform ation of the molecule has evolved 
so that its therm al denaturation tem perature is higher in 
warm water fish. Actin on the other hand is much more 
stable and its “ denaturation” , unless by heat, is largely 
reversible. —Continued on page 510

<

Table 3—Recovery o f apparent transition heat in cod muscle rehy
drated from dried pieces showing no thermal transitions

Drying 
temp (°C)

Wet bulb 
temp (°C)

Average A Happ. 
(meal/mg)

30 28 2.25
45 39 1.39
60 47 0.51
90 60 0.14

Fig. 9—DSC thermogram o f cod muscle Fig. 10— DSC thermograms o f fish muscle:
dried completely at the indicated tempera- fa) Cod; (b) Herring; (c) Squid; (d) Jumbo
tures and rehydrated in water for 24 hr: tiger prawns,
fa) 30°C; (b) 45°C; (c) 60°C; (d) 90°C.

Temperature °K

Fig. 11—DSC thermogram o f myofibrils:
fa) Notothenia neglecta (Antarctic fish);
fb) Salvelinus alpinus (Arctic char); (c) 
Tilapia sp. (Tropica! fish).
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--------------------------- ABSTRACT-----------------------------
Heat-induced aggregation and dénaturation of egg white proteins 
adjusted to pH 5.5, 4.5, 3.5 and 2.5 were investigated by vertical 
flat-sheet polyacrylamide gel electrophoretic and differential scan
ning calorimetric methods. The fractional and step-wise aggregation 
of egg white proteins was caused by heating. As the acidity was 
increased from pH 5.5 to 2.5, ovotransferrin, ovomacroglobulin, 
globulin G3A, globulins Al and A2, and ovalbumin became much 
more unstable to heat. However, ovomucoid and ovoinhibitor 
did not aggregate in the acidified egg white under heat treatments of 
3 min at 90°C or 20 min at 74°C. The heat-induced aggregation of 
flavoprotein was slightly greater at pH 4.5 and 3.5 than at pH 5.5 
and 2.5.

INTRODUCTION
THE SENSITIVITY of egg white proteins to heat dénatura
tion and heat aggregation has been a subject o f interest 
(Chang et al., 1970; Cunningham and Lineweaver, 1965; 
Nakamura and Matsuda, 1983; Seideman et al., 1963), 
because the ability o f egg white to  heat-coagulate is the 
basis for its use in a wide variety of food products. In the 
previous study (M atsuda et al., 1981), a vertical flat-sheet 
polyacrylam ide gel electrophoretic m ethod was used to  
investigate the heat-induced aggregation of proteins. Results 
showed the fractional and step-wise aggregation of egg 
white proteins caused by heating.

Although heat-induced changes of egg white in the acidic 
pH range have been investigated in single protein systems 
in the presence and absence of detergents (Egelandsdal, 
1980; Ericsson et al., 1983; Foster and Rhees, 1952; 
Hegg, 1979; Hegg et al., 1978, 1979; Hegg and Lofquist, 
1974; Shimada and Matsushima, 1980), inform ation is 
still lim ited concerning the egg white system (Cunningham 
and Cotterill, 1964).

The aim of the present study was to  obtain a better 
understanding of the heat dénaturation and heat aggrega
tion of egg white in acid media. Such analyses might be 
helpful in developing new uses for egg white.

MATERIALS & METHODS

Determination of protein content
Protein content of the supernatant was measured by the method 

of Lowry et al. (1961) using bovine serum albumin as a standard, 
and expressed as a percentage for the amount of protein in the 
supernatant cf the same treated sample at pH 5.5 without heating.

Differential scanning calorimetry (DSC) measurement
DSC curves were recorded on a Daini Seikosha model SSC/560 

thermal analyzer with a heating rate of 1.5°C/min in the tempera
ture range 25 -  100°C. Samples (50 juL) of the pH adjusted egg 
white and standard protein solutions (each 6% in 0.01M NaCl) were 
pressure-sealed in silver pans. An identical sealed pan filled with 
53 pL distilled water, adjusted to the same pH as sample, was used 
as a reference. The denaturation temperature was defined as the 
temperature of the DSC peak maximum.

RESULTS
FIG. 1 SHOWS electrophoretic patterns of egg white (pH
5.5, 4.5, 3.5 and 2.5) which had been heat-treated for 3 
min at various tem peratures with 4 intervals from 50 C 
to 90 C. The assignment of the proteins separated during

Temperature (*C)

50 70 90 50 70 90
1 i ,i i I 1 I I I I I 1 I I I I I__I I » I I
PH5.5 pH4.5

OG ----------

f f * * »
OG -

Egg white
Fresh egg white was prepared from 1- to 2-day-old eggs produced 

by a strain of White Leghorn Layers. The egg white was carefully 
homogenized without foaming, and the pH of the homogenized 
egg white was adjusted to 5.5,4.5, 3.5 and 2.5 with IN HC1. The pH 
adjusted egg white samples were used without centrifugation treat
ment.

Heat treatment

OT .
01 - (
G —  ♦  *  •

°3 ~[ I f f l

*3 _! •
A2 —
Al -

H * * f i l i # « • i t

m

M M *

l i .

Heat treatment of egg white (1 mL) was carried out as described 
in the previous report (Matsuda et al., 1981). All samples after heat 
treatment and cooling were diluted with 1 mL 0.01M NaCl, and cen
trifuged at 1600 x j  for 25 min in order to remove aggregated pro
teins. Five pL of the supernatant was applied to the electrophoresis 
according to the method described previously (Matsuda et al., 1981).

Authors Watanabe, Matsuda, and Nakamura are affiliated with the 
Dept, o f Food Science & Technology, Faculty o f Agriculture, Na
goya Univ., Chikusa-ku. Nagoya 464, Japan.

F — Jr i  _ # ♦  ê * *

pH 3.5 pH 2.5

Fig. 1—Electrophoretic patterns o f egg white (pH 5.5, 4.5, 3.5 and
2.5) heated for 3 min at various temperatures with 4°C intervals 
from 50 - 90°C. OG = ovomacroglobulin; O T  = ovotransferrin; O l = 
ovoinhibitor; G — globulins A  1 and A2; G3 — globulin G3A; OM = 
ovomucoid; A l ,  A 2  and A 3  = ovalbumin; F  = flavoprotein.
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electrophoresis was followed by comparison with the result 
shown in the previous study (Matsuda et al., 1981). In the 
addition to the assigned proteins, some soluble aggregates 
in the sample with pH 4.5 heated at lower tem perature 
could be found between ovomacroglobulin and ovotrans- 
ferrin. These might be due to the proteins which were 
denatured and aggregated during the preparation of samples 
and heat treatm ents, but could not be removed by centri
fugation for the small-sized aggregates.

The electrophoretic patterns in Fig. 1 also indicated that 
the tem perature at which proteins disappeared was differ
ent in terms of pH at heating: the aggregation occurred 
at a lower tem perature as the acidity was increased. The 
approxim ate order of disappearance of each protein band 
caused by increasing tem perature in each sample was as 
follows: ovotransferrin, ovomacroglobulin, globulin G3A, 
globulins A l and A2, and ovalbumin (Table 1). Ovotrans
ferrin and ovomacroglobulin disappeared in the samples

Fig. 2—Changes in the soluble protein contents in the supernatants 
(-*■ -, pH  5.5; pH  4.5; pH  3.5; -o-, pH  2.5) used for electro
phoretic experiment in Fig. 1.
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0 T \  
01 ( 
0 -  
g3 -

HIM IMh Inn inn
{OM 

a3 -  
a2 -  
A) -

» " |
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adjusted to  pH 3.5 and 2.5 and heated at 50°C, except for 
the slightly residual ovotransferrin in the sample at pH 3.5 
and 50 C. The ovomucoid band remained almost com plete
ly even in the pattern  of all samples heated at 90 C. The 
ovoinhibitor band remained in the samples of pH 4.5 ,̂ 3.5 
and 2.5 heated at 90°C, whereas it disappeared at 82 C in 
the sample heated at pH 5.5. The flavoprotein band, which 
remained in the samples heated at pH 5.5 and 2.5, became 
more indistinct at pH 4.5 and 5.5

Fig. 2 shows changes in the soluble proteins in the sam
ples used for the electrophoretic experim ents in Fig. 1. 
A steep change in solubility at lower heating tem peratures 
was observed for the sample heated at pH 2.5. The precipi
tated protein was successively diminished w ith increasing 
pH at heat treatm ent. However, even heating at pH 2.5 
could not result in the disappearance of all of the proteins, 
and remaining protein content at heating tem peratures 
above 78°C was slightly higher at pH 3.5 and 2.5 than at 
pH 5.5 and 4.5. Such remaining proteins could be recog
nized to consist mainly of ovomucoid and ovoinhibitor, 
juding from electrophoretic patterns in Fig. 1. Such a 
slight difference in the precipitated am ount at higher hea t
ing tem perature could be due to  the difference in the sta
bility of the remaining proteins in the acidic media.

The electrophoretogram s of samples heated at 58° 
and 78°C for various periods (0 -  20 min) are shown in Fig. 
3 and 4, and Fig. 5 and 6 indicate changes in the protein 
contents in the supernatant after heat treatm ents at 58° 
and 78°C, respectively. At pH 5.5 and 4.5 at 58°C, a slight 
reduction in protein content could be found during heating 
for 20 min, depending on the disappearance of ovotrans
ferrin and ovomacroglobulin (Fig. 3 and 5). A t pH 3.5 
and 2.5 at 58 C, ovotransferrin, ovomacroglobulin, oval
bumin, globulin G3A and globulin A l and A2 were de-

Table 1 —Disappearance temperatures o f egg white protein bands in 
Fig. 1 by heating

Adjusted pH

Protein3 pH 5.5 pH 4.5 pH 3.5 pH 2.5

OG 68 58 <50 <50
OT 62 58 54 <50
Ol 82 90 >90 >90
G 82 74 66 62
G3 70 70 62 50
OM >90 >90 >90 >90
Al 82 78 68 62

3 See Fig. 1 for definition of protein band abbreviation.

Time (min)

Fig. 3-Electrophoretic patterns o f egg white (pH 5.5, 4.5, 3.5 and
2.5) heated at 58°C for various periods o f time (0 -  20 min). See 
Fig. I for definitions o f protein band abbreviations.

Fig. 4 - Electrophoretic patterns o f egg white (pH 5.5, 4.5, 3.5 and 
2.5) heated at 74° C for various periods o f time (0 - 20 min). See 
Fig. 1 for definitions o f protein band abbreviations.

508 -JO U R N A L  O F FO O D  SC IENCE-Vo lum e 50 (1985)



creased with the heating time (Fig. 3). By heating at 78°C, 
nearly all o f the précipitable proteins in egg white was 
sharply precipitated from heating for 3 min in the samples 
of pH 4.5, 3.5 and 2.5, and the precipitation of the sample 
of pH 5.5 gradually occurred for 20 min (Fig. 4 and 6).

Fig. 7 shows DSC therm ograms of egg white, of which 
the pH was adjusted to  the acidic side. Some variations in 
the positions of the peaks in the therm ograms could be ob
served in terms of pH of the sample. The thermograms of 
the samples of pH 5.5 and 4.5 show two main peaks at 
58 -  62 C and 66 -  82°C, at 44 -  56°C and 62 -  78°C, 
respectively, while those of pH 3.5 and 2.5 indicate one 
main peak at 56 -  68°C and 52 -  62 C, respectively. As 
determ ined in separate experiments with the purified 
egg white proteins solubilized w ith 0.0 IN NaCl solution 
and adjusted to  the desired pH, the ovalbumin dénaturation

Fig. 5—Changes in the soluble protein contents in the supernatants 
(-*-, pH  5.5; - a - ,  pH  4.5; -•-, pH  3.5; - o - ,  pH  2.5) used for electro
phoretic experiment in Fig. 3.

Fig. 6-Changes in the soluble protein contents in the supernatants 
pH  5.5; -is-, pH  4.5; -•-, pH  3.5; -o-, pH  2.5) used for electro

phoretic experiment in Fig. 4.

peak was sliifted to a lower tem perature by lowering the 
pH from 5.5 to  2.5. The main peaks in each thermogram 
(dénaturation tem peratures: pH 5.5 -  76.0°C, pH 4.5 -  
70.0°C, pH 3.5 -  62.5°C, pH 2.5 -  56.6°C) corresponded 
to  ovalbumin dénaturation. The peaks at lower tem pera
tures (pH 5.5 -  58.0°C and pH 4.5 -  48.5°C) also cor
responded to  ovotransferrin and the thermogram peak of 
ovotransferrin at pH 3.5 and 2.5 did not appear because 
the dénaturation of the protein already occurred when sub
jected to the pH adjustment. The other egg white proteins 
did not appear as separate peaks on the egg white therm o
gram because they were minor proteins and were con
cealed by the large ovalbumin peak, as described by Dono
van et al. (1975). Thus, the remarkable pH sensitivity for 
dénaturation of the two main constituents o f egg white, 
ovalbumin and ovotransferrin, could be dem onstrated.

DICSUSSION
IT IS TRUE that pH of egg white has a profound effect on 
heat coagulation of the com ponent proteins. However, the 
results are greatly influenced by the criteria used for deter
mining coagulation. For example, egg white is more stable 
to  heat at pH 6.5 than at pH 8.5 as determ ined by gelation, 
but lowering of pH reduces the coagulation tem perature 
based on optical density measurem ents (Vadehra and 
Nath, 1973). Egg w hite was inclined to gel at acidic sides 
(pH 3.5 and 2.5) and coagulate near the isoelectric point 
(pH 5.5 and 4.5) (Egelandsdal, 1980). Flat-sheet poly
acrylamide gel electrophoresis proved to  be an effective 
technique for investigating the heat-induced aggregation of 
individual proteins in egg white using the soluble proteins 
after removing centrifuged precipitate, either gel or coagu
late. In the present study, as well as the earlier results at

Fig. 7-D ifferential scanning calorimetric thermograms o f egg white 
(pH 5.5, 4.5, 3.5 and 2.5).
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pH 7 and 9 (Matsuda et al., 1981), a heat-induced fractional 
and step-wise aggregation of egg white proteins at acidic 
pH region was caused. It has been dem onstrated that the 
aggregation rate of globulin A l and A2 at 76°C in egg white 
(pH 7 and 9) was higher than that of ovalbumin, and globu
lin G3A was unstable under heat treatm ent at pH 7 and 9. 
In the acidic pH range the aggregation tem perature of 
globulin A l and A2 was almost the same as ovalbumin, and 
that of globulin G3A was lower than ovalbumin.

The high degree of heat denaturation and heat aggrega
tion of ovalbumin near the isoelectric point was entirely 
expected, because the aggregation tem perature of its pro
tein has been reported to  be practically constant at a wide 
pH range but with the absolute minimum at pH 5.5 (Vad- 
ehra and Nath, 1973). In this report, ovalbumin in egg 
white proved to be more unstable on the acidic pH side 
than in the vininity of the isoelectric point. It has also been 
reported that at or near pH 2 there was substantially 
no aggregation of ovalbumin in salt-free solution, but addi
tion of salt to salt-free heat-denatured samples leads to  a 
pronounced turbidity increase. Thus, ovalbumin has a ten
dency to aggregate by heat on the acidic side depending on 
the ionic strength. Therefore, the aggregation of ovalbumin 
presumably differed in terms of the heating condition and 
the m ethods for measuring aggregation.

Of the major proteins in egg white on the acidic side, 
ovotransferrin is the most sensitive to  heat and becomes 
insoluble in egg white upon denaturation. In order to 
increase the heat stability of ovotransferrin and decrease 
the damage resulting from a heat treatm ent of egg white, 
the stabilization of ovotransferrin with m etal ions has been 
utilized in the food industry. However, an im portant point 
is that the metal ovotransferrin complexing is pH-depen- 
dent, and the lowest pH on the acidic side that can be used 
is 6.0 (Wishnia et al., 1953). Ovotransferrin has been pre
viously described to become unstable as the acidity was 
increased; the denaturation of ovotransferrin is com plete 
in seconds at pH 3.2, whereas the reactions take days at 
pH 4.2 (Wishnia and Warner, 1961). In this study a rela
tionship was established between the aggregation of ovo
transferrin (tem perature and time) and the pH o f egg 
white.

Although the aggregation tem perature of the ovoinhibitor 
was much lower than for ovomucoid, it was also indicated 
to be stable in the acidic pH range.

The ovomacroglobulin in acid solution has been reported 
to dissociate in to  two subunits of equal weight which have 
essentially the same fractional ratio (1.6) as the native

molecule (Donovan et al., 1969). From consideration of 
that result, the loss o f ovomacroglobulin in acidic media 
shown in this report might be due to  the dissociation of the 
molecule.
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D e g r e e  o f  D i f f e r e n c e  T e s t  M e t h o d  i n  S e n s o r y  

E v a l u a t i o n  o f  H e t e r o g e n e o u s  P r o d u c t  T y p e s

L. B. AUST, M. C. GACULA JR., S. A. BEARD, and R. W. WASHAM II

-------------------------- - ABSTRACT---------------------------
A  degree o f  difference test and its statistical analysis were developed 
to replace the traditional triangle test for products w hich vary dur
ing production. Several heterogeneous food products and com puter 
simulated data were used in  this study. The result show s that the use 
o f  the triangle test w ith a h igh ly variable product results in a high 
frequency o f false statistically significant results being declared. 
A  degree o f difference test w hich measures and tests perceived dif
ferences in taste due to other than product variability via the analy
sis o f  variance approach is therefore recomm ended for dealing with 
heterogeneous products.

INTRODUCTION
ALTERATIONS in ingredient suppliers or in ingredients 
themselves change products, and the triangle, duo-trio, and 
paired difference tests are established m ethods for deter
mining whether or not this change can be detected through 
the taste of the product. During the course of normal 
plant production, samples of product from different 
batches made day to  day, or even within a 1-day period, 
may exhibit a considerable am ount of variation. Color, vis
cosity, and taste variations are apparently due to no real 
explanation other than time of day and environm ental con
ditions under which the product was made. A certain 
am ount of variation exists within the production cycle of 
any product, food or nonfood, but the heterogeneous 
nature of cooking sauces and canned meats makes them 
even more susceptible to  production variability.

This batch to batch and even unit to  unit variation is 
inherent in the product, yet it is possible that it alone can 
account for significant taste differences in discrimination 
tests. An alternative m ethod is needed which takes into 
account product variability when determining the effects 
of form ulation changes on the taste of a product.

In order to determine the most effective test m ethod for 
evaluating heterogeneous products, the triangle test and the 
degree of difference test were investigated.

MATERIALS & METHODS

Sensory procedures
Triangle tests w ith 32  panelists were conducted on deviled hams, 

chili, Vienna sausage, sloppy joe, pizza, and beef stew. Products 
were prepared according to package directions; products typically 
eaten at room  temperature were served at room  temperature. Prod
ucts were served in  disposable containers. The panelists received a 
small portion  o f product (from  1/2 o f a Vienna sausage to 2 table
spoons o f  the sauce type products). O rd inary room  lighting was 
used throughout the test. U sing  the same panelists that participated 
in the triangle tests, a degree o f difference test was conducted on 
the same products using the questionnaire given in Table 1. In  the 
degree o f difference test, four samples denoted by X ,  X j ,  X 2 , and 
Y  are prepared. In  this notation, X  is the reference sample, X j  is 
a sample from  the same batch as X , X 2 is from  a different batch

Authors Gacula, Beard, and Washam are affiliated with the Armour 
Research Center, Armour-Dial, Inc., 15101 N. Scottsdale Rd., 
Scottsdale, A Z  85260. Author Aust is now with H ill Top Research, 
7506 E. Monterey Way, Scottsdale, A Z  85251.

than X ,  and Y  is the test sample. The  task o f the panelists is to de
termine the degree o f  difference between the reference sample 
(X )  and the three unknow n  samples ( X j ,  X 2 , Y ). Panelists w ith 
extensive experience in tasting the product types studied were used. 
The triangle and the degree o f  difference tests were perform ed on 
the same w ork  day for a particular product to elim inate possible 
bias due to a time factor.

Statistical procedures
The degree o f  difference test design consists o f three alike or 

identical samples X ,  X j ,  and X 2 , and a test sample Y. Let the 
sensations evoked by these four samples be also denoted respec
tively b y  X ,  X j ,  X 2 , and Y, The three sensations X , X j ,  and X 2 
are assumed to have the same distribution w ith mean zero and vari
ance <j2 , while the sensation distribution o f  Y  has mean p and the 
com m on variance tr2 . Since X ,  X j ,  and X 2 are assumed to have the 
same distribution, the com parison between X j  and X 2 w ill provide 
a measure o f  pure error. In  our definition, pure error w ill include 
variations due to product heterogeneity and due to panelists.

The null hypothesis in  the degree o f  difference test is H 0 : m  = 
0, against the alternative H a : p >  0. In  our experim ent w ith N  panel
ists each panelist provides an observation on X j ,  X 2 , and Y  where 
each observation is measured on  degree o f closeness o f  X j ,  X 2 , 
and Y  from  the reference sample X . Let X j j ,  X 2j, and Yj denote the 
scores o f samples X j ,  X 2 , and Y  respectively given by the jth 
panelist. Then X j  = 2 X jj/ N ,  X 2 = 2 X 2j/N, and Y  = SY j/ N , j = 1,
. ._. , N./To test the null hypothesis, we com pute the difference Y  -  
[ ( X j  +  X 2)/2] and the statistical significance o f  the difference is 
tested by the F  ratio in the analysis o f  variance as show n in  Table

Table 1—Degree o f difference test questionnaire where 0 = no dif
ference and 5 = extremely large difference.

Name --------------------------------------------------------  Date -----------------

Product------------------------------------------------------ Set n o .--------------

Sample X  is a reference sample. The coded samples may or may not 
be different f 'om  Sample X. You are looking for overall flavor dif
ferences only.

Taste Sample X  first, then taste each of the coded samples, from left 
to right. Compare the coded samples against the X  sample when 
making your judgment of degree of overall flavor difference. Make 
your judgmert on overall flavor differences only and not appear
ance or texture differences.

Difference from Sample codes
refererce

No difference

Very slight difference

Slight difference

Moderate difference

Large difference

Extremely large difference

Describe the overall flavor difference, if any:
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2. The sums of squares in the analysis of variance table were ob
tained by standard procedures (Gacula and Singh, 1984), except 
for the pure error sum of squares (MSp) which was calculated as the 
sum of the differences in scores between the reference samples Xy 
and X2j squared divided by 2 (Gacula, 1978).

Computer simulation
In addition to the use of heterogenous products, a computer 

simulated population under the null hypothesis was generated using 
SAS (1982) to further compare the triangle and degree of differ
ence tests. A binomial distribution with parameters N and P = 1/3 
and corresponding random numbers from 0 to 5 for the degree of 
difference score populations Xi, X2, and Y were obtained. The 
data generated were subjected to the triangle test analysis and the 
degree of difference test analysis as outlined earlier.

RESULTS & DISCUSSION
THE HOMOGENEITY of the two stimuli in all characteris
tics but the specified criterion has been emphasized by 
Amerine et al. (1965) as a prerequisite for the effective use 
of the triangle test. However, in actual applications the de
sired homogeneity is generally not m et with a num ber of 
canned food products. Consequently, the result of a tri
angle test with these products is suspect. Indeed, it is com 
mon to find significant differences from triangle tests due 
to the inherent variability in batch to batch production of 
certain canned food products. Therefore, a degree of dif
ference test which takes into consideration production 
variation in a product was explored as a means to  replace 
the traditional difference tests for these particular products.

Means, standard errors, and significance probabilities for 
the triangle and degree of difference tests for 13 trials using 
various products are shown in Table 3. The differences 
between means Xi and X2 reflect production variation 
within trial. For instance, in trial 2 one batch had a mean of
1.06 and another batch had a mean of 2.00. When this 
variation is greater than the treatm ent effects being mea
sured we would not be able to establish significant differ
ences between samples. The agreement between the test

Table 2—Analysis o f variance for the degree o f difference test3

Source of variance DF M S F ratio

Total M -  1
Test vs reference 1 MSt MSt/MSp
Pure error 
Residual

N
M -  N -  2

MSp

3 M  = total num ber of observations; M St = test mean square; MSp = 
pure error mean square; N = num ber of panelists.

m ethods based on significance probabilities of at least 0.05 
level for rejecting the null hypothesis o f no difference 
was poor; that is, only 5 (trials 5, 6, 7, 11, and 13) out of 
13 statistical analyses showed the two test m ethods were in 
agreement. Note that for trial 7, and other trials as indi
cated in Table 3, no_significant difference was declared 
when the difference Y -  [(X j + X2 )/2] was negative. A 
negative difference usually occurs when the treatm ent ef
fects are smaller than the variability between batches. 
With the exception of trial 13, trials 5, 6, 7, and 11 had 
fairly homogeneous production_batches as indicated by the 
closeness of the mean scores X[ and Xj_. In other trials 
where a large difference existed between Xj and X2 or the 
treatm ent effects were small, such as trials 1, 4, and 12, a 
significant difference was declared by the triangle test but 
not by the degree of difference test. Therefore, it is appar
ent that the disagreement in results between the test 
m ethods is due to product and batch heterogeneity.

The several significant results (Ha : ¡1 >  0, accepted) for 
the triangle test shown in Table 3 can be theoretically ex
plained as follows. According to Ura (1960) and David and 
Trivedi (1962), a correct response in the triangle test is 
obtained if the following inequalities hold: |X j — X2 [
<  |Xi -  Y| and |Xj -  X2 | <  |X2 - Y |.  That is, correct 
responses are obtained when the absolute difference be
tween the identical samples Xj and X2 is less than the abso
lute difference between Xj or X2 and the odd sample Y. It 
is possible to  satisfy the above inequalities and obtain sig
nificant differences in the triangle test even if the mean 
scores for X j, X2 , and Y are very similar and no significant 
difference can be quantified by the degree of difference 
test. For example, hypothetical data that may occur with 
a heterogeneous product is shown in Table 4.

According to  the inequalities, 11 -  2| <  11 — 5[, 11 -  2|
<  |2 — 5 1, etc., all the panelists should be able to pick the 
odd sample Y which would lead to a significant difference 
in the triangle test. However, if we apply the degree of dif-

Table 4—Hypothetical data to illustrate the effect o f heterogeneity 
on triangle test

Panelist X 1 X 2 Y

1 1 2 5
2 3 2 0
3 5 4 1
4 0 1 3

X 2.3 2.3 2.3

Table 3—Significance probabilities for the triangle and degree o f difference tests obtained from the comparison o f heterogeneous food products

Trial product X
I

X 2 Y
Standard

error3

Degree of 
difference 

test
Triangle

test

1. Sloppy Joe 1.31 1.56 1.28 0.22 b 0.009
2. Deviled Ham 1.06 2.00 1.69 0.25 0.608 0.019
3. Deviled Ham 0.97 2.41 1.66 0.26 0.921 0.019
4. Deviled Ham 1.47 2.28 1.34 0.24 b 0.028
5. Chili 0.69 0.94 1.69 0.20 0.001 0.009
6. Chili 1.07 1.48 1.94 0.21 0.019 0.001
7. Pizza 1.31 1.50 1.28 0.24 b 0.240
8. Chili 1.13 2.03 1.66 0.29 0.826 0.003
9. Chili 1.00 1.59 1.63 0.18 0.155 0.01910. Chili 0.91 1.34 1.97 0.24 0.007 0.243

11. Chili 1.22 1.16 1.91 0.24 0.020 0.002
12. Vienna 1.28 1.31 0.66 0.20 b 0.050
13. Beef Stew 0.52 1.65 1.65 0.24 0.077 0.050

3 Standard error com puted from  the pure error mean square. 
D Not reported because of a negative d ifference.
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Table 5 —S ign ifican ce p ro b a b ili t ie s  fo r  th e triangle a n d  deg ree  o f  
d iffe ren ce  te s ts  w ith  sa m p le  s iz e  N  = 6 0

Simulation
experiment

no.

No. of 
agreeing 

judgments/N
Triangle

test

Degree of 
difference 

test

1 22/60 0.336 0.397
2 17/60 0.831 0.196
3 22/60 0.336 0.854
4 27/60 0.040 0.389
5 22/60 0.336 0.757
6 17/60 0.831 0.562
7 24/60 0.169 0.781
8 22/60 0.336 0,772
9 23/60 0.244 0.149

10 24/60 0.169 0.089
11 23/60 0.244 0.463
12 17/60 0.831 0.854

T able 6 —S ign ifican ce  p ro b a b ili t ie s  fo r th e  triangle a n d  deg ree  o f  
d iffe ren ce  te s ts  w ith  sa m p le  s iz e  N  = WO.

Simulation
experiment

no.

No. of 
agreeing 

judgments/N
Triangle

test

Degree of 
difference 

test

1 39/100 0.137 0.100
2 39/100 0.137 0.110
3 33/100 0.566 0.846
4 39/100 0.137 0.065
5 33/100 0.566 0.686
6 25/100 0.972 0.308
7 39/100 0.137 0.127
8 27/100 0.929 0.724
9 27/100 0.929 0.356

10 39/100 0.137 0.708
11 40/100 0.100 0.565
12 33/100 0.566 0.929

ference test to  this example, we will obtain no significant 
difference due to  all means being equal and the test mean 
square (MSt) must therefore equal 0. This indicates that 
when the products to  be evaluated vary highly from sample 
to sample, the triangle test should be used w ith caution 
because variability alone can account for significant taste 
differences in discrimination tests.

In order to provide additional evidence that product 
variation is the cause of the test m ethod disagreement, com
puter simulated data were obtained under the null hypothe
sis (H0 : P = 1/3, H0 : pi = 0), th a t is, there is no significant 
difference between the odd and the identical samples. The 
results of applying the triangle and the degree of difference 
tests to  the simulated data are given in Table 5 for N = 60 
and in Table 6 for N = 100. In Table 5, the test m ethod 
did not agree on one experim ental com parison (experim ent
4); however, w ith a larger panel size of N = 100, the test 
m ethods were in com plete agreement in accepting the null 
hypothesis at the 5% significance level (Table 6). The agree
m ent in the result between the triangle test and the degree 
of difference test indicates that when the samples to be 
evaluated are fairly homogeneous, such as the simulated 
data, bo th  the m ethods should agree in accepting or reject
ing the null hypothesis. On the other hand, when the sam
ples to be evaluated are heterogeneous, we may expect a

larger num ber of false significant results declared by the 
triangle test than by the degree of difference test. The 
larger the variability in the data relative to  the difference 
of interest between samples, the smaller the chances that 
we will obtain significant results by the degree of difference 
test.

Thus, from the foregoing results, the degree of differ
ence test is m ore appropriate than the triangle test for 
determining if a sample of a heterogeneous product is true- 
ly different from another sample of that product.
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— ------ — ------------ ABSTRACT-----------------------------

Free anthocyanin and Hunter a' value deterioration in blackcurrant 
syrups during storage followed first order reaction kinetics. Half-life 
of Hunter a' values were 3 -4  times higher than half-life values of free 
anthocyanins. Syrups from various cultivars differed in color stabil
ity. Degassing of syrups prior to storage did not enhance color 
stability. Day-light storage of syrups lowered half-life of Hunter a' 
values by 10-30% compared with dark storage. Storage in oxygen 
permeable packaging materials reduced Hunter a' half-life values up 
to 90%. Hue values should be used rather than absorbance ratios 
A5 2 0 M 4 2 0  to judge color quality. Hunter a’ values should be above 
50 and hue values below 40-45° to ascertain acceptable color.

INTRODUCTION

ANTHOCYANINS, the pigments responsible for color in 
most fruits and berries, degrade easily according to  various 
reaction mechanisms as reviewed by Markakis (1982) and 
Ribereau-Gayon (1982). The degradation is influenced by 
oxygen, ascorbic acid, light, pH and tem perature, Antho- 
cyanin-containing food products like jams, puree, syrups 
and juices are therefore susceptible to  color deterioration, 
the visible image changing from  a natural red or purple to  a 
more dull brownish color (Abers and Wrolstad, 1979; 
Spayd and Morris, 1981a; Simard et al., 1982). A nthocya
nin degradation has been shown to  follow first order reac
tion kinetics (Meschter 1953; Wrolstad et al., 1970; Debicki- 
Pospisil et al., 1983).

The color of free anthocyanins is pH dependant, the pig
ments have their maximum color intensity about pH 1 and 
are nearly colorless at pH values of about 4.5. A pH-differ- 
rential m ethod is therefore frequently used for quantifica
tion (Fuleki and Francis, 1968). However, the decrease in 
free anthocyanins actually precedes the development of 
visual discoloration and determ ination of anthocyanins by 
the pH-differential m ethod is not suitable for evaluating 
visual color (Abers and Wrolstad, 1979; Ribereau-Gayon, 
1982; Skrede et al., 1983). In red wine, Somers (1971) has 
shown that stable polymeric pigments are formed from 
anthocyanins during storage. These polymers are responsi
ble for a great proportion of the color intensity in stored 
wine and are not included in the pH-differential anthocya
nin determination.

Hunter color parameters have previously proved valuable 
in describing visual color deterioration in anthocyanin-con- 
taining products (Poei-Langston and Wrolstad, 1981; Spayd 
and Morris, 1981b; Sistrunk and Gascoigne, 1983; Skrede 
et al., 1983). The present work was undertaken to  study 
how this m ethod could be used for practical evaluation of 
color stability in blackcurrant syrups, and to  establish limits 
for acceptable color quality. A further aim was to  study the 
extent tha t variation in blackcurrant raw material and prac
tical processing and storage conditions influenced color 
stability.

Author Skrede is affiliated with the Norwegian Food Research 
institute, P.O. Box SO, N-1432 Aas-NLH, Norway.

MATERIALS & METHODS
BLACKCURRANT SYRUPS from the cultivars Silvergieter, Ben 
Nevis and Ben Lomond were prepared on a semi-industrial scale 
during two preceeding years (Blom and Skrede, 1984). The syrups 
were packed in uncolored glass bottles and stored at 20° C. The first 
year, half of each syrup was degassed before filling. The samples 
were stored in a room with south-facing windows or in the dark. 
The second year, syrups were stored in artificial light (400 lux, 
Osram warm white) 10 hr per 24 hr.

An industrially prepared blackcurrant syrup, packed in four 
different packaging materials glass, polyester (PET), polyvinyl 
chloride (PVC), and high-density polyethylene (HDPE), were stored 
under controlled conditions as described previously (Skrede e t  al.,
1983).

At various time intervals during the storage experiments total 
anthocyanin content (pH-differential method), absorbance ratios 
A5 2 0 /A4 2 0  and Hunter L', a', b' and hue values (hue is the angle 
with tangent b'/a') were determined as reported previously (Skrede 
e t  al., 1983). Hunter L', a', b' values were calculated from CIE XYZ 
tristimulus values obtained from the transmission spectra (Shimadzu 
300-UV, Sesakusho Ltd., Kyoto, Japan), using the weighted-ordi
nate method between 380 and 760 nm (10 nm intervals) (Hunter, 
1975). L' = 1CR/Y, a' = 175 (1.02 X/Y-l), b' = 70 (1-0.847 Z/Y). 
Lightsource C was used for calculation. Before analyses the syrups 
were diluted 1:5 with water resulting in soluble solid contents of 
12° Brix. The pH of the syrups were 3.0-3.2.

Five samples of different commercial syrups were obtained from 
a processing company and from an official control laboratory. The 
syrups had been judged by sensory panels at their laboratories to be 
close to unacceptability. The syrups were used to set acceptability 
limits for color quality in blackcurrant syrups.

All analyses were made in duplicates. For statistical evaluation, 
D values at 5% significance level were calculated according to 
Snedecor and Cochran (1967). D value is the difference required 
between two means to judge them as significantly different.

RESULTS

Characteristics of syrups in storage experiments

Initial color parameters of blackcurrant syrups from the 
three cultivars varied between the tw o growing seasons 
(Table 1). On average, Silvergieter and Ben Nevis syrups 
were higher in anthocyanin concentration and Hunter a' 
values and lower in Hunter L' values than syrups from the 
Ben Lomond cultivar. Differences in Hunter b ' and hue 
values were not significant.

The industrially prepared blackcurrant syrup was rela
tively low in anthocyanin concentration (Table 1). Hunter 
a ' and b' values were low while H unter L' values were cor
respondingly high. Hue value was com parable to  those of 
the cultivar syrups.

Kinetics of color changes

Semilogarithmic plots of percent residual anthocyanins 
during long-term storage of the 1981 syrups and the indus
trial syrup were linear (Fig. 1), showing tha t decreases in 
free anthocyanin in blackcurrant syrups followed first order 
reaction kinetics during storage. At the end of the storage 
period, anthocyanin concentration approached the detec
tion limit o f the analytical m ethod and half-life calculations 
were based on pigment losses during the initial 18 m onths 
of storage (Table 2). The half-life value of Ben Nevis syrup
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Table 1—Initial content o f free anthocyanlns. Hunger L a ' ,  b 'and  
hue values in blackcurrant syrups

Anthocyanins
mg/100g

Hunter

L' a' b' Hue°

1981
Silvergieter 79 25.9 164.1 67.8 22.4
Ben Nevis 79 27.9 171.3 68.2 21.7
Ben Lomond 61 31.6 150.0 66.5 23.9

1980
Silvergieter 110 29.1 176.5 63.7 19.8
Ben Nevis 82 31.0 177.7 67.4 20.7
Ben Lomond 88 32.8 166.7 66.7 21.9

An industrial syrup 44 48.2 121.0 56.6 23.0

°5% 7 2.6 8.2 3.6 -

Fig. 1—Semllogarithmic p lot o f changes in free anthocyanin con
tents (- - -) and Hunter a'-values (— ) in four blackcurrant syrups 
during storage at 20°C under artificial light: (A) Silvergieter; (•) Ben 
Nevis; fAl  Ben Lomond; (m) an industrial syrup.

was higher than tha t of Ben Lomond and the industrial 
syrup. This means that the Ben Lomond and the industrial 
syrup had lower stability of free anthocyanins than the Ben 
Nevis syrup. Silvergieter seemed to  have an interm ediate 
anthocyanin stability among the syrups tested.

Decreases in H unter a' values also followed first order 
reaction kinetics throughout the storage period (Fig. 1). 
Half-life values of the Hunter a' values of Silvergieter and 
Ben Nevis cultivars were equal and significantly higher than 
the half-life of the Ben Lomond and the industrial syrup 
(Table 2). With H unter V  and b' values, linear relationships 
in the semilogarithmic plots were found only during the 
first part of the storage period. Storage beyond 12 m onths 
resulted in lower H unter L' values and higher Hunter b' 
values than would be expected with first order reaction 
kinetics. Hunter b ' values of Silvergieter and Ben Nevis 
syrups deteriorated less and Hunter L' values increased 
more than the corresponding values of Ben Lomond and 
the industrial syrup.

The different changes in H unter a ' and b ' values caused 
hue values to  increase during storage (Fig. 2). Differences in

Table 2—Half-life, ty2, (months) o f free anthocyanin contents and 
Hunter a' values o f blackcurrant syrups prepared from different 
cultivars and from different package types stored at 20°C under 
artificial light

ty2 (months) 

Anthocyanins Hunter a'

Cultivar

Silvergieter 5.9 23.8
Ben Nevis 6.8 24.0
Ben Lomond 5.0 14.8
An industr al syrup 4.7 16.2

Packaging materia!

Glass 4.7 16.2
Polyester 3.4 12.5
Polyvinyl chloride 2.7 8.6
High density polyethylene 0.9 1.9

d 5% 1.4 3.7

STORAGE TIME (MONTHS)

Fig. 2—Hue values in four blackcurrant syrups during storage at 
20° C under artificial light: (A) Silvergieter; (•) Ben Nevis; (A) Ben 
Lomond; (•) en industrial syrup.

hue values between syrups were more pronounced at the 
end of the storage period. The Ben Lomond and the indus
trial syrup gave the highest hue values.

The absorbance ratio  A52o/A42o decreased as the 
storage proceeded. However, the differentiation between 
syrups became poorer towards the end of the storage period 
(Fig. 3). N either hue values nor absorbance ratios applied to  
first order reaction kinetics during storage.

Effect of storage conditions
Packaging material greatly influenced the free anthocy

anin deterioration in blackcurrant syrups (Fig. 4a). In the 
industrial syrup packed in four different packaging materi
als, first order kinetics were generally followed until 10 mg 
anthocyanins/lOOg syrup or about 20% of the initial antho
cyanin content remained. Correspondingly, linearity in 
Hunter a' values was found as long as the values exceeded 
25% of the initial levels (Fig. 4b). From  this point, Hunter 
a' values decreased more slowly. Half-life values of free 
anthocyanin conten t and Hunter a’ values of the industrial
ly prepared blackcurrant syrup stored in various packaging 
materials are shown in Table 2. Both color parameters were 
best maintained in glass bottles where half-life was about 
35% longer than in PET bottles and about 80% longer than 
in PVC bottles. HDPE clearly was the least suited packaging 
material for blackcurrant syrups.
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STORAGE TIME (MONTHS)

Fig. 3 —A b so rb a n ce  ra tio  in  fo u r b la ck cu rra n t sy ru p s  du rin g  sto ra g e  
a t  2 0 ° C u n d er  a r tif ic ia l lig h t: (A ) S ilverg ie te r ; ( • )  Ben N evis; (*■) 
Ben L o m o n d ;  ( • )  an in d u str ia l sy ru p .
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Hue values were greatly influenced by the packaging 
material used during storage, again dem onstrating the super
ior storage ability o f glass bottles (Fig. 5). Absorbance ratio 
A520/A420 also discriminated between packaging materials 
o f syrups but to  a smaller ex ten t than the hue values, and 
the results are no t presented.

The various processing and storage conditions applied in 
the storage experiments to  some extent influenced color 
parameters. Assuming first order kinetics throughout the 
storage period of 9 m onths (Fig. 1), half-life values were 
calculated (Table 3). Differences in half-lives of free antho- 
cyanins were not significant, while significant differences 
in half-lives of Hunter a' values were found in Silvergieter 
and Ben Nevis syrups. Syrups stored under dark conditions 
were more color stable than syrups stored in daylight. The 
unevacuated syrups showed a tendency towards longer 
half-life than evacuated syrups. Significant differences in 
hue values with storage conditions were not found during 
the 9 m onths storage period.

Acceptability of syrups
The Hunter L', a', b' and hue values and the absorbance 

ratio A520/A420 of five commercial blackcurrant syrups, 
judged by sensory panels at the industrial laboratories to  be 
in the range of unacceptability, are shown in Table 4. 
Acceptable syrugs had H unter a ' values above 50 and hue 
values below 38 , while samples judged as not acceptable 
had Hunter a ' values below 43 and hue values above 47°. 
Absorbance ratio was above 0.8 in the acceptable syrups, 
below 0.7 in the unacceptable. The H unter L 'a n d  b ' values 
did not show clear acceptability limits and values of accept
able and not acceptable syrups to  some ex ten t overlapped.

Fig. 4 —S em iio g a rith m ic  p l o t  o f  ch anges in  free  a n th o cya n in  c o n te n t  
(a! a n d  H u n ter a'-values (b) in  an in d u s tr ia lly  p r o d u c e d  b la ck cu r
ra n t sy ru p  s to r e d  a t  2 0 ° C  u n der a rtif ic ia l tig h t in  fo u r  d if fe r e n t  
p a ckag in g  m a teria ls: ( • )  glass; ( • )  p o ly e s te r ;  (*) p o ly v in y l  ch lo rid e ;  
( A) h ig h -d en s ity  p o ly e th y le n e .

STORAGE TIME (MONTHS)
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Fig. 5—Hue values in an industrially produced blackcurrant syrup 
stored at 20°C under artificial light in four different packaging 
materials: (•) glass; (•) polyester; (*■ ) polyvinyl chloride; (A) high- 
density polyethylene.

DISCUSSION
THE CURRENT EXPERIMENTS revealed tha t first order 
reaction kinetics can be used when evaluating red color 
stability in blackcurrant syrups during storage. Despite 
varying blackcurrant raw materials, first order kinetics 
applied to  the syrups throughout a storage period of two 
half-life periods. The decrease in Hunter a' values was 
caused by more extensive changes occuring in the central 
than in the upper part of the transmission spectrum.

Also disappearance of free anthocyanins followed first 
order reaction kinetics, in accordance with previous find
ings (Spayd and Morris, 1980). However, the half-life 
values calculated for anthocyanins were considerably lower 
than those of H unter a' values. As m uch as 50% of the red 
color remained in the syrup at the tim e when free antho
cyanins were hardly detectable. O ther com ponents, like 
polymeric com pounds form ed from anthocyanin m ono
mers, must therefore contribute to  red color during the 
later periods of storage (Somers, 1971). Since the decrease 
in red color partly levels off as the am ount of free antho
cyanins disappears, these polymeric pigment forms must 
have a higher stability compared with the monomeric form.

The changes in Hunber b' values with storage were ini
tially caused by increased transmission in the lower and 
central part of the syrup spectrum , resulting in decreased 
H unter b ' values. Upon further storage, transmission in the 
lower part of the spectrum  (400-520 nm) decreased, with 
that in the central part (520-570 nm) remaining fairly con
stant. This resulted in increased H unter b ' values during the 
later part of the storage period. Thus, H unter b ' values 
cannot be used directly to  predict color stability in black
currant syrups during storage to  the same extent as Hunter 
a ' values. However, the param eter is im portant since the 
overall color impression of the syrup depends on the rela
tive am ount of red and yellow. In all syrups the ratio of 
yellow to  red, expressed by the hue value, increased during 
storage. This corresponds to  a more yellow hue of the 
blackcurrant color upon storage. Similarly, Abers and Wrol- 
stad (1979) and Spayd and Morris (1981a) found straw
berry preserves to  attain  an color more yellow in hue with 
storage.

By proper definition of color acceptability levels, the 
present quality of any actual syrup may easily be evaluated 
from its hue value. In the present investigation an upper 
acceptability lim it of 40-45 was found for the hue value. 
This is somewhat higher than the lim it o f 35 set previously

Table 3—Half-life values, ty2, (months) o f free anthocyanins and 
Hunter a ' values o f blackcurrant syrups during storage in daylight 
and in the dark. Hue values after 9 months storage

ty, (months)

Anthocyanins Hunter a' Hue0

Silvergieter

Unevacuated
daylight storage 5.0 31.9 21.3
dark storage 5.8 41.8 20.7

Evacuated
daylight storage 4.4 31.8 20.4
dark storage 5.3 45.2 20.6

Ben Nevis

Unevacuated
daylight storage 4.3 23.9 19.5
dark storage 5.0 27.8 19.8

Evacuated
daylight storage 3.3 17.0 20.6
dark storage 4.1 25.5 19.7

Ben Lomond

Unevacuated
daylight storage 4.2 24.8 20.5
dark storage 4.7 27.3 20.6

Evacuated
daylight storage 3.9 21.8 20.2
dark storage 4.4 24.5 20.8

d 5% 1.2 7.4 _

Table 4—Hunter L a' b ' values and hue values o f five industrially 
prepared blackcurrant syrups. The syrups were judged by the sup
pliers to have sensory color quality just over or below the accepta
bility lim it

Evaluation of sample

Hunter

L' a' b' Hue0

Acceptable 56.1 50.5 39.4 38.0
Acceptable 48.2 85.5 50.6 30.6
Acceptable 51.7 69.4 50.5 36.0
Not acceptable 55.5 43.1 47.2 47.6
Not acceptable 62.7 36.3 41.5 48.8

(Skrede et a l, 1983). The settings indicate the present 
Swedish and Norwegian a ttitude towards color accepta
bility in blackcurrant syrups.

The extensively used absorbance ratio A520/A420 (Mor
ris and Spayd, 1980; Sistrunk and Gascoigne, 1983) proved 
to  be less suited for color evaluation than the hue value, 
since the differentiation between samples became less dis
tinct at colors close to  the acceptability limit. This may be 
the explanation to  the hue values appearing to  predict 
visual color deterioration in the syrups slightly better than 
the absorbance ratio (Skrede et a l, 1983). It is reasonable 
that hue values, containing inform ation from the entire 
visible region, give better color inform ation than an ab
sorbance ratio based on only two distinct wavelengths.

The most extensive effect on both free anthocyanin and 
color stability during storage of blackcurrant syrup was 
caused by the packaging materials and hence by the oxygen 
availability (Skrede et a l 1983). The detrim ental effect of 
oxygen to  anthocyanin stability has been well docum ented 
previously (Nebesky et a l, 1949). Degassing of syrups prior

—Continued on page 525
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P u r i f i c 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  a  

C l o s t r i d i u m  p e r f r i n g e n s  a - g a l a c t o s i d a s e

TIMOTHY DURANCE and BRENT SKURA

--------------------------- ABSTRACT-----------------------------
Of 21 strains of C. perfringens tested for hydrolysis of a-galacto- 
sides, 10 utilized either raffinose or melibiose while 2 utilized both 
sugars. Spore production in Duncan Strong medium was superior in 
the presence of raffinose as opposed to starch in 12 out of 21 
strains. C. perfringens M34 yielded 1.2 units of a-galactosidase/g 
washed cells. This enzyme had an isoelectric point of 5.6 and a pH 
optimum for hydrolysis of PNPG of 6.3. Native and monomer 
molecular weights were 96,000 and 46,000 daltons respectively. 
Km was 0.20 ± 0.02mM PNPG. Heat stability of the enzyme de
creased as purity increased. This trend was partially reversed by 
addition of 2-mercaptoethanol, NADH, cysteine, and/or bovine 
serum albumin to reaction mixture.

INTRODUCTION
LEGUMES are widely consumed as low cost sources of 
dietary protein. Excessive flatulence, however, long asso
ciated with legume consumption, may limit the accepta
bility of legumes in the diet. Several studies have shown 
that the a-galactoside sugars raffinose and stachyose con
tribute to  flatulence (M urphy et al., 1972; Rackis et al., 
1970; Steggerda et al., 1966). These sugars are not hydro
lyzed or absorbed by the mammalian digestive system 
(Taeufel et al., 1965). The sugars therefore pass into the 
lower bowel, where they may be ferm ented by various 
resident bacteria, with the production of gas. Strains of 
Clostridium perfringens in particular have been implicated 
as major sources of intestinal gas (Richards et al., 1968; 
Sacks and Olson, 1979).

Some studies have suggested that other factors besides 
a-galactosides may contribute to  flatulence (Calloway, 
1973; Calloway et al., 1971; Wagner et al., 1976). An a- 
galactosidase similar or identical to  the bacterial enzyme 
present in the large intestine could be a valuable research 
tool for clarifying the role of these sugars in flatulence. 
The objective of this study was to  isolate and characterize 
the a-galactosidase of C. perfringens (a-GALCp).

MATERIALS & METHODS

Microorganisms
Twenty strains of C. perfringens, isolated from fecal and non- 

fecal sources were donated by the Division of Laboratories, British 
Columbia Ministry of Health. One other strain was isolated from a 
soil sample. All were identified by the method of Hauschild, 1975. 
Strain M34 was confirmed to be C. perfringens by means of the API 
Anaerobe identification system (Analytab Products, Plainview, NY).

Strains were maintained as spore suspensions in distilled water 
at 4°C. Spores were induced and counted by the methods of Labbe 
and Rey (1979), employing either raffinose or starch as the sporula
tion carbohydrate. Short term culture maintainence utilized Cooked 
Meat medium (Difco).

Strains capable of producing acid and gas within 36 hr at 45° C 
from 2.0% trypticase peptone (BBL), 0.35% agar, 0.002% phenol

Authors Durance and Skura are affiliated with the Dept. Food Sci
ence, Univ. o f British Columbia, #248-2357 Main Mall, Vancouver, 
British Columbia, Canada V6T 2A2.

red and 0.5% carbohydrate were considered positive for that carbo
hydrate.

For production of a-GALCp, cultures were grown at 42°C in 
a-Galactoside Broth (1.5% trypticase peptone, 0.5% proteose pep
tone, 0.5% sodium chloride, 0.2% dipotassium phosphate, and 0.1% 
sodium thioglycollate, with or without 0.5% raffinose and 0.5% 
melibiose). The ferementation procedure was as follows. Spore sus
pension was heat shocked (75°C; 20 min) and surface plated onto 
Germination Agar (1.5% trypticase peptone, 1.0% yeast extract, 
1.5% agar). Germination plates were incubated overnight at 42°C. 
Single colonies were inoculated into Cooked Meat medium, incu
bated 24 h, and a loopful of culture used to inoculate 15 mL a- 
Galactoside Broth (with or without a-galactosides). This culture was 
incubated overnight, then used as the inoculum for 125 mL a- 
Galactoside Broth, which in turn, after 6 h incubation, was the 
inoculum for 2,500 mL a-Galactoside Broth. Following germination 
of the spores, no special steps were taken to ensure anaerobiosis, 
except that freshly autoclaved media was used throughout and cul
tures were grown without shaking or mixing.

Purification of a-GALCp. Cells harvested by centrifugation 
(9,000 x g; 4°C), washed with 3 volumes of buffer, (0.05M mono
potassium phosphate, pH 6.7) and resuspended in the same buffer, 
were disrupted by passage thorough a cold Aminco-French Pressure 
Cell (Silver Spring, MD), at 15,000 psi and 2°C. The crude extract 
was clarified by centrifugation (27,000 xg; 30 min;4°C).

DEAE cellulose chromatography
Crude extract (100-500 units a-GALCp) was applied to a 2.5 cm 

x 22 cm column of Whatman DE-32 DEAE cellulose (Whatman 
Chemical Seperation Ltd., England), previously equilibrated with 
0.02M monopotassium phosphate buffer, pH 6.7. The column was 
washed with 300 mL starting buffer and the sample was eluted with 
a 0.02-0.5M sodium chloride gradient (total volume, 840 mL). 
Active fractions were pooled and concentrated by ultrafiltration at 
4°C in an Amincon (Lexington, Mass.) Model 52 cell fitted with a 
Diaflo PM-10 membrane.

Gel filtration chromatography
Gel filtration was carried out at 2°C in a 2.6 cm x 92 cm column 

of Sephacryl S400 (Pharmacia, Inc., Dorval, Que.), equilibrated with 
0.05M potassium phosphate buffer, pH 6.7. Fractions (6 mL) were 
collected and assayed for a-galactosidase activity and absorbance at 
280 nm. Molecular weight estimations were made by comparison 
with protein standards catalase (liver), bovine serum albumin (BSA), 
and ovalbumin, all supplied by Sigma (St. Louis, MO). Calculations 
were as described by Freifelder, (1976).

Enzyme activity
a-Galactosidase activity was monitored by means of a fixed time 

(15 min) assay at 45° C. The reaction mixture contained 0.6 7mM 
p-nitrophenyl alpha-D-galactopyranoside (PNPG), 0.06M sodium 
phosphate buffer (pH 6.5), 1.5 mg BSA/mL, 3mM cysteine, and an 
appropriate amount of enzyme. The reaction was stopped by the 
addition of 5 volumes 0.1M sodium carbonate and the absorbance 
read at 405 nm. One unit of enzyme was defined as the amount 
required to hydrolyse 15 umole PNPG in 15 min at the specified 
temperature. The absorbance of 1 jug p-nitrophenol/mL was 0.124.

Electrophoresis
Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) was carried out in a 12 cm x 12 cm vertical slab 
electrophoresis unit (Atta Inc., Japan) by the method of Laemmli
(1970). Protein bands were located, by means of a Coomassie blue 
stain consisting of 27% isopropanol, 10% acetic acid, and 0.04%
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Coomassie brilliant blue R-250 (BioRad, Richmond, CA) in water. 
Gels were stained overnight, then destained with 12% isopropanol 
and 7% acetic acid in water. Calculation of corresponding molecular 
weights was by the method described by Weber and Osborn (1969).

Isoelectric focusing
Analytical horizontal polyacrylamide gel isoelectric focusing 

(IEF-PAGE) was carried out in a Bio-Rad Model 1415 electrophore
sis cell, according to the manufacturers instructions. Gel slabs were 
45 mm x 125 mm and either 0.8 or 1.6 mm thick. Bands were 
located by means of a Coomassie blue protein stain and/or by a 
PNPG a-galactosidase activity stain in which the gel was placed on 
filter paper and flooded with the solutions described in the enzyme 
assay. Following incubation the reaction was stopped by flooding 
the gel with sodium carbonate solution. The pH gradient was mea
sured with a surface pH electrode (0.5 cm probe; Corning Sci. 
Products, Medfield, MA) and a Fisher Accumet pH meter, Model 
620.

Thermal stability
Duplicate 0.1 mL samples of purified enzyme solution were in

cubated for 15 min at various temperatures in 12 mm x 10 mm test 
tubes. Test tubes were pre-equilibrated in water baths at the test 
temperatures and experiments were staggered to ensure that incuba
tion times were equivalent to within 2 sec. The enzyme was then 
immediately assayed against PNPG at 35°C. Relative activity was 
determined by comparing activity to that of enzyme incubated at 
2°C for a corresponding period of time and assayed against PNPG 
at 35°C.

Substrate affinity
Fixed time assays (1 min) were used to estimate initial velocities 

of enzyme substrate reactions (pH 6.5; 40°C; enzyme concentration
8.0 Mg protein/mL) at 6 PNPG concentrations ranging from 0.12 to
3.0 mM. Km, Vmax, and standard errors for each were computed 
using the non-linear regression program of Oestreicher and Pinto,
1983.

Protein determinations
Protein determinations were done by the method of Lowry et al.

(1951) as modified by Peterson (1977). Crystalline BSA (Sigma) 
was used as a standard.

RESULTS & DISCUSSION

Strain selection
The ability of C. perfringens to  produce acid and gas 

from fructose, sucrose, raffinose, and melibiose is illus
trated in Table 1. Of the 21 strains examined, 2 strains 
dem onstrated rapid utilization of both  raffinose and meli
biose. One of these, designated M34, was used for further 
study of the a-GALCp.

Sporulation
Sporulation of C. perfringens is frequently difficult to 

induce and many complex media have been developed for 
this purpose. Of these the medium of Duncan and Strong
(1968) has gained the widest acceptance. Labbe and Rey
(1979) reported that replacem ent of the starch in Duncan 
Strong medium with raffinose improved spore recoveries 
in 6 of 8 C. perfringens strains tested. In this study 12 of 21 
strains gave higher spore counts w ith raffinose (Table 2). 
Neither carbohydrate, however, was preferred by all strains 
and one strain failed to  sporulate in either medium.

Yields of a-galactosidase
When C. perfringens M34 was grown in broth  containing 

0.5% raffinose and 0.5% melibiose, the yield of a-GALCp 
in the crude cell extract was 1.2 U/g washed cells (wet 
weight). Cell free growth medium contained little or no 
a-GALCp activity. When the strain was grown w ithout ex
posure to  a-galactosides, a-GALCp in the crude cell extract

Table 1 —Production o f add  and gas from carbohydrates by strains 
o f C. perfringens

Substrate

Strain Fructose Sucrose Raffinose Melibiose
F1 + + +
F2 + — _ _
F4 + + _ _
F5 + + _ _
F7 + + _ _
FO + + + +
FA + + + _
M06 + + _ _
M20 + + + _
M21 + + + _
M22 + + + _
M30 + + _ _
M31 + + _ _
M34 + + + +
M40 + + _ _
M64 + + _ +
M74 + + _ _
M75 + + + _
M81 + + + _
M92 + + _ +
M24R + + + _

+ = A cid  and cas produced: — = no acid or gas produced.

Table 2—Spore counts o f C. perfringens strains grown in Duncan 
Strong sporulation medium (DS) with starch or raffinose as the 
carbon source (thousands o f spores/mL)

Strain DS with starch DS with raffinose

FO 320 12.1
F1 400 N.D.a
F2 140 1450
F4 40 6.7
F5 52 1580
F7 510 230
FA 6200 2400
M06 169 170
M20 10 160
M21 N.D.a 24
M22 330 1900
M30 0.02 365
M31 2.7 5.4
M34 800 98
M40 0.18 244
M64 N.D.a 16
M74 N.D.a N.D.a
M75 250 0.02
M81 2600 2.2
M92 N.D.a 1800
M24R 0.80 82

a N .D . = none detected.

was only 0.07 U/mL. Apparently, in this strain at least, a- 
GALCp is constitutive but partially inducable.

C. perfringens is known for its ability to  grow rapidly at 
45 C and results presented here indicate that strain M34 
was capable of utilizing a-galactosides at tha t tem perature. 
A tem perature of 42 C was chosen for production of the 
enzyme because of the possibility tha t genetic control of 
a-GALCp might be plasmid mediated. Whether this is the 
case in C. perfringens has not been determ ined, but it has 
been shown to be the case for an a-galactosidase of 
Escherichia coli K12 (Schmid and Schm itt, 1976). C. 
perfringens has been shown to harbor a variety of plasmids 
(Duncan et al., 1978). Growth at 46°C has been suggested 
as a way of “ curing” C. perfringens of plasmids (Rood et 
al., 1978). In light of the possibility o f plasmid control of
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C. P E R F R I N G E N S  a - G A L A C T O S ID A S E . . .

the enzyme, it was thought prudent to use a lower tempera
ture to grow the organism.

Purification of a-GALCp
The results of the purification procedure are summarized 

in Table 3. Cell free crude extract, applied to a DEAE cellu
lose column and eluted with a linear sodium chloride gradi
ent gave a single peak of a-GALCp activity at a salt concen
tration of 0.19M (Fig. 1). The active fractions were pooled, 
concentrated by ultrafiltration, and applied to a Sephacryl 
S400 column. Active fractions were again pooled, concen
trated, and reapplied to the same column. The pooled 
activity peak from this column represents the highest 
degree of purity acheived. SDS-PAGE of this fraction indi
cated the presence of one major band and at least two 
weaker protein bands (Fig. 2).

Further attempts to improve purity were abandoned be
cause of poor recovery of activity. Attempts to chroma
tograph a-GALCp on Sephadex G150 at room temperature 
resulted in loss of 60% of the activity. A final attempt to 
improve purity by reapplying the sample to DEAE cellulose 
resulted in a loss of greater than 90% of the enzyme activ
ity. Therefore further characterization was carried out with 
the Sephacryl S400(2) active fractions.

pH optimum
Relative rate of hydrolysis of PNPG was greatest at pH

6.3 (Fig. 3). The pH optimum of a-GALCp in the crude 
extract was similar.

Molecular weights
The native molecular weight of a-GALCp, as estimated 

by means of gel filtration on Sephacryl S400, was approxi
mately 96,000 daltons (Fig. 4). Although it was not pos
sible to positively identify the enzyme band on SDS-PAGE,

T able 3 —E ffec ts  o f  p u r if ica tio n  s te p s  on  sp e c ific  a c t iv i ty  a n d  y ie ld  
o f  a -G A L C p

Procedure
A ctiv ity
(U /m L)

Specific
activity
(U/mg

protein)
Yield

(%)

French Press. 1.21 0.17 100
DEAE Cellulose 0.72 0.81 64
Sephacryl S400 0.18 50
Sephacryl S400 (2) 0.13 1.61 32

Vol umtjmlj

Fig. 1—D E A E  ce llu lo se  ch ro m a to g ra p h y  o f  a -G A L C p : A b so rb a n ce  
a t  2 8 0  n m , (— ) ;  a -ga la to sidase a c t iv i ty ,  ( • ) ;  so d iu m  ch lo rid e  c o n 
c e n tra tio n , (- - -).

the most prominent band corresponded to a molecular 
weight of 46,000 daltons. On this basis, the native protein 
appears to be a dimer.

Isoelectric point
The enzyme was focused on a pH 4.0 to pH 6.5 gel 

gradient and located by means of an activity stain, at pH
5.6 ±0.1. No other band of activity was noted.

Affinity for PNPG
Km and Vmax, plus or minus their standard errors were 

calculated to be: Km = 0.20 ± 0.02 mM; Vmax = 2.02 ± 
0.06 /uM/min. A Lineweaver Burk plot of the same data is 
included to allow a visual estimate of goodness of fit (Fig.
5).

Activation of a-GALCp by various compounds
Loss of enzyme activity was a recurrent problem 

throughout the isolation procedure. Gel filtration at room 
temperature typically resulted in loss of at least 60%. 
Chromatography at 2 C improved recoveries. The microbial 
inhibitor sodium azide (0.02%) and to a lesser extent 
chlorhexidine gluconate (0.002%) also decreased activity 
(Table 4). In assays at 45°C, 2-mercaptoethanol, NADH, 
cysteine, and BSA each increased the apparent activity of 
a-GALCp. The combination of BSA and cysteine had the

— 136 000

6 8  0 0 0  
58 000

_  46 000

a - G A L C p  C A T  B S A

Fig. 2 —S D S -P A G E  o f  a -G A L C p , ca ta lase , a n d  b o v in e  se ru m  a lb u m in  
(B S A ).
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pH

Fig. 3—Optimum pH  o f a-GALCp activity for hydrolysis o f PNPG  
at 30° C.

Fig. 4—Gel filtration o f a-GALCp and protein standards on Seph- 
acryi S400.

greatest effect and was used in routine assays. In an attempt 
to elucidate the mechanism of activity enhancement by 
these compounds, their effect on activity at 30 C was ex
amined. At this lower temperature no activation was noted.

Other authors have noted the activation effect of 2- 
mercaptoethanol and NADH on the a-galactosidase of E. 
c o li  K12 (Burstein and Kepes, 1971). The effect of BSA 
was examined because it had been described as improving 
the heat stability of the a-galactosidase of B a c illu s  s te a ro -  
th e r m o p h ilu s  (Pederson and Goodman, 1980). It would 
appear that in the case of a-GALCp the reducing environ

1/S

Fig. 5-Lineweaver-Burk p lot o f a-GALCp hydrolysis o f PNPG at 
pH  6.5, 40°C, and enzyme concentration o f 8  pg/mL; Imin pM~^ 
vs mM~^).

Table 4 —Effects o f various compounds on a-GALCp activity at 
30°C and 45°C. 100% Relative activity was activity at a given tem
perature in assay buffer without additives

Compound
Cone.
(mM)

Relative 

30° C

Activity (%) 

45°C

Sodium azide 3.0 76
Chlorhexidine gluconate 0.03 89
BSA 0.02 103 144
NADH 1.3 97 120
Cysteine 3.0 102 114
Mercaptoethanol 100 96 122
BSA-NADH 0.02, 1.3 156
BSA-cysteine 0.02, 3.0 163
BSA-mercaptoethanol 0.02, 100 151

ment and/or the presence of the protein in the form of 
BSA, serve to increase the apparent activity of the enzyme.

Nonetheless, the question remains as to whether the 
reducing environment alters the active site o f the enzyme, 
or whether it serves to stabilize the enzyme against thermal 
denaturation. If the former was the case one would expect 
activity to be increased at all temperatures, while in the 
latter case one would expect to see an effect only at tem
peratures sufficiently high to initiate thermal denaturation. 
Since the reducing compounds did not increase apparent 
activity at 30 C but did at 45 C, it is likely that the mecha
nism of activation is improvement of thermal stability.

Heat stability
Heat stability of a-GALCp decreased markedly as purity 

increased. The enzyme in the crude extract had an apparent 
temperature optimum of 47 C in a 15 min assay while the 
purified enzyme had an optimum of 43 C (Fig. 6). The 
purified enzyme however, was 96% inactivated by 15 min 
at 45 C (Fig. 7). This fact very likely accounts for at least 
some of the apparent enzyme losses during the purification 
procedure, as the routine assay temperature during purifi
cation was 45 C. The unexpectedly poor heat stability 
demonstrated for the purified enzyme (Fig. 7) made inter
pretation of the results of the enzyme assays more difficult, 
since some heat denaturation may have occurred during the 
assay period :n spite of the addition of activators BSA and 
cysteine to the assay mixture. In an attempt to address this
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Fig. 6 -Temperature optimums o f a-GALCp in crude extract (t ) and 
in a-galactosidase active fractions o f Sephacryi S400 (2) chromatog
raphy (•). Each point represents the average o f duplicate determina
tions.

problem enzyme activity was reported in terms of the 
entire assay period. Thus one unit of activity defined here 
as the enzyme required to hydrolyze 15 jumoles PNPG in 1 5 
min is not equivalent to the conventional unit of activity 
which is expressed as hydrolysis of 1 /rmole PNPG/min.

C O N C L U S IO N S

THIS STUDY has reported the partial purification and 
characterization of a-galactosidase from C. p e rfr in g e n s .  
The enzyme has an apparent molecular weight of 96,000  
daltons, an isoelectric point of pH 5.6, and a pH optimum 
of 6.3. Km was 0.20 mM PNPG. Information on this 
enzyme may be useful in elucidating the mechanism of gas 
production in v ivo . Also the enzyme itself could prove to 
be a valuable research tool for in v itr o  and animal studies of 
the flatulence potential of legume components. The C. p e r 
f r in g e n s  a-galactosidase, however, would be unsuitable for 
the treatment of foods for human consumption because of 
the pathogenic nature of C. p e rfr in g e n s .
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R e s p o n s e  T r a n s f o r m a t i o n :  A n  E x a m p l e

NORMAN R. DRAPER

---------------------------- ABSTRACT----------------------------
A  set of data involving 108 observations from a previous study on a 
sterilized, concentrated baby formula is reconsidered. Originally, 
four separate second degree models involving 84 different coeffi
cients were fitted. However, if the response values are transformed 
from y to In y, a model containing just five parameters explains 87% 
of the variation in all of the data about their grand mean. Moreover, 
this simple equation does not include one of the five predictor 
variables, a fact not previously apparent. These data provide an 
example of the effectiveness of a transformation.

INTRODUCTION
IN A PREVIOUS PAPER, Swanson et al. (1967) reported 
the results o f part o f an experiment on a sterilized, concen
trated, baby formula. Their purpose was to select condi
tions which would provide a formula with acceptable 
storage stability for over a year at room temperature, and 
which would withstand terminal sterilization once the con
centrate had been diluted with water. In the present paper, 
we re-analyze the data using a data transformation. Our 
objective is to show how astonishingly effective such a 
change of metric can be, making it possible to summarize 
the results much more simply than is at first apparent.

MATERIALS & METHODS
SW ANSON et al. (1967) examined five predictor variables: (1) 
Preheating of the milk solids for 25 min at a temperature, F; the 
range of F  was 175 -  205°F (79.4 -  96.1°C). (2) Addition of 
sodium polyphosphate, P, 0 -  0.14%. (3) Addition of sodium algi
nate, A, 0 -  0.3%. (4) Addition of lecithin, L, 0 -  1.5%. (5) Addi
tion of carrageenan, C, 0.444 -  0.032%. Three experimental levels 
were chosen for predictor variables 1 - 4 ,  and five levels for variable 
5. Because these levels were selected as equally spaced, they may be 
coded to ( - 1 , 0 , 1 ) for variables 1 - 4  and ( - 2 , - 1 , 0 , 1 , 2 ) for 
variable 5. Such coding not only greatly simplifies the handling of 
the data but, before the experiment is planned, aids the considera
tion and choice of which experimental points to run. Table 1 shows 
the coding pattern. Clearly, 3 x 3 x 3 x 3 x 5  = 405 treatment com
binations are now defined and could be examined. However, appli
cation of standard techniques of experimental design (Box et al.,
1978) enables quadratic surfaces to be fitted using only a small 
fraction of that number. In the event, only the 27 combinations 
shown in Table 2 were needed. (In the statistical literature, this 
special type of response surface design is known as a c o m p o s ite  d e 

sign  and consists of a 2 y *  fractional factorial design (I = -12345) 
plus five pairs of axial points at the extreme levels, plus one center 
point, i.e., a cube plus star (unbalanced in variable 5) plus center 
point.)

The order in which the experimental runs were carried out by 
Swanson et al. (1967) is indicated by the numbers in the first col
umn of Table 2. Four response values were obtained at each treat
ment combination. The response yt (for t = 0, 3 ,6 , 9) is the Brook
field viscosity in centipoise after t months. It is determined imme
diately after opening and without any agitation. To be accept
able, the product viscosity had to be less than 1000 centipoise. Only 
runs 3, 20, and 24 produced response values exceeding this level, 
indicating that these runs are situated in an undesirable region of the 
x-space.

Author Draper is affiliated with the Statistics Dept., Univ. o f Wis
consin, 1210 West Dayton St., Madison, Wl 53706.

To each of the four columns of y-values in Table 2, Swanson 
et al. (1967) fitted a second order quadratic equation. Each column 
in Table 3 shows the coefficients (rounded to integers to facilitate 
comparisons) in the appropriate model, using the standard notation

y = b0+bixi+ .. . +b5x5+bu xi+ . . . +b5Sx^+b12x1x2+ . . . 
+b45x4x5,

where y denotes the fitted value of the response, and all terms in 
the x’s of zero, first, or second (quadratic) order are included in the 
model. (Note: The numbers obtained by Swanson et al. (1967, 
Table 7) differ from those in our Table 3 simply because those 
authors used the nonstandard coding 1, 2, 3 for factors 1 - 4  and 0, 
1, 2, 3, 4 for factor 5. However if we were to substitute xj = F-2, 
x2  = P-2, X3  = A-2, x4  = L-2, and x 5 = C-3, in our equations, Swan
son et al.’s fitted equations would emerge immediately. So this 
difference is a technically unimportant one.)

In Table 3, the pattern of statistically significant coefficients 
varies from response to response in a confusing manner. Using the 
four response functions directly is a possible, but somewhat cumber
some, way tc proceed. Can the analysis be simplified in any way?

One feature that is seen in Table 2 is that the response data cover 
several orders of magnitude, suggesting that it would be worth 
checking for a possibly useful transformation, by the Box and Cox
(1964) technique, for example. For additional illustrations, see 
Draper and Smith (1981). The large range of y also raises the 
possibility that the usual regression assumption of homogeneity 
of variances may not be valid. Because of the lack of replication, 
this cannot be checked directly, however.

RESULTS
WHAT TRANSFORMATION is sensible? We considered 
the family of power transformations Y = (y^ — 1 )/A. The 
changes of origin ( -  1) and of scale (1/A) are present simply 
to make the family continuous in A through A = 0, where Y 
= In y, and they do not affect the basic power nature of 
the transformation. The parameter A is chosen by seeking 
a maximum value for the likelihood function. For all four 
sets o f data, the maximum likelihood values of A are close 
to zero, making the In y transformation a sensible choice 
for all four responses. (We note in passing that In y also 
happens to be the appropriate variance stabilizing trans
formation when the standard deviation of y is proportional 
to y.)

Examination of the values of the t-statistics for indi
vidual coefficients in the four second order fits to In y 
shows that:

Table 1—Actual levels chosen for experimental variables, and their 
levels after coding to x j, X2, ■ ■ ■ , xga

Coded level. *1 =
Variable, and designation —2 -1 0 1 2

Preheating (°F/25 min), x2 175 190 205
Sodium polyphosphate, x2 0 0.07 0.14
Sodium alginate, x3 0 0.15 0.30
Lecithin, x4 0 0.75 1.50
Carrageenan, X5 0.444 0.341 0.238 0.135 0.032

a F o r  exam ple , x j  = (P reheating tem peratu re  — J9 0 )/ 1 5  conve rts 
the three tem peratures 1 7 5  , 1 9 0  , 2 0 5  F  (79 .4  , 87 .8  , 96.1  C) 
to — 1, 0, 1, -espectively.
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Table 2— Data from a sterilized, concentrated, baby formula experiment

Run
reference
no.

Levels of coded predictors Response values (subscript = storage period in months)

X1 x2 x3 x4 x5 Vo V 3 V 6 Y9

1 -1 -1 -1 -1 -1 9.8 7.5 12.5 41.5
26 1 -1 -1 -1 1 30.2 35.0 22.5 45.0

5 -1 1 -1 - 1 1 17.5 17.5 12.5 20.0
22 1 1 -1 -1 -1 12.5 10.0 7.5 12.5

3 -1 -1 1 -1 1 512.5 1950.0 2070.0 3030.0
24 1 -1 1 -1 -1 655.0 670.0 450.0 1700.0

7 -1 1 1 -1 -1 342.5 262.5 410.0 322.5
20 1 1 1 -1 1 1020.0 1050.0 970.0 1230.0

2 -1 -1 -1 1 1 82.5 145.0 162.5 145.0
25 1 -1 -1 1 -1 19.0 22.0 17.5 25.0

6 -1 1 -1 1 -1 9.3 5.8 5.0 12.5
21 1 1 -1 1 1 27.5 22.5 15.0 20.0

4 -1 -1 1 1 -1 270.0 237.5 337.5 717.5
23 1 -1 1 1 1 282.5 710.0 650.0 547.5

8 -1 1 1 1 1 172.5 237.5 210.0 190.0
19 1 1 1 1 -1 172.5 155.0 257.5 435.0

9 -1 0 0 0 0 45.8 52.5 62.5 57.5
27 1 0 0 0 0 77.5 62.5 70.0 113.5
11 0 -1 0 0 0 195.8 262.5 252.5 276.3
12 0 1 0 0 0 33.0 22.5 15.0 27.5
13 0 0 -1 0 0 20.0 15.0 17.5 17.5
14 0 0 1 0 0 337.5 117.5 105.0 177.5
15 0 0 0 -1 0 70.0 147.5 60.0 147.5
16 0 0 0 1 0 83.8 62.5 132.5 105.0
17 0 0 0 0 -2 40.0 40.0 22.5 60.0
18 0 0 0 0 2 287.5 450.0 482.5 495.0
10 0 0 0 0 0 67.5 77.5 45.0 107.5

Table 3—Estimated coefficients o f four second order fitted models, 
rounded to in teger values

Est.
coeff. 9o V3 V6 V 9

bo 74 35 25 18
bl 46 -  10 -  46 -  23
b 2 -  14 -125* -115* -237*
b 3 196* 284* 288* 445*
b4 -  86* -142* -124* -242*
b5 48* 151* 147* 118

bl l -  14 29 44 82
b 22 39 114 113 148
b 33 104 38 39 94
b44 2 77 74 122
b 55 22 53 57 66

b 12 36 101 128* 173*
b 13 54* -  1 -  36 -  14
b 14 -  54* 47 80 24
b 15 22 -  55 -  48 -164*
b 23 4 -107* -  93 -227*
b 24 -  29 39 30 153
b 25 47 -  63 -  98 -  38
b 34 -106* -170* -162* -280*
b 35 28 153* 142* 105
b 45 -  29 -  88 -111 -159

*  S ig n if ic a n t  at a  =  0 .05  or at a sm aller a-level.

(a) Only terms in x 2 , x3 , and xs appear to be needed 
for responses y6 and y 9.

(b) Only terms in x2 , x3 , x 5, and x3x4 appear to be 
needed for y0 and y3 .

When we actually refit the models In y = b0 + b2x2 + b3x3 
+ t>5 xs + b34x3x4 , the term b34 becomes nonsignificant

only for y9 so, for uniformity, we reproduce the fitted 
equations with b34 present in all of them in Table 4.

Examination of the estimated coefficients in Table 4 
reveals a remarkable similarity over time, and clearly 
calls for further conjecture and checking. An obvious 
question is whether or not one model would provide a 
satisfactory fit to all 108 data points. Performing this 
calculation gives
Cny = 4.515 — 0.484x2 + 1.537x3 + 0 .461xs — 0.350x3x4 , 

(0.05) (0.07) (0.07) (0.06) (0.07)
w ithR 2 = 0 .870 , a remarkably good fit in the circumstances. 
The numbers in parentheses are the respective standard 
errors, and all coefficients are highly significant. An overall 
check of whether the time effect can be so omitted is 
provided by comparing the residual sum of squares when a 
single model is fitted with the total o f the individual resid
ual sums of squares from the four separate models, and 
computing an appropriate F-statistic. This turns out to be 
not significant at the a  = 0.05 level. A referee points out, 
however, that there is some evidence (at the a. = 0.02 level) 
that the constant term varies linearly with time but that 
none of the other coefficients show such an effect and the 
R2 value is increased only to 0.876 if a varying constant 
term is introduced. We might interpret all this to indicate 
broadly that, although storage time effects may perhaps 
be ignored in the present context, data taken over a longer 
period of time might need to be rechecked for this feature.

The restriction yt <  1000 translates into 2n y t <  6.908. 
This implies that -  0 .484x2 + 1.537x3 + 0 .4 6 lx 5 -  
0 .350x 3 x 4 <  2.393. Points (x2 , x3, x4 , x5) that obey this 
inequality are satisfactory ones.
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Table 4 - F it te d  coefficients from four equations fitted to the response in y. Numbers in parentheses are the standard errors o f those coefficients

Est.
coeff. 2n Vo En y 3 En ÿg En ÿg

bo 4.408 (0.08) 4.458 (0.10) 4.389 (0.12) 4.804 (0.11)
b2 -0 .267  (0.10) -0 .508  (0.12) -0 .545  (0.15) -0 .618  (0.14)
b3 1.438 (0.10) 1.530 (0.12) 1.621 (0.15) 1.561 (0.14)
b 5 0.369 (0.09) 0.590 (0.11) 0.558 (0.13) 0.326 (0.12)
b34 -0.361 (0.11) -0 .392  (0.13) -0 .346  (0.16) -0 .300  (0.15)
RI 2 0.919 0.904 0.877 0.878

DISCUSSION
WHAT HAS BEEN ACHIEVED by our re-analysis? First, 
an enormous simplification has resulted, in that the re
sponse values are now predicted by one equation with five 
coefficients instead of four equations with 84 coefficients. 
Second, it is now seen that the response values taken at the 
four times have a common pattern, something not clear 
from the original fitting process. Third, the variable no 
longer appears, indicating that, over the range of values 
selected for the experiment, namely, 175 -  205°F, i.e.,
79.4 -  96.1 C, the preheating temperature is not crucial 
to the resulting response values. This example shows the 
enormous value of considering transformations on the 
response variable. General methods for finding and evaluat

ing such transformations may be found in all the statistical 
references quoted.

REFERENCES
B ox , G .E .P . an d  C o x , D .R . 1 9 6 4 . A n  an a ly sis  o f  t ra n s fo rm a tio n s . 

J .  R o y . S ta tis t .  S oc . B 2 6 : 2 1 1 .
B o x , G .E .P ., H u n te r ,  W .G . a n d  H u n te r ,  J .S . (1 9 7 8 ) .  “ S ta tis tic s  fo r  

E x p e r im e n te rs .”  J o h n  W iley an d  S o n s , In c .,  N ew  Y o rk .
D ra p e r , N .R . a n d  S m ith , H . 1 9 8 1 . “ A p p lie d  R eg ress io n  A n a ly sis ,” 

2 n d  e d ., S e c tio n  5 .3 . J o h n  W iley a n d  S o n s , In c .,  N ew  Y o rk . 
S w a n so n , A  M ., G eissle r, J .J . ,  M ag n in o , P .J . J r . ,  a n d  S w an so n , 

J .A . 1 9 6 7 . U se o f  s ta t is t ic s  a n d  c o m p u te rs  in  th e  s e le c tio n  o f  
o p t im u m  fo o d  p ro c e ss in g  te c h n iq u e s .  F o o d  T e c h n o l. 2 1 (1 1 ) :  9 9 . 

Ms rece iv ed  8 /2 7 /8 4 ;  rev ised  1 1 /1 3 /8 4 ;  a c c e p te d  1 2 /3 /8 4 .

I am  g ra te fu l to  M. D o m b ro s k i, I. L la ta s , S . L o h r  a n d  H . Q om -
siy a  fo r  s u p p le m e n ta ry  c a lcu la tio n s .

C O L O R  C H A N G E S  I N  B L A C K C U R R A N T S . . . From page 517

to bottling resulted in a small negative effect on free antho- 
cyanin and color stability. This may possibly have been 
caused by the extra handling of the syrups during the evac
uation procedure. A negative effect of daylight on red 
color stability was significant in one cultivar, while the 
effect of daylight on free anthocyanin stability was not 
significant for any cultivars. Direct comparison between the 
effect of artificial light and daylight could not be made 
with the present experimental design.
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ISRAEL SAGUY, MARIANA GOLDMAN, and MARCUS KAREL

---------------------------- ABSTRACT-----------------------------
Predictions of beta-carotene losses were made with model systems 
stored under conditions simulating storage of dry foodstuff pow
ders. The mathematical model utilized kinetic data collected under 
static conditions of water activity and oxygen concentration and 
was extended for the prediction of beta-cartone retention under 
dynamic conditions. Results showed an excellent agreement be
tween actual and predicted retention of beta-carotene stored under 
dynamic conditions once the proper correction factor was used. 
The correction factor was required to compensate for different 
geometries which affected diffusion limiting reactions.

INTRODUCTION
FOODS are very sensitive and susceptible to quality losses 
due to chemical instability which depends on composi
tional and environmental factors. Kinetic studies may be 
utilized to minimize these undesired change and to opti
mize quality and/or nutrient retention. Normally the index 
of deterioration chosen in these kinetic studies is the least 
stable component. Beta-carotene fits this role due to its 
high instability to environmental factors (e.g. oxygen, 
temperature, light). Furthermore, the degradation of beta- 
carotene has been reported to be associated with the devel
opment of off-flavors in dehydrated carrots and sweet 
potato flakes (Ayres et al., 1964; Walter et ah, 1970). 
Thus, beta-carotene provides an excellent substance to be 
considered as an index of deterioration for kinetic studies.

Recently, Goldman et al. (1983) showed that the de
colorization of beta-carotene dispersed on microcrystalline 
cellulose under reduced oxygen concentration (0 -  20.9%) 
and at low water activity (“dry”-0.84aw) at 35°C, fol
lowed a chain reaction. Furthermore, beta-carotene reten
tion curves were sigmoidal with three regions (initiation 
period, accelerated period and a retardation period) typical 
of an autocatalytical radical reaction. The sigmoidal shape 
was also observed at high temperatures typical for air dry
ing of foods (Stefanovich and Karel, 1982), in dilute solu
tions (Alekseev et al., 1968, 1972; Budowski and Bondi, 
1960) and in solid films (Finkel’stein et ah, 1973, 1974).

Kinetic studies of beta-carotene degradation due to 
moisture/water activity affects were reported by Arya et 
ah, (1979a, b; 1983), Chou and Breene (1972), Goldman 
et ah, (1983), Kearsley and Rodrigues (1981) and Ra.na- 
krishnan and Francis (1979). Recently, Haralampu (1983) 
and Haralampu and Karel (1983) presented a mathematical/ 
kinetic model which described the effect o f water activity 
on the rate of beta-carotene loss in a dehydrated sweet 
potato system stored under isothermal conditions at 40°C. 
The effect of oxygen on beta-carotene decolorization was 
reviewed by Teixeira-Neto et ah (1981).

Author Saguy is affiliated with the Dept, o f Food Technology, 
ARO, The Volcanl Center, Bet Dagan 50-250, Isreal. Author Gold
man, formerly affiliated with ARO, is now with the Weizmann In
stitute o f Science, Rehovot, Isreal. Author Karel is affiliated with 
the Dept, o f Nutrition & Food Science, Massachusetts Institute o f 
Technology, Cambridge, M A  02139.

The overall purpose of this investigation was to develop 
a mathematical/kinetic model for the prediction of beta- 
carotene loss under typical conditions simulating dry food
stuffs during storage. The specific objectives were as fol
lows: (1) To utilize the kinetic data (Goldman et ah, 1983) 
collected under static conditions of water activity and oxy
gen concentration for the formulation of a mathematical/ 
kinetic model; and (2) To investigate the feasibility of util
izing the model derived under static conditions for the pre
diction of beta-carotene retention under dynamic condi
tions (continuous oxygen depletion) simulating actual stor
age of dehydrated foodstuffs.

MATERIALS & METHODS

Model system preparation
The model system was prepared as follows (Goldman et ah, 

1983): 0.4% solution of beta-carotene in methylene chloride was 
combined with microcrystalline cellulose (MCC). The MCC was pre
viously dried in a vacuum oven at 75°C for 24 hr. The mixture 
was ground with a glass mortar and pestle to obtain a homogeneous 
powder. Residual methylene chloride and adsorbed air were re
moved under vacuum of 10-2  mm Hg for 2 hr. The model system 
was equilibrated for 2 wk to definite water activities, using the 
common saturated salt solution procedure. All the above steps were 
carried out under subdued light and in a N 2  environment.

Beta-carotene determination
Beta-carotene concentration was calculated from the pigment 

absorption at 451 nm in n-hexane solution. An extinction coeffi
cient of E i j - f y  = 2550 was utilized for the quantification of re
tained beta-carotene in the model systems. The detailed procedured 
was described previously (Goldman et ah, 1983).

Headspace gas composition control
The necessary conditions of N 2  and O 2  concentration in the 

desiccator headspace were achieved with two sensitive flowmeters 
controlling the flow rates of these two gases. The precise oxygen 
concentration was determined with a digital Oxygen Analyzer 
(Beckman Model 0260). In the experiment carried out in nitrogen, 
the latter was passed through pyrogallol trap ensuring an oxygen 
free atmosphere.

Kinetic studies under static conditions
Static storage experiments were carried out at 35°C (± 0.5°C) 

and followed this routine (Goldman et al., 1983): Accurately 
weighed samples (0.4g) of a model system with pre-established 
water activity, were placed in plastic caps. The material barely 
covered the cap bottoms and created a sufficiently thin layer to 
prevent oxygen diffusion to be the rate-controlling step. The sam
ples were placed in desiccators and the headspace environment 
was adjusted to the desired oxygen and relative humidity by passing 
the required gas mixture through a sinterglass bubbler immersed 
in saturated salt solution before introduction into the desiccator. 
The desiccators were sealed for the storage experiments only after 
the appropriate environment was achieved. In the “dry” experi
ments the required gas mixture was passed through concentrated 
H2S 0 4 .

The desiccator headspace was sufficiently large to ensure con
stant environment throughout the experiment. Furthermore, at each 
time the desiccator was opened to withdraw samples, it was re
flushed for ca. 30 -  40 min with the O 2 /N2  gas mixture at the 
correct relative humidity and concentration.
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The data collected under static conditions were utilized to form
ulate the static model.
Kinetic studies under dynamic conditions

To simulate storage conditions of foodstuffs in impermeable 
packages, the model system was placed in serum-type reaction 
vials having similar volume. The headspace environment and prac
tically all the air retained on the powder was scavenged by the fol
lowing procedure: The vials were closed with a silicon rubber sep
tum and sealed with hand crimping seal. The center of the alumi
num seal was torn off and a needle inserted into the vial through the 
septum. Vacuum (oil pump) was applied until the pressure within 
the vial reached ca. 20 mm Hg. The vacuum was cut off with a 
three-way stopcock, which enabled direct flushing with the de
sired oxygen/nitrogen concentration. Evacuation and flushing were 
repeated three times, yielding ultimately the desired gas concentra
tion. The syringe-needle was withdrawn and the septa were condi
tioned with a R T V  glue. Using various vial volumes/weights of the 
model system provided different ratios of beta-carotene/oxygen. 
A  typical ratio of initial concentration was: 0.13 1 0 beta- 
carotene/0.54 10—4M oxygen. Samples were placed on a shaker at 
35°C in complete darkness. Samples were withdrawn periodically 
and analyzed in duplicate.

Headspace analysis

The headspace of the reaction vials was analyzed by withdrawing 
a gas sample with a syringe through the vial silicon rubber septum. 
Gases were separated and analyzed using a Packard Gas Chromato
graph (Model 836) equipped with thermal-conductivity detectors. 
The gases were separated on a two column system in a series-across- 
detectors configuration. Column conditions: Porapack Q 80-100 
mesh (3' x 1/8") and molecular sieve 5A  80-100 mesh (9' x 1/16"). 
Columns temperatures were 25°C; the helium carrier-gas flow rate 
was 20 mL/min.

Statistical analysis

Integration of Eq. (1), and using the dimensionless 
variables suggested by Gagarina et al. (1970), yields:
ln[( 1 + V l  —C/Co)/( 1 - V l  -C /C o )] = a V b -b o  VCo t (3)
where a is a constant. Denoting all the constants in the 
right-hand side of Eq. (3) as the effective rate constant, 
a  (=a \ /b  — bo y /C o ) ,  gave the following equation:

In [1 + \ / l  -  C /Co)/(l -  V l  -  C/Co)] = a  t (4)
Eq. (4) may be used to fit the experimental data of any one 
initial concentration. Fig. 1 depicts the linear relationship 
obtained using the coordinates of Equation (4) for beta- 
carotene decolorization under static conditions of oxygen 
and water activity in the headspace. It can be seen that the 
experimental results for storage of up to 60 days are in 
good agreement with Eq. (4). Hence, the effective rate 
constant, a may be derived from the slope, ln [(l + 
V l-C /C o ) / (1 -  V i  -  C/CO)] vs. t. Following this pro
cedure the effective rate constants for “dry” conditions and 
different oxygen content in the environment headspace 
were calculated as summarized in Table 1. The data showed 
that reducing oxygen concentration from 20.9% (air) to 1% 
resulted in a decrease of approximately one order of 
magnitude in the effective decolorization rate.

The effect of water activity at a constant 2% oxygen 
concentration on the effective rate constant is given in 
Table 2. It can be seen that the increase in water activity 
from “dry” to 0.84 resulted in a 1.5 fold decrease of the 
decolorization rate constant.

The dependency of the decolorization rateondhe initial 
concentration of beta-carotene impregnated on MCC was 
studied under 2% and 20.9% oxygen (Fig. 2, 3, and 4).

Statistical analysis was carried out using a computer-aided 
statistical software (Dixon, 1981).

RESULTS & DISCUSSION
In accordance with the theory of free radicals chain 

oxidation of hydrocarbons (Emanuel et al., 1967) degrada
tion of beta-carotene is postulated to proceed as follows 
(Stefanovich and Karel, 1982):

2RH kl --------► 2R- (I)

R + 0 2 ◄— ► r o 2 (II)

ROi + RH kp —► R' + ROOH (III)
K'P

R- + R'H -►  R” + RH (IV)

r o 2 + r o 2 —
kt ,-----► products (V)

R- + R '— -► products (VI)
The rate of consumption of a hydrocarbon in a chain 

reaction with a second-order chain termination is (using the 
same terminology of Stefanovich and Karel, 1982):

dC/dt = B C Vbo Co + b(Co -  C) (1)
B = kpVKks P 0 2/V kt (2)

where: bo is the initiation rate constant of unoxidized 
beta-carotene; b is the initiation rate constant of the 
products; B is a constant derived from Eq. (2); Co is the 
initial beta-carotene concentration; C is the beta-carotene 
concentration; kp and kt are the rate constants of reaction
(III) and (V); ks is the solubility coefficient of oxygen in 
carotene; K is the equilibrium constant of reaction II; P 0 2 
is the partial pressure of oxygen; and t is time.

Fig. 1—Transformation o f the kinetic curves o f beta-carotene de
colorization under different aw and at 2.0% oxygen (Co = 2.53, 
1.80 and 2.27 ms/s dry powder at "d ry ,"0.33and 0.88aw, respec
tively). Data adopted from Goldman et al. (1983).

Table 1-Effective rate constant (o) for the degradation o f beta-carotene under various static oxygen concentrations (aw -  "d ry " conditions <s> 

35° C)

Oxygen, %
Effective rate constant, day- 1 
Correlation coefficient, r2

20.9 15.0
0.366 0.286
0.995 0.998

10.0 5.0
0.206 0.167
0.997 0.997

2.0 1.0
0.059 0.043
0.996 0.995
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B u d o w sk i and B o n d i  ( 1 9 6 0 )  an d  G agarina e t al. ( 1 9 7 0 )  
fo u n d  th a t th e  t im e  fo r  c o m p le te  c o n s u m p t io n  o f  th e  
h y d r o c a r b o n  w a s sh o rter  th e  h ig h er  its  in it ia l  c o n c e n tr a 
t io n .  H e n c e , th e y  r ep o rte d  th a t b e ta -c a r o te n e  s ta b ility  
w a s im p r o v e d  in  d ilu te  s o lu t io n s  c o m p a r ed  to  c o n c e n tr a te d  
so lu t io n s . H o w e v er , o u r  r esu lts  (F ig . 3 and 4 )  in d ic a te d  th a t  
fo r  b e ta -c a r o te n e  c o n c e n tr a t io n  ty p ic a l  o f  d e h y d r a te d  
f o o d s  (e .g .,  2 .1 1 -3 .8 7  m g /g  dry p o w d e r ) , d e c o lo r iz a t io n  
ra tes  w e re  sim ilar . O n ly  a t a lo w  b e ta -c a r o te n e  c o n c e n tr a 
t io n  ( i .e . ,  0 .6 3  m g /g  d ry  p o w d e r )  an  in c re a se  in  th e  d e 
c o lo r iz a t io n  rate  w a s o b serv ed . T h e  d e c re a se  in  th e  e f fe c t iv e  
ra te  c o n s ta n t  to  a c er ta in  v a lu e  w h er e  it b e c o m e s  in d e 
p e n d e n t  o f  th e  in it ia l c o n c e n tr a t io n  w a s r ep o rte d  p rev i
o u s ly  (S te fa n o v ic h a n d  K arel, 1 9 8 2 )  and m a y  b e  r e la ted  to  
o x id a t io n  w h ic h  o c cu rr ed  at a m a x im u m  rate  at th e  m o n o -  
la y e r  va lu e . A s o n ly  th e  to p  la y er  w o u ld  o x id iz e  at th e  
m a x im u m  r a te , th e  rest is l im ite d  b y  o x y g e n  d if fu s io n , th u s  
h a v in g  an o v era ll s lo w e r  rate  o f  o x id a t io n . H e n c e , o n ly  at 
lo w  C o  d id  th e  in it ia l b e ta -c a r o te n e  c o n c e n tr a t io n  (b e lo w  'v  
1 m g /g  dry p o w d e r )  h a v e  an  a p p a ren t s ig n if ic a n t  e f fe c t  
o n  d e c o lo r iz a t io n  rates.

T o  e lu c id a te  th e  e f fe c t  o f  o x y g e n  and w a te r  a c t iv ity  o n  
b e ta -c a r o te n e  d e c o lo r iz a t io n , a m a th e m a tic a l m o d e l w as  
so u g h t . B ased  o n  th e  d ata  o f  T a b le s  1 and 2 th e  fo l lo w in g  
r e la t io n sh ip s  w ere  d e te rm in e d :

o x y g e n  e f fe c t  ( 1 .0  ^  P 0 2 ^  20 .9%  @ “ d r y ” c o n d it io n s )  

o  =  2 .9 8 2 * 1 0 “ 2 +  1 .6 5 6 * 1 0 “ 2 P 0 2 r2 = 0 .9 9 6  (5 )  

w a te r  a c t iv ity  e f fe c t  ( “ d r y ” <  aw <  0 .8 4  @ P 0 2 =  2 .0% )

a  =  0 .0  5 6  e x p  ( - 0 . 4 8 3 3  aw ) r2 = 0 .9 5 3  (6 )

w h er e  r is  th e  c o r r e la t io n  c o e f f ic ie n t .
F in k e l’s te in  e t  al. ( 1 9 7 4 )  r ep o rte d  o n  lin ea r  p r o p o r t io n a l  

e f fe c t  o f  o x y g e n  o n  th e  o x id a t io n  rate  o f  b e ta -c a r o te n e  at 
35  C and a b o v e  1 5 0  m m  H g o x y g e n . O ur d a ta  su p p o r t  th e ir

1 0 .  2 0 .  3 0 .  4 0 .  5 0 .  6 0 .

T IM E , d a y s

Fig. 2—Decolorization o f beta-caroene at aw = "d ry" @ 2.0% oxy
gen. Initial beta-carotene concentration: "1 "  — 2.53; " 2 " — 1.63; 
"3 "  — 0.63 mg/g dry powder.

f in d in g s  and e x te n d  th e  lin ea r  r e la t io n sh ip  fr o m  2 0 .9 %  t o  a 
v e ry  lo w  o x y g e n  c o n c e n tr a t io n .

T h e  g en era l sh ap e  o f  b e ta -c a r o te n e  d e c o lo r iz a t io n  
e f fe c t iv e  rate  c o n s ta n t  (E q . 6 )  e x p r ess in g  th e  e f fe c t  o f  
w a te r  a c t iv ity  is  s im ilar  to  th e  b eh a v io r  p r e se n te d  b y  
H ara lam p u  and K arel ( 1 9 8 3 ) ,  b u t th e  m o d e ls  are n o t  
id e n tic a l. T h is  is  n o t  su rp risin g  as e m p ir ica l m o d e ls  w e r e  
e sta b lish e d  in  b o th  cases.

T o  a c c o u n t  s im u lta n e o u s ly  fo r  b o th  o x y g e n  and w a te r  
a c t iv ity , E q . ( 5 )  and ( 6 )  w e re  c o m b in e d  and in c o r p o r a te d  in  
th e  fo l lo w in g  m o d e l:

o  = f  ( P 0 2 ) e x p [  f(a w ) ] ( 7 )

u s in g  th is  r e la t io n sh ip  th e  m o d e l  e s ta b lish e d  w as:  

o =  [ 2 .9 8 2 *  1 0 “ 2 +  1 .6 5 6 * 1 0 “ 2 P 0 2 ] e x p ( - 0 .4 8 3 3 a w ) (8 )

It is  w o r th  n o t in g  th a t th e  m o d e l  (E q . 8 )  w h ic h  d e sc r ib es  
th e  r e la t io n sh ip  b e tw e e n  th e  e f fe c t iv e  d e c o lo r iz a t io n  rate  
c o n s ta n t  as a fu n c t io n  o f  w a te r  a c t iv ity  and o x y g e n  is  
e m p ir ica l, and  h e n c e  sh o u ld  b e  u sed  w ith  care. N e v e r th e 
le s s , th e  d a ta  u t i l iz e d  fo r  th e  e s ta b lish m e n t o f  th e  k in e t ic  
m o d e l  w a s b a sed  o n  th e  th e o r y  o f  fr ee  ra d ica l r e a c t io n .  
F u r th e r m o r e , as w e  h a v e  c o n str a in e d  o u r  e x p e r im e n ts  to  a 
narrow  ran ge o f  o x y g e n  and w a te r  a c t iv ity , it  is  e x p e c te d  
th a t p r e d ic t io n  b a sed  o n  th e  d erived  m o d e l  w o u ld  n o r m a lly  
b e  q u ite  lim ite d .

T o  d e m o n s tr a te  th e  a p p lic a b ility  o f  th e  m o d e l  e sta b 
lish e d  u n d e r  s ta t ic  e n v ir o n m e n t to  c o n d it io n s  p e r t in e n t  to  
a c tu a l sto ra g e  o f  f o o d  p o w d e r s , te s ts  w e r e  carried  o u t  u n d e r  
d y n a m ic  c o n d it io n s .  F o r  th is  p u r p o se  d e c o lo r iz a t io n  w a s  
fo l lo w e d  u n d e r  c o n d it io n s  w h e r e  o n e  o f  th e  e n v ir o n m e n ta l  
fa c to r s  ( i .e . ,  o x y g e n )  ch a n g e d  c o n t in u o u s ly .  T h e se  c o n d i-

Fig. 3—The effect o f various initial concentration, Co, on beta- 
carotene decolorization (stroage conditions: 2 .0% oxygen <s> aw = 
"dry").

Table 2-Effective rate constant to) for the degradation o f beta-carotene under various water activities (2% oxygen @ 35°C)

Water activity _  "dry" 0.11 0.33 0.52 0.84
Effective rate constant, day-1  0.059 0.053 0.045 0.044 0.038
Correlation coefficient, r2 0.998 0.995 0.982 0.997 0.995
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t io n s  o f  c o n s ta n t  w a te r  a c t iv ity  and d e p le t in g  o x y g e n  
c o n c e n tr a t io n  are sim ilar  to  sto ra g e  o f  d e h y d r a te d  f o o d 
s tu f fs  in  im p e r m e a b le  p a c k a g e s  w h e r e  o x y g e n  is d e p le te d  
d u e  to  o x id a t io n  r e a c tio n s . B e ta -c a r o te n e  r e te n t io n  w a s  
h ig h er  in d y n a m ic  c o n d it io n s  w h e n  c o m p a r e d  w ith  sta tic  
te s ts  (F ig . 4  an d  5 ).

A  c o m p u te r  p rogram  w as w r it te n  to  s im u la te  th e se  
d y n a m ic  c o n d it io n s  an d  to  a c c o u n t  fo r  b e ta -c a r o te n e  r e te n 
t io n . H av in g  th e  m o d e l  fo r  th e  e f fe c t iv e  rate  c o n s ta n t  as a 
fu n c t io n  o f  w a te r  a c t iv ity  an d  o x y g e n  th e  p r e d ic t io n  
n u m er ica l m o d e l u t i l iz e d  th e  e x p e r im e n ta l v a lu e s  o f  t im e  
and o x y g e n  c o n c e n tr a t io n  fo r  th e  c a lc u la t io n  o f  b eta -  
c a r o te n e  r e te n t io n  at a n y  g iv en  tim e.

D iv id in g  th e  t im e  in to  n sm a ll in terv a ls  (y ie ld in g  d t 'V 
0 .2  d a y s ) ,  th e  e f fe c t iv e  ra te  c o n s ta n t  w a s e x p r essed  as:

a = f [ P 0 2 ( t i ) ]  e x p  j f ( a w ( t i ) ] j  (9 )

u s in g  th is  e x p r e s s io n , E q . ( 4 )  w a s r ew r itten :

(1 + \ / l  -  C /C o ) /(  1 — V l  — C /C O ) =  e x p  ( 2  <jj d t )  ( 1 0 )
i— 1

TIM E hr

Fig. 4 -E ffe ct o f initial concentration, Co, on beta-carotene degra
dation stored in air and "d ry" conditions.

° 10 20 30 °
TIM E, days

Fig. 5—Beta-carotene decolorization under dynamic storage condi
tions (Co = 2.75 mg/g dry powder; initiai oxygen 20.9%; aw -  
"dry").

Or b y  rea rra n g em en t th e  c o n c e n tr a t io n  at a n y  g iv en  t im e  
m a y  b e  d erived :

C = C o  j 1 — [ ( E — 1 ) / ( E + 1 ) ] 2 |  ( 1 1 )

w h er e  E = e x p  ( 2  0\ d t)
i=l

L in ear  in te r p o la t io n  w a s u sed  to  c a lc u la te  th e  o x y g e n  
v a lu e s  fo r  e a ch  t im e  in terva l. T h e  r e su lts  o b ta in e d  sh o w e d  a 
d iscrep a n cy  b e tw e e n  a c tu a l an d  p r e d ic te d  v a lu es. S in c e  th e  
d isc r ep a n c y  w a s c o n s ta n t , a c o r r e c t io n  fa c to r , fc ,  w a s  p r o 
p o se d . T h e  c o r r e c t io n  fa c to r  c a n  b e  e x p la in e d  b y  th e  d if
fe r e n c e s  b e tw e e n  th e  d y n a m ic  and s ta t ic  te s ts  d u e  to  th e  
p h y s ic a l d if fe r e n c e s  m a in ly  r e la ted  to  o x y g e n  d if fu s iv ity .  
H e n c e , th e  s ta tic  te s ts  w e re  d e sig n e d  to  a vo id  l im ita t io n  in  
o x y g e n  su p p ly , as in  th e  d y n a m ic  te s ts . M o reo v er , in  th e  
d y n a m ic  te s ts , th e  ra tio  b e tw e e n  th e  v o id  h e a d sp a c e  and  
th e  a m o u n t o f  m a ter ia l fill in g  th e  v ia l h a d  an  in f lu e n c e  o n  
th e  c o n c e n tr a t io n  o f  th e  av a ila b le  o x y g e n . T h u s, th e  n e e d  
fo r  an  e x p e r im e n ta l c o r r e c t io n  fa c to r  e x p r ess in g  th e se  
d iffe r e n c e s  is  n o t  su rp risin g .

A p p ly in g  an o p t im iz a t io n  te c h n iq u e  ( th e  s im p le x  m e th 
o d ;  N A G , 1 9 7 7 )  t o  m in im iz e  th e  lea st-sq u a re s  b e tw e e n  
o b serv ed  and p r e d ic te d  v a lu e s , th e  c o r r e c t io n  fa c to r  w as  
d er ived . R e su lts  o b ta in e d  w ith  th is  p r o c ed u r e  (F ig . 6 )  
sh o w e d  an e x c e lle n t  a g r ee m en t b e tw e e n  a c tu a l an d  p re
d ic te d  b e ta -c a r o te n e  s to r e d  u n d e r  d y n a m ic  c o n d it io n s ,  
u sin g  th e  p r o p e r  c o r r e c t io n  fa c to r , fc . D if fe r e n t  g e o m e tr ie s  
(r a tio  o f  h e a d sp a c e  and v o id  v o lu m e  to  m a ter ia l v o lu m e )  
y ie ld e d  d if fe r e n t  c o r r e c t io n  fa c to r s , as can  b e  se e n  fro m  
F ig . 6 fo r  th e  m o d e l  sy s te m  s to r e d  u n d e r  air. H e n c e , th e  
c o r r e c t io n  fa c to r  is  u n iq u e  fo r  e a ch  sy s te m  an d  e x p r esses  
th e  d e v ia tio n  fro m  id ea l c o n d it io n s  u n d e r  w h ic h  k in e t ic  
s tu d ie s  are n o r m a lly  carried  o u t .

T h e  e x is te n c e  o f  a c o r r e c t io n  fa c to r  sh o w e d  th a t in  ac
tu a l f o o d  sto ra g e  th e  g e o m e tr y  o f  th e  p a ck a g e  is  im p o r ta n t  
s in c e  it  c o n tr o ls  th e  d if fu s io n  l im ite d  r e a c tio n s . T h u s, th is  
a p p ro a c h  o f  e s ta b lish in g  th e  m o d e l  m a y  b e  u t i l iz e d  in  o th e r  
sy s te m s , p r o v id in g  th a t th e  p r o p e r  c o r r e c t io n  fa c to r  w a s  
c a lc u la te d  to  e x p r e s s  th e  e x p e r im e n ta l c o n d it io n s  p er ti
n e n t  fo r  e a ch  sp e c if ic  sy s te m . H o w e v e r , th e  e s ta b lish m e n t  
o f  a c o r r e c t io n  fa c to r  m a y  b e  d if f ic u lt  in  so m e  sy s te m s  
b e c a u se  o f  u n k n o w n  in te r r e la t io n sh ip s  w h ic h  ca n  a f fe c t  
resu lts . T h e r e fo r e , all a sp e c ts  o f  a sy s te m  sh o u ld  b e  th o r 
o u g h ly  in v e stig a te d  b e fo r e  a c o r r e c t io n  fa c to r  is  e s ta b lish e d  
and u t iliz e d .

In c o n c lu s io n , th e  m a th e m a t ic a l/k in e t ic  m o d e l  fo r  th e  
p r e d ic t io n  o f  b e ta -c a r o te n e  lo s s  u n d e r  ty p ic a l  c o n d it io n s  
s im u la tin g  dry f o o d s t u f f  p o w d e r s  du rin g  s to r a g e  w a s estab -

aoL

Fig. 6 —Comparison between observed and predicted beta-carotene 
retention under dynamic storage conditions (initiai oxygen concen
tration: a, 5%; •, o - 20.9%; predicted values expressed by full line).
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lish e d  u n d e r  s ta tic  c o n d it io n s  and u t i l iz e d  fo r  p r e d ic t io n  
u n d e r  d y n a m ic  c o n d it io n s . T h e  la tter  s im u la te d  a c tu a l 
s to r a g e  o f  d e h y d r a te d  fo o d  p o w d e rs . T h e  c o r r e c t io n  fa c 
to r  w a s req u ired  to  c o m p e n sa te  fo r  severa l c o n str a in ts  
w h ic h  m a y  b e a f fe c te d  d u e  to  d if fu s io n  l im it in g  r e a c tio n s .  
T h e  c o r r e c t io n  fa c to r  w a s u n iq u e  fo r  e a ch  sy s te m  an d  e x 
p r e sse d  th e  d e v ia t io n  fro m  id e a l c o n d it io n s  u n d e r  w h ic h  
k in e t ic  s tu d ie s  are n o r m a lly  carried  o u t .
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h o w e v e r , n o  su ch  e f fe c t s  c o u ld  be o b serv ed  in th is  sto ra g e  
e x p e r im e n t . A  fe w  e x p la n a t io n s  m a y  b e  p r o p o se d  as to  
w h y  n o  a n t io x id a t iv e  e f fe c t  w a s o b ser v e d  in  th e  h errin g  
m in c e : ( 1 )  fa t ty  f ish  o x id iz e s  v e ry  q u ic k ly , an d  th e  a d d i
t io n s  o f  M R P o c cu rr ed  t o o  la te , ( 2 )  th e  le v e ls  o f  M RP  
u se d  w e r e  t o o  lo w , and (3 )  th e  a n t io x id a t iv e  M R P w ere  
in a c t iv a te d  b y  c o m p o n e n ts  in  th e  h errin g  m in c e .

REFERENCES
Ackman, R.G. 1980. In “Advances in Fish Science and Technol

ogy,” (Ed.) J.J. Connell, p. 86. Fishing News Books Ltd., Farn- 
ham, U.K.

AOAC. 1970. “Official Methods of Analysis,” 11th ed. Association 
of Official Analytical Chemists, Washington, DC.

Bilinski, E., Jonas, R.E.E. and Lau, Y.D. 1979. Control of rancidity 
in frozen Pacific herring, Clupea harengus pallasi: Use of sodium 
erythorbate. J. Fish. Res. Board Can. 36: 219.

Bligh, E.G.and Dyer, W.J. 1959. A rapid method of total extraction 
and purification. Can J. Biochem. Phvsiol. 37: 911.

Davies, O.L. and Goldsmith, P.L. 1972. “Statistical Methods in Rer 
search and Production,” Longmans Group Limited, London.

Deng, J.C., Matthews, F.R., and Watson, C.M. 1977. Effect of chem
ical and physical treatments on rancidity development of frozen 
mullet (Mugil cephalus) fillets. J. Food Sci. 42: 344.

Grosch, W. 1982. Lipid degradation products and flavour. In “Food 
Flavours. Part A. Introduction,” (Ed.) I.D. Morton, and A.J. Mac
Leod. d. 325. Elsevier Publishing Company, Amsterdam.

Hall, G. and Lingnert, H. 1984. Flavor changes in whole milk pow
der during storage. 1. Odor and flavor profiles of dry milk with 
additions of antioxidants and stored under air and nitrogen. J. 
Food Quality. 7(2): 131.

Hardy, R. and Smith, I.G.M. 1976. The storage of mackerel (Som
ber scombrus). Development of histamine and rancidity. J. Sci. 
Food Agric. 27: 595.

Finkel’stein, E.I., Alexeev, E.V., and Kozlov, E.I. 1973. Kinetics 
of the autoxidation of solid films of beta-carotene. Dokl. Akad. 
Nauk SSSR 208(6): 1408.

Finkel’stein, E.I., Alexeev, E.V., and Kozlov, E.I. 1974. Kinetics 
relationships of the solid state autoxidation of beta-carotene. 
Zhurnal Organicheskoi Khimii. 10(5): 1027.

Gagarina, A.B., Kasaikina, O.T., and Emanuel, N.M. 1970. Kine
tics of autooxidation of polyene hydrocarbons. Dokl. Akad. Nauk 
SSSR 195(2): 387.

Goldman, M., Horev, B., and Saguy, I. 1983. Decolorization of beta- 
carotene in model systems simuating dehydrated foods. Mechan
ism and kinetic principles. J. Food Sci. 48: 751.

Haralampu, S.G. 1983. The development of a dynamic stability test 
for food, Ph. D. thesis, Massachusetts Institute of Technology, 
Cambridge, MA.

Haralampu, S.G. and Karel, M. 1983. Kinetic models for moisture 
dependence of ascorbic acid and beta-carotene degradation in 
dehydrated sweet potato. J. Food Sci. 48: 1776.

Kearsley, M.W. and Rodrigues, N. 1981. The stability and use of 
natural colours in foods: anthocyanins, beta-carotene and ribo
flavin. J. Food Technol. 16: 421.

NAG (Numerical Algorithms Group). 1977. “NAG FORTRAN 
Library (Program E04CCF).” Oxford, UK.

Ramakrishnan, T. and Francis, F.J. 1979. Stability of carotenoids 
in model aqueous systems. J. Food Quality 2: 177.

Stefanovich, A.F. and Karel, M. 1982. Kinetics of beta-carotene 
degradation at temperatures typical of air drying of foods. J. 
Food Process. & Preserv. 6: 227.

Teixeira-Neto, R.O., Karel, M., Saguy, I., and Mizrahi, S. 1981. 
Oxygen uptake and beta-carotene decolorization in dehydrated 
food model. J. Food Sci. 46: 665.

Walter, W.M. Jr., Purcell, A.E., and Cobb, W.Y. 1970. Fragmen
tation of beta-carotene in autoxidating dehydrated sweet potato 
flakes. J. Agric. Food Chem. 18: 881.

Ms received 7/2/84; revised 10/29/84; accepted 10/30/84.

The authors express their gratitude to Mrs. Batia Horev for her 
technical assistance.

This research was supported by grant no. 1-159-79 from the 
United States-Israel Binational Agricultural Research and Develop
ment Fund (BARD).

Contribution from the Agricultural Research Organization, The 
Volcani Center, Bet Dagan, Israel. No. 1138-E, 1984 Series.

Hiremath, G.G. 1973. Prevention of rancidity in frozen fatty fishes 
during cold storage. Indian Food Packer 27(6): 20.

Lingnert, H. 1980. Antioxidative Maillard reaction products. 3. Ap
plication in cookies. J. Food Proc. Preserv. 4: 219.

Lingnert, H. and Eriksson, C.E. 1981. Antioxidative effect of Mail
lard reaction products. Prog. Food Nutr. Sci. 5: 453.

Lingnert, H., Eriksson, C.E. and Waller, G.R. 1983. Characteriza
tion of antioxidative Maillard reacton products from histidine and 
glucose. ACS Symp. Ser. 215: 335.

Lingnert, H. and Lundgren, B. 1980. Antioxidative effect of Mail
lard reaction products. IV. Application in sausage. J. Food Proc. 
Preserv. 4: 235.

Moledina, K.H., Regenstein, J.M., Baker, R.C., and Steinkraus, K.H. 
1977. Effects of antioxidants and chelators on the stability of 
frozen stored mechanically deboned flounder meat from racks 
after filleting. J. Food Sci. 42: 759.

Smith, J.G.M., McGill, A.S., Thomson, A.B. and Hardy, R. 1980. 
In “Advances in Fish Science and Technology,” (Ed.) J.J. Connell, 
p. 303. Fishing News Books Ltd., Farnham, U.K.

von Sydow, E., Andersson, J., Anjou, K., Karlsson, G., Land, D., 
and Griffiths, N. 1970. Aroma of bilberries (Vaccinium myrtil- 
lus). 2. Evaluation of the press juice by sensory methods and by 
gas chromatography and mass spectrometry. Lebensm. Wiss. Tech
nol. 3: 11.

Ms received 3/12/84; revised 10/9/84; accepted 11/19/84.
This work was supported in part by National Science Foundation 

Grant No. INT-8018220 and is presented as Journal Article No. 
J-4436 of the Agricultural Experiment Station, Oklahoma State 
Univ., Stillwater, OK 74078. A portion of this work was presented 
at the American Chemical Society Symposium on “Maillard Reac
tion in Foods and Nutrition,” Las Vegas, NV, March 30 - April 2, 
1982, Abstract No. 67.

The authors thank Otis C. Dermer for critically reviewing this 
manuscript.

From page 502

530 -JO U R N A L  OF FO OD  SC IENCE-Vo lum e 50 (1985)



A Research Note
E f f e c t  o f  P h o s p h a t e s  o n  B a c t e r i a l  G r o w t h  i n  R e f r i g e r a t e d

U n c o o k e d  B r a t w u r s t

R. A. MOLINS, A. A. KRAFT, and D. G. OLSON

-----------------------------------A B ST R A C T -----------------------------------
The effects of 0.5% sodium acid pyrophosphate (SAPP), sodium 
tripolyphosphate (STPP), tetrasodium pyrophosphate (TSPP) and 
sodium polyphosphate glassy (SPG) on aerobic mesophilic and psy- 
chrotrophic bacterial growth and on survival of inoculated S ta p h y lo 
co ccu s aureu s Z 88 were investigated in uncooked bratwurst stored 
at 5°C for 7 days. No significant microbial inhibition by phosphates 
was found, although SAPP addition resulted in consistently lower 
total aerobic plate counts. Phosphate-induced pH differences in the 
sausages had no effect on bacterial numbers. The possible role of 
meat enzymes in the hydrolysis of condensed phosphates to micro- 
biologically inactive species is discussed.

INTRODUCTION

A N T IM IC R O B IA L  E F F E C T S  o f  p h o sp h a te s  in  p o u ltr y  
p r o d u c ts  w a s w e ll  d o c u m e n te d  in  earlier  w o r k  o f  S p en ce r  
and S m ith  ( 1 9 6 2 ) ,  S te in h a u e r  and B a n w a rt ( 1 9 6 3 ) ,  and  
C h en  e t  al. ( 1 9 7 3 )  w h o  d e m o n s tr a te d  th a t  d ip p in g  c h ic k e n  
p arts or  ca rca sses in  p h o sp h a te -c o n ta in in g  c h illin g  w a te r  
r esu lted  in  d ecrea sed  b a c te r ia l c o u n ts  and p r o lo n g e d  sh e lf  
l if e .  B a c ter ia l g r o w th  in h ib it io n  in  la b o r a to r y  m e d ia  h as  
b e e n  a ttr ib u te d  to  p h o sp h a te s  b y  P o s t  e t  al. ( 1 9 6 3 ) ,  E llio t t  
e t  al. ( 1 9 6 4 ) ,  G ray  and W ilk in so n  ( 1 9 6 5 )  and m o r e  r e c e n t
ly  b y  S n y d e r  and M a x c y  ( 1 9 7 9 ) ,  F ir ste n b er g -E d e n  e t al.
( 1 9 8 1 )  an d  S ew a rd  e t al. ( 1 9 8 2 ) .  In  th is  la b o r a to r y  0.5%  
te tr a so d iu m  p y r o p h o sp h a te  (T S P P ) w a s le th a l  o r  h ig h ly  
in h ib ito r y  to  S t a p h y l o c o c c u s  aureu s,  P s e u d o m o n a s  a e r u 
g in o sa ,  S a lm o n e l la  t y p h i m u r i u m  and  tw o  c o m m e r c ia l  
la c t ic  starter  c u ltu r e s  in  la b o r a to r y  m ed ia . U n h e a te d  so 
d iu m  tr ip o ly p h o s p h a te  (S T P P ) and so d iu m  p o ly p h o sp h a te  
g la ssy  (S P G ) w e re  n o t  as in h ib ito r y  and lo s t  th e ir  a n tim ic r o 
b ia l p r o p e r t ie s  w h e n  h e a te d  t o  1 0 0 +  C. U n h e a te d  so d iu m  
acid  p y r o p h o sp h a te  (S A P P ) w a s o n ly  s lig h t ly  in h ib ito r y  
to  th e  m icr o o rg a n ism s te s te d  and e n h a n c e d  ra th er  th a n  d e 
crea sed  r ec o v e r ie s  in  th e  h e a te d  fo r m . F u r th e r m o r e , in  m o st  
e x p e r im e n ts , 3 -h r  o ld  c u ltu r e s  and th e  G ram  p o s it iv e  o rgan 
ism s u sed  w e r e  m o r e  se n s it iv e  to  p h o sp h a te s  th a n  w e re  
o ld e r  c u ltu r e s  (2 4 -h r )  and G ram  n e g a tiv e  b a c te r ia  (M o lin s  
e t a l., 1 9 8 4 ) ,

R e n e w e d  in te r e s t  in  th e  a p p lic a b ility  o f  p h o sp h a te s  
as b a c te r ic id a l or  b a c te r io s ta t ic  c o m p o u n d s  w a s ra ised  b y  
th e ir  ap p rova l as a d d itiv e s  fo r  u se  in  a w id e  v a r ie ty  o f  
c o o k e d  m e a t  p r o d u c ts  b y  th e  U S D A  ( 1 9 8 2 ) .  A lth o u g h  th e  
p h y s ic a l and c h e m ic a l c o n tr ib u t io n s  o f  p h o sp h a te s  to  m e a t  
p r o d u c t  q u a lity  w ith  regard to  te x tu r e , im p r o v e d  w a te r  
h o ld in g  c a p a c ity  and b in d in g , in c re a se d  e m u ls io n  s ta b ility  
an d  o th e r  fa c to r s  r e v ie w e d  b y  K n ip e  ( 1 9 8 2 )  h a v e  b e e n  
d e te r m in a n t  in  th e ir  u se  an d  a p p ro v a l, o n ly  l im ite d  a t te n 
t io n  h a s b e e n  pa id  t o  th e  p o te n t ia l  a n t im ic r o b ia l a p p lic a 
t io n  o f  p h o sp h a te s  to  m e a ts  an d  m e a t  p r o d u c ts . Iv e y  and  
R o b a c h  ( 1 9 7 8 )  fo u n d  SP G  an d  SA P P  to  h a v e  n o  s ig n if ic a n t  
e f fe c t s  o n  th e  g r o w th  and t o x in  p r o d u c t io n  b y  C lo s t r id iu m  
b o t u l i n u m  w h e n  u sed  a lo n e  or  c o m b in e d  w ith  n itr ite  in  
c a n n e d  c o m m in u te d  p o r k , b u t to  h a v e  sy n e r g is t ic  e f fe c t s
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w h e n  so rb ic  acid  w a s p r e se n t. T h e se  f in d in g s  w e r e  la ter  
c o n fir m e d  w ith  SA P P  b y  R o b e r ts  e t  al. ( 1 9 8 1 ) ,  W agner  
and B u sta  (1 9 8 3 ) ,  and N e ls o n  et al. ( 1 9 8 3 ) .  N ie ls e n  and  
Z e u th e n  ( 1 9 8 3 )  r ep o rte d  th a t 0 .3%  ST PP a lo n e  had l it t le  
in f lu e n c e  o n  th e  g r o w th  o f  B r o c h o t h r i x  t h e r m o s p h a c t a  or  
S e rr a t ia  l iq u e fa c i e n s  in  s lic e d , v a c u u m  p a c k e d  b o lo g n a  
u n d e r  refr ig era ted  sto ra g e  ( 2 ° C ) ,  b u t th a t an  acid  m ix tu r e  
o f  SA P P , ST PP an d  SPG  m a r k e d ly  in h ib ite d  th e  g r o w th  o f  
b o th  sp o ila g e  m icr o o rg a n ism s u n d e r  th e  sa m e  c o n d it io n s .

T h e  p r e se n t w o r k  w a s  u n d e r ta k e n  to  d e te r m in e  e f fe c t s  
o f  th e  h ig h e st  leg a lly  a llo w ed  le v e l  (0 .5 % ) o f  tw o  fo o d -  
grade p o ly -  and tw o  p y r o p h o sp h a te s  c o m m o n ly  u sed  in th e  
m e a t in d u str y  o n  th e  su rv iva l o f  S. a u r e u s  and o n  to ta l  
m e so p h ilic  and p sy c h r o tr o p h ic  b a c te r ia l c o u n ts  in  refr ig 
e r a te d , u n c o o k e d  b r a tw u r s t-ty p e  sau sages. A lth o u g h  th e  
u se  o f  p h o sp h a te s  in  u n c o o k e d  m e a t  p r o d u c ts  is  n o t  p er
m it te d ,  b ra tw u rst w a s s e le c te d  fo r  th e  p r e se n t  p h a se  o f  a 
ser ies  o f  s tu d ie s  s in c e  th is  p r o d u c t  is  u n iq u e  in so fa r  as it  is  
m a r k e te d  in  u n c o o k e d  as w e ll a s c o o k e d ,  v a c u u u m  p a c k e d  
fo r m s an d  u su a lly  d o e s  n o t  in c lu d e  n itr ite  in  i t s  fo r m u la t io n .

MATERIALS & METHODS
BRATWURST was prepared from coarse ground pork butts (20% 
fat) obtained in frozen, 12-lb packages from the Iowa State Meat 
Laboratory. The meat was allowed to thaw 48 hr at 2 - 4°C and the 
drip was reincorporated into the meat by blending with a Hobart 
C-10 mixer (Hobart Mfg. Co., Troy, OH) for 2 min at low speed. 
Bratwurst spice mix (2%, w/w) (Saratoga Specialties, Elmhurst, 
IL) was similarly blended, providing a concentration of 1.7% NaCl. 
Portions weighing lOOOg received the appropriate volume of a 10% 
aqueous solution (w/v) of one of the test phosphates to attain a 
level of 0.5% phosphate in the final product. After further blend
ing, each 1000-g portion of phosphate-containing sausage mix was 
subdivided. One-half was inoculated with a diluted, 24-hr culture of 
S, aureu s Z 88 (Food Technology Dept., ISU) grown in Brain Heart 
Infusion (BHI) broth (BBL) so as to number ca. 104 cells/g while 
the other half received an equivalent amount of sterile distilled 
water. The fir.al blending was followed by stuffing into 1-inch dia., 
edible collagen casings (Devro, Inc., Somerville, NJ). All sausages 
were packaged in polyethylene bags, twist-tied and stored in a dis
play case at about 5°C. Inoculated and uninoculated controls were 
prepared with and without phosphates. Samples were taken on days 
0, 1, 3, 5 and 7 for microbiological examination. Thirty grams of 
sausage were weighed, blended with 270 ml of 0.1% peptone water, 
diluted and plated following standard methods. The numbers of 
surviving S. aureus were determined from inoculated samples 
(Baird-Parker medium, BBL, 24 hr at 37°C) and total mesophilic 
and psychrotrophic counts (Trypticase soy agar, TSA, BBL, 30°C 
and 5°C, respectively) were obtained from uninoculated sausages. 
The experiments were replicated four times and after logarithmic 
transformation the data were analyzed by using an SAS computer 
program with ANOVA and GLM procedures.

RESULTS & DISCUSSION
N O N E  O F  T H E  P H O S P H A T E S  te s te d  p ro v ed  to  h a v e  a 
s ig n if ic a n t ( ?  <  0 .0 5 )  e f fe c t  o n  th e  su rv iva l o f  in o c u la te d  
S. aureus.  S. a u r e u s  d ecrea sed  in  n u m b e r s  b y  le s s  th a n  o n e  
lo g  c y c le  th r o u g h o u t  th e  7 -d a y  sto ra g e  p e r io d  at 5 C fo r  
all sa m p le s  in c lu d in g  c o n tr o ls .  T h is  resu lt  is  in  sharp c o n 
trast w ith  th e  le th a li ty  e x h ib ite d  b y  0.5%  u n h e a te d  T SP P , 
ST P P  o r  SPG  o n  S. a u r e u s  w h e n  th e se  p h o sp h a te s  w ere
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P H O S P H A T E  I N H I B I T I O N  O F  M E A T  B A C T E R I A  .

Fig. 1—Effect o f 0.5% phosphates on total mesophilic counts in 
uncooked bratwurst.

Fig. 2—Effect o f 0.5% phosphates on psychrotrophic counts in un
cooked bratwurst.

p r e se n t  in  a la b o r a to r y  m e d iu m  in  p r e v io u s  w o rk  (M o lin s  
e t a l„  1 9 8 4 ) .

T h e  g r o w th  o f  m e so p h ilic  (F ig . 1) and p sy c h r o tr o p h ic  
(F ig . 2 )  b a c te r ia  w a s n o t  s ig n if ic a n tly  (P  <  0 .0 5 )  red u c ed  
b y  a n y  p h o sp h a te . H o w e v er , SA P P  and ST P P  ca u sed  a 
sligh t le n g th e n in g  o f  th e  lag  p h a se  o f  g r o w th  o f  m e so p h ile s . 
SA P P  a lso  r e su lte d  in  c o n s is te n t ly  lo w e r  n u m b e r s  o f  a ero b ic  
m e so p h ilic  and p sy c h r o tr o p h ic  b a c ter ia  th a n  a n y  o th e r  
p h o sp h a te  o r  c o n tr o ls  th r o u g h o u t  th e  e x p e r im e n ta l p e r io d , 
b u t th e se  e f fe c t s  w ere  n o t  s ta t is t ic a lly  s ig n if ic a n t  (P  <  0 .0 5 ) .

T h e  p r e se n c e  o f  th e  e n z y m e s , p o ly -  and p y r o p h o sp h a 
ta se s , in  m u sc le  c e lls  m a y  a c c o u n t  fo r  th e  lo s s  o f  th e  in 
h ib ito r y  p r o p e r t ie s  th a t c o n d e n se d  p h o sp h a te s  h a v e  o n  b a c 
ter ia l g r o w th  in  s y s te m s  o th e r  th a n  m e a t, w h er e  n o  su ch  
e n z y m e s  are p re se n t. R ap id  h y d r o ly s is  o f  p o ly -  and p y r o 
p h o sp h a te s  to  th e  o r th o  fo r m s  and th e  im p o r ta n t  r o le s  o f  
pH , te m p e r a tu r e , t im e  and in a c t iv a t io n  o f  p h o sp h a te 
h y d r o ly z in g  e n z y m e s  b y  c o o k in g  te m p e r a tu r e s  o n  th e  
r e te n t io n  o f  th e  a c tiv e , u n h y d r o ly z e d  fo r m s  o f  p h o sp h a te s  
w a s d e m o n s tr a te d  b y  A w a d  ( 1 9 6 8 ) .  W ith  g ro u n d  o r  c o m m i
n u te d  m e a t  p r o d u c ts  and sy s te m s , a d d itio n a l re lea se  o f  
p h o sp h a ta se s  b y  m u sc le  c e ll  r u p tu re  du rin g  g r in d in g  m a y  
fu r th e r  in c r e a se  th e  rate  o f  p h o sp h a te  h y d r o ly s is . O th er

c o m p le x  in te r a c t io n s , su ch  as th o s e  b e tw e e n  p h o sp h a te s  
and m e a t  p r o te in s  (N ik k ila  e t  a l., 1 9 6 7 ;  N e w b o ld  and  
T u m e , 1 9 8 1 ) ,  m a y  a lso  e x p la in  th e  fa ilu re  o f  p h o sp h a te s  as 
b a cter ia l in h ib ito r s  in  u n c o o k e d , p r o c e s se d  m ea ts .

M arked pH d iffe r e n c e s  b e tw e e n  b ra tw u rst c o n ta in in g  
d iffe r e n t  p h so p h a te s  e x is te d  th r o u g h o u t  th e  7 -d a y  sto ra g e  
p er io d  at 5 °C  w ith o u t  c o r r e sp o n d in g  v a r ia tio n s  in  b a c ter ia l  
n u m b ers . A ls o ,  pH  d iffe r e n c e s  b e tw e e n  tr e a tm e n ts  d e 
crea sed  o n ly  s lig h t ly  a fter  1 w k  o f  sto ra g e  w h e n  fin a l  
b a cter ia l c o u n ts  w e re  in  e x c e s s  o f  1 0 s C F U /g r a m .

A d d it io n a l research  is ju s t if ie d  o n  p o s s ib le  e f fe c t s  o f  
im m e d ia te  c o o k in g  a fter  fo r m u la t io n  fo r  r e te n t io n  o f  th e  
m ic r o b ia l in h ib ito r y  p r o p e r tie s  o f  p h o sp h a te s  in  m e a t  
p r o d u c ts .

REFERENCES
A w ad , M .K . 1 9 6 8 . H y d ro ly s is  o f  p o ly p h o s p h a te s  a d d e d  to  m e a t.

M .S. th e s is , T h e  U niv. o f  A lb e rta , E d m o n to n ,  A lb e rta .
C h en , T .C ., C u lo tta ,  J .T .,  a n d  W ang, W .S. 1 9 7 3 . E f fe c t  o f  w a te r  a n d  

m ic ro w av e  en e rg y  p re c o o k in g  o n  m ic ro b io lo g ic a l q u a li ty  o f  
c h ic k en  p a r ts .  J . F o o d  Sci. 3 8 : 1 5 5 .

E l lio tt ,  R .P ., S tra k a , R .P ., a n d  G a rib a ld i, J .A . 1 9 6 4 . P o ly p h o s p h a te  
in h ib i t io n  o f g ro w th  o f  p s e u d o m o n a d s  f ro m  p o u l t r y  m e a t.  A p p l. 
M icro b io l. 1 2 : 5 1 7 .

F ir s te n b e rg -E d e n , R ., R o w le y , D .B ., a n d  S h a t tu c k ,  G .E . 1 9 8 1 . In h i
b i t io n  o f  M o ra x e lla -A c tin e to b a c te r  cells  b y  so d iu m  p h o s p h a te s  
a n d  so d iu m  c h lo rid e . J .  F o o d  S ci. 4 6 : 5 7 9 .

G ray , G .W . a n d  W ilk in son , S.G . 1 9 6 5 . T h e  a c t io n  o f e th y le n e d ia -  
m in e - te tra -a c e tic  a c id  o n  P se u d o m o n as  ae ru g in o sa . J .  A p p l. Bac- 
te r io l .  2 8 : 1 5 3 .

Iv e y , F .J .  a n d  R o b a c h , M .C. 1 9 7 8 . E f fe c t  o f  s o rb ic  ac id  a n d  so d iu m  
n i t r i te  o n  C lo s tr id u m  b o tu l in u m  o u tg ro w th  a n d  to x in  p r o d u c t io n  
in  c a n n e d  c o m m in u te d  p o rk . J . F o o d  Sci. 4 3 : 1 7 8 2 .

K n ip e , C .L . 1 9 8 2 . E f fe c ts  o f  in o rg a n ic  p o ly p h o s p h a te s  on  re d u c e d  
so d iu m  a n d  c o n v e n t io n a l m e a t  e m u ls io n  c h a ra c te r is tic s . P h .D . 
d is s e r ta tio n , Io w a  S ta te  U niv ., A m es, IA .

M olins, R .A ., K ra f t ,  A .A ., O lso n , D .G ., a n d  H o tc h k iss , D .K . 1 9 8 4 . 
R ec o v e ry  o f  se le c te d  b a c te r ia  in  m e d ia  c o n ta in in g  0 .5%  fo o d  
g rad e  p o ly -  a n d  p y ro p h o s p h a te s .  J . F o o d  Sci. 4 9 : 9 4 8 .

N e lso n , K .A ., B u sta , F .F .,  S o fo s , J .N .,  a n d  W agner, M .K . 1 9 8 3 . 
E f fe c t  o f  p o ly p h o s p h a te s  in  c o m b in a tio n  w ith  n i t r i te - s o r b a te  o r  
s o rb a te  o n  C lo s tr id iu m  b o tu l in u m  g ro w th  a n d  to x in  p ro d u c t io n  
in  c h ic k e n  f r a n k fu r te r s  em u ls io n s . J . F o o d  P ro t.  4 6 : 8 4 6 .

N e w b o ld , R .P . a n d  T u m e , R .K . 1 9 8 1 . C o m p a ris o n  o f  t h e  e f fe c ts  o f  
a d d e d  o r th o p h o s p h a te  o n  ca lc iu m  u p ta k e  a n d  re le a se  b y  b o v in e  
a n d  r a b b i t  m u sc le  sa rco p la sm ic  re tic u lu m . J. F o o d  Sci. 4 6 : 1 3 2 7 . 

N ie lsen , H .J .S . a n d  Z e u th e n , P. 1 9 8 3 . In f lu e n c e  o f  p h o s p h a te  a n d  
g lu co se  a d d i t io n  o n  so m e  im p o r ta n t  sp o ilag e  b a c te r ia  in  v a cu u m  
p a c k e d  b o lo g n a - ty p e  sausage. J . F o o d  P ro t.  4 6 : 1 0 7 8 .

N ik k ila , O .E ., K u u si, T ., a n d  K y to k a n g as , R . 1 9 6 7 . C han g es  in  fish  
p ro te in s  c au se d  b y  s to ra g e  in  sa line  s o lu tio n  a n d  th e i r  in h ib i t io n  
b y  p h o s p h a te s .  S tu d y  o f  th e  re a c t io n b y  t r a c e r  te c h n iq u e . J . F o o d  
Sci. 3 2 : 6 8 6 .

P o s t, F .J . ,  K r is h n a m u rty , G .B ., a n d  F la n a g a n , M .D . 1 9 6 3 . In f lu e n c e  
o f  so d iu m  h e x a m e ta p h o s p h a te  o n  se le c te d  b a c te r ia .  A p p l. M icro 
b io l. 1 1 : 4 3 0 .

R o b e r ts ,  T .A ., G ib so n , A .M ., a n d  R o b in so n , A . 1 9 8 1 . F a c to rs  c o n 
tro l l in g  th e  g ro w th  o f  C lo s tr id iu m  b o tu l in u m  ty p e s  A  a n d  B in  
p a s te u r iz e d , c u re d  m e a ts . 2 . G ro w th  in  p o rk  s lu rrie s  p re p a re d  fro m  
“ h ig h ”  p H  m e a t (ran g e  6 .3  -  6 .8 ) . J .  F o o d  T e c h n o l. 1 6 : 2 6 7 . 

S e w ard , R .A ., D e ib e l, R .H ., a n d  L in d sa y , R .C . 1 9 8 2 . E f fe c ts  o f  
p o ta s s iu m  s o rb a te  a n d  o th e r  a n t io b o tu l in a l  a g en ts  o n  g e rm in a tio n  
a n d  o u tg ro w th  o f  C lo s tr id iu m  b o tu l in u m  ty p e  E  s p o re s  in  m ic ro 
c u ltu re s . A p p l. E n v iro n . M ic ro b io l. 4 4 : 1 2 1 2 .

S n y d e r , L .D . a n d  M axcy , R .B . 1 9 7 9 . E f fe c t o f  aw  o f  m e a t  p ro d u c ts  
o n  g ro w th  o f  r a d ia t io n  re s is ta n t  M o ra x e lla -A c in e to b a c te r . J . F o o d  
Sci. 4 4 : 33 .

S p e n c e r , J .V . a n d  S m ith , L .E . 1 9 6 2 . T h e  e f fe c t  o f  ch illin g  c h ic k en  
fry e rs  in  a s o lu t io n  o f p o ly p h o s p h a te s  u p o n  m o is tu re  u p ta k e ,  
m ic ro b ia l sp o ilag e , te n d e rn e ss ,  ju ic in e ss  an d  flav o r. P o u lt ry  Sci. 
4 1 : 1 6 8 5 .

S te in h a u e r ,  J .E . a n d  B an w a rt, G .J . 1 9 6 3 . T h e  e f fe c t  o f  fo o d  g rade  
p o ly p h o s p h a te s  o n  th e  m ic ro b ia l p o p u la t io n  o f  c h ic k e n  m e a t. 
P o u lt ry  Sci. 4 3 :  6 1 8 .

U SD A . 1 9 8 2 . M ea t a n d  p o u l t r y  p ro d u c ts :  p h o s p h a te s  a n d  so d iu m  
h y d ro x id e . F ed . R eg is te r  4 7 : 1 0 7 7 9 .

W agner, M .K . a n d  B u sta , F .F . 1 9 8 3 . E f fe c t  o f  s o d iu m  ac id  p y ro 
p h o s p h a te  in  c o m b in a t io n  w ith  so d iu m  n i t r i te  o r  so d iu m  n i t r i t e /  
p o ta s s iu m  s o rb a te  o n  C lo s tr id iu m  b o tu l in u m  g ro w th  a n d  to x in  
p ro d u c t io n  in  b e e f /p o rk  f r a n k f u r te r  em u ls io n s . J .  F o o d  Sci. 
4 8 : 9 9 0 .

Ms re c e iv ed  8 /2 0 /8 4 ;  rev ised  1 1 /1 /8 4 ;  a c c e p te d  1 2 /8 /8 4 .

P re s e n te d , in  p a r t ,  a t  th e  4 4 th  A n n u a l M ee tin g  o f  t h e  In s t i tu te  
o f  F o o d  T e c h n o lo g is ts , A n a h e im , CA, J u n e  1 9 8 4 .

J o u rn a l  P a p e r  N o . J -1 1 5 7 7  o f  th e  Io w a  A g ric u ltu re  a n d  H o m e  
E c o n o m ic s  E x p e r im e n t S ta tio n , A m es, IA . P ro je c t N o . 2 2 5 2 .

T h e  a u th o rs  th a n k  S te p h a n ie  K ie lsm eie r f o r  p re p a ra t io n  o f  th e  
m a n u s c r ip t  a n d  S tev e  N ie b u h r  fo r  h is  la b o ra to ry  a ss is tan ce .

M en tio n  o f  a n y  c o m p a n y  o r  p ro d u c t  n a m e  d o e s  n o t  c o n s t i tu te  
e n d o rs e m e n t.

5 3 2 -JO U R  NAL O F FO O D  S C IE N C E -  Volume 50 (1985)



A Research Note
D e t e r m i n a t i o n  o f  t h e  N u m b e r  a n d  H e a t  S t a b i l i t y  o f  a - A m y l a s e  

I n h i b i t o r s  i n  W h i t e  a n d  R e d  K i d n e y  B e a n  ( P h a s e o l u s  v u l g a r i s )

FRANCISCO J. CINCO, JANE M. FRELS, DOUGLAS L. HOLT and JOHN H. RUPNOW

------------------------------- ABSTRACT-------------------------------
The cramylase inhibitors from white and red kidney bean were 
isolated using a purification procedure that did not include a heat 
step. Phenyl-Sepharose chromatography of extracts from white 
kidney bean resolved two inhibitors. One of the inhibitors was much 
less stable than the other to 70°C heat treatment. Red kidney beans 
contained only one a-amylase inhibitor.

INTRODUCTION
M A N Y  E D IB L E  P L A N T S  c o n ta in  su b s ta n c e s  w h ic h  in h ib it  
e n z y m e  a c t io n  (M arsh a ll, 1 9 7 5 ) .  M ost o f  th e se  c o m p o u n d s  
are p r o te in s  w h ic h  sp e c if ic a lly  in h ib it  e n z y m e s  b y  fo r m in g  
c o m p le x e s  w h ic h  b lo c k  th e  a c tiv e  s ite  or  a lter  e n z y m e  c o n 
fo r m a tio n , th u s  red u c in g  th e ir  c a ta ly t ic  fu n c t io n s  (R ic h a r d 
so n , 1 9 7 7 ) .  In  c o n tr a st  t o  tr y p s in  in h ib ito r s , in h ib ito r s  o f  
a -a m y la se  are n o t  as w e ll u n d e r s to o d , an d  l it t le  is  k n o w n  
a b o u t  th e  str u c tu r a l fe a tu r e s  e sse n tia l fo r  th e ir  a c t io n  
(G ra n u m , 1 9 7 9 ;  R ic h a r d so n , 1 9 8 0 -8 1 ) .

J a ffe  e t al. ( 1 9 7 3 )  s tu d ied  serveral sp e c ie s  o f  le g u m e s  in  
w h ic h  in h ib ito r s  o f  p a n cr e a tic  an d  sa livary  a -a m y la se  are 
p re se n t. T h e  largest a m o u n t o f  in h ib ito r y  a c t iv ity  w as  
fo u n d  in  cu ltiv a rs o f  k id n e y  b ea n s. M arshall and  L auda  
( 1 9 7 5 )  an d  P ick  an d  W ob er ( 1 9 7 8 )  e x tr a c te d  a n a -a m y la s e  
in h ib ito r  fro m  w h ite  k id n e y  b ea n  w h ic h  w a s a c tiv e  aga in st  
a -a m y la se  fr o m  H e l ix  p o m a t i a ,  h u m a n  saliva and h u m a n  
pan creas. P o w ers  and W h itak er  ( 1 9 7 7 )  iso la te d  a n a - a m y 
la se  in h ib ito r  fro m  th e  red  k id n e y  b ea n  w h ic h  w a s a c tiv e  
a ga in st h u m a n  sa livary , p o r c in e  p a n cr e a tic  and T e n e b r io  
m o l i t o r  larva a -a m y la se  b u t  w a s in a c t iv e  a g a in st p la n t and  
m icr o b ia l a -a m y la se s .

In  e a ch  o f  th e  le g u m e s  s tu d ie d , a s in g le  in h ib ito r  o f  a -  
a m y la se  w a s iso la te d . A ll p r e v io u s  s tu d ie s  u t i l iz e d  a h ea t  
tr e a tm e n t to  c o a g u la te  u n w a n te d  p r o te in  as a ste p  in  th e  
p u r if ic a t io n  p r o c ed u r e , as th e  p r o te a se  an d  a -a m y la se  in 
h ib ito r s  are g e n e ra lly  h e a t  s ta b le  (R ic h a r d so n , 1 9 8 0 -8 1 ) .  
H o w ev er , F rels an d  R u p n o w  ( 1 9 8 4 )  p u r ified  tw o  a -a m y la se  
in h ib ito r s  fro m  th e  b la c k  b ea n  (P h a s e o lu s  v u lg a r is ) u s in g  a 
p u r if ic a t io n  p r o c ed u r e  w h ic h  d id  n o t  in c lu d e  a h e a t tr ea t
m e n t. T h e y  p o s tu la te d  th a t th e  se c o n d  in h ib ito r  m ig h t be  
p r e se n t in  th e  o th e r  le g u m e s  s tu d ie d , s in c e  o n e  o f  th e  in 
h ib ito r s  th e y  iso la te d  w a s s ig n if ic a n tly  m o re  h e a t  la b ile  
an d  m a y  be d e s tr o y e d  d u rin g  a h e a t tr e a tm e n t.

In  th is  s tu d y , th e  a -a m y la se  in h ib ito r s  fr o m  th e  w h ite  
k id n e y  b ea n  an d  th e  red  k id n e y  b e a n  (P h a s e o lu s  vu lgaris)  
w ere  p u rified  u s in g  a m o d if ic a t io n  o f  th e  m e th o d s  o f  F re ls  
and R u p n o w  ( 1 9 8 4 )  to  d e te r m in e  i f  m u lt ip le  in h ib ito r s  
w ere  a lso  p r e se n t in th e se  leg u m es .

MATERIALS & METHODS
WHITE KIDNEY BEANS (P haseo lu s vu lgaris) v. Great Northern 
UI-59 were obtained from the Univ. of Idaho Branch Experiment 
Station, Kimberly, Idaho. Red kidney beans (P haseo lu s vu lgaris) v.

Authors Frels, Holt, and Rupnow are affiliated with the Dept, of 
Food Science & Technology, Institute o f Agriculture & Natural 
Resources, Univ. o f Nebraska-Lincoln, Lincoln, N E  68583-0919. 
Author Cinco is affiliated with Univ. de Sonora, Hermosillo, Mexico.

LRK California were obtained from the Univ. of Nebraska seed 
collection, Cooperative Extension Service Panhandle Station, Scotts- 
bluff, NE.

Soluble starch for use as the substrate in the inhibitor assay was 
obtained from Mallinckrodt Inc. Porcine pancreatic a-amylase (Type
1-A, 2X crystallized, lot 43F-8085) and 3,5-dinitrosalicylic acid 
were obtained from Sigma Chemical Co. and phenyl-Sepharose CL- 
4B and Sephadex G-100 were supplied by Pharmacia Fine Chemi
cals. All other chemicals were reagent grade and used without further 
purification.

Protein determinations
Protein elution profiles from chromatographic procedures were 

estimated by monitoring absorbance at 280 nm. Protein content of 
all pooled fractions was quantified using the Hartree (1972) modi
fication of the Lowry et al. (1951) procedure, with bovine serum 
albumin as the standard.

Inhibitor assay
a-Amylase and a-amylase inhibitor activities were measured by a 

modification of the method of Bernfeld (1955) as described by 
Frels and Rupnow (1984).

Purification of the inhibitors
Seeds of white kidney bean and red kidney bean were ground to 

a fine powder using a Janke and Kunkel Ika-Werk mill. Five grams 
of each sample were extracted by stirring for 2 hr in 125 mL Q.02M 
sodium phosphate buffer (pH 6.9), containing 0.15M NaCl. The 
extract was centrifuged at 14000 x g  for 1 hr at 4°C. Insoluble 
matter was discarded and inhibitory activity was measured in the 
supernatant. Further purification included the following steps:

(1) Ammonium sulfate fractionation. The supernatant fluid 
collected after centrifugation was fractionated with ammonium 
sulfate. The protein fraction precipitated between 30 and 60% 
saturation was collected by centrifugation at 14000 x g  for 1 hr at 
4°C and resuspended in 0.02M sodium phosphate buffer (pH 6.9) at 
25% saturation with ammonium sulfate.

(2) Phenyl-Sepharose chromatography. The protein solution 
obtained from the ammonium sulfate fractionation was applied to a
2.5 x 30 cm phenyl-Sepharose column which had previously been 
equilibrated with. 0.02 M phosphate buffer (pH 6.9) at 25% satura
tion with ammonium sulfate. Unbound protein was eluted with 
elution buffer until absorbance at 280 nm approached zero. Bound 
protein was eluted with a 500 mL linear gradient of increasing 
ethylene glycol to 50% (v:v) and concurrently decreasing am
monium sulfate concentration to 0% saturation. Fractions contain
ing more than 120 inhibitor units/mL were pooled and dialyzed 
against 0.02M sodium phosphate buffer (pH 6.9) containing 0.05M 
NaCl arid then concentrated to approximately 4 mL by ultrafiltra
tion using an Amicon PM-10 membrane.

(3) Gel filtration on Sephadex G-100. The concentrated inhibi
tor solutions were applied to a 2.0 x 120 cm column packed with 
Sephadex G-100 and equilibrated with 0.02M sodium phosphate 
buffer (pH 6.9).

Heat stability of inhibitors
The two purified a-amylase inhibitors from white kidney bean 

were tested for their stability to heat. Inhibitor-1 (1-1) and Inhibi
tor-2 (1-2) at activity levels of 5 units/mL and protein concentra
tions of 1.8 x 10~2 and 7.3 x 10~3 mg/mL, respectively, were 
heated at 70°C in 0.02M sodium phosphate buffer (pH 6.9) contain
ing 0.05M NaCl. Aliquots of 0.525 mL were removed at various 
times after the 2 min come-up time, cooled in an ice bath for 10 
min, and remaining inhibitory activity determined according to the 
usual procedure.
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Fig. 1—Purification o f u-amyiase inhibitors from white (a) and red 
(b) kidney beans using phenyi-Sepharose chromatography.

RESULTS & DISCUSSION

W h ite  k id n e y  b ean

P h e n y i-S e p h a r o se  c h r o m a to g r a p h y  reso lv e d  tw o  d is t in c t  
p e a k s w ith  in h ib ito r y  a c t iv ity  w h ic h  e lu te d  w h e n  th e  c o n 
c e n tr a t io n  o f  e th y le n e  g ly c o l  a p p ro a c h e d  50%  (F ig . 1). 
T h e se  in h ib ito r s  w e re  d e s ig n a te d  1-1 and 1-2 a c c o r d in g  to  
th e ir  o r d e r  o f  e lu t io n  fr o m  th e  c o lu m n . W hen  b o th  in h ib i
to r s  w ere  te s te d  in d iv id u a lly  fo r  th e ir  s ta b il ity  to  h e a t in g  at 
7 0 ° C , 1-1 p ro v ed  to  b e  le s s  h e a t  s ta b le  th a n  1-2 (F ig . 2 ) . 
A fte r  2 0  m in  o f  h e a tin g , th e  in h ib ito r y  a c t iv ity  o f  1-1 w as  
red u c ed  b y  a p p r o x im a te ly  70% . 1-2 re ta in e d  90%  o f  its  
in it ia l a c t iv ity  a fte r  15 m in  an d  2 0 % a fte r  1 5 0  m in  o f  h e a t
ing. M arshall and  L auda ( 1 9 7 5 )  and P ick  and W o b e r ( 1 9 7 8 )  
u sed  h e a t tr e a tm e n ts  o f  7 0  C fo r  15 m in  in  th e  iso la t io n  o f  
a s in g le  a -a m y la se  in h ib ito r  fr o m  w h ite  k id n e y  b ea n . R e
su lts  o f  th is  s tu d y  w o u ld  su g g est  th a t th e  id e n t if ic a t io n  o f  
o n ly  o n e  in h ib ito r  an d  th e  29%  lo ss  o f  in h ib ito r  a c t iv ity  
r ep o rte d  b y  M arshall and  L aud a ( 1 9 7 5 )  d u rin g  th e  p u r if ica 

Fig. 2—Effect o f heat treatment at 70°C on purified a-amylase in
hibitors 1-1 (o) and 1-2 (•) from white kidney bean.

t io n  s te p  w as d u e  to  th e  d e s tr u c t io n  o f  a s ig n if ic a n t p o r t io n  
o f  1-1  du rin g  th e  h e a t tr ea tm e n t.

R ed  k id n e y  b ean

T h e  a -a m y la se  in h ib ito r y  a c t iv ity  iso la te d  fr o m  red  
k id n e y  b ea n  e lu te d  as a s in g le  p ea k  fr o m  th e  p h e n y i-S e p h a 
ro se  c o lu m n  (F ig . 1 ). F u r th e r  p u r if ic a t io n  u s in g  g e l filtra 
t io n  o n  S e p h a d e x  G -1 0 0  d id  n o t  reso lv e  a se c o n d  in h ib ito r .  
A lth o u g h  P o w ers  and W h itak er ( 1 9 7 7 )  u sed  a 6 0 ° C  h ea t  
tr e a tm e n t fo r  2 0  m in  at pH  4 .0  to  p u r ify  th e  in h ib ito r , th e  
r e su lts  o f  th is  s tu d y  in d ic a te  th a t a se c o n d , m ore h e a t la b ile  
a -a m y la se  in h ib ito r  is  n o t  p r e se n t in  red  k id n e y  b ean .
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--------------------------------ABSTRACT-------------------------------
The effect o f  two sources o f  magnesium fertilization (56 kg/ha, 
MgO), epsom salt and dolom ite, on total glycoalkaloid (TGA) 
and nitrate-nitrogen (NO 3-N) content o f  Katahdin potatoes was 
examined. Both magnesium fertilizers increased the TGA and 
NO 3-N content o f  tubers. Tubers grown in soils receiving epsom  
salt had significantly (p <  0 .05) higher TGA content than the tubers 
receiving dolom ite im m ediately follow ing harvest, but after 5 m o  
storage, no significant differences were observed betw een the two  
Mg sources. The NO 3-N levels in tubers from plants receiving Mg 
fertilization were higher than the controls. Those receiving epsom  
salt were higher than those receiving dolom ite. The NO 3-N levels 
decreased in all tubers after 5 m o storage. Cortex tissue was signi
ficantly (p <  0 .05 ) higher in NO3-N than the pith.

INTRODUCTION
P O T A T O E S  are m o re  se n s it iv e  to  m a g n e siu m  d e f ic ie n c y  
th a n  o th e r  c r o p s  ( B o lto n , 1 9 7 7 ) ,  y e t  su ch  d e f ic ie n c ie s  m a y  
be c o r r e c te d  th r o u g h  th e  u se  o f  m a g n esiu m  fe r tiliz er s  su ch  
as m a g n e siu m  su lfa te  (H o u g h la n d , 1 9 6 4 )  or  d o lo m ite  (B o l
to n , 1 9 7 3 ) .  C o n d it io n s  w h ic h  lea d  to  th e  d e v e lo p m e n t  o f  
M g d e f ic ie n c y  in p la n ts  are: a c id , sa n d y , h ig h ly  lea c h e d  
so ils  h av in g  lo w  c a t io n  e x c h a n g e  c a p a c ity  (C E C ); ca lc a re o u s  
so ils , ac id  so ils ; an d  h ig h  ra tes o f  N H 4 or  K fe r t i liz a t io n  
(K a m p ra th  and F o y , 1 9 7 1 ) .  M agn esiu m  is e sse n tia l for  
p la n t g r o w th  an d  as a c o fa c to r  fo r  severa l e n z y m e s  in v o lv ed  
in  p h o to s y n th e s is ,  r e sp ira tio n , l ip id  and n itr o g e n  m e ta b o l
ism  (G a u c h , 1 9 7 2 ) .

F e r t il iz a t io n  p r a c t ic e s  a f fe c t  th e  c h e m ic a l c o m p o s it io n  
o f  cro p s. M g S 0 4 f e r t i liz a t io n  o f  p o ta to e s  in c re a se d  to ta l  
n itr o g e n , p r o te in , an d  a m in o  ac id s o f  tu b er s  (K le in  e t  al.,
1 9 8 2 ) ,  as w e ll as in c re a se d  th e  y ie ld  and lip id  c o n te n t .  
T u b ers  fr o m  M g -fer tilized  p la n t d isc o lo r e d  less , w ere  lo w e r  
in  p h e n o ls , an d  h ig h er  in  l ip id s  th a n  th e  c o n tr o ls  (K le in  
e t a l., 1 9 8 1 ) .

A lth o u g h  d o lo m ite  (M g C 0 3 • C a C 0 3 ) is  th e  prim ary  
so u rc e  o f  M g in  m a n y  fe r tiliz er s  (B r o w n , 1 9 7 2 ) ,  l i t t le  in fo r 
m a t io n  is ava ilab le  as to  its  e f fe c t  o n  tu b er  q u a lity . S in c e  
d o lo m ite  is s lig h t ly  so lu b le  an d  e p so m  sa lt (M g S 0 4 • 
7 H 2 0 )  v ery  so lu b le  in  w a ter , th e  a v a ila b ility  o f  M g to  
th e  p o ta to  p la n t varies.

G ly c o a lk a lo id s , a c la ss  o f  n a tu ra lly  o c cu rr in g  to x ic a n ts  
p r e se n t in  p o ta to e s ,  h a v e  b e e n  a sso c ia te d  w ith  b itte r  flavor  
(S in d e n  e t  a l., 1 9 7 6 ) ,  in h ib it io n  o f  c h o lin e s te r a se , and  p o i
so n in g  in  h u m a n s  and farm  a n im a ls (M cM illa n  and T h o m p 
so n , 1 9 7 9 ) .  P o ta to e s  sh o u ld  c o n ta in  n o  m o re  th a n  2 0  m g  
g ly c o a lk a lo id  p er  lOOg fresh  w e ig h t  (B o m e r  and M attis , 
1 9 2 4 ) .  T o ta l g ly c o a lk a lo id  (T G A ) c o n te n t  o f  p o ta to e s  is 
in f lu e n c e d  b y  c u ltiv a r , e n v ir o n m e n t, f e r t i liz a t io n  p r a c tic es , 
and m e c h a n ic a l a n d /o r  c h e m ic a l- in d u c e d  stress (S in d e n  e t  
al., 1 9 8 4 ) . F e r t il iz a t io n  w ith  M g S 0 4 in crea sed  T G A  c o n 
te n t  o f  tu b er s  (E v a n s and M o n d y , 1 9 8 4 ) .

Author Mondy is with the Institute o f Food Science, Institute o f  
Toxicology, and the Division o f Nutritional Sciences; Author Pon- 
nampaiam is with the Dept, o f Food Science, Cornell Univ., Ithaca, 
N Y  14853.

H igh  c o n c e n tr a t io n s  o f  n itr a te  in  o u r  fo o d  is o f  c o n c e r n  
b e c a u se  o f  its  p recu rso r  ro le  in  th e  fo r m a t io n  o f  n itr ite s ,  
w h ic h  are in v o lv e d  in  in fa n t  m e th e m o g lo b in e m ia  (P h il
lip s , 1 9 8 1 ) ,  and  w h ic h  rea c t w ith  se c o n d a r y  or ter tia ry  
a m in e s  to  fo rm  c a r c in o g e n ic  and m u ta g e n ic  N -n itr o so  c o m 
p o u n d s  (W alters e t  a l., 1 9 7 9 ) .  P o ta to e s  c o n tr ib u te  a p p r o x i
m a te ly  14% o f  th e  per c a p ita  in g e s t io n  o f  n itr a tes  in  th e  
U n ite d  S ta te s  (W h ite , 1 9 7 5 ) . N itr a te s  are in f lu e n c e d  b y  
cu ltiv a r , ty p e  and a m o u n t o f  n itr o g e n  fe r tiliz er , c lim a te ,  
m o is tu r e  stress, and sto ra g e  c o n d it io n s  (M c D o le  and M c- 
M aster, 1 9 7 8 a , b; A u g u s tin  e t  al., 1 9 7 7 ) .  F o n g  an d  U lr ich
( 1 9 7 4 )  r ep o rte d  th a t M g S 0 4 f e r t i liz a t io n  in c re a se d  N O 3 -N  
c o n te n t  o f  th e  p o ta to  p la n t, b u t n o  in fo r m a t io n  w a s g iv en  
fo r  tub ers.

T h is  s tu d y  w a s u n d e r ta k e n  to  d e te r m in e  th e  e f fe c t  o f  
d iffe r e n t  so u rc e s  o f  M g fe r t i liz a t io n  o n  T G A  and th e  N 0 3 - 
N  c o n te n t  o f  p o ta to  tub ers.

MATERIALS & METHODS
KATAHDIN POTATOES grown at the Cornell Vegetable Research 
Farm in Riverhead, Long Island were used. Soil type was Haven fine 
sandy loam. Magnesium in the form o f  epsom salt (M gS04 • 7H20 )  
or dolom ite (MgC0 3  • CaC0 3 ) was banded at planting (56 kg/ha, 
magnesium oxide equivalent). Available mineral contents of these 
soils (kg/ha) averaged: magnesium 85.8 , phosphorus 6 6 .1 , potas
sium 291 .2 , calcium 8 21 .3 , iron 14.1, and aluminum 180.7. Soil 
organic matter averaged 2.16% and soil pH was 5 .73 . All plots 
received the same amount o f  N-P-K fertilizer and were irrigated in 
the same manner.

Tubers were harvested 22 wk after planting and stored at 5°C  
for 5 m o after initial sampling. Four tubers were sampled for each 
analysis and duplicate analyses were made for each treatment. 
Tubers were sliced longitudinally from bud to stem end and divided 
into cortex and pith sections. Cortex is the area o f  greater m etabolic  
activity. Both cortex and pith tissues were analyzed for NO 3-N 
content. Results were corrected for m oisture content and reported 
on fresh weight basis.

Determination of toal glycoalkaloids
Analysis o f  fresh tubers was conducted using the m odified titra

tion m ethod o f  Bushway et al. (1980).

Determination of NO3 -N
The NO 3-N content was determined by the phenoldisulfonic  

acid m ethod using an aqueous extraction o f  fresh tubers (Ulrich 
et al., 1959).

Statistical analysis
Com pletely random design was em ployed and statistical signifi

cance o f  the data was determined using 3 x 2 x 2  or 3 x 2  analysis 
o f variance with protected LSD test described by Steel and Torrie
(1980).

RESULTS & DISCUSSION
W IT H  B O T H  S O U R C E S  o f  M g fe r t iliz e r  th e  T G A  c o n te n t  
o f  tu b ers im m e d ia te ly  fo l lo w in g  h a rv est and a fter  5 m o  
sto ra g e  w as s ig n if ic a n tly  (p  <  0 .0 5 )  h ig h er  th a n  c o n tr o ls  
(F ig . 1). T G A  w a s s ig n if ic a n tly  (p  <  0 .0 5 )  h ig h er  in  tu b ers  
fro m  p la n ts  fe r t iliz e d  w ith  e p so m  sa lt as c o m p a r ed  to  d o lo 
m ite . T h is  m a y  h a v e  b e e n  d u e  to  grea ter  a v a ila b ility  o f  m ag
n e s iu m  w ith  e p so m  sa lt. E van s and M o n d y  ' ( 1 9 8 4 )  sug-
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M g  F E R T I L I Z E R S :  P O T A T O  T G  A  A N D  N 0 3 - N . . .

G  L Y C O  A L K A L O I D S

S t o r a g e  ( m o . )

Fig. 1—Effect o f magnesium fertilization and storage on total 
glycoalkaloid content o f Katahdin potato tubers: ¡¡Hi Control :V!\ 
Epsom; ■  Dolomite.

g e sted  th a t M g m a y  in c re a se  g ly c o a lk a lo id  sy n th e s is  by  
in c re a sin g  c h lo r o p h y ll  p r o d u c t io n , s t im u la t in g  sugar m e ta b 
o lism , a n d /o r  in crea sin g  a m in o  acid  sy n th e s is .

T u b ers  fr o m  p la n ts  fe r t i liz e d  w ith  e ith e r  e p so m  sa lt  or  
d o lo m ite  h a d  h ig h er  (p  <  0 .0 5 )  N O 3 -N th a n  th e  c o n tr o l  
and c o r te x  tis su e  w a s s ig n if ic a n tly  (p  <  0 .0 5 )  h ig h er  in  
N O 3 -N  c o n te n t  th a n  p ith  (F ig . 2 ) . K le in  e t al. ( 1 9 8 1 )  
o b ser v e d  th a t  fe r t i liz a t io n  w ith  M g S 0 4 in crea sed  to ta l  
n itr o g e n , p r o te in , and b o th  th e  free  and to ta l  a m in o  ac id s  
o f  tu b ers.

A fte r  s to r a g e , tu b er s  g ro w n  in  p lo ts  r e c e iv in g  e p so m  salt 
or d o lo m ite  sh o w e d  a s ig n if ic a n t (p  <  0 .0 5 )  d e c re a se  in  
N O 3-N  c o n te n t  in  th e  c o r te x  tis su e  (F ig . 2 ) . A u g u stin  et 
al. ( 1 9 7 7 )  r ep o rte d  th a t n itra te  c o n te n t  o f  th e  tu b er s  d e 
crea sed  s lig h t ly  w h e n  s to r e d  fo r  5 - 7  m o n th s . W ith  b o th  
so u r c e s  o f  M g fe r t i liz a t io n  p o ta to e s  s to r ed  fo r  5 m o  in 
c re a se d  in  to ta l  n ito r g en . S in c e  n itr a te  is  a p recu rso r  o f  p r o 
te in  sy n th e s is  and a lso  n o n p r o te in  c o m p o u n d s , d ecrea ses  
in  N O 3 -N  c o n te n t  fo llo w in g  sto ra g e  m a y  h a v e  resu lted  
fro m  tr a n sfo r m a tio n  o f  N O 3 -N  in to  o th e r  c o m p o u n d s .  
N O 3 -N  in  tu b er s  is  a p p a re n tly  c o n tr o lle d  b y  a c o m p le x  
m e c h a n ism  s in c e  th e  in te r a c t io n s  o f  tr e a tm e n t b y  tis su e , 
tr e a tm e n t b y  sto ra g e , and tissu e  b y  sto ra g e  w ere  s ig n if i
c a n t  (p  <  0 .0 5 ) .

B o th  e p so m  sa lt and d o lo m ite  in crea sed  th e  T G A  and  
N O 3 -N  c o n te n t  o f  tu b er s  w h e n  c o m p a r ed  t o  c o n tr o ls ,  
an d  th e  greater  in c re a se  o c cu rr ed  w ith  e p so m  sa lt. S e le c 
t io n  o f  th e  ty p e  o f  m a g n esiu m  fe r tiliz er  is  im p o r ta n t  in  
d e te rm in in g  tu b e r  q u a lity .
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--------------------------------ABSTRACT--------------------------------
Two sweet potato  green cultivars, ‘Jew el’ and ‘Carver’, were pro
duced during two crop years (1981 and 1982). The influence o f  
cultivar, harvest date, crop year and processing on the proxim ate 
nutrient content o f  both varieties was determined. Results showed 
that overall nutrient content for both varieties were similar except 
for fat and ash content. Protein content in blanched and canned 
greens showed a decrease during the second and third collection  per
iods, and the nutrient content from year to year remained constant. 
These data suggest that like other traditional vegetables, sweet 
potato greens can be preserved by traditional m ethods.

INTRODUCTION
T H E  C O N S U M P T IO N  o f  sw e e t  p o ta to  g r ee n s as a fresh  
v e g e ta b le  in m a n y  p arts o f  th e  w o r ld  (T h a ila n d , L ib eria , th e  
P h ilip p in e s , In d o n e s ia , M a la y sia ) in d ic a te s  th a t th e y  are 
a c c e p ta b le  as f o o d . D a ta  h a v e  b e e n  r e p o r te d  (V illa r e a l e t  
al., 1 9 7 8 a , b, c )  o n  th e  m o r p h o lo g ic a l ,  n u tr it io n a l,  and  
o r g a n o le p tic  p r o p e r t ie s  o f  sw e e t  p o ta to  g r ee n s  fo r  h u m a n  
c o n su m p tio n . In  th e  U n ite d  S ta te s , R u iz  e t  al. ( 1 9 8 0 )  and  
G arlich  e t  al. ( 1 9 7 4 )  sh o w e d  th a t th e  m a jo r ity  o f  th e  n u tr i
t io n a l in fo r m a t io n  o n  sw e e t  p o ta to  g r ee n s is o n  its  u se  in  
a n im a l fe e d . S w e e t  p o ta to  g r ee n s are av a ila b le  du rin g  th e  
h o t t e s t  m o n th s  o f  th e  y e a r  w h e n  tr a d it io n a l v e g e ta b le  
g reen s are u n a v a ila b le  and th e  e f fe c t s  o f  h a r v e stin g  p rac
t ic e s  o n  n u tr ie n t  c o n te n t  h a v e  n o t  b e e n  w id e ly  s tu d ie d .  
T h e  o b je c t iv e  w a s to  s tu d y  th e  e f f e c t  o f  th r e e  in d e p e n d e n t  
v ar iab les, i .e .  h a rv est d a te , c ro p  y ea r  and p r o c e ss in g  o n  th e  
n u tr ie n t  q u a lity  ( d e p e n d e n t  v a r ia b le ) o f  tw o  sw e e t  p o ta to  
cu ltivars.

MATERIALS & METHODS
EIGHT ROWS EACH o f  ‘Carver’ and ‘jew el’ sweet potato  greens 
were randomly planted in an experim ental p lot and maintained  
under standard horticultural practices similar to those cited by 
Cuthbert and Jones (1 978) w ith certain m odifications. Field plots 
were subsoiled and cross disced to a depth o f  25 cm . Twenty-seven 
kilograms o f  10% mocap granules and 227 .2  kg o f  13:13:13  NPK 
were applied broadcast Preplant Incorporate with a tractor driven 
rototiller to a depth o f  20 .32  cm nine days prior to transplanting. 
Sw eet potato sprouts 25.4 -  30 .48  cm in length were planted on 
2 0 .32  cm raised beds 9.14m  long x 1.21m  wide. Sprouts were 
transplanted 10 -  13 cm deep by hand to insure accuracy o f  spacing 
and planting depth. Plots were cultivated twice prior to vining 
and all additional weeds were removed by hand hoeing.

During July-September, 1981 and 1982, sample collections were 
made three times (vegetative, mid-vegetative and tuberization phases) 
and each collection was separated by approxim ately four weeks. 
Ten centim eter tips o f  each o f  the tw o cultivars were collected on 
each harvest date and processed either by the blanching or canning 
procedures o f  Lopez (1969). In canning, 275g o f  fresh greens 
sample including stems and petioles were placed in a number 303

Author Pace is Associate Professor o f Human Nutrition, Dept, o f  
Home Economics, Tuskegee Institute. Tuskegee Institute, A L  
36088. Author Dull is affiliated with the USDA-ARS Richard B. 
Russell Research Center, Athens, GA. Author Phills is Professor 
o f Horticulture and Director o f the George Washington Carver 
Agricultural Experiment Station, Tuskegee institute.

can coated with bean enamel and 180g o f  3% NaCl solution was 
added to each can.

An additional nonharvested treatment was added to the second 
crop year in an effort to compare the nutrient quality o f  m ultiple 
harvested greens to those harvested only at the end o f  the growing 
season.

Standard AOAC m ethods for plant materials, i.e. 3 .117 , 3 .114 , 
3.115 and 3 .004 (AOAC, 1980) for crude protein, crude fat, crude 
fiber, and ash, respectively, were used to determine the proxim ate 
com position o f  sw eet potato greens. Ether-free extract was deter
mined by difference. Nutrient content is reported on a dry weight 
basis.

The SAS System em ploying the Analysis o f  Variance and the 
Duncan’s Multiple Range test at the 5% probability level was used to 
statistically analyze experimental differences am ong samples.

RESULTS & DISCUSSION
T H E  P R O X IM A T E  C O M P O S IT IO N S  o f  th e  b la n ch ed  sw e e t  
p o ta to  g r ee n s fr o m  tw o  c u lt iv a r s  w e re  q u ite  s im ila r  (T a b le
1). A sh  w a s s ig n if ic a n tly  h ig h er  in  ‘J e w e l’ th a n  in  ‘C arver’ 
cu ltivars. T h is  d if fe r e n c e  d id  n o t  ap p ear  in  th e  c a n n e d  p r o d 
u c t (T a b le  2 )  p r o b a b ly  b e c a u se  o f  th e  a d d itio n  o f  sa lt. T h e  
fa t lev e l w a s s ig n if ic a n tly  h ig h er  (5%  p r o b a b ility )  in  c a n n e d  
‘C arver’ th a n  in  ‘J e w e l’ g r ee n s  b u t th e  d if fe r e n c e  w as n o t  
s ig n if ic a n t in  th e  b la n ch ed  p r o d u c t.

T h ere  w ere  s ig n if ic a n t d if fe r e n c e s  (5%  p r o b a b ility )  in  
p r o te in  an d  n itr o g e n  fr ee  e x tr a c t  (N F E )  v a lu e s  b e tw e e n  
h a rv est d a te s , p r o te in  b e in g  h ig h e s t  an d  N F E  lo w e s t  in  th e  
first h arvest. N o n e  o f  th e  o th e r  c o n s t i tu e n ts  w a s a f fe c te d  
o v er  th e  g r o w in g  se a so n . T h e se  r e su lts  w e re  th e  sa m e  fo r  
th e  b la n ch ed  and c a n n e d  p r o d u c ts . T h e  d ecrea se  in  p r o te in  
c o n te n t  m easu red  th r o u g h o u t  th e  g r o w in g  se a so n  in  th e se  
v e g e ta b le s  is  th e  sa m e  as th e  d ata  r ep o rte d  b y  W alter e t  al.
( 1 9 7 8 )  an d  V illa rea l e t  al. ( 1 9 7 8 b ) .

Table 1 —Proximate composition (% o f dry wt) o f blanched sweet 
potato greens from two cultivars harvested on three different dates 
and produced in two crop years

Cultivar Year
Harvest 
peri od

Crude
protein

%

Crude
fat
%

Crude
fiber

%
Ash
%

Nitrogen
free

extract
%

'Carver' 1981 1 33.5 6.9 13.4 5.4 38.9
1981 2 28.4 3.8 12.3 5.8 48.2
1981 3 29.1 4.9 10.0 5.8 48.6

'Carver' 1982 1 34.5 4.0 10.9 5.6 44.2
1982 2 26.1 5.1 11.4 5.2 51.4
1982 3 28.3 4.3 10.1 5.9 50.7

'Jewel' 1981 1 35.2 6.1 10.8 6.4 39.6
1981 2 28.8 4.1 12.6 5.8 47.1
1981 3 28.2 3.6 12.0 6.4 47.4

'Jewel' 1982 1 32.1 5.2 13.1 6.3 41.7
1982 2 26.2 3.0 12.5 7.2 50.4
1982 3 28.8 4.2 11.6 7.0 47.3

x" 29.9 4.6 11.7 6.1 45.9
cv 4.1 22.1 9.4 8.0 3.8
SE 1.2 1.0 1.1 0.5 1.7
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P R O X I M A T E  C O M P O S I T I O N  O F  S W E E T  P O T A T O  G R E E N S . . .

T a b l e  2 — P r o x i m a t e  c o m p o s i t i o n  (%  o f  d r y  w t )  o f  c a n n e d  s w e e t  
p o t a t o  g r e e n s  f r o m  t w o  c u l t i v a r s  h a r v e s t e d  o n  t h r e e  d i f f e r e n t  d a t e s  

in  t h e  1 9 8 2  c r o p  y e a r

Nigrogen
Crude Crude Crude free

Harvest protein fat fiber Ash free
Cultivar period % % % % %

'Carver' 1 28.2 7.4 10.0 20.8 30.2
2 21.8 7.1 13.3 22.6 32.2
3 23.2 7.5 11.3 20.6 34.6

'Jewel' 1 25.9 6.2 10.8 23.5 30.6
2 20.8 6.4 9.8 21.7 38.4
3 24.3 6.4 10.2 21.3 34.9

X 23.9 6.7 10.7 21.6 34.0
CV 7.0 14.1 22.7 6.0 8.7
SE 1.7 1.0 2.4 1.3 2.9

It m ig h t be e x p e c te d  th a t if  m ajor  d if fe r e n c e s  in n u tr i
e n ts  o c c u r r e d , th e y  w o u ld  be  b e tw e e n  c ro p  y ea rs  o w in g  to  
v a r ia b le  e n v ir o n m e n ta l c o n d it io n s . D u e  to  fie ld  p r o d u c tio n  
p r o b le m s it  w a s im p o ss ib le  to  o b ta in  su f f ic ie n t  p la n t m a ter 
ial fo r  th e  c a n n e d  p r o d u c ts  in  1 9 8 1 ;  th e r e fo r e , c o m p a r iso n s  
b e tw e e n  th e  yea rs c o u ld  n o t  b e  m ad e . T h e  o n ly  s ig n if ic a n t  
d iffe r e n c e  (5%  p r o b a b ility )  b e tw e e n  c ro p  y ea rs  fo r  th e  
b la n ch ed  p r o d u c t  w a s fo r  N F E , w h ic h  w a s lo w e r  in  19 8 1  
th a n  in  1 9 8 2 . T h is  d if fe r e n c e  w a s true fo r  b o th  cu ltivars.

In  th e  tr e a tm e n t ad d ed  to  c o m p a r e  m u lt ip le  h a rv ests  
w ith  n o n h a r v es ted  p la n ts  d u rin g  th e  se a so n  it w a s fo u n d  
th a t th e  p r o x im a te  c o m p o s it io n  o f  b o th  c u ltiv a rs w as  
e sse n t ia lly  th e  sam e (d a ta  n o t  sh o w n ). T h is  is  a p o s it iv e  
fa c to r  in fa v o r  o f  m u lt ip le  h a rv ests  o f  g r ee n s  from  th e  sam e  
p la n ts .

C a n n e d  sw e e t  p o ta to  g r ee n s h ave a p r o x im a te  c o m p o s i
t io n  w h ic h  is  s im ilar  to  th a t o f  c a n n e d  sp in a ch  and tu rn ip  
g reen s . T h e  c a n n e d  sw e e t  p o ta to  g r ee n s c o n ta in e d  o n  a 
p e r c e n t  dry w e ig h t  b asis 2 3 .9 %  cru d e  p r o te in , 6 .7%  cru d e  
fa t , 10.7%  cru d e  fib er , 2 1 .6%  ash  and 3 4 .0%  n itr o g e n  free  
e x tr a c t . T h e se  n u tr ie n t  v a lu e s  w ere  sim ilar  w h e n  c o m p a r ed  
to  th e  r e sp e c t iv e  v a lu e s  fo r  sp in a ch  and tu r n ip s  as ta k en  
fr o m  U S D A  H a n d b o o k  # 8 :  cru d e  p r o te in  -  2 8 .6 %  and  
22 .8% ; cru d e  fa t -  5 .7%  and 4 .8% ; cru d e  fib er  -  10.0%  
and 9,5% ; ash — 22 .9%  an d  20 .6% ; and n itr o g en -fre e  e x 
tra ct — 3 3 .0 %  and 40 .0% . In te r e s t in g ly , in  o u r  la b o r a to r ie s

at T u sk e g ee  I n s t itu te , it  w a s fo u n d  th a t sw e e t  p o ta to  g reen s  
are sim ilar  in  ta s te  to  sp in a ch .

C O N C L U S IO N

N U T R IE N T  C O N T E N T  in g r ee n s fro m  tw o  sw e e t  p o ta to  
c u ltiv a rs w a s n o t  g rea tly  a f fe c te d  b y  p ro cess in g ; h a rv ested  
v e g e ta b le s  du rin g  p e r io d s  2 and 3 w h ic h  w e re  p ro cessed  
te n d e d  to  h a v e  d ecrea sed  p r o te in  c o n te n t  in  10  cm  tip s;  
and th e  n u tr ie n t c o n te n t  is  l ik e ly  to  rem ain  th e  sa m e  from  
y ea r  to  year. T h is  in fo r m a tio n  as c o lle c te d  p r o v id e s  v a lu 
a b le  d ata  fo r  c o n su m e r s , p r o c esso rs  and p r o d u cers . T h e  fa ct  
th a t sw e e t  p o ta to  g r ee n s are c o n su m e d  in  so m e  c o u n tr ie s  
and th a t th e  v e g e ta b le  le n d s  i t s e l f  rea d ily  to  tr a d it io n a l  
p r e se rv a tio n  m e th o d s  in d ic a te s  th a t th e y  h a v e  p o te n t ia l  as a 
n ew  fo o d  in  th e  U .S .
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A Research Note
A  P u n c t u r e  T e s t i n g  M e t h o d  f o r  M o n i t o r i n g  S o i i d  S u b s t r a t e  F e r m e n t a t i o n

H. J. KRONENBERG and Y. D. HANG

----------------------------------------A B S T R A C T ----------------------------------------

Meitauza, an indigenous Chinese food m ade from fermented okara 
(soym ilk residue), was used as a m odel system for m onitoring solid 
substrate ferm entations. The Instron Universal Testing m achine and 
Chatillon hand operated force gauge were used to  measure the force 
to penetrate meitauza as an estim ation o f  m ycelial binding. In
creased firmness during ferm entation was caused by fungal growth 
and not by water loss and surface crusting. Puncture force readings 
with the Instron were werll correlated (r = 0 .86 ) w ith Chatillon m ea
surements. The results o f  this study indicate that textural measure
m ents using puncture force m ay have valuable application in m oni
toring the degree o f  m ycelial growth or ferm entation in a solid sub
strate.

IN T R O D U C T IO N

S O L ID  S U B S T R A T E  F E R M E N T A T IO N  r e fe rs  to  a n y  fer 
m e n ta t io n  th a t  o c c u r s  o n  a so lid  or  se m i-so lid  su b s tra te  and  
h a s b e e n  u se d  in  th e  p r o d u c t io n  and p r e se rv a tio n  o f  a v a r ie ty  
o f  in d ig e n o u s  fe r m e n te d  fo o d s  su ch  as c h e e s e , m e ita u z a , 
so y  sa u ce , su fu  an d  te m p e h  (A id o  e t  a l., 1 9 8 2 ;  K ro n en b erg  
an d  H ang, 1 9 8 4 ) .  A  m ajor d i f f ic u lty  a sso c ia te d  w ith  so lid  
su b stra te  f e r m e n ta t io n  is la ck  o f  d ir e c t  a n a ly t ic a l  m e th o d s .  
C u rren t m e th o d s  o f  in v e s t ig a to n  in c lu d e  e n z y m e  a ssays, 
m o n ito r in g  C O 2 /O 2 b a la n ce , e s t im a tio n  o f  fu n g a l c h it in  
and in frared  r e f le c ta n c e  te c h n iq u e s  (A id o  e t a l., 1 9 8 2 ;  
N arahara e t  a l., 1 9 8 2 ;  R a th b u n  an d  S h u le r , 1 9 8 3 ) .

F u n g a l m y c e liu m  h as a c o h e s iv e  str u c tu r e  w h ic h  c o n tr i
b u te s  a m e a t-lik e  te x tu r e  (W organ , 1 9 7 6 ) .  T h e  p r o c e s s  o f  
su b s tra te  in v a s io n  and b in d in g  b y  th e  fu n g a l m y c e liu m  is  
c ru cia l t o  th e  p r o d u c t io n  o f  m e a t- lik e  te x tu r e s  im p o r ta n t  to  
in d ig e n o u s  fe r m e n te d  fo o d s  (S te in k r a u s , 1 9 8 2 ) .  P u n c tu r e  
te s t in g  is  an  e m p ir ica l m e th o d  u se d  in  te x tu r a l s tu d ie s  o f  
fo o d  (B o u r n e , 1 9 8 2 ) .  It m e a su r es  th e  fo r c e  req u ired  to  
p u sh  a m e ta l p r o b e  in to  fo o d  to  a d e p th  th a t c a u se s  irre
v e rs ib le  c ru sh in g  or  f lo w  o f  th e  sa m p le . T h e  p u rp o se  o f  
th is  s tu d y  w a s  to  d e v e lo p  an o b je c tiv e  te c h n iq u e  fo r  m o n i
to r in g  m y c e lia l  g r o w th  o r  fe r m e n ta t io n  in  a so lid  su b stra te . 
M eita u z a , an  in d ig e n o u s  fe r m e n te d  fo o d  p rep ared  b y  c u l
tu r in g  A c t i n o m u c o r  e le g a n s  o n  o k ara  (H e s se lt in e , 1 9 6 5 ;  
K ro n en b erg  and H an g, 1 9 8 4 ) ,  w a s u sed  as a m o d e l  sy s te m .

M A T E R IA L S  & M E T H O D S

Meitauza fermentation
The m ethod o f  producing meitauza was described by Kronen

berg and Hang (1984). Okara was inoculated with an appropriate 
am ount o f  inoculum  (5.5 x 106 viable spores/kg) and formed into  
cakes using petri dishes as m olds (13 x 53 mm diameter). The cakes 
were fermented at 15°C on trays in an incubator and the hum idity  
was m aintained at 75% during the m eitauza ferm entation.

Instron puncture test
Measurements o f  the sample texture were m ade with an Instron 

Universal Testing m achine equipped with a 0.17  cm diameter 
punch attached to the crosshead and driven vertically at 20 cm /m in

The authors are affiliated with the Dept, o f Food Science & Tech
nology, Cornell Univ., Geneva, N Y  14456.

(Bourne, 1982). The force recording system  was calibrated at 1 or 
2 N ew tons depending on the sample texture. Samples were punched  
while laying flat on a metal plate and the maximum puncture force 
(Newtons) measured from the force-distance curves. Determinations 
were made at 0 , 30 , 5 0 , 70 , and 80 hr ferm entation, and each cake 
measured four tim es by punching at the corners (positions 1 to 4 )  
o f  a centered cardboard template (Fig. 1).

Chatillon puncture test
The protocol for m easurement o f  firmness w ith a hand-operated 

puncture tester follow ed guidelines listed by Bourne (1982). A 
Chatillon force gauge (M odel N o. 51 6 -5 0 0 , John Chatillon & Sons, 
Inc., Kew Gardens, N Y ), calibrated from 0 - 5 0 0 g  in 5g increments, 
was used for hand measurements. A 0 .18  cm diameter flat-ended 
punch was m ounted in the chuck o f  the gauge.

A comparison o f  Instron and Chatillon m ethods was accom 
plished by first punching each cake in positions A and B on the 
cardboard template (Fig. 1) by hand. Cakes were then im m ediately  
punched w ith the Instron Universal m achine at positions 1 through
4. Measurements made w ith both instrum ents were each averaged 
for each cake, and results pooled from tw o ferm entation trials to  
give 30 paired observations for comparing the readings.

Statistical analysis
Experimental design was organized as follow s: blocking accord

ing to  ferm entation trials; nine treatments representing 0, 30 , 50 , 
7 0 , and 80  hr incubation tim es for okara and 30 , 5 0 , 70, and 80  
hr incubation times for meitauza; and tw o replicates per treatment, 
each consisting o f  12  measurements o f  three cakes (subsamples) 
from one batch. Two-way factorial analysis o f  variance was con
structed w ith ferm entation (tw o levels, inoculated versus uninocu
lated samples) and incubation tim e (four levels, 30 , 5 0 , 70, 80 hr)

Fig. 1—Template for puncture testing. Positions A, B: Chatillon. 
Positions 1, 2, 3, 4: Instron.
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M O N I T O R I N G  S O L I D  S U B S T R A T E  F E R M E N T A T I O N . . .

in  th e  okara. T h e  p u n c tu r e  te s t in g  r e su lts  a p p r o x im a te ly  
p a ra lle led  th e  r ise  in  p H , m a rk ed  in c re a se  in  n o n p r o te in  
n itr o g e n  and p r o d u c t io n  o f  a large a m o u n t o f  ac id  p r o te a se  
(K r o n e n b e r g  an d  H ang, 1 9 8 4 ) .  T h e  o p t im u m  fe r m e n ta t io n  
t im e  fo r  n e ita u z a  w a s 7 0  hr. B e y o n d  7 0  hr th e  se n so ry  
p r o p e r t ie s  o f  m e ita u z a  d e te r io ra te d  ra p id ly  b e c a u se  o f  th e  
fo r m a tio n  o f  an  a p p re c ia b le  a m o u n t o f  a m m o n ia .

A n a ly s is  o f  th e  v a r ia n ce  o f  th e  in te r a c t io n  (P  <  0 .0 5 )  
o f  fe r m e n ta t io n  x in c u a b io n  t im e  in d ic a te s  th a t th e  in c re a se  
in  p u n c tu r e  fo r c e  o f  m e ita u z a  w a s d u e  to  m y c e l ia l  b in d in g  
and ca n  be  d is t in g u ish e d  fr o m  in c re a sin g  fir m n e ss  o f  ok ara  
du rin g  in c u b a tio n  w h ic h  w a s p r o b a b ly  c a u se d  b y  w a te r  
lo s s  an d  su r fa c e  cru stin g . A n a ly s is  o f  th e  lin ea r  c o m p o n e n t  
o f  f e r m e n ta t io n  x  in c u b a tio n  t im e  s h o w s  th a t  th e  r a te  o f  
in c re a se  o f  f irm n ess  in  m e ita u z a  w a s  s ig n if ic a n t ly  g rea ter  
(P  <  0 .0 1 )  th a n  th a t o f  okara.

M ea su r em e n ts  ta k e  b y  th e  In str o n  U n iv e r sa l T e s t in g  m a 
c h in e  and th e  C h a tillo n  gau ge w e re  h ig h ly  c o rr e la te d  (r  = 
0 .8 6 ) ,  w ith  95%  c o n f id e n c e  lim its  c a lc u la te d  as 0 .7 2 4  
<  p <  0 .9 3 2 .  T h u s, th e  C h a tillo n  gau ge ca n  b e  u sed  as a 
sim p ler  m e th o d  fo r  m ea su r in g  p u n c tu r e  fo r c e  du rin g  th e  
m e ita u z a  fe r m e n ta t io n . T h e  r esu lts  o f  th is  s tu d y  in d ic a te  
th a t te x tu r a l a n a ly sis  w ith  p u n c tu r e  fo r c e  as th e  m ea su red  
p a r a m e te r  m a y  b e  a v a lu a b le  te c h n iq u e  in  m o n ito r in g  th e  
d e g ree  o f  m y c e lia l  g r o w th  o r  fe r m e n ta t io n  in  a so lid  su b 
stra te.

D I S T A N C E  (cm)

Fig. 2—Instron force-distance curves for okara and meitauza.

R E S U L T S  & D IS C U S S IO N

D U R IN G  F E R M E N T A T IO N , th e  f irm n ess  o f  m e ita u za  
m ea su red  w ith  th e  In str o n  U n iv ersa l T e st in g  m a c h in e  in 
crea sed  w ith  fe r m e n ta t io n  t im e . A t  3 0  hr, th e  p u n c tu r e  
fo r c e  o f  m e ita u z a  c o m m e n c e d  to  in c re a se  r a p id ly , and b y  
7 0  hr, th e r e  w a s a p r o n o u n c e d  d if fe r e n c e  in  th e  p u n c tu r e  
fo r c e  o f  m e ita u z a  an d  okara. F ig . 2  sh o w s  a c o m p a r iso n  o f  
fo r c e -d is ta n c e  cu rv es g e n e ra te d  w ith  th e  In str o n  in s tr u m e n t  
fo r  o k ara  an d  m e ita u z a . F r ia b le  c a k e s  o f  ok ara  p r o d u c e d  
cu rv es d u rin g  p u n c tu r e  te s t s  c h a r a c te r is t ic  o f  a s o f t  y e t  rela 
t iv e ly  h o m o g e n o u s  m a ter ia l. T h e  m a x im u m  fo r c e  o f  th e  
s in g le  p ea k  p r o b a b ly  in d ic a te s  h o w  t ig h t ly  th e  r es id u e  w as  
p a c k e d  in  p e tr i d ish  m o ld s . In  c o n tr a st , th e  fo r c e -d is ta n c e  
cu rve  fo r  m e ita u z a  h ad  a m ajor  p eak  fo l lo w e d  b y  severa l 
m a x im a  and m in im a . T h e  m a x im u m  fo r c e  w a s in te r p r e te d  
to  rep re se n t overa ll firm n ess, w h ile  su b se q u e n t  sm aller  
p e a k s  are a ttr ib u te d  to  th e  n o n u n ifo r m  p r o c e s s  o f  m y c e lia l  
g r o w th  an d  p e r h a p s large fr a g m e n ts  o f  so y b e a n  c o ty le d o n s
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A Research Note
D e t e r m i n a t i o n  o f  P h y t i c  A c i d  i n  F o o d s  b y  I o n  C h r o m a t o g r a p h y  

w i t h  P o s t - C o l u m n  D e r i v a t i z a t i o n

B. a  PHILLIPPY and M. R. JOHNSTON

---------------------------------------- A B S T R A C T ----------------------------------------

An ion chromatographic method to determine phytic acid in foods, 
which allows for the direct injection of extracts into the column 
without need of a prepurification step, was developed. Infant 
formula powder, soy flour, soy isolate, wheat bran, and wheat bread 
were analyzed using the new ion chromatographic method and an 
ion exchange method. Phytic acid determined with the ion chroma
tographic method ranged from 0 .2% for infant formula powder to 
3.28% for wheat bran. The generally lower values found using the 
ion chromatographic method compared to the ion exchange method 
are attributed to the measurement of interfering substances such as 
breakdown products of phytic acid by the ion exchange procedure.

IN T R O D U C T IO N

PH Y T IC  A C ID  (m y o - in o s i to l  h e x a p h o sp h a te )  is cu r re n tly  
rec e iv in g  c o n s id e r a b le  a t te n t io n  b e c a u se  o f  its  e f fe c t  o n  th e  
b io a v a ila b ility  o f  c er ta in  m in era ls  as w e ll as th e  n e e d  fo r  
m e th o d s  o f  d e te r m in a tio n . T h e  n u tr it io n a l d a ta  are o f t e n  
c o n fu s in g . P h y tic  ac id  h as b e e n  o b serv ed  to  be d e tr im e n ta l  
to  th e  a b so r p tio n  o f  m in era ls  su ch  as z in c  (O b e r lea s , 1 9 8 3 ) .  
R e c e n t ly , i t  w a s fo u n d  to  e n h a n c e  th e  a b so r p tio n  o f  iro n  
in  rats (G o r d o n  and C h a o , 1 9 8 4 ) .  L y o n  ( 1 9 8 4 )  p o in ts  o u t  
th a t c o m p o n e n ts  in  th e  d ie t  su c h  as o th e r  c o m p le x in g  l i 
g a n d s p r o b a b ly  h e lp  c o n tr o l  m in era l b io a v a ila b ility  and  
m ig h t a c c o u n t  fo r  th e  c o n f l ic t in g  r esu lts  in  th e  litera tu re . 
W h ile  p h y t ic  ac id  is g e n e ra lly  v ie w e d  in th e  U n ite d  S ta te s  
as an a n tin u tr ie n t , in  o th e r  c o u n tr ie s  it  is  u sed  e x te n s iv e ly  
as a fo o d  a d d itiv e  fo r  a n t io x id a n t  and o th e r  a p p lic a t io n s  
(G raf, 1 9 8 3 ) ,

A  p r e re q u is ite  fo r  s tu d y in g  th e  n u tr it io n a l e f fe c t s  o f  
p h y t ic  ac id  is to  h a v e  an  a c cu ra te  m e th o d  to  m ea su re  it. 
B e fo r e  1 9 8 0  p h y t ic  ac id  w a s a ssa y ed  e x c lu s iv e ly  b y  n o n sp e 
c if ic  p r e c ip ita t io n  or  io n  e x c h a n g e  p r o c e d u r e s  (T h o m p so n  
and E rd m a n , 1 9 8 2 ) .  S in c e  th e n  severa l rev ersed -p h a se  h ig h  
p e r fo r m a n c e  liq u id  c h r o m a to g r a p h ic  (H P L C ) p r o c ed u r es  
have b e e n  p u b lish e d , th e  m o st  r e c e n t  u s in g  io n -p a ir  c h r o m a 
to g r a p h y  (L e e  and A b e n d r o th , 1 9 8 3 ) .  P ro b le m s e n c o u n 
tered  w ith  p h y t ic  a c id  e lu t in g  in  th e  so lv e n t  fr o n t  w ere  
so lv e d  u sin g  io n -p a ir in g , b u t th e  sy s te m  still req u ired  an 
io n  e x c h a n g e  p r e p u r if ic a t io n  step  b e fo r e  in je c t io n . T h e  
o b je c tiv e  o f  th is  p ap er  w a s to  e s ta b lish  a d irec t in je c t io n  
m e th o d  fo r  p h y t ic  acid  d e te r m in a tio n  in  w h ic h  th e  io n  
e x c h a n g e  m o d e  p r e v io u s ly  u sed  fo r  p r e p u r if ic a t io n  is  u sed  
fo r  th e  a n a ly tic a l sep a ra tio n .

M A T E R IA L S  &  M E T H O D S

Materials
Dodecasodium phytate was obtained from Sigma Chemical Co. 

(St. Louis, MO). Standard sodium phytate (Sigma Chemical Co.) 
was measured to contain 102% by ion chromatography and 95% 
by ion exchange of the amount stated on the label. Infant formula 
powder and wheat bread were commercial brands. Soy flour and 
soy isolate were obtained from A.E. Staley Manufacturing Co.

Authors Phillippy and Johnston are affiliated with the Division o f 
Food Technology, Food & Drug Administration, Washington, DC 
20204.

(Decatur, IL) and Ralston Purina Co. (St. Louis, MO), respec
tively. Wheat bran was AACC certified.

Apparatus
Ion separator AG3 (guard) and AS3 (analytical) columns (Dio- 

nex Corp., Sunnyvale, CA) were installed in a Dionex Model 12 
Auto Ion Analyzer. The eluant, 0.11M HNO3 , was continuously 
purged with a slow stream of helium to prevent air bubble forma
tion. A 2 -g m  inlet filter was attached to the forward end of the elu
ant line. Eluant was pumped at a rate of 1 mL/min. The volume of 
the injection loop was 100 mL. The effluent from the analytical 
column was directed into a Dionex post-column reactor, where it 
was combined with 0.1% Fe(NC>3)3  in 2% HCIO4 . A total flow rate 
of 1.5 mL/min was maintained. The mixture entered a Model 8-200 
Sargent-Welch Pye Unicam UV/visible spectrophotometer equipped 
with a flow cell; absorbance was monitored at 290 nm.

Sample preparation
Bread was dried in an 85°C oven and homogenized in a Waring 

Blendor; the other foods were extracted as received. Five grams of 
sample was placed in a 200-mL Nalgene bottle and 100 mL of 1.2% 
HC1 was added. The mixtures were shaken 30 min in a mechanical 
shaker and then centrifuged at 25,000 rpm in the 28 rotor of a 
Beckman L2-65B ultracentrifuge for 30 min. The fat layer was 
discarded and the remaining supernatant was collected and filtered 
through a 0.45-qm Millipore filter. For ion chromatography, ali
quots were diluted to contain between 5 and 25 gg  of phytic acid/ 
100 mL.

Comparative analyses
Foods prepared as described above were analyzed by ion chrom

atography and by the ion exchange procedure of Ellis and Morris
(1983). In the latter, phosphate was measured by Bartlett’s (1959) 
method.

R E S U L T S  «fe D IS C U S S IO N

T H E  IO N  C H R O M A T O G R A P H IC  M E T H O D  w a s in sp ired  
b y  F itc h e t t  and W o o d r u ff ’s ( 1 9 8 3 )  p r o c ed u r e  fo r  m ea su r in g  
p o ly p h o sp h a te s  in  d e te r g e n ts  u s in g  ferric  iro n  as a d erivatiz-  
ing  rea g en t (Im a n a ri e t  a l., 1 9 8 2 ) .  A lth o u g h  F itc h e t t  and  
W o o d r u ff  ( 1 9 8 3 )  in it ia lly  u sed  3 3 0  n m  fo r  d e te c t io n ,  w e  
d isc o v e re d  th a t th e  ferric  p h y ta te  c o m p le x  h a s  an a b so rp 
t io n  m a x im u m  at 2 9 0  nm . W h ile  th e  p o s t -c o lu m n  r e a c t io n  
is  n o t  sp e c if ic  fo r  p h o sp h a te  c o m p o u n d s , w e  o b ser v e d  th a t ,  
in  th e  f o o d s  a n a ly z e d , p h y ta te  e lu te d  c le a n ly  as th e  last  
p eak .

T h e  r e te n t io n  t im e  o f  p h y t ic  a c id  is  d e te r m in e d  b y  th e  
c o n c e n tr a t io n  o f  th e  H N 0 3 e lu a n t. In th is  sy s te m , w ith  
0 . 1 1M H N O 3 as th e  e lu a n t, p h y t ic  a c id  e lu te s  in  7 m in  w ith  
an in terv a l o f  10 m in  b e tw e e n  in je c t io n s  (F ig . 1). R e so lu 
t io n  o f  th e  p h y ta te  p ea k  ca n  b e  im p r o v ed  b y  d ec re a sin g  th e  
e lu a n t  str e n g th , b u t  th is  in c re a se s  th e  r e te n t io n  t im e  and  
d ecrea ses  th e  se n s it iv ity .

A s c o m m o n ly  o c c u r s  in  H P L C , th e  p ea k  h e ig h ts  o f  
sta n d a rd s o f t e n  did n o t  rem ain  c o n s ta n t  th r o u g h o u t  th e  
d a y . T o  c o m p e n sa te  fo r  th is , a n a ly se s  w e re  c o n d u c te d  in  
m o r n in g  or  a f te r n o o n  b a tc h e s . In  a n y  b a tc h , e a ch  te s t  
so lu t io n  and a stan d ard  s o lu t io n  w e re  a ssa y ed  in d u p lic a te  
in  an o rd er  su c h  th a t d u p lic a te s  w e re  a ssa y ed  eq u a l d is
ta n c e s  fro m  th e  m id d le  o f  th e  b a tc h . F o r  e x a m p le , i f  12  
in je c t io n s  w ere  to  b e  m a d e , n u m b e rs  fo u r  and n in e  w o u ld  
b e stan dards.
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D E T E R M I N A T I O N  O F  P H Y T I C  A C I D  I N  F O O D S .

Fig. 1—Phytic acid determination by ion chromatography: (A) 
infant formula; (B) 25 gg o f phytic acid.

Recovery studies were performed with a powdered in
fant formula that contained 0.225% phytic acid as mea
sured by ion chromatography. Standards were added to the 
powder in amounts to give additions of 0.050, 0.100, 
0.250, 0.500, and 1.000%. Recoveries were 96 ± 4%.

Phytic acid was measured in several foods by both ion 
chromatography and the Ellis and Morris (1983) ion ex
change procedure. The results in Table 1 show fairly good 
agreement. Some values obtained by ion chromatography 
were somewhat lower than by the Ellis and Morris proce
dure. A reasonable explanation is that ion chromatography 
specifically measures phytic acid, whereas the Ellis and 
Morris procedure is not specific and may detect additional 
components of the foods. This is likely considering that 
inorganic phosphate is eluted with 0.1M NaCl before the 
phytate is recovered with 0.7M NaCl. Everything eluting 
between 0.1 and 0.7M NaCl would be in the phytate

Table 1—Phytic acid content o f foods determined by ion chroma
tography and by the Ellis and Morris ion exchange method

Food

Phytic acid, %a

Ion chromatography Ion exchange

Infant formula powder 0.20 ± 0.02b 0.31 ± 0.02
Soy flour 1.66 ± 0.07 1.75 ± 0.05
Soy Isolate 1.38 ± 0.04 1.60 ± 0.02
Wheat bran 3.28 ± 0.14 3.23 ± 0.11
Wheat bread 0.74 ± 0.04 0.79 ± 0.04

a D u p l i c a t e  e x t r a c t s  o f  e a c h  f o o d  w e r e  p r e p a r e d ;  e a c h  e x t r a c t  w a s  

a n a l y z e d  in d u p l i c a t e  b y  e a c h  p r o c e d u r e .

“ ± S t a n d a r d  d e v i a t i o n .

fraction. Interfering substances could include hydrolysis 
products of phytic acid such as inositol pentaphosphate, 
inositol tetraphosphate, etc., which have been found to 
be present in bread (Nayini and Markakis, 1983a, b). 
Studies in our laboratory have indicated that small amounts 
of inositol pentaphosphate are present in soy-based infant 
formulas. The lower inositol phosphates have been shown 
to precipitate with iron (de Boland et al., 1975) and thus 
could also interfere with the precipitation methods of phy
tate determination.
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A Research Note
C o m p u t e r i z e d  P r o c e d u r e  f o r  T i m e - I n t e n s i t y  S e n s o r y  M e a s u r e m e n t s

J-X. GUINARD, R. M. PANGBORN, and C. F. SHOEMAKER

---------------------------------------- A B S T R A C T ---------- --------------------------------

A computerized procedure for time-intensity (TI) measurements 
was developed wherein instructions to the judge as well as data 
collection were handled by a microcomputer. A joystick linked to 
the computer was used by the judge as an input device for recording 
perceived intensity of taste with time. TI curves for bitterness of 
iso-a-acids in water using both the computerized system and a strip 
chart recorder showed no significant differences in maximum in
tensity, time to reach maximum intensity, and duration of bitter
ness. The computerized system, however, was faster, more accurate, 
and more interesting for the judges.

IN T R O D U C T IO N

C O M P U T E R S  h a v e  b e e n  u sed  fo r  a n a ly s is  o f  se n so r y  d ata  
(A u s t ,  1 9 8 4 ;  B ra d y , 1 9 8 4 ;  S a v o c a , 1 9 8 4 ) ,  b u t  fe w  p u b 
lish e d  m e th o d s  in v o lv e  c o m p u te r s  in  th e  d a ta -c o lle c t io n  
p h a se . D u ff ie ld  a n d  S tagg  ( 1 9 8 3 )  h a d  ju d g e s  sc o r e  d ir e c t ly  
o n  card s, u s in g  a “ m ark se n s e ”  card rea d er  c o n n e c te d  to  a 
m ic r o c o m p u te r . M cL e lla n  and C ash  ( 1 9 8 3 )  in s ta lle d  a m ic 
r o c o m p u te r  in  a se n so r y  b o o th  and h a d  ju d g e s  p la c e  m arks  
o n  an  u n se g m e n te d  l in e , d isp la y e d  o n  th e  te rm in a l, b y  m o v 
in g  an arrow . T h e  c o m p u te r  r e c o r d e d  th e  “ in te n s i ty ” u n d e r  
th e  c o d in g  fo r  th e  se n so r y  c h a r a c te r is t ic , ju d g e , an d  sa m p le  
n u m b er . P e c o r e  ( 1 9 8 4 )  h a d  c o n su m e r s  e n te r  r e sp o n se s  v ia  
a jo y s t ic k  l in k e d  to  a m ic r o c o m p u te r  w ith  f lo p p y  d isk s  fo r  
q u e s t io n n a ir e s  an d  d a ta  sto ra g e . T h is  r e d u c e s  se s s io n  du ra
t io n ,  in c re a se s  a c cu ra c y  o f  d a ta  c o lle c t io n ,  g iv es  c o n s is te n t  
averaging , a llo w s  a u to m a t ic  c o m p a r iso n  w ith  p r e v io u s  re
su lts  a n d  f le x ib i l it y  d u e  to  d a ta  s to r e d  o n  d isk s.

E arly  t im e - in te n s ity  (T I )  p r o to c o ls  had  ju d g e s  trace  
in te n s ity  w ith  t im e  o n  grap h  p a p er  (N ie ls o n , 1 9 5 7 )  or  re
co rd  n u m er ica l in te n s it ie s  o n  sc o r e  sh e e ts  a t 1-sec in terv a ls  
(J e ll in e k , 1 9 6 4 ) .  L a ter , a sca le  w a s  p la c e d  o v er  th e  m o v in g  
p ap er  o f  a ch art r ec o rd er  w h ic h  m o n ito r e d  t im e  (L a r so n -  
P o w e rs  and P a n g b o r n , 1 9 7 8 ) .  M cL e lla n  ( 1 9 8 4 )  r e c o m 
m e n d e d  u se  o f  m ic r o c o m p u te r s  fo r  t im e -d e p e n d e n t  m e a 
su re m en ts  b u t th e r e  h a s b e e n  l i t t le  a p p lic a t io n  to  T I. S c h m itt  
e t  al. ( 1 9 8 4 )  u sed  a d ig it iz e r  as an in p u t  d e v ic e  fo r  tran s
ferrin g  ju d g e ’s TI cu rv es to  a c o m p u te r , w h ic h  p ro v id ed  
m o r e  data  p o in ts  an d  m o r e  p r e c ise  s ta t is t ic a l a n a ly ses.

T h e  p u r p o se  o f  th e  p r e se n t in v e s t ig a t io n  w a s  to  te s t  a 
sy s te m  w h e r e in  in s tr u c t io n s  and d a ta  c o l le c t io n  w ere  
h a n d le d  b y  a m ic r o c o m p u te r . T h e  te c h n iq u e  w a s c o n tr a s te d  
w ith  d a ta  c o lle c te d  b y  ch art reco rd ers , u s in g  b it te r n e s s  o f  
iso -a -a c id s  in  w ater .

M E T H O D S  &  M A T E R IA L S

Instrumentation
Judges used a joystick interfaced to a microcomputer to record 

taste intensity of stimuli as a function of time in the mouth. The 
joystick functioned as a variable resistor which produced an analog 
voltage directly proportional to the position of the stick in the slot, 
which was labelled “none” and “extreme” at the ends (Fig. 1).

A u t h o r s  G u in a rd , P a n g b o rn , a n d  S h o e m a k e r  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  &  T e c h n o lo g y , 1 4 8 0  C h e m is t r y  A n n e x ,  U n iv .  
o f  C a lifo rn ia , D avis, C A  9 4 6 1 6 .

A button on the joystick box was used to signal the microcomputer 
at the onset and end of a test. A computer terminal displayed in
structions to the judge at the beginning of a session as well as at the 
end of fixed time periods, e.g., expectoration time and time be
tween replicates.

The microcomputer data system, based on a 16 bit LSI 11/2 
microprocessor (Digital Equipment Corporation [DEC], Maynard, 
MA), contained a parallel interface (Model DRV11, DEC), an ana
log to digital converter (ADC) (Model 1030, ADAC Corporation, 
Woburn, MA), and two memory modules (Model MXV11-AC, 
DEC). The parallel interface connected the joystick push button 
to the microcomputer. The ADC digitized the position of the joy- 
stock (assigned a maximum of 100 = “extreme”) and transferred 
the reading to the microcomputer. The memory modules provided 
56K bytes random access memory, a start-up program, four serial 
ports, and a 60-cycle crystal clock for accurate timing of the pro
gram modules. A dual cartridge tape drive (Model TU58-KDEC) 
was used as a low-cost, mass memory storage device and provided 
random access to block-formatted data on pocket-size tape car
tridges for program and data storage. After collection and storage, 
the data were transferred electronically to a large microcomputer 
based on the LSI 11/23 microprocessor. This microcomputer, a 
multi-user system with the RSX-11M operating system (DEC), 
had large amounts of hard disk storage space.

Computer programs
Programs controlling data acquisition were written in FORTRAN 

TV and assembly languages. They were developed, tested, and used 
with the RT-11, version 4.0, operating system (DEC). The program 
modules which handled the exchange of information by the termi
nal and stored collected data on tape cartridges also were written 
in FORTRAN. The program module which acquired the TI input 
from the joystick was written in assembly code. Some data reduc
tion was performed on the RSX-11M operating system via Minitab 
(University Park, PA), and graphic outputs were obtained via Multi
ware Graphics (Multiware Inc., Davis, CA).

F ig . 1 —C o m p u t e r iz e d  s e n s o ry  e v a lu a tio n  s ta t io n  s h o w in g  th e  j o y 

s t ic k  fo r  th e  ju d g e  to  e n t e r  th e  T I  re s p o n s e , th e  e x p e r im e n ta l  
sa m p le s , a n d  th e  c o m p u t e r  te rm in a l w h ic h  d is p la y s  in s t r u c t io n s  
to  th e  ju d g e .
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10 ppm 30 ppm

Fig. 2—TI curves for average bitterness 
intensity responses to 10 and 30 ppm o f 
iso-a-acids in water by four representa
tive judges. Results from computer 
and mechanical methods are indicated 
by solid and broken lines, respectively. 
The arrows on the time axes represent 
expectoration o f the samples.

Judge Instruction
The terminal and joystick box were placed on a table with the 

microcomputer positioned underneath, out of sight of the judge 
(Fig. 1). A coded tray of samples was placed on the table just be
fore the judge arrived, along with rinse water and a cuspidor. First 
the judge typed the title of the program to be run on the terminal 
keyboard. A 90-sec interval elapsed before the instructions appeared 
on the screen during which the judge tasted two reference samples 
corresponding to “none” and “extreme” intensities. The instruc
tions asked the judge to calibrate the internal computer scale by 
placing the joystick at one end of the scale, pressing the button, 
then placing the joystick at the other end and re-pressing the but
ton. The screen instructed the judge to enter the number of samples 
to be tested, reminded the judge of the main instructions and 
started a 30-sec countdown displaying the remaining time. Then, 
the judge placed the first sample in his mouth, pressed the button, 
and started recording perceived intensity by moving the joystick 
along the scale. An auditory signal (“beep”) at a pre-programed 
time, e.g., 5 sec., signaled the judge to swallow (or expectorate) 
the sample, while continuing to move the joystick to represent 
perceived intensity. When the joystick was brought back to “none”, 
the judge re-pressed the button, starting the countdown for the next 
sample. At the end of the session, the judge entered his initials and 
the three-digit code of the sample tray. The resultant data were 
saved on a cartridge tape.

To check responses, the digitized entries (at 1/2-sec intervals) 
could be displayed on the screen. After each day’s runs, datafiles 
were transferred to the hard disk on the larger microcomputer. At 
any time, data could be displayed as digits on the terminal and/or 
runoff on a printer, or transferred to a graphics printer for display 
and/or runoff. The datafiles also were readable by user-written pro
grams or by prewritten application packages, e.g., MINITAB.

Application to measurement of bitterness
Using a balanced, complete-block design, 10, 20, and 30 ppm of 

iso-a-acids (‘Haas Isomerized Hop Extract’ with 30% iso-a-acids, 
supplied by Dr. F.L. Rigby, John i. Haas, Inc., Yakima, WA.) in 
distilled water were evaluated in triplicate. Samples of 15 mLwere 
served in coded, 50-mL beakers in random order. Distilled water 
was used for oral rinsing between samples. Tests were conducted 
in an isolated room maintained at 21 ± 2°C, under fluorescent illu
mination. At separate times, one session was done with the com
puter and one with the mechanical recorder (Heathkit, Benton Har
bor, MI) where time was monitored by a modified strip chart re
corder (Larson-Powers and Pangborn, 1978). Perceived bitterness 
intensity was recorded manually with a pen on a 100-division scale 
labelled “none” to “extreme” on the stationary paper cutter strip.

Eleven judges participated, selected on the basis of interest and 
availability. After a training session, half of the judges started with

the computerized system, the other half with the mechanical one.

R E S U L T S

F IG . 2 sh o w s  r ep re se n ta tiv e  TI b it te r n e s s  cu rv es fo r  fo u r  
ju d g e s  in  r esp o n se  to  tw o  c o n c e n tr a t io n s  o f  iso -a -a c id s  in  
w a te r  o b ta in e d  b y  th e  tw o  sy s te m s . A lth o u g h  in d iv id u a l  
ju d g e s  gave d if fe r e n t  m a x im a  and d if fe r e n t  to ta l  d u ra tio n  
o f  b itte r n e ss , s im ilar  tra cin g s w e re  o b ta in e d  w ith in  a ju d g e  
b y c o m p u te r  and m e c h a n ic a l sy s te m s . A c r o ss  th e  e le v en  
ju d g e s  te s te d , th ere  w e re  n o  s ig n if ic a n t d if fe r e n c e s  b e 
tw e e n  c o m p u te r  and m e c h a n ic a l da ta  fo r  m a x im u m  in te n 
s ity , t im e  to  m a x im u m  in te n s ity ,  o r  to ta l  d u ra tio n  (S t u 
d e n t ’s pa ired  t - te s t , 10  d f) .

C O N C L U S IO N S

T H E  C O M P U T E R IZ E D  and m e c h a n ic a l T I p r o c e d u r e s  gave  
sim ilar , and  in  so m e  ca ses, id e n t ic a l  r e su lts , b u t th e  fo r m e r  
o ffe r e d  m a n y  ad van tages: th e  jo y s t ic k  a ffo r d e d  th e  e x p e r i
m e n te r  b e tte r  c o n tr o l  o f  th e  te s t  c o n d it io n s ,  i .e . ,  t im e  b e 
tw e e n  su cc e ss iv e  sa m p le s  and b e tw e e n  sa m p le  in ta k e  and  
e x p e c to r a t io n  or  sw a llo w in g . A lso , th e r e  w a s a su b s ta n tia l  
r e d u c t io n  in  la b o r  and p o te n t ia l  h u m a n  errors a sso c ia te d  
w ith  h a n d -c o n v e r s io n  o f  TI cu rv es in to  n u m b e r s  fo r  sta 
t is t ic a l a n a lysis . T h e  jo y s t ic k  fa c ilita te d  e x p r e s s io n  o f  p er 
ce iv ed  in te n s ity  b y  p r o v id in g  a h ig h ly  p e r so n a liz e d  c o m m u 
n ic a t io n  b e tw e e n  th e  ju d g e  and th e  c o m p u te r  and th e  ju d g e  
w a s n o t  d istra c ted  b y  a m o v in g  ch art o r  b ia sed  b y  see in g  
h is p r e v io u s  r esp o n ses . W hereas th e  m e c h a n ic a l sy s te m  al
lo w s  ju d g e s  to  draw  cu r v es  w h o se  sh a p es  th e y  m ig h t rep ro 
d u ce  b y  h a b it, th e  c o m p u te r iz e d  sy s te m  p r e c lu d e s  c o n 
c e p tu a liz in g  th e  sh a p e  o f  th e  cu rve  b e in g  g e n e ra te d . A lso ,  
c o m p u te r iz a t io n  p e r m its  a u to m a tic  p r in to u t  o f  th e  d a ta  as 
d ig its  or  as T I cu rv es , th e  data  f i le s  m a y  b e  su b m itte d  d i
r e c t ly  to  s ta tis t ic a l or  o th e r  b asic  m a th e m a tic a l a n a ly ses , 
and l i t t le  d a ta  sto ra g e  sp a ce  is r eq u ired . J u d g es  c o m m e n te d  
th a t th e  c o m p u te r iz e d  sy s te m  is  fu n . T h is  in c re a se d  th e ir  
m o tiv a t io n  and in te r e st  fo r  d a ily  te s t in g  o f  b it te r n e s s  in  
b eer  and a str in g e n c y  in  w in e  (G u in a r d , 1 9 8 5 ) .

R E F E R E N C E S
A u st, L .B . 1 9 8 4 . C o m p u te rs  as a n  a id  in  d is c r im in a tio n  te s t in g . F o o d

T e c h n o l. 3 8 (9 ) : 71.
B ra d y , P .L . 1 9 8 4 . C o m p u te rs  in  sen so ry  re s e a rc h . F o o d  T e c h n o l.

3 8 (9 ) :  8 1 .
—Continued on page 546
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A Research Note
R i p e n i n g  C h a n g e s  i n  a  B l u e - M o l d  S u r f a c e  R i p e n e d  

C h e e s e  f r o m  G o a t ’ s  M i l k

M. M. FURTADO and R. C. CHANDAN

--------------------------------------- A B S T R A C T ------------------------------------------

Samples of blue-mold surface ripened goat milk cheese were ana
lyzed for fat and protein breakdown during ripening. After 2 wk, 
cheese had a pH of 4.96 and 9.13 micromoles of free fatty acids 
(F.F.A.)/g fat. After 6 wk, the pH increased to 6.43 and F.F.A. 
were 160.85 micromoles/g fat. At this time, the cheese rind pH was 
7.18 with 253.81 micromoles FFA/g fat. Water soluble protein in 
the cheese increased from 20.47% at 2 wk of ripening to 26.62% 
after 4 wk of ripening.

IN T R O D U C T IO N

IN  T H E  U N IT E D  S T A T E S , th e r e  is grea ter  r e c o g n it io n  o f  
g o a t ’s m ilk  an d  i t s  p r o d u c ts  as a c c e p ta b le  a lter n a tiv es  to  
c o w ’s m ilk  and p r o d u c ts  (H a e n le im , 1 9 8 0 ) .  In su rfa ce  
m o ld -r ip en ed  c h e e se , w a te r  so lu b le  lip a se s  sp lit  fa t  an d  th e  
fa t ty  a c id s  p r o d u c e d  c o n tr ib u te  t o  th e  c h a r a c te r is t ic  f la v o r  
(S ta d h o u d e r s  an d  M ulder, 1 9 5 9 ) .  L ip o ly s is  is  p a r ticu la r ly  
im p o r ta n t  fo r  g o a t ’s m ilk  c h e e se , s in c e  p r o p o r t io n  o f  sh o rt  
ch a in  fa t ty  a c id s  in  g o a t ’s m ilk  is a p p r o x im a te ly  tw ic e  as 
g rea t as in  c o w ’s m ilk  (L o w e n s te in  e t a l., 1 9 8 0 ) .  T h e  
p r e se n t s tu d y  p e r ta in s  t o  p r o d u c t io n  o f  to ta l  fr ee  fa t ty  
ac id s ( F F A ) ,  p H  c h a n g e s  a n d  p r o te in  b r e a k d o w n  in  a g o a t ’s 
c h e e s e  su r fa c e -r ip e n e d  b y  P e n ic i l l iu m  r o q u e f o r t i .

M A T E R IA L S  & M E T H O D S

Milk

Refrigerated raw goat’s milk was obtained from mixed herds of 
goat farms in a one-hundred mile radius of Lansing, Michigan. Upon 
receipt of milk quality tests such as acidity, pH and fat content were 
carried out.

Cheese making

No fat standardization of the milk was done. The milk was 
pasteurized at 65°C with a holding period of 30 min. After cooling 
to 34°C, 0.014% of direct vat-set lactic culture and 0.028% of single 
strength rennet were added and stirred for 2-3 min. Tire curd was 
cut with 1 cm horizontal and vertical knives, and the curd cubes 
were gently stirred. After about 30 min of continuous stirring, the 
whey was partly drained and the curd was dipped into round 
stainless steel molds (11 cm in diameter) and turned frve times at 20 
min intervals. The cheese was left draining overnight at 23° C and 
salted for 90 min in a 20% salt solution. The cheeses were than 
placed in the cold room, sprayed with an aqueous suspension of 
P en ic illiu m  r o q u e fo r ti spores, and ripened at 8°C and 90-95% 
relative humidity for 3 wk. A round shaped cheese, 11 cm in diame
ter and 2.5 cm in height was obtained. Samples of cheese were taken 
for analysis after 2, 4, and 6 wk of ripening. Five separate batches 
of cheese (10 gal. of milk each) were made.

This work was performed at the Dept, o f Food Science & Human 
Nutrition, Michigan State Unit/., East Lansing, M l 48824. Author 
Furtado is affiliated with EPAMIG-lnstituto de Laticinios "Candido 
Tostes," C.P. 183, 36.100, Juiz de Fora, MG, Braz'd. Author Chan- 
dan is affiliated with General Mills, Inc., James Ford Bell Technical 
Center, Minneapolis, M N  55427.

Analytical procedures
Whey samples were taken after cutting curd in the cheese vat. 

Samples of cheese taken at different periods of ripening were 
ground and thoroughly mixed before each determination. All 
analyses were made in duplicate.

Titratable acidity was obtained by titrating 10 m l sample (whey 
or milk) with 0.1N NaOH. pH was measured with a CHEM1TRIX 
Type 60-A digital pH/mv meter equipped with a combination elec
trode. Fat content was determined by the Roese-Gottlieb method 
with Mojonnier modifications, and the moisture content was deter
mined by the modified Mojonnier method (Milk Industry Founda
tion, 1959). Salt content was determined according to the AOAC
(1975) and the density of milk and whey were determined with a 
Quevenne Lactometer. Total protein and soluble protein were 
determined according to AOAC (1975) and Kosikowski (1977), 
respectively. Free fatty acid titer was determined according to 
Harper et al., (1956).

R E S U L T S  & D IS C U S S IO N

W H IL E  S E V E R A L  o f  th e  a r tic le s  r e la tin g  to  th e  m a n u fa c 
tu re  o f  g o a t ’s c h e e se  d o  g iv e  d e f in it iv e  d a ta  o n  th e  c o m p o s i
t io n  o f  th e  f in a l p r o d u c t , m o s t  d o  n o t  (L o w e n s te in  e t  a l.,
1 9 8 0 ) .  In  T a b le  1, th e  average c o m p o s it io n  o f  th is  b lu e-  
m o ld  r ip en ed  c h e e se  is  sh o w n . T h e  c o m p o s it io n  is  r e la ted  
t o  th e  fresh  c h e e se .

T h e  pH  at th e  t im e  o f  sp ra y in g  th e  m o ld  h a s a s ig n if ic a n t  
e f fe c t  o n  m o ld  g r o w th  an d  its  l ip o ly t ic  a c t io n  o n  th e  curd  
du rin g  r ip en in g  p er io d . A  lo w  pH  is d e s ir a b le , as w e ll  as a 
h ig h er  d eg ree  o f  h u m id ity  in  th e  c h e e se . T h e  pH  ( 4 .8 4 )  an d  
m o is tu r e  (5  0 .3 0 % ) w e re  b o th  sa t is fa c to r y  fo r  th e  m o ld  
g r o w th  in  th is  s tu d y . T h e  c o m p o s it io n  (T a b le  1) r esem b le s  
th e  c o m p o s it io n  o f  th e  C h a b ic h o u  g o a t  c h e e se  (F u r ta d o ,
1 9 8 0 ) .

Im p o r ta n t  c h a n g e s  d u rin g  th e  r ip en in g  are su m m a riz ed  
in  T a b le  2  A  n e t  a c c u m u la t io n  o f  fr e e  fa t ty  a c id s  (F F A )  
w a s o b ser v e d . A  c o n s id e r a b le  d if fe r e n c e  in  fa t ty  a c id  c o n 
t e n t  in  d if fe r e n t  areas o f  c h e e se  w a s o b ser v e d . T h e  F F A  
c o n te n t  w a s 2 5 3 .8 1  an d  1 7 .0 0  m ic r o m o le s /g  fa t  in  th e  rind  
an d  c e n te r  o f  c h e e se , r e s p e c t iv e ly . A fte r  4  w k , c h e e se  d e 
v e lo p e d  an e x c e lle n t  m o ld  g r o w th  an d  c o lo r , w ith  a c re a m y  
b o d y  and s m o o th  te x tu r e . T h e  in te r io r  o f  g o a t ’s c h e e se  is 
d e sc r ib ed  as c h a r a c te r is t ic a lly  w h ite  w ith  a s tr o n g  fla v o r, 
an d  ty p ic a l  a rom a d u e  to  fa t  c o m p o s it io n  o f  g o a t ’s m ilk  
(M o c q u o t  an d  B e ja m b e s, 1 9 6 0 ) .

C h an ges in  pH  p a ra lle led  l ip o ly t ic  a c t iv ity  in  th e  g o a t ’s 
c h e e se  (T a b le  2 ) .  W ater so lu b le  p r o te in  in c r e a se d  fr o m  
2 0 .4 7 %  at 2  w k  o f  r ip en in g  to  2 6 .6 2 %  a fte r  4  w k  o f  r ip en -

Table 1 —Fresh cheese compositiona

Component Average

pH 4.84% ± 0.19
Moisture 50.30% ± 2.04
Total solids 42.70% ± 2.04
Fat 21.47% ± 1.51
Fat in dry matter (FDM) 50.28% ± 1.61
Total protein 16.84% ± 0.99
Sodium chloride 1.77% ± 0.14

a A v e r a g e  f r o m  five lots o f  c h e e s e
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Table 2—Changes in pH  and FFA  production during ripeninga

Weeks pH
FFA

(pmoles/g of fat)

Soluble protein/ 
Total protein 

<%)

0 4.84 ± 0.19 — —

2 4.96 ± 0.16 9.12 ± 3.32 20.47 ± 3.08
4 5.79 ± 0.29 98.83 ± 17.32 26.62 ± 1.09
6 6.43 ± 0.19 160.85 ±11.55 -

6 (rind) 7.18 ± 0.12 253.81 ± 31.51 —

6 (center) 5.53 ± 0.46 17.00 ± 6.08 -

a A ve rage  fro m  five  lo ts o f  cheese

in g . U p  to  36%  o f  so lu b le  p r o te in  in  C h a b ich o u  c h e e se  
r ip en ed  w ith  P. r o q u e f o r t i  h as b een  r ep o rte d  (W o lfsc h o o n  
an d  F u r ta d o , 1 9 7 9 ) .  T h e r e  is  a r e la t io n sh ip  b e tw e e n  th e  
in c re a se  in  th e  so lu b le  p r o te in  an d  rise  o f  pH  du rin g  th e  
r ip en in g . D u rin g  th e  p e r io d  in  w h ic h  so lu b le  p r o te in  in 
creased  fro m  2 0 .4 7  to  2 6 .6 2 % , th e  pH  in c re a se d  b y  0 .8 3  
u n it . I t  w as r e p o r te d  th a t pH  in crea sed  fr o m  5 .2 0  to  6 .8 2  in  
a C h a b ich o u  c h e e s e  in  3 0  d a y s  o f  r ip en in g  (W o lfs c h o o n  and  
F u r ta d o , 1 9 7 9 ) .  A p p a r e n tly , th e  o b serv ed  in c re a se  in so lu 
b le  p r o te in  is r e la ted  to  p r o te o ly t ic  a c t iv ity  o f  P. r o q u e f o r t i  
and th e  a m in o  a c id s, p e p t id e s  and a m in e s  fo r m e d . P resen ce  
o f  tw o  or  m o r e  p r o te a se s  in  P. r o q u e f o r t i  m y c e liu m  has  
b e e n  r e p o r te d . E x tr a ce llu la r  p r o te a se  h as an o p tim u m  pH  
o f  a b o u t  5 .5 ,  b u t th e  in tr a ce llu la r  p r o te a se  h a s a w id er  
range [ 5 .5 - 7 .0 ]  (H a rte , 1 9 7 4 ) .

T h e  pH  an d  a m o u n t o f  F F A  in  th e  rind  o f  c h e e se  are 
m u c h  h ig h er  th a n  in  its  c e n te r  (T a b le  2 ) .  S in c e  th e  m o ld  
g r o w th  p r o c e e d e d  in  th e  c h e e se  su r fa c e , th e  p r o te o ly t ic  and  
l ip o ly t ic  a c t iv it ie s  p e n e tr a te d  in  a c e n tr ip e ta l w a y . P ro te in  
b r e a k d o w n  and r e la ted  d ec re a se  in  th e  a c id ity  m a y  e x p la in

w h y  pH  is  h ig h er  in  th e  r in d  th a n  in  th e  c e n te r  o f  c h e e se .  
W e o b serv ed  a c h a n g e  in  c h e e s e  c o lo r  fo l lo w in g  th e se  tra n s
fo r m a tio n s . In th e  r eg io n  o f  h ig h er  l ip o ly s is ,  n ear  th e  r in d , 
th e  c h e e se  w a s y e llo w is h ,  w h er ea s  in  th e  c e n te r  it  w a s q u ite  
w h ite . A fte r  8 -1 0  d a y s  o f  r ip en in g , th e  c h e e se  w a s co v er ed  
w ith  a th ic k  layer  o f  P. r o q u e f o r t i  im p a r tin g  a dark green  
c o lo r  to  th e  c h e e se  rin d . A fte r  4  w k  o f  r ip en in g , th e  c h e e se  
p o sse sse d  an  in te n se  a ro m a  and w as r ea d y  fo r  c o n su m p tio n .  
T h e  average y ie ld  o f  th e  c h e e se  w as 1 .0  k g  per 5 .5 4 L  o f  
g o a t ’s m ilk .
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A Research Note
E f f e c t s  o f  F o o d  G u m s  o n  Z i n c  a n d  I r o n  S o l u b i l i t y  

f o l l o w i n g  i n  v i t r o  D i g e s t i o n

M IC H A E L  B. Z E M E L  and P A U L A  C Z E M E L

----------------------------------------A B S T R A C T -----------------------------------------

The effects o f  three levels (0 .1 , 0 .3  and 0.5%) o f  locust bean gum, 
guar gum and sodium alginate on  zinc and iron availability were 
evaluated in milk and soy systems. Availability was estim ated as 
metal solubility after digestion with pepsin-HCl follow ed by addi
tion o f  bicarbonate and digestion with pancreatic and bile extracts. 
Locust bean gum (0.5%) and guar gum (0.5%) reduced zinc solu
bility by 23.5 and 69.6%, respectively, in the milk and by 41.1 and 
40.1% in the soy. Smaller reductions were observed at lower gum 
levels. The two gums also caused significant reductions in iron solu
bility from soy. Sodium alginate exerted little effect on mineral 
solubility.

IN T R O D U C T IO N

F O O D  G U M S  and r e la ted  p o ly sa c c h a r id e s  are e x te n s iv e ly  
u sed  as g e llin g , s ta b iliz in g , te x tu r iz in g  and e m u ls ify in g  
a g e n ts  in  fo o d  p r o c e ss in g  (S a n d e r so n , 1 9 8 1 ) .  S ev era l o f  
th e s e  g u m s h a v e  b e e n  fo u n d  to  d e p r e ss  iro n  a b s o r p t io n  in  
rats (H a r m u th -H o e n e  an d  S c h e le n z , 1 9 8 0 ;  W o lb lin g  e t  al.,
1 9 8 0 ) .  In  c o n tr a st , B ern er  and H o o d  ( 1 9 8 3 )  fo u n d  th a t,  
a lth o u g h  so d iu m  a lg in a te  b o u n d  s ig n if ic a n t a m o u n ts  o f  
iro n , th e  iro n -a lg in a te  c o m p le x e s  w ere  d isr u p ted  d u rin g  an  
in v i t r o  d ig e st io n . H o w e v er , th e  in v i t r o  e f fe c t s  o f  o th e r  
fo o d  g u m s o n  iro n  b io a v a ila b ility , as w e ll  as th e  e f fe c t s  o f  
th e se  g u m s o n  z in c  a v a ila b ility , h a v e  n o t  y e t  b een  in v e s t i
g a te d . C o n se q u e n tly , th e  o b je c tiv e s  o f  th e  p r e se n t s tu d y  
w ere  to  e v a lu a te  th e  e f fe c t s  o f  io n ic  ( s o d iu m  a lg in a te )  an d  
u n ch a rg ed  (gu ar  an d  lo c u s t  b e a n ) g u m s o n  z in c  an d  iro n  
so lu b i l i ty  fo l lo w in g  in v i t ro  g a s tr o in te s t in a l d ig e s t io n s  o f  
so y  p r o te in  an d  m ilk .

M A T E R IA L S  & M E T H O D S

TUBES CONTAINING 5g o f  either skim milk or soy protein con
centrate and 0.0 , 0 .1 , 0 .3  or 0.5% gum (guar gum, locust bean gum  
or sodium alginate) were subjected to a previously described in vitro  
digestion (Zemel, 1984). The m ethod is a m odification o f  that 
described by Miller et al. (1981) for determ ination o f  iron availa
bility. Samples were first digested with pepsin and hydrochloric acid 
for 1.5 hr in a 37°C  shaking water bath. The pH o f  each tube was 
then raised to 7.3 ± 0.1 w ith 1.0N sodium bicarbonate; a suspension 
containing bile and pancreatic extracts in 0.1N  sodium bicarbonate 
was then added to each tube. Tubes were sealed to prevent carbon 
dioxide loss and pH changes and then incubated for an additional
1.5 hr. Immediately follow ing this digestion, samples were centri
fuged at 3000  x g for 30 min, and the supernatants were re-centri
fuged at 2 5 000  x g for 1 hr. The supernatants from the second  
centrifugation were then analyzed for zinc (milk and soy superna
tants) and iron (soy supernatants only) by atom ic absorption spec
trophotom etry. Soluble iron was not measured in the milk digests as 
the very low  levels o f  iron in milk are not nutritionally significant.

Eight replicates o f  each treatment were performed, and data 
were evaluated by two way (gum x gum level) analysis o f variance.

R E S U L T S  & D IS C U S S IO N

T H E  R E S U L T S  are su m m a riz ed  in T a b le  1. A ll th ree  g u m s  
u n ifo r m ly  c a u sed  g rea ter  d e c r e a se s  in  z in c  so lu b i l i ty  fro m

The authors are affiliated with the Nutrition & Food Science Divi
sion, Wayne State Univ., Detroit, M l 48202.

s o y  th a n  fr o m  m ilk . T h e  io n ic  gu m , so d iu m  a lg in a te , w as  
w ith o u t  s ig n if ic a n t  e f fe c t  o n  so lu b le  z in c  le v e ls  in th e  m ilk  
an d  ca u sed  slig h t r e d u c t io n s  in  th e  s o y  sy s te m . In  co n tr a st , 
th e  tw o  u n ch a rg ed  seed  g u m s, guar and lo c u s t  b ea n  gu m s, 
ca u se d  s ig n if ica n t r e d u c t io n s  in  so lu b le  z in c  le v e ls  in  b o th  
th e  m ilk  and th e  s o y  d ig e sts . In  th e  m ilk  sy s te m , guar g u m  
e x e r te d  a g rea ter  e f fe c t  th a n  lo c u s t  b ea n  g u m  a t a ll th ree  
c o n c e n tr a t io n s ;  th is  d if fe r e n c e  w a s m o s t  p r o n o u n c e d  at th e  
0 .5%  gum  lev e l, at w h ic h  lo c u s t  b ea n  and guar g u m s re
d u c e d  so lu b le  z in c  lev e ls  b y  2 3 .5  and 6 9 .6 % , r esp e c tiv e ly .  
In  th e  so y  sy s te m , h o w e v e r , gu ar g u m  e x e r te d  a s ig n if ic a n t
ly  (p  <  0 .0 5 )  grea ter  e f fe c t  o n ly  a t th e  0 .1  and 0 .3%  levels. 
L o c u st b ea n  g u m  ca u sed  2 0 .5 ,  2 3 .6  and 4 1 .4 %  d e c re a se s  
in  so lu b le  z in c  at th e  0 .1 ,  0 .3  an d  0 .5%  lev e ls , w h ile  guar  
g u m  c a u sed  r e sp e c t iv e  d e c r e a se s  o f  2 8 .0 ,  3 7 .0  an d  40 .1% .

S o lu b le  iro n  in  th e  s o y  d ig e s ts  f o l lo w e d  a p a tte rn  sim ilar  
t o  th a t fo u n d  w ith  z in c . S o d iu m  a lg in a te  w a s w ith o u t  sig
n if ic a n t  (p  >  0 .0 5 )  e f f e c t  o n  iro n  s o lu b ility , b u t b o th  seed  
g u m s ca u sed  s ig n if ic a n t (p  <  0 .0 5 )  r e d u c t io n s . A g a in , guar  
g u m  e x e r te d  a s ig n if ic a n tly  g rea ter  e f f e c t  th a n  lo c u s t  b ea n  
gu m . Ir o n  s o lu b ility  w as r e d u c e d  b y  3 3 .9 %  w ith  th e  a d d i
t io n  o f  0 .5%  lo c u s t  b ea n  g u m , and b y  6 0 .7 %  w ith  th e  guar  
gu m .

T h e  r esu lts  o f  th is  s tu d y  d e m o n s tr a te  th a t tw o  u n 
ch arged  fo o d  g u m s, guar and lo c u s t  b ea n  gu m s, e x e r t  su b 
sta n tia l n eg a tiv e  e f fe c t s  o n  z in c  and iro n  s o lu b ility  fro m  so y  
and o n  z in c  so lu b i l i ty  fr o m  m ilk , w h ile  so d iu m  a lg in a te

—Continued on page 550

Table 1—Effects o f food gums on zinc and iron solubility following 
in vitro pepttc-pancreatic digestions o f milk or soy

Soluble zinc Soluble iron

Treatment % of Control

Soy control 100.0 ± 4.5a 100.0 ± 4.2a

+ 0.1% L8Gh 79.6 ±6.1d 98.2 ± 2.1a
+ 0.3% LBG 76.4 ± 5.8d 77.3 ± 4.0b
+ 0.5% LBG 58.6 ± 2.3g 66.1 ± 5.9C

+ 0.1 % gear 72.0 ± 4.4C 63.9 ± 3.5C
+ 0.3% guar 63.0 ± 1.7f 62.5 ± 4.7C
+ 0.5% guar 59.9 t  2.29 39.3 ± 8.3d

+ 0.1 % alginate 93.4 ± 1.4b 99.6 ± 7.2a
+ 0.3% alginate 83.6 ± 4.9C 96.4 ± 4.8a
+ 0.5% alginate 86.7 + 1.2C 100.0 ± 1.5a

M ilk  control 100.0 ± 4.8a -

+ 0.1% L3G 97.9 ± 1.0a —
+ 0.3% L3G 78.3 ± 1.5b —
+ 0.5% LBG 76.5 ± 1.9b -

+ 0.1 % guar 79.1 ±0.8b -
+ 0.3% guar 59.2 ± 1.6C —
+ 0.5% guar 30.4 + 4.6d -

+ 0.1% alginate 96.9 ± 1.7a -
+ 0.3% alginate 94.8 ± 2.5a -
+ 0.5% alginate 97.1 + 6.3a —

3 9 A l l  data 3re expressed  as m ean + standard  dev iation. N o n m a tc h 
ing sup e rsc rip ts  in each c o lu m n  d en o te  sign ifican t d iffe rences 
(p < 0.05).

n L B G  = locust bean gu m .
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A Research Note
V o l a t i l e  C o m p o n e n t s  o f  A f r i c a n  M a n g o

M. SAKH O , J. CRO U ZET , and S. SECK

----------------------------------------A B S T R A C T -----------------------------------------

Volatile components of African mango were isolated by vacuum 
distillation and fractionation on silica gel or by trapping on Tenax 
GC. Analysis by combined GC-MS led to several compounds identi
fied for the first time. Presence in the extract of isolongifolene, 
eremophilene (17%), and components related to bicyclogermacrene 
showed the variability of the volatile fraction of mango varieties. 
Some of these compounds, as well as A-3 carene, may be typical of 
local varieties. The African mango studied is also characterized by 
presence of free acids: acetic (0.7%), butyric (6 %), and hexanoic 
(5%); and ethyl 3-hydroxybutyrate (5%). These compounds are part 
of the contribution of lipid metabolism to aroma of mango fruit.

IN T R O D U C T IO N

N U M E R O U S  S T U D IE S  o n  th e  v o la t ile  c o m p o n e n ts  o f  tr o p 
ica l fr u its  h a v e  a p p ea red  in  r e c e n t  y e a rs  b e c a u se  o f  th e ir  
a ttra c tiv e  fla v o r  fo  co n su m er s . A m o n g  th e se  fr u its , th e  
fla v o r  o f  m a n g o  (M a n g ife ra  in d ic a  L .) ,  th e  s e c o n d  m o st  
im p o r ta n t  tr o p ic a l fru it a fter  b an an as, h a s b e e n  e x te n s iv e ly  
in v e stig a te d  (A n g e lin i  et al., 1 9 7 3 , H u n te r  e t  a l., 1 9 7 4 ;  
G h o la p  and B a n d y o p a d h y a y , 1 9 7 5 , 1 9 7 7 ;  D ia z , 1 9 8 0 ;  
A b d  E l B a k i e t  a l., 1 9 8 1 ;  M ac L e o d  and d e T r o c o n is , 1 9 8 2 ;  
Id s te in  an d  S ch re ier , 1 9 8 3 ;  E n g e l and T ressl, 1 9 8 3 ) .  T h e  
r esu lts  o b ta in e d  b y  m o st  o f  th e se  a u th o rs  sh o w  th a t c o n s id 
erab le  d if fe r e n c e s  o c c u r  b e tw e e n  v a r ie tie s  g r o w n  in  th e  
sa m e  c o u n tr y  to  th e  sa m e  stage  o f  r ip en ess . M o st o f  th e  
w o r k s  r ep o rte d  to  d a te  have b e e n  u n d e r ta k e n  u s in g  m a n g o  
c u lt iv a te d  in  In d ia , E g y p t  or  S o u th  and C en tra l A m erica ;  
N o  s tu d y  c o n c e r n in g  A fr ica n  m a n g o  h a s a p p ea red  in  th e  
lite ra tu re . T h e  p r e se n t w o rk  w a s u n d e r ta k e n  to  in v e stig a te  
th e  fla v o r  c o m p o n e n ts  o f  m a n g o , an d  th e  d if fe r e n c e s  in  
c o m p o s it io n  b e tw e e n  v a r ie tie s .

M A T E R IA L S  & M E T H O D S

Mangos
Mango fruits used in this study were obtained from ungrafted 

trees growing at Pout and Sebikhotane, Senegal. Ninety kilograms 
of fruits in the full ripe stage were washed, crushed and refined 
(screen 1 mm in diameter) using a pilot pulper-refiner-pitter. The 
puree thus obtained (59 kg) was homogenized, poured in polyethy
lene bags without any heat treatment and frozen at -20°C until use 
( 5 - 6  months). All these operations were performed in the pilot 
plant of Institut de Technologie Alimentaire de Dakar.

Sampling techniques
Adsorption on Tenax GC. The trapping technique described by 

Jennings et al. (1972) was used.
Vacuum steam distillation. The volatile components were ob

tained by stripping according to Siesso and Crouzet (1977).

Silica gel fractionation
The mango extract was fractionated by the method of Palmer

(1973) into four fractions (I to IV).

Authors Sakho and Crouzet are affiliated with the Centre de Genie 
et Technologie Alimentaire, Laboratoire de Biochimie Appliquée, 
Université des Sciences et Techniques du Languedoc F  34060, 
Montpellier, France. Author Seck is affiliated with Ecole Nationale 
Supérieure Universitaire de Technologie, BP 5085, Dakar, Senegal.

Analytical gas chromatography
A Varian Aerograph 2400 gas chromatograph fitted with FID 

and a 60 m x 0.5 mm glass capillary column coated with Carbowax 
20 M was used. The temperature was held at 70°C for 10 min, then 
programmed at 2°C/min to 180°C. The carrier gas was nitrogen at 
7 mL/min. The output signal was fed through a Spectra Physics 
SP 4000 Central processor and plotted on a SP 4050 printer plotter. 
Authentic samples of chemicals used for identification purpose 
based on retention determination were obtained from commercial 
supply houses or were received as gifts. Muhuhu and Copahu essen
tial oils were used for identification of some sesquiterpenic hydro
carbons. Kovats index given by Jennings and Shibamoto (1980) 
were used.

Gas chromatography-Mass spectrometry
An LKB 2091 mass spectrometer was coupled with the glass 

capillary column used for analytical gas chromatography and oper
ated under the conditions previously indicated. The ionizing voltage 
was 70 eV and source temperature 230° C.

R E S U L T S  & D IS C U S S IO N

T H E  C O M P O U N D S  ID E N T IF IE D  in  th e  A fr ica n  m a n g o  
c o n c e n tr a te  o b ta in e d  b y  v a cu u m  stea m  d is t i l la t io n  are 
l is t e d  in  T a b le  1. S o m e  o f  th e m  — c a m p h e n e , e th y l  s ty r e n e ,  
iso lo n g ifo le n e ,  a -b e r g a m o te n e , a r o m a d e n d r e n e , a -  and
6 -g u a ie n e , e r e m o p h ile n e , a llo a r o m a d e n d r e n e , a -m u u r o le n e ,  
b u ty r ic  and h e x a n o ic  ac id s, b e n z y l and fu r fu r y l a lc o h o ls ,
2 -a c e ty l  p y r r o le  and d ih y d r o a c t in id io lid e  — are r ep o rte d  
fo r  th e  first t im e  as m a n g o  v o la t ile  c o m p o n e n ts .

P articu lar  a t te n t io n  m u st b e  pa id  to  te r p e n ic  and ses
q u ite r p e n ic  h y d r o c a r b o n s . A s sta te d  b y  severa l a u th o rs  
(M ac L eo d  an d  G o n z a le z  de  T r o c o n is , 1 9 8 2 ;  E n g e l and  
T ressl, 1 9 8 3 )  th e se  c o m p o u n d s  w ere  q u a n tita t iv e ly  th e  
m o st  im p o r ta n t  (a b o u t  40%  o f  th e  sa m p le ); fu r th e rm o r e ,  
th e  v o la t ile s  trap p ed  o n  T e n a x  GC (T a b le  2 )  w e re  e s se n tia l
ly  c o m p o u n d s  w ith  a te r p e n ic  sk e le to n . A s  th e  m ix tu r e  o b 
ta in e d  a fter  d e so r p t io n  o f  th e  p o r o u s  p o ly m e r  h a d  an  
a rom a r e m in isc e n t  o f  m a n g o  w e  ca n  a ssu m e  th a t th e se  c o m 
p o u n d s  are im p o r ta n t  c o n tr ib u to r s  to  th is  arom a. A -3 
C aren e, p r e v io u s ly  iso la te d  fro m  V e n e z u e la n  m a n g o  fru it  
(M ac L e o d  and G o n z a le z  d e  T r o c o n is  1 9 8 2 )  an d  d escr ib ed  
b y  th e se  a u th o rs  as h av in g  an arom a o f  m a n g o  lea v e s , w a s  
a lso  p r e se n t  in  th e  c o n c e n tr a te  o b ta in e d  fr o m  th e  A fr ica n  
m a n g o  u n d er  stu d y . M ore  r e c e n t ly  G h o la p  and B a n d y o 
p a d h y a y  ( 1 9 8 4 )  fo u n d  th a t tw o  c o m p o u n d s  te n ta t iv e ly  
id e n t if ie d  as c a r-3 -en e  and c is -o c im e n e  c o n tr ib u te d  to  th e  
m a n g o  o d o r  o f  th e  r h iz o m e  o f  C u r c u m a  a m a d a  R o x b . B o th  
e x tr a c ts , o b ta in e d  a fter  v a cu u m  d is t i l la t io n  and a d so r p tio n  
o n  T e n a x  G C , w e re  ch a r a c te r iz ed  b y  p r e se n c e  o f  c o n s i
d era b le  q u a n tit ie s  (17%  and 30% , r e sp e c t iv e ly ) ,  o f  a se s
q u ite r p e n ic  h y d r o c a r b o n  id e n t if ie d  as e r e m o p h ile n e . A l
th o u g h  w e  are n o t  in  p o s se ss io n  o f  an  a u th e n t ic  sa m p le  o f  
th is  p r o d u c t  i t s  m a ss sp ec tru m  m a tc h e d  th a t  o f  th e  sp ec 
tru m  o f  th e  a u th e n t ic  p r o d u c t  p u b lish e d  e ls e w h e r e  (S te n -  
h agen  e t a l., 1 9 7 4 ) .  T h is  c o m p o u n d , iso la te d  fro m  V alerian  
o il (W itek  an d  K r e p in sk y , 1 9 6 6 )  or  fro m  r h iz o m e s  o f  p la n ts  
o f  g e n u s P e ta s i t e s  (H o c h m a n n o v a  e t al. 1 9 6 2 ) ,  h a s n o t  b e e n  
d escr ib ed  p r e v io u s ly  as a fru it v o la t ile  c o m p o n e n t .  I s o lo n 
g ifo le n e  w a s p r e se n t  in  th e  tw o  e x tr a c ts  o b ta in e d  b y  v a c u 
u m  d is t i l la t io n  and a d so r p tio n  o n  T e n a x  G C an d  is  a lso
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Table 1—Identification o f volatile components isolated from A fr i
can mango

P eak
N ° C o m p o n e n t

F r a c 
t io n

K o v a ts
in d e x 3

R e la t iv e
a b u n d a n ce

% E v id e n c e

1 e th y l b u ta n o a te h 1 0 2 5 0 ,2 M S ,R T
2 a -p in e n e i 1 0 3 9 0,1 M S .R T
3 T o lu e n e i 1 0 5 5 0 ,9 M S ,R T
4 C a m p h e n e b i 1 0 8 3 0 ,2 M S ,R T
5 h e x a n a l h 1 0 8 4 tr M S ,R T
6 /3-pinene i 1 1 2 4 0,1 M S .R T
7 m y rc e n e i 1 1 5 6 1 ,2 M S ,R T
8 A 3 -caren e i 1 1 6 5 3 ,6 M S .R T
9 a -p h e lla n d re n e i 1 1 7 7 0,1 M S ,R T

10 lim o n e n e i 1 2 0 6 1 ,6 M S .R T
11 /3-phellandrene i 1 2 1 6 0 ,2 M S
12 c is-o c im e n e i 1 2 2 8 0 ,3 M S ,R T
13 7-te rp in e n e i 1251 0 ,3 M S ,R T
14 e th y l- s ty re n e b tr M S
15 p -cy m e n e ! 1 2 7 2 3 ,5 M S .R T
16 a llo c im e n e I 0 ,2 M S
17 a ce to in e III 1 2 7 6 0,1 M S .R T
18 d im e th y ls ty re n e IV tra ce M S
19 te rp in o le n e I 1 2 8 7 1 ,5 M S
2 9 h e x a n o l I I I 1 3 1 6 2 ,0 M S .R T
21 (Z )-3 -h e x e n e -1 -o l I I I 1351 1 ,5 M S ,R T
2 2 (E )-2 -h e x e n e -1 -o l I I I 1 3 6 8 0 ,2 M S .R T
2 3 a c e t ic  a c id III 1 4 1 9 0 ,7 M S ,R T
2 4 b u ty l h e x a n o a te II 1 4 0 2 0 ,3 M S
2 5 e th y l o c ta n o a te  +

c is - lin a lo o lo x id e II 1 4 2 3 0 ,8 M S ,R T
2 6 fu rfu ra l 1 4 4 9 0 ,2 M S ,R T
2 7 tra n s- lin a lo o l o x id e II 1451 tr M S .R T
2 8 2 -a c e ty l fu ra n 1491 0,1 M S .R T
2 9 b e n z a ld e h y d e II 1 5 0 2 tr M S .R T
3 0 lin a lo o l I I I 1 5 0 6 1 ,0 M S .R T
31 u n k n o w n 1 ,5
3 2 is o lo n g ifo le n e 13 I 1 ,2 M S .R T
3 3 a -c o p a e n e I 1 5 1 9 0 ,9 M S .R T
3 4 5 -m e th y l fu rfu ra l 1 5 6 3 0 ,6 M S .R T

id e n t if ie d  fo r  th e  first t im e  in  m a n g o  v o la t ile  c o m p o n e n ts ,  
and m o r e  g e n e r a lly , in  fru it a rom a c o m p o n e n ts . H o w e v er , 
th is  c o m p o u n d  m a y  b e  an a r te fa c t  fo r m e d  fr o m  lo n g i-  
fo le n e  (R a m d a s  N a y a k  and D ev , 1 9 6 0 ) .  T h e  p r e se n c e  o f  
th e se  th ree  c o m p o u n d s ,  as w e ll  as th e  id e n t if ic a t io n  o f  ct- 
and S -g u a ie n e  an d  a -m u u r o le n e  in  so m e  m a n g o  v a r ie tie s , 
i llu s tr a te s  th e  v a r ia b ility  u n d e r lin e d  b y  severa l a u th o rs .

A m o n g  th e  A fr ica n  m a n g o  v o la t ile  c o m p o n e n ts  w e  
fo u n d  a r o m a d e n d r e n e  and a llo a r o m a d e n d r e n e  b e s id e s  
a -g u r ju n en e , p r e v io u s ly  id e n t if ie d  b y  E n g e l and T ressl
( 1 9 8 3 )  in  v a r ie ty  B a lad i. A c c o r d in g  to  T ressl e t al. ( 1 9 8 3 )  
th e se  tr ic y c lic  se sq u ite r p e n e s  m a y  arise  fro m  b ic y c lo g e r -  
m a c re n e  and are p o s s ib le  p recu rso rs o f  se sq u ite r p e n ic  a l
c o h o ls :  le d o l,  v e r id i f lo r o l . . . th r o u g h  e p o x id e s .

T h e  p r e se n c e  o f  le d o l  (D ia z , 1 9 8 0 )  and o f  b ic y c lo g e r -  
m a c re n e , g lo b u lo l  and v ir id if lo r o l s ta te d  b y  E n g e l and  
T ressl ( 1 9 8 3 )  m a k e s  th is  s e q u e n c e  p o s s ib le  in  m a n g o  fru it.

M a c L e o d  and G o n z a le z  d e  T r o c o n is  ( 1 9 8 3 )  p o in te d  o u t  
th e  p r e se n c e  o f  a d im e th y l  s ty r e n e  a m o n g  th e  v o la t ile  c o m 
p o n e n ts  o f  m a n g o  and p r e su m e d  th a t th is  c o m p o u n d  c o n 
tr ib u te d  to  fresh  m a n g o  fr u it  flavor. A  d im e th y l  s ty r e n e  
and o n e  iso m e r , e th y l  s ty r e n e  w e r e  id e n t if ie d  o n  th e  b asis  
o f  th e ir  m a ss  sp ec tra  (S te n h a g e n  e t  a l., 1 9 7 4 ) .  T h o u g h  a -p  
d im e th y l  s ty r e n e  is  k n o w n  to  arise  fro m  c itr a l b y  c y c lisa 
t io n  (K im u ra  e t  a l., 1 9 8 3 )  n o  in c re a se  in  th e  c o n c e n tr a t io n  
o f  s ty r e n e  d er iv a tiv es  o c c u r e d  d u rin g  h e a t  tr e a tm e n t o f  
m a n g o  ju ic e  (S a k h o  e t  a l., 1 9 8 4 ) . T h u s  w e  ca n  a ssu m e  th a t  
th e  tw o  s ty r e n e s  fo u n d  are r ea lly  p r e se n t in  m a n g o  fru it.

O rgan ic  a c id s  fo u n d  in  th e  p r e se n t w o r k  m a y  b e p r e se n t  
in  th e  fru it or  o r ig in a te  fro m  th e  h y d r o ly s is  o f  e ster s  du rin g

Table 1 continued

3 5 e th y l 3 -h y d ro x y -
b u ta n o a te II 5 ,2 M S

3 6 a -b e rc a m o te n e b 1 1 ,4 M S ,R T
37 a-gu rj jn e n e 1 1 ,5 M S
3 8 b u ty r ic  a c id b I I I 6 ,1 M S ,R T
3 9 (3-ca ryo p h y lle n e 1 1 6 1 8 0 ,2 M S ,R T
4 0 a ro m a d e n d re n e b 1 — 0 ,2 M S ,R T
41 e th y l d e ca n o a te II 1 6 2 4 0 ,1 M S .R T
4 2 a -g u a ie n e b 1 1 6 2 9 0 ,1 M S
4 3 a c e to p h e n o n e 1 6 2 7 tra ce M S ,R T
4 4 7 -b u ty ro la c to n e II I 1 6 3 2 0 ,6 M S ,R T
4 5 f u r fu ry l a lc o h o lb 0 ,6 M S ,R T
4 6 a -h u m u le n e 1 1 6 3 2 2 ,6 M S
4 7 a ro m a t ic  c o m p o n e n t 0 .8 M S
4 8 a -te rp in e o l II I 1661 0 ,4 M S ,R T
4 9 se sq u ite rp e n e 0 ,5
5 0 e re m c p h ile n e b 1 1 7 ,5 M S
51 a llo a ro m a d e n d re n e 13 1 1 6 6 2 1 ,6 M S .R T
5 2 6 -g u a ie n e b 1 0 ,5 M S
5 3 se sq u ite rp e n e 1 0 ,5 M S
5 4 geran ia l II 1 7 3 0 0 ,7 M S .R T
5 5 7-h e x a la c to n e IV 1,1 M S ,R T
5 6 a -m u u ro le n e b 1 1 7 3 0 1,1 M S .R T
5 7 6 -ca d in e n e 1 1761 0 ,8 M S .R T
5 8 7-ca d in e n e 1 1 7 6 6 0 .3 M S ,R T
5 9 b e n z y l a lc o h o l13 II 1 8 2 2 0 ,1 M S .R T
6 0 d a m a sc e n o n e 0 ,1 M S ,R T
61 h e x a n o lc  a c id 13 IV 5,1 M S .R T
6 2 e th y l d o d e ca n o a te II 1 8 2 6 3 ,0 M S ,R T
6 3 2 -p h e n y l e th a n o l II I 1 8 5 5 0 ,7 M S .R T
6 4 7-o c ta la c to n e IV 1 8 8 3 2 ,7 M S .R T
6 5 /3-ionone 1 9 1 8 0 ,6 M S ,R T
6 6 2 -a c e ty l p y r ro le 13 1 9 3 5 0 ,2 M S ,R T
6 7 7 -n o n a la c to n e IV 1991 3 .0 M S .R T
6 8 e th y l te tra d e ca n o a te II 2 0 2 7 0 ,3 M S .R T
6 9 7-d e ca la cto n e IV 2 1 0 1 0 ,4 M S .R T
7 0 6 -d e ca la c to n e IV 2 1 4 4 0 ,6 M S .R T
71 d ih y d ro a c t in id io l id e b 2 3 2 4 tra c e M S ,R T
7 2 e th y l h e x a d e c a n o a te II - 0 ,6 M S ,R T

3 Je nn in g s  and  S h ib a m o to  (1 9 8 0 ).
°  Id en t ified  fo r the first t im e  in m a n g o  vo la tile  co m p o ne n ts. 
c M S  m ass spectrum ; R T  =  re ten tion  time.

Table 2—Volatile components o f African mango identified after 
trapping on Tenax GC

P eak  n o . C o m p o n e n t P eak  no. C o m p o n e n t

1 a -p in e n e 11 e th y l o c ta n o a te
2 to lu e n e 12 Iso lo n g ifo le n e
3 c a m p h e n e 13 a -c o p a e n e
4 h e x a n a l 14 a -b e rg a m o te n e
5 /3-pinene 15 a -g u r ju n e n e
6 Û 3-ca ren e 16 (3 -ca ryo p h y lle n e
7 lim o n e n e 17 e re m o p h ile n e
8 7-te rp in e n e 18 a llo a ro m a d e n d re n e
9

10
p -cy m e n e
a llo c im e n e

19 a -m u u ro le n e

cru sh in g  or  e x tr a c t io n  ste p . T h e  p r e se n c e  in  o u r  e x tr a c t  o f  
so m e  e sters p r e v io u s ly  id e n t if ie d  in  m a n g o  ( e th y l  e sters o f  
fa t ty  a c id s, e th y l  b u ta n o a te , b u ty l  h e x a n o a te  and e th y l-3 -  
h y d r o x y b u ta n o a te )  sh o w s  th a t h y d r o ly s is  d o e s  n o t  o c c u r  
du rin g  sa m p le  p r e p a r a tio n . E th y l-3 -h y d r o x y b u ta n o a te  (c a .  
5% o f  th e  e x tr a c t)  m a y  b e  c o n s id e r e d  as a c h a r a c te r ist ic  
c o m p o u n d  o f  th e  v a r ie ty  s tu d ie d , as w e ll  as o f  th e  v a r ie ty  
B alad i. C o n v e r se ly , it  is  le s s  im p o r ta n t  in  v a r ie ty  A lp h o n s o  
(E n g e l and T ressl 1 9 8 3 ) . T h e  p r e se n c e  o f  ac id s, esters, and  
a lso  la c to n e s  agrees w ith  p r e v io u s  w o r k s  c o n c e r n in g  th e  
c o n tr ib u t io n  o f  l ip id  m e ta b o lis m  in  th e  d e v e lo p m e n t  o f  th e
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V O L A T I L E  C O M P O N E N T S  O F  A F R I C A N  M A N G O  . . .

aroma and flavor of mango fruit during ripening (Bandyo- 
padhyay and Gholap, 1973; Gholap and Bandyopadhyay,
1980).

C6 aldehydes and alcohols previously detected in variety 
Alphonso were also present in aroma extract from African 
mango. However, these compounds formed during crushing 
of most of the fruits (Ericksson, 1979) are dependent on 
the enzymatic equipment of the fruit and conditions of 
crushing (Kazeniac and Hall, 1970).

Some of the compounds isolated — furan derivatives, 
acetyl pyrrole, /3-ionone, damascenone, dihydroactinidio- 
lide, linalool oxides — are clearly artefacts formed during 
preparation of pulp or during extraction step.
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exerts little significant effect under conditions which simu
late the use of these gums in food systems. The in  v i t r o  
procedure used in this study simulates only luminal occur
rences in the gut without considering mucosal control of 
absorption; however, any decreases in mineral solubility 
may be considered to predict decreases in bioavailability, 
as solubility is a prerequisite to absorption. Although so
dium alginate did cause a slight, significant decrease in zinc 
solubility following the digestion of the soy, iron solubility 
was unaffected. Similarly, Berner and Hood (1983) re
ported that, although alginate binds iron, alginate-iron com
plexes are disrupted during an in  v i t r o  digestion. In con
trast, zinc and iron complexes with the two seed gums (guar 
and locust bean) used in the present study do not appear to 
be easily disrupted, as these gums caused substantial de
creases in zinc and iron solubility. The reason for this dif
ference is not clear, as the nature of metal binding to these 
uncharged gums is unexplained. It is possible that, in the 
alkaline environment of the small intestine, hydroxylic 
protons are released from the gums, allowing the formation

of metal-oxygen bonds. This phenomenon has been demon
strated with other neutral polysaccharides, such as cellu
lose, in an alkaline environment (Rendleman, 1978).
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A Research Note
E f f e c t  o f  M e t h i o n i n e  S u p p l e m e n t a t i o n  o n  N i t r o g e n  

B a l a n c e  i n  I n f a n t s  F e d  a  L o w - C o s t  S o y - O a t s  F o r m u l a
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M. J. M UNOZ, J. PONCE, M. V EG A , M. H E R N A N D E Z , and G. V E L A Z Q U E Z

----------------------------ABSTRACT-----------------------------
A nitrogen balance study, comparing a low-cost soy-oats infant 
formula with and without supplemental methionine, was carried out 
with infants of ages 3 - 2 6  months at a single equivalent level of 
nitrogen intake (approximately 850 mg/kg/day). Nitrogen retention 
was found to be unaffected by methionine supplementation. Com
parison of data obtained in this study with previous research re
vealed that a critical value for intake of total L-sulfur amino acids 
apparently exists in infants 3 - 2 6  months of age, below which 
methionine supplementation will increase nitrogen retention, but 
above which it will not. This value appears to coincide with that of 
49 mg/kg/day recommended for infants by the FNB.

INTRODUCTION
SO M E  IN V E S T IG A T O R S  h ave s tu d ie d  th e  e f fe c t  o f  m e th 
io n in e  su p p le m e n ta t io n  o f  so y -b a se d  in fa n t  fo r m u la s  u t i l iz 
in g  n itr o g e n  b a la n ce  te c h n iq u e s . F o m o n  and Z ieg ler  ( 1 9 7 9 )  
in v e stig a te d  th e  e f fe c t  o f  su p p le m e n t in g  so y b e a n s  w ith  
5 m g o f  L -m e th io n in e  p er  gram  o f  p r o te in  w ith  in ta k e s  o f  
th e  o rd er  o f  2 .4 g  p r o te in /k g /d a y  in in fa n ts . It w a s fo u n d  
th a t m e th io n in e  su p p le m e n ta t io n  d id  n o t  in f lu e n c e  n itr o 
g en  r e te n t io n . G raham  ( 1 9 7 1 )  r ep o rte d  r esu lts  o f  s tu d ie s  in  
e ig h t  c h ild re n  b e tw e e n  6 and 2 3  m o n th s  o f  age w h o  had  
r e c e n t ly  r eco v ered  or  w ere  in th e  p r o c e s s  o f  reco v er in g  
fro m  sev ere  m a ln u tr it io n . D a ily  p r o te in  and en e rg y  in ta k e s  
w e re  1 .2 5  -  2 .0 0 g  and 1 0 0  -  1 5 0  k c a l /k g /d a y , w ith  4 - 7 %  
o f  th e  to ta l  e n erg y  d erived  fr o m  p r o te in . P ro te in  so u rc e s  
w e re  a so y -m ilk  b a sed  o n  to a s te d  s o y  f lo u r  w ith  and w ith 
o u t  a su p p le m e n t o f  11 -  2 2  m g D L -m e th io n in e /k g  b o d y  
w e ig h t /d a y  ( th r e e  c h ild r e n );  a s o y  p r o te in  iso la te  w ith  and  
w ith o u t  16 -  2 0  m g D L -m e th io n in e /k g /d a y  ( fo u r  ch ild re n );  
and fu ll-fa t  s o y  f lo u r  w ith  and w ith o u t  2 0  m g D L -m e th io -  
n in e /k g /d a y  (o n e  c h ild ) . M e th io n in e  s u p p le m e n ta t io n  w as  
fo u n d  to  in c re a se  n itr o g e n  r e te n t io n  in all cases.

In  a p r e v io u s  w o r k , D e l V a lle  e t al. ( 1 9 8 1 )  d e sc r ib ed  th e  
d e v e lo p m e n t  and e v a lu a t io n  o f  a p o w d e r e d  lo w -c o s t  so y -  
o a ts  in fa n t  fo r m u la  in  rats as w e ll as in  in fa n ts . T h is  fo r m 
u la  w a s su p p le m e n te d  w ith  m e th io n in e  in ord er  to  raise  
th e  to ta l  su lfu r  a m in o  a c id s  to  le v e ls  s lig h t ly  a b o v e  th o s e  
r e c o m m e n d e d  b y  F A O /W H O  ( 1 9 7 3 )  fo r  c h ild re n . In  th a t  
p ap er , d ata  c o m p a r in g  th e  P r o te in  E f f ic ie n c y  R a tio  (P E R )  
and N e t  P ro te in  U t il iz a t io n  (N P U ) o f  th e  fo r m u la  w ith  and  
w ith o u t  ad d ed  m e th io n in e  w ere  r ep o rte d . It w a s fo u n d  
th a t, w h ile  a b so lu te  P E R  w a s s ig n if ic a n t ly  in crea sed  (p  <  
0 .0 1 )  fro m  2 .5 5  to  2 .9 9 ,  N P U  w a s u n a ffe c te d  b y  su p p le 
m e n ta t io n . S in c e  b o th  P E R  and N P U  w e re  d e te r m in e d  w ith  
ra ts , it w a s d esira b le  to  c o m p a r e  th e  e f fe c t  o f  m e th io n in e

Authors Del Valle, Vallanueva and Reyes-Govea are with Fundación 
de Estudios Alimentarios y Nutricionaies, A.C., Apartado Postal 
1545, Sucursal C, Chihuahua, Chih., Mexico. Author Escobedo is 
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Instituto Chihuahuense de Investigación y Desarrollo de la Nutri
ción, Chihuahua, Chih., Mexico. Authors Ponce and Vega are with 
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su p p le m e n ta t io n  o f  th e  fo r m u la  u s in g  h u m a n  su b jects . T h e  
p u rp o se  o f  th is  w o r k , th e r e fo r e , w a s to  carry o u t  a n itr o 
gen  b a la n ce  s tu d y  w ith  in fa n ts , c o m p a r in g  th e  fo r m u la  w ith  
and w ith o u t  a d d ed  m e th io n in e .

MATERIALS & METHODS
THE NITROGEN BALANCE STUDY was conducted at Hospital 
Infantil del Estado de Chihuahua (Matamoros 2201, Chihuahua, 
Chih., Mexico). Nutritional and other data of the formulas em
ployed were those reported by Del Valle et al. (1981) and are sum
marized in Table 1, except that they were prepared with or without 
0.2% supplemental DL-methionine. Six infants of ages 3 - 26 
months were fed the formula with and without methionine at a 
single level of nitrogen intake according to the method of Hegsted
(1974) for a period of 5 days. The technique utilized was described 
in detail by Del Valle et al. (1981). Growth rates were not deter
mined.

Final data obtained in the study were (formulas with and with
out methionine): nitrogen intake, mg/kg/day; nitrogen absorbed, 
mg/kg/day; nitrogen retained, mg/kg/day; nitrogen retained as per
cent of absorbed; and digestibility, equal to nitrogen absorbed as 
percent of ingested. Resulting mean values were compared for sig
nificant differences by application of t-tests (Snedecor and Cochran, 
1967).

Special parameters for this work, as well as for those of Fomon 
and Ziegler (1979) and Graham (1971), such as formula methionine 
supplementation, protein intake and supplemented and total meth
ionine intakes mentioned in the following section, were calculated

Table 1 —Nutritional and other data o f the soy-oats infant formula 
utilized, not including methionine (Del Valle et a!., 1981)

Substance Content per 100g

PROTEIN 17.5 g
FAT 22.2 g
CARBOHYDRATE 53.1 g
ASH 2.2 g
CRUDE FIBER 1.0 g
MOISTURE 4.0 g
Vitamin A 1800 I.U.
Thiamine 0.45 mg
Riboflavin 0.70 mg
Ascorbic Acid 35.0 mg
Vitamin D 330 I.U.
Folic Acid 25.0 meg
Pantothenic Acid 2.0 mg
Pyridoxine 0.30 mg
Vitamin E 4.0 LU.
Vitamin Bi 2 1.0 meg
Niacin 5.0 mg
Sodium 115 mg
Potassium 524 mg
Calcium 425 mg
Phosphorus 345 mg
Chloride 367 mg
Copper 0.30 mg
Iron 12.6 mg
Zinc 3.0 mg
Iodine 53.4 meg
Magnesium 50.0 mg
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utilizing data given in the same studies as well as from other sources 
(Del Valle et al., 1981; FAO , 1970).

RESULTS & DISCUSSION
T A B L E  2 su m m a riz es  d ata  o b ta in e d  in  th e  n itr o g e n  b a la n ce  
stu d y . C o m p a r iso n  o f  th e  c o r r e sp o n d in g  m e a n  v a lu e s  fo r  
th e  fo r m u la s  w ith  and w ith o u t  m e th io n in e  r ev ea led  th a t n o  
s ig n if ic a n t d if fe r e n c e  e x is te d  b e tw e e n  th e m , th u s  p rov in g  
th a t a d d itio n  o f  m e th io n in e  u n d e r  c o n d it io n s  o f  th e  s tu d y  
d id  n o t  a f fe c t  n itr o g e n  r e te n t io n . T h e  s ig n if ic a n c e  o f  th e se  
r esu lts  m a y  be b e t te r  u n d e r s to o d  b y  c o m p a r in g  d ata  o b 
ta in e d  in  th is  s tu d y  w ith  th o s e  o f  F o m o n  an d  Z ieg ler
( 1 9 7 9 )  and G raham  ( 1 9 7 1 ) .  In  all fo r m u la s  su p p le m e n te d  
w ith  m e th io n in e , ad d ed  a m o u n ts  o f  th is  su b s ta n c e , e x 
p ressed  as L -m e th io n in e , w e r e  sim ilar  b e in g  o f  th e  ord er  
o f  6 m g /g  p r o te in . P r o te in  in ta k e , o n  th e  o th e r  h a n d , varied  
w id e ly  ran g in g  fr o m  1 .2 5  -  2 .0 0  g /k g /d a y  in  th e  w o r k  o f  
G raham  ( 1 9 7 1 )  t o  5 .1  -  5 .6  g /k g /d a y  in  th e  p r e se n t w o r k . 
A s a resu lt, su p p le m e n ta l L -m e th io n in e  in ta k e , e x p r essed  
as m g /k g /d a y  r e f le c te d  th e  sam e tr en d  as p r o te in  in ta k e .

T h e  m o s t  im p o r ta n t  c o m p a r iso n , h o w e v e r , is  p r o b a b ly  
b e tw e e n  to ta l  su lfu r  a m in o  a c id s  (L -fo r m ) in ta k e  fo r  th e  
d if fe r e n t  stu d ies . V a lu e s  o f  th is  p a ra m eter , e x p r e sse d  as 
m g /k g /d a y  w ere  as fo llo w s:  fo r m u la s  w ith  su p p le m e n ta l  
m e th io n in e :  G raham  ( 1 9 7 1 ) ,  3 4  -  6 8 ;  F o m o n  an d  Z ieg ler
( 1 9 7 9 ) ,  6 5 ;  th is  s tu d y , 2 3 5 ;  fo r m u la s  w ith o u t  su p p le m e n ta l  
m e th io n in e :  G rah am  ( 1 9 7 1 ) ,  2 8  -  4 4 ;  F o m o n  an d  Z ieg ler
( 1 9 7 9 ) ,  5 3 ;  th is  s tu d y , 1 8 4 . T h is  is  in te r e s t in g  b e c a u se  
n itr o g e n  r e te n t io n  w a s u n a ffe c te d  b y  m e th io n in e  su p p le 
m e n ta t io n  in  th is  w o rk  as w e ll as in  th a t o f  F o m o n  and  
Z ieg ler  ( 1 9 7 9 )  b u t  w a s in c re a se d  in  th e  w o rk  o f  G raham
( 1 9 7 9 ) .  It ap p ears th e r e fo r e  th a t all o th e r  th in g s  b e in g  
eq u a l, n itr o g e n  r e te n t io n  is  u n a ffe c te d  b y  m e th io n in e  su p 
p le m e n ta t io n  i f  to ta l  L -su lfu r  a m in o  a c id  in ta k e  e x c e e d s  a 
cer ta in  c r it ic a l v a lu e  b u t w il l  in crea se  i f  it  d r o p s b e lo w  th a t  
v a lu e . In  th e  la tte r  ca se , n itr o g e n  r e te n t io n  in c r e a se s  i f  
to ta l  L -su lfu r  a m in o  a c id  in ta k e  is in c re a se d  e ith e r  b y  c o n 
su m in g  m o r e  p r o te in  o r  c o n su m in g  th e  sa m e  a m o u n t o f  
p r o te in  w ith  su p p le m e n ta l m e th io n in e . T h e  c r it ic a l v a lu e  
fo r  to ta l  L -su lfu r  a m in o  a c id  in ta k e  fro m  th e  a b o v e  d a ta  
ap p ears to  lie  b e tw e e n  4 8  and 5 3  m g /k g /d a y . T h is  is  in

Table 2—Results o f nitrogen balance determination, comparing soy- 
oats infant formula with and without methionine

Concept2
Soy-oats formula 
with methionineb,c

Soy-oats formula 
without methionine“ '“

Nitrogen ingested, 
mg/kg/day

901 ± 312 810 ± 212

Nitrogen absorbed, 
mg/kg/day

552 ± 275 557 ± 162

Nitrogen retained, 
mg/kg/day

257 + 183 302 ± 167

Nitrogen retained, 
percent of absorbed

43 ± 15 51 ± 20

Digestibility,
percent

63 + 17 69 ± 9

2 In fan ts: six, ages 3 - 2 6  m on th s.
“ C o m p o s it io n  o f  fo rm u la  reported  in T ab le  1 (D e l V a lle  et al., 

1 981 ).
R e su lts  expressed  as m ean ± standard  deviation.

a g r ee m en t w ith  th e  r e q u ir e m e n t o f  4 9  m g /k g /d a y  fo r  to ta l  
L -su lfu r  a m in o  a c id s  e s t im a te d  b y  th e  F o o d  an d  N u tr it io n  
B oard  (F N B , 1 9 7 5 )  fo r  in fa n ts . T h is  sa m e  e f fe c t  h a s b e e n  
n o te d  b y  T o r u n  e t  al. ( 1 9 8 1 )  fo r  a d u lts  as w e ll  as fo r  c h ild 
ren .

It c o u ld  b e  argued th a t in  th e  in v e s t ig a t io n  o f  G raham
( 1 9 7 1 )  n itr o g e n  r e te n t io n  w a s a f fe c te d  b y  m e th io n in e  su p 
p le m e n ta t io n  b e c a u se  h is  te s t  su b je c ts  had  e ith e r  r e c e n tly  
r ec o v er ed  o r  w e re  in  th e  p r o c ess  o f  rec o v er in g  fr o m  sev ere  
m a ln u tr it io n  a n d  n o t  b e c a u se  o f  th e  a b o v e  su g g es ted  e f fe c t .  
I f  th a t w ere  th e  ca se  a sim ilar  tren d  w o u ld  have b e e n  fo u n d  
in  th is  s tu d y , w h er e  all te s t  su b je c ts  w e r e  in  a s im ila r  n u tr i
t io n a l s ta tu s  t o  th o s e  o f  G raham  ( 1 9 7 1 ) .  N o  su ch  tren d  w a s  
o b serv ed .

O n e f in a l c o m m e n t  m a y  be m a d e  w ith  r e sp e c t  to  th e  
fa c t  th a t th e  to ta l  L -su lfu r  a m in o  acid  in ta k e  (m g /k g /d a y )  
w a s h ig h er  fo r  th e  so y -o a ts  fo r m u la  w ith o u t  m e th io n in e  
u tiliz e d  in  th is  in v e s t ig a t io n  th a n  fo r  th e  s o y  fo r m u la s  su p 
p le m e n te d  w ith  m e th io n in e  u t i l iz e d  in  th e  o th e r s  (G ra h a m , 
1 9 7 1 ;  F o m o n  an d  Z ieg ler , 1 9 7 9 ) .  T h is  w a s d u e  t o  tw o  
fa c to r s:  ( 1 )  th e  to ta l  L -su lfu r  a m in o  a c id s  o f  th e  so y -o a ts  
fo r m u la  w ith o u t  m e th io n in e  w as h ig h er  th a n  fo r  s o y  a lo n e  
(D e l V a lle  e t  a l., 1 9 8 1 ;  F A O , 1 9 7 0 ) ;  an d  ( 2 )  th e  p r o te in  
in ta k e  in  th is  s tu d y  (m g /k g /d a y )  w a s c o n s id e r a b ly  h ig h er  
th a n  in  th e  o th e r  tw o .

SUMMARY & CONCLUSIONS
S U P P L E M E N T A T IO N  o f  th e  s o y -o a ts  fo r m u la  w ith  m e th 
io n in e  u n d e r  c o n d it io n s  o f  th is  s tu d y  d id  n o t  a f fe c t  n itr o 
g en  r e te n t io n .  C o m p a r in g  th e se  d a ta  w ith  p r e v io u s  resu lts , 
it  ap p ears th a t th e  e f fe c t  o f  m e th io n in e  su p p le m e n ta t io n  
o n  n itr o g e n  r e te n t io n  in  in fa n ts  d e p e n d s  u p o n  to ta l  L -su l
fu r  a m in o  acid  in ta k e: if  th is  is  b e lo w  a p p r o x im a te ly  4 9  
m g /k g /d a y , n itr o g en  r e te n t io n  w ill  in c re a se  w ith  m e th io 
n in e  su p p le m e n ta t io n , b u t i f  it  is  a b o v e  th a t  v a lu e , n itr o 
g en  r e te n t io n  w ill b e  u n a ffe c te d  b y  a d d ed  m e th io n in e .  
T o ta l su lfu r  a m in o  a c id  in ta k e  is d e te r m in e d  b y  c o n te n t  
o f  th e se  su b s ta n c e s  in  in g e ste d  p r o te in  and a lso  b y  to ta l  
p r o te in  in ta k e  (g /k g /d a y ) .
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