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M e m o  F R O M  T H E  S C I E N T I F I C  E D I T O R

I n n o v a t i o n s  I m p r o v e  Q u a l i t y  

a n d  I n c r e a s e  E f f i c i e n c y

W i t h  IN N O V A T IO N S  i n i t i a t e d  
l a s t  y e a r ,  w e  h a v e  c o n t in u e d  to  im 
p ro v e  t h e  s c ie n t i f ic  q u a l i t y  o f  m a n 
u s c r ip t s  p r i n t e d  i n  t h e  J o u r n a l  o f  
F o o d  S c ie n c e  a n d  t h e  e f f ic ie n c y  o f  
t h e  r e v i e w / r e v i s io n  p r o c e s s .  O u r  
n e w  s y s te m  o f  e i g h t  A s s o c ia te  S c i
e n t i f i c  E d i t o r s  h a s  c o n t i n u e d  to  
f u n c t i o n  m o r e  s m o o t h l y  a n d  i s  
p r o v in g  to  b e  e f f e c t iv e  i n  u p g r a d 
i n g  t h e  s c ie n t i f ic  m e r i t  o f  a c c e p te d  
m a n u s c r ip t s .

I n  g e n e r a l ,  m a n u s c r ip t s  a r e  in  
m u c h  m o r e  a c c e p t a b l e  c o n d i t i o n  
u p o n  r e c e i p t  t h a n  t h e y  h a d  b e e n  i n  
t h e  p a s t .  E v e n  th o u g h  o u r  r e je c t io n  
r a t e  h a s  in c r e a s e d  f ro m  4 0 %  to  54% , 
w e  a r e  r e j e c t i n g  f e w e r  fo r  r e a s o n s  
o f  in a p p r o p r i a t e n e s s  o r  m a jo r  f o r 
m a t  p ro b le m s .  W e  b e l i e v e  t h i s  is , 
a t  l e a s t  p a r t l y ,  a  r e s u l t  o f  tw o  n e w  
p r o g r a m s  — t h e  E d i to r s  F o r u m  h e ld  
a t  t h e  I F T  A n n u a l  M e e t in g  i n  D a l 
la s ,  a n d  t h e  M e m o s  f r o m  t h e  A s 
s o c ia te  E d i to r s  w h ic h  h a v e  b e e n  
p u b l i s h e d  i n  e a c h  i s s u e  t h i s  y e a r .  
I f  y o u  m is s e d  t h e  M e m o s , lo o k  b a c k . 
Y o u ’l l  f in d  s o m e  e x c e l l e n t  p o in t e r s  
w h ic h  w i l l  h e lp  y o u  s u b m i t  y o u r  
m a n u s c r ip t s  i n  t h e  b e s t  c o n d i t io n ,  
a n d  g r e a t l y  c u t  t h e  t i m e  b e tw e e n  
s u b m is s io n  a n d  p r i n t i n g .

T H E  E D I T O R S  F O R U M  o n  “H o w  
to  G e t  Y o u r  P a p e r  P u b l i s h e d  i n  t h e  
J o u r n a l  o f  F o o d  S c i e n c e , ” p r e 
s e n t e d  s o m e  v e r y  w o r th w h i l e ,  e d 
u c a t i o n a l ,  a n d  p r a c t i c a l  
i n f o r m a t i o n .  P r o c e e d i n g s  o f  t h e  
F o r u m  w i l l  b e  a v a i l a b l e  w i t h i n  t h e  
n e x t  m o n th s .  P le a s e  o b ta i n  a  co p y  
a s  so o n  a s  i t  i s  p u b l i s h e d .  I f  y o u  
k e e p  t h e  p r o c e e d in g s  a t  y o u r  s id e  
w h e n  y o u  a r e  p r e p a r i n g  y o u r  m a n 
u s c r ip t  a n d  r e f e r  to  i t  o f te n , y o u  m a y  
g r e a t ly  r e d u c e  t h e  t i m e  r e q u i r e d  fo r 
y o u r  m a n u s c r i p t  to  b e  p u b l i s h e d .

A n o t h e r  c h a n g e  b e g in s  in
1 9 9 2 . A f t e r  D e c e m b e r  3 1 , 1 9 9 1 , w e  
w i l l  n o  l o n g e r  a c c e p t  R e s e a r c h  
N o t e s ,  a s  s u c h ,  f o r  p u b l i c a t i o n .

T h o s e  t h a t  a r e  a l r e a d y  i n  t h e  r e 
v ie w  p ro c e s s  w i l l  b e  p u b l i s h e d  a s  
R e s e a r c h  N o te s ,  b u t  a n y  s u b m i t t e d  
a f t e r  t h a t  d a t e  w i l l  b e  h a n d le d  a s  
r e g u l a r  m a n u s c r ip t s ,  i.e . t h e y  w i l l  
n o t  b e  h a n d le d  w i t h  p r io r i t y .

I n  t h e  p la c e  o f  R e s e a r c h  N o te s ,  
w e  a r e  i n i t i a t i n g  P r i o r i t y  R e p o r ts .  
T h e s e  w i l l  h a v e  n o  l e n g t h  r e s t r i c 
t i o n s ,  b u t  t h e y  m u s t  b e  o n  a  v e r y  
i m p o r t a n t  s u b j e c t  a n d  b e  e x t r e -  
m e m ly  in n o v a t iv e  o r  u n iq u e .  T h u s ,  
t h e  f i r s t  r e q u i r e m e n t  w i l l  b e  t h a t  
t h e y  m u s t  b e  o r ig in a l .  A ls o , c l a s 
s i f ic a t io n  a s  a  P r i o r i t y  R e p o r t  m u s t  
b e  r e q u e s t e d  b y  t h e  a u t h o r  — w i th  
a  fe w  l i n e s  o f  j u s t i f i c a t i o n  — a n d  
m u s t  h a v e  t h e  c o n c u r r e n c e  o f  t h e  
r e v i e w e r s ,  A s s o c i a t e  E d i t o r ,  a n d  
S c ie n t i f ic  E d i to r .  P r i o r i t y  R e p o r ts  
w i l l  b e  g iv e n  p r i o r i t y  o v e r  o th e r  
m a n u s c r ip t s  s u b m i t t e d  fo r  p u b l i 
c a t i o n  a n d  w i l l  b e  p u b l i s h e d  w i t h i n
4 - 6  m o n th s  o f  su b m is s io n . T h e y  w ill  
b e  p la c e d  i n  a  s p e c ia l  s e c t io n  o f  J F S  
so  t h a t  y o u  c a n  s e e  a t  a  g la n c e  t h e  
“l a t e s t ” in f o r m a t io n  o n  t h e  “h o t 
t e s t ” s u b je c ts .  T h e s e  c h a n g e s  h a v e  
b e e n  in c lu d e d  i n  t h e  l a t e s t  v e r s io n  
o f  t h e  “ J o u r n a l  o f  F o o d  S c ie n c e  S ty le  
G u id e  fo r  R e s e a r c h  P a p e r s ,” w h ic h  
a p p e a r s  i n  t h i s  i s s u e .  P le a s e  fo llo w  
i t  c a r e f u l l y  w h e n  p r e p a r i n g  y o u r  
m a n u s c r ip t .  N o te  t h a t  c h a n g e s  h a v e  
a ls o  b e e n  m a d e  i n  t h e  R e fe re n c e s  
s e c t io n ,  r e q u i r i n g  b o th  t h e  b e g in 
n i n g  a n d  e n d in g  p a g e  n u m b e r s  o n  
c i t e d  r e f e r e n c e s .

A s  A L W A Y S , t h e  u l t i m a t e  im 
p r o v e m e n ts  i n  q u a l i t y  a n d  s u b je c t  
m a t t e r  d e p e n d  o n  t h e  a u t h o r s  a n d  
r e v i e w e r s .  T h o s e  o f  y o u  w h o  h a v e  
s e r v e d  a s  r e v i e w e r s  d u r i n g  t h e  p a s t  
y e a r  a r e  l i s t e d  o n  t h e  fo l lo w in g  
p a g e s .  W e  t h a n k  y o u  fo r  y o u r  h e lp .  
W e  a ls o  t h a n k  t h e  a u th o r s  w h o  h a v e  
c h o s e n  J F S  a s  t h e  p u b l i c a t i o n  v e 
h ic le  fo r  t h e i r  m a n u s c r ip t s ,  a n d  w e  
i n v i t e  a l l  o f  y o u  — a u th o r s ,  r e v i e w 
e r s ,  a n d  r e a d e r s  — to  s e n d  u s  y o u r  
s u g g e s t i o n s ,  c r i t i c i s m s ,  o r  c o m -

m e n t s  w h ic h  c a n  h e lp  t h e  J F S  e d 
i t o r i a l  s t a f f  b e  m o r e  u s e f u l  to  y o u  
a n d  y o u r  p ro f e s s io n .

. / 5 _ _____)

— R o b e r t  E . B e r ry ,  S c ie n t if ic  E d i to r ,  
J o u r n a l  o f  F o o d  S c ie n c e
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Sensory, Instrumental Texture Profile and Cooking Properties of 
Restructured Beef Steaks Made with Various Binders

C.M. CHEN and G.R. TROUT

----------------------------ABSTRACT-----------------------------
Restructured steaks m ade w ith  various b inders w ere  evaluated using 
subjective and objective texture profile analysis o f the follow ing treat
m ents: intact ribcye m uscle , calcium  alginate, sa lt/tripolyphosphate, 
crude m yosin extract, w hey  protein , w heat g lu ten , soy  protein isolate, 
surim i and no additives. S teaks m ade w ith  calcium  alginate or crude 
m yosin extracts had superior b inding. S teaks w ith  1.5%  surim i had 
sim ilar textural properties to those w ith  calcium  alginate or crude 
m yosin extract. W hey, w heat gluten or soy  isolate protein in restruc
tured steaks detrim entally  affected product flavor. Calcium  alginate, 
crude m yosin extract and surim i could be potential binders in the 
m anufacture o f restructured steaks w ithout deterim ental effects on 
quality.

Key W ords: Beef, texture, sensory evaluation, restructured m eat, binders

INTRODUCTION

SALT AND PHOSPHATE are currently used in the manufac
ture of restructured meat products because of their beneficial 
effects on texture, yield and flavor (Schnell et al., 1970; Man- 
digo et al., 1972; Schmidt and Trout, 1982). However, salt is 
associated with discoloration of fresh restructured meat prod
ucts (Chu et al., 1987), rancidity development (Huffman and 
Cordray, 1979; Trout and Schmidt, 1987) and may be a con
tributor to hypertension in susceptible segments of the popu
lation (Tobian, 1979; Pearson and Wolzak, 1982). Partial or 
complete replacement of salt with binders is a possible means 
of maintaining, and/or improving, quality of restructured beef 
steaks.

Proteins derived from a variety of plant and animal sources 
are used by the meat industry to reduce product cost and im
prove functionality. Soy protein (SP), whey protein (WP), and 
vital wheat gluten (WG) are nonmeat proteins commonly used. 
Many studies have evaluated the effect of those proteins as 
binders, fillers and extenders in various meat systems. These 
include production of comminuted and emulsified products, 
ground beef and beef patties, and restructured poultry products 
(Parks and Carpenter, 1987; Proteous and Quinn, 1979; Terrell 
et al., 1982). However, limited information is available re
garding use of nonmeat proteins as binders in restructured steaks 
(Miller et al., 1986; Seideman et al., 1982; Siegel et al., 1979; 
Hand et al., 1981). Previous research with nonmeat proteins 
as binders in restructured steaks has been reported separately, 
and comparisons between different studies are difficult to in
terpret.

In addition other proteins and carbohydrates have potential 
value as binders in restructured meat products. Combinations 
of sodium alginate and calcium carbonate have been used as 
efficient binders in both raw and cooked restructured steaks 
(Means and Schmidt, 1986; Means et al., 1987). Also, crude 
myosin extracted from beef muscle was an effective binder in 
restructured beef steaks (Ford et al., 1978). Surimi, a product

A u th o r  C h en , f o r m e r ly  w ith  th e  D e p t, o f  A n im a l  &  D a iry  S c i 
e n c e s  a n d  A la b a m a  A g r icu ltu ra l E x p e r im e n t S ta tio n , A u b u rn  Univ. 
AL 3 6 8 4 9 , is  n o w  w ith  N o r th  S id e  P a c k in g  C o., 2 2 0 0  R iv e r s  E d g e  
D rive, A r n o ld , PA 15068. A u th o r  T rou t, f o r m e r ly  w ith  th e  D e p t, 
o f  A n im a t & D a iry  S c ie n c e s ,  A u b u r n  U n iv ., is  n o w  w ith  C S iR O  
D iv is io n  o f  F o o d  R e s e a r c h , M e a t  R e s e a r c h  L a b o ra to ry , P. 0 . B ox  
12, C a n n o n  Hill, Q u e e n s la n d , A u s tra lia .

from fish muscle, may also be effective due to its unique bind
ing ability (Burgarella et al., 1985).

There are, however, textural problems associated with re
structured meat products manufactured using current technol
ogy. These include excessive or insufficient protein binding, 
distortion of the product during cooking, connective tissue res
idue, crust formation on the surface of cooked product, sepa
ration, layering and/or pocket formation in the cooked product, 
and nonuniform texture (Berry, 1987). Research on the use of 
various binders in restructured meat products and their influ
ence on textural properties is limited. Hence, our research ob
jective was to compare the textural properties of restructured 
beef steaks made with various binders to those of intact muscle 
beef steak.

MATERIALS & METHODS
Meat and additives

Top rounds (sem im em branosus) (cap off) and boneless ribeyes (lon- 
g issim us dorsi) from  U SD A  C hoice beef carcasses w ere  used for the 
products. Top rounds w ere obtained (John M orrell & C o ., M ontgom 
ery, AL) 24 hr postm ortem  for each of three replications and trim m ed 
of all v isib le fat and connective tissue. For the intact steak treatm ent, 
w hole sections (longissim us dorsi) w ere rem oved from  the boneless 
ribeye (24 hr postm ortem ) and trim m ed to about the sam e sizes as the 
diam  o f casings. For restructured treatm ents, sem im em branosus m us
cles w ere ground through a 3-hole k idney  plate (2 .5  x  6 .0  cm 2) w ith 
a four-blade knife grinder to form  m eat chunks.

A dditives used for preparation o f  treatm ents included reagent grade 
sodium  chloride and calcium  carbonate (Fisher Scientific C o ., Fair 
L aw n, N J), food grade sodium  tripolyphosphate (FM C  C orporation, 
Philadelphia, PA ), sodium  alginate (M anugel D M B , K elco , C lark, 
N J), encapsulated lactic acid (LC L-135-50, B alchem  C o ., S late H ill, 
N Y ), w hey protein concentrate (A lacen 882, N ew  Zealand M ilk Prod
ucts, In c ., Petalum a, C A ), isolated soy  protein (Protein Technologies 
International, S t. Louis, M O ), w heat gluten (Superglu ten-75, Ogilvie 
M ills, Inc., M innetonka, M N ), surim i (A laska F isheries A ssociation , 
A K ) and deionized w ater. E xtracted beef crude m yosin w as prepared 
by the m ethod o f Turner et al. (1979).

Product preparation
The nine treatm ents are sum m arized in T able 1. T he experim ent 

w as replicated three tim es. Restructured steaks w ere prepared by  m ix
ing m eat chunks for 5 min (except salt and phosphate treatm ent) in a 
Hobart paddle type m ixer (M odel H -120, H obart C o ., T roy , OH) on 
speed setting 2 (200 rpm ). P relim inary w ork  (Trout and C hen, 1989)

Table 1 — Treatment formulations and preparation procedures

Trt
code Treatment

Binder
i%)

Mixing
time
(min)

Water
(%)

NaCI
(%)

STP
(%)

IR Intact muscle _ — _ — _

CA Calcium carbonate 0.1
Sodium alginate 0.5
Encapsulated lactate 0.5 5 7.0 — —

SP Salt/STP — 3 7.0 1.00 0.50
CM Crude myosin" 8.5 5 (7.0) 0.13 0.05
WP Whey protein 2.0 5 7.0 0.13 0.05
WG Wheat gluten 2.0 5 7.0 0.13 0.05
SI Soy protein Isolate 2.0 5 7.0 0.13 0,05
SU Surimi 1.5 5 7.0 0.13 0.05
RC Reconstructured control - 5 7.0 - -
3 Protein content of crude myosin extract was 6%. 

Final crude myosin content in the product was 0.5%.
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PROPERTIES OF RESTRUCTURED BEEF STEAKS. . .

in the m anufacture o f restructured steaks w ith  salt and phosphate in
dicated m ixing m eat chunks for 5 min caused loss o f steak like texture 
on the final product. T herefore, the m ixing time for the salt and phos
phate treatm ent w as reduced to 3 m in. D uring m ixing, nonm eat in
gredients and binders w ere added in accordance w ith  the form ulations 
show n in Table 1. The blended m aterial from  each treatm ent w as 
stuffed into 1.5-cm -diam eter (for instrum ental trials) or 12.5-cm -di- 
am eter polyethylene casings (for sensory tria ls). W ith intact m uscle 
treatm ent, the w hole m uscle sections w ere stuffed into casings as 
previously described for restructured products.

All logs except the calcium  alginate (CA) treatm ent w ere frozen 
im m ediately after preparation at - 3 4 ° C  for 48 hr. The CA  treatm ent 
w as stored at 4°C for 24 hr and then frozen at -  34°C for 24 hr. Forty- 
eight hr after preparation, each 10.5-cm  log w as sliced into 2 -cm 
steakettes using a bandsaw  w ith  a stainless steel b lade. Each steak 
w as w rapped w ith oxygen perm eable plastic in terleaf sheets (Super 
U n-Lox, Phillips Petroleum  C o ., C hicago, IL), placed in E-Z  Pak 
poly m eat bags (2 M il, low -density , freezing resist) and stored at 
-  23°C for further analysis. The 12.5-cm  logs w ere vacuum  packaged 
and stored at - 8 0 ° C  for about 1 m onth and then sliced into 1.5-cm  
steakettes for sensory evaluation.

Cooking procedures

Steaks w ere rem oved from  the freezer and held at room  tem perature 
for about 30 m in before cooking. W eight and dim ensional m easure
m ents before cooking w ere m ade during this tim e. S teaks w ere cooked 
from  the frozen state on a M odel TM M -36 Special M cD onald’s grill 
(W olf R ange C orporation, C om pton, CA) at 165°C. Cooper constan- 
tan therm ocouples w ere inserted into the approxim ate geom etric center 
of each steak to m onitor internal tem perature. S teaks w ere  cooked on 
each side for 3 min alternately to internal tem perature o f  70°C (total 
cooking time w as 12 m in for 2-cm  steakettes and 9 m in for 1.5-cm  
steakettes).

Cooking loss and dimensional changes

Steaks w ere  w eighed and thickness and diam  m easured  before and 
after cooking to determ ine cooking losses and dim ensional changes. 
T he diam  and thickness o f  frozen and cooked steaks w as m easured 
w ith  a m icrom eter (M ar.ostat, B ern , Sw itzerland) at 3 random  loca
tions and expressed as percentage changes.

Cooking losses w ere  determ ined as follow s:

C ooking loss (%)
R aw  w t -  C ooked w t 

Raw  w t
x  1 0 0

Percentage changes in dim ensions w ere  calculated as follow s:

D iam eter change (%)
R aw  diam  -  C ooked diam  

R aw  diam
X 100

T hickness change

m  =
R aw  thickness -  C ooked thickness 

Raw  thickness
x  1 0 0

Sensory texture profile evaluation

Texture o f  restructured b ee f  steaks w as evaluated by  a 13-m em ber 
trained sensory panel. Panel training w as conducted during several 
sessions according to procedures described by  C iville and Szczesniak 
(9173). P rocedures and textural param eters used for panel evaluation 
w ere adapted from  those described by B erry (1987) and B rady et al.
(1985). S teaks (1 .5  cm  thick) w ere cooked as previously  described 
and then cut into 2-cm  squares. Three treatm ents w ere  served in every 
section to panel m em bers. Panel m em bers evaluated sam ples for sprin
giness, cohesiveness, hardness, m oisture release , denseness, sepa
ra tio n  o f  c h u n k s , c h e w in e s s , c o h e s iv e n e ss  o f  m a s s , ju ic in e s s , 
adhesiveness, m ealiness, m outh coating  and nonm eat flavor on an 
eight-point scale . D efinitions and procedures are described in Table
2 .

Instrumental texture profile
The procedure used for instrum ental texture profile analysis w as 

sim ilar to those described by Bourne (1982) and Brady et al. (1985). 
Tw o frozen steaks per treatm ent w ere cooked as previously described 
and texture profile w as m easured w ith an Instron U niversal Testing

I. Partial compression:
Place a warm, 4-cm2 piece in the mouth, using the mo
lar against the cooked surfaces, press lightly five times. 
Wait 2 sec between presses.
Sp rin g in ess-Th e  perceived degree and speed with 
which the sample returns to the original height and 
thickness after pressing five times.

II. First bite:
Take a warm, 4.0-cm2 piece and place it in the mouth 
and, using the molars against the cooked surfaces, make 
the first incision and evaluate for:
Cohesiveness—The degree to which the sample de 

forms before shearing.
Hardness-Amount of force required to bite through 

sample.
Moisture release-Amount of juiciness perceived dur 

ing the first bite.
Com pactness-Degree the meat particles are crowded 

together.
III. Mastication:

Take a warm, 4.0-cm2 sample, make the first incision 
as for first bite. Then turn the two pieces 90 degrees 
and take a second bite. Evaluate for:
Chunk separation —Check the appropriate breakdown 

category.
Continue chewing and count the 

number of chews then evaluate for: 
C h e w in e ss -Number of chews required to prepare 

sample for swallowing.
Cohesiveness of m a ss -T h e  degree to which meat 

chunks bind together. 
Ju ic in ess—The amount of juice released. 
Adhesiveness- Degree to which sample sticks to mouth. 
M ealiness—The degree of powdery or hamburger-like 

pieces perceived during chewing.
IV. After swallowing

Mouth coating—Amount of film residue left on mouth 
surface after swallowing.

Nonmeat flavo r—Amount of nonmeat flavor left In the 
mouth after swallowing.

Table 2 - Texture profile panel attributes, procedures and description for
restructured beef steaks ______________________________________________________________________________________________

M achine (M odel 1011, Instron C orp ., C anton, M A ). Four 2 .5-cm  
squares w ere rem oved from  the center portion o f each cooked steak 
and com pressed to 50%  of original height. A  50-kg load cell w as used 
w ith a load range o f 0 -5 0  kg at crosshead and chart speeds o f 200 
m m /m in. T w o com pression cycles per slice w ere generated to form  a 
“ tw o-bite”  w ork-force com pression curve. T he textural param eters 
derived from  the two successive com pression curves w ere hardness, 
cohesiveness, springiness, gum m iness and chew iness (B ourne, 1968).

W arner-Bratzler shear force

Steaks w ere cooked as previously  described and cut into 2 .5-cm  
squares. E ight squares from  each treatm ent w ere sheared using a W ar
ner-B ratzler shear cell attachm ent on the Instron U niversal T esting  
M achine (M odel 1011, Instron C orp ., C anton, M A ). Sam ples w ere 
placed perpendicular to the shear b lade and sheared once . A  50-kg 
load cell w ith  a load range of 0 -5 0  kg w as used and crosshead and 
chart speeds w ere set at 200 m m /m in. Shear force values w ere  re
ported as kg per 6.25 cm 2.

Tensile strength measurement

Steaks w ere  cooked as previously described and cut into slices (1.5 
cm w ide x  0 .8  cm  thick) by hand w ith  a tem plet. T w o cooked steaks 
o f each treatm ent (8 - 1 0  slices) w ere subjected to m easurem ent o f 
tensile strength w ith a m odified W arner-B ratzler M eat Shear M achine 
(M odel 2000, G .R . E lectric M fg. C o ., M anhattan, KS) (Trout and 
Schm idt, 1984). Tensile strength w as expressed as g/cm 2 cross-sec
tional area.

Statistical analysis

Data w ere analyzed using a com pletely random ized block design 
with 9 treatm ents and 3 replications. For sensory  evaluation, an in 
com plete block design (partial lattice design) w as used to elim inate 
the variation o f experim ental units w ithin an incom plete b lock (C och
ran and C ox, 1957). A nalysis o f variance, m eans and standard errors 
w ere com puted using the Statistical A nalysis System  (SA S, 1982).
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Table 3—Sensory texture profile analysis of restructured beef steaks 
_____________________________ Sensory parameters* _̂______________

Trts SPRG HARD MORE MSCO JUIC MEAL MOCO NOMF
IR 4.47c 4.98”b 5.84»b 5.90» 6.17»b 3.33d 2.46d 2.53d
CA 5.19bc 4.10« 4.84» 5.22»b 4.87cd 4.00» 2.76bcd 2.84=d
SP 6.41« 5.31» 6.72» 5.83»» 6.78« 3.45d 2.74bcd 3.13bcd
CM 5.91ab 5.38» 5.44bc 5.60ab 5.46bc 3.54d 2.67»d 2.77d
WP 4.90bc 5.07»b 5.64bc 5.00»b 5.39bcd 4.36ab» 3.02»b 3.72»'
WG 5.74ab 4.51bc 5.36bc 4.94b 5.19cd 4.54. 1. 2.918b» 3.87b
SI 5.65ab 4.62bc 5.25bc 4.95»b 5.08cd 4.74» 3.17» 4.79«
SU 5.63ab 4.82ab 5.14bc 5.108b 5.00cd 4.74» 2.78bcd 2.90»d
RC 5.76ab 4.97»b 4.93»« 5.07ab 4.57d 4.17b' 2.56d 2.61d
SEM 0.26 0.09 0.20 0.10 0.15 0.05 0.03 0.10
ahcd Means in the same row with different superscripts are different (P<0.05). 
e Treatment: see Table 1 for definitions
* Evaluation on an 8-point scale (1 = extremely nonspringy, extremely soft, extremely dry, extremely noncohesive, extremely dry, devoid, none, none; 8 = extremely springy, 

extremely hard, extremely juicy, extremely cohesive, extremely juicy, extremely abundant, extremely coated, extremely intense).
Q Sensory parameter: SPRG = springiness; HARD = hardness; MORE = moisture release; MSCO = mass cohesiveness; JUIC = juiciness; MEAL = mealiness; MOCO = 

mouth coating; NOMF = nonmeat flavor.

Fisher’s Least Significant D ifference test w as used to determ ine dif
ferences between treatment means (Steel and Torrie, 1980) when analysis 
o f variance indicated a significant effect at P < 0 .0 5  level.

RESULTS & DISCUSSION 
Sensory texture profile

There were no differences (P<0.05) between treatments for 
cohesiveness, compactness, separation of meat chunks, chew
iness or adhesiveness (data not shown). However, there were 
differences (P<0.05) between treatments for springiness, hard
ness, moisture release, cohesiveness of mass, juiciness, meal
iness, mouth coating and nonmeat flavor (Table 3).

Springiness scores (during the first bite) were lower (P<0.05) 
for intact ribeye (IR) steaks than for steaks from all other 
treatments, except restructured steaks made with CA and WP. 
Restructured streaks made with CA had lower (P<0.05) hard
ness scores than all other treatments except for restructured 
steaks made with WG or SI. Restructured steaks from all treat
ments (except calcium alginate) had similar hardness scores to 
IR. There was greater (P<0.05) moisture release from steaks 
made with NaCl and STP (SP) than from all other steaks except 
for IR. No differences (P>0.05) were found among the re
maining treatments for moisture release scores.

Restructured steaks produced with WG had lower (P<0.05) 
cohesiveness of mass scores (determined during mastication) 
than IR. There was no difference (P<0.05) for cohesiveness 
of mass scores between IR and restructured steaks made with 
CA, SP, crude myosin extract (CM), WP, SI, surimi (SU), or 
restructured control (C).

Sensory panel scores for juiciness (determined during mas
tication) followed similar trends as the results for moisture 
release. Panelists rate IR and restructured steaks made with SP 
higher (P<0.05) for juiciness than steaks containing CA, WG, 
SI, SU or the restructured control. Restructured control (no 
additives) had a lower (P< 0.05) juiciness score than IR steaks 
and restructured steaks made with SP, or CM. Steaks contain
ing SP, CM, or WP had similar juiciness scores to the IR 
steaks. This indicated that SP increased water-holding capacity 
of the restructured steaks, which was in agreement with earlier 
reports of Huffman et al. (1981) and Hand et al. (1981).

IR steaks and the restructured steaks with SP or CM were 
less (P<0.05) mealy during mastication than the other steaks. 
Additionally, restructured steaks made with SI or SU were 
more mealy (P<0.05) than those from other treatments except 
those made with WP or WG.

The restructured steaks produced with SI had more pro
nounced (P<0.05) mouth coating than the other steaks, except 
the restructured steaks made with WP or WG. No differences 
(P>0.05) were found for mouth coating between steaks pro
duced with CA, SP, CM, SU, or C and IR steaks. A stronger 
(P<0.05) nonmeat flavor was detected in restructured steaks 
made with SI than steaks from all other treatments. Steaks

Table 4—Instrumental texture profile analysis of restructured beef steaks3
Trt< Hardness Cohesiveness Springiness Gumminess Chewiness
IR 9.78bcd 0.31d 0.49d 2.84d 1.31»
CA 7.98d 0.40d 0.67» 3.12d 2.00d»
SP 12.47» 0.39» 0.85» 4.89»« 4.13»
CM 12.50» 0.44»» 0.71« 5.33»' 3.73»
WP 9.17»d 0.44bc 0.68« 3.95»d 2.67'd
WG 11.91» 0.41»' 0.70» 4.93»' 3.48»«
SI 12.09» 0.46»' 0.74» 5.66» 4.11»
SU 10.83»» 0.46»« 0.66« 5.01»« 3.30»«
RC 10.04»'d 0.48» 0.67« 4.84»« 3.15»'
SEM 0.35 0.01 0.01 0.19 0.14
a Hardness = peak force during first compression cycle; cohesiveness ratio of force 

area during second compression to that during first compression; springiness = 
height the meat recovers during the time that elapses between end of fist bite and 
start of second bite; gumminess = product of hardness x cohesiveness; chewiness 
= product of gumminess x springiness.

bed» Means in the same column with a different superscript are different (P<0.05). 
f Treatment: see Table 1 for definitions

made with ST, CA, CM, or SU had similar mouth coating and 
nonmeat flavor scores to the IR steaks and C. Results of sen
sory texture profile evaluation for mouth coating and nonmeat 
flavor were similar to those reported by Seideman et al. (1982) 
and Hand et al. (1981). Seideman et al. (1982) found that 
restructured steaks made with 2% WG had rancid, bitter and 
other off-flavors. Hand et al. (1981) reported that restructured 
steaks made with WG were less detrimental to off-flavor than 
steaks made with SI.

Instrumental texture profile analysis

There were differences (P<0.05) between steaks for instru
mental hardness, cohesiveness, springiness, gumminess and 
chewiness values (Table 4). Steaks with CM, SP, WG, or SI 
were harder (P<0.05) than those made with CA or WP. Steaks 
with CA had lower (P<0.05) scores for hardness than those 
from all other treatments except IR steaks and restructured 
steaks with WP or no additives.

IR steaks had the lowest (P<0.05) score for cohesiveness. 
Restructured control had the higher (P<0.05) cohesiveness 
scores than IR steak and restructured steaks with CA or SP. 
Ony minor differences occurred in cohesiveness between steaks 
from other treatments, except IR steak and C. Springiness was 
greatest (P<0.05) forsteaks with SP and least for IR steaks. 
For gumminess, the IR steaks and the restructured steaks with 
CA had lower (P<0.05) values than those from other treat
ments except for the restructured steaks made with WP. No 
significant difference (P>0.05) was observed for gumminess 
between steaks from the remaining treatments. Steaks prepared 
with CA had similar chewiness values to IR steaks which had 
the lowest chewiness scores. Steaks with SP, CM extract, or 
SI had higher (P<0.05) chewiness values than those from other 
treatments, except C and steaks with WG and SU.
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Table 5 - Physical and cooking properties of restructured beef steaks

Trt*

Tensile
strength
(g/cm2)

Cook
loss
(%)

Dimensional changes (%) 
Diameter Thickness

IR 303» 17.3cd -15.2a -11.3»
CA 204bc 15.6d -12.6» -4.9»
SP 236» 17.5cd -15.7» + 8.7»
CM 1 S3cd 25.5ab -17.0a -5.9»
WP 145d 21.4bc -14.9» -6.9»
WG 185cd 25.4»b -15.9» -7.2a
SI 162cd 24.3»b -16.1» -6.3»
SU 168“ 25.5ab -15.2a -9.4»
RC 154cd 28.8» -17.3» -8.6»
SEM 60 8.3 3.0 18.8
»bcd Means in the same column with a different superscript are different 

(P < 0.05).
• Treatment: see Table 1 for definitions.

Warner-Bratzler shear force and tensile strength
Warner-Bratzler shear force values were not affected (P>0.05) 

by the different binders or processing procedures. The mean 
value for the shear force measurement of all treatments was 
3.54 kg/per 6.25 cm2  area (SEM = 0.71). Tensile strength 
values were different (P<0.05) between steaks. IR steaks had 
the highest tensile strength values. Steaks containing SP had 
higher (P<0.05) tensile strength values than all other treat
ments except the IR steak and those with CA. These results 
agreed with those reported by Huffman et al. (1981) and Trout 
and Schmidt (1984), who found that salt and phosphate im
proved binding strength due to greater extraction of salt soluble 
proteins. Restructured steaks made with different binders (CM, 
WG, SI, or SU) had similar tensile strength values to those 
with CA except for restructured steaks with WP.

Cooking loss

Results for cooking loss and dimensional changes for steaks 
are presented in Table 5. IR steaks and restructured steaks 
produced with CA or SP had lower P<0.05) cooking loss than 
the other restructured steaks except for steaks with WP. This 
observation for steaks made with CA was compatible with the 
work of Clarke et al. (1988) who found reduced cook loss in 
restructured beef due to a combination of slightly elevated pH 
and inhibition of moisture migration by CA. Trout and Schmidt
(1984) also reported that the addition of salt and phosphate 
increased cooking yield due to an increase in ionic strength 
and pH. Steaks made with WI had similar (P>0.05) cooking 
losses to IR steaks and SP steaks. No differences (P>0.05) 
were observed for cooking loss among steaks from treatments 
with binders such as CM, WG, SI or SU.

The diameter of all steaks decreased after cooking and ranged 
from 12.6 to 17.3%. However, these decreases were not af
fected (P>0.05) by the binders. Thickness of all steaks de
creased after cooking except those produced with SP, which 
increased in thickness by 8.7%. There were no other differ
ences (P>0.05) for thickness changes of steaks among other 
treatments.

CONCLUSIONS
Results indicate several binders have potential use in the man
ufacture of low-salt restructured beef steaks. Those with CA 
or CM had superior binding ability and moisture retention, as 
determined by sensory texture profile evaluation, instrumental 
analysis and tensile strength measurements. SU could be as 
good a binder as CM or CA. However, steaks made with SU 
had greater cooking losses. The use of WP, WG, or SI as 
binders in restructured beef steaks may detrimentally affect 
flavor. CA, CM, or SU could be potential binders in low-salt 
restructured beef steaks without notably detrimental effects of 
quality.
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Color and Its Stability in Restructured Beef Steaks during 
Frozen Storage: Effects of Various Binders

C.M. CHEN and G.R. TROUT

----------------------------ABSTRACT-----------------------------
C olor and its stability  w ere evaluated in restructured steaks m ade with 
various binders (calcium  alginate, crude m yosin extract, w hey  protein 
concentrate, w heat g lu ten , soy  isolate o r surim i) v s controls (intact 
ribeye m uscle , restructured steaks w ith  no additives or w ith  NaCl and 
sodium  tripolyphosphate). S teaks m ade w ith  various binders show ed 
sim ilar effects on initial surface m etm yoglobin concentration and sen
sory color attributes, except steaks m ade w ith calcium  alginate o r soy 
isolate protein. D uring 12-wk frozen storage, steaks m ade w ith various 
binders (except soy  protein isolate) had sim ilar color stabilities.

Key W ords: b inders, beef, co lor, restructured steaks, frozen storage

INTRODUCTION

THE USE OF SALT and phosphate is important in the man
ufacture of restructured products because of beneficial effects 
on myofibrillar protein extractability and a subsequent increase 
in binding (Schnell et al., 1970), yield and flavor (Mandigo 
et al., 1972; Huffman et al., 1981; Schmidt and Trout, 1982). 
However, salt has been also associated with discoloration of 
fresh restructured products (Chu et al., 1987; Booren and Man
digo, 1981); rancidity development (Huffman and Cordray, 
1979; Trout and Schmidt, 1987) and as a contributor to hy
pertension in susceptible consumers (Tobian, 1979; Pearson 
and Wolzak, 1982). Thus, there is a need to lower sodium 
chloride levels in meat products.

The simple reduction of currently used salt levels would 
appear to be the most efficient method to develop low-salt meat 
products. However, this results in products with less desirable 
textural and payability traits. Olson and Terrell (1981) re
ported the flavor and texture of meat products with salt sub
stitutes such as potassium chloride and magnesium chloride 
was inferior to that of products manufactured with sodium 
chloride. Therefore, partial replacement of salt with binders is 
a possible means of maintaining, or improving, those proper
ties of restructured beef steaks.

The use of exogenous proteins or binders is of great interest 
for the meat industry to produce high quality, economical meat 
products. Soy protein, whey protein and vital wheat gluten are 
three nonmeat proteins most commonly used in meat products. 
Many studies have evaluated their effects as binders, fillers 
and extenders in various meat systems (Proteous and Quinn, 
1979; Hand et al., 1981; Terrell et al., 1982; Parks and Car
penter, 1987). In addition to those proteins, several other pro
teins or compounds have potential value as binders in restructured 
meat products. Combinations of sodium alginate and calcium 
carbonate have been used as efficient binders both in raw and 
cooked restructured steaks (Means and Schmidt, 1986; Means 
et al., 1987). Crude myosin extracted from beef muscle was 
also an effective binder in restructured beef steaks (Ford et al.,

A u th o r  C h en , f o r m e r ly  w ith  th e  D e p t, o f  A n im a l  & D a iry  S c ie n c e ,  
A la b a m a  A g r ic u ltu r a l E x p e r im e n t  S ta tio n , A u b u r n  U n iv e r s ity , 
AL 3 6 8 4 9 , i s  n o w  w ith  N o r th  S id e  P a c k in g  Co., 2 2 0 0  R iv e rs  E d g e  
D rive , A r n o ld , PA 1 5 0 6 8 -4 5 4 2 . A u th o r  T rou t, f o r m e r ly  w ith  th e  
D e p t, o f  A n im a l &  D a iry  S c ie n c e s ,  A u b u r n  U n iv e r s ity , is  n o w  
a f f ilia te d  w ith  CSIRO  D iv is io n  o f  F o o d  R e s e a r c h , M e a t  R e s e a r c h  
L a bora tory , P.O. B ox  12, C an n on  Hill, Q u een s la n d , A u s tra lia  4170 .

1978). Surimi (manufactured from fish muscle) may also be 
used due to its unique binding ability (Burgarella et al., 1985).

Appearance and color of meat products are prime factors by 
which consumers judge their acceptability. Discoloration is a 
major problem for marketing restructured meat products since 
brown spots among the red-bloom meat color decrease con
sumer acceptability. Hood and Riordan (1973) reported a linear 
increase in discrimination by consumers against discolored meat 
as the percentage of metmyoglobin increased in fresh meat.

The objective of our study was to investigate color and color 
stability of restructured beef steaks made with various binders 
during frozen storage.

MATERIALS & METHODS
M eat and additives

Top rounds (U SD A  C hoice) w ere obtained 24 hr postm ortem  from  
a com m ercial operation for each o f  3 replications and w ere  trim m ed 
of all v isib le fat and connective tissue. For the intact steak treatm ent, 
w hole sections (longissim us dorsi) w ere  rem oved from  the boneless 
ribeye (U SD A  C hoice) and trim m ed to about the sam e size as the 
diam eter o f  casings (10 .5-cm -diam eter). For restructured treatm ents, 
top rounds (sem im em branosus) w ere  ground through a 3-hole kidney 
plate (2 .5  x  6 .0  cm 2) to form  m eat chunks.

A dditives used for reference control treatm ents w ere  reagent grade 
sodium  chloride (Fisher Scientific C o ., Fair L aw n, N J), food grade 
sodium  tripolyphesphate (FM C  C orporation, P h iladelphia, PA ). A d
ditives for calcium  alginate treatm ent consisted o f 0 . 1 % calcium  car
bonate (Fisher Scientific C o ., Fair L aw n, N J), 0 .5%  sodium  alginate 
(Manugel DM B, Kelco, Division o f M erck and C om pany, Inc., Clark, 
NJ) and 0 .5%  encapsulated lactic acid (LC L-135-50, B alchem  C o ., 
Slate H ill, N Y ). V arious b inders included w hey  protein concentrate 
(A lacen 882, N ew  Zealand M ilk Products, In c ., Petalum a, C A ), iso
lated soy protein (Protein Technologies In ternational, S t. L ouis, M O ), 
w heat gluten (Supergluten-75, O gilvie M ills, In c ., M innetonka, MN) 
or surim i (A laska Fisheries A ssociation , K odiak , A K ). E xtracted beef 
crude m yosin w as prepared by the m ethod o f T urner et a l. (1979).

Product preparation

The 9 treatm ents are sum m arized in Table 1. T he experim ent w as 
replicated 3 x . Restructured steaks w ere  prepared by  m ixing m eat 
chunks for 5 m in (except salt and phosphate treatm ent, 3 m in) in a 
H obart paddle type m ixer (M odel H -120, H obart C o ., T roy, OH) on 
speed setting 2 (200 rpm ) at 5°C. P relim inary w ork  (Trout and Chen, 
1989) indicated that the m ixing tim e for restructured steaks m ade w ith

Table 1 — Treatment formulations and preparation procedures

Trt Treatment
Binder

(%)
Mixing time 

(min)
Water
(%)

NaCl
(%)

STP
(%)

IR Intact ribeye - - - - -

CA Calcium carbonate 0.1
Sodium alginate 0.5
Encapsulated lactate 0.5 5 7.0 - -

SP Salt & STP — 3 7.0 1.00 0.50
CM Crude myosin" 8.5 5 (7.0) 0.13 0.05
WP Whey protein 2.0 5 7.0 0.13 0.05
WG Wheat gluten 2.0 5 7.0 0.13 0.05
SI Soy Isolate 1.5 5 7.0 0.13 0.05
SU Surimi 1.5 5 7.0 0.13 0.05
RC Restructured control - 5 7.0 “
a Protein content of crude myosin extract was 6%. Final crude myosin content in 

the product was 0.5%.
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BINDER EFFECTS ON RESTRUCTURED BEEF STEAKS. . .
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Fig. 1 - E f f e c t s  o f  v a r io u s  b in d e r s  o n  p e r c e n t  m e tm y o g lo b /n  c o n c e n tr a tio n s  (b y  a b s o r b a n c e )  o f  r e s t r u c tu r e d  b e e f  s t e a k s  a f te r  12 w k  
s to r a g e :  IR: in ta c t  r ib e y e  s te a k s ;  CA : c a lc iu m  a lg in a te ;  S P : N a d  &  S T P ; CM : c r u d e  m y o s in  e x tr a c ts ;  W P: w h e y  p r o te in ;  W G : w h e a t  
g lu te n ;  SI: s o y  is o la te ;  S U : su r im i;  RC : r e s t r u c tu r e d  co n tro l.

salt and phosphate should be kept to < 3  m in . E xcessive m ixing (> 3  
m in) o f m eat chunks caused loss o f steaklike texture in the final prod
uct.

D uring m ixing, nonm eat ingredients and b inders w ere added as 
indicated (Table 1). For the surim i treatm ent, the m ixture w as m ade 
w ith “ activated”  surim i. The surim i activation process consisted o f 
chopping frozen surim i w ith  0 .8%  salt and 1.5%  phosphate (wt o f 
ingredients/w t o f  surim i block) in a Presto M innie C om pact Food 
Processor (N ational Presto Ind ., In c ., Eau C laire, W l) for 30 sec. The 
blended m aterial from  each treatm ent w as stuffed into a presoaked, 
prestuck, 10 .5-cm -diam eter polyethylene casing using a D ick piston 
valve stuffer (H ubert C o ., C incinnati, O H ). For the intact treatm ent, 
the w hole m uscle sections w ere stuffed into casings as previously 
described for restructured products.

All logs except the calcium  alginate treatm ent w ere frozen im m e
diately after preparation at - 3 4 ° C  for 48 hr. T he calcium  alginate 
treatm ent w as stored at 4°C for 24 hr (to allow  cross-linked netw ork 
of polym er chains to form ) and then frozen at — 34°C for 24 hr ac
cording to T rout et al. (1990). The procedures used w ere determ ined 
to be optim um  for each treatm ent. Forty-eight hr after preparation, 
each log w as sliced into 2 -cm  steakettes using a bandsaw  w ith a 
stainless steel b lade. Each steak w as w rapped w ith  an oxygen perm e
able plastic in terleaf sheet (Super U n-Lox, Phillips Petroleum  C o ., 
Chicago, IL), placed in a plastic bag  and stored at -  23°C for further 
analyses. All operations w ere conducted at 4°C to m inim ize color 
changes. S teaks w ere random ly selected for analysis initially  and over 
storage periods o f 4 , 8 , and 12 w k.

Surface metmyoglobin concentration

Surface percent m etm yoglobin analysis by  absorbance w as deter
m ined by the procedure o f  T rout et al. (1990). S teaks from  each 
treatm ent w ere held at room  tem perature for 5 m in before analysis. 
Three 5-g sam ples w ere rem oved from  both surfaces o f  the steak by 
cutting slices about 1-m m  thick. M yoglobin w as extracted w ith cold 
0 .04M  phosphate buffer, pH 6 .8  using sam ple: buffer =  1:10. Sam 
ples w ere hom ogenized for 30 sec on speed setting  4 (10 ,800  rpm ) 
w ith a Polytron hom ogenizer (Brinkm ann hom ogenizer, W estbury, 
N Y ). The hom ogenates w ere then centrifuged for 30 m in (50 ,000  x 
g ) at 5°C. The absorbance o f filtered supernatant w as m easured at 
525, 572 and 730 nm using a Perkin-EIm er Lam bda 4A  spectropho
tom eter (N orw alk, CT). T he percent m etm yoglobin w as determ ined 
using the follow ing form ula described by K rzyw icki (1979) w ith  the 
turbidity  correction suggested by  G oldbloom  and Brow n (1966):

M etm yoglobin (%) =  (1.395 -
A 572 -  (A 730 x  1.45)
----------------------------------- -) x  1 0 0
A525 -  (A 7 3 0 x  1 .7 3 ) '

w here A  =  absorbance at nm .

Reflectance surface metmyoglobin concentration

Percent surface m etm yoglobin concentration w as m easured w ith a 
Perkin-E Im er Lam bda 4A  spectrophotom eter (N orw alk, CT) equipped

w ith  a standard reflectance attachm ent. T he steak w as covered w ith  
PV C film  to prevent m eat drippings from  entering  the integrating 
sphere. The PV C  film  exhibited no m easurable absorption o f  light 
betw een 380 nm  and 760 nm . The instrum ent w as calibrated to 100% 
reflectance w ith  a standard reference m aterial (m agnesium  oxide) that 
w as covered w ith  PV C film . The absorbance o f  sam ples w as scanned 
from  380 to 760 nm at 4 random  locations. Percent m etm yoglobin 
w as calculated as described by K rzyw icki (1979). C IE  L ,a ,b , values 
w ere  also calculated from  the reflectance spectra.

Sensory color evaluation

Surface discoloration and overall color appraisal o f  steaks w ere 
evaluated by  a 10-m em ber trained sensory panel. S teaks w ere re
m oved from  the freezer, unw rapped, covered w ith  in terleaf paper, 
held at 4°C for 4 hr and evaluated under w arm  w hite  fluorescent 
lighting that provided 70 ft-c at the counter surface. Panel m em bers 
rated each steak on an 8 -point scale, w ith  one =  1 0 0 % discoloration 
or extrem ely brow n and 8  =  0 % discoloration or extrem ely  red for 
surface discoloration and overall color, respectively.

Statistical analyses

This study w as analyzed using a split-plot design w ith  9 treatm ents 
and 3 replications. A nalysis o f variance, m eans and standard errors 
w ere com puted using the Statistical A nalysis System  (SA S, 1982). 
Significant treatm ent m eans w ere separated using F isher’s Least S ig
nificant D ifference (FLSD ) test to detect d ifferences betw een treat
ment m eans (Steel and Torrie, 1980) w hen analysis o f variance indicated 
a significant effect.

RESULTS & DISCUSSION 
Percent surface metmyoglobin-absorbance

D ifferences (P < 0 .0 1 )  w ere  observed  am o n g  trea tm en ts in 
surface  m etm y o g lo b in  concen tra tion  over 12-w k frozen  sto rage  
(F ig . 1). T he in itial su rface  m etm y o g lo b in  co n cen tra tio n  o f 
in tact ribeye steaks w as the  lo w est (P < 0 .0 1 )  o f  all trea tm en ts . 
R estruc tu red  steaks m ade from  N aC l +  S T P , crude  m yosin  
ex trac t, w h ey  p ro te in  o r surim i had lo w er (P < 0 .0 5 )  in itia l 
su rface  m etm y o g lo b in  co n cen tra tio n  than  res tru c tu red  steaks 
m ade from  ca lc ium  a lg inate  o r soy  iso la te  p ro te in .

S urface  m etm yog lob in  concen tra tio n  o f in tac t ribeye  steaks 
rem ain ed  the  low est ov er 12-w k sto rag e . T h ere  w ere  no  d if
fe ren ces (P > 0 .0 5 )  be tw een  res tru c tu red  s teaks w ith  no  ad d i
tives and those m ade from  any o f the follow ing binders: calcium  
a lg in a te , crude m yosin  ex trac t, w h ey  p ro te in , w h ea t g lu ten  or 
surim i at 12-w k frozen  sto rage . R estruc tu red  s teaks m ade  from  
N aC l +  ST P  o r soy  iso la te  p ro te in  show ed  h ig h er (P < 0 .0 5 )  
surface  m etm yog lob in  concen tra tio n  than  o th e r trea tm en ts .

T he surface  m etm yog lob in  co n cen tra tio n  o f  p ro d u cts  in-
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Fig. 2 - E ffe c ts  o f  v a r io u s  b in d e r s  o n  p e r c e n t  m e tm y o g lo b in  c o n c e n tr a tio n  (b y  r e f le c ta n c e )  o f  r e s t r u c tu r e d  b e e f  s t e a k s  a f te r  12 w k  
s to r a g e :  IF: in ta c t  r ib e y e  s te a k s ;  C A : c a lc iu m  c a r b o n a te ;  S P :  N a d  +  S T P ; C M : c r u d e  m y o s in  e x tr a c ts ;  W P: w h e y  p r o te in ;  W G : w h e a t  
g lu te n ;  SI: s o y  is o la te ;  S U : su r im i;  P C : r e s t r u c tu r e d  co n tro l.

creased  (P < 0 .0 1 )  w ith  sto rage  tim e (F ig . 1). A s w as ex p ected , 
restructured  s teaks m ade  from  N aC l +  ST P  had a rap id  in 
crease  (P < 0 .0 1 )  in su rface  m etm y o g lo b in  co n cen tra tio n  over 
12 w k  frozen  sto rage . T h e  resu lts  w ere  in  ag reem en t w ith  the 
find ing  o f  C hu  et al. (1987) w h o  reported  tha t increased  m y o 
glob in  ox id a tio n  rate  w as in duced  by  the  add ition  o f  sod ium  
ch loride . T h is sa lt d id  no t in crease  in itial ov era ll m e tm y o g lo 
bin bu t increased  the ra te  o f m etm y o g lo b in  fo rm atio n . R ate o f 
surface  m etm yog lob in  fo rm atio n  w as slo w er in  the  res tru c tu red  
contro l and res truc tu red  s teaks m ade  from  calc ium  a lg ina te  o r 
crude m yosin extract over the storage period . R estructured steaks 
co n ta in ing  ca lc ium  alg inate  had  h igher (P < 0 .0 5 )  in itia l su rface  
m etm yog lob in  co n cen tra tio n , b u t s lo w er (P < 0 .0 5 )  m e tm y o 
g lob in  fo rm ation  ra tes than  o th e r trea tm en ts  d u rin g  frozen  s to r
age. T his w as  con sis ten t w ith  p rev io u s rep o rts b y  T ro u t and 
C hen (1989) and T ro u t et a l. (1990). C alc ium  carb o n ate  ap 
paren tly  had a p ro tec tiv e  e ffec t on  m yo g lo b in  ox id a tio n  rate  
w h ich  cou ld  be due  to  its in crease  in  pH  o r an an ion  or cation  
effec t.

Tristimulus color L,a,b values
T here  w ere  no d iffe ren ces (P > 0 .0 1 )  fo r tr istim u lus co lor 

“ L ”  (lig h tn ess), “ a ”  (redness) and “ b ”  (ye llow ness) va lu es 
due to the  b inders (data not p resen ted ). M ean  v a lu es  fo r “ L ” , 
“ a ”  and “ b ”  w ere  4 3 .8  ±  0 .8 ,  9 .2  ±  0 .6  and 8 .5  ±  1 .0 , 
resp ec tiv e ly . H o w ev er, “ L ”  and “ a ”  v a lu es  w ere  a ffected  
(P < 0 .0 5 )  by  sto rage  tim e. T h e  “ L ”  v a lu es  fo r all trea tm en ts , 
in g en era l, fo llow ed  the sam e tren d , d ec reas in g  at early  stages 
o f  sto rage , and then  in creasin g  du rin g  the sto rage  period  from  
8 to  12 w k . T h e  ch an g es in “ a ”  v a lu es  fo r all trea tm en ts over 
the sto rage  period  w ere  v a riab le . N o  d iffe ren ces (P > 0 .0 1 )  in 
“ b ”  values w ere observed am ong treatm ents over storage tim e.

Percent surface metmyoglobin concentration-reflectance
T here  w ere  d iffe ren ces (P < 0 .0 1 )  fo r su rface  reflec tance  

m etm yog lob in  concen tra tio n  am ong  the  trea tm en ts (F ig . 2). 
The initial m etm yoglobin concentration w as the low est (P < 0 .0 5 )  
for in tact ribeye  steaks and the h ig h est (P < 0 .0 5 )  fo r re s tru c 
tu red  steaks m ade w ith  w h ey  p ro te in . R estruc tu red  s teaks m ade 
w ith  calc ium  a lg ina te  w ere  lo w er ( P < 0 .0 5 )  fo r surface  m et
m yog lob in  co n cen tra tio n  than  those  m ade  w ith  o th er b in d ers .

A t 12 w k  sto rag e , res tru c tu red  steaks from  surim i had the 
h ighest (P < 0 .0 5 )  surface  m etm y o g lo b in  concen tra tio n  o f  all 
trea tm en ts . T h is did not agree  w ith  resu lts  found  from  the 
abso rbance  d ata . W h y  a d iffe ren ce  w as fo u n d  be tw een  the tw o 
m ethods is not c lea r. F u rther ana lysis o f  the data fo r surface

Table 2 —Effects o f various binders on overall color score‘  o f restructured  
beef steaks during storage

Trtb
Storage time (wk)

0 4 8 12
IR 6.83 7.05 7.11 6.58
CA 4.53 4.77 4.54 5.10
SP 6.25 6.27 5.19 3.83
CM 5.37 4.63 4.52 5.03
WP 5.72 4.59 4.34 5.15
WG 5.50 4.63 4.23 4.82
SI 5.38 5.18 3.76 3.85
SU 5.41 4.45 5.03 4.40
RC 5.93 5.20 5.34 5.42
3 Overall color score by trained sensory panel using 8 -point scale (1 = extremely 

brown; 8 = extrem ely red). 
b For treatments see Table 1.
c LSD o.o5 = 1.088 for comparison of means between treatment for a given storage 

time. LSD o.05 = 0.371 for comparison of m eans by storage time within a given 
treatment.

m etm y o g lo b in  concen tra tion  ind ica ted  v e ry  low  co rre la tio n  b e 
tw een  reflec tan ce  and senso ry  resu lts  (r =  —0 .2 3  fo r overall 
co lo r sco re  and r =  - 0 . 2 8  fo r d isco lo ra tio n  score) o r ab so r
ban ce  resu lts (r =  0 .0 9 ) . T h e  m etm y o g lo b in  co n cen tra tio n  o f 
steaks changed  (P < 0 .0 1 )  w ith  sto rage  tim e. T h ese  changes 
w ere  v a riab le  w ith  trea tm en ts at d iffe ren t tim es (F ig . 2).

Overall color panel scores

Panelists  ev a lu a tin g  co lo r found  sig n ifican t (P < 0 .0 5 )  d if
fe ren ces b etw een  trea tm en ts fo r ov era ll co lo r score  (T able  2 ). 
In tact ribeye steaks and res tru c tu red  steaks m ade  w ith  N aC l 
+  ST P  had the  h ig h est (P < 0 .0 5 )  in itia l o v era ll co lo r scores 
(m ore red ). R estruc tu red  steaks m ad e  w ith  ca lc ium  alg inate  
had the low est (P < 0 .0 5 )  in itial ov era ll sco res (m ore b ro w n ). 
A fte r 12 w k  s to rag e , res tru c tu red  s teaks m ade from  N aC l +  
ST P or soy  p rc te in  iso la te  had the  lo w est (P < 0 .0 5 )  overall 
co lo r sco res. In tact ribeye s teaks had the  h ig h est (P < 0 .0 5 )  
overall co lo r sco res.

T he ov era ll co lor sco res w ere  affec ted  (P < 0 .0 1 )  b y  sto rage  
tim e (T able  2 ). O vera ll co lo r sco re  d ecreased  (P < 0 .0 1 )  over
12-w k frozen  sto rage  fo r all res tru c tu red  s teaks ex cep t in tact 
ribeye  s teaks and res tru c tu red  s teaks m ade w ith  ca lc iu m  a lg in 
ate . In tact ribeye  steaks m ain ta ined  the  h ig h est (P < 0 .0 1 )  o v e r
all co lo r sco res over 12-w k s to rag e . O verall co lo r sco re  o f 
res tru c tu red  steaks m ade  from  ca lc ium  a lg ina te  increased  
(P < 0 .0 1 )  as sto rage  tim e in creased . T h ese  resu lts  w ere  in 
ag reem en t w ith  the resu lts for surface  m etm y o g lo b in  concen
tra tion  b y  the abso rbance m ethod .
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BINDER EFFECTS ON RESTRUCTURED BEEF STEAKS. . .

Table 3 - Effects o f various binders on percent discoloration‘  score of 
restructured beef steaks during storage

Trtb
Storage time (wk)

0 4 8 12
IR 2.38 0.38 3.75 5.25
CA 42.13 31.88 36.63 26.50
SP 11.88 10.13 28.13 50.63
CM 24.25 37.50 36.88 30.25
WP 19.63 35.38 38.63 37.63
WG 24.00 34.50 41.88 32.38
SI 28.50 20.38 47.63 46.63
SU 21.88 32.63 29.50 38.75
RC 12.13 19.50 25.00 24.38
3 Discoloration color score by trained sensory panel using 8 -point scale (1 = 0% 

discoloration; 8 = 1 0 0 % discoloration). 
b For Treatments see Table 1.
c LSD o.05 = 1.447 for comparison of means between treatment for a given storage 

time. LSDo.05 = 0.412 for comparison of means by storage time within a given 
treatment.

Surface discoloration

S urface  d isco lo ra tio n  d iffe ren ces (P < 0 .0 5 )  o ccu rred  am ong 
res tru c tu red  s teaks co n ta in in g  vario u s b in d ers  (T able  3 ). In itial 
su rface  d isco lo ra tion  scores (at 0  w eek ) fo r in tac t ribeye  steaks 
and res tru c tu red  con tro l w ere  lo w er (P < 0 .0 5 )  (3 and  12%  su r
face d isco lo ra tio n , respec tive ly ) than  s teaks from  the  o ther 
trea tm en ts . R estruc tu red  steaks tha t co n ta in ed  ca lc ium  a lg inate  
had g rea te r (P < 0 .0 5 )  in itia l d isco lo ra tio n  (around  42% ) than 
o th er trea tm en ts . T he in itia l su rface  d isco lo ra tio n  fo r the  o ther 
treatm en ts ran g ed  from  2 8 .5  to  1 9 .8 % . A fte r 12 w k  frozen  
s to rag e , in tac t ribeye s teaks had  less (P < 0 .0 5 )  d isco lo ration  
(5 .3% ) than  all o th er trea tm en ts . R estruc tu red  steaks co n ta in 
ing N aC l +  ST P  had the g rea test (P < 0 .0 5 )  am oun t o f  d is
co lo ration  (50% ).

S urface  d isco lo ration  ch an g ed  (P < 0 .0 1 )  w ith  sto rage tim e 
(T able 3 ). D isco lo ra tio n  o f  a ll trea tm en ts ex cep t ca lc ium  a l
g ina te  in creased  (P < 0 .0 5 )  w ith  sto rage tim e . H o w ev er, the 
su rface  d isco lo ra tion  o f  res tru c tu red  steaks m ade  w ith  calc ium  
alg inate  d ecreased  w ith  sto rage  tim e. C h an g es in  su rface  d is
co lo ra tio n  o v er 12 w k  sto rage  in  in tac t rib ey e  s teak s, re s tru c 
tu red  s teaks m ade  w ith  m yosin  ex trac t o r w h ea t g lu ten  w ere  
sm all (P < 0 .0 5 )  w h en  com pared  to  the  rem ain in g  treatm en ts 
(2 .9 , 8 .4  and 6 .0 %  ch an g es, re sp ec tiv e ly ). R estruc tu red  steaks 
co n ta in in g  N aC l +  ST P  had the g rea test ( P < 0 .0 5 )  increase  in 
surface  d isco lo ration  (d ecrease  3 8 .8 % ) du ring  frozen  sto rage .

R esu lts from  the  v isu a l su rface  d isco lo ra tion  appraisa l in 
d icated  tha t in tact ribeye  s teak s, and res tru c tu red  s teaks co n 
ta in ing  crude  m yosin  ex trac t, ca lc ium  a lg in a te , o r w h ea t g lu ten  
had b e tte r co lo r stab ility  than  steaks from  o th e r trea tm en ts. 
R estructured steaks contain ing  N aCl +  STP had low er (P <  0 .05) 
co lor stab ility  than  o th e r trea tm en ts . R estruc tu red  s teaks co n 
ta in ing  ca lc ium  a lg ina te  had the g rea test (P < 0 .0 5 )  co lo r s ta 
b ility  o f  res tru c tu red  s teak s , although  the  reason  fo r th is w as 
not c lea r.

T he co lo r o f  fresh  m ea t is d e term in ed  m ain ly  by  the rela tive  
p roportions o f  th ree  m ea t p igm en t deriv a tiv es: pu rp le  reduced  
m y o g lo b in , red  oxy m y o g lo b in  and b ro w n  m e tm y o g lo b in . It is 
a ran d o m  d is trib u ted  p ig m en t sy s tem . B ecau se  o f  the  co m 
p lex ity  o f  co lo r ev a lua tions (v isual o r in s tru m en ta l), n um erous 
system s can  be app lied  to  m easu re  co lo r ap p earan ce  o f  the 
m eat p ro d u ct.

H un ter co lo r and C IE -tris tim u lu s m eth o d s w ere  d eveloped  
to  app ro x im ate  a physica l d escrip tion  o f  the  ac tu a l, perce ived  
co lor o f  the  m eat (H u n t, 1980). R eflec tan ce  and transm ission  
sp ec tro p h o to m etry  are m easu rem en ts  o f  the  rad ian t energy- 
transm ission  o f  a sam ple  and rela te  d irec tly  to  m y o g lo b in  p ro p 
erties in  m eats (H u n t, 1980).

In  ou r s tu d y  severa l d iffe ren t co lo r m easu rem en ts  such  as 
reflec tance  and  tran sm issio n  sp ec tro p h o to m etry , tristim u lus 
co lo rim ete rs  and v isu a l ev a lua tion  w ere  u sed . A s ex p ected , 
there  w as  a h igh  co rre la tio n  (r =  0 .9 5 5 ; P < 0 .0 5 )  b etw een  
sen so ry  o v era ll score  and senso ry  su rface  d isco lo ra tio n  sco re .

R esu lts a ffirm ed  fin d in g s b y  H ood and R iordan  (1973) w h o , 
as m en tio n ed , reported  linear increase  in d iscrim in atio n  aga inst 
d isco lo red  m eat as m etm yog lob in  in creased .

T h e  re la tio n sh ip  be tw een  senso ry  co lo r sco res and m etm y 
oglobin concentration by  absorbance also correlated (r =  — 0 .78 ) 
w ith  overall co lo r sco re , P < 0 .0 5 ,  and (r =  —0 .7 6 ) w ith  su r
face  d isco lo ra tion  sco re , P < 0 .0 5 .  T h ese  resu lts  ind ica ted  tha t 
the p ro ced u re  described  by  K rzy w ick i (1979) assessin g  the  
re la tive  con ten t o f  m y o g lo b in , m etm y o g lo b in  and  o x y m y o g lo 
bin  is an accep tab le  m ethod  to  de term ine  the  re la tiv e  co n cen 
tra tions o f  m yog lob in  deriva tives in m eat.

R eflec tan ce  resu lts  from  surface  m etm y o g lo b in  co n cen tra 
tion  co rre la ted  po o rly  w ith  senso ry  ov era ll co lo r sco re  and 
su rface  d isco lo ra tio n  score  (r =  - 0 . 2 3 ,  P < 0 .0 5 ,  and —0 .2 8 , 
P < 0 .0 5 ) .  R eflec tance resu lts  fo r su rface  m etm y o g lo b in  co n 
cen tra tio n  also  co rre la ted  po o rly  w ith  abso rbance  (r =  0 .0 9 ; 
P < 0 .0 5 ) .  T h u s , surface  m etm y o g lo b in  co n cen tra tio n  b y  the  
re flec tan ce  m easu rem en t w e  used  m ay  no t b e  a go o d  in d ica to r 
o f surface  d isco lo ra tion  fo r res tru c tu red  s teak s. O ne  poss ib le  
exp lana tion  fo r the low  co rre la tio n s m ay  b e  the  co lo r v a ria tio n s  
in  m uscle  chunks d is trib u ted  in  the  res tru c tu red  s teak s . H unt
(1980) po in ted  o u t several causes fo r low  co rre la tio n s be tw een  
v isu a l and in strum en tal sco res w h ich  included : d isco lo r v a r i
a tion  en co u n te red  in a m eat surface  cau sin g  a sen so ry  p an e l to  
g iv e  “ av e rag e”  co lo r sco res , and sp ec tro p h o to m eters  and c o l
o rim eters scan n in g  a lim ited  area  o f  the  m ea t su rface  tha t is 
not “ av erag e”  fo r the  en tire  m ea t su rface . A lth o u g h  re f le c 
tance m easurem ent is a nondestructive m ethod to  m easure color 
on the  surface  o f  m eat as observed  b y  the  co n su m er, the  sam e 
system  m ay  b e  un sa tisfac to ry  fo r co lo r m easu rem en ts  o f  re 
stru c tu red  p roducts w h ich  have  w id e  v a ria tio n s  in  co lo r.

CONCLUSION
B IN D E R S  sh ow ed  sim ilar effec ts on in itia l co lo r appearance  
o f  res tru c tu red  s teaks (excep t those  co n ta in in g  ca lc iu m  a lg ina te  
o r so y  iso la te  p ro te in ) and over 12 w k  frozen  s to rag e  (excep t 
res truc tu red  steaks co n ta in in g  soy  iso la te  p ro te in ). C alc ium  
a lg in a te , crude  m yosin  ex trac t, and w h ea t g lu ten  cou ld  b e  used  
as e ffec tive  b inders in  res tru c tu red  b ee f s teaks since  th ey  did 
no t adverse ly  affec t p ro d u ct co lo r o r co lo r stab ility .
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Assessment of the Textural Quality of Meat Patties: 
Correlation of Instrumental and Sensory Attributes

S.L. BEILKEN, L.M. EADIE, I. GRIFFITHS, P.N. JONES, and P.V. HARRIS

----------------------------ABSTRACT-----------------------------
Com pression, shear, tensile and punch tests w ere used to assess the 
m echanical strength o f  a ground m eat product and discrim inate be
tween effects o f  various treatm ents on this type o f  product. These 
m easurem ents, together w ith  chem ical and m oisture retention m ea
surem ents, w ere related to sensory attributes o f  the cooked products. 
M ost o f  the sensory textural attributes w ere satisfactorily  ( i.e ., about 
80% o f the variance) explained or described by  a com bination of 
W arner-B ratzlcr shear param eters and certain com pression m easure
m ents. Principal co-ordinate analysis show ed that tensile m easure
m ents related better to sensory  greasiness and juiciness than to 
m echanical strength. M ethods for m easuring  ju iciness w ere not ade
quate and indicated the need for further investigation.

INTRODUCTION
A  W ID E  V A R IE T Y  o f  m echan ica l m ethods have been  d ev e l
oped and used  fo r d e fin in g  the  tex tu re  o f  m eat, and there  has 
been som e ag reem en t tha t tenderness and ju ic in e ss  adequate ly  
described  senso ry  q u a lity  (S zczesn iak  and T o rg eso n , 1965; 
H arris and S h o rth o se , 1988). F o r m anufac tu red  m eat p ro d u c ts , 
w hich  can co v er a w id e  range o f  types (e .g . ,  p a ttie s , re s tru c 
tu red  m eat p ro d u c ts , fran k fu rte r and sa lam i), there  has been  
no genera l ag reem en t on senso ry  a ttrib u tes  o r on  m echan ica l 
m ethods fo r any o r all o f  the p ro d u ct types . It w o u ld  thus be 
incum ben t upon g ro u p s w o rk in g  on m an u fac tu red  m eat p ro d 
ucts to derive  the ir ow n senso ry  p ro files  and to  estab lish  w h ich , 
if any , m echan ica l m ethods re la te  to e ither the a ttribu tes in the 
profile  o r to  the structu re  o f  p a rticu la r p ro d u c ts . Several w o rk 
ers have described  the d ev e lo p m en t and use  o f  senso ry  p ro files 
su itab le fo r inv estig a tin g  the  p ropertie s o f  g round  m eat p ro d 
ucts (D ransfie ld  et a l . ,  1984a. b; B erry  and L ed d y , 1984; 
B erry  and C iv ille , 1986; B erry  et a l., 1987; B erry , 1987). A  
re la tively  new  tech n iq u e  fo r deriv in g  a sen so ry  p ro file  fo r a 
p rocessed  m eat p ro d u ct (and then  re la ting  senso ry  scores to 
consum er ra tings) has been  d escribed  in a recen t report (Jones 
et a l . ,  1989). T he use o f  th is techn ique  (free cho ice  p ro filing ) 
for g round  m eat p ro d u c ts , b o th  a lone and p re lim in ary  to  c o n 
struction  o f  a co n cen su s p ro file  (w here the tes t p anelists  co n 
vert ind iv idual senso ry  p ro files to  a p ro file  w ith  an agreed  set 
o f a ttribu tes) has been  d escribed  (B eilken  et a l . ,  1990 , 1991a).

In m uch w o rk  reported  on  g round  o r p ro cessed  m eat p ro d 
ucts, there  have been  ind ica tio n s that the m ech an ica l and s tru c 
tural p ropertie s o f  the p roducts have a s tro n g  in fluence on  bo th  
senso ry  a ttribu tes and co n su m er accep tab ility  (C ross et a l., 
1978; D ransfie ld  et a l . ,  1984a, b ; B ernal e t a l . ,  1988). It thus 
appeared  tha t m ethods fo r m easu rin g  the  physica l/m ech an ica l 
p roperties o f  m an u fac tu red  m ea t p roducts shou ld  be d eveloped  
in paralle l w ith  senso ry  m eth o d s (D ransfie ld  et a l . ,  1984a, b; 
Bernal et a l., 1988). M ost such tests w ere  perform ed on cooked 
products and co o k in g  m ethods ranged  from  oven  cook ing  
(R an d all and L arm o n d , 1977) to  hea tin g  in a w a te r bath  (G ille t 
et a l . ,  1978). M eat sam p les o f  fixed  size w ere  cooked  in tem -

A u th o r s  B e ilk en , E a d ie , G riffiths, a n d  H a rr is  a r e  w ith  th e  CSIRO  
D iv is io n  o f  F o o d  P r o c e s s in g , M e a t  R e s e a r c h  L a b o ra to ry , P O  B o x  
12, 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 . A u th o r  J o n e s  is  
w ith  th e  CSIRO  B io m e tr ic s  U nit, C u n n in g h a m  L a b o ra to ry , 3 0 6  
C a r m o d y  R o a d , S t. L ucia , Q u e e n s la n d , 4 0 6 7 , A u s tra lia .

p era tu re  con tro lled  w a te r b a ths (H arris and S h o rth o se , 1988) 
and sim ilar cook ing  co n d itions cou ld  be used  fo r g ro u n d  m eat 
p roducts to  ensure  u n ifo rm  and rep ro d u cib le  co n d itio n s .

In o u r s tu d y , the ob jec tiv es w ere  to  inv estig a te  m eth o d s and 
techn iques w h ich  w ou ld  b e  su itab le  fo r m easu rin g  m echan ical 
p ropertie s o f  g round  m eat p roducts and then to  com pare  the 
resu lts , ob ta ined  using  such  m eth o d s , w ith  senso ry  resu lts  o b 
ta ined  using  a senso ry  p ro file .

MATERIALS & METHODS
M aterial

T w elve types o f ground m eat patty  products w ere used for these 
experim ents and their com positions are listed in Table 1. T he patties 
all w eighed about lOOg and w ere m ade using the sam e press so that 
initial dim ensions and w eights w ere nearly  identical. T he lean m eat 
used for the various patties w as obtained from  4 young (2 -4  m o) and 
3 old (2 -4  yr) beef anim als o f  unknow n sex . The m uscles used w ere 
obtained from  the hindquarter cuts ( i .e ., topside, silverside, rum p and 
knuckle) and included the sem im em branosus, adductor, b iceps fe- 
m oris, gluteus m edius, vastus lateralis and rectus fem oris m uscles. 
These m uscles w ere rem oved from  the carcasses at 24 hr post slaugh
ter after chilling at 3 -5 °C , divided into convenient size pieces and 
batches suitable for grinding and flaking and then stored at - 2 .5 ° C  
until needed. Particle size w as varied by flaking and by  using different 
plate sizes (2, 5 c r  12 m m ) in the g rinder. Sam ples w ere flaked using 
a C om itrol Flaker M odel 3600 (U rschel Laboratories In c ., V alparaiso,
IN) w ith  a 2-J-030750 head for sam ples A  and B and a 2-K -060510 
head for K. The fat w as from  beef anim als and w as flaked frozen 
using a 2K -030-240-U  head. B inding w as increased (for sam ples B 
and D) by using a pressure treatm ent described elsew here (M acfarlane 
et a l., 1984). The pressure vessel w as im m ersed in an ice-w ater m ix-

Table 1 -  Composition o f various patties used in sensory trials

No. Treatment“ Composition11'  (%)
A Flaked Beef 78.7; Fat 20.0; NaCI 1.0; FL 0.3
B Flaked + pressure Beef 78.7; Fat 20.0; NaCI 1.0; FL 0.3
C Ground Veal fine 75.3, medium 22.7; NaCI 1.0; 

TSPP 0.5; FL 0.05
D Ground + pressure Veal fine 40.0, medium 38.0; Fat 20.0; 

NaCI 1.0: TSPP 0.5; FL 0.5
E Ground (Commercial 

Product)
Beef 997; FL 0.3

F Ground Beef coarse 88.2; NaCI 1.0; TSPP  0.5; H20  
10.0; FL 0.3

G Ground Beef coarse 80.0; Fat 10.0; NaCI 1.0; H20  
5.7; BR 3.0; FL 0.3

H Ground Beef coarse 36, medium 36; Fat 10.0; NaCI 
1.0; H20  10.0; BR + WH 4.5 ; CL + P 2.0; 
FL 0.5

I Ground Beef medium 61.7; Fat 9.0; NaCI 1.0; TSPP 
0.5; H20  8.0; BR + WH 13.0; Cl + P 6.5; 
FL 0.3

J Ground Beef fine 44.0; Fat 10.5; NaCI 1.0: TSPP 
0.5; H20  25.0; BR + WH 15.6; CL + P 3.0; 
FL 0.4

K Flaked Beef 60.0; Fat 20.0; NaCI 1.0; TSPP  0.3; 
H20  14.0; BR + WH 3.8; P 0.4; FL 0.5

L Ground Beef fine 40.0; Fat 23.0; NaCI 1.0; H20  
22.0; BR 7.6; Flour 4.4; CL 1.6; FL 0.4

3 Plate sizes for grinding: fine 2 mm, medium 5 mm, coarse 12 mm. 
b BR -  breadcrumbs. WH -  wheat germ; TSPP  -  tetrasodium pyrophosphate; CL 

— Lindgren Promine DS soy protein concentrate; P — Lindgren Procon 2060 
granulated soya (similar to textured vegetable protein). 

c All formulations inchded small amounts of flavoring material (FL).

Volume 56, No. 6, 1991-JOURNAL OF FOOD SCIENCE-1465



TEXTURAL QUALITY OF MEAT PATTIES. . .

Table 2-Consensus profile derived for patties listing the attributes and 
an indication of their interpretation or meaning________________________________

No.8 Sensory attributeb Interpretation“
1. Rubberiness (apparent) Press with the flat of a fork.
2. Adhesion (apparent) Cut with the side of a fork.
3. Rubberiness Initial sensation on biting and chewing.
4. Crumbliness Nature and ease of initial breakdown 

on chewing.
5. Coarseness Nature and size of particles making up 

the mix.
6. Chewiness of particles Nature and breakdown by chewing of 

particles in mix.
7. Juiciness Sensation of wetness and juiciness.
8. Greasiness Sensation of fattiness in mouth.
9. Overall texture Acceptability of texture of sample.

8 For 1-6 low — high
7 dry — juicy
8 nil — high
9 very poor -  very good

b Attributes 1 and 2 were determined by pressing or cutting with a fork before 
mastication.

c All measured by marking on a 100 mm line with the ends labelled low (0) to high 
(100) except for juiciness which was dry (0) to juicy (100), overall texture which was 
very poor to very good (100) and greasiness nil (0) to high (100).

hire during pressure treatm ent o f the frozen patties (150 M Pa for 20 
m in).

The fat, w ater, cereal and soy protein contents w ere altered to affect 
texture and ju iciness. Several form ulations w ere  sim ilar in texture to 
com m ercially  available sam ples but only  sam ple (E) w as obtained 
from  a com m ercial source and w as , nom inally , 100% beef. A  small 
am ount o f  flavoring (0 .3 -0 .5 % ) w as added to each form ulation to 
m inim ize flavor differences w hich , in earlier experim ents using com 
m ercial sam ples, had been appreciable (Beilken et a l., 1991b). M ois
ture, fat and protein contents o f raw  and cooked sam ples o f  each of 
the types o f patties w ere m easured using standard A O A C  (1975) m eth
ods.

Cooking methods

Sam ples for the sensory panel w ere cooked from  the frozen state 
on a com m ercial device w hich  consisted o f tw o tem perature-controlled 
hot plates m ounted one above the o ther. The plates w ere  separated by 
a distance sufficient to allow sam ples to change shape during cooking 
w ithout being restricted by  the hot p lates. T he plates w ere  covered in 
alum inum  foil and tem perature settings w ere adjusted so that the stan
dard 1 0 0 -g patties heated for 1 2  m in (turned after 6 m in  to reduce 
local burning) reached an internal tem perature o f  80 ±  1°C. A fter 
cooking, each patty  w as cut diam etrically  into four approxim ately 
equal parts w hich w ere placed directly  into polyethylene bags and into 
polystyrene cups. These cups w ere then covered w ith  alum inum  foil 
and placed in an incubator at 50 ±  2°C for up to 1 0 -15  m in  until 
needed. U sing this m ethod, sam ples w ere at 55 -60°C  w hen served to 
the taste panel.

The sam ples for m echanical assessm ents w ere cooked by  placing 
each 1 0 0 -g sam ple in a polyethylene bag, fastening w ith  a m etal clip 
and totally im m ersing in a w ater bath m aintained at 80 ±  0 .5°C  for 
60 m in. A fter cooking, the sam ples w ere cooled in running w ater (23 
±  2°C) for at least 30 m in. This cooking m ethod w as chosen as it 
w as convenient for handling large num bers o f  sam ples, w as easy to 
reproduce, y ielded uniform ly cooked sam ples, and provided sam ples 
suitable for cutting into the sub-sam ples for m echanical assessm ent.

Measurement of dimensional changes, moisture loss and pH

All the patties w ere m ade in the sam e m old/press so that initial 
areas and weights w ere similar (about lOOg). The cross-sectional areas, 
both before and after cooking, w ere  m easured using  a grid norm ally 
used for m easuring m uscle areas on beef carcasses. Patties from  each 
form ulation w ere w eighed (before and after cooking) first in air and 
then in a liquid o f know n density . V olum e changes on cooking w ere 
then calculated. The pH  w as m easured on the raw  sam ples at room  
tem perature (23 ±  2°C) using a Philips C64/1 com bined electrode 
w ith a Tow nson expanded scale m eter. Expressible ju ice  w as m ea
sured using a centrifugal m ethod previously em ployed for m eat (B ou
ton et a l., 1972a,b). Sam ples w eighing about 4g  w ere centrifuged at 
1 0 0 , 0 0 0 g  for 1  hr in stainless steel tubes w ith  alum inum  caps using 
a 50 T i ro to r in a Beckm an Spinco M odel L  centrifuge.

Mechanical measurements

Punch tests. A  w hole patty  w as placed over a 30 m m  i.d . hole and 
a p lunger (o .d . 28 m m ), centrally  positioned over the hole, w as driven 
com pletely through it. The plate w ith  the hole in it had been m ounted 
on an Instron 1122 w ith a 0-500 kg  load cell so the force required to 
punch the hole through the patty  could be m easured . This m easure
m ent w as carried out on both raw  and cooked (80°C w ater bath for 1 
h) patties. The crosshead speed w as 100 m m /m in.

Tensile test. The device previously used on ground m eat products 
(M acfarlane et a l., 1984) w as used. Sam ples 2 .5  cm  w id e , 1 cm  thick 
and 4 -5  cm  long w ere cut from  each patty . T ensile force required to 
rupture the sam ples w as m easured using an Instron 1122 set up in its 
tensile m ode, w ith  crosshead speed o f 50 m m /m in.

Instron compression. This m ethod has been reported previously 
for determ ining m eat tenderness (Bouton and H arris, 1972). T he force 
and w ork  required to push a p lunger (o .d . 6 .3  m m ) 80%  o f the w ay  
through a 1  cm  thick sam ple and then the w o rk  done on a second 
penetration o f  the plunger in the sam e location w as used to m easure: 
hardness— the height o f the first peak; cohesiveness— ratio  o f  w ork  
done on second penetration to that done on the first; and hardness x 
cohesiveness (the Instron Com pression or IC m easurem ent, i .e . ,  
chew iness).

W arner-Bratzler shear. For this version  o f  the W arner-B ratzler 
(W B) shear device, sam ples w ere cut into sub-sam ples w ith  1 .5 x
1.5 cm square cross sections and 4 -5  cm long. The shear blade w as 
3.41 m m  thick w ith  gap w idth 0 .63  m m . Initial yield force , slope at 
initial yield and peak force w ere m easured from  force deform ation 
curves. A t least 6  shear m easurem ents w ere carried out on each patty  
sam ple.

Compression III measurement. Sam ples w ere  cut into sm aller 
sam ples w ith  a rectangular cross section (1 .5  x  1 .0 cm) and 2 .5  cm 
long. These w ere  com pressed 80%  ( i.e ., from  1.5 to 0 .3  cm ) beneath 
a 6 .5  cm o .d . plunger. Initial yield force , initial y ield  d istance, slope 
at initial y ield  and peak force w ere  m easured from  the fo rce-defor
m ation curves.

Sensory methods

The derivation o f the consensus sensory  profile has been described 
in detail (Beilken et a l., 1991a). In b rief, the profile w as com piled 
using tw elve panellists, all ve ry  experienced in m eat texture w ork , 
w ho w ere instructed to ignore flavor and consider textural attributes 
o f patties. T he profile they produced, plus an interpretation o f  w hat 
each attribute m eant to them , is show n in Table 2 . T he sam ples w ere 
presented w arm , one at a tim e, on a w hite  paper plate (w ith a three 
digit code) under red lighting in individual boo ths. The arrangem ent 
o f  sam ples at each session w as according to a balanced incom plete 
b lock design for 12 sam ples (Design num ber SR 22, B ose et a l., 
1954). A ccording to this design, each sam ple w as tasted four tim es 
in eight sessions at each o f  w hich  six  sam ples w ere  presented.

Statistics

Statistical analyses w ere carried out using the G EN STA T  com puter 
package (G enstat 5, copyright 1987, Law es A gricultural T rust, Ro- 
tham sted E xperim ental Station). A nalysis o f  variance w as used to 
ascertain treatm ent effects and, w here appropriate, standard errors and 
hence least significant differences (LSD) w ere com puted . A  principal 
co-ordinate analysis also w as perform ed, using standardized data , to 
assess the variation  o f  the products over the m echanical/chem ical m ea
surem ents. The principal co-ordinate analysis w as perform ed instead 
of a principal com ponents analysis because the num ber o f  variables 
exceeded the num ber o f data units. Principal com ponents analysis w as 
carried out on the correlation m atrix  o f  the attribute m eans for the 
consensus sensory profile. Forw ard stepw ise m ultiple regression pro
cedures w ere used to obtain estim ation equations for sensory com 
ponents in term s o f  m echanical m easurem ents.

RESULTS & DISCUSSION 
Composition of experimental patties

The formulations and treatments used for the experimental 
patties have been listed in Table 1 with the water, fat and 
protein contents of the raw patties listed in Table 3. The water, 
fat and protein contents of the patties cooked by both methods 
were also measured but because they were similar to the raw
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Table 3-Som e physical and compositional properties of 12 types of meat patties
Patty identification13

Measurement3 A B C D E F G H I J K L LSD'
% cooking loss 30.4 28.5 9.1 7.8 32.8 25.4 25.8 20.2 0.7 0.5 8.2 4.8 2.4
% change in CS area 37.1 38.7 22.4 26.5 43.7 30.7 34.0 33.9 13.3 10.3 24.0 21.5 3.2
pH 5.59 5.71 6.06 6.20 5.96 5.83 5.57 5.69 6.08 6.18 5.95 5.65 0.06
% EJ - raw 11.0 13.0 5.5 0.1 0.5 16.7 26.6 25.0 0.1 0.1 0.7 22.8 2.3
% EJ - cooked 3.5 2.3 6.2 7.4 7.2 21.7 9.1 9.3 1.4 6.6 6.4 2.6 2.9
% Moisture3 60.0 60.9 75.3 60.6 58.1 75.8 67.3 66.2 57.4 62.9 60.2 56.3 _
% Fatd 20.4 20.3 1.7 21.0 25.4 2.6 1.09 11.6 9.0 11.1 21.5 22.2 _

% Protein3 17.4 15.9 20.3 16.5 15.6 18.7 17.9 16.7 18.9 12.2 13.8 11.6 —

aCS = cross section, EJ = expressed juice 
bPatty identification as in Table 1 
'Least significant differences at P < 0.05
dLSD's not computed for these values which were means of two replicates within 5%

Table 4—Some mechanically measured physical properties of 12 types of meat patties
Mechanical _____________________________________________Patty identification No.b

method3 A B C D E F G H I J K L LSD'
Punch-raw 4.30 3.78 0.79 1.40 2.14 1.43 2.05 1.04 2.25 0.59 0.79 0.58 0.32
Punch-cooked 8.90 10.44 8.22 8.45 6.83 8.48 7.60 6.64 14.02 6.37 9.11 3.79 0.93
Tensile 0.67 0.85 1.26 1.16 0.42 1.18 0.69 0.79 1.90 0.96 1.01 0.49 0.12
Instron compression
Hardness (H) 2.65 2.73 1.11 1.25 1.45 2.30 1.72 1.42 2.08 0.93 1.16 0.61 0.22
Cohesiveness (Coh.) 0.24 0.22 0.19 0.16 0.25 0.27 0.24 0.18 0.15 0.14 0.19 0.13 0.02
H x  Coh, 0.62 0.62 0.22 0.21 0.36 0.63 0.40 0.26 0.31 0.13 0.22 0.08 0.08
WB shear
Initial yield force-IY 2.95 3.08 2.11 2.10 1.43 2.54 1.41 1.46 3.45 1.61 1.67 0.75 0.33
Slope at yield 3.1 2.8 4,1 4.0 4.5 3.9 4.2 3.7 2.4 4.6 4.3 7.0 0.7
Peak force-PF 4.96 4.92 2.27 2.34 2.87 3.45 2.57 2.35 4.00 1.83 2.42 0.99 0.45
Compression III
Initial yield force-IY 2.0 3.0 4.0 5.3 2.3 3.1 1.7 1.5 1.5 2.8 2.3 1.0 0.9
Initial yield 

distance-IYD (%) 14.7 24.0 40.0 50.7 28.0 36.0 17.3 17.3 10.7 42.7 32.0 21.3 6.9
Slope at yield 8.8 9.6 8.6 9.4 5.9 6.3 6.7 5.7 11.9 4.4 5.1 3.3 1.2
Peak force-PF 47.2 43.0 21.6 20.6 27.0 30.1 33.4 22.6 24.8 12.0 18.7 9.1 4.8
3 All in kg except for cohesiveness (a ratio), WB slope at yield (kg/cm) and Compression III IYD (%) and slope at yield (kg/cm) 
b See Table 1 for patty identification 
c Least significant difference at p < 0.05

data, they have not been listed. Many of the formulations also 
contained carbohydrate and other materials. Sample E, a com
mercial product, was, nominally, 1 0 0 % beef and had high fat 
content.

Mechanical measurements

The cooking losses, cross sectional area changes, pH and 
centrifugally expressed juice (from both raw and cooked) re
sults obtained for all 12 patty types are listed in Table 3. As 
expected, the samples containing high proportions of meat lost 
the most weight during cooking, whereas those containing high 
amounts of cereal lost least. Exceptions were the two samples 
(C and D) containing large amounts of veal which had lower 
losses than expected. There was no obvious explanation except 
that the easily gelatinized collagen in veal may have improved 
moisture retention. The decreases in cross sectional area (Table
3) showed that by increasing cereal content (e.g., I and J) 
samples were produced where size did not change much during 
cooking. The range in pH values was not large (i.e., 5.57- 
6 .2 0 ) and did not appear to have much effect on expressed 
juice values from raw or cooked samples. Expressible juice 
for cooked samples was, with the exception of F, quite low. 
Such lack of free moisture would, in table meat, have indicated 
dry (i.e., nonjuicy) samples.

The mean results for all mechanical type measurements are 
listed in Table 4. All of the measurements had highly signif
icant differences between most samples and, hence, between 
treatments. The only raw to cooked comparison was for the 
punch tests where cooking increased resistance to penetration. 
The veal samples (C and D) compressed over 40% before yield 
(Compression III) and had the highest initial yield values 
(Compression III).

Table 5 - Principal co-ordinate analysis of standardized data for mechan- 
icai/chemical measurements

Principal co-ordinate
Measurement ______ loadings

no. Measurement3 1 2 3 4
1 Punch —raw 28 8 -6 0
2 Punch —cooked 25 -13 -1 3
3 Tensile peak force 10 -21 4 3
4 WE Initial yield force 28 -10 0 0
5 WE Slope at yield -27 8 -3 0
6 WE Peak force 31 2 -2 0
7 IC Cohesiveness 17 15 7 4
8 IC Hardness 30 4 1 0
9 IC Chewiness 27 9 4 -2

10 Comp. Ill Initial yield force 3 -11 2 -13
11 Comp. Ill Initial yield distance -12 -9 2 -12
12 Comp. Ill Peak force 29 9 1 -2
13 Comp. Ill Slope at yield 25 -12 -1 0
14 % Cooking loss 16 18 2 -5
15 pH raw -10 -20 3 -2
16 % Centrifugally exp. juice —raw -5 20 8 2
17 % Centrifugally exp. juice-cooked -15 8 14 2
18 % Moisture -2 1 18 -2
19 % Fat 0 8 -17 -4
20 % Protein -18 - h 10 2

Warner-Bratzler = WB; 1C -  Instron compression and Comp. Ill = Compression III 
measurements

To reduce the complexity of comparing the 12 products over 
the 20 instrumental measurements (Table 5), a principal co
ordinates analysis was performed and the first four components 
of the analysis considered. The total percentage variation ex
plained by using four dimensions or components was 91.5%. 
The first component (Table 5) accounted for 42.2% and related 
mainly to Instron Compression (IC), compression III, punch 
and WB shear measurements. The second component ac
counted for 24.7% and reflected mainly tensile force and pH
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Table 6—Means of consensus sensory profile attributes (N = 48) measured for the 12 varieties of patty 
______________________Patty Identification No.c_________________________________

attribute3'13 A B C D E F G H I J K L LSDd
Rubberiness (App) 62.9 72.3 67.8 61.9 58.7 73.6 65.3 58.4 79.6 63.3 53.9 25.3 6.0
Adhesion (App) 72.4 76.6 61.4 44.1 59.3 76.7 52.5 46.2 75.8 46.3 44.7 16.4 6.9
Rubberiness 63.2 65.0 53.3 42.2 52.3 64.8 45.7 35.2 53.8 34.7 34.4 10.6 5.5
Crumbliness 37.6 28.7 52.8 46.7 57.6 36.9 46.3 53.2 46.7 51.6 52.0 58.6 8.6
Coarseness 
Chewiness of

72.5 71.1 32.7 26.4 61.6 65.3 67.4 44.3 36.5 24.4 41.7 16.3 5.7

particles 72.2 73.5 34.1 26.7 63.0 69.7 62.1 37.0 39.3 20.1 37.4 11.0 5.9
Juiciness 58.5 55.8 36.4 53.2 33.3 42.2 46.2 47.6 32.0 38.9 56.5 40.8 11.4
Greasiness 52.9 55.4 41.2 55.8 45.9 33.0 46.7 52.2 42.4 54.0 54.0 62.9 9.1
Overall texture 51.0 51.8 33.3 29.4 48.8 46.5 57.7 46.9 32.2 29.4 49.4 14.4 8.0
a App = apparent
b All attributes were scored on a scale of 0-100 
c See Table 1 for patty composition and treatment 
d Least significant difference at P<0.05
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Fig. 1 — P lo t o f  th e  12 p a t t y  t y p e s  (A —L) r e la tiv e  to  th e  f ir s t  tw o  
p r in c ip a l  c o m p o n e n ts  o f  th e  c o n s e n s u s  s e n s o r y  p r o f i le  d a ta . 
The a ttr ib u te s  o f  th e  s e n s o r y  p ro file  h a v e  a ls o  b e e n  p lo t t e d  u sin g  
a s  c o - o r d in a te s  th e  c o r re la tio n  c o e f f ic ie n ts  r e la tiv e  to  e a c h  a x is .

contrasting with moisture measurements (expressed juice and 
cooking loss). The third component (15.3%) related mostly to 
percent moisture and percent expressed juice (cooked samples) 
contrasting with percent fat. The fourth component (9.4%) 
related mainly to compression III measurements of initial yield 
force and initial yield distance.

Sensory results
Results for the consensus profile, i.e., eight sensory attri

butes and one rating (overall texture) have been listed in Table

6 —for all 12 types of patties. Principal components analysis 
of the sensory data was carried out and positions of the various 
patties were plotted relative to the first and second principal 
axes (Fig. 1). Also plotted in Fig. 1 are the locations of the 
sensory attributes relative to the principal component axes. The 
co-ordinates of each attribute were obtained using its correla
tions relative to the two axes. Each letter (A to L) in Fig. 1 
represented the mean of four replications for each of 1 2  patties. 
From Fig. 1, samples A and B were coarser and had chewier 
particles than L, C and J. The samples in the lower quadrants 
were considered juicier and greasier than those in the upper 
quadrants. Sensory results have been discussed in greater detail 
elsewhere (Beilken et al., 1991a). The main emphasis of this 
report is on mechanical measurements and the relationship be
tween those measurements and sensory results.

Relationships between mechanical and sensory 
measurements

Correlations between mechanical measurements and consen
sus profile sensory measurements are listed in Table 7. The 
raw punch measurements related best to crumbliness, coarse
ness and chewiness of particles. Punch tests on the cooked 
samples related best with the attributes assessed before mas
tication viz rubberiness and adhesion. Tensile measurements 
related (P<0.05) only to rubberiness assessed before masti
cation. With compression III measurements, the slope at initial 
yield values had highly significant relationships with rubberi
ness, coarseness and chewiness of particles. For the WB shear 
device, “ slope at initial yield,”  initial yield force and peak 
force all correlated highly with rubberiness and adhesion (both 
assessed prior to mastication). Peak force values related best 
to rubberiness and crumbliness and only adhesion (appear-

Table 7—Correlation coefficients between mechanical measurements and the nine consensus profile sensory attributes

Mechanical Sensory attributes“11
measurement i 2 3 4 5 6 7 8 9
Punch-raw 0.39 0.67* 0.70* -0.73** 0.76** 0.78** 0.41 -0.01 0.54Punch —cooked 0.76** 0.76** 0.64** -0.53 0.28 0.37 0.04 -0.41 0.27Tensile 0.62* 0.43 0.29 -0.20 -0.26 -0.16 -0.26 -0.47 -0.22
Instron compression
Hardness (H) 0.66* 0.86*** 0.86*** -0.89*** 0.83*** 0.87*** 0.34 -0.35 0.63*Cohesiveness (Coh.) 0.42 0.61* 0.72** -0.48 0.91*** 0.92*** 0.19 -0.55 0.82***H x Coh. 0.57 0.81*** 0.85*** -0.85*** 0.92*** 0.95*** 0.35 -0.42 0.70*
W B shear
Initial yield force —IY 0.77** 0.87*** 0.80** -0.76** 0.40 0.50 0.15 -0.38 0.23Slope at yield -0.88*** -0.86*** -0.80** 0.65* -0.52 -0.57 -0.20 0.42 -0.54Peak force — PF 0.65* 0.88*** 0.86*** -0.83*** 0.75** 0.81** 0.34 -0.27 0.57
Compression III
Initial yield-IY 0.35 0.17 0.31 -0.23 -0.13 -0.04 0.17 -0.15 -0.10IY distance 0.04 -0.19 -0.07 0.11 -0.39 -0.33 0.01 -0.04 -0.31Slope at IY 0.53 0.76** 0.82*** -0.79** 0.91*** 0.92*** 0.46 -0.24 0.74**Peak force-PF 0.70* 0.70* 0.67* -0.54 0.25 0.34 0.06 -0.31 0.14
a 1—Rubberiness (apparent), 2-— Adhesion (apparent), 3 —Rubberiness, 4 —Crumbliness, 5 —Coarseness, 6 —Chewiness of particles, 7--Juiciness, 8 —Greasiness, 9 —Overall tex-

ture
b * P<0.06; ** P<0.01; *** PcO.001
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Table 8 -Regression equations relating the various sensory attributes with mechanical measurements
Sensory attribute Regression equation3 % variance explained6
Rubberiness-apparent y = 11.0 -  10.07 WB slope -  0.52 % Fat 74.9, 81.5
Adhesion-apparent V = 27.9 + 13.63 WBPF -  0.84 % Fat 74.2, 87.5
Rubberiness y = -10.2 + 9.43 WBPF + 2.06 % Prot. 70.6, 79.6
Crumbliness y = 15.4 -  13.41 Hard. -  0.23 Compression III IYD 76.9, 84.3
Coarseness y = -12.9 + 53.0 Chew. + 211.7 Coh. 82.3, 89.9
Chewiness of particles y = -15.7 + 67.4 Chew. + 195.4 Coh. 89.1, 94.8
Juiciness y = 58.2 + 0.52 Compression III PF — 1.9 % Prot. 12.9, 36.5
Greasiness y = 87.4 — 3.59 % Prot. + 1.78 Compression III PF 59.8, 73.2
Overall texture y = 15.9 + 196.6 Coh. -  3.37 WB slope 63.6, 69.5
« WB = Warner Bratzler; (Y = Initial yield force; PF = Peak force; IYD = Initial yield distance; Hard = Instron Compression peak; Chew = Hard x cohesiveness; Coh. = 1C 

cohesiveness
b For best single and double variable prediction equations

ance). Instron compression value correlated highly with several 
attributes but primarily coarseness and chewiness of particles.

There are many ways of determining how well the mechan
ical measurements describe the sensory data. One way is to 
use forward stepwise multiple regression analysis which starts 
from the best single predictor and determines the benefit of 
adding further predictors, one at a time. The results are shown 
in Table 8 . With exception of juiciness (36.5% variance ex
plained), greasiness (73.2%) and overall texture (69.5%), most 
of the attributes required only two measurements (either me
chanical or chemical) to explain near or beyond 80% of the 
variance. The juiciness results were extremely low, indicating 
none of the measurements truly reflected this attribute.

Another way to assess relationships of mechanical measure
ments to sensory data was to construct a correlation plot. For 
each mechanical measurement, the correlation with the first 
and second principal component axes of the sensory analysis 
were used to provide a plot of these measurements (Fig. 2). 
The first component was mainly associated with measurements 
of mechanical strength while the second component was mainly 
associated with compositional differences.

Results in Fig. 2 can be compared directly with those in 
Fig. 1. The Instron Compression measurements related to the 
attributes of rubberiness, chewiness and coarseness as did the 
WB peak force and compression III peak force. This reflected 
the fact that the first component related to mechanical strength. 
The tensile measurements surprisingly appeared to relate better 
to greasiness and juiciness than to any measurement, sensory 
or otherwise, of mechanical strength.

pH
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•comph
IYD
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•/•Protein
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™  #WBIYPF Slope

• COMPEIY

•  %H,0 •WBPF
•IC-H

PuncljR

•  W BIY Slope

% E J C

%Fot

• IC-HxCoh
• Compii Pf 

IC’-Coh

>%EJR •%CL

Fig. 2 —P lo t o f  th e  o b je c t i v e  m e a s u r e m e n t  c o r r e la t io n s  r e la tiv e  
to  th e  f ir s t tw o  p r in c ip a l  c o m p o n e n ts  o f  th e  c o n s e n s u s  p r o f ile  
d a ta . W B - W a r n e r  B ra tz le r ;  C o m p  III— C o m p r e s s io n  III; IY— in 
itia l y ie ld  fo r c e ;  IYD —in itia l y ie ld  d is ta n c e ;  P F —p e a k  fo r c e ;  I C -  
In s tro n  c o m p r e s s io n ;  FI—h a r d n e s s ;  C o h —c o h e s i v e n e s s ;  E J -  
e x p r e s s e d j u i c e ;  C L - c o o k in g  lo s s ;  F I - r a w ;  a n d  C - c o o k e d .

cooked conventionally. Further work may show whether me
chanical properties of the patties were similar for the two cook
ing methods or whether the mechanical measurements reflected 
structural strength which was sensorily important.

Implications of results
Some of the mechanical measurements distinguished be

tween treatments and/or types of patty likely to be encountered 
in commerical situations. Direct comparisons of this work with 
similar reported work presented some difficulty. There have 
been very few reports of mechanical methods compared with 
attributes of a sensory profile. In the UK, a punch and die 
method was used on raw and grilled patties (Jones et al., 1985) 
and found to correlate well with some sensory attributes. In 
Canada, compression, WB shear and tensile methods were 
related to sensory assessments (Bernal et al., 1988) and the 
WB shear measurements correlated highly with several sensory 
measurements. For ham samples shear strength, tensile strength 
and stress relaxation were measured (Nute et al., 1987) and 
‘gave a good indication of the texture’.

Another objective of our work was to determine whether 
mechanical measurements on ground meat products cooked in 
a reproducible, controlled way (80 ± 0.5°C for 60 min in a 
water bath) could be compared with sensory results on similar 
samples conventionally cooked (internal temperature of 80 ± 
1°C). Apart from methods for measuring juiciness (which were 
clearly inadequate and needed to be improved), the mechanical 
measurements related well to sensory data. Similar results on 
sausages were obtained for mechanical measurements from 
samples cooked in a water bath at 80 ± 0.5°C and those
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Assessment of the Sensory Characteristics of Meat Patties

S.L. BEILKEN, L.M. EADIE, I. GRIFFITHS, P.N. JONES, and P.V. HARRIS

----------------------------ABSTRACT-----------------------------
The use o f two different m ethods for determ ining sensory  profiles for 
texture o f  m eat patties w as investigated and com pared w ith  consum er 
ratings. T he individual sensory profiles developed in free-choice pro
filing w ere analyzed using generalized Procrustes and principal com 
ponents analysis techniques and converted by discussion to a single 
consensus profile. U sing three com ponents o f the principal com po
nents analysis the free-choice profile accounted for 8 8 .2 % o f the total 
variance in texture and the consensus profile for m ore than 90% . The 
first com ponents related m ostly  to m echanical strength attributes and 
the second to greasiness and ju iciness. Both sensory  profiles w ere 
show n, using preference m apping techniques, to be good indicators 
o f consum er acceptability .

INTRODUCTION

THE SENSORY and mechanical methods developed at this 
and other laboratories for defining and quantifying the quality 
attributes of meat per se appear to be adequate (Harris and 
Shorthose, 1988). A study of the literature indicated that this 
was not the case for manufactured meat products such as pat
ties, restructured meats and sausages of various types (includ
ing semi-fermented sausages such as salami) probably due to 
the greater complexity of their texture. Sensory profiles de
veloped for these product types have contained up to 19 tex
tural attributes (Berry and Leddy, 1984; Berry and Civille, 
1986; Berry et al., 1987). Less complicated profiles have, 
however, been reported (Dransfield et al., 1984) which contain 
only six attributes, i.e., rubberiness, ease of fragmentation, 
degree of comminution, character of the particles, moistness 
and overall texture.

There are many ways in which sensory profiles can be de
veloped (Dransfield et al., 1984; Berry and Civille, 1986; Jones 
et al., 1989). It has, however, been claimed (Williams and 
Langron, 1983; Williams and Arnold, 1985; Jones et al., 1989) 
that free-choice profiling (FCP), a sensory testing technique, 
has advantages. It reduces time spent in training the panel and 
enables testing of the reliability and equivalence of a large 
number of descriptors of different attributes of a particular 
product type. In FCP the assessors develop their own individ
ual list of terms for describing similarities and differences among 
samples of a particular product type. The collection of scores 
for the samples from each assessor forms an assessor “ sample 
space”  and a mathematical technique (generalized Procrustes 
analysis or GPA - Gower, 1975) is then used to combine scores. 
In GPA these “ sample spaces”  are transformed by translation, 
rotation and scaling. Results from individual panelists, using 
various descriptors and narrow or wide ranges of scores when 
comparing samples, can be rationalized. The GPA thus allows 
individual variation in terms or descriptors of the panelists to 
be examined by correlating them with principal axes of the 
centroid of the assessor sample spaces (Jones et al., 1989). 
When developing FCP for a particular product type, it is de
sirable to provide a range of the product type (i.e., different 
textural or other properties) and a sufficient number of different 
samples to enable significant correlations to be obtained.

A u th o r s  B e ilk en , E a d ie , G riffiths, a n d  H arris  a r e  w ith  th e  CSIRO  
D iv is io n  o f  F o o d  P r o c e s s in g , M e a t  R e s e a r c h  L a b o ra to ry , P.O. 
B o x  12, 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 . A u th o r  J o n e s  
i s  w ith  th e  CSIRO  B io m e tr ic s  U nit, C u n n in g h a m  L a b o ra to ry , 3 0 6  
C a r m o d y  R o a d , S t. L ucia , Q u e e n s la n d , 4 0 6 7  A u s tra lia .

The prime concern of a sensory panel is to assess and quan
tify the sensory characteristics of different products or product 
types while acceptability is probably best determined by con
sumers. There are a variety of ways consumer tests can be 
carried out, e.g., home tests where families test a limited num
ber of products at a time or hall tests where up to 1 0 - 1 2  

samples can be presented in conditions similar to those in the 
laboratory (Jones et al., 1989).

From the data collected from a trial of the hall type, it is 
possible to relate consumer preferences to laboratory panel 
data. A model that allows different preference patterns among 
consumers can be formulated and this overcomes the possibil
ity of opposing views cancelling each other when simple av
erages of preference data are calculated. A procedure, known 
as preference mapping (MacFie and Thomson, 1983) uses lin
ear or quadratic regression to express the scores of each con
sumer in terms of sensory dimensions defined by a laboratory 
panel. There is thus a gain in ability to segment consumer 
populations by presenting them with a range of products as 
opposed to giving a large number of consumers a subset of 
products as in home tests.

In our study the use of FCP has been investigated (both 
alone and as a precursor to setting up a more conventional 
fixed choice or consensus profile - where the panelists agree 
on appropriate attributes) for determining the relevant sensory 
attributes of a ground meat product. In addition we investigated 
the use of preference mapping (Jones et al., 1989; MacFie and 
Thomson, 1983) in relating laboratory sensory data to the per
formance of consumers.

MATERIALS & METHODS
M a te ria ls

For the FC P , the consensus profile and the consum er survey patties 
that covered a range o f  textures w ere m ade at the laboratory. In m ak
ing them  clearly  som e ingredients im parted a characteristic flavor so 
a sim ilar am ount o f flavoring w as added to each to reduce such flavor 
d ifferences. The com position o f the patties, w here m eat percentage is 
for lean m eat (including residual fat), is listed in Table 1. A ll patties 
w eighed about lOOg and w ere m ade in the sam e press so that initial 
dim ensions and w eights w ere sim ilar. A fter m anufacture, patties w ere 
stored at - 2 5 ° C  until needed.

T he m eat used for the patties w as obtained from  the hindquarter 
cuts o f 4 young (2^1 m onths) and 3 o lder (2 -4  year) beef anim als o f  
unknow n sex. These hindquarter cuts included the topside, silverside, 
rum p and knuckle and the m uscles involved w ere  the sem im em bra
nosus, adductor, biceps fcm oris, sem itendinosus, g lu teus m edius, v as
tus lateralis and rectus femoris. Muscles w ere removed from the carcass 
after 24 hr chilling at 3 -5 °C , trim m ed o f  all obvious fat and connective 
tissue and then divided into convenient size pieces suitable for g rin d 
ing and flaking. T hese m eat pieces w ere further divided into 2 -3  kg 
packages w hich  w ere frozen and stored at -  25°C up to 2 w ks. W hen 
required packages w ere conditioned at -  2 .5°C  before further process
ing.

Particle size w as varied by flaking and by using different plate sizes 
(2, 5 or 12 m m) in the g rinder. Sam ples required for A , B and K 
w ere flaked using a Com itrol Flaker M odel 3600 (U rschel L aborato
ries In c ., V alparaiso , IN) equipped w ith  a 2-J-030750 head for A  and 
B and a 2-K -060510 for K. The fat w as from  b eef anim als and w as 
flaked from  the frozen state using a 2-K -030-240-U  head.

Pressure treatm ent used for Sam ples B and D has been described 
previously (M acfarlane et a l., 1984) and w as used to increase binding 
and hence rubberiness. The pressure vessel w as im m ersed in an ice- 
w ater m ixture during treatm ent and the patties w ere  frozen before 
pressure treatm ent (150 M Pa for 20 m in). T exture w as also varied by 
changing the fat, w ater, cereal and soy protein contents.
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Table 1 — Formulation o f meat patties with different textures used in sensory trials

Variation Treatm ent’ Meat Fat NaCI
Percentage compositionb 

H20 Other
A Flaked beef 78.7 20.0 1.0 _ FL 0.3
B Flaked beef + pressure 78.7 20.0 1.0 - FL 0.3
C Ground veal Fine 75.3 

Medium 22.7
— 1.0 — FL 0.5; 

TSPP  0.5
D Ground veal + pressure Fine 40.0 

Medium 38.0
20.0 1.0 — FL 0.5; 

TSPP  0.5
E Ground beef -  commercial 99.7 — — — FL 0.3
F Ground beef Coarse 88.2 - 1.0 10.0 FL 0.3; TSPP  0.5
G Ground beef Coarse 80.0 10.0 1.0 5.7 FL 0.3; BR 3.0
H Ground beef Coarse 36.0 

Medium 36.0
10.0 1.0 10.0 FL 0.5; BR + WH 4.5; 

CP + P 2.0
I Ground beef Medium 61.7 9.0 1.0 8.0 FL 0.3; TSPP  0.5; 

BR + WH 13.0;
CP + P 6.5

J Ground beef Fine 44.0 10.5 1.0 25.0 FL 0.4; TS PP  0.5 
BR + WH 15.6 
CP + P 3.0

K Flaked beef 60.0 20.0 1.0 14.0 FL 0.5; TSPP  0.3; 
BR + WH 3.8; P 0.4

L Ground beef Fine 40.0 23.0 1.0 22.0 FL 0.4; BR 7.6; 
Flour 4.4 ; CP 1.6

3 Plate sizes for grinding: fine 2 mm, medium 6 mm, coarse 12 mm
b BR —breadcrumbs; WH—wheat germ; TSPP —tetrasodium pyrophosphate; C —Lindgren Promine DS soy protein concentrate; P —Lindgren Procon 2060 granulated soya (sim

ilar to textured vegetable protein); FL-Flavoring material made up from monosodium glutamate, sugar, herbs and spices.

Table 2—Consensus profile derived for patties listing the attributes and an indication of their interpretation or meaning
No. Sensory attribute’ lnterpretationb

1 Rubberiness (apparent) Press with the flat of a fork.
2 Adhesion (apparent) Cut with the side of a fork.
3 Rubberiness Initial sensation on biting and chewing.
4 Crumbliness Nature and ease of initial breakdown on 

chewing.
5 Coarseness Nature and size of particles making up the 

mix.
6 Chewiness of particles Nature and breakdown by chewing of particles 

in mix.
7 Juiciness Sensation of wetness and juiciness.
8 Greasiness Sensation of fattiness in mouth, i.e ., mouth 

coating.
9 Overall texture Acceptability of texture of sample

For 1-6 low-high; 7 dry-juicy; 8 nil-high; 9 very poor-very good. 
a Attributes 1 and 2 were determined by pressing or cutting with a fork.
b All measured by marking on a 100 mm line with the ends labelled low (0) to high (100) except for juiciness which was dry (0) to juicy (100), overall texture which was very 

poor (0) to very good (100) and greasiness nil (0) to high (100).

C ook ing  m eth o d s

The frozen sam ples for the laboratory taste panel w ere cooked on 
a com m ercial m achine (C ook n ’ G rill, Breville H oldings Pty L td ., 
Sydney, A ustralia). This device com prised two tem perature-controlled 
hot plates m ounted one above the other so that sam ples w ere  cooked 
betw een them . T he plate separation w as adjusted so the upper plate 
w as not in contact w ith  the sam ples so that shape changes during 
cooking could proceed unaffected. T he p lates w ere covered in alu
m inum  foil and tem perature settings adjusted so that standard lOOg 
patties, heated for 1 2  m in (turned after 6  m in to reduce local burning), 
reached an internal tem perature o f  80 ±  1°C. A fter cooking, each 
patty w as cut diam etrically  into four approxim ately equal parts. These 
sam ples w ere placed d irectly  into polyethylene bags in polystyrene 
cups w hich  w ere covered w ith  alum inum  foil before p lacing  in an 
incubator at 50 ±  2°C until needed (usually  1 0 -15  m in after cooking). 
U sing this m ethod, the sam ple tem peratures at the time o f  serv ing to 
the taste panel w ere about 5 5 -60°C . All tem peratures w ere m easured 
using iron-constantan therm ocouples inserted near the geom etric  cen
ters o f  the patties.

Sam ples for the consum er trial had to be cooked at the laboratory 
(using the sam e standard cooking and storage conditions used for 
laboratory sensory sam ples) since storage and cooking facilities w ere 
not available at the shopping center. A fter cooking, w hen sam ples 
w ere in polystyrene cups and had been covered w ith  alum inum  foil, 
they w ere placed inside a large polystyrene container for transporting 
to the shopping center. W hile the center w as not far from  the labo
ratory , the tim e delay betw een cooking and serving w as unavoidably
4 -6  m in longer than at the laboratory.

Cooking conditions for the laboratory  and consum er sam ples w ere 
as nearly  identical as possible. H ow ever, unlike the laboratory  taste 
panel, there w ere occasional delays in getting  consum ers into the test

area and a m icrow ave oven w as then used to ensure that sam ple 
tem peratures w ere in itially  55-65°C .

S en so ry  m eth o d s

T w elve panelists, ve ry  experienced in m eat texture w ork  but rela
tively inexperienced in m anufactured m eat products, took part in both 
the FCP and in the consensus profiling . For the FC P they w ere asked, 
after tasting sam ples o f different types o f  patty , to w rite dow n inde
pendently  w hat they felt w as a vocabulary  o r list o f  attributes ade
quately describing textural attributes o f  the patties. T hey w ere asked 
to ignore flavor and assess texture. N o lim it w as placed on the num ber 
o f attributes, and others could be added at any  tim e. Each attribute 
w as scored on a 1 0 0  m m  line scale w ith  labels for the ends o f  the line 
also selected by  each panelist. A t further trial sessions each panelist 
tasted several sam ples and finalized their list o f  attributes, i .e . ,  estab
lished their individual profiles. B oth at these trials and in the true 
panel sessions sam ples w ere presented w arm , one at a tim e, on a 
w hite  paper plate (w ith a three-digit code m arked on the plate) under 
red lighting in individual booths. The arrangem ent o f  sam ples at each 
session w as according to a balanced incom plete block design for 1 2  
sam ples (the design used w as SR22 in B ose et a l., 1954). A ccording 
to this design , each sam ple w as tasted 4 tim es in 8  sessions at w hich  
6 sam ples w ere presented. Each panelist w as provided w ith  w ater (if 
required to rinse betw een tastes) and m ost ate all the sam ples although 
suitable receptacles w ere provided i f  they did not.

A fter the FCP panels w ere com pleted , each panelist w ent through 
their individual profiles and discussed w ith other panelists the m eaning 
of each attribute in term s o f  structure o f  the patty . F rom  these dis
cussions a consensus profile w as p roduced. O nce the panelists were 
satisfied that the new  profile satisfactorily  described the patty sam ples,
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SENSORY CHARACTERISTICS OF MEAT PATTIES. . .

Although 12 sam ples seem ed a lot, there w ere few , if any, com plaints 
and m ost participants ate the entire sam ple.
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Fig. 1 .—P lo t o f  12 p a t t y  t y p e s  (A-L) r e la tiv e  to  th e  f ir s t  2  P r in c ip a l  
C o m p o n e n ts  o f  th e  c o n s e n s u s  c o n f ig u r a tio n  o b ta in e d  b y  g e n 
e r a l iz e d  P r o c r u s te s  a n a ly s is  o f  F r e e -C h o ic e  s e n s o r y  p a n e l  d a ta . 
The 4  r e p l ic a te s  o f  e a c h  t y p e  a r e  s h o w n  jo in e d  to g e th e r .  A ls o  
p l o t t e d  a r e  c o r r e la t io n s  o f  in d iv id u a l d e s c r ip to r s  o f  te x tu r e  w ith  
th e  s a m e  f ir s t  2  P r in c ip a l C o m p o n e n ts .  ( D e s c r ip to r s  w ith  s im ila r  
m e a n in g  a p p e a r in g  to g e th e r  a r e  in  u p p e r  c a s e , in d iv id u a l d e 
s c r ip to r s  in  l o w e r  c a s e .)

each patty type used in the FCP panels w as tasted under the sam e 
conditions (according to design SR 22, Bose et a l., 1954) 4 tim es in 
8 sessions o f 6 sam ples each using the consensus profile.

The attributes o f  the consensus profile have been listed in their 
apparent order o f  perception (Table 2). T he first 2 attributes w ere 
determ ined by pressing w ith  the flat o f  a fork (rubberiness) and cutting 
w ith the side o f  a fork (adhesion). Once in the m outh the textural 
attributes listed in Table 2 w ere perceived/m easured at different stages 
in the m astication process. Rubberiness w as defined as an initial per
ception w hen first b iting into the sam ple. C rum bliness w as regarded 
as a m easure o f the ease w ith  w hich  the sam ple w as broken down 
into particulate m aterial during chew ing. C oarseness related to the 
size and type o f  particles the sam ple broke in to , w hile  ‘chew iness’ 
effectively  m easured the toughness o f  particles in the broken-up and 
partially-m asticated sam ple. D uring m astication the released m oisture 
contributed to ju ic iness w hile  greasiness w as a m easure o f  the degree 
o f  fat or fattiness detected often as a sensation o f  m outh coating  after 
sw allow ing. A n overall texture acceptability  rating w as included w ith 
the profile.

Consumer study

A sensory  testing facility  w as set up in a local shopping center 
using portable screens, tables and chairs. Three individual tasting booths 
w ere equipped w ith  identical desk lam ps to give uniform  lighting. 
W hen tasting sam ples, consum ers w ere isolated from  each other and 
from  passing traffic, generally  in the center. A  sm all screened w orking 
area w as set up behind the booths to allow  allocation and serving of 
cooked sam ples. T hese sam ples, as described earlier, w ere cooked at 
the laboratory and transported to the shopping center.

The 116 consum ers w ere com prised o f  57 fem ales and 59 m ales 
w ith 65 aged betw een 13 and 39 and 51 aged 40 years or m ore. 
O utside the sensory testing facility  people w ere approached and, if 
they used patties, w ere asked to take part in the survey after filling 
in a short dem ographic sheet. All 12 sam ples w ere presented to each 
consumer. Eight different random orders o f the 12 samples w ere cycled 
for presentation to the total o f  116 consum ers. Each consum er re
ceived 1 sam ple (appropriately coded) at a tim e. T he consum ers reg
istered their opinion o f  appearance, tenderness, flavor and overall 
acceptability  on 0 -1 0 0  m m  line scales m arked very  poor (0 ), poor 
(25), neither poor nor good (50), good (75) and excellent (100). They 
w ere not required to eat all o f  each sam ple and w ere provided paper 
cups to sp it out unw anted sam ple and w ater to rinse betw een sam ples.

Statistics

Statistical analyses w ere carried out using a G E N STA T  5 com puter 
package (Payne et a l., 1987). For the free-choice profile experim ent 
the data from  each of the 1 2  panelists list o f attributes w ere  assem bled 
into m atrices o f  48 row s (12 patty  types assessed at 4 sessions) by  13 
colum ns w here the colum ns represented the m axim um  num ber o f  at
tributes used by any panelist. Extra colum ns o f zeros w ere  included 
w here necessary  to m ake the num ber o f colum ns consistent over all 
assessors. U sing these m atrices a generalized Procrustes analysis 
(G ow er, 1975) w as carried out and a consensus m atrix  obtained. P rin 
cipal com ponents analyses w ere perform ed on (a) the consensus m a
trix obtained after generalized Procrustes analysis o f  the free-choice 
profile data and (b) on the correlation m atrix  o f  the attribute m eans 
for the consensus profile. D ata from  each o f  the 8  assessors w ho 
attended all panel sessions o f the consensus profile w ere  also subjected 
to generalized Procrustes analysis to test for conform ity  am ong as
sessors.

A nalysis o f  variance w as used to ascertain treatm ent effects and, 
w here appropriate, standard errors and hence least significant d iffer
ences (LSD ). M eans o f  consum er data w ere com pared using analysis 
o f variance. In order to analyze individual consum er scores, regression 
equations w ere developed for each consum er using the first 2  principal 
com ponents from  the free-choice profile or the consensus profile prin
cipal com ponent analysis as independent variab les. The coeffic ients 
o f the 2 variables for the consum ers w ere then plotted to give a PREF- 
M A P plot (M acFie and Thom son, 1983).

RESULTS & DISCUSSION 
Sensory measurements

Free choice profile. From the Principal Components Analy
sis (PCA) on the consensus matrix obtained after generalized 
Procrustes analysis of the free-choice profile data, the variance 
accounted for 55.0%, 26.0%, and 7.2% for the first three 
components, respectively, (total 88.2%). Scores for the first 
two components for each of the 1 2  patty types at each of the 
4 replicate sessions have been plotted in Fig. 1. There were 
quite large differences between most of the various patty types 
and assessors were consistent over the 4 replicates. A simpli
fied correlation plot for the descriptors is also shown in Fig.
1. This plot was constructed using the correlation of an attrib
ute with the first component (x axis) and its correlation with 
the second component (y axis). Relationships between sensory 
scores for the 1 2  patty types and word plot can be found by 
directly comparing the relative positions of the attributes and 
samples shown in Fig. 1. Sample L was considered to be 
mushy while C, D and 1 were described as rubbery. Samples 
A, E and G were predominatly beef and were regarded as 
having more ‘meatiness’ than the others. Sample J contained 
the most cereal (Table 1) and was described as having a high 
cereal content (Fig. 1). The samples were thus distinguished 
on factors such as meatiness, gristle, juiciness, particle size, 
smoothness and cereal.

Consensus profile. The principal components analysis plot 
for the consensus profile sensory data is shown in Fig. 2. As 
with the FCP results in Fig. 1, there was clearly good spatial 
separation between the various types except for D, H and K 
where there was overlap. The principal component coefficients 
of the various textural attributes (listed in Table 3) showed that 
the first component, which accounted for 70.2% of the total 
variance, related to adhesion (apparent), but primarily to mouth- 
feel attributes such as rubberiness, coarseness and chewiness 
of particles. The second component (13.3% of total variance) 
reflected rubberiness (apparent) and adhesion (apparent) con
trasting with coarseness, juiciness, greasiness and overall tex
ture. The third component (7.1%) related predominantly to 
rubberiness (apparent), juiciness and greasiness contrasting with 
chewiness of particles and coarseness. The position of the at
tributes relative to the first two principal axes (83.5% of total
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Fig. 2. - P lo t o f  12 p a t t y  t y p e s  (A-Lj r e la tiv e  to  th e  f ir s t  2  P r in c ip a l  
C o m p o n e n ts  o f  th e  c o n s e n s u s  p r o f i le  s e n s o r y  p a n e l  d a ta . The  
4  r e p l ic a te s  o f  e a c h  ty p e  a r e  s h o w n  jo in e d  to g e th e r .  L o a d in g s  
o f  th e  c o n s e n s u s  a t t r ib u te s  a r e  a ls o  s h o w n  fo r  t h e s e  f ir s t  2  a x e s .

Table 3—Coefficients of components 1, 2 and 3 of the principal compo
nents analysis for the consensus profile

Principal component coefficients 
Sensory attributes 1 2  3

Rubberiness (Apparent) 0.27 0.41 0.44
Adhesion (Apparent) 0.42 0.40 0.20
Rubberiness 0.37 0.25 0.15
Crumbliness -0.12 -0.06 0.20
Coarseness 0.48 -0.34 -0.26
Chewiness of particles 0.52 -0.20 -0.32
Juiciness 0.11 -0.48 0.62
Greasiness -0.08 -0.36 0.38
Overall texture 0.29 -0.31 0.04

variation) are also shown in Fig. 2. The co-ordinates of each 
attribute were determined by their correlation coefficients rel
ative to the first and second axes.

Generalized Procrustes analyses of the data from each of the 
8  assessors who attended all taste panel sessions for the con
sensus profile showed there was conformity among assessors. 
Samples had a similar arrangement on the principal axes as

for the plot of the samples on the principal components of the 
consensus profile. The panelists were, therefore, consistent in 
their use of the consensus profile for assessment of samples.

Flaked (A, B and G) and coarse ground samples were con
sidered to have a coarser structure than fine ground samples 
(J and L) (Table 1). Samples A, B and F were considered more 
rubbery and showed greater adhesion than other samples such 
as K and L. The greasiest sample was L and the least greasy 
were F, I, and C. F and J did not differ much in juiciness but 
differed greatly in ‘chewiness of particles’ and crumbliness. 
Similarly, I and K did not differ greatly in chewiness of par
ticles and coarseness but differed greatly in juiciness. In terms 
of acceptability of overall texture, A and B were considered 
much more acceptable than L or J. The correlations between 
the various attributes (Table 4) indicated that the attributes 
assessed with the fork prior to eating were (P <0.001) related 
to rubberiness assessed in the mouth. Rubberiness was (P<0.001) 
related to particle chewiness. The panel, however, obviously 
had difficulty in differentiating between particle coarseness and 
particle chewiness (r =  0.99, PcO.OOl). Overall texture was 
best described by coarseness (r =  0.90, P <0.001) and particle 
chewiness (r =  0.84, P <0.001) which highly correlated with 
each other.

C o n s u m e r  a sse ssm e n ts

The means for all consumer assessments for each of the 
products have been listed in Table 5. For overall acceptability 
(which presumably accounted for appearance, tenderness and 
flavor) best rated samples were K, G and H and the worst rated 
was E. The K, G and FI samples were either flaked or coarse 
cut, E was a commerical product without spices and flavorings 
which would normally be included in its formulation. E was 
considered the worst for flavor and tenderness. In terms of 
flavor, large and significant differences were found between 
samples even though similar amounts of flavoring material had 
been included in formulations.

Each consumer’s scores for the 12 patty types on the overall 
acceptability scale were regressed against the sensory scores 
of these same 12 products on the first 3 principal components 
of the consensus matrix of the FCP, as described earlier (sta
tistics section). Similar regressions were also performed for 
the first 3 principal components of the correlation matrix of 
the consensus profile. Results have been plotted (PREFMAP)

Table 4-Correlations between the nine textural attributes
Sensory attributes a,b 1 2 3 4 5 6 7 8 9

Rubberiness —App 1 1.00
Adhesion —App 2 0.89*** 1.00
Rubberiness 3 0.85*** 0.97*** 1.00
Crumbliness 4 -0.61* -0.72** -0.75** 1.00
Coarseness 5 0.48 0.69* 0.75** -0.66* 1.00
Chewiness of particles 6 0.55 0.78** 0.84*** -0.70* 0.99*** 1.00
Juiciness 7 -0.07 0.01 0.10 -0.51 0.34 0.28 1.00
Greasiness 8 -0.71** -0.67* -0.64* 0.20 -0.37 -0.45 0.46 1.00
Overall texture 9 0.47 0.55 0.60* -0.47 0.90*** 0.84*** 0.42 -0.32 1.00
3 App = apparent.
b Significance of r values; *P<0.05, **P<0.01, ***P<0.001.

Table 5— Consumer results obtained for appearance, tenderness, flavor and overall acceptability of the 12 patty types
Patty identification8

rating8 A B C D E F G H I J K L LSD '
Appearance 43.3 47.7 47.9 51.9 43.6 47.5 56.7 62.5 52.7 64.8 65.6 66.9 5.3
Tenderness 44.4 41.6 62.8 66.8 37.2 42.5 67.1 72.7 40.5 70.7 72.6 76.4 5.2
Flavor 54.6 54.4 49.9 59.3 30.0 49.5 61.4 58.0 39.2 48.7 65.7 53.4 5.9
Overall

acceptability 50.0 49.3 50.5 58.0 33.1 46.1 61.8 61.2 39.8 53.6 66.5 57.5 5.5
3 Consumer rating scored by marking on a 100 mm line with ends labelled very poor (0) and excellent (100) plus ntermediate label of poor (25), neither poor nor good (50) and 

good (75)
b See Table 1 for patty composition and treatment. 
c Least significant difference at P<0.05.
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Fig. 3 . —P lo t o f  r e g r e s s io n  c o e f f ic ie n ts  r e la tin g  o v e r a l l  a c c e p ta 
b il i ty  d a ta  d e r iv e d  fo rm  c o n s u m e r s  to  s e n s o r y  s c o r e s  d e r iv e d  
fro m  th e  f ir s t 2  p r in c ip a l  c o m p o n e n ts  o f  th e  c o n s e n s u s  m a tr ix  
fro m  th e  g e n e r a l iz e d  P r o c r u s te s  a n a ly s is .  P a tty  t y p e s  a r e  la 
b e l l e d  A  to  L a s  in T a b le  1.

Table 6 - Correlations between laboratory sensory attribute data and
consumer acceptability ratings

Consumer ratings*
Sensory
attribute Appearance Tenderness Flavor

Overall
acceptability

Rubberiness — App. -0.57 -0.61* -0.22 -0.40
Adhesion — App. -0.77** -0.85*** -0.34 -0.59*
Rubberiness -  0.87*** -0.83*** -0.28 -0.55
Crumbliness -0.51 0.55 -0.19 0.12
Coarseness 
Chewiness of

-0.63* -0.65* -0.04 -0.27

particles -0.73** -0.75** -0.13 -0.39
Juiciness 0.02 0.16 0.77** 0.58*
Greasiness 0.52 0.52 0.40 0.49
Overall texture -0.39 -0.38 0.16 0.01
a Significance of correlation coefficients at P<0.05*, P<0.01** and P<0.001***.

similar to the low cost patties sold at the local supermarket. 
In contrast, however, they also liked the high meat content 
patties such as H, K and G.

The PREFMAP for the consensus profile data (Fig. 4) in
dicated that the least preferred samples were those in the lower 
right quadrant, i.e., I and F which were rubbery in texture. 
The most preferred samples were, (as with the FCP data) L, 
H, K, G and A. We compared results in Fig. 2, with those in 
Fig. 4, from the relative positions of the consensus sensory 
profile attributes. The consumers preferred samples with either 
coarse, chewy structures which were juicy or which broke up 
easily over those which were rubbery, i.e., held together or 
were well bound. There was thus quite good agreement be
tween the two different types of sensory profile (free choice 
versus consensus) when related to consumer acceptability.
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Fig. 4. —P lo t o f  r e g r e s s io n  c o e f f ic ie n ts  r e la tin g  o v e r a l l  a c c e p ta 
b il i ty  d a ta  d e r iv e d  fro m  c o n s u m e r s  to  s c o r e s  d e r i v e d  fro m  th e  
f ir s t  2  p r in c ip a l  c o m p o n e n ts  o f  c o n s e n s u s  s e n s o r y  d a ta . P a tt ie s  
a re  la b e l le d  A  to  L a s  in  T ab le  1.

in Fig. 3 for the free choice profile and in Fig. 4 for the 
consensus profile.

The PREFMAP obtained by relating the free choice profile 
data and consumer data (Fig. 3) showed that the least preferred 
samples occurred in the lower right quadrant, i.e., samples B 
and F. These samples would (according to Fig. 1) tend to be 
high in cutting quality and binding strength. The most pre
ferred samples either had properties akin to “ meatiness” or 
were “ mushy.”  These results were interesting as the con
sumers clearly liked L which had a texture and consistency

Overall assessment of results
The results obtained using the FCP indicated that the PCA 

(following the generalized Procrustes analysis) explained 88.2% 
of the variance using the first three components (55.0, 26.0 
and 7.2%, respectively). For the consensus profile about 90.6% 
of the variance was explained using the first three components 
(70.2, 13.3 and 7.1%, respectively). There were basically sim
ilar patterns of sample configurations relative to the first two 
components for each of these sensory methods as can be seen 
in Fig. 1 and 2. Higher discrimination was achieved on the 
first dimension of the consensus profile relative to the FCP 
(70.2% vs 55.0%), indicating that there had been some gain 
in moving from a FCP to a consensus profile. This was to 
some extent balanced, however, by less variability in the sec
ond component of the consensus profile analysis so there was 
some overlap of samples, i.e. variance was lower at 13.3% 
than occurred with FCP values of 26.0%.

In essence there was little difference between effectiveness 
of the two methods. The free-choice profile has the potential 
to be more useful when looking for differneces in ethnic re
sponse to various products since individuals generated their 
own lists of descriptive words. With a consensus profile the 
meaning or interpretation of the meaning of each attribute is 
different languages could be a problem. Overall the consensus 
profile allowed direct comparisons between different patty types 
on specific attributes. Such direct comparisons appeared to 
offer advantage in interpretation when attempting to explain 
the effects of various treatments on textural properties of man
ufactured meat products.

The main emphasis of the sensory work in the laboratory 
was on texture but, although flavoring was added to each patty 
type to minimize flavor differences, clearly there were impor
tant effects of flavor. The consumers were, accordingly, asked 
to rate samples for flavor as well as for appearance, tenderness 
and overall acceptability. Relationships between sensory attri
butes of the consensus profile and consumer ratings (Table 6 ) 
indicated that only juiciness related significantly to flavor (r 
=  0.77, P <0.01). Flavor and tenderness were, however, both
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highly related to overall acceptability (r =  0.94 and 0.86, 
respectively). Of the individual sensory attributes only adhe
sion (as determined using the side of a fork) and juiciness 
related significantly (P<0.05) to overall acceptability (Table
6 ). The consumer acceptability data, as shown in the PREF- 
MAPS (Fig. 3 and 4), demonstrated the directions of increas
ing consumer acceptance of patties relative to sensory attributes. 
Demonstrations of such relationships should be useful when 
attempting to relate sensory attributes to future product con
sumer acceptance.

Our results have been for a ground meat product, i.e., patties 
and have shown how sensory techniques such as FCP can be 
used both alone and as a guide to setting up a consensus pro
file. The same techniques can be used to generate sensory 
profiles for other materials such as salami or other, perhaps, 
more unique types of manufactured meat products. In future 
work, however, flavor should most likely be included in the 
profiles since it appeared to be too important to ignore when 
attempting to predict consumer acceptability.
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Mitochondrial Activity and Beef Muscle Color Stability

M.C. LANAR1 and R.G. CASSENS

----------------------------ABSTRACT-----------------------------
C oncentration, oxygen consum ption rate (O C R ), oxygen consum ption 
ratc/g m eat (OCRM ) and m etm yoglobin reducing activ ity  (M RA ) of 
m uscle m itochondria w ere determ ined for beef longissim us dorsi and 
gluteus m edius m uscles o f  H olstein and crossbred steers w hich  dif
fered in color stability . O CR and O CR M  decreased but no significant 
changes w ere observed in M R A  during postm ortem  storage tim e. S ig
nificant effects o f m uscle and breed type on O C R , O C R M , and M R A  
w ere observed. M uscles and breeds o f  low er color stability  had the 
highest levels o f O C R , O C R M , and M R A . D ifferences in O CR of 
m uscle m itochondria m ay be a contributing factor in the effects of 
m uscle and breed on the rate o f discoloration.

K ey W ords: Beef, color, m itochondria, m etm yoglobin stability

INTRODUCTION

THE OXIDATION of myoglobin (Mb) to metmyoglobin (Met) 
has been studied extensively (O’Keefe and Hood, 1982; Hood, 
1983; Ledward, 1984; 1985; Renerre and Labas, 1987a). 
However, the mechanism of Met reduction in meat and the 
endogenous and exogenous variables that affect it are still not 
completely understood. Several researchers (O’Keefe and Hood, 
1982; Renerre, 1984; Renerre and Labas, 1987a; Faustman 
and Cassens, 1991) reported that muscle type and breed had a 
great influence on color shelf life. Renerre and Labas (1987a) 
and Faustman and Cassens (1991) observed that the gluteus 
medius (GM) discolored more rapidly than the longissimus 
dorsi (LD). Faustman and Cassens (1991) indicated that the 
rate of Met accumulation in Holstein beef was higher than in 
crossbred meat and suggested that differences in their inherent 
metabolisms were important factors in meat discoloration.

O’Keefe and Hood (1982) and Renerre and Labas (1987a, 
b) concluded that the rate of Met accumulation was greatly 
affected by the tissue oxygen consumption rate. An increase 
in the oxygen consumption encourages the deoxygenation of 
oxymyoglobin (Oxy) to myoglobin; Mb is more readily oxi
dized (Lanari and Zaritzky, 1988) and therefore higher levels 
of Mb will decrease the shelf life of the product. Ledward
(1985) agreed with this while maintaining that differences in 
the activity of the enzymic reducing system of the tissue were 
also important in accounting for the variations in color stability 
among muscles.

Several researchers (Ashmore et al., 1972; Cornforth and 
Egbert, 1985; Egbert and Cornforth, 1986; Renerre, 1984; 
Renerre and Labas, 1987b) reported that oxygen consumption 
by mitochondrial or submitochondrial particles facilitated the 
maintenance of Mb in the reduced state. Giddings (1974; 1977) 
proposed that the mitochondria, by reversal of the electron 
transport chain, may serve as a source of reducing equivalents 
for extramitochondrial pyridine nucleotide reduction providing 
the NADH necessary' for the functioning of metmyoglobin re
ductase. Echevarne et al. (1990) reported that the highest Met

The a u th o r s  a r e  w ith  th e  D e p t, o f  M e a t  & A n im a l S c ie n c e , M u s 
c le  B io lo g y  & M e a t  S c ie n c e  L a b o ra to ry , U niv. o f  W isc o n s in -  
M a d is o n , 180 5  L in d en  D rive , M a d is o n , W l 5 3 7 0 6 . A u th o r  L anari 
i s  o n  le a v e  fro m  C e n tro  d e  I n v e s tig a c ió n  y  D e s a rr o llo  en  Crio- 
t e c n o lo g ía  d e  A lim e n to s ,  Fac. C ie n c ia s  E x a c ta s , U n iv e r s id a d  N a 
c io n a l  d e  La P la ta  4 7  y  116, La P la ta  1900, A rg e n tin a .

reductase activity was located in the fraction composed of mi- 
crosomes and mostly intact mitochondria, but more research 
was needed to indicate the enzyme systems, which could be 
soluble or bound to different subcellular fractions. Arihara et 
al. (1989) reported the presence of a metmyoglobin reductase 
and identified it as an NADH-cytochrome b5 reductase. How
ever, in their study the enzyme was purified from beef muscles 
obtained immediately after slaughter and analysis were not 
done over an extended post-mortem time course.

The objective of our study was to analyze differences in 
mitochondrial activity of the color-stable LD and color-labile 
GM of Holstein and crossbred steers in order to improve un
derstanding of the biochemical factors responsible for varia
bility in color shelf life between muscles and breeds.

MATERIALS & METHODS
Isolation of mitochondria

M itochondria from  the LD  and G M  m uscles from  4 H olstein and 
4 crossbred steers w ith  different post m ortem  tim es (3, 48 and 168 
hr) at 4°C, w ere isolated by  m odifying the m ethod o f Ji et a l. (1986). 
M uscles w ere freed o f extracellu lar fat and connective tissue, sliced 
and hom ogenized w ith a loose fitting Teflon pestle hom ogenizer. The 
m edium  consisted o f 250 m M  m annito l, 70 m M  sucrose, 0 .2%  free 
fatty acid album in and 13 U /m L  collagenase (CLS II), pH  7 .4 . The 
hom ogenate w as strained tw ice through one layer o f m edical gauze 
to rem ove rem aining fat and connective tissue. A fter centrifugation at 
700 x  g  for 10 m in , the supernatant w as centrifuged at 12 ,000 x  g  
for 10 m in . T he final pellets w ere resuspended in a m edium  containing 
250 m M  m annito l, 70 m M  sucrose and 1 m M  E D TA , pH  7 .4 . Protein 
w as determ ined by a biuret m ethod after dissolving the sam ple in 1 0 % 
sodium  deoxychoiate (K ing, 1967).

Mitochndrial content

The m itochondrial content (m g m itoc prot/g m eat) w as ob tained by 
m easuring the protein content o f the m uscle , the specific activ ity  o f 
citrate synthase (s.a . cit synt) in isolated m itochondria and in m uscle 
hom ogenate and then applying the follow ing equation (Idell-W enger 
et a l., 1978).

m g m itoc prot m g total prot s .a . cit synt in m uscle hom og 

g  m eat g  m eat s .a . cit synt in isolated m itoc

C itrate synthase w as m easured after sonication o f  the T riton  X -100 
treated sam ples (0 .50  m g T riton/m g protein for m itochondria o r 50 
m g/g m uscle in the hom ogenate), by  the m ethod o f Shepherd and  
G arland (1969). The protein content o f the m uscle w as determ ined by  
a biuret m ethod, after digestion o f  the tissue w ith  0 .05M  N aO H  (Lil- 
ienthal et a l., 1950).

Oxygen consumption rate (OCR)

R espiratory properties, expressed as ngr atom s O ym g m itoc p ro t, 
w ere follow ed polarographically  w ith  a C lark oxygen electrode at 
25°C. T he pH  o f the system  w as sim ilar to that o f  the tissue (7 .4  f t r  
3 hr postm ortem  and 5 .6  for 48 and 168 hr postm ortem ). T he m edium  
contained 220 m M  m annitol, 70 m M  sucrose and either 10 m M  so 
dium  succinate or 4 m M  sodium  ascorbate plus 0 .4  m M  T M PD  (te- 
tram ethyl-p-phenylene diam ine) as substrates; the buffers w ere 30 m M  
histidine for pH  5 .6  and 15 m M  T ris, 5 m M  potassium  phosphate 
w hen the pH  w as 7 .4 .

The oxygen consum ption rate/g o f  m eat (O CRM ) in ngr atom s O J  
m in/g o f m eat w as calculated considering O CR values and the am ount 
o f m itochondrial proteins/g m eat previously obtained.
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Metmyoglobin reducing activity (MRA)

M ctm yoglobin reducing activity  w as determ ined at 20°C by  a m od
ification o f  the m ethod described by R enerre and Labas (1987a). The 
reaction system  consisted of: 1 .7  m g m itochondrial proteins, 0 .065 
m m ol o f  horse heart m etm yoglobin, 10 p,L o f  280 pM  M ethylene 
b lue, 2 .65  pm ol o f  N A D H  and 0 .05  pm ol ro tenone. The buffers w ere 
sim ilar to those used in OCR determ inations but w ith  no substrate. 
The reaction w as initiated w ith  the addition o f  N A D H  and follow ed 
at 580 nm (at w hich the difference betw een O xy and Met w as m ax
im al). O xygen uptake by  the m itochondria interfered w ith  M R A  m ea
surem ent by favoring the form ation o f  reduced m yoglobin. B locking 
this reaction required use o f an inhibitor (rotenone) o f the respiratory 
chain. Initial rates o f reduction (nm ol/m in/m g m itoc. p ro t.) w ere ca l
culated as reported by  Faustm an et al. (1988).

Statistical analysis

Data w ere analyzed by the general linear m odel procedure o f SAS
(1982) as a split-plot design for the m itochondrial data or a split-split- 
plot design for OCR or M R A . T he anim al w as designated the m ain 
plot, anim al X day as the subplot and anim al x  day x  m uscle as 
the sub-sub-plo t. Pairw ise com parison o f  m eans w ere analyzed by 
Least S ignificance D ifference tests (SA S, 1982).

R E S U L T S

M ito c h o n d r ia l  c o n te n t

Figure 1 shows the mean mitochondrial contents (mg mitoc 
protein/g meat) for each muscle and breed. Statistical analysis 
showed that for both breeds, the gluteus médius (P<0.05) 
contained a greater mitochondrial concentration than the lon
gissimus confirming the results of Renerre (1984). When breeds 
were compared, mitochondrial level in Holstein LD was lower

Fig. 2 — T im e  c o u r s e  (hr) o f  th e  o x y g e n  c o n s u m p t io n  r a te  (OCR) 
o f  LD a n d  G M  m ito c h o n d r ia  f r o m  c r o s s b r e d  a n d  H o ls te in  m u s 
c le  u s in g  s o d iu m  a s c o r b a te  a s  s u b s t r a te .

(P<0.05) than in crossbred LD and the same was found for 
the GM.

Several authors (Young, 1982; Renerre, 1984; Renerre and 
Labas, 1987a) indicated that there was a relationship between 
meat discoloration and the muscle fiber type composition de
termined by histochemical and physicochemical measures. 
Muscles with a high oxidative metabolism have a low color 
stability. Renerre and Talmant (1981), Renerre (1984) and Re
nerre and Labas (1987a) reported that the differentiation of 
muscle metabolic types was more meaningful with mitochon
drial content determination than with haeminic iron content 
measurement or histochemical techniques. Muscles with an 
elevated mitochondrial content will be highly oxidative and 
therefore will have a low color stability (Renerre, 1984).

Based on the mitochondrial concentrations previously ob
tained, metabolism of Holstein LD and GM was less oxidative 
than the crossbred muscles. In both breeds, the GM was more 
oxidative than the LD. The muscle comparison confirmed the 
relationship between color stability and metabolic type. How
ever, our results for breed comparison would not support that 
hypothesis since Faustman and Cassens (1991) stated that the 
Holstein muscles were less color stable than the crossbred.

O x y g en  c o n su m p tio n  r a te

Figures 2 and 3 illustrate the effect of postmortem time 
(TPM) on the respiratory rate of the mitochondria (OCR), using 
ascorbate plus TMPD (Fig. 2) or succinate (Fig. 3) as sub
strates. Oxygen uptake was measured using ascorbate and TMPD
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Fig. 3 - T i m e  c o u r s e  (hr) o f  th e  o x y g e n  c o n s u m p t io n  r a te  (OCR) 
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c le  u s in g  s o d iu m  s u c c in a te  a s  s u b s tr a te .

as substrate because mitochondrial oxidation in its presence is 
less affected by postmortem time than when succinate is used 
(Cheah and Cheah, 1974).

Statistical analysis indicated that the postmortem time effect 
was highly significant (P< 0.0001) for all times tested (3, 48, 
168 hr) using ascorbate as substrate. When succinate was the 
substrate, the TPM effect was significant (P< 0.0001) for 3 to 
48 hr postmortem, beyond that period further reduction in OCR 
was not significant (P>0.05).

These results were in accordance with those of Ashmore et 
al. (1972) using mitochondria isolated from triceps brachii, but 
disagreed with those of Cheah and Cheah (1974). The latter 
work, with mitochondria from ox neck muscle, found that the 
decline in OCR with ascorbate after 48 hr storage in situ at 
2°C and 10°C was not significant. This disparity could be at
tributed probably to variations in the rate of decline of tissue 
pH and to differences in the assay pH. Several workers (Ash
more et al., 1972; Cheah and Cheah, 1974; Giddings, 1974) 
proposed that a low pH was the main factor in the post-mortem 
loss of mitochondrial structural integrity and functionality. pH 
values for LD (Marsh, 1990) and neck muscles (Cheah and 
Cheah, 1971) at 3 hr postmortem were 6.01 and 6.85 and after 
24 hr, 5.6 and 6.2, respectively. The lower initial and final 
pH and a faster rate of decline in tissue pH of the LD probably 
produced an inhibitory effect on the respiratory activity of the 
mitochondria. Cheah and Cheah (1974) determined the OCR 
using a reaction medium with pH 7.2, for postmortem times 
of 24 hr or more but this value did not correspond to the actual

pH of the muscle. A decrease of the assay pH to values similar 
to the pH of the tissue (5.6) led to lower respiration rates which 
better represent postmortem conditions in the muscle.

For all times tested and within each breed, OCR of the GM 
was higher (P<0.05) than that of the LD. When breeds were 
compared, OCR for LD and GM of Holstein steers were sig
nificantly greater (P<0.05) than OCR for crossbred muscles 
confirming the theory that mitochondrial activity depended on 
metabolic type of muscle. Our results for postmortem changes 
in OCR disagreed with results of Renerre (1984). However, 
there were some differences in the protocol used as we mea
sured the OCR of isolated mitochondria at the pH of the muscle 
(7.2 and 5.6) and he worked with the relationship between the 
oxygen uptake of muscle homogenate at pH 7.2 and the mi
tochondrial content.

The OCRM is given in Table 1. For both substrates and 
during all storage periods (168 hr), the time effect was signif
icant (P<0.05). Renerre (1984) measured the OCRM from LD 
and GM homogenate using pH 7.2, and found that the reduc
tion in oxygen uptake during 192 hr storage at 5°C was very 
low. This disparity was probably due to the differences in the 
assay pH.

In spite of having a lower mitochondrial content, Holstein 
LD and GM had higher OCRM than the crossbred LD and 
GM respectively (Table 1). These differences were significant 
(P<0.05) for 3 and 48 hr postmortem using ascorbate as sub
strate. With succinate, the breed effect was significant (P<0.05) 
only in the case of the GM and for 3 hr postmortem. In each 
breed and for both substrates, OCRM of the GM was greater 
(P<0.05) than for the LD.

Renerre (1984) and Renerre and Labas (1987a) stated that 
there was an inverse relationship between color stability and 
oxidative activity indicators such as haeminic iron content, 
mitochondrial level and OCR. Muscles with the least color 
stability had the highest oxidative activity indicators. Renerre 
(1984) reported that the difference in haeminic iron concentra
tion between LD and GM was not significant (P>0.05) and 
therefore their oxygen storage capacity was similar. Results 
from our study indicated that variability of discoloration be
tween the muscles and breeds could be in part due to changes 
in OCR since the color labile muscles and breed had the great
est OCRM.

Note that OCR is one of several factors acting together that 
influence variations in color stability between muscles and 
breeds. Echevarne et al. (1990) observed that catabolism of 
NADH was more rapid in unstable muscles such as diaphragma 
medialis compared with stable muscles such as longissimus 
dorsi. In their study of differences in biochemical parameters 
between LD and GM from Holstein and crossbred steers, 
Faustman and Cassens (1991) reported that the extent of lipid 
oxidation and the levels of hypoxanthine, glutathione, disulfide 
and NAD were closely related to discoloration in beef.

M e tm y o g lo b in  re d u c in g  a c tiv ity

Results for MRA of the mitochondria from the different 
muscles and breeds are shown in Table 2. When the reaction 
was done without methylene blue no reduction was observed. 
This may indicate that the electron carrier was not present in 
the mitochondrial fraction and/or that inhibitors of the reaction 
exist. According to Baseman (1982) low molecular weight sub
stances may act as such inhibitors.

No decrease in reducing activity with time was observed 
(P>0.05). Statistical analysis showed that in each breed, the 
reducing activity of the GM mitochondria was higher than that 
of the LD mitochondria (P<0.05). Met reductase activity in 
mitochondria from Holstein LD was greater than in those iso
lated from crossbred LD (P<0.05) and the same was observed 
for the GM (P<0.05). Therefore the color-labile muscle (GM) 
and breed (Holstein) had the highest reducing activities. These 
results were consistent with previous reports (O’Keefe and Hood,
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OCRMsuc OCRMasc
Holstein Crossbred Holstein Crossbred

____________Table 1—Muscle and breed effect on the mitochondrial oxygen consumption rate per gram of meat

TPM» LD GM LD GM S.E. LD GM LD GM S.E .
R .S .E .

3 147.45»' 379.86b 53.15» 217.62' 92.36 547.82» 800.81b 326.90' 613.52» 64.74
48 55.95»' 136.28b 29.28» 99.36b' 44.16 339.23» 487.62b 114.32' 259.74d 50.36

168 45.00» 79.09» 25.19» 59.28» 42.99 126.83» 174.62» 81.64» 96.21» 47.24
a'd Values in rows with different superscripts are different (P<0.05).
e R.S.E. = root mean square error; TPM: time postmortem (hr); OCRMsuc and OCRMasc: oxygen consumption rate using sodium succinate and sodium ascorbate, respec

tively, ngr atoms 0 2 /min/g meat.

Table 2 -M e tm y o g lo b in  reducing activity  

Holstein Crossbred
TPM» LD GM LD GM R.S.E.'

3 1.82» 2.94» 1.31' 1.84d 0.18
168 1.50» 2.12b 0.74' 1.46d 0.10

a-d Values in rows with different superscripts are different (P<0.05). 
e R.S.E. = root mean square error; TPM: time postmortem (hr)

1982; Renerre and Labas 1987a; b; Echevarne et al., 1990) 
but disagreed with the conclusions of Ledward (1985), who 
(using whole meat) stated that the relative effectiveness of the 
reducing system governed the rate of formation of Met during 
storage.

C O N C L U S IO N S

DIFFERENCES in the OCR of the muscle mitochondria could 
account in part for the effect of the type of muscles and breed 
on beef discoloration rate. The effect of mitochondrial MRA 
in the shelf life of beef is not as important since the least stable 
muscles and breeds had the highest reducing activities.
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Processing Ingredients Affecting Oxidative and Textural 
Stability of Restructured Beef Roasts

G.C. ARGANOSA, J .S . G O D BER, U. TANCHOTIKUL, K.W. McMILLIN, and K.P. SHAO

------------------------------------ A B S T R A C T -------------------------------------
Restructured beef roasts containing 0.3%  sodium tripolyphosphate (STP) 
and 1% soy protein isolate (SPI); or STP only; or SPI only; o r no 
STP or SPI w ere  cooked at 70 or 100°C to an internal tem perature o f 
65°C, then stored at 4°C for 0 and 3 days. In control roasts, the higher 
cooking tem perature resulted in higher (p £  0 .05) T B A  values. STP 
and SPI inhibited oxidation but the effect w as not detected sensorially . 
Significant interactions (p <  0 .05) indicated that STP w as m ore ef
fective at higher cooking tem peratures and SPI at low er tem peratures. 
Total m oisture o f the cooked product w as significantly  greater w ith 
STP but no d ifferences in ju iciness and tenderness w ere detected sen
sorially.

IN T R O D U C T I O N

A VARIETY of nonmeat protein additives have been used as 
functional ingredients in restructured meat products. These in
clude various soy proteins used to replace or extend the more 
costly proteins of meat, poultry and seafood (Endres and Mon- 
agle, 1987). Soy protein products have been developed with 
improved water absorption and binding properties, and could 
potentially bind red meat during restructuring. Also, they have 
been demonstrated to have antioxidant activity (Pratt and Birac,
1979) which has been attributed to isoflavones and phenolic 
acids (Pratt et al., 1981). In a review, Hayes et al., (1977) 
indicated antioxidant effects of soy proteins carried over into 
soy concentrates and isolates, but the identity of specific an
tioxidant compounds was not given.

Phosphates are utilized in restructured meat products to in
crease water-binding capacity and reduce shrinkage during 
subsequent processing (Forrest et al., 1975). The addition of 
phosphates, in the form of pyro-, tripoly-, and hexatema- phos
phates (but not orthophosphates), protects cooked meat from 
oxidative rancidity (Tims and Watts, 1958; Sato and Hegarty,
1971). These phosphates are believed to prevent autoxidation 
through their ability to sequester heavy metal ions (Tims and 
Watts, 1958), particularly ferrous iron, which has been shown 
to be the major prooxidant in meat systems (Love and Pearson, 
1974; Igene et al., 1979).

The objectives of our study were to determine the antioxi- 
dative effects of both sodium tripolyphosphate and soy protein 
isolate on restructured beef roasts, evaluate the significance of 
interactions between these antioxidants and cooking tempera
ture on oxidative stability and determine effects of these in
gredients and processing conditions on texture.

MATERIALS & METHODS
Preparation of restructured beef roasts

B eef chucks w ere  obtained through a com m ercial vendor from  car
casses that had not been y ield  o r quality  graded. The carcasses w ere

A u th o r  G o d b e r  is  w ith  th e  D e p t, o f  F o o d  S c ie n c e  a n d  M cM iH in  
is  w ith  th e  D e p t, o f  A n im a t S c ie n c e  o f  th e  L S U  A g r ic u ltu r a l C e n 
te r , B a to n  R o u g e , LA 7 0 8 0 3 . A u th o r  S h a o  w a s  f o r m e r ly  in  th e  
D e p t, o f  E x p e r im e n ta l  S ta t i s t i c s  a n d  T a n c h o tik u l w a s  fo rm e r ly -  
w ith  th e  D e p t, o f  F o o d  S c ie n c e . A u th o r  A r g a n o s a  is  c u r r e n tly  
w ith  th e  D e p a r tm e n t  o f  F o o d  S c ie n c e  o f  th e  U niv. o f  A lb e r ta ,  
E d m o n to n , C a n a d a . D ir e c t  in q u ir ie s  to  Dr. G o d b e r .

from  heifers w ith  A ngus-B rahm an or A ngus-S im m ental breed ing  fee 
grain for less than 100 days. T he lean and fat tissues w ere  separatee 
m anually  and m ost connective tissue w as rem oved. S am ples w ere 
taken from  both lean and fat m eat blocks for lipid analysis, then al. 
m eat w as frozen and stored at -  18°C until used in roast m anufacture. 
Total frozen storage prior to processing  w as less than 1 m onth .

Roasts w ere  m anufactured on three separate occasions, representing 
three replications o f  the m anufacturing process. R equired am ounts o f  
lean and fat tissue for each replication w ere  thaw ed at 4°C for 24 hr 
prior to m anufacture. Lean tissues w ere  ground through a 2 .54-cm  
plate and fat tissues through a 0 .64-cm  plate . Roasts w ere  form ulated 
to contain 10% fat, 10% w ater, and 0 .50%  salt. In addition , treatm ent 
roasts contained 1% soy protein isolate (SPI, Protein 500E , R alston 
Purina, S t. L ouis, M O ); 0 .3%  sodium  tripolyphosphate (ST P, Fla- 
vorite  L aboratories, In c ., M em phis, T N ); o r a com bination  o f  the 
tw o. Roasts w ere  prepared by  m ixing the required  am ounts o f  lean 
tissue, w ater and salt for 5 m in . T he fat tissue w as added, and m ixing 
w as continued for an additional 5 m in . SPI w as added w ith  the fat, 
w hile  STP w as added along w ith  the salt.

T he m eat dough w as stuffed into a rectangular sta in less steel m old 
(H oy Equipm ent C o ., M ilw aukee, W I), frozen ( -  18°C) and cooked 
the fo llow ing day. Restructured roasts w ere  prew eighed and cooked 
from  the frozen-state in a preheated (70 or 100°C) w aterbath  (M odel 
1140A -1, B lue M E lectrical C om pany, B lue Island, IL) to internal 
tem perature 65°C. C ook yield w as calculated by  d ividing the w eight 
o f  the roast after cooking by  the w eight o f  the roast prior to cooking, 
and expressed as percentage o f  uncooked w eigh t.

The cooked restructured beef roasts w ere subdivided into 2 .54-cm  
thick slices. Sam ples from  one-half o f  each roast w ere im m ediately  
vacuum  packaged at - 1 0 0 0  m illibars (B izerba M odel R 2/100, Biz- 
erba In c ., E dison, NJ) in polyethylene (PE) bags and kept frozen 
( -  18°C) until analyzed. U nsealed PE  bags w ith  slices from  the o ther 
ha lf o f  each roast w ere  stored 3 days at 4°C, vacuum  packaged an i  
kept frozen at - 1 8 ° C  until analyzed. A nalyses w ere  in a random  
fashion w ith in  analytical procedure and all w ere com pleted w ith in  63 
days o f  frozen storage. Sensory and thiobarbituric acid (TB A ) p ro
cedures w ere com pleted w ith in  the first w eek  o f frozen storage.

S lices used for analyses w ere  thaw ed overnight in a 4°C cooler. 
Those for thiobarbituric acid (TB A ), total lip id , nonhem e and total 
iron , Instron shear force and sensory  analysis w ere  reheated by  m i
crow ave using 80%  o f 1450 w atts full pow er (M odel C P55, NI In 
dustries, Inc. Los A ngeles, CA ) to 65°C, as determ ined by  the 
tem perature probe attachm ent o f  the m icrow ave. S lices used fo r ex
pressible m oisture and w ater-b inding w ere  not reheated and w ere  ana
lyzed im m ediately  upon com pletion o f  thaw ing.

Moisture analysis

Expressible m oisture w as determ ined using the procedure described 
by Jauregui et al. (1981). R esults w ere reported as w eigh t lost from  
original sam ple as percentage o f total m oisture o f  each sam ple. W ater
binding w as determined by the procedure o f Gierhart and Potter (1978). 
M odification o f  the procedure involved centrifugation  o f  sam ples at 
800 x  g .  R esults w ere expressed as g  w ater retained/g  sam ple.

Texture measurements

T enderness o f  restructured roasts w as m easured  using  the Instron 
U niversal T esting  M achine (M odel 1122) w ith  a K ram er shear at
tachm ent. A fter reheating , slices w ere  cooled at room  tem perature 
(23°C) and sliced into three 0 .64-cm  thick slices from  w hich  2-cm  :< 
2-cm  squares w ere obtained. T he m achine w as set at crosshead and 
chart speed 50 m m /m in w ith  200 kg  full scale load . R esults w ere 
reported in kg force/g sam ple.
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Fig. 7 -  TBA v a lu e s  o f  r o a s t s  w ith  v a r io u s  l e v e l s  o f  a n t io x id a n ts  
a n d  tw o  c o o k  te m p e r a tu r e s  a t  b e g in n in g  o f  r e f r ig e r a te d  s to r a g e .  
S o y  p r o te in  i s o la te  (SPI), s o d iu m  tr ip o ly p h o s p h a te  (STP). TBA 
in m g  th io b a rb itu r ic  a c id  r e a c t iv e  s u b s ta n c e s /k g  s a m p le .

COOKING TEMPERATURE

Fig. 2 — TBA v a lu e s  o f  r o a s t s  w ith  v a r io u s  l e v e l s  o f  a n t io x id a n ts  
a n d  tw o  c o o k  t e m p e r a tu r e s  a t  d a y  3  r e f r ig e r a te d  s to r a g e .  S o y  
p r o te in  is o la te  (SPI), s o d iu m  t r ip o ly p h o s p h a te  (STP). TBA in  m g  
th io b a r b itu r ic  a c id  r e a c t iv e  s u b s ta n c e s /k g  s a m p le .

Chemical analysis

The m ethod of Schricker et al. (1982) w as used to determ ine non
heme iron, and total iron w as determ ined by  atom ic absorption spec
trophotom etry. T hiobarbituric acid values w ere determ ined by  the 
distillation m ethod o f  Tarladgis et al. (1960) m odified by  O ckerm an
(1981). Total lipids w ere m easured by  the solvent extraction m ethod 
described by K insella et al. (1977).

Sensory evaluation

Nine graduate students in the D epartm ent o f  Food Science (Loui
siana State U niversity , Baton R ouge, LA) w ho  had previously served 
on sensory evaluation panels o f  Tanchotikul et al. (1989) and A rga- 
nosa et al. (1989) served on this panel. O riginally , panelists w ere 
trained in five 1-hr sessions. A dditional experience w as gained by 
serving on the sensory evaluation panels o f  previous research projects. 
Just prior to this study the panelists w ere refam iliarized w ith  beefy , 
beany, and w arm ed-over flavor notes, and tenderness and ju iciness in 
three additional training sessions. Instructions w ere  given to m asticate 
the sam ple and then expectorate the residue. Tap w ater w as provided 
for rinsing betw een sam ples, as w ere slices from  Red D elicious apples 
to reduce flavor carryover. In each taste panel session , restructured 
beef slices w ere reheated as described previously. The circum ferential 
crust (about 2  m m ) w as trim m ed o ff before each slice w as subdivided 
into about 1 cm x  1 cm  x  2 .5 4  cm rectangular cubes. A ll cubes 
w ere kept w arm  using a hot sand bath (A m erican M eat Science A s
sociation, 1978). T reatm ents w ere presented in sets o f  six  w ith  2 cubes 
in each souffle serving cup for each treatm ent over a tw o-day period 
for each replication, w ith a m orning and an afternoon session per day. 
Reheated slices w ere  evaluated using a six-point scale for beefiness 
( l= n o n e  6 =  strong beefy flavor), w arm ed-over flavor ( l= s t ro n g  
w arm ed-over flavor 6  =  none), beaniness ( 1  =  strong beany flavor 
6  =  none), tenderness ( l = v e r y  tough 6 = v e ry  tender) and ju iciness 
( 1  = n o t ju icy  6  =  very  ju icy).

Statistical analyses

The three separate replications o f roast m anufacture served as blocks 
in a random ized com plete b lock design w ith treatm ents assigned in a 
split plot arrangem ent w ithin each b lock. Cooking tem perature, level 
o f STP and level o f  SPI w ere m ain plot treatm ent factors in a 2 x  2 
x  2 factorial arrangem ent. S torage tim e w as the subplot treatm ent 
factor. Data w ere analyzed using the Statistical Analysis System (SAS, 
1985). A nalysis o f variance w as com puted by a general linear m odel 
procedure. The D uncan M ultiple R ange T est w as used to determ ine 
significant d ifferences betw een m eans.

RESULTS
Oxidative and flavor aspects

At day 0, control roasts cooked at 100°C had higher (P < 
0.05) TBA numbers than control roasts cooked at 70°C (Fig.

Fig. 3 —In te r a c tio n  b e t w e e n  l e v e l  o f  s o d iu m  tr ip o ly p h o s p h a te  
(STP) a n d  d a y s  s to r a g e  o n  m e a n  TBA v a lu e s . S o y  p r o te in  is o la te  
(SPI), s o d iu m  tr ip o ly p h o s p h a te  (STP). TBA in  m g  th io b a r b itu r ic  
a c id  r e a c t iv e  s u b s ta n c e s /k g  s a m p le .

1). Both STP and SPI, as well as the combination of the two, 
reduced (P < 0.05) TBA numbers in roasts cooked at 100°C, 
but only SPI and the combination of the two lowered TBA 
numbers in roasts cooked at 70°C.

After 3 days refrigerated storage, TBA values increased (P
< 0.05) in all roasts (Fig. 2). The same trends established at 
day 0 were observed after 3 days storage, with more pro
nounced differences. Control roasts cooked at 100°C had higher 
(P < 0.05) TBA numbers than control roasts cooked at 70°C 
Also, both additives and the combination lowered TBA num
bers in roasts cocked at 100°C. In roasts cooked at 70°C, SPI 
and the combination reduced (P < 0.05) TBA numbers. Roasts 
containing STP had higher (P < 0.05) TBA numbers when 
cooked at 70°C, whereas roasts containing SPI had higher (p
< 0.05) TBA numbers when cooked at 100°C. An interaction 
(P < 0.05) occurred between SPI and STP (Fig. 3) with regard 
to TBA number. The combination of STP and SPI produced 
TBA numbers lower than produced by either additive alone.

A highly significant main effect of storage occurred (P < 
0.01) for both beefiness and warmed-over flavor (WOF), where 
beefiness declined and WOF increased after 3 days storage. 
However, panelists distinguished only a few individual differ
ences between treatment-storage combinations (Table 1). No
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INGREDIENTS AFFECT OXIDATION IN BEEF. . .

Table 1-Relation between cook temperature and use of sodium tripolyphosphate (STP) or soy protein isolate (SPi) on sensory and chemical properties
of restructured beef roasts stored for 0 or 3 days3

_________________ 0.0% STP________________________  _________________________0.3% STP_________________
0.0%  SPI 1.0% SPI 0.0% SPI 1.0% SPI

(°C) 70 100 70 100 70 100 70 100

Sensory Score for
Day

0 4.54 4.40 4.01 4.51 4.38 4.51 4.20 4.47
beefiness flavor 3 3.75 3.36 3.98 3.58 3.90 4.01 3.75 3.9

Sensory score for warmed- 0 5.67b 5.28ab 5.22ab 5.67b 5.39ab 5.61ab 5.35ab 5.32ab
over flavor' 3 4.64ab 4.54a 5.02ab 4.64ab 4.65ab 4.94ab 4.81ab 4.40a

Sensory score for 0 5.40 5.26 4.61 5.19 4.95 5.48 5.12 4.93
beaniness flavord 3 5.06 4.97 5.23 4.75 5.16 5.40 5.24 5.38

Total lipid“ 0 11.73 12.81 11.11 11.86 11.44 10.57 11.45 10.75
Nonheme iron' 0 3.55a 6.22c 5.81c 5.85c 7.04c 5.08bc 3.74ab 8.63d
Total irons 0 23.13 25.74 26.33 26.52 25.68 24.39 20.91 24.47
3 Means within each response parameter with different letters are different (P<0.05). 
b 1 = none 6 = strong. 
c 1 = strong 6 = none. 
d 1 = strong 6 = strong.
8 % wet weight. 
f p.g/g sample (wet weight), 
s p.g/g sample (wet weight).

Table 2 —Relation between cook temperature and use o f sodium tripo/yphosphate (STP) o r soy protein isolate (SPI) on sensory and physical properties  
o f restructured beef roasts stored for 0 day3____________________________________________________________________________________

0.0% STP 0.3% STP

Cooking temp = 
(°C)

0.0% SPI 1.0% SPI 0.0% SPI 1.0% SPI
70 100 70 100 70 100 70 100

Cook yieldb 71.42b 54.35a 73.67b 57.08a 70.36b 59.33a 73.36b 61.01a
Total moisture0 59.13bc 57.43a 58.08b 57.40a 58.87bc 59.20c 60.90a 58.06b
Exp. moistured 55.83c 44.83ab 58.83c 44.00a 57.17c 49.67b 58.17c 45.33ab
Water-binding0 0.39ab 0.45b 0.33a 0.42b 0.36ab 0.35a 0.33a 0.43b
Sensory score 4.13 3.63 4.17 3.48 3.64 4.09 3.49 3.79

juiciness'
Instron shear 5.06a 6.08ab 5.59ab 6.38b 5.13a 7.32c 5.22ab 5.68ab

force valued
Sensory score for 4.16 4.21 4.33 3.93 4.15 4.49 4.15 3.96

tenderness
3 Means within rows with different letters are different (P<0.05). 
b % raw uncooked weight. 
c % reheated samples. 
d of total moisture in cooked samples.
8 g water/g sample. 
f 1 = not juicy and 6 = very juicy, 
s kg/g samiple.
h 1 = very tough and 6 = very tender.

differences were found for beefiness. For WOF, differences 
(P < 0.05) were observed between control roasts cooked at 
70°C at 0 day or those with SPI cooked at 100°C at 0 day and 
control roasts cooked at 100°C at 3 days or those that contained 
both additives cooked at 100°C at 3 days storage. No differ
ences were observed for beaniness (Table 1).

There were no differences in total lipid or total iron due to 
treatment (Table 1). A significant three-way interaction oc
curred for nonheme iron but the only main effect of treatment 
was for cooking temperature. Higher cooking temperature pro
duced higher nonheme iron values. For control roasts and those 
that contained both additives, a higher (P < 0.05) nonheme 
iron content was found when cooked at 100°C (Table 1). Cook
ing temperature had no effect in the other two treatment com
binations. The highest (P < 0.05) nonheme iron values were 
found in roasts that contained both additives cooked at 100°C.

Textural aspects

Cook yield was lower (P < 0.05) in roasts cooked at 100°C 
but additives had no effect (Table 2). Total moisture of re
heated samples was higher in all roasts cooked at 70°C except 
for the STP roasts where total moisture was higher in roasts 
cooked at 100°C. Expressible moisture was also higher in roasts 
cooked at 70°C. However, roasts that contained STP and were 
cooked at 100°C had greater (P < 0.05) expressible moisture

than those that contained SPI and were cooked at 100°C. For 
water binding, differences between roasts cooked at different 
temperatures were noted (P < 0.05) only in those that con
tained SPI or a combination of STP and SPI. For those, water
binding was higher when cooked at 100°C. Sensory panelists, 
generally, did not detect differences in juiciness (Table 2).

Instron shear force was highest (P < 0.05) in roasts that 
contained STP but not SPI cooked at 100°C (Table 2). Roasts 
with SPI and cooked at 100°C had higher (P < 0.05) shear 
force values than control roasts or STP roasts cooked at 70°C. 
Sensory analyses did not reveal the specific treatment combi
nation differences in tenderness that had been found by Instron 
analysis.

DISCUSSION

Oxidative aspects
The higher initial TBA values of the roasts without antiox

idants cooked at 100°C (Fig. 1) may have been due to increased 
reaction rate between substrate and catalyst brought about by 
the higher energy level of the elevated temperature. In addi
tion, higher temperature could result in rupture of cellular 
membranes, thus exposing more unsaturated components to 
oxidation (Peng, 1986).

The results at 0 day were contrary to findings of a previous 
study (Arganosa et al., 1989) where higher temperature re-
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suited in lower initial TBA values. However, Arganosa et al.
(1989) found TBA values following storage were greater in 
roasts that had been cooked at higher temperatures, which we 
also found (Fig. 2).

The TBA values of all treatments increased after three days 
refrigerated storage (Fig. 2). A main effect of storage occurred 
for WOF and beefiness sensory scores but individual differ
ences between storage-treatment combinations were not de
tected sensorially (Table 1). Previous work (Tanchotikul et al., 
1989) also indicated statistically significant differences in ox
idation measured by the TBA reaction were not sensorially 
detectable.

That STP was more effective in reducing TBA numbers at 
higher cooking temperatures, whereas SPI was more effective 
at lower temperatures (Fig. 1 and 2) suggested the two antiox
idants retarded oxidation by different temperature-dependent 
mechanisms. STP is believed to act by binding metal ions 
(primarily iron) and preventing them from acting as oxidative 
catalysts (Pearson et al., 1977). Antioxidant activity of soy 
proteins has been attributed to polyphenolic compounds (Pratt 
and Birac, 1979) that are similar to other compounds, (e.g. 
tocopherols), that have antioxidant activity as free radical re
action terminators (Labuza, 1971). Hayes et al. (1977) indi
cated the antioxidant activity of soy-flour was also in soy protein 
concentrates and isolates. Pratt and Birac (1979) also found 
considerable antioxidant activity in isolated soy protein, but 
stated it was due to compounds other than isoflavones. Labuza
(1971) pointed out that effectiveness of tocopherols as antiox
idants was somewhat temperature dependent, which may also 
be the case for antioxidant compounds in SPI. One possible 
explanation for the greater effectiveness of STP at higher tem
perature could be that catalysts such as iron more readily re
acted with STP at higher temperature.

The interaction between STP and SPI (Fig 3) suggested that 
they have a synergistic effect in reducing TBA during storage. 
Comparable results have been shown by Tims and Watts (1958), 
where a combination of ascorbates and phosphates acted syn- 
ergistically in retarding rancidity. Also, antioxidants were more 
effective in reducing oxidation during storage in roasts cooked 
at 100°C than those cooked at 70°C.

Since there were no differences in total lipid and total iron 
(Table 1), differences in degree of oxidation in various restruc
tured products could not be attributed to those factors. Differ
ences in nonheme iron of the various treatments occurred (Table
1 ) , although interpreting the meaning of those differences is 
difficult. Previously, we found nonheme iron increased as end
point internal temperature of restructured roasts increased 
(Tanchotikul et al., 1989), and there was significant positive 
correlation between nonheme iron and TBA values. In the 
present study, higher cooking temperature in control roasts 
resulted in both higher TBA values and higher nonheme iron. 
However, in roasts that contained both additives, even though 
nonheme iron was higher when cooked at the higher temper
ature, TBA value was lower. Perhaps, an interaction occurred 
between nonheme iron and the additives that prevent the proox- 
idative effect.

Previous research (Sato and Hegarty, 1971; Love and Pear
son, 1974) has provided evidence that nonheme iron was re
sponsible for rapid oxidation of cooked meat products. Results 
suggested that the relationship between nonheme iron content 
and oxidation may be dependent on other nonmeat ingredients. 
Further research is necessary to clarify the relationships.

Textural aspects
Lower cook yields and correspondingly lower moisture of 

the cooked samples were obtained at 100°C than at 70°C (Table
2) . Myofibrillar proteins denature and coagulate faster at higher 
cooking temperatures (Laakkonen, 1973). Under these circum
stances, maintenance of protein-protein and protein-water in
teractions is not favored. As a consequence, more water migrates

to the surface of the roasts during cooking. Similar results have 
been found with individual muscles, such as the longissimus 
dorsi (Taki, 1965) and the semimembranosus (Schock et al.,
1970), and with restructured beef roasts (Arganosa et al., 1989). 
Opposite results were found with sternomandibularis and rec
tus muscles (Locker and Daines, 1974).

The amount of expressible moisture also was lower in roasts 
cooked at 100°C, although no differences were found in sen
sory scores for juiciness or tenderness (Table 2). Coagulation 
of muscle protein resulted in shrinkage, including thermal 
shrinkage of collagen fibers in the connective tissue, which 
subsequently expresses water from the muscle tissue (Schock 
et al., 1970). Similar results were obtained by Schock et al.
(1970) and Arganosa et al., (1989).

The principal effect of treatment on tenderness occurred when 
a higher Instron shear value was obtained for roasts that con
tained STP but not SPI cooked at 100°C. That a higher shear 
value was obtained at higher cooking temperature was not sur
prising in light of the adverse effect that higher cooking tem
perature had on cook yield and moisture attributes. The fact 
that STP treated roasts had highest shear force at 100°C was 
unexpected because others have found that phosphates reduced 
shear values in reheated whole-muscle beef roasts (Paterson 
and Parish, 1988). However, Miller et al. (1986) found phos
phate increased shear values in restructured beef steaks, which 
they attributed to increased binding or cohesiveness. Therefore 
the phosphate effect on shear value was probably more a func
tion of roast type, i.e. whole muscle versus restructured. Dif
ferences in shear value were not detected by our panelists, 
however. This was also found by Miller et al. (1986) who 
speculated that because they used a restructured product with 
similar size reduction and mixing procedures, sensory differ
ences in texture would be minimal. Possibly our panelists were 
not sensitive enough to detect differences in objective shear 
values.

This study has demonstrated that oxidation of precooked 
restructured beef roasts can be reduced by cooking at a lower 
temperature and with incorporation of antioxidant additives. 
Significant cooking temperature-antioxidant interactions were 
observed, which necessitates consideration of cooking tem
perature used for maximal effectiveness of antioxidant addi
tives.
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Hot-Fat Trimming and Electrical Stimulation Effects
on Beef Quality

P.O. AHMED, M.F. M ILLER, L.L. YOUNG, and J.O . REAGAN

----------------------------ABSTRACT-----------------------------
W e evaluated the effects o f  hot-fat trim m ing, low -voltage electrical 
stim ulation (ES) and storage tim e (3, 7 or 14 days) on quality  o f beef 
longissim us dorsi, psoas m ajor, biceps fem oris and supraspinatus m us
cles. P rior to chilling, b eef carcasses (n =  32) w ere either subjected 
to ES or not stim ulated before alternating sides w ere  hot-fat trim m ed. 
Tem perature decline, pH , sarcom ere length and U SD A  yield and qual
ity grades w ere obtained on each carcass side. M uscles w ere rem oved 
from  each side and evaluated for quality  factors related to storage life 
and sensory analysis. G enerally , no adverse effects o f  hot-fat trim 
m ing, w ith or w ithout ES, or increased storage tim e, w ere observed. 
Results indicate that hot-fat trim m ing m ay be practiced at the industry 
level w ithout affecting overall quality.

K ey W ords: hot-fat trim m ing beef, electrical stim ulation , sensory 
evaluation

INTRODUCTION

THE BEEF INDUSTRY has recently found increased demand 
from consumers for closely trimmed cuts of beef at the retail 
level (Saveli et al., 1986). To meet the demand, many retailers 
initiated practices of trimming beef cuts to 6.4 mm or less of 
external fat. Beef packers introduced special lines of boxed 
beef, designed specifically towards that segment of the market 
demanding leaner beef.

With this new approach in the way boxed beef is presented, 
some questions arise concerning maximizing efficiency 
throughout the slaughter and fabrication process. An alterna
tive to simply trimming more fat from subprimals on fabrica
tion lines is hot-fat trimming, which involves removing 
subcutaneous fat in excess of 6.4 mm, all the kidney, pelvic 
and heart fat and all cod or udder fat before chilling. This may 
increase the efficiency of fat removal, due to the soft and 
pliable nature of hot fat. Published reports however, suggest 
that the amount of subcutaneous fat on beef and lamb carcasses 
plays a role in the subsequent palatability of the meat (Bowling 
et al., 1977; Smith et al., 1976; Tatum et al., 1982). The 
insulatory effect of subcutaneous fat has been shown to in
crease and/or extend postmortem enzyme activity, and reduce 
or eliminate shortening of myofibrils in beef carcasses, thus 
increasing palatability of cooked beef (Bowling et al., 1977). 
Tatum et al. (1982) attempted to determine a reliable method 
to predict beef palatability using carcass fatness in conjunction 
with marbling degree. They found that for carcasses with at 
least “ slight”  degrees of marbling, 7.62 mm of subcutaneous 
fat was sufficient to ensure acceptable beef palatability. Hot- 
fat trimming of carcasses to 6.4 mm of subcutaneous fat could 
therefore, interfere with subsequent palatability of beef, and 
thus may be an unsuitable method of producing leaner cuts. 
Subjecting carcasses to high voltage electrical stimulation may 
alleviate undersirable effects of hot-fat trimming. Electrical

A u th o r  A h m e d  is  w ith  th e  C ryo va c  D iv., W.R. G ra ce  & C o .—Conn., 
P.O . B o x  4 6 4 , D u n ca n , S C  2 9 3 3 4 . A u th o r  M ille r  i s  w ith  T ex a s  
T ech  U niv. M e a t  L ab, P .O . B o x  4 1 0 9 , M a iis to p  2 1 6 2 , L u b b o c k , 
TX, 7 9 4 0 9 . A u th o r  Y ou n g  is  w ith  th e  U S D A -A R S  R ic h a r d  B. R u s 
s e / /  A g r ic . R e s . C e n te r , A th e n s , GA. A u th o r  R e a g a n  is  w ith  th e  
N a tio n a l  L iv e  S to c k  & M e a t  B o a rd , C h ica g o , IL 6 0 6 1 1 .

stimulation of beef carcasses has been extensively studied and 
is a reliable technique for improving beef tenderness (Chrystall 
and Hagyard, 1976; Smith et al., 1976; Saveli et al., 1977; 
Dutson et al., 1980). Since electrical stimulation is practiced 
regularly, it is the most likely alternative to problems that may 
be associated with hot-fat trimming. The objective of our study 
was to evaluate the effects of hot-fat trimming on beef quality, 
and to determine if use of electrical stimulation could alleviate 
possible undersirable effects of hot-fat trimming.

MATERIALS & METHODS
FIFTY -O N E C A TTLE exhibiting an ultrasound fat thickness o f  10 
m m  (12th — 13th rib) or m ore w ere selected during a slaughter shift at 
a com m ercial packing plant. U ltrasound readings w ere  obtained on 
cattle im m ediately prior to hide rem oval using an A loka m odel 210 
DX linear array ultrasound m achine.

Electrical stimulation and hot-fat trimming.

Im m ediately after slaughter, hide rem oval and dressing , alternating 
carcasses w ere electrically  stim ulated (6 8  vo lts (v), 3 sec on , 3 sec 
off; 70 v , 2  sec on , 3 sec off; 70 v , 2 sec on , 3 sec off; 70 v , 2 sec 
on, 3 sec off) prior to being placed into a separate room  ad jacent to 
the initial chilling cooler (2 -4°C ). The stim ulator w as installed in a 
plant and used regularly . A lternating sides w ere then trim m ed o f sub
cutaneous fat in excess o f 6 .4  m m ; all k idney, pelv ic  and heart fat; 
and all cod or udder fat and fat present in the flank region. Fat w as 
trim m ed using B ettcher W hizard knives and hand knives.

Tem perature decline

A fter trim m ing, both sides w ere held for 48 h (0°C) in a cooler 
containing about 1200 other carcasses. A  spray chilling  system  w as 
em ployed w hich  involved spraying carcasses w ith  a fine m ist o f w ater 
for 30 sec every 5 m in . T em perature o f  the b iceps fem oris (B F), 
longissim us dorsi (LD ), psoas m ajor (PM ) and supraspinatus (SU) 
m uscles w as m onitored using Koch m eat therm om eters inserted into 
the approxim ate geom etric center o f  each m uscle . T em peratures w ere 
recorded at about 1, 6 , 12 and 24 hr postm ortem .

Grading

At 48 hr postm ortem , each side w as ribbed betw een the 12lh and 
13,h ribs, and quality  and y ield  grade factors (U SD A , 1980) w ere 
assigned by a representative o f  the Standardization Branch o f  the U SD A .

pH and sarcomere length

A  200g sam ple w as rem oved (48 hr postm ortem ) from  the 12th rib 
region of the LD  o f each side, placed in a W hirl-pack bag , packed in 
dry ice and shipped to the U SD A -A R S A gricultural R esearch Center 
in A thens, G A . Sam ples w ere in transit about 12 hr and upon arrival, 
w ere im m ediately subjected to pH and sarcom ere length analysis. The 
pH w as determ ined by  b lending 2g raw  LD m uscle in a test tube 
containing 25 m L  5 m M  iodoacetate and 150 m L  KC1. A  Brinkm an 
pH m eter w as used to read pH  o f the hom ogenate. Sarcom ere lengths 
w ere determ ined according to the m ethod o f  C ross et al. (1981), 
m odified for use w ith fresh m uscle by  b lending the sam ple w ith  250 
m M  sucrose (1 :8  w /w ) to form  the crude hom ogenate. T en sarcom eres 
for each o f 3 m yofibrils (30 total) w ere m easured  on each sam ple.
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Fabrication and storage

Thirty-tw o carcasses w ere selected from  the initial group o f  51. 
C arcasses w ere  selected on the basis o f  sex  and quality  grade so that 
an equal num ber o f steers and heifers, and as close to an equal num ber 
as possible o f  U SD A  C hoice carcasses w ere stratified w ithin each of 
the four electrical stim ulation/hot-fat trim m ing treatm ent com bina
tions. This w as done to reduce bias that could have been introduced 
into a particular treatm ent group from  an unbalanced num ber o f  steers 
or heifers, o r from  an unbalanced num ber o f  U SD A  C hoice carcasses. 
A n attem pt w as m ade to use on ly  U SD A  C hoice carcasses; how ever, 
4 o f the 16 nonstim ulated carcasses and 3 o f  the 16 stim ulated car
casses w ere U SD A  Select grade. B eginning at 2 days postm ortem  and 
continuing through 5 days postm ortem , sides w ere  fabricated into 
boneless, subprim al cuts, lean trim , fat trim  and bone. The sam e 
num ber o f sides from  each treatm ent com bination w ere  fabricated each 
day to prevent bias based on dry  aging tim e. T he B F, LD , PM  and 
SU  m uscles w ere retained from  each side and separated into three 
equal portions by  a cut perpendicular to the length o f the subprim al. 
The three portions o f  each subprim al w ere individually  w eighed and 
vacuum  packaged in C ryovac B 620 barrier bags (C ryovac D ivision,
W .R . Grace & C o .-C o n n ., D uncan, SC ), heat shrunk, boxed and 
stored at 2°C. Im m ediately after fabrication [about 3 days postm ortem  
(PM )] and at 7 and 14 days postm ortem , one o f  the three portions o f 
each m uscle w as frozen at - 3 0 ° C . T o prevent bias based on location 
w ithin m uscle , equal num bers o f the caudal, m iddle and cranial por
tions o f each m uscle w ere  held for each storage interval.

Purge loss and color analysis

Those portions that w ere held for 7 and 14 days w ere rem oved from  
packaging after the appropriate storage interval, blotted dry and re
w eighed to determ ine percentage purge loss. A fter rew eighing, one 
steak (2 .5  cm  thick) w as rem oved from  each portion, placed on a 
plastic foam  m eat tray and overw rapped w ith  polyvinylchloride film . 
The rem aining portion o f  each m uscle w as vacuum  packaged and heat 
shrunk exactly  as before, boxed and frozen for subsequent sensory 
and shear force analysis. T he overw rapped steak w as placed in a single 
layer in a retail m eat case set at 3°C. One thousand lux o f incandescent 
light w as left on continuously  for 72 h. Each steak w as evaluated at 
0 , 24 and 72 hr by  a three-m em ber untrained panel for redness, overall 
desirability  and discoloration. A n eight-point rating scale w as used to 
describe redness and overall desirability  w here 1  =  extrem ely  dark 
brow n and undesirable, and 8  =  extrem ely  bright cherry-red and 
desirable. A  seven-point scale w as used for describing degree o f  d is
coloration w here 1 =  total surface discoloration and 7 =  no d iscol
oration. To better reflect changes that occurred in color o f  steaks, a 
M inolta 100 C X  C hrom eter w as used to objectively  m easure m eat 
color using the H unter color system  o f L , a and b , w here L  =  light
ness, a =  redness and b =  yellow ness.

Sensory and shear force analysis

The rem aining portions o f  each o f  the four m uscles w ere shipped, 
frozen, about 2500 km  to the U niv . o f  G eorgia M eat Laboratory. Tw o
2 .5  cm thick steaks w ere obtained from  each portion o f  the L D , PM 
and SU m uscles, w hile  a 5 .0  cm  thick roast w as obtained from  each 
portion o f the B F m uscle . O ne steak from  the L D , PM  and SU  m uscles 
w as used for sensory  analysis and the o ther for shear force analysis, 
w hile both sensory and shear sam ples w ere obtained from  the single 
BF roast. S teaks w ere placed in a 2°C cooler until 3°C w as reached. 
S teaks w ere then cooked to an internal tem perature o f 70°C on Far- 
berw are Open Hearth Broilers m odel 450N  (Farberw are, K idde In c ., 
B ronx, N Y ). Tem perature w as m onitored using a M olytek potentiom 
eter and a copper/iron therm ocouple inserted into the geom etric center 
o f each steak. T he steaks w ere w eighed prior to , and after cooking to 
determ ine cooking loss, w rapped in alum inum  foil and placed in a 
70°C w arm ing oven before being served to panelists. Each panelist 
w as served tw o 2 .5  x  1.3 x  1.3 sam ples. Roasts from  the BF m uscle 
w ere handled as described above except that an electric convection 
oven w as used instead o f  b ro ilers. Tw o 0 .65  m m  thick slices w ere 
rem oved from  the center o f  each roast, and 1.3 x  0 .65  cm sam ples 
w ere cut from  each slice to serve to panelists.

An eight-m em ber sensory  panel w as selected and trained according 
to procedures outlined by Cross et al. (1978). S ince the objective o f 
the study w as to determ ine treatm ent effects on m ajor m uscles o f  the 
carcass, not to determ ine differences betw een m uscles a separate panel 
w as held for each m uscle . A bout six 30-m in training sessions w ere

held for each panel during w hich  panelists w ere served sam ples o f 
b eef steak or roast that varied w idely  in the param eters to be evaluated. 
T hese w ere: ju ic iness, first im pression tenderness, overall tenderness 
and flavor intensity  using an eight-point scale w here  1  =  extrem ely 
dry , tough, tough and b land; and 8  =  extrem ely  ju icy , tender, tender 
and intense. T rain ing  w as concluded When panelists w ere in close 
agreem ent and all panelists felt com fortable w ith  the scoring  system . 
Panelists sat in booths in an isolated room  free from  distractions. 
G reen fluorescent lighting w as used to elim inate b ias based on sam ple 
appearance. Each panelist w as instructed to eat crackers and drink 
w ater betw een sam ples to cleanse the palate. E ight sam ples w ere 
served/session w ith  2  sessions each day.

T he steaks from  L D , PM  and SU  m uscles to be  used for shear force 
analysis w ere  cooked exactly  like those for sensory  evaluation  and 
allow ed to equilibrate , as w as the rem aining portion  o f  the B F roast, 
to room  tem perature. A s m any 1 .3 x  1.3 cm  strips as possible w ere 
rem oved from  each steak and roast parallel to m uscle fiber o rientation . 
A  W arner-B ratzle: shearing device w as used to shear each strip  per
pendicular to the m uscle fibers. Shear force w as reported as kg force 
required to shear each sam ple.

Statistical analysis

A ll data reported reflects the 32 carcasses selected for fabrication. 
A n analysis o f  variance for split-plot design w as used to analyze all 
dependent variables and their interactions usings the SA S (1985) pro
gram . M uscle w as not included in the m odel since it w as not the 
objective o f the study to determ ine differences betw een m uscles, but 
rather, the effects o f H FT , ES and postm ortem  storage had on m uscles 
in different locations o f  the carcass. W hen a m ain  effect or interaction 
show ed a significant F - va lue, m ean separation w as accom plished 
using a pairw ise com parison o f  least-squares m eans using  F isher’s 
least significant difference test. T he predeterm ined level o f  signifi
cance w as P < 0 .05 .

RESULTS & DISCUSSION
THE MEAN VALUES for yield grading factors of the test 
population were: hot carcass weight, 331.6 kg; actual fat thick
ness, 17.0 mm; adjusted fat thickness, 17.5 mm; ribeye area,
78.4 cm2; kidney, pelvic and heart fat, 4.1%; USDA yield 
grade, 3.9. Thus, carcasses appeared to be of sufficient fatness 
to elicit a response to hot-fat trimming if in fact, hot-fat trim
ming would cause a response. The USDA quality grading fac
tors of the test population are presented in Table 1. Note that 
normally, beef carcasses are presented for grading at or around 
24 hr postmortem, while the carcasses we used were not graded 
until 48 hr postmortem. This may have led to increased mar
bling scores and possibly, higher USDA quality grades, than 
would have been found if carcasses had been graded at 24 hr 
postmortem. Marbling scores and USDA quality grades were 
not affected (P < 0.05) by hot-fat trimming (HFT) or electrical 
stimulation (ES). Sides that were trimmed exhibited darker, 
firmer, coarser textured lean and a higher degree of “ heat
ring”  formation (P < 0.05). Stimulation did not significantly 
affect lean color or firmness, but coarser texture and greater 
degree of “ heat-ring”  were evident (P < 0.05) on sides which 
were stimulated. These data conflicted with published findings 
that ES decreased development of “ heat-ring”  and improved 
lean color in beef (Saveli et al., 1978; Calkins et al., 1980; 
McKeith et al., 1980). “ Heat-ring”  is believed to occur from 
“ ribbing”  (separation of the longissimus muscle between the 
12th and 13lh ribs from grading purposes) carcasses prior to the 
completion of rigor (Calkins et al., 1980). Electrical stim
ulation reduces “ heat-ring”  by accelerating postmortem gly
colysis so that rigor is completed before carcasses are ribbed. 
Most research involving ES has used high voltage (550 v), 
whereas our study used low voltage (70 v), which may explain 
why no improvements in lean color were observed. The fact 
that ES caused greater development of “ heat-ring”  is not read
ily explained; however, none of the differences observed for 
degree of heat-ring, or lean texture were of the magnitude to 
affect USDA quality grade, and thus may not be of practical 
importance.
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QUALITY OF HOT-FAT TRIMMED BEEF. . .

Table 1- Effect of electrical stimulation and hot-fat trimming on USD A quality grading factorsa

Treatment
Bone

maturity
Lean

maturity
Overall

maturity
Marbling

score
Quality
grade

Lean
color

Lean
firmness

Lean
texture

Heat
ring

No stimulation 166.0» 160.0» 164.0» 261.0» 13.2» 6.8» 7.1» 6.6» 4.9»
Stimulated 161.0» 151.0» 156.0» 242.0» 13.0» 6.5» 6.7» 5.6» 4.6»
SEM d 2.6 4.3 2.5 10.6 0.2 0.2 0.2 0.2 0.1
No trimming — — - 250.0» 13.1» 7.1» 6.6» 6 .6» 4.9»
Hot-fat trimmed — — — 252.0» 13.1» 6.2» 7.3» 5.6» 4.6=
SEM d 10.6 0.2 0.2 0.2 0.2 0.1
a Bone, lean and overall maturity: 100 = A00, 150 = A50, 200 = B00, etc.

Marbling score: 100 = slight00, 150 = slight50, 200= small00, etc.
Quality grade: 10 = Low Select, 13 = Low Choice, 16 = Low Prime.
Lean color: 1 = black, 8 = very bright cherry-red.
Lean firmness: 1 = extremely soft, 8 = extremely firm.
Lean texture: 1 = extremely coarse, 8 = extremely fine.
Heat Ring: 1 = complete heat ring, 5 = no heat ring.

b<c Means in the same column within treatment bearing different superscripts are different (P < 0.05). 
d Standard error of the mean.

Table 2-Effect of hot-fat trimming on temperature decline (°C) of lon- 
gissimus dorsi, psoas major, biceps femoris and supraspinatus muscles 
of beef carcasses
Treatment 0 hr 6 hr 12 hr 24 hr
Longissim us dorsi
No trimming 38.2» 19.5» 12.2» 5.5»
Hot-fat trimmed 37.7» 15.5» 6.9» 3.4»
SEM 0.2 0.2 0.2 0.2
Psoas major
No trimming 40.2» 28.8» 20.8» 10.8»
Hot-fat trimmed 39.3» 20.9» 11.6» 5.0»
SEM 0.2 0.2 0.2 0.2
Biceps femoris
No trimming 39.4» 28.3» 19.6» 10.4»
Hot-fat trimmed 39.7» 28.3» 19.2» 9.9»
SEM 0.2 0.2 0.2 0.2
Supraspinatus
No trimming 39.8» 24.5» 15.8» 7.4»
Hot-fat trimmed 39.4» 22.5» 14.4» 6.8»
SEM 0.2 0.2 0.2 0.2
a'b Means in the same column within muscle bearing different superscripts are dif

ferent (P < 0.05). 
c Standard error of the mean.

The temperature decline data shows HFT caused certain 
muscles to chill more quickly than the same muscles from 
untrimmed sides (Table 2). Hot-fat trimming did not affect 
muscle temperature during the first hour postmortem, except 
for the PM and LD muscles, which were slightly colder (P < 
0.05) on trimmed sides. This was, in part, probably due to the 
fact that the carcasses were in a separate room (2-4°C) rather 
than the main chilling cooler (0 C) for the first hour following 
slaughter. This delay may have had slight effects on postmor
tem changes within muscles, such as accelerated glycolysis 
and pH decline. However, both trimmed and untrimmed sides 
were treated in the same manner, thus any effect this delay 
may have had on the outcome of the experiment was likely 
insignificant. Hot-fat trimming resulted in lower (P < 0.05) 
temperatures in the LD and PM muscles compared to un
trimmed sides during the initial 24 hr chilling period; while 
the SU chilled faster between 1 and 12 hr, but was not affected 
(P < 0.05) by HFT after a 24 hr chill. The most pronounced 
effects of HFT on temperature decline was observed in the PM 
muscle where temperature had declined an additional 9.2°C by 
12 hr postmortem. The lack of any significant differences for 
temperature decline of BF may be due to the relatively small 
amount of fat that was removed from the exterior of this mus
cle, and its relatively large mass. Smith et al. (1976) demon
strated that lamb biceps femoris sustained the least response 
in rate of chilling from the removal of subcutaneous fat, pre
sumably due to its own mass, proximity to other muscles in 
the hind leg and/or intermuscular, fat depostion.

The least-squares means for sarcomere lengths and ultimate 
pH (48 h) are given in Table 3. Although LD muscle temper
ature declined more rapidly during the rigor process in trimmed 
carcasses, no significant differences due to HFT for ultimate

Table 3—Effect of electrical stimulation and hot-fat trimming on ultimate 
pH values and sarcomere length of beef longissimus dorsi muscle

Treatment pH
Sarcomere

length
No stimulation 5.6» 1.7»
Stimulated 5.6» 1.6»
SEM= 0.01 0.02
No trimming 5.6» 1.7»
Hot-fat trimmed 5.7» 1.6»
SEM» 0.01 0.02
a-b Means in the same column within treatment bearing different superscripts are 

different (P < 0.05). 
c Standard error of the mean.

sarcomere length of pH were observed. Electrical stimulation 
caused the ultimate pH of the LD to be higher (P < 0.05) than 
non-stimulated carcasses, which would support the explanation 
of greater “ heat-ring”  formation in stimulated sides, although 
the reason for the higher pH of LD from stimulated sides was 
not clear. Stimulation also caused sarcomeres to be shorter (P 
< 0.05) than nonstimulated sides.

Percentage weight loss during vacuum storage (purge) for 7 
and 14 days, and during cooking are presented in Table 4. No 
interactions of the main effects of HFT, ES or storage time 
were apparent, so the data were pooled by main effect for each 
muscle. Purge loss was not affected (P < 0.05) by HFT or 
ES, but purge loss was increased (P < 0.05) as time in storage 
increased beyond 7 d for each of the four muscles studied. 
Cooking loss was not affected by HFT, ES or time in storage, 
with the exception of the BF muscle, which had lower (P < 
0.05) cooking losses after 7 d storage than after 3 or 14 days 
storage.

Tables 5 and 6  show the sensory scores, and Table 7 the 
shear force values, as affected by HFT, ES and time in storage 
for each of the 4 muscles studied. The only significant inter
action of treatments was that of ES and HFT on overall ten
derness scores of LD muscle (data not presented in tabular 
form). This interaction indicated ES had no effect (5.9 vs 5.9) 
on overall tenderness of untrimmed sides, while ES increased 
(5.9 vs 6.1) overall tenderness of trimmed sides. The main 
effect of hot-fat trimming did not affect (P > 0.05) juiciness, 
first impression tenderness, overall tenderness, flavor intensity 
or shear force values of LD, BF or SU muscles. These data 
were generally in agreement with those of Johnson et al. (1989), 
who evaluated the shear force values of several major muscles 
from beef carcasses that had been either hot-fat trimmed or 
processed conventionally. Those workers found no effect of 
hot-fat trimming on shear force values of the adductor, semi
membranosus, quadriceps, psoas major, longissimus dorsi, 
serratus ventralis or triceps brachii muscles. Our study, how
ever, found that the PM from hot-fat trimmed sides had higher 
shear force values and was rated as being less tender than those 
from untrimmed sides (P < 0.05). Note that both treatments
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Table 4 - Effect of electrical stimulation, hot-fat trimming and time in
storage on purge and cooking loss of beef longissimus dorsi, psoas ma-
jor, biceps femoris and supraspinatus muscles______________________________

Treatment
Purge loss 

(%)
Cooking loss 

(%)
Longissim us dorsi
No stimulation 2.2» 17.2»
Stimulated 2.6» 17.4»
SEM C 0.2 0.8
No trimming 2.3» 17.3»
Hot-fat trimmed 2.4» 17.3»
SEIVH 0.2 0.8
3 days storage - 17.8»
7 days storage 1.7» 17.3”
14 days storage 3.0» 16.8»
SEIVH 0.2 0.8
Psoas major
No stimulation 2.2” 21.4»
Stimulated 2.7” 21.4»
SEIVH 0.2 0.8
No trimming 2.3» 21.4»
Hot-fat trimmed 2.7» 21.5»
SEIVH 0.2 0.8
3 days storage - 21.5»
7 days storage 1.8» 21.2”
14 days storage 3.0» 21.6»
SEIVH 0.3 0.9
Biceps femoris
No stimulation 2.6» 17.2»
Stimulated 2.7» 17.7»
SEIVH 0.2 0.5
No trimming 2.7» 17.1»
Hot-fat trimmed 2.7» 17.8»
SEIVH 0.2 0.5
3 days storage - 17.9»
7 days storage 1.7b 16.3b
14 days storage 3.7” 18.1»
SEIVH 0.2 0.6
Supraspinatus
No stimulation 3.0” 24.6»
Stimulated 3.0” 24.7”
SEIVH 0.2 0.7
No trimming 3.2« 24.3»
Hot-fat trimmed 2.8» 25.0»
SEIVH 0.2 0.7
3 days storage - 24.1»
7 days storage 2.0b 25.3»
14 days storage 4.0» 24.6»
SEIVH 0.2 0.4

received tenderness scores greater than 7.0 (on a 1 to 8 point 
scale). These data confirmed those of Johnson et al., (1986), 
who removed kidney and pelvic fat from beef carcasses prior 
to chilling. They found that while this process caused tender
loin steaks to have higher shear force values, the differences 
between steaks subjected to fat removal and controls were mi
nor, and probably would not affect overall quality.

Electrical stimulation of carcasses resulted in lower shear 
force values for LD muscle (P < 0.05), but did not affect (P 
> 0.05) the shear force of PM, BF or SU muscles. Sensory 
evaluation for juiciness, first impression tenderness, overall 
tenderness or flavor intensity showed that there was no effect 
(P > 0.05) of ES on sensory traits of LD, PM, BF or SU 
muscles. Saveli et al. (1981) suggested that while ES caused 
increases in tenderness in beef longissimus muscle, this effect 
may have been negated by postmortem aging of the meat. The 
largest effect of any treatment on sensory evaluation was time 
in storage. In general, sensory scores for first impression and 
overall tenderness for all muscles increased (P < 0.05) with 
increased time in storage. The only effect of time in storage 
on shear force values occurred in the LD, where a significant 
decrease in shear force (increased tenderness) was observed 
with each increase in storage period. The fact that our sensory 
panel was able to detect differences in tenderness that were 
not apparent by evaluating Warner-Bratzler shear values, may 
be due to the type of tenderness measurements made by the 
sensory panel. Sensory panelists were trained to differentiate 
between f i r s t  im p ressio n  (actomyosin effects) and o vera ll

Table 5 —Sensory evaluationa of beef longissimus dorsi and psoas major
muscles as affected by electrical stimulation, hot-fat trimming and stor-
age time_______________________

Treatment
Ju ic i
ness

First
impression
tenderness

Overall
tenderness

Flavor
intensity

Longissim us dorsi
No stimulation 5.8b 6.3« 6. 1« 5.8»
Stimulated 5.7» 6.7» 6.6» 5.7»
SEM d 0.1 0.1 0.1 0.1
No trimming 5.7b 6.4» 6.3» 5.8»
Hot-fat trimmed 5.8b 6.6» 6.4» 5.7»
SEIVH 0.1 0.1 0.1 0.1
3 days storage 5.6» 6.0» 5.8» 5.7»
7 days storage 5.8» 6.5« 6.4« 5.7»
14 days storage 5.8» 7.0» 6.9» 5.8»
SEIVH 0.1 0.1 0.1 0.1
Psoas major
No stimulation 5.8» 7.3» 7.3» 6 .2» 6.5»
Stimulated 5.7» 7.4» 7.3» 6.2» 6.5»
SEIVH 0.1 0.1 0.1 0.1 0.1
No trimming 5.7» 7.4» 7.4» 6.2» 6.5»
Hot-fat trimmed 5.9» 7.2« 7.2« 6.2» 6.5»
SEIVH 0.1 0.1 0.1 0.1 0.1
3 days storage 6.0» 7.2« 7.1« 6.3» 6.6»
7 days storage 5.6» 7.3» 7.3»« 6.2« 6.4«
14 days storage 5.7»« 7.5» 7.5» 6.1« 6.5»«
SEIVH 0.1 0.1 0.1 0.1 0.1
a Evaluations expressed on an 8-point scale where 1= extremely dry, tough, bland 

and unpalatable; and 8 = extremely juicy, tender, intense and palatable. 
b-c Means in the same column within muscle and main effect bearing different su

perscripts are different (P < 0.05). 
d Standard error of the mean.

Table 6—Sensory evaluationa of beef biceps femoris and supraspinatus 
muscles as affected by electrical stimulation, hot-fat trimming and stor
age time

First

Treatment Juiciness
impression
tenderness

Overall
tenderness

Flavor
intensity

Biceps femoris
No stimulation 5.5» 5.5» 5.1» 5.2»
Stimulated 5.6» 5.7» 5.3» 5.3»
SEIVH 0.2 0.1 0.1 0.1
No trimming 5.5» 5.5» 5.1» 5.3»
Hot-fat trimmed 5.6» 5.6» 5.2» 5.2»
SEIVH 0.2 0.1 0.1 0.1
3 days storage 5.5» 5.3= 4.9» 5.1»
7 days storage 5.5» 5.7»« 5.3» 5.2»
14 days storage 5.6» 5.9» 5.3» 5.3»
SEIVH 0.2 0.2 0.2 0.1
Supraspinatus
No stimulation 5.3» 5.3» 5.0» 5.7» 5.1»
Stimulated 5.4» 5.4» 5.1» 5.7» 5.2»
SEIVH 0.1 0.1 0.1 0.1 0.1
No trimming 5.4» 5.4» 5.1» 5.6» 5.6»
Hot-fat trimmed 5.3» 5.3» 5.1» 5.7» 5.7»
SEIVH 0.1 0.1 0.1 0.1 0.1
3 days storage 5.6b 5.1 = 4.7« 5.7» 5.0»
7 days storage 5.3»« 5.4»« 5.2» 5.7» 5.3»
14 days storage 5.2« 5.5» 5.3» 5.6» 5.1»
SEIVH 0.1 0.1 0.1 0.1 0.1
a Evaluations expressed on an eight-point scale where 1 = extremely dry, tough, bland 

and unpalatable; and 8 = extremely juicy, tender, intense and palatable. 
b'c Means in the same column within muscle and main effect bearing different su

perscripts are different (P < 0.05). 
d Standard error of the mean.

(background effects) tenderness, while shear values are a mea
sure of to ta l (actomyosin and background effects) tenderness.

The visual panel color ratings and Hunter color scores for 
the LD and PM are presented in Table 8, and for the BF and 
SU, in Table 9. No significant interactions were detected, thus 
data reported are pooled by ES, HFT, vacuum storage time (7 
vs 14 days) and retail display time (0, 24, and 72 days). Hot- 
fat trimming improved discoloration scores for the LD and PM, 
as well as caused the PM to be rated higher for redness and 
overall desirability (P < 0.05). Objective Hunter a values (red
ness) were not affected by HFT, while LD and PM steaks from
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QUALITY OF HOT-FAT TRIMMED BEEF. . .

Table 7-Effect of electrical stimulation, hot-fat trimming and storage 
time on Warner-Braztler shear supraspinatus force values’1 of longissimus 
dorsi, psoas major, biceps femoris and supraspinatus muscles_____________

Treatment
Longissimus

dorsi
Psoas
major

Biceps
femoris Supraspinatus

No stimulation 5.6b 3.8b 6.4b 7.1»
Stimulated 5.1' 3.7b 6.6b 7.3»
SEM* 0.1 0.1 0.2 0.3
No trimming 5.4b 3.7b 6.6b 7.3»
Hot-fat trimmed 5.3b 3.8b 6.4b 7.0»
SEM 8 0.1 0.1 0.2 0.4
3 days storage 5.8b 3.9b 6.6b 7.7»
7 days storage 5.4' 3.7b 6.4» 7.1»
14 days storage 4.8d 3.6b 6.5» 6.7»
SEM* 0.1 0.1 0.1 0.4
* Reported as kg force required to shear a 1.3 x  1.3 cm strip.
»•'■d Means in the same column within treatment bearing different super

scripts are different (P < 0.05).
• Standard error of the mean.

Table 8—Effect of electrical stimulation, hot-fat trimming, vacuum stor
age time, and retail display time on visual color scores'1 and Hunter color 
values’ of longissimus dorsi and psoas major muscles_______________________

Overall
Treatment Redness Discoloration desirability L a b
Longissim us dorsi
No stimulation 7.3* 6.7» 7.4» 45.7» 12.1» 7.4»
Stimulated 6.8» 6.3» 6.8» 46.2» 11.2» 7.5»
SEM 0.1 0.1 0.1 0.2 0.9 0.1
No trimming 6.9* 6.3» 7.0» 46.3» 11.9» 7.6»
Hot-fat trimmed 7.2* 6.6» 7.2» 45.5» 12.0» 7.3»
SEM 0.1 0.1 0.1 0.2 0.2 0.1
Vacuum storage time
7 days 7.2* 6.4» 7.2* 45.6» 13.1» 8.7»
14 days 6.9» 6.5* 6.9» 46.2» 10.8» 6.2»
SEM 0.1 0.1 0.1 0.2 0.2 0.1
Retail display time
0 hr 7.6* 6.9» 7.6» 45.3» 13.2* 7.5»
24 hr 7.1» 6.5» 7.2» 45.4» 11.5» 7.7»
72 hr 6.4' 6.0' 6.4' 47.1s 11.2» 7.1»
SEM 0.1 0.1 0.1 0.3 0.2 0.2
Psoas major
No stimulation 6.3* 6.0» 6.5» 46.0» 11.3» 7.0»
Stimulated 6.2* 5.9* 6.3» 46.0» 10.9» 6.9»
SEM 0.1 0.1 0.1 0.3 0.2 0.1
No trimming 6.0» 5.6» 6. 1» 46.8» 10.9» 7.3»
Hot-fat trimmed 6.6» 6.3» 6.7» 45.3» 11.4» 6.6»
SEM 0.1 0.1 0.1 0.3 0.2 0.1
Vacuum storage time
7 days 6.3* 5.9» 6.4» 46.2» 11.9* 8.5»
14 days 6.2» 6 .0» 6.3» 45.9» 10.3» 5.5»
SEM 0.1 0.1 0.1 0.3 0.2 0.1
Retail display time 
0 hr 7.3» 6.6» 7.2» 45.7» 12.4* 7.2»
24 hr 6.0» 5.8» 6.2» 45.8» 10.6» 7.1»
72 hr 5.5' 5.6' 5.7' 46.6» 10.3» 6.7»
SEM 0.1 0.1 0.1 0.4 0.2 0.1
='»-' Means in the same column within treatment bearing different superscripts are 

different (P < 0.05).
d Redness and overall desirability scores based on a 1 to 8 point scale where 

1= extremely dark brown or green and undesirable; and 8 = extremely bright red
and desirable.

0 Based on the Hunter color system where L of black = 0, L of white =100; a of 
green = -8 0 , a of red = 100; b of blue= -5 0 , b of yellow = 70. 

f Standard error of the mean.

trimmed sides had lower L and b values, which indicated they 
were not as brightly colored. Biceps femoris and SU muscles 
were not affected by HFT, with exception of lower b values 
for trimmed vs. untrimmed SU. Electrical stimulation did not 
have an effect on color of PM or SU, however ES resulted in 
lower scores for redness and overall desirability, and increased 
discoloration of LD and BF. Hunter a and b values were de
creased by ES, which agreed with the scores of the visual 
panel. Vacuum storage of cuts beyond 7 days prior to retail 
display resulted in decreasing Hunter a and b values for all 4 
muscles studied. All muscles exhibited similar color changes 
during retail display; becoming less red, more discolored and 
less desirable. Apparently, HFT did not reduce the amount of

Table 9—Effect of electrical stimulation, hot-fat trimming, vacuum stor
age time, and retail display time on visual color scoresd and Hunter color 
values, of biceps femoris and supraspinatus muscles_________________________

Treatment Redness Discoloration
Overall

desirability a b
Biceps femoris
No stimulation 6.5» 6.0» 6.6» 47.6* 13.1» 9.0»
Stimulated 6.2» 5.6» 6.2» 47.1» 11.9» 8.5»
SEM 0.1 0.1 0.1 0.2 0.2 0.1
No trimming 6.3» 5.8» 6.3* 47.2» 12.4» 8.7»
Hot-fat trimmed 6.4» 5.8» 6.4» 47.1» 11.9» 8.8»
SEM 0.1 0.1 0.1 C.2 0.2 0.1
Vacuum storage
7 days

time
5.7» 5.2» 5.7» 47.5» 12.6» 9.7»

14 days 7.0» 6.4» 7.0» 47.2» 12.4» 7.8»
SEM 0.1 0.1 0.1 C.2 0.2 0.1
Retail display time
0 hr 7.8» 6.9» 7.8» 47.7» 16.4» 10.3»
24 hr 6.3» 5.8» 6.4» 46.7» 11.6» 8 .1»
72 hr 4 .9' 4.7' 4.9' 47.6» 9.6» 7.8»
SEM 0.1 0.1 0.1 0.3 0.2 0.2
Supraspinatus
No stimulation 7.2* 6.7» 7.3» 43.3» 12.1» 6.2»
Stimulated 6.8» 6.3» 7.0» 44.2» 11.9» 6.5»
SEM 0.1 0.1 0.1 0.3 0.2 0.1
No trimming 7.1» 6.6» 7.2» 43.8» 12.2» 6.5»
Hot-fat trimmed 6.9» 6.5» 7.0» 43.9» 11.8» 6.2»
SEM 0.1 0.1 0.1 C.2 0.2 0.1
Vacuum storage
7 days

time
7.1* 6.5» 7.2» 43.0» 12.6» 7.5»

14 days 7.0» 6.6= 7.1» 44.7» 11.3» 5.2»
SEM 0.1 0.1 0.1 C.3 0.2 0.1
Retail display time
0 hr 7.7» 7.0» 7.8» 43.8» 12.4» 6 .0»
24 hr 7.1» 6.4» 7.1» 43.7» 11.1» 6.2»
72 hr 6.3' 6.3' 6.4' 44.0s 12.4» 6.8»
SEM 0.1 0.1 0.1 C.3 0.2 0.1
a-b-c Means in the same column within treatment bearing different superscripts are 

different (P < 0.05).
d Redness and overall desirability scores based on a 1 to 8 point scale where 

1= extremely dark brown or green and undesirable; and 8 = ext"emely bright red 
and desirable.

e Based on the Hunter color system where L of black = 0, L of white = 100; a of 
green = -8 0 ,a of red = 100; b of blue = -5 0 , b of yellow = 70. 

f Standard error of the mean.

time beef retail cuts could be stored in retail display, compared 
to controls.

C O N C L U S IO N S

CARCASSES used experienced a slight delay (1 hr) before 
entering the initial chilling cooler and were not graded until 
48 hr postmortem. This may have affected the outcome, most 
notably the rate of temperature decline and marbling scores. 
Note that our results indicate that hot-fat trimming of beef 
carcasses prior to chilling did not affect the quality, payability 
or retail appearance of beef. While hot-fat trimming caused 
darker, firmer, coarser-textured lean, and a higher degree of 
heat ring at 48 hr postmortem, USDA quality grades were not 
altered. Rate of temperature decline was increased by trimming 
the longissimus, supraspinatus and psoas major muscles, but 
no appreciable effect of this change on ultimate sarcomere 
length or pH of longissimus muscle was observed. Neither 
weight loss during vacuum storage or cooking loss were af
fected by fat removal. Finally, hot-fat trimming did not alter 
palatability ratings or shear force values of the 4 muscles stud
ied, except for some minor tenderness decreases o: psoas major 
muscle. In general, electrical stimulation and postmortem ag
ing had no adverse effects on palatability.
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Improvement of Color and Lipid Stability in Beef 
Longissimus with Dietary Vitamin E and Vitamin C

Dip Treatment

MITSURU MITSUMOTO, R.G. CA SSEN S, D.M. SC H A EFER , R.N. ARNOLD, and K.K. S C H E L L E R

----------------------------ABSTRACT-----------------------------
The effects of dietary vitamin E supplementation and vitamin C dip 
treatment on color and lipid stability in longissimus muscle from Hol
stein and crossbred beef steers were studied during 16 days of display 
at 4°C. Dietary vitamin E supplementation retarded metmyoglobin 
formation of the meat and highly suppressed lipid oxidation compared 
to the control. Holstein longissimus showed higher metmyoglobin for
mation than crossbred beef longissimus. Dip treatment with a vitamin 
C solution was effective in maintaining stability of beef color and 
lipid.

Key Words: beef, color, ascorbic acid, vitamin E, lipid stability, 
vitamin C

INTRODUCTION
METMYOGLOBIN FORMATION and lipid oxidation of beef 
cuts are the most important problems in maintaining a stable 
display of retail meat. The undesirable brown metmyoglobin 
results from oxidation of the red oxymyoglobin and purple 
deoxymyoglobin. Various attempts have been made to reduce 
pigment and lipid oxidation in meats by dietary vitamin E 
supplementation of poultry (Webb et al., 1972; Marusich et 
al., 1975; Bartov and Bornstein, 1977; Uebersax et al., 1978; 
Bartov et al., 1983), pigs (Hvidsten and Astrup, 1963; Tsai et 
al., 1978; Buckly and Connolly, 1980) and cattle (Faustman 
et al., 1989a, b). Faustman et al. (1989b) suggested that vi
tamin E was absorbed by animals and incorporated into cellular 
membranes where it performs its antioxidant function. How
ever, feeding vitamin E to cattle may be more effective if 
combined with a water soluble antioxidant, e.g. vitamin C.

Vitamin C, which is a powerful synergist with vitamin E, 
has been frequently used as an antioxidant in meat processing, 
but its use in fresh retail meat cuts is not permitted. In only a 
few reports has color of beef cuts been stabilized by spraying 
(Costilow et al., 1955), spreading (Mitsumoto et al., 1991) or 
dipping (Harbers et al., 1981; Okayama et al., 1987) of vita
min C solutions. Harbers et al. (1981) used a 5% vitamin C 
solution and Okayama et al. (1987) used a 3% solution to dip, 
but they reported initial discoloration of beef steaks using those 
concentrations. The 3% and 5% concentrations of vitamin C 
may have been too high to be effective. Lower concentrations 
of vitamin C may be more effective for preservation of beef 
color and lipid following dip treatment.

Holstein meats are about 15% of total beef consumption in 
the United States (Buege, 1990). Imported beef from unspec
ified breeds is consumed at 7% (American Meat Institute, 1989), 
and beef breed meats are the remaining 78% of consumption. 
Holstein meats are attractive to consumers because they have 
less intramuscular fat than beef breed meats (Callow, 1962; 
Zembayashi et al., 1988). However, Holstein beef retail cuts

The authors are with the Dept, o f M eat & Anim al Science, M us
cle Biology & M eat Science Laboratory, Univ. o f Wlsconsin- 
Madison, Linden Drive, Madison, Wl 53706. Author Mitsumoto  
is on leave from the Dept, o f Anim al Production, Chugoku Na
tional Agricultural Experiment Station, 60 Yoshinaga, Kawai- 
cho, Oda-shi, Shimane-ken, 694, Japan.

are reported to discolor more rapidly than beef breed meats 
(Faustman et al., 1989b). This may be due to differences in 
pigment stability, perhaps due to a breed difference in met
myoglobin reducing ability. A method to prevent metmyoglo
bin formation of Holstein retail cuts would be very useful for 
both meat packers and consumers. The objective of our work 
was to investigate the effects of dietary vitamin E supplemen
tation and vitamin C dip treatment on color and lipid stability 
in fresh meat cuts from Holstein and beef steers.

MATERIALS & METHODS
Materials

Longissimus dorsi muscles from eight crossbred beef steers and ten 
Holstein steers were used in this study. Four beef steers were fed no 
supplemental vitamin E and the other four beef steers were supple
mented with 1200 I.U. vitamin E (a-tocopheryl acetate, Hoffmann- 
LaRoche, Inc., Nutley, NJ) per animal daily for 67 days. Five Hol
stein steers were fed no supplemental vitamin E and the other five 
Holstein steers received supplemental vitamin E for 38 days at a level 
of 1200 I.U./animal/day. Vitamin E was dispersed in a liquid carrier. 
Control steers received the same amount of liquid carrier that con
tained no vitamin E. Cattle were fed a 90% high-moisture corn-10% 
corn silage diet formulated to contain 0.1 ppm selenium. The ranges 
of age and live weight at slaughter of crossbred beef steers were 1 2 -  
13 months of age and 442-529 kg, and those of Holstein steers were 
18-24 months of age and 632-680 kg.

The steers were slaughtered at Packerland Pkg. Co., Green Bay, 
WI, and the left strip loin from each steer was removed at 24 hr 
postmortem. These sub-primal cuts were then vacuum-packaged and 
transported to the University of Wisconsin-Madison meat laboratory 
and stored for an additional 6  days at 4°C.

The vitamin E contents in longissimus dorsi muscles were measured 
by the method of Cort et al. (1983).

Dip treatment with vitamin C

Longissimus dorsi muscles were sliced into 1 cm thick steaks, and 
50 mm diameter pieces were cut from the sliced steaks with a template 
cutter. Samples were randomly allotted to undipped control or dip 
treatments with vitamin C solution. Samples were dipped for 20 sec 
in a solution of 1% L-ascorbic acid (L-ascorbic acid, sodium salt, 
Sigma Chemical Co., St. Louis, MO) prepared in sterile distilled 
water, and drained for 10 sec. All samples were individually placed 
on plastic foam, over-wrapped with PVC film (MW 4, P = 1000-1050 
ml / 645 cm2  / 24 hr at 23°C, Filmco Ind. Inc., Aurora, OH) and 
continuously displayed under cool white fluorescent lights (2475 lux) 
at 4°C for 16 days.

Meat color

Surface metmyoglobin and oxymyoglobin percentages were deter
mined on days 1, 4, 7 ,10 , 13 and 16 by reflectance spectrophotometry 
(Krzywicki, 1979) using a Shimadzu UV-265 FW spectrophotometer 
(Shimadzu Scientific Instruments, Inc., Columbia, MD).

Lipid oxidation analysis

TBA (2-thiobarbituric acid) values were measured in samples dis
played for 1, 4, 7, 10, 13 and 16 days by the method of Witte et al. 
(1970). The weight of each sample was measured before blending and
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Table 1 -Analyses of variance for surface metmyoglobln, oxymyoglobin percentage and TBA value

S o u rc e 3 d.f.

M etm yoglobin O xym yo g lob in T B A  va lu e

M S F-value M S F-value M S x  10~z F-va lue

VitE 1 4071.4 13 .9** 1986.3 10 .6** 8008.9 2 1 .3 ***
Brd 1 2256.1 7.7* 901.3 4 .8* 280.0 0.7
Brd x  V itE 1 35.6 0.1 0.0 0.0 59.1 0.2
Brd x  V itE  x  Anm l 14 292.9 — 186.6 — 376.1 —
VitC 1 921.3 8 7 .1 *** 684.8 9 3 .0 *** 401.6 12 .8 **
V itC  x  V itE 1 268.8 2 5 .4 *** 124.7 16 .9** 295.5 9 .4 **
Brd x  VitC 1 6.9 0.6 16.8 2.3 0.1 0.0
Brd x  V itC  x  V itE 1 41.9 4.0 9.6 1.3 17.1 0.5
Brd x  V itC  x  V itE  x  Anm l 14 10.6 - 7.4 — 31.4 -
Day 5 2618.4 6 7 .7 *** 1820.1 6 4 .3 *** 1278.7 4 2 .4 ** *
V itC  x  Day 5 141.6 3 .7 ** 125.3 4  4 * * * 37.1 1.2
Brd x  Day 5 19.4 0.5 15.1 0.5 30.9 1.0
Day x  V itE 5 943.2 2 4 .4 *** 488.8 1 7 .3 *** 997.9 3 3 .1 ** *
V itC  x  Day x V itE 5 65.0 1.7 33.1 1.2 19.1 0.6
Brd x  V itC  x  Day 5 5.9 0.2 5.9 0.2 3.8 0.1
Brd x  Day x  V itE 5 35.2 0.9 16.6 0.6 9.7 0.3
Brd x  V itC  x  Day x  V itE 5 28.1 0.7 15.4 0.5 7.5 0.2
Error 140 38.7 - 28.3 - 30.2

3 VitE: dietary vitamin E supplementation, Brd: breed (and length of the feeding period), VitC: vitamin C dip treatment, Anml: animal. *P<0.05, **P<0.01, ***P<0.001.

D ie ta ry  B re e d  V ita m in  C  D a y
v ita m in  E  d ip  t r e a t m e n t

Fig. 1 — Least-squares m eans for surface m etmyoglobin and  
oxymyoglobin percentage. a,b,c: within main effects, m eans with 
no com m on letters differ significantly (P<0.05). CNTRL = no 
dietary vitamin E supplementation; SUPPL = vitamin E supple
mentation; HOL = Holstein; BEEF = crossbred beef; UN = 
undipped control; DIP = dipped in vitamin C solution.

extraction. Trichloroacetic acid solution (20% w/v) was used for ex
traction. A Beckman DU-65 spectrophotometer (Beckman Instru
ments, Inc., Fullerton, CA) was used for measuring absorbance at 
530 nm. Values of absorbance were multiplied by 5.2 and expressed 
as mg malonaldehyde equivalent/kg meat.

Statistical analysis

Data were analyzed by the General Linear Models procedure of 
SAS (1985) as a split-split-plot design to account for the repeated 
measures aspect. Animal was designated as the main plot, muscle 
samples within animal as the sub-plot, and muscle samples within 
animal by day as the sub-sub-plot. Pairwise comparisons of means 
were analyzed by Scheffe’s test (Snedecor and Cochran, 1980). 
Regression curves of surface metmyoglobin percentages and TBA 
values versus tissue vitamin E concentrations were computed using 
statistics library 6  (IBC, 1983).

16

vitamin E dip treatment

Fig. 2 -L east-squares m eans for TBA value. a,b,c. within main 
effects, m ea n s  with no com m on  le tters d iffer significan tly  
IP<0.05). See  Fig. 1 legend for treatm ent codes . ,

RESULTS & DISCUSSIONS
THE AVERAGE of a-tocopherol concentration was increased 
(P<0.01) by vitamin E supplementation in both the crossbred 
beef steers (control, 2.2; supplemented, 6.0 mg/kg) and Hol
stein steers (control, 2.2; supplemented, 3.5 mg/kg; SE = 0.2). 
The concentration of a-tocopherol in longissimus of supple
mented beef steers was greater (P<0.01) than in longissimus 
of Holstein steers. Analyses of variance for surface metmy
oglobin, oxymyoglobin percentage and TBA value are pre
sented in Table 1, and least-squares means for these 
measurements are shown in Fig. 1 and 2. Relationships of 
three-way interactions (vitamin C dip treatment x day x dietary 
vitamin E) for metmyoglobin and oxymyoglobin percentage 
and TBA value are presented in Fig. 3-5, because the signif
icant two-way interactions (vitamin C x  dietary vitamin E, 
vitamin C x day, and day x  dietary vitamin E) are compo
nents of these three-way interactions.

Vitamin E feedings

Dietary vitamin E supplementation to cattle feed greatly im
proved the stability of meat color and lipid compared to un
supplemented steers. The vitamin E supplemented steers showed 
lower (P<0.01) metmyoglobin and higher (P<0.01) oxymy
oglobin percentages (Fig. 1) and much lower (P< 0.001) TBA
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Fig. 3 -R elationship  o f vitamin C dip treatm ent x  days displayed 
x  dietary vitamin E supplementation on surface m etmyoglobin  
percentages. The significance o f difference am ong dietary vi
tamin E supplementation and vitamin C dip treatm ent is shown  
within a day. ns: not significant; a,b,c: m eans with no com mon  
letters differ significantly (P<0.05). CNTRL-UN = undipped con
trol o f unsupplem ented steers; CNTRL-DIP = vitamin C dip 
treatm ent o f unsupplem ented steers; SUPPL-UN = undipped  
control o f vitamin E supplem ented steers; SUPPL-DIP = vitamin 
C dip treatm ent o f vitamin E supplem ented steers.

Fig. 4 —Relationship o f vitamin C dip treatm ent x days displayed 
x dietary vitamin E supplementation on surface oxymyogiobin 
percentages. The significance o f difference am ong dietary vi
tamin E supplementation and vitamin C dip treatm ent is shown  
within a day. ns: not significant; a,b,c: m eans with no com mon  
tetters differ significantly (P<0.05). See Fig. 3 legend for treat
m ent codes.

values (Fig. 2) than the unsupplemented steers. Vitamin E 
supplemented steers had lower metmyoglobin percentages (Fig.
3) from day 7, higher oxymyogiobin percentages (Fig. 4) from 
day 10, and lower TBA values (Fig. 5) from day 1, than 
unsupplemented steers. Thus, dietary vitamin E supplemen
tation retarded metmyoglobin formation and greatly suppressed 
lipid oxidation. Faustman et al. (1989a, b) also reported that 
vitamin E supplementation (370 I.U./animal/day) of Holstein 
steers effectively stabilized meat color and lipid of the gluteus 
medius.

Vitamin E acts as an antioxidant by reacting with free rad
icals (Tappet, 1962). Green (1969) found that more metmy
oglobin reducing activity was retained in ground beef samples 
stored with an antioxidant. The oxidation in meat is reported 
to be initiated in the phospholipid-rich membranes (Buckley 
et al., 1989). Therefore, we suggest that dietary vitamin E was 
absorbed by steers and incorporated into cellular membranes. 
In that location vitamin E prevented pigment and lipid oxida
tion directly by reacting with free radicals and also indirectly 
maintained metmyoglobin reducing activity. Hence, the sta
bilities of beef color and lipid were improved.

Relationship between a-tocopherol concentration and, met
myoglobin percentage and TBA value at day 16 is presented 
in Fig. 6. Supplemented steers (3.2-6.4 mg a-tocopherol/kg)

Days displayed

Fig. 5 —Relationship o f vitamin C dip treatm ent x days dis
played x  dietary vitamin E supplementation on TBA values. 
The significance o f difference am ong dietary vitamin E supple
mentation and vitamin C dip treatm ent is show n within a day. 
ns: not significant; a,b,c: m eans with no com m on tetters differ 
significantly (P<0.05). See  Fig. 3 legend for treatm ent codes.

a-tocopherol concentration (mg/kg meat)

Fig. 6 —Relationships betw een a-tocopherol concentration and, 
(A) m etmyoglobin percentage at day 16 and (B) TBA value at 
day 16 in undipped control (no vitamin C dip treatm ent). Regres
sion curves to fit the pooled data (n = 18) are indicated. A, con
tro l H o lste in ; o, c o n tro l c ro s sb re d  b e e f;  v ita m in  E 
supplem ented Holstein; •, vitamin E supplem ented crossbred  
beef.

showed lower metmyoglobin percentages and TBA values than 
control steers (1.7-2.5 mg a-tocopherol/kg), and a-tocopherol 
concentration over 3.5 mg/kg meat appeared to retard met
myoglobin formation and lipid oxidation. The results indicated 
that dietary vitamin E supplementation should be maintained 
at a level to obtain 3.5 mg a-tocopherol per kg meat. Faustman 
et al. (1989b) also found that Holstein steer beef which con
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tained in excess of ca. 3 mg a-tocopherol/kg tissue diplayed 
the least oxidation of both pigments and lipids.

Breed effect
Holstein longissimus showed higher (P<0.05) metmyoglo- 

bin and lower (P<0.05) oxymyoglobin percentages than 
crossbred beef longissimus (Fig. 1), but the TBA values of 
two breeds did not differ (P>0.05; Fig. 2). Faustman and 
Cassens (1991) reported that Holstein beef had higher values 
for metmyoglobin percentage, nicotinamide adenine dinucleo
tide, and TBA, and lower values for glutathione disulfide and 
hypoxanthine than crossbred beef. In our study, the rate of 
metmyoglobin formation was higher in longissimus from Hol
stein than crossbred beef steers. This was consistent with the 
lower a-tocopherol concentration in longissimus from Holstein 
than crossbred beef steers. The difference in a-tocopherol con
centration was probably due to the shorter period of vitamin 
E supplementation which the Holstein steers received.

There were no significant (P>0.05) interactions between 
breed and other effects (Table 1). Note that breed effects were 
potentially confounded by differences in length of the feeding 
period, age of cattle and weights of the breeds. Holsteins were 
slaughtered at an older age than crossbreds—a fact which may 
have influenced myoglobin concentration of muscle.

Vitamin C dip treatment

Dip treatment with vitamin C solution was effective in re
tarding oxidation of beef color and lipid in comparison with 
undipped control. Vitamin C dip treatment improved (P<0.001) 
color stability (Fig. 1) and lowered (P<0.01) TBA value (Fig.
2) compared to undipped control. Vitamin C dip treatment 
showed lower metmyoglobin percentages (Fig. 3) from day 7, 
higher oxymyoglobin percentages (Fig. 4) from day 10, and 
lower TBA values (Fig. 5) from day 1, than the undipped 
control.

Tappel et al. (1961) indicated that vitamin C could act syn- 
ergistically with vitamin E to inhibit lipid oxidation and au- 
toxidation in tissue. The natural vitamin C content of fresh 
meat is usually considered negligible (0 mg/kg meat; Anderson 
et al., 1985). On the other hand, the overall mean vitamin E 
content was 3.4 ± 0.2 mg/kg tissue in the longissimus from 
the steers in our study. We considered that the vitamin C so
lution penetrated into the meat to some extent, that it acted as 
an antioxidant with vitamin E in the meat surface layer and, 
thus the stability of pigment and lipid was improved.

Harbers et al. (1981) reported that dip treatment of beef 
psoas major steaks in a 5% vitamin C solution showed an initial 
discoloration during the first 30 min then slowly increased in 
brightness in the presence of radiant energy. Okayama et al.
(1987) reported that dip treatment of beef short loin steaks in 
a 3% vitamin C solution showed a higher surface metmyoglo
bin percentage than controls at day 3 after treatment. In our 
study, a 1% vitamin C dip treatment showed greater pigment 
and lipid stability than undipped control during 16 days of 
display.

Vitamin C dip treatment improved pigment and lipid stabil
ity in the steers that were not supplemented with vitamin E 
but had only a slight effect in vitamin E supplemented steers 
(Fig. 3-5). Vitamin C penetrated into the meat to some extent 
after dipping, and acted , as an antioxidant with vitamin E in 
the meat surface layer. However, the overall effectiveness of 
endogenous vitamin E, especially on lipid oxidative stability, 
was stronger than that of exogenously added vitamin C (Fig. 
2 and 5).
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Near-Infrared Spectroscopy Determination of Physical and 
Chemical Characteristics in Beef Cuts

MITSURU MITSUMOTO, SATOSHI MAEDA, TADAYOSH1 MITSUHASHI, and SHINOBU OZAWA

----------------------------ABSTRACT-----------------------------
The qualities of beef cuts were compared with near-infrared (NIR) 
spectroscopy readings using reflectance, transmittance and a fiber op
tic probe. Multiple linear regression analyses were used to select the 
optimum wavelengths for estimating beef properties. High multiple 
correlation coefficients (R) were obtained for Warner-Bratzler shear 
value (R = 0.798-0 .826), protein (R = 0 .822-0 .904), moisture 
(R = 0 .895-0 .941), fat (R = 0 .890-0 .965) and energy content 
(R = 0.899-0.961) with each reflectance, transmittance and using the 
fiber optic probe. Total pigment content also highly correlated with 
optical densities using transmittance (R = 0.946) and the fiber optic 
probe (R = 0.893). NIR with a fiber optic probe is a useful tool for 
determining physical and chemical characteristics of beef.

Key Words: near-infrared spectroscopy, reflectance, fiber-optics, beef 
quality, optical density

INTRODUCTION

PHYSICAL AND CHEMICAL characteristics of beef includ
ing fat content are a matter of concern for both consumers and 
producers as they influence price as well as nutrient content. 
Conventional methods of determination are time consuming 
because samples need to be ground or cooked prior to analysis. 
Objective measurement of physical and chemical characteris
tics of beef are therefore not used to assess the quality or value 
of carcass beef or meat in retail outlets.

Recently, near-infrared (NIR) spectroscopy has been devel
oped as a rapid and accurate technical tool for estimating chem
ical compositions of foods. There are some reports on meat 
analysis using NIR spectroscopy. Ben-Gera and Norris (1968) 
analyzed fat and moisture contents in emulsions of meat prod
ucts by NIR transmittance. Iwamoto et al. (1981) reported that 
fat and moisture contents in ground pork correlated highly with 
NIR reflectance. Kruggel et al. (1981) estimated fat, moisture 
and protein contents in emulsified beef and ground lamb by 
NIR reflectance. Lanza (1983) determined moisture, protein, 
fat and calorie contents in emulsified pork and beef by NIR 
reflectance and trasmittance. These works were carried out on 
ground or emulsified meat samples. If the NIR technique can 
estimate meat characteristics with direct reflectance from raw 
beef cuts, it would result in considerable time-saving. Swat- 
land (1983) reported that internal reflectance obtained by fiber 
optics in the 700-1000 nm region of the spectrum correlated 
with pH value in pork. The analysis of meat pigments in the 
400-700 nm region with fiber optics has been reviewed (Swat- 
land, 1989). There are no reports on NIR analysis (680-2500 
nm) for physical properties such as cooking loss and shear 
value or on other chemical characteristics such as total pigment 
and hydroxyproline content. In addition, the combination of 
fiber optics with NIR spectroscopy for such analyses should 
be tested.

Authors Mitsumoto, Mitsuhashi, and Ozawa are with the Dept, 
o f Anim al Production, Chugoku National Agricultural Experi
m ent Station, 60 Yoshinaga, Kawai-cho, Oda-shi, Shimane-ken  
694, Japan. Author Maeda is with the Laboratory o f Anim al Sci
ence, Faculty o f Agriculture, Shim ane Uiv., 1060 Nishikawatsu- 
cho, Matsue-shi, Shimane-ken 690, Japan.

The objective of our work was to evaluate NIR spectroscopy 
using reflectance, transmittance and fiber optic modes as a 
means of determining physical and chemical characteristics of 
beef important to consumers.

MATERIALS & METHODS
Materials

Muscles from eleven Japanese black steers were used in this study. 
The range of age at slaughter was 22.5-32.4 mo and the range of 
body weights was 505-681 kg. The following 6  muscles were dis
sected from the left side of carcasses 48 hr postmortem: semitendi- 
nosus, semimembranosus, psoas major, latissimus dorsi, the anterior 
portion of the longissimus dorsi, supraspinatus. The sample was cut 
from the center or thickest portion of each muscle and stored for 24 
hr at 1°C for subsequent analyses.

Physical and chemical analyses

pH values were determined by directly inserting needle-type glass 
electrodes into beef cuts. Total pigment contents were determined by 
the method of Fleming et al. (1960). The total pigment contents were 
expressed as mg/g wet tissue.

Cooking loss percentages and shear values were measured as fol
lows: steaks (about 2 x 5 x 7  cm) from each sample were placed 
in a polyethylene bag, and cooked in water at 70°C. Internal temper
ature of each steak was maintained at 70°C for 30 min. After being 
cooled to room temperature the sample was weighed and cooking loss 
determined. The Warner-Bratzler shear values were determined with 
ten 1.3 cm diameter cores obtained from the above cooked samples. 
Hydroxyproline levels were measured by the method of Woessner
(1961).

Protein contents were estimated from nitrogen content using the 
Kjeldahl technique and moisture contents were measured by oven 
drying at 100°C for 16 hours (AOAC, 1984). Fat contents were de
termined by ether extraction (AOAC, 1984) and energy contents were 
calculated using energy conversion factors as follows: Energy (Kcal/ 
lOOg meat) = 4.22 x protein (g/lOOg meat) + 9.41 x fat (¿T00g 
meat) (Resources Council, Science and Technology Agency, 1982). 
As the carbohydrate content of beef is very low (0.3-0.7 g/lOOg meat; 
Resources Council, Science and Technology Agency, 1982) compared 
to protein and fat, carbohydrate content was not used in calculation 
of energy content.

NIR spectroscopy

Reflectance, transmittance and fiber optic spectra measurements 
were performed by a Neotec Model 6250 Spectrophotometer (NIR- 
Systems, Inc., Silver Spring, MD). This instrument contains a com
puter-based system with a single-beam scanning monochromator. The 
monochromator scans the range 1100-2500 nm in the reflectance mode 
and the range 680-1235 nm in the transmittance and fiber optic modes. 
The lead sulfide detector was used for reflectance measurements and 
the silicon detectcr was used for transmittance and fiber optic mea
surements. The fiber optic probe (Fig. IB) was the surface interact- 
ance type (NR-6650VS04X, NIRSystems, Inc., Silver Spring, MD) 
which had a 2 0  x 2 0  mm square sample area consisting of alternating 
parallel arrays of illuminator and receptor fibers in the ratio of about 
3:4. The diameter of a fiber was 0.2 mm, and about 1900 quartz 
fibers were contained in the total 60 mm2  illuminator area and 2500 
quartz fibers in the total 80 mm2 receptor area. Data were recorded 
at 2 nm intervals and 50 scans 25 were averaged for eveiy sample. 
A ceramic disk was used as reference in each measurement mode. 
Scanning reference for the fiber optic probe was performed with a

Volume 56, No. 6, 1991-JOURNAL OF FOOD SCIENCE-1493



NIR DETERMINATION OF BEEF QUALITY. . .

Table 1 -Means, standard deviations (SD) and ranges for physical and 
chemical characteristics

Fig. 1. — Photograph o f tem plate cutter (A), fiber optic probe (B), 
reference cup (C) for fiber optic probe, sam ple cup (D) for fiber 
optic probe, quartz sam ple cell (E) for reflectance and transmit
tance m easurem ents.

specially designed reference cup (Fig. 1C) which had 2 mm of air 
distance between the fiber optic probe and ceramic disk.

In reflectance and transmittance modes 1 cm thick steaks were cut 
perpendicularly to the muscle fiber and placed in polyethylene bags 
which were then placed in the quartz sample cell (Fig. IE) and optical 
densities (O.D.) determined. With the fiber optic probe, a 5.5 cm 
diam x 6  cm deep sample was cut from the muscle using a template 
cutter (Fig. 1A) and placed in the specially designed sample cup (Fig. 
ID) to prevent interference from outside light. Scannings were per
formed on both sides of each sample to obtain the average value of 
individual beef cuts.

Calibration

Data obtained by reflectance and the fiber optic probe were recorded 
as log HR, where R is the reflectance energy. Absorbance data ob
tained by transmittance were recorded as log 1 IT, where T is the 
percent transmittance. Mathematical transformations of the data to 
second derivatives were computed to reduce effects of differences in 
particle size and sample composition that can cause baseline offsets.

A multiple linear regression model was used to find the equation 
which would best fit the data as follows:

Y = Ko + K](Xj) + K2(X2) + K3(X3) + K4(X4)

where, Y is the constituent percentage or physical value of the char
acteristics and K0 -K 4  are the constants of the regression equation. X i- 
X4  are the second derivatives of log 1/R or log 1 IT at different wave
lengths.

RESULTS & DISCUSSION
MEANS, standard deviations and ranges for physical and 
chemical characteristics are presented in Table 1. Forty-eight 
samples were used for calibration with reflectance and 66 sam
ples for calibration with each transmittance and the fiber optic 
probe. These 66 samples included the 48 samples. Selected 
wavelengths, correlation coefficients and standard errors of 
calibration for physical and chemical characteristics by reflec
tance, transmittance and with the fiber optic probe are pre
sented in Table 2. The second derivative was used as the 
mathematical transformation in this study. First derivative 
transformations are recommended for homogeneous products 
and second derivative transformations are recommended for 
non-homogeneous products (NIRSystems, 1985). Beef cuts are

Item M ean S D Range

R eflectan ce  M ode S e t  (N = 48) 
pH va lue  5.57 0.07 5 .4 5 -5 .7 6
Total p igm ent, mg/g 6.01 1.15 3 .5 8 -8 .2 0
Coo king  lo ss , % 31.2 4.8 2 0 .4 -4 0 .0
S h e a r va lu e , kg 3.3 1.1 1 .7 -6 .0
H ydroxypro lin e , mg/g 3.10 1.13 1 .1 0 -5 .6 5
Protein, % 18.8 1.3 1 5 .5 -2 0 .8
M oisture, % 69.7 4.0 5 9 .6 -7 5 .5
Fat, % 8.8 4.9 2 .6 -2 2 .4
En erg y , Kcal/100g 162.6 41.9 103 .0 -2 7 6 .2

T ran sm ittan ce  and fib er optic m o d e s se t (n = 66)
pH va lue 5.58 0.08 5 .4 5 -5 .8 2
Total p igm ent, mg/g 5.79 1.27 2 .9 4 -8 .2 0
Cooking lo ss , % 31.0 4.5 2 0 .4 -4 0 .0
S h ea r va lu e , kg 3.5 1.1 1 .7 -6 .0
H ydroxypro lin e , mg/g 3.11 1.13 0 .9 7 -5 .6 5
Protein, % 18.8 1.3 1 5 .0-20 .8
M oisture, % 69.7 4.1 5 8 .9 -7 5 .6
Fat, % 8.7 5.0 2 .6 -2 2 .9
En erg y , Kcal/100g 161.7 43.1 103 .0-2 7 8 .8

not homogeneous compared to ground beef. We found that 
second derivative transformations had slightly better multiple 
correlation coefficients than first derivative transformations. 
This observation was in agreement with the report of Lanza
(1983).

Correlation between O.D. and pH values was highest using 
reflectance (R =  0.743) compared to transmittance (R =  0.582) 
and with the fiber optic probe (R = 0.605). Swatland (1983) 
reported that correlation coefficient for pH value was -0 .7 3  
at 700 nm in pork with a fiber optic probe. As every muscle 
was taken at 48 hr postmortem and kept cool for 24 hr in the 
same way, the range of pH values (5.45-5.82) of samples was 
very narrow.

Correlation of O.D. with total pigment content was highest 
using transmittance (R = 0.946) and the fiber optic probe 
(R =  0.893), but lower with reflectance (R = 0.639). Total pig
ment content mainly consists of myoglobin. The vibration of 
myoglobin should be stronger in the 680-1235 nm region of 
transmittance and the fiber optic probe than the 1100-2500 nm 
of reflectance. The first selected 790 nm in the transmittance 
scans was reported as one of nitrogen-hydrogen overtone bands 
for protein (Osborne and Fearn, 1986).

Cooking loss correlated highly with O.D. using reflectance 
(R = 0.771) and transmittance (R =  0.739) compared with fiber 
optic probe (R = 0.642). Shear value correlated highly with 
O.D. using transmittance, absorbance and with the fiber optic 
probe (R =  0.798-0.826) whereas correlations for pH value 
(R = 0.582-0.743), cooking loss (R = 0.642-0.771) and hy
droxyproline content (R = 0.621-0.749) varied considerably 
between detectors. Shear value had a high negative correlation 
with taste panel tenderness (Crouse et al., 1978; Culler et al.,
1978). These results suggested that NIR technology could pre
dict tenderness of cooked beef from raw fresh beef.

Hydroxyproline content correlated highly with O.D. using 
reflectance (R =  0.737) and transmittance (R = 0.749) com
pared with the fiber optic probe (R =  0.621). Hydroxyproline 
content is used as an index of connective tissue in meat (Lawrie 
et al., 1964). There were significant relationships between hy
droxyproline content and shear value (r =  0.47 and 0.41; 
P<0.01, Table 3), between hydroxyproline content and cook
ing loss (r =  0.65 and 0.69; P < 0.001), as well as between 
cooking loss and shear value (r =  0.57 and 0.62; P<0.001). 
Ozawa (1989) also reported significant relationships between 
hydroxyproline content and shear value (p<0.05) and between 
hydroxyproline content and cooking loss (P<0.01) in beef. 
Mitsumoto et al. (1986) reported a significant relationship be
tween cooking loss and shear value in beef (P<0.05). These 
observations suggested that similar wavelengths should be se
lected for cooking loss, shear value and hydroxyproline level.
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Table 2-Selected wavelengths and statistical summary for physical and chemical characteristics by the reflectance, transmittance and fiber optic scans

Item M ode X,*
W avelen gth , nm  

X2 X3 X* Rb S E '
pH va lue Reflectan ce 1188 1508 1332 1964 0.743 0.05

Tran sm ittan ce 767 1186 1048 827 0.582 0.07
Fib er optic 912 763 1117 764 0.605 0.06

Total p igm ent R eflectance 2410 2066 1188 1386 0.639 0.93
T ran sm ittan ce 790 960 733 1198 0.946 0.42

F ib e r optic 1119 1185 875 955 0.893 0.59
Cooking lo ss Reflectan ce 1332 1958 2422 1562 0.771 3.17

Tran sm ittan ce 1200 925 680 958 0.739 3.16
Fib er optic 1079 955 1082 973 0.642 3.60

S h e a r va lue R eflectan ce 1414 1740 1884 1830 0.826 0.62
T ran sm ittan ce 1177 1081 847 1009 0.798 0.68

Fib er optic 1084 955 869 761 0 .804 0.68
H ydroxyproline R eflectan ce 2064 1976 2108 2262 0.737 0.80

Tran sm ittan ce 1195 924 1018 1115 0.749 0.77
Fib er op tics 1129 1080 953 1081 0.621 0.91

Protein R eflectan ce 1806 2262 2178 2184 0.904 0.58
T ransm ittan ce 941 1014 931 796 0.855 0.71

Fib er optic 947 1041 992 790 0.822 0.78
M oisture Reflectan ce 2322 1760 2156 1388 0.941 1.41

Tran sm ittan ce 1184 1057 1139 868 0.940 1.44
F ib e r optic 1058 732 950 1186 0.895 1.89

Fat Reflectan ce 2292 1534 1978 1350 0.965 1.34
Tran sm ittan ce 890 1056 1141 874 0.965 1.37

Fib er optic 1000 1057 731 1190 0.890 2.37
Energy Reflectan ce 2322 1760 1536 1978 0.955 13.0

Tran sm ittan ce 1184 1057 1141 873 0.961 12.3
Fib er optic 1061 733 950 1122 0.899 19.5

8 Xi, X2, X3, X4 refer to the selected wavelengths for the linear calibration equation. 
b Multiple correlation coefficient. 
c Standard error of the calibration.

Table 3 - Correlation coefficients among physical and chemical characteristics’

Item
pH

va lue
Total

pigm ent
Cooking

lo ss
S h ea r
va lue

H ydroxy
pro line Protein M oisture Fat E n e rg y

pH va lue — 0 .4 5 ** - 0 .0 4 - 0 .2 6 0.10 - 0 .5 3 * * * - 0 .3 2 * 0 .4 2 ** 0 .3 9 **
Total p igm ent 0 .26* - - 0 .0 1 0.03 0.27 - 0 .2 8 - 0 .3 0 * 0 .32* 0 .31*
Cooking lo ss - 0 .0 7 0.06 — 0 .6 2 *** 0 .6 9 *** 0.14 0 .5 8 *** - 0 .5 0 * * * - 0 .5 3 * * *
S h ea re  va lue - 0 .0 9 0.03 0 .5 7 *** — 0 .4 1 ** 0 .3 9 ** 0 .5 4 ** * - 0 .5 2 * * * - 0 .5 1 * * *
H ydroxyproline - 0 .0 1 0.22 0 .6 5 *** 0 .4 7 *** — - 0 .0 1 0 .3 4 * - 0 .2 6 - 0 .2 9 *
Protein - 0 .3 6 * * - 0 .2 7 * 0.20 0 .4 0 *** 0.00 — 0 .6 4 ** * - 0 .7 6 * * * - 0 .7 0 * * *
M oisture - 0 .1 1 - 0 .1 5 0 .5 8 *** 0 .5 6 ** * 0 .3 0 * 0 .6 9 *** - - 0 .9 8 * * * - 0 .9 9 * * *
Fat 0.20 0.20 - 0 .5 0 * * * - 0 .5 5 * * * - 0 .2 3 - 0 .8 0 * * * - 0 .9 8 * * * — 0 .9 9 6 ***
Energy 0.17 0.19 - 0 .5 3 » ** - 0 .5 5 » ** - 0 .2 5 * - 0 .7 5 * * * - 0 .9 9 * * * 0 .9 9 7 *** -
8 Correlation coefficients in the reflectance mode set (n = 48) are above the diagonal, and those in the transmittance and fiber optic modes set (n = 66) are below the diagonal. 
*P<0.05, **P<0.01, ###P<0.001

In this work the two optimal wavelengths using the fiber optic 
probe were around 1080nm (1079nm, 1084nm and 1080nm, 
respectively) for cooking loss, shear value and hydroxyproline 
content, and around 955nm (955nm, 955nm and 953nm).

Protein content correlated highly with O.D. using reflec
tance (R = 0.904), transmittance (R =  0.855) and with the fiber 
optic probe (R = 0.822). The selected wavelengths for reflec
tance (2178 nm and 2184 nm), transmittance (796 nm) and for 
the fiber optic probe (790 nm) were assigned to nitrogen-hy
drogen overtone bands for protein (Osborne and Fearn, 1986). 
The multiple correlation coefficient for protein in each mea
surement scan was less than those for moisture and fat. That 
was due to the variation of protein content in meat being less 
than variation in moisture and fat contents. The range of pro
tein contents was 5.8% compared with 16.7% for moisture 
content and 20.3% for fat content. Former workers (Kruggel 
et al., 1981; Lanza, 1983) also observed that correlation coef
ficients for protein were not as high as those for moisture and 
fat in emulsified or ground meat samples. Kruggel et al. (1981) 
reported multiple correlation coefficients for protein were 0.80 
in emulsified beef and 0.67 in ground lamb by NIR reflectance, 
and Lanza (1983) reported a correlation coefficient of 0.885 
for protein in emulsified pork and beef by NIR reflectance. 
Multiple correlation coefficients for protein reported here for 
intact muscle tissue were higher or similar to those in ground

or emulsified samples reported previously (Kruggel et al., 1981; 
Lanza, 1983).

Moisture and fat contents correlated highly with O.D. 
(R = 0.895-0.941 and R =  0.890—0.965, respectively) using 
transmittance, reflectance and the fibre optic probe. Some se
lected wavelengths for moisture in the reflectance (1760 nm, 
1388 nm), transmittance (1184 nm, 1057 nm) and fiber optic 
modes (1058 nm, 1186 nm) were similar to identified wave
lengths for oil (Williams and Norris, 1987). This suggested 
that moisture content correlated highly with fat content, and 
this was confirmed by the high negative r value ( — 0.98) re
ported in Table 3. Some specific wavelengths for fat were used 
in the regression equations for moisture. The selected 1534 nm 
in reflectance, 874 nm, 890 nm, 1141 nm in transmittance and 
1057 nm, 1190 nm with the fiber optic probe for fat were 
assigned to carbon-hydrogen overtone bands for oil (Osborne 
and Fearn, 1986). Ben-Gera and. Norris (1968) reported cor
relation coefficients of 0.977 between moisture and AO.D. 
(1800 nm-1725 nm) and 0.974 between fat and AO.D. (1725 
nm-1650 nm) in 2 mm-thick emulsions of meat products using 
NIR absorbance. Iwamoto et al. (1981) reported multiple cor
relation coefficients of 0.972 for moisture and 0.996 for fat in 
ground pork using NIR reflectance. Kruggel et al. (1981) re
ported that multiple correlation coefficients were 0.92 for 
moisture and fat in emulsified beef, 0.70 for moisture and 0.81
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for fat, respectively, in ground lamb using NIR reflectance. 
Lanza (1983) reported that multiple correlation coefficients were 
0.987 for moisture and 0.998 for fat in emulsified pork and 
beef by NIR reflectance. Although our samples were not emul
sified or ground, high multiple correlation coefficients for 
moisture and fat were obtained.

Energy content correlated highly with O.D. with reflec
tance, transmittance and the fiber optic probe (R=0.899-0.961). 
The selected wavelengths for energy were almost the same as 
those for moisture. This could be expected as fat content more 
than protein content affects tissue energy content. The high 
correlation between moisture content and fat content and the 
similarity between wavelengths selected for moisture and fat 
support this.

CONCLUSIONS
SHEAR VALUE, protein, moisture, fat and energy contents 
of beef cuts correlated highly with optical densities from NIR 
spectroscopy using reflectance and transmittance and with a 
fiber optic probe. Total pigment content correlated highly with 
optical densities obtained using transmittance and with the fi
ber optic probe. NIR spectroscopy could be a useful technique 
for objectively measuring beef quality and in particular fat, 
protein and energy contents of beef as well as tenderness dur
ing grading and at retail outlets. An NIR spectroscope fitted 
with a fiber optic probe was almost as efficient as using direct 
transmittance or reflectance. This flexible fiber optic tool should 
enable objective measurement of important physical and chem
ical characteristics of the longissimus dorsi at the site of quart
ering during beef carcass grading.
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Collagénase Effect on Thermal Dénaturation of 
Intramuscular Collagen

J.A. BELTRAN, M. BONNET, and A. OUALI

----------------------------ABSTRACT-----------------------------
Wc have investigated the action of a collagenase from Clostridium 
histolyticum on the thermal dénaturation parameters (AH and initial 
temperature of dénaturation [qt]) of bovine intramuscular collagen. 
Collagens exhibiting various degrees of reticulation were extracted 
from calves, steers and cull cows pectoralis profundis muscle. 
Collagenase treatment induced a decrease in the enthalpy of dénatur
ation of calf and steer collagens inversely related to animal age, but 
no change was observed for cow’s collagen. Irrespective of the degree 
of reticulation, collagen breakdown by the collagenase led to the ap
pearance of another peak of dénaturation starting at a lower temper
ature (55-57°C) than that of intact collagen (62-63°C).

Key Words: collagenase, thermal, dénaturation, beef, intramuscular 
collagen

INTRODUCTION
FOR CONSUMERS, toughness is probably the most critical 
quality parameter of meat, especially beef. Meat toughness is 
a complex property depending mainly on the two protein struc
tures which give the muscle its mechanical properties, con
nective tissue and the myofibrils. Each of the structural 
components of connective tissue (endomysium, perimysium 
and épimysium) make a distinct contribution to the overall 
toughness of meat (Purslow, 1985; Light et al., 1985). The 
basic collagen structure, known as tropocollagen, consists of 
three polypeptide chains each twisted in a left handed helix, 
coiled around each other to form a right handed triple super 
helix (Aberle and Mills, 1983). As temperature is increased, 
the collagen’s regular structure breaks (denatures) and the chains 
separate and fold into random structures without any residual 
native structure.

Collagen is polymerized through the formation of covalent 
crosslinks. Reducible crosslinks (heat labile aldimine and heat 
stable keto-imine) are involved in head-to-tail longitudinal 
crosslinking. This confers considerable tensile strength to the 
collagen fibers and additional poorly known transverse non
reducible interfibrilar crosslinks which prevent microfibril slip
page during mechanical stress (Bailey, 1984).

As assessed through modification of its thermal solubility, 
changes in the crosslinking state of collagen occur as animals 
become older, a characteristic markedly affecting meat ten
derness (Cross et al., 1972; Reagan et al., 1973; Berry et al.,
1974). Heat stability of the crosslinks thus increase with age. 
This change could be directly characterized through modifi
cations in the energy required for total dénaturation (AH) and 
the temperature at which dénaturation begins [qt]. These two 
parameters can be determined from the thermograms of dé
naturation obtained by differential scanning calorimetry (DSC).

Since the work of Heyns and Legler (1960), the degradation 
of collagen by a collagenase from Clostridium histolyticum is

Author Beltran is with Dep. de Producción Anim al y Ciencia de 
los Alimentos, Lab. de Tecnología de los Alimentos, Universi
dad de Zaragoza, c. Miguel Servet 777, 50013 Zaragoza. Spain. 
Authors Bonnet and Ouali are with the M eat Research Station, 
INRA-Theix, 63122 Ceyrat, France. _______________

well known. This proteinase degrades the collagen molecule 
in the helical region, predominantly at the level of the bond 
Y-Gly in sequences of the type -Pro-Y-Gly-Pro-, where Y is 
most frequently a neutral amino acid (Nagai, 1961). We in
vestigated the effects of a commercial collagenase from Clos
tridium histolyticum on the dénaturation behavior of collagens 
exhibiting a different degree of reticulation. Our objective was 
to determine the dénaturation parameters, total enthalpy of 
dénaturation (AH) and starting temperature of dénaturation [qt], 
from the thermograms obtained by DSC.

MATERIALS & METHODS
WE USED intramuscular connective tissues extracted from pectoralis 
profundis from calves, steers and cull cows, animal ages 3 mo to 8  

yr. Clostridium histolyticum collagenase (type 1A, EC 3.4.24.3) was 
obtained from Sigma Chemical Co. (St. Louis, MO).

Intram uscular collagen preparation

Extraction of collagen was according to the method of Kopp et al. 
(1989). Briefly, muscles trimmed of external lipids and épimysium 
were ground with a slide grinder, suspended in cold tap water ( 1 0 0  

g/L) and homogenized for 30 sec at medium speed in a Waring Blen- 
dor. The homogenate was filtered through a graded grid with 1 mm 
square holes and rinsed, the retained material was rehomogenized and 
filtered again. This process was repeated two more times, the debris 
was recovered, defatted with acetone and air-dried. The product com
prised endomysial and perimysial collagen with various levels of gly
copro teins and elastine . C ollagen content w as m easured by 
hydroxyproline determination according to the method of Bergman 
and Loxley (1970) adapted to an auto-analyzer (Bonnet and Kopp,
1984). (Collagen content calculated by using a correcting factor of
7.5 was about 50% of dry matter).

Thermal solubility of collagen

According to Kopp and Bonnet (1982), collagen samples (50 mg) 
were heated for 6  hr at 90°C in 0.02M Tris-HCl buffer pH 7.5 con
taining 0.23M NaCl. After filtration, hydroxyproline content of the 
insoluble fraction was determined as described above for total colla
gen. Thermal solubility was defined as the difference between total 
and insoluble collagen concentrations and expressed as a percentage 
of total collagen.

Differential scanning calorimetry (DSC)

Calorimetry experiments were performed according to the method 
of Kopp et al. (1989) with a DSC 111 SETARAM (Lyon, France)

Table 1 -  Dénaturation characteristics and thermal solubility of native in
tramuscular collagen from pectoralis  p rofundis obtained from cattle of 
different ages_________________________________________________________________________

A n im al type Age
Collagen

(%)

So lub ility  
(%  total 

co llagen) (A H ) J/g [qt] °C

C a lves 3 mo 4 2 .6 ± 0 .6 30.3 58.9  ± 2 .8 6 1 .9 ± 0 .2
3 mo 46 + 1.1 28.2 5 4 .5 ± 2 .9 6 2 .7 ± 0 .4

Steers 20 mo 52.9 ± 4 .8 17.2 42.6  ± 2 .8 64.3 ± 0 .3
30 mo 48.4 + 1.1 12.6 4 6 .5 ± 0 .7 64.7 ± 0 .6

Cull 5 yr 5 2 .6 ± 0 .6 10.6 3 7 .6 ± 4 .7 64.8 ± 0 .3
C o w s 8 yr 63.6 + 5.3 7.8 41 ± 2 .8 6 5 .5 ± 0 .3
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Table 2 -T e m p e r a tu r e  an d  dena turation  en tha lpy  ch a n g e  o f  contro l an d  collagenase trea ted  in tram uscu lar collagen from  calves, s te e rs  a n d  cull co w s  
pectoralls  pro fun d is d e te rm in ed  b y  differential scann ing  calorim etry’

A nim al type S am p le

A H  (J/g M S)

2
[qt] T C )

Peak 1 Peak 2 Peak 1 Peak 2

control _ 67.1 ± 6.1 67.1 ± 6 .1 d - 57.1 ± 0 .6
C a lves treated 10.8 + 1.9 4.9  + 0.7 15.7 + 2 .6h 53.9  + 0.4

control — 42.4  ± 1 .9 42 .4  ± 1.9® — 59.8 + 0.7
Steers treated 1 8 .6 ± 2 .5 1 3 .2 ± 3 .5 31.8  ±5.69 50.8 ± 0 .3 59.0  ± 0 .4

control — 36.1 ± 2 .7 36.1 + 2 .7 fg — 6 0 .0 ± 0 .6
Cull C o w s treated 20.0 + 1.5 2 0 .0 ± 3 .6 40 .0  ± 4 .9*1 49 .5  + 0.4 60.2  +  0 .4

8 In cu b a tio n  c o n d it io n s  a re  th o se  d e sc r ib e d  in  M a te ria ls  & M e th o d s . In e v e ry  c a s e , th e  e n z y m e /su b stra te  ra tio  w a s  1/100. 
b qt: in itial d é n atu ratio n  tem p eratu re .
c T h e  s h a p e  of th e  cu rv e  d id  not a llo w  fo r ca lc u la t io n  q t (s e e  fig . 1A).
d_h V a lu e s  w ith in  c o lu m n s  fo llo w e d  b y  th e  sa m e  s u p e rsc r ip t  le tter d o  not d iffer s ig n if ica n tly  (P < 0.05).

Fig. 1 — Thermal denaturation curves o f 
collagenase treated intramuscular colla
gen. (A) calf (-----1, steer (----- ) and cull
cow (— -); (enzyme/substrate ratio 1/100).
(B) untreated (--------) and collagenase-
treated steer collagen using an enzym e /
substrate ratio 1/750 (-----■), and  1/100
(-----); (Incubation conditions described in
Materials & M ethods section).

using indium and pure water as calorimetric standards. Quadruplicate 
collagen samples (10-20 mg) were covered with about 100 p,L of 
either distilled water (results shown in Table 1) or 50 mM Tris-HCl 
buffer pH 7 containing 0.15M NaCl and 20 mM CaCl2 (see Table 2) 
and scaled into stainless steel pans. After incubation for 24 hr at 30°C, 
treated and control samples were heated in the calorimeter from 25°C 
to 100°C at 3°C/min. A sealed pan containing an equivalent weight 
of Tris-HCl buffer was used as reference. As previously described 
(Kamoun et al., 1989), the thermodynamic parameters (enthalpy and 
temperatures of denaturation) were calculated from the thermograms 
recorded with a Sefram recorder using a custom program adapted to 
a Hewlett-Packard HP-85 Computer.

R ESU LTS & DISCUSSION
TABLE 1 shows the main characteristics of intramuscular col
lagen extracted from calves, steers and cull cows. Clearly a 
large decrease occurred in the thermal solubility of collagen 
with animal age thus confirming the well known close rela
tionship between age and thermal solubility (Kopp and Bonnet,
1971). Indeed, intramuscular collagen from the oldest animals 
was much more tightly crosslinked and had higher thermost
ability. As already reported by Bernal and Stanley (1986), this 
change was strengthened by a concomitant increase in the in
itial temperature of denaturation. Calf collagen showed the 
lowest initial denaturation temperature followed by steer and 
cull cow collagen. Hence, we observed a close relationship (r 
=  0.99) between thermal solubility and initial temperature of 
denaturation. Therefore, note that together with the thermal 
solubility, determination of the initial temperature of denatur

ation might constitute a useful method for characterization of 
the crosslinking state of collagen. The greater susceptibility to 
heat denaturation of the less reticulate form of collagen (after 
collagenase treatment) could then serve as an indirect method 
to characterize the degree of reticulation of a collagen. De
naturation characteristics combined with thermal solubility are 
potential methods for investigating the degree of reticulation. 
A possible improvement over these usual methods could be 
the study of denaturation characteristics after histolyticum 
collagenase treatment.

Results reported in Tables 1 and 2 clearly showed that in
cubation conditions (24 hr at 30°C, pH 7.5) led to a decrease 
of 4-5°C in the initial temperature of cqllagen denaturation. 
This decrease was irrespective of the collagen crosslinking state. 
A partial increase in fragility of the structure by the long heat
ing period at relatively low temperature, in the presence of 
calcium ions, might account for this enhancement in thermo
sensitivity of the different collagens.

Treatment with the collagenase from C lostrid ium  h is to ly ti
cum  affected to a much greater extent the thermal stability of 
collagen (Table 2). This modification of the collagen ther
mostability allowed a quantification of the extent of collagen 
breakdown. It appeared to depend on age, greater changes 
being observed for younger animals. Collagenase treatment 
induced a significant decrease in the total enthalpy of dena
turation (AH) of calf (77%) and, though to a lesser extent, of 
steer (25%) collagen whereas cull cow collagen did not change. 
These results were in good agreement with those obtained for 
insoluble endomysial and perimysial connective tissue by Tun-
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ick (1988). Regarding the collagen from cull cows, its higher 
resistance to collagenase could have resulted from its greater 
degree of reticulation which led to a very low thermal solubility 
(Table 1).

The appearance of a new peak of dénaturation with signif
icantly lower initial temperature of dénaturation [qt] (ranging 
from 49 to 54°C) was another obvious change due to collagenase 
treatment. The relative importance of these peaks, which showed 
maximum dénaturation at 55-57°C (peak 1) and 62-63°C (peak 
2 ), depended on both the crosslinking state of the collagen and 
the enzyme/substrate concentration ratio. As shown in Fig. 1A, 
the area ratio between peak 1 and peak 2 clearly decreased 
with age from 2.2 for calf collagen to 1 for cull cow collagen; 
steer collagen was intermediate with a ratio value of 1.4. This 
fact suggested a greater sensitivity to this proteinase of intra
muscular collagen from younger animals, a result that agreed 
well with those of Bailey and Etherington (1985).

Intensity of the first peak showing a maximum of dénatur
ation at about 55-57°C  increased proportionally to the 
collagenase/collagen ratio (Fig. IB ). Using steer collagen, we 
tested two enzyme/substrate ratios (1/750 and 1/100). At the 
lowest enzyme concentration (E/S =  1/750), peak 1 appeared 
as a shoulder of the main peak of dénaturation. Increasing the 
collagenase level (E/S = 1/100) led to the appearance of two 
well resolved peaks.

CONCLUSIONS
THERMAL STABILITY of collagen was markedly affected 
by treatment with a collagenase from C lostrid ium  h is to ly ticu m . 
This proteinase induced a decrease in both the total enthalpy 
of dénaturation AH and the initial temperature of dénaturation 
[qt]. The extent of these changes was highly dependent on the 
crosslinking state of the substrate, the enzyme effect decreas
ing significantly as degree of reticulation of collagen increased. 
Moreover, this enzyme led to the appearance of a new peak 
of dénaturation with a much lower initial temperature of dé
naturation. The size of the peak was closely dependent on both 
the crosslinking state of the collagen and the enzyme/substrate 
ratio. This DSC approach for investigating the action of a 
collagenase on collagens with different degrees of reticulation

could thus serve as a reference method for comparative studies 
of the effects of other potential collagenolytic enzymes.
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Encapsulation of the Pre-Formed Cooked 
Cured-Meat Pigment

F. SHAHIDI and R.B. PEG G

-------------------------A B S T R A C T --------------------------
The pre-formed cooked cured-meat pigment (CCMP) was stabilized 
by storage under a nitric oxide atmosphere or microencapsulation in 
food-grade carbohydrates. Amongst the wall materials tested, (3-cy- 
clodcxtrin, N-LOK, and Maltrin M-250 served as the best encapsu
lating agents. Presence of gum acacia or a mixture of sodium 
tripolyphosphate, sodium acid pyrophosphate and ascorbyl palmitate 
at a 5% level in the wall material(s) improved the color of meats 
treated with the powdered cooked cured-meat pigment (PCCMP). Some 
encapsulated pigments remained stable during an 18 month testing 
period under refrigeration. Spectral characteristics of PCCMP were 
similar to those of the freshly-prepared pigment and color stability of 
PCCMP-trcatcd meats was similar to that of nitrite-cured and CCMP- 
treated products.

IN TRO D U C TIO N
ONE OF THE MOST important sensory characteristics of ni
trite-cured meat products is their attractive color which is highly 
appealing to consumers and is generally equated with quality 
(Fox, 1966; MacDougall et al., 1975; Shahidi, 1989a, b). In 
addition, nitrite in the cure is responsible for development of 
a delicate flavor in meats by virtue of its antioxidant properties 
(Fooladi et al., 1979; Igene et al., 1985; Shahidi, 1989b; Shah
idi et al., 1990) which may also be duplicated, to a certain 
degree, using natural and/or synthetic ingredients. Above all, 
the antimicrobial effect of nitrite is responsible for extended 
shelf-life of the cured products (Sofos et al., 1979; Pierson 
and Smoot, 1982).

Since nitrite is responsible for imparting several desired 
properties to cured meats, its replacement has been attempted 
(Sebranek, 1979) by developing combinations of various in
gredients to provide different functions of nitrite (Sweet, 1975; 
Shahidi et al., 1988, 1990; Shahidi, 1989a; Shahidi and Pegg,
1991). However, these are not applicable to all types of prod
ucts. Furthermore, it should be noted that a patent by Sweet 
(1975) presented the original idea of formulating composite 
nitrite-free meat curing systems consisting of a colorant, an 
antimicrobial agent, and an antioxidant/chelator. We used that 
approach in formulating nitrite-free compositions in which the 
colorant was the pre-formed cooked cured-meat pigment 
(CCMP).

An essential ingredient of the composite non-nitrite curing 
mixtures (Shahidi, 1989a; Shahidi et al., 1990) was the CCMP. 
Shahidi et al. (1984, 1985) prepared the pigment indirectly 
from bovine red blood cells through a hemin intermediate or 
directly from it (Shahidi and Pegg, 1988). The pre-formed 
CCMP successfully duplicated the characteristic color of ni
trite-cured meats as analyzed by subjective (Shahidi et al., 
1984; 1985; Pegg and Shahidi, 1987) or by objective (Shahidi 
and Pegg, 1988; 1990, 1991; Shahidi, 1989a; Shahidi et al.,
1990) methods. Its application to emulsion meat products in 
preparation of wieners has also been successful (Pegg and 
Shahidi, 1987; Shahidi et al., 1990; O’Boyle et al., 1990). 
Thus, CCMP when used in conjunction with other ingredients,
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presented a means of entirely eliminating nitrite from meat 
curing practice.

Due to the sensitivity of the CCMP to light and oxygen 
(Shahidi et al., 1985) its stabilization and protection is highly 
desirable. We designed the present study to investigate two 
novel approaches for enhancing the storage stability of the pre
formed CCMP and to examine the color characteristics of pig
ment-treated meat products.

M ATERIALS & METHODS
Materials

All chemicals were reagent- or food-grade materials, unless oth
erwise specified, and were used without further purification. Hemin 
was prepared by deproteinization of bovine red blood cells (Shahidi 
et al., 1984) or was purchased from Sigma Chemical Company (St. 
Louis, MO), p-cyclodextrin, Ringdex-B®, was provided by Toyo- 
menka (America Inc.), New York. N-LOK was acquired from Na
tional Starch and Chemical Corporation (Bridgewater, NJ). Modified 
(etherified) p-cyclodextrin lot RR3-HE Series was obtained from 
American Maize-Products Company (Hammond, IN). All Maltrin 
samples were supplied by the Grain Processing Corporation (Musca
tine, IA). Sodium tripolyphosphate (STPP) and sodium acid pyro
phosphate (SAPP) were obtained from Albright and Wilson Americas 
(Toronto, Ontario). Ascorbic acid (AA) and ascorbyl palmitate (AP) 
were supplied by Hoffmann-La Roche Limited (Toronto, Ontario). 
Gum acacia was purchased from Aldrich Chemical Company, Inc. 
(Milwaukee, WI).

Preparation of the cooked cured-meat pigment (CCMP)

The cooked cured-meat pigment was prepared from hemin and ni
tric oxide (Shahidi et al., 1985) or directly from bovine red blood 
cells as described (Shahidi and Pegg, 1988; 1990b). A typical medium 
scale preparation method of the CCMP from hemin is outlined below:

Bovine hemin (600 mg) was dissolved in 100 mL of a 0.04 M 
Na2 C 0 3 solution. While in the dark and under a nitrogen atmosphere, 
1 0 .Og sodium dithionite or sodium ascorbate with or without 1 0 .Og 
sodium tripolyphosphate were added to the mixture. At this stage 
either 500 mL more Na2 C 0 3 solution or 900 mL of a 0.2M acetate 
buffer (pH = 6.5) was added. Nitric oxide was then slowly bubbled 
into the mixture for about 5 min. The container was then capped and 
stored in the dark until use. The pre-formed cooked cured-meat pig
ment was recovered as a precipitate from the mixture after its centri
fugation and repeated washing with a 2 % (w/v) ascorbic acid solution 
to ensure elimination of any traces of nitrite from the mixture.

Preparation of the powdered cooked cured-meat pigment 
(PCCMP)

A Btichi Mini Spray Dryer (Model 190), Buchi Laboratory-Tech
niques Limited, Flawil, Switzerland was used for preparation of the 
PCCMP. Nitrogen was used as the spray flow gas (O’Boyle, 1986) 
to minimize contact between the preformed pigment and oxygen. Op
timized spray drying conditions were: inlet > 150°C; outlet 98°C; 
feed flow 5.5 mL-min- 1  and nitrogen pressure 375 kPa(g).

An emulsion of the pigment and encapsulating agent(s) was for
mulated prior to spray drying. The encapsulating agents (or wall ma
terials) investigated were N-LOK, B-cyclodextrin, modified (3- 
cyclodextrin, gum acacia and Maltrin M-250. Wall materials, used 
individually or in combination, were generally employed at a 1 .5 % 
(w/w) final level [i.e., the ratio of the pigment to wall material(s)]. 
STPP, SAPP, and AP were used in combination with some of the
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above encapsulating agents. The optimum level was selected based 
on examination of Hunter L, a, b value of a typical set of PCCMP- 
treated samples.

To prepare the emulsion, the wall material(s) were first dissolved 
or dispersed in water. Addition of a few drops of sodium hydroxide 
helped to increase the solubility of (3-cyclodextrin and some other wall 
materials. The pigment was then introduced into this mixture together 
with AA at a CCMP/AA ratio 1:2 (w/w). The emulsion was diluted 
with water generally to 3.5% (w/w) and in some cases up to 10.0% 
(w/w) solids. Higher solids, at conditions employed, did not allow 
dissolution of CCMP in the mixtures. This solution was thoroughly 
stirred to ensure uniform dispersion of the pigment. The vessel con
taining the emulsion was covered with parafilm and aluminum foil to 
minimize exposure of pigment to oxygen and light. The emulsion was 
then spray dried at the operating conditions stated earlier, unless oth
erwise specified.

Preservation of CCMP under nitric oxide and in dark

The pigment precipitates (100-1000 mg) were washed with 3 x 
20 mL of a 2% (w/v) AA solution and were then transferred into an 
amber-colored ampule. After centrifugation, the supernatant was dis
carded and the precipitates were covered with a 20-50 mL super
saturated nitric oxide solution containing 2% (w/w) AA. The ampule 
was then frozen in liquid nitrogen and sealed with a flame. Sealed 
pigment tubes were opened after 3, 6  and 9 mo storage. The quality 
of the pigment was checked by monitoring its absorbance at 540 and 
563 nm. The absorption intensities at these wavelengths and relative 
changes were noted. Pigment stored for 9 mo was also applied to meat 
to check coloring potency and quality.

Application of CCMP to comminuted meats

Fresh pork loin, from Newfoundland Farm Products (St. John’s, 
Newfoundland), was trimmed of most exterior fat and ground twice 
with a 0.79 cm and then a 0.48 cm plate. Ground pork was mixed 
with 20% (w/w) distilled water and 550 ppm sodium ascorbate. The 
pigment preserved in a nitric oxide solution in sealed amber-colored 
ampules or the PCCMP from different formulations was added to meat 
samples at levels of 12 or 40, 50 and 60 ppm. The systems were 
mixed thoroughly to obtain homogenized samples. Meats were then 
cooked either in a glass container or in casings in moulded metal 
containers (15 cm x 1.8 cm, i.d.) at 85±2°C in a thermostat-con
trolled water bath for about 40 min to reach an internal temperature 
of 75 ± 2°C, while stirring occasionally with a glass rod. After cooling 
to room temperature, cooked meat samples were homogenized in a 
Waring blender for 30 sec and then stored in 4.5 mm thick Kapak/ 
Scotchpak heat sealable pouches (Stock No. 502).

Elimination of unbound nitrite from pre-formed CCMP

The precipitated pigment was separated after decanting the super
natant. This pigment was then applied to ground meat at 12 ppm 
addition. The color of the cooked treated-meat was evaluated by its 
Hunter L, a, b parameters. In another set of experiments three tubes 
containing the precipitated pigment were mixed with 2 mL of a 2% 
(w/v) AA solution. The mixture was vortexed for 20 sec. The tubes 
were then centrifuged and the supernatant was decanted. One pigment 
tube was retained for subsequent addition to meat. The washing pro
cedure was repeated. The pigments obtained after a second and a third 
wash were also applied to ground meat and the color was evaluated 
on the resultant samples. Finally, a pigment sample which was washed 
twice with the AA solution was added at 12 ppm to a meat formu
lation. A nitrite-cured control was also used. Color characteristics 
after cooking were then examined.

Analyses of pigment-treated meats

The pigment from hemin-nitric oxide synthesis or produced directly 
from bovine red blood cells, as well as the stored pigment in a nitric 
oxide solution or in the powdered form was dissolved or extracted in 
4:1 (v/v) acetone/water solutions. The samples were then analyzed by 
the method of Hornsey (1956) and their absorption spectra recorded 
using cither a Shimadzu UV-260 or a Beckman DU- 8  spectrophoto
meter. Acetone/water extracts of PCCMP were filtered through What
man No. 3 filter paper before spectral analysis to avoid problems of 
turbidity arising from interference of insoluble wall materials. Meat 
pigments from nitrite-cured and pigment-treated pork, after cooking,

were extracted into 4:1 (v/v) acetone/water (Hornsey, 1956). All ab
sorption spectra in the visible range were recorded. A Model XL-20 
Tristimulus Colorimeter, Gardner Laboratory Inc., was used to de
termine lightness/darkness (Lvalue), red/green ( + / -  a value), and 
yellow/blue ( + / -  b value) of treated meat samples. A white ceramic 
tile, provided by Gardner Laboratory Inc., with specifications L =
92.0, a = —1.1, and b = 0.7 was used to standardize the colorimeter. 
Tristimulus color values (L, a, b) were measured at 3-5 different 
locations on the meat surface. Generally 3 replicates with the same 
original meat sample were made.

Color stability of the treated meat samples

Comminuted meat samples treated with one of the following: 156 
ppm sodium nitrite, 12 ppm freshly prepared CCMP, 12 ppm pigment 
stored for 9 mo under nitric oxide, and 50 ppm of the PCCMP en
capsulated in selected wall materials, were subjected to intense flu
orescent lighting. Packaged meat samples were placed 25 cm under 
a set of two 30-Watt fluorescent “ Daylite”  lamps in a 4°C walk-in 
refrigerator. Samples were withdrawn after different storage times for 
color evaluation.

Statistical analyses
All experiments and/or measurements were replicated 3 to 6  times. 

Means ±  standard deviations were recorded in each case. Analysis 
of variance and Tukey’s studentized range tests (Snedecor and Coch
ran, 1980) were used to determine differences in mean values. Sig
nificance was determined at P > 0.05.

R ESU LTS & DISCUSSION
ALTHOUGH a large number of experiments were performed 
and many different wall material combinations or encapsulat-

W a v e l e n g t h  ( n m )
Fig. 1 -A bsorp tion  spectra of: pow dered cooked-cured m eat
pigm ent (PCCMP) with N-LOK wait material,--------- ;  cooked cured-
m eat pigm ent (CCMP) from hemin/nitric oxide syn th esis ,.......... *;
and p igm ents extracted from nitrite-cured ham, ------------------ .
AH pigm ents were dissolved/extracted in acetone/water (4:1, v/ 
v).
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ENCAPSULATION OF COOKED CURED-MEAT PIGMENT. . .

Table 1 -  E ffect o f  final level on H unter L, a, b va lues o f  m e a ts  co o ked  w ith p o w d e red  co o ked  cu red -m ea t p ig m e n t (PCCMPF

Exp
no. Treatm en t W all m aterials

Payload
%

Hunter values»

L a b

1 No additive _ - 59.0 ± 0.2» 4.7 ± 0 .2d 11.4 ± 0.1»
2 N a N 0 2, 156 ppm - - 58.4 ± 0 .1 » 11.8 ± 0.2»' 9.1 ± 0.1»
3 C C M P , 12 ppm — — 57.9 ± 0.2» 11.7 ±  0.2»' 9.1 ± 0.1»
4 P C C M P , 50 ppm 9 5 %  N -LO K 0.67 52.0 ± 0.2» 11.8 ± 0.2»' 9.1 ± 0.1»
5 (4) (4) 1.0 52.1 ± 0.2» 11.9 ± 0.2» 9.1 ± 0.1»
6 (4) (4) 1.5 52.5  ± 0 .1d 12.9 ± 0.1» 8.9 ± 0 .1c
7 (4) (4) 2.0 53.8 ± 0 .2 ' 11.3 ±  0 .2 ' 8 .7 ± 0 .2 '
8 (4) (4) 3.0 53.6 ± 0 .2' 11.3 ± 0 .1 ' 8 .7 ± 0 .2 '

a d M ea n  v a lu e s  of 3  to 6 re p lic a te s  ±  sta n d a rd  d e v ia t io n s . V a lu e s  w ith  s a m e  su p e rs c r ip t s  not s ig n if ica n tly  (P > 0 .05 ) d ifferent, 
v P e rce n t so l id s  w a s  1 0% .
z W a ll m a te r ia ls  c o n ta in e d  2 %  S T P P , 2 %  S A P P  a n d  1 %  A P .

Table 2 - Effect of inlet temperature of spray dryer on the Hunter L, a, b 
values of meats cooked with powdered cooked cured-meat pigment*

Exp
no.

Inlet
tem p

°C

Hunter v a lu e s

L a b

i 130 52.7 ± 0.2» 11.8 ± 0.1» 9.1 ± 0.2»
2 150 52.5 ± 0.1» 12.9 ± 0.1» 8.9 ±  0.2»
3 150» 52.8 ± 0.2» 12.6 ± 0.2» 9.0 ± 0.2»
4 170 52.4 ± 0.1» 12.6 ± 0.2» 9.2 ± 0.2»

a-b M e a n  v a lu e s  o f 3  re p lic a te s  ±  s ta n d a rd  d e v ia t io n . V a lu e s  w ith  s a m e  s u p e rsc r ip ts  
not sig n if ica n tly  (P > 0 .05 ) d ifferent.

y W a ll m ate r ia ls  w e re  9 5 %  N -L O K , 2 %  S T P P , 2 %  S A P P  a n d  1 %  A P . P C C M P  a d d e d  at 
50 p p m , u n le s s  o th e rw ise  sp e c if ie d .

ZP C C M P  a d d e d  at 3 5  ppm .

ing agents were tested, only some representative results are 
shown here. In all cases reported, the color quality of meats 
treated with the PCCMP was generally compared with those 
treated with 12 ppm of freshly prepared CCMP and 156 ppm 
of sodium nitrite. We have previously shown color of meats 
treated with 12 ppm CCMP to be indistinguishable from that 
of nitrite-cured counterparts (Shahidi and Pegg, 1990). Al
though examination of color by sensory means might be pre
ferred, we have found that it did not offer any further information 
in our study (Shahidi and Pegg, 1988). Thus, color parameters 
of treated meats which closely resembled those of nitrite cured 
counterparts ( ± 1  Hunter a value) were considered desirable. 
Although smaller differences observed by instrumental means 
were statistically significant (P<0.05), these were not easily 
noticeable as judged by experimenters who were most familiar 
with these systems. Furthermore, such samples were generally 
found to be indistinguishable from those of nitrite-cured coun
terparts. Treated samples which did not satisfy this condition 
were always found to be undesirable and visually different 
from those cured with nitrite.

Figure 1 compares the typical absorption pattern, in the vis
ible region, of a PCCMP sample in acetone/water (Hornsey,
1956) with that of freshly prepared CCMP or that extracted 
from a nitrite-cured meat sample. All pigment solutions showed 
the characteristic absorption pattern of iron-porphyrin com
pounds with a red color and had maxima at 540 and 563 nm. 
Furthermore, pigments extracted from cooked PCCMP-treated 
meats exhibited an identical absorption pattern and maxima to 
those reported above. Thus, it might be reasonable to assume 
that microencapsulation and spray drying did not alter the 
chemical nature of the CCMP. However, this was not verified. 
The most important variables in preparation of PCCMP were 
type of wall materials used as well as the final level and the 
inlet temperature of the spray dryer. Other parameters such as 
feed flow rate and nitrogen pressure were less important.

Hunter L,a,b values of a typical set of PCCMP-treated meat 
samples were monitored in order to set the optimum final level 
of the pigment in encapsulating materials. The best encapsu
lated pigments had a final level of 1 to 1.5% (Table 1). Fur
thermore, as the final level was increased from 1 to 1.5%, a 
significant (P<0.05) increase in Hunter a value of meats treated 
with PCCMP was noted. However, at higher levels, less wall

Table 3—Effect of pigment concentration on Hunter L, a. b values of 
cooked meats2

Exp
no. treatm ent

Hunter v a lu e s

L a b

1 No additive 59.0 ± 0.2» 4 .7  ± 0 .1d 11.4 ± 0.1»
2 N a N 0 2, 156 ppm 58.4 ± 0.1» 11.8 ± 0 .2 ' 9.1 ± 0.1»
3 C C M P , 12 ppm 57.9 ±  0 .2 ' 11.7 ±  0 .2 ' 9.1 ± 0.1»
4 P C C M P , 30 ppm 54.5 ± 0.2« 12.2 ± 0.2»» 9.1 *  0.1»
5 P C C M P , 50 ppm 52.5 ± 0.1» 12.9 ± 0.1» 8 .8  ± 0 .1 '

8 6 M ea n  v a lu e s  o f 6  re p lic a te s  ±  sta n d a rd  d e v ia t io n s . V a lu e s  w ith  s a m e  s u p e rs c r ip t s  
no t sig n if ica n tly  (P > 0 .05 ) d ifferent.

z A  fin a l le ve l o f 1 .5 %  (w/w) w a s  u se d . W all m a te r ia ls  fo r  P C C M P  w e re  N -L O K , 9 5 % ;  
S T P P , 2 % ; S A P P , 2 % ; a n d  A P , 1 % . A ll s a m p le s  in c lu d e d  5 50  p p m  s o d iu m  a s c o rb a te .

material was available to protect the preformed CCMP. In 
those, the effective color imparted by the spray-dried pigment 
was significantly reduced (P<0.05). This was shown by a 
decrease in Hunter a values (Table 1). In all experiments re
lated to pink color intensity of products, a higher Hunter a 
value was preferred since it potentially allowed less PCCMP 
addition to meats to achieve a given final color.

Of the several variables in the spray-drying condition of 
CCMP, inlet temperature was found to be of critical impor
tance. Typical results (Table 2) indicated than an inlet of > 
150°C afforded the best quality PCCMP as judged by Hunter 
color measurement of the PCCMP-treated meats. As the inlet 
temperature was increased from 130 to 150°C, a significant 
(P < 0.05) increase in Hunter a value of the PCCMP-treated 
meat was noticeable. Variations of the inlet temperature did 
not affect Hunter L or b values of treated meats. Since the 
spray performance depended on the inlet temperature, at a 
given flow and aspiration rate, a temperature of 150-170°C 
could be used. We selected an inlet temperature of 150°C for 
other experiments.

The effect of concentration of PCCMP on color intensity of 
treated meats was also monitored. Table 3 summarizes typical 
results for PCCMP-treated meats in which combinations of 
wall materials consisted of 95% N-LOK, 2% STPP, 2% SAPP 
and 1% AP. Results indicated that PCCMP-treated samples at 
30-40 ppm levels resembled most the color of nitrite-cured 
meats. Higher addition levels of PCCMP significantly (P<0.05) 
increased Hunter a values and decreased Hunter L values of 
treated samples. However, the effect may not be visually un
attractive. Nonetheless, the optimal addition level of spray- 
dried pigment to meat depends primarily on its original myo
globin content (Shahidi and Pegg, 1988; 1991) as well as the 
conditions under which encapsulation was performed.

Based on the above experiments and under the best condi
tions specified above, the color characteristic of PCCMP-treated 
meats was tested as a function of different wall material(s). 
Typical results of the study are provided in Table 4. Generally 
carbohydrates are used in microencapsulation processes be
cause of their low cost and good functionality (Reineccius,
1990). Simple starch hydrolyzates, modified starches or var
ious gums are used. In our work, of the wall materials ex
amined individually, N-LOK, (3-cyclodextrin and Maltrin M-
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Table 4 - Hunter L, a, b values of PCCMP-treated meats as affected by wall materials)z

Exp
no. A d d itives W all m aterial(s) L

H unter v a lu e s2 

a b
i No additive - 59.0 + 0 .2 ’ 4 .7 ± 0 .1 k 1 1 .4 *0 .1 »
2 N a N 0 2, 156 ppm — 5 8 .4 *0 .1 "» 1 1 .8 * 0 .2 “ 9.1 ± 0 .1 d
3 C C M P , 12 ppm  , — 5 7 .9 *0 .2 » 1 1 .7 *  0 .2ef9 9.1 * 0 .1 “
4 P C C M P , 50 ppm N -LO K 54.0 ±0.2»»' 1 1 .9 ± 0 .2 d® 9 .2 ± 0 .1 cd
5 (4) p-cyclodextrin 54.7 + 0 .1“!*' 11.7+0.1»'» 9.1 ± 0 .1 d
6 (4) M odified p-cyclodextrin 54 .0*0 .29» ' 9 .0 ± 0 .1 d 9 .6 ± 0 .1 bc
7 (4) M altrin M-250 53.3 ± 0 .2*' 11.6 + 0.1*'» 9.7 ±0.2»
8 (4) G u m  A ca c ia 5 3 .4 *0 .2 « “ 11.1 ± 0 .2 h 9 .2 ± 0 .2 cd
9 (4) 9 5 %  (4) + 5 %  (8) 53 2 * 0 .2 “ 12.4 + 0 .2 bc 9.1 * 0 .1 d

10 (4) 9 5 %  (4) + 5 %  (CO M BO ) 52.8 + 0.2' 1 2 .9 *0 .1 » 9.1 ± 0 .1 d
11 (4) 9 0 %  (4) + 5 %  (8) + 5 %  (CO M BO ) 54 8 ± 0 .2 'd< 1 1 .1 *0 .1 » 9 .3 ± 0 .2 bcd
12 (4) 8 5 %  (4) + 15%  (5) 53 9*0.2o»'i 1 1 .3*0 .19» 9 .2 ± 0 .1 cd
13 (4) 8 0 %  (4) + 15%  (5) + 5%  (8) 54 0 + 0.29»' 11.7±0.1®'9 9 .2 ± 0 .1 cd
14 (4) 8 0 %  (4) + 15%  (6) +  5 %  (8) 53 6±0.1»'J'k 1 1 .4 * 0 .1fflh 9 .2 ± 0 .1 cd
15 (4) 8 0 %  (4) + 15%  (5) + 5 %  (CO M BO ) 5 3 .2 * 0 .2 “ 12.6 ± 0 .1Bb 9 .0 ± 0 .2 d
16 (4) 7 5 %  (4) + 15%  (5) + 5 %  (8) + 5 %  (CO M BO ) 5 3 .3 * 0 .2 !“ 1 2 .0 ± 0 .1 cd* 8 .9 ± 0 .1 d
17 (4) 70%  (4) + 3 0 %  (5) 53 2 + 0 .2 “ 1 1 .9 ± 0 .2 d* 9.1 ± 0 .1 d
18 (4) 9 8 %  (5) + 1%  (STP P) + 1%  (SA PP) 5 5 .1 + 0 .2 ' 1 0 .5 *0 .1 ' 9 .3 + 0.2b,:d
19 (4) 9 5 %  (5) + 5 %  (CO M BO ) 53.4  + 0.2'!“ 11 .4*0 .2 '»» 9.1 ± 0 .1 d
20 (4) 9 5 %  (5) + 5 %  (8) 5 3 .3 * 0 .1 !“ 1 2 .3 ± 0 .1 bcd 9 .3  + 0.1bcd
21 (4) 9 0 %  (5) + 5 %  (8) + 5 %  (CO M BO ) 5 4 ,9 ± 0 .2 cd 11.1 +0.2» 9 .6 ± 0 .1 bc
22 (4) 9 5 %  (6) + 5 %  (C O M B O ) 54.0  + 0.19»' 9.1 ± 0 .1 ' 9 .2 + 0 .2 cd
23 (4) 9 5 %  (7) + 5 %  (CO M BO ) 5 4 .4 ± 0 .2 d»,o 12.3 *  0 .1bcd 9 .2 ± 0 .2 cd
24 (4) 8 0 %  (7) + 15%  (5) + 5 %  (CO M BO ) 54.1 ±0.1'9» 11.9 ±  0 .1 de 9 .2 ± 0 .1 cd
25 (4) 8 0 %  (7) +  15%  (6) + 5 %  (CO M BO ) 5 4 .2 ± 0 .5 e'a» 1 1 .0 *0 .1 » 9 .3 ± 0 .1 bcd

8-' Mean values of 3 replicates ± standard deviation. Values with same superscripts not significantly (P>0.05) different.
2 All samples cooked with 20% water and contained 550 ppm sodium ascorbate. COMBO = combination of STPP/SAPP/AP (2:2:1, w/w/w). An average yield of 59-68% (max 

76%) of encapsulated product was obtained in all cases. Samples kept refrigerated (2-4°C).

250 most closely resembled the color characteristics of nitrite- 
cured meat which were also indistinguishable from that of meat 
treated with 12 ppm of freshly prepared CCMP. In Maltrin 
Series, in addition to Maltrin M-250, other grades of Maltrin 
namely M-040, M-100, M-150, M-200, M-500 and M-700 
were tested. Only marginal differences were apparent with dif
ferent Maltrins (results not shown). Modified 3-cyclodextrin 
(etherified) with obscured hydroxyl groups (Parmerter et al.,
1969) and gum acacia, however, were less effective in protec
tion of CCMP (Table 4).

Protection of the CCMP by p-cyclodextrin may arise from 
full or partial inclusion of CCMP in its central cavity or simply 
by it becoming surrounded with p-cyclodextrin. In general to 
form inclusion compounds, the material to be encapsulated is 
added to a warm aqueous solution of 3-cyclodextrin. Equilib
rium is reached with intense stirring. Under slow cooling, the 
inclusion complex precipitates and afterwards is recovered by 
filtration. On the other hand, water may be removed from the 
system by freeze- or spray-drying (Szejtli, 1982). In our stud
ies, however, CCMP was added to a basic solution of p-cy
clodextrin at room temperature. Since precipitation of the mixture 
under these conditions is unlikely (Szejtli, 1982), dehydration 
by spray drying was used. Furthermore, sensitivity of CCMP 
necessitated a short-time handling to retard possible decom
position. Despite excellent encapsulating ability for different 
applications (Yamada et al., 1980; Pitha, 1981; Szejtli, 1981; 
Shaw et al., 1984; Martin et al., 1990), p-cyclodextrin is not 
yet permitted as a food ingredient in many countries.

In another set of experiments, several combinations of the 
above wall materials were employed. The major surrounding 
wall material was N-LOK, p-cyclodextrin, modified p-cy
clodextrin, or Maltrin M-250. Generally addition of gum aca
cia to combinations containing the above wall materials improved 
their performance as was noticeable in the Hunter a values of 
PCCMP-treated meats (Table 4). Furthermore, in all cases ex
amined, addition of a 5% mixture of STPP/SAPP/AP (2:2:1, 
w/w/w) to the wall material(s) improved performance of the 
encapsulated pigment. Larger Hunter a values were evident 
where this mixture was present (Table 4). A similar visual 
color effect was apparent when polyphosphates were added to 
CCMP-treated meats (Shahidi and Pegg, 1990a).

The effect of washing of the CCMP with an AA solution 
prior to encapsulation, to remove any unbound nitrite, on Hunter

L, a, b values cf treated meats was studied. Results indicated 
that presence of any residual nitrite enhanced the color effect 
of the pigment, thus leading to higher Hunter a values. There
fore, a decrease in Hunter a values of treated meats from 
11.7± 0.2 to 11.3±0.1, 11.1 ±0.1 and 11.0±0.2, after se
quential washings with AA solution was observed. Encapsu
lation of unwashed pigment and subsequent application to meat 
gave a Hunter a value 12.0 ±0.1 after cooking and that of 
washed pigment afforded a value of 10.8 ± 0 .2 .

Stability of the CCMP stored up to 9 mo in amber-colored 
ampules and under a positive pressure of nitric oxide was tested 
by examining its absorption maxima at 540 and 563 nm (Horn
sey, 1956). The absorbance values of these pigments did not 
change significantly (P>0.05) from those of freshly prepared 
counterparts over the test period (results not shown). After the 
9 mo storage, the pigment was applied to ground pork. A 
control sample using freshly prepared CCMP was used for 
comparison. The color quality of the samples, as judged by 
Hunter L, a, b values, changed from 57 .8±0.1 , 11.8± 0.1 
and 9 .2±0.1  (control) to 5 7 .5 ± 0 .1 ,1 1 .5 ± 0 .1  and 9 .1± 0 .2 . 
While Hunter b values were not significantly (P>0.05) differ
ent from one another, Hunter L and a values were marginally 
different from those of the meat cooked with a fresh sample 
of CCMP.

The effect of storage of encapsulated pigment, PCCMP, and 
its performance was monitored. Hunter a values of treated 
meats as a function of storage time generally indicated that the 
coloring quality of PCCMP was primarily dictated by its initial 
color properties (Table 5). Therefore, the color of samples 
encapsulated with modified p-cyclodextrin remained less de
sirable as their Hunter a values were more than one unit below 
those of nitrite-cured counterparts. Samples containing STPP/ 
SAPP/AP combinations or gum acacia had more desirable col
oring properties, thus indicating that protected pigments re
tained their structural integrity. However, note that when the 
pigments were stored at room temperature, their stability was 
adversely affected (results not shown). Therefore, we suggest 
that the encapsulated pigments be preferably stored at refrig
eration temperatures to enhance shelf-life.

Finally, the effect of intense fluorescent lighting on color 
stability of meats treated with PCCMP was examined. Typical 
results using encapsulating materials with different protection 
characteristics, as judged by initial Hunter a value of freshly
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ENCAPSULATION OF COOKED CURED-MEAT PIGMENT...

Table 5 - E f fe c t  o f  s to rage on H unter L, a, b  va lues o f  m e a ts  co o ked  w ith p o w d e red  co o ked  cu red -m ea t p ig m e n t1

Storage
E x p  tim e ____________________________________ H unter v a lu e s
no. W all m aterial(s) (m onths) L a b

1 N -LO K 0 54.0 ±0.2'™' 1 1 .9 *0 .2 » '« 9.2 ± 0 .1 "
9 5 7 .2 *0 .1 » » 1 0 .9 *0 .2 9 9 .7 ± 0 .2 abcd

2 N -LO K (95% ) +  C O M B O  (5% ) 0 5 2 .8 *0 .2 » 12.9 ± 0.1” 9.1 * 0 .1 '
2.5 55.2  ± 0.1 shö 12.1 ± 0 .2 b« 9 .4  ± 0 .2 '« "
9 55.7  ± 0 .1  •'s” 12.0 ±0.2»'« 9 .4  ± 0 .2 '« "

18 55.8 ± 0 .1  »'s 11.7±0.2'«« 9.2 * 0 .2 "
3 N -LO K (95% ) + G u m  A ca c ia  (5% ) 0 5 3 .2 *0 .2 » 1 2 .4± 0 .2»b 9.1 ± 0 .2 '

2.5 5 3 .2 *0 .1 » 1 2 .3 *0 .1 » 9.2 ± 0 .2 "
9 5 3 .4 *0 .2 " °» 1 2 .3 *0 .2 » 9 .2 +  0 .2 "

4 ß-cyclodextrin 0 54.7  ±0.11“ 1 1 .7 *0 .1 '« » 9.1 + 0 .1 '
11 55.3  ±  0 .2 ah'i 11.2±0.2»<a 9.2 + 0 .1 "

5 ß-cyclodextrin  (95% ) + C O M B O  (5% ) 0 55.1 ± 0 .2 h'i 1 1 .5 * 0 .1 « " 9 .3 * 0 .1 « "
4 5 6 .5 ± 0 .2 cd 11.0 *  0.2'8 9 .8 *0 .1 » » '

18 5 6 . 2 * 0 . 2 " 11.0±0.2'8 9.7 + 0 .2 abcd
6 ß-cyclodextrin  (95% ) + G u m  A ca c ia  (5% ) 0 55.0  ± 0.1 ’ik 11 .6 *0 .2 '« » 9 .4 ± 0 .1 'd"

4 56.3 ±0.2«» 11.2 +  0.3»'» 9.6-+*0.1abcde
7 M odified ß-cyclodextrin 0 5 4 .0 ± 0 .5 mn 9 .0 * 0 .1 ' 9 .6 ±0.1"»'«»

4 5 4 .9 ± 0 .3 ik 8.6  ± 0 .2 ' 9.7-+-0.2abcd8 M altrin M-250 0 53.3 ±0.2»» 1 1 *0 .1 '« » 9.7 ± 0 .2 abcd
4 55.6 ± O.l'ai' 10 + 0.29 9 .9  +  0.1"»'9 M altrin (95% ) + C O M B O  (5% ) 0 5 4 .4 ± 0 .2 klm 1 2 * 0 .1 » 9 .2 +  0 .2 "

11 5 6 .0*0 .1«» ' 11 *0.3»'9 9 .7 +  0.2»»'«
10 N -LO K (85% ) + ß-cyclodextrin  (15% ) 0 5 3 .9 ± 0 .1 mno 1 1 *0 .1 '» 9 .5 +  0.2»'«"

9 55 .6± 0 .1 'ahi 10 + 0.1» 9 .6 +  0.1»»'«»11 M altrin (8 5 % ) .+  ß-cyclodextrin  (15% ) 0 54.1 ± 0 .1 lm 11 ±0.1»'« 9.2 + 0 .1 "
11 5 6 .0*0 .1«» ' 1 1+ 0 .2"o 9 .7-t-0 .1 abcd12 (10) (95% ) + C O M B O  (5% ) 0 5 4 .2 ± 0 .5 lm 11 ±0.1'«» 9 .3  +  0.1«»'
11 5 7 .3 ± 0 .1 ab 1 1+ 0 .3"o 9.7  + 0.1»»'«13 G um  A ca c ia 0 5 7 .0 * 0 .3 » ' 8 * 0 .1 ' 9 .9  ±0.2»»'
4 5 7 .7 *0 .3 " 8 * 0 .1 ' 1 0 .0 *0 .1 »

*'p Mean values of 3 replicates ± standard deviation. Values with same superscripts not significantly (P>0.05) different. 
‘ All samples cooked with 50 ppm PCCMP. COMBO = combination of STPP/SAPP/AP {2:2:1, w/w/w).

L ig h t  E x p o s u re , H o u rs

Fig. 2 - Hunter a values o f nitrite-cured, and pow dered
cooked cured-meat p igm ent (PCCMP) treated m eats, stored un
der fluorescent lighting at 4°C. Wall materials o f PCCMP were:
N-LOK,-------; N-LOK (85%) + jFCydodextrin (15% ),-------------- •
N-LOK(80%) + 8-Cyciodextrin (15%) + gum  acacia (5%),-----------;
and modified-8-Cyclodextrin,-----------.

encapsulated pigments, are shown in Fig. 2. In all cases, a 
drastic reduction in Hunter a values was evident during the 
first 6 hr of fluorescent lighting. The ultimate Hunter a value, 
after an 18 hr exposure was near that observed for meats cured 
with 156 ppm sodium nitrite (± 1  Hunter a value). Nonethe
less, this value depended, to some extent, on the initial color 
values of the treated meat samples and also on the total con
centration of pigments in the muscle tissue homogenates (Fig.

CONCLUSIONS
THE CCMP may be stabilized effectively by either storing it 
under a positive pressure of nitrite oxide or by its encapsulation 
in food-grade starch-based wall materials. Although stabilized 
pigments prepared by both methods had similar color qualities, 
the PCCMP may be more practical for use by processors. The 
color stability of the treated meat products was similar to their 
nitrite-cured analog. Thus, the presence of residual nitrite used 
in traditional curing of meat may not play an important role in 
color stability under extreme conditions.
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Efficacy of Pork Loin as a Source of Zinc and Effect of 
Added Cysteine on Zinc Bioavailability

AUDRA E. HORTIN, P ET ER  J. B EC H TEL, and DAVID H. BAKER

----------------------------ABSTRACT-----------------------------
Based upon Zn uptake in chick tibia, Zn in raw and cooked pork loin 
was about 40% more bioavailable than that in ZnS0 4 -H2 0 . Neither 
roasting nor braising affected Zn bioavailability in the loin prepara
tions. Adding 0.40% cysteine to diets containing ZnS0 4  improved Zn 
bioavailabiiity by 73%. Pork loin is an excellent source of bioavailable 
Zn, and SH-containing compounds such as cysteine and glutathione 
that are present in meat may contribute to enhanced gut absorption of 
meat-source Zn.

Key Words: pork, zinc, bioavailabiiity, cysteine chick-uptake,

INTRODUCTION

BIOAVAILABILITY OF ZINC in diets can be decreased by 
many factors, including high calcium intakes, low protein in
takes and presence of phytic acid (O’Dell, 1969; Underwood, 
1977; Solomons and Cousins, 1984). Zn absorption is affected 
by the level of Zn in the diet, low levels being absorbed more 
efficiently than high levels. Fruits and vegetables have a low 
Zn concentration. In the United States marginal Zn deficiency 
is of growing concern due to a low intake of foods high in Zn 
and the inhibitory effects of other dietary factors on Zn bioa
vailability (Welsh and Marston, 1983; Moser-Veillon, 1990).

The bioavailabiiity of Zn from animal foods has been shown 
to be greater than that from plant food sources (O’Dell et al.,
1972). The lower availability of Zn from plant sources is be
lieved to be due to phytic acid and the formation of insoluble 
phytic acid-mineral complexes (Erdman and Forbes, 1981; Baker 
and Halpin, 1988). It has been postulated that the increased 
availability of Zn from animal (meat) sources is caused by a 
“ meat factor”  which is yet to be elucidated (Underwood, 1977; 
Solomons, 1982).

Because pork is an important source of Zn in the human 
diet (Welsh and Marston, 1983; Marchello et al., 1985), it 
deserves attention. Very little conclusive work has been done 
to determine Zn bioavailabiiity from pork exposed to various 
conventional cooking methods. Although Zn bioavailabiiity in 
beef is known to be very high (Brown et al., 1985; Gallaher 
et al., 1988), its bioavailabiiity in pork has not been clearly 
established.

Addition of certain amino acids to diets may increase Zn 
absorption (Wapnir and Stiel, 1986). Because sulfhydryl com
pounds (eg., cysteine and glutathione) are high in meats and 
are known to bind trace elements and increase their absorption 
efficiency (Layrisse et al., 1984; Taylor et al., 1986; Wapnir 
and Stiel, 1986), it is possible that cysteine in either free form 
or as a peptide could be part of the elusive “ meat factor”  that 
is responsible for enhancing absorption of trace elements such 
as Zn and iron. Our objective was therefore, to determine Zn 
bioavailabiiity in pork loin relative to ZnS04, and further, to 
ascertain whether adding an excess level of cysteine to the diet

Authors Hortin and Baker are affiliated with the Dept, o f Anim al 
Sciences and Division o f Nutritional Sciences, 328 Mumford Hall, 
Univ. o f Illinois at Urbana-Champaign, Urbana, IL 61801. Author 
Bechtel's current affiliation is Dept, o f Food Science & Human 
Nutrition, Colorado State Univ., Ft. Collins, CO 80521. Address 
reprint requests to Dr. D. H. Baker.

would increase the bioavailabiiity of Zn from the ZnS04 stan
dard.

MATERIALS & METHODS
Loin preparation

Pork loins for both experiments were obtained from York-Duroc 
crossbred pigs bred and raised at the University of Illinois Swine 
Research Center. Center sections of loins were cut, trimmed to remove 
all but about 1 mm of subcutaneous fat, vacuum packaged (3 loins/ 
pkg) and then stored frozen at -3 4 °  C. Prior to cooking, the loins 
were placed at 4° C overnight to thaw. Loins were cut into thirds after 
which they were allotted to three different treatments (no cooking, 
roasting, and braising). Hence, the center and tips of the loins were 
equally represented in each of the cooking treatments.

Loins were cooked in a Southbend convection oven. Roasting and 
braising were performed in the same oven at 165° C to prevent oven 
variation. Roasted loins were cooked on a rack in stainless steel pans 
to an internal temperature of 75° C, while braised loins were cooked 
to an internal temperature of 85° C on a rack in stainless steel pans 
with 750 mL H20  added per pan. These are the recommended end
point temperatures for roasted and braised pork loin (Amer. Meat Sci. 
Assn., 1978). Foil was placed on the braising pans to prevent moisture 
loss. Raw loins were kept refrigerated while the other loins were being 
cooked. After cooking, loins were weighed and then refrigerated until 
all loins were cooked.

Loin sections were cut into small cubes and ground twice through 
a large-screen Hobart stainless-steel grinder with a plate containing 5 
mm holes. After weights were obtained, the ground loins were placed 
on large stainless steel trays and frozen ( -3 4 °  C) overnight. The loins 
were then freeze-dried for 24 hr after which they were ground twice 
in a Fitzmill (screen size 9 mm) to a fíne powdery consistency. Weights 
were measured after grinding. Loins were analyzed for Zn by wet 
ashing using H N0 3  and H2 0 2  (Wedekind and Baker, 1990); Zn con
centration was measured by atomic absorption spectrophotometry 
(Perkin-Elmer, Model 306; Perkin-Elmer Corp., Norwalk, CT). The 
freeze-dried finely ground pork loins contained 51, 60, and 63 mg 
Zn/kg and 4.10, 2.88, and 2.72% H20  for the raw, roasted and braised 
loins, respectively.

Animals and diets

Two experiments were conducted using male chicks from the cross 
of New Hampshire males and Columbian females. Chicks were fed a 
corn-soybean meal starter diet (120 mg Zn/kg) from 1 to 7-day post
hatching. On day- 8  posthatching following an overnight fast, chicks 
were weighed and allotted to experimental groups so that each group 
had a similar average initial weight and weight distribution. Four 
(Exp. 1) or eight (Exp. 2) replicate groups of four chicks were fed 
the experimental diets from 8  to 22-days posthatching. Diets and 
deionized water were provided ad libitum. Chicks were kept on a 24 
hr constant-light schedule in heated, thermostatically controlled stain
less steel batteries with raised wire floors. Stainless steel waterers and 
feeders were also used to minimize Zn contamination.

The basal diets (Table 1) were formulated to contain adequate amounts 
of all nutrients except Zn. The Zn-unsupplemented corn-soybean meal 
basal diet contained 40.3 mg Zn/kg, just meeting the chicks’ growth 
requirement for Zn of 40 mg Zn/kg (NRC, 1984). The Zn-deficient 
soy concentrate diet contained 14 mg Zn/kg. Dietary sources of Zn 
were added to diets at the expense of dextrose (soy concentrate diet) 
or cornstarch (com-soybean meal diet). The Zn was provided as feed- 
grade ZnS0 4  • H20  (36% Zn; Southeastern Minerals, Inc., Bain- 
bridge, GA) or from pork loin.

Upon termination of experiments, chicks were killed via cervical
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ZINC BIOAVAILABILITY IN PORK. . .

Table 1 -  C om position o f  the  basa l diets

Ingredient

S o y
co n cen tra te3

%

C o rn -so yb ean
m ealb

%

S o y  co n ce n tra te 0 (65%  CP) 34.47 -

C orn  (8 .5%  CP) - 39.71
S o yb e an  m eal (48 .0%  CP) - 40.89
C orn starch — 10.33
D extrose 54.38 —
C orn  oil 5.00 5.00
Zn-free m ineral m ixd 5.35 -
D ica lcium  phosphate - 2.20
Lim esto n e — 1.00
Iodized salt - 0.40
DL-m ethionine 0.40 0.20
C ho line  ch loride 0.20 0.10
V itam in prem ix1-' 0.20 0.10
FeS O „ • 7H 20 — 0.05
Lin co m ycin  premix« - 0.01
Se len iu m  prem ixh — 0.01
D L-a-tocop heryl acetate + -

(20 mg/kg)
Ethoxyqu in  (125 mg/kg) + —

3 Contained 22.4% CP, 14 mg Zn/kg, 1.1% Ca and 0.55% available P. 
b Contained 23% CP, 40.3 mg Zn/kg, 1.1% Ca and 0.55% available P. 
c Procon (A. E. Staley Inc., Decatur, IL}.
d Mineral mixture provided per kilogram of diet: CaC0 3 , 3 g; Ca3(P0 4)2, 28 g; 

K2HP04, 9 g; NaCI, 8.8 g; MgS04 ■ 7H20 , 3.5 g; M nS04 ■ H20 , 0.65 g; FeS0 4 ■ 
7H20 , 0.415 g; C uS0 4 • 5H20 , 20 mg; H3BO3, 9 mg; Na2M o04 • 2H20 , 9 mg; Kl, 
40 mg; C oS0 4 ■ 7H20 , 1 mg; Na2Se0 3 , 0.215 mg.

3 Vitamin premix for the soy isolate diet provided per kilogram of diet: thiamin • 
HCI, 20 mg; niacin, 50 mg; riboflavin, 10 mg; Ca-pantothenate, 30 mg; vitamin 
8 12, 0.04 mg; pyrldoxine • HCI, 6 mg; biotin, 0.6 mg; folic acid, 4 mg; menadione, 
2 mg; ascorbic acid, 250 mg; cholecalclferol (200,000 lU/g), 600 IU; retlnyl acetate 
(650,000 lU/g), 5200 IU.

'Vitamin premix for the corn-soybean meal diet provided per kilogram of diet: reti- 
nyl acetate, 4400 IU; cholecalciferol, 1000 ICU; DL-a-tocopheryl acetate, 11 IU; vi
tamin B12, 0.01 mg; riboflavin, 4.41 mg; d-pantothenic acid, 10 mg; niacin, 22 mg; 
menadione sodium bisulfite, 2.33 mg. 

s Added to provide 4.4 mg llncomycin per kg diet. 
h Added to provide 0.1 mg Se (from Na2Se03) per kg diet.

dislocation and tibias were removed. Tibias were pooled by replicate, 
stripped of adhering tissue, and then dried at 105°C for 24 hr, weighed, 
and dry-ashed at 600°C overnight. The ashed bones were then wet 
ashed using HN0 3 and H2 0 2 (Wedekind et al., 1991). Zinc concen
tration was measured by atomic absorption spectrophotometry as de
scribed previously.

Zinc bioavailability experiments

Experiment 1 was conducted to determine the relative bioavaila
bility of Zn in raw, roasted and braised pork loin compared to a ZnS0 4 

standard. Supplemental levels of 0, 3.5 and 7.0 mg Zn/kg from ZnS04 

were added to corn-soybean meal diets (Table 1) at the expense of 
cornstarch to construct a standard curve (total tibia Zn regressed on 
supplemental Zn intake). Tibia Zn responds linearly to Zn intake from 
ZnS04  at levels below 60 mg Zn/kg in corn-soybean meal diets (We
dekind et al., 1991). The standard curve was used to ascertain Zn 
bioavailability in pork loin based upon diets containing 4.8, 5.9, and
5.7 mg added Zn/kg diet from raw, roasted or braised pork loin, 
respectively.

Experiment 2 was conducted to determine the relative bioavaila
bility of Zn in roasted pork loin and in ZnS0 4  in the presence of 0.4% 
L-cystcine. Supplemental Zn levels of 0, 5, 10 and 15 mg/kg from 
ZnS04  were added to the Zn-deficient soy-concentrate diet (Table 1) 
at the expense of dextrose. The standard curve was compared to diets 
containing 10 mg/kg Zn from roasted pork loin and from ZnS04  in 
the presence of 0.4% L-cysteine added to the diet.

Statistical analysis

Ail analysis of variance and regression analyses were conducted 
using the General Linear Model (GLM) procedure of SAS (1985). 
Total tibia Zn was regressed on supplemental Zn intake. Zinc bioa
vailability was determined relative to a ZnS0 4  standard using stan
dard-curve methodology. The Y variable (tibia Zn content, pg) was 
substituted into the regression equation determined from the standard 
curve. Solving for X gave an estimate of the bioavailable Zn con
sumed. Dividing the bioavailable Zn consumed by the total supple
mental Zn intake gave a relative bioavailability (%) estimate. Standard

Table 2 - E fficacy o f  p o rk  loin a s a source  o f  zinc for ch icks fe d  a corn- 
soybean  m e a l d ie t IExp. 1)‘

Su p p l.
Zn

intake
(mg)

T ib ia  data

Su p p le m e n t1"

Su pp l.
Zn

(mg/kg)

W eight
gain
(g)

Dry
w t
(g)

Zn
C one.

(M-g/g)c'd
Total

Zn
((xg)c-d-e R B V 3

None 0 278 0 1.26 124.5» 157.5»
Z n S 0 4 3.5 287 1.39 1.27 150.9» 192.2»
Z n S 0 4 7.0 281 2.76 1.28 166.4' 213.3' 100
Pork loin 4.8 276 1.70 1.26 160.6»-' 202.8»-' 124
(raw) 
Pork loin 5.9 292 2.20 1.29 168.8' 218.4' 131
(roasted) 
Pork loin 5.7 290 2.12 1.30 165.4' 215 .3 ' 129
(braised) 
Pooled S E M 4.1 0.05 0.03 4.5 7.9 16

3 Data represent means of quadruplicate groups of four chicks during the period 8 

to 22 days posthatching; average Initial weight was 83 g. 
bThe pork loin products were freeze-dried after processing (I.e., cooking) and then 

finely ground. All sources of Zn were added to the corn-soy basal diet (40.3 mg Zn/ 
kg) at the expense of cornstarch. Zinc concentrations in the freeze-dried pork loins 
were 51,60 and 63 mg Zn/kg for the raw, roasted and braised products, respectively. 

c Means within columns bearing different superscript letters (x, y, z) differ (P < 0.05). 
d Linear response to Z nS0 4 addition (P < 0.01). Regression of tibia Zn (Y In pg) on 

supplemental Zn Intake from ZnS04 (X in mg) was Y = 159.9 + 20.30X (r = 0.84).
B Standard-curve methodology was used to predict relative bioavailability (RBV) of 

roasted and braised pork loin. These estimates were not significantly different (P > 
0.05) from 100%.

error values were determined, and treatment means were separated by 
the least significant difference (LSD) multiple pairwise-comparison 
procedure (Carmer and Walker, 1985).

RESULTS
Experiment 1

Total tibia Zn and tibia Zn concentration both responded 
linearly (P < 0.01) to supplemental Zn intake from ZnS04 
(Table 2). Linear regression of total tibia Zn (Y) on supple
mental Zn intake (X) yielded the equation Y = 159.9 + 
20.30X (r =  0.84). Standard-curve methodology was used to 
predict the relative Zn bioavailabilities of the pork sources 
compared with the inorganic standard. This method indicated 
bioavailabilities were 124% (raw), 131% (roasted) and 129% 
(braised pork), with no significant difference from each other 
or from 100% (P > 0.05).

Experiment 2

Chicks gained more (P < 0.05) weight when fed diets con
taining 10 mg Zn/kg from pork loin or from ZnS04 plus L- 
cysteine than those fed the other diets (pooled comparison). 
Tibia Zn levels (both total and concentration) were greater (P 
< 0.01) in chicks fed 10 mg Zn/kg from pork loin or from 
ZnS04 plus L-cysteine than in chicks fed an equivalent level 
of Zn from ZnS04 alone. Total tibia Zn and tibia Zn concen
tration both responded linearly (P<0.01) to supplemental Zn 
intake from ZnS04 (Table 3). The linear regression of total 
tibia Zn (Y) on supplemental Zn intake (X) was Y =  97.1 + 
14.51X (r =  0.87). Standard curve methodology predicted 
relative bioavailabilities of the two experimental Zn sources 
compared with the ZnS04 standard (100%) of 173% for ZnS04 
plus L-cysteine and 149% for roasted pork loin. Both values 
were greater (P < 0.05) than 100%.

DISCUSSION
FOOD SOURCES high in protein are the best sources of Zn 
(Prasad, 1983). Meat, fish and poultry are the major food 
sources of zinc, comprising an estimated 50% of the Zn in 
American diets (Moser-Veillon, 1990). Beef contains about 65 
mg Zn/kg wet weight (National Live Stock and Meat Board,
1990) and has been shown to have a high Zn bioavailability. 
In a study by Shah and Belonje (1984) the bioavailability of
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Table 3 - Utilization of zinc by chicks fed a soy concentrate diet contain
ing supplemental zinc from zinc sulfate, zinc sulfate plus cysteine, or pork 
loin (Exp. 2)a_____

Su pp l.
Zn

intake
(mg)

Tib ia  data

S u p p lem en t6

Su pp l.
Zn

(mg/kg)

W eight
gain
(g)c

Dry
w t
(g)‘

Zn
C one.
(pg/g)c

Total
Zn

(|j.g)c,d R B V c,d
None 0 236* 0 1.04*'V 87.1» 90.1*
ZnSO „ 5 235* 1.83 1.03* 129.4" 132.7"
ZnSO „ 10 244*'V 3.72 1.07V* 142.0* 151.7*
Z n S 0 4 15 241* 5.54 1.01* 178.9 V 174.8V 100v
Z n S 0 4 + 10 251V'* 3.72 1.04*'V 182.3V 189.6* 173*
0 .4 %  L-C ys8 
Pork loin' 10 262* 3.48 1.03*'V 169.9* 176.1v 149*
Pooled SEM 2.6 0.04 0.01 2.5 3.2 13
3 Data represent means of eight pens of four chicks during the period 8 to 22 days 

posthatching; average initial weight was 74 g.
bThe basal diet contained 14 mg Zn/kg; additions were made at the expense of 

dextrose.
c Means within columns bearing different superscript letters (v-z) differ (P < 0.05).
d Linear regression of total tibia Zn (Y in *ig) on supplemental Zn intake (X in mg) 

was Y = 97.1 + 14.51 X (r = 0.87). Standard-curve methodology was used to cal
culate relative bioavailability (RBV).

9 Provided as L-cysteine • HCI • H2O.
f Pork loin was roasted, freeze-dried and then finely ground prior to incorporation 

into the diet. The Zn concentration of the freeze-dried roasted pork loin was 60 mg/ 
kg.

Zn in freeze-dried ground beef was 104% when fed to rats in 
an egg-white diet. The criterion measured was log10 total femur 
Zn (|xg), and ZnS04 was the standard. Another study done 
with freeze-dried cooked beef indicated that Zn bioavailability 
in beef was equal to that in ZnC03 when fed to rats in an egg- 
white diet (Brown et al., 1985). Zinc absorption from a lac- 
talbumin diet with added zinc sulfate showed equal absorption 
compared with Zn from a bologna-type meat emulsion (Greger 
et al., 1984). The distribution of Zn from the meat-based diet 
was greater throughout the body, with more accumulation in 
the liver. The authors indicated this was due to differential 
chelation of Zn in the body.

The bioavailability of Zn from raw and cooked pork loin in 
the first experiment (wherein a complex corn-soybean meal 
diet was fed) was not significantly greater than that of the 
ZnS04 standard. Zinc concentration in the cooked pork loin 
(26 mg Zn/kg average) was lower than that reported for other 
cuts of pork and for beef (National Livestock and Meat Board,
1990). The relative bioavailability estimates showed a tend
ency for Zn in pork loin to be more bioavailable than that 
which has been reported for beef. In experiment 2, roasted 
pork loin showed a significantly greater relative bioavailability 
(149%) than ZnS04 (100%). Zinc sulfate, whether ZnS04 • 
H20  or ZnS04 • 7H20 , is considered an excellent Zn standard 
and, in fact, provides bioavailable Zn almost twice as effi
ciently as ZnO (Wedekind and Baker, 1990).

It has been suggested that chelates between animal protein 
and Zn may protect the Zn from inhibitory factors in the diet 
(Solomons and Jacob, 1981). Possibly pork may contain a Zn 
absorption-enhancing factor that is not present (or in lower 
concentration) in other sources of Zn. Amino acid ligands have 
been proposed as “ enhancers”  of Zn absorption.

Our study showed that adding L-cysteine together with ZnS04 
in a soy concentrate diet increased Zn bioavailability. Other 
research has indicated that Zn from a Zn-methionine complex 
was more bioavailable than ZnS04 (Wedekind et al., 1991). 
With rats fed lactalbumin or soy-based diets, Zn absorption 
was significantly affected by dietary protein as well as the 
cysteine content of the protein (Snedeker and Greger, 1983; 
Greger and Mulvaney, 1985). That work did not show a sig
nificant effect of histidine on Zn absorption. Histidine may 
have a minor effect on Zn absorption, but results have been 
variable (Hortin, 1991). Layrisse et al. (1984) and Taylor et 
al. (1986) have suggested that enhanced nonheme iron absorp

tion from meat was due to cysteine present in either free form 
or as cysteine-containing peptides. Sulfhydryl-containing com
pounds in pork such as cysteine or reduced glutathione may 
be postulated to participate in the “ meat factor”  responsible 
for enhanced bioavailability of Zn and iron in meat products 
(Layrisse et al., 1984; Greger and Mulvaney, 1985).

CONCLUSIONS
Zinc from pork loin provided more bioavailable Zn than the 
inorganic sulfate standard; adding L-cysteine to the diet greatly 
enhanced Zn absorption. Pork is a valuable source of bioa
vailable Zn; cysteine, and possibly other sulfhydryl com
pounds, are probably associated with the proposed “ meat 
factor.”
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Temperature, pH and Bacterial Populations of Meat as 
Influenced by Home Freezer Failure

A.J. BEDINGHAUS and H.W. OCKERMAN

----------------------- A B S T R A C T ------------------------
Consumers are concerned about the fate of frozen meat products in 
home freezers when electrical power is interrupted. We investigated 
this concern by using an upright home freezer. Fourteen trials were 
conducted with packages of either beef or pork with varying trial load 
weights (Range = 43-128 kg). Meat samples were frozen, power was 
disconnected, and packages within each lot were analyzed daily for 9 
days for temperature, microbial count, and pH. After about 36 hr 
without electrical power, bacterial populations reached log 6 and the 
meat product’s wholesomeness for consumption or possible refreeze 
became questionable.

Key Words: meat, home freezer, temperature, pH, wanning, thawing

INTRODUCTION
FREEZING is a common method of food preservation for re
tailed packaged foods and has, in many cases replaced tradi
tional canning and curing of foods for the home (Jul, 1984). 
Today many consumers purchase fresh retail cuts of meat, 
place them in a freezer and later thaw before cooking. The 
number of consumers using home freezers is increasing. This 
is reflected by the fact that the consumption of frozen foods 
has been steadily increasing in well developed countries over 
the past few decades e.g. in 1981 the USA had a 40 kg increase 
in per capita consumption of frozen foods compared to an 
average of the ten-year period prior to 1981 and this trend 
seems to be continuing (Jul, 1984).

The temperatures observed in home freezers in the USA as 
quoted by Olsson and Bengtsson were as follows; Below — 18°C, 
30% of the households; between -  18°C and -  12°C, 37%; 
between -12°C  and -7 °C , 22%; and above -7 °C , 11% of 
the households (Olsson and Bengtsson, 1972). Consumers sel
dom experience a spoilage-related problem with frozen meat 
which has been properly packaged and stored. When they en
counter an extended electrical power outage or freezer mal
function they become concerned about the safety of frozen 
meat products. University meat extension specialists receive 
periodic calls from consumers or home economists seeking 
advice on how long frozen meat products are safe to keep after 
electrical power has been interrupted. Current advice has been 
that as long as the meat remains frozen it is safe to keep but 
once the meat has thawed, its safety for consumption is ques
tionable.

Microorganisms are primarily responsible for the deleterious 
effects to meat tissue if the meat product has been temperature 
abused in any manner. The freezing of muscle tissue extends 
the lag phase of microbial proliferation and thus extends the 
shelf-life of the meat product (Marriott et al., 1980). However, 
when electrical power is disconnected from a freezer, the tem
perature begins to rise over time and thus enhances bacterial 
proliferation. The bacterial genera present is more critical to 
spoilage than is total microbial load (Marriott et al., 1980). 
The elevated temperatures and increased thaw time create ad-

Authors Bedinghaus and Ockerman are with the Anim al Science 
Dept., 2029 Fyffe Road, The Ohio State Univ. Columbus, OH 
43210-1095.

ditional proliferation of the bacterial genera and meat spoilage 
becomes evident i.e. discoloration, putrid-odors, proteolysis, 
etc.

Numerous studies have documented the freezing and thaw
ing rates for retail cuts of meat. No publications on this prob
lem could be located. Therefore our objective was to investigate 
this unique problem area. The results should serve as a foun
dation for future consumer and scientific references.

MATERIALS & METHODS
THIS INVESTIGATION was carried out in 14 consecutive trials, 11 
using pork and 3 with beef. Each trial consisted of storing fresh retail 
cuts of meat samples with varying trial load weights (Range = 43- 
128 kg) in a -29°C  upright White Westinghouse Model FU211C (0.6 
cubic meter capacity) freezer. The meat cuts were packaged in 1 .8-
2.3 kg packages. The meat packages were wrapped in Copco Poly
freeze® (polyethylene-coated) freezer paper. Once the meat samples 
were completely frozen for 1 wk, the electrical power was discon
nected and packages within each lot per trial were analyzed periodi
cally for 9 days for temperature, pH, and total viable plate count.

Temperature was monitored using thermocouples attached to an 
Omega Model 555 temperature recorder. The thermocouple was po
sitioned to monitor the meat core temperature. The ambient room 
temperature was 23°C ± 3°C.

The pH measurements of the meat samples were determined by 
using an immersion probe attached to a Coming Model 7 pH meter 
(Ockerman, 1985). The pH meter was standardized using a two point 
pH calibration method with pH 7.0 buffer and pH 5.0 buffer. A lOg 
meat sample was placed into a sterile stomacher bag along with 100 
mL of distilled water. The bag was stomached for 1 min in the Stom
acher Lab Blender 400 and the subsequent pH measurement recorded.

The microbiological examinations of the meat samples were deter
mined using the Standard Plate Count procedure (Speck, 1984). Three 
portions were taken from the meat sample for analysis, 1 slice from 
the center and 2 from about one-third the distance from each end. 
From each sliced portion a 10 gram sample was added to 90 mL of 
sterile 0.1% peptone water in a sterile stomacher bag. Each lOg sam
ple contained a fixed proportion (~ 50:50) of meat tissue from the 
surface and interior portion of the sample. The samples were macer
ated for 2 min using the Stomacher Lab Blender 400. Serial dilutions 
were prepared according to standard procedures (Speck, 1984). Bac
terial counts were enumerated for total colony forming units. Difco 
standard plate count agar was used to determine total plate counts 
(25°C, 106 hr).

Statistical treatment
The plate count data were transformed into logarithms and statistical 

analysis was performed by using the Statistical Analysis System (SAS,
1986). The data (Fig. 4, 5, 6, and 7) were derived using the General 
Linear Models (GLM) procedure of SAS and included a covariant in 
the linear model. (Figures 4 and 5 included temperature as a covariant 
and Fig. 6 and 7 included bacterial count and trial load weights, 
respectively, as covariants.) When temperature was the dependent 
variable (Fig. 5 and 6) we included the independent variables, species 
(beef or pork), trial load weights, days storage time, and their inter
actions. In Fig. 4 and 7, bacterial count was the dependent variable 
and species, trial load weights, days storage time, temperature and 
their interactions were the independent variables of the model.

RESULTS & DISCUSSION
AT DAY 0 the electrical power was disconnected from the 
upright freezer. The freezer door remained closed until meat
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-B -  Beef & Pork

Fig. 7 -Relationship betw een average pH and pH differential for 
all trials and time.

o
fro

Fig. 2 -M e a n  temperature for all sam ples and rate o f tem per
ature change.

Beef & Pork Beef - e -  Pork

Fig. 3 -M e a n  bacterial counts and rate o f change in count dur
ing storage.

packages within each lot were removed and analyzed daily for 
temperature, bacterial count, and pH. The results revealed the 
pH of all samples (Fig. 1) increased from an average of 5.8

- e -  (<-18C) -e t- (-18 to -12C) (-12 to -7C) (> -7C)

Fig. 4 — Changes in m ean bacterial count for the four initial tem 
perature categories.

—e -  (< -18C) (-18 to -12C) -A - (-12 to -7C) (> -7C)

Fig. 5—Changes in m ean tem peratures of the four initial tem 
perature categories with storage time.

- e -  (< 45 kg) -m -  (45-91 kg) - a -  (> 91 kg)

Fig. 6— Changes in m ean tem peratures for the three weight cat
egories with time.

initially to 8.2 final. In Fig. 2 the mean temperature for all 
samples increased considerably during the term of the inves
tigation. The rate of sample temperature increase averaged 5.8°C/ 
day for the first 5 days, at which time the rate of temperature 
increase slowed and leveled off to the final sample temperature
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-B -  (< 45 kg) (45-91 kg) —a — (> 91 kg)

F/'g. 7 -C h a n g es  in m ean bacterial counts for the three weight 
categories with storage time.

of 20°C at Day 9. The differential change in temperature from 
Day 0 to Day 9 was a 32.5°C increase.

As temperature increased, microbial growth increased at an 
accelerating pace. Figure 3 illustrates that the log bacterial 
counts for the combined beef and pork trials increased linearly 
up to Day 5 (0.79 log bacteria no./day), at which time the 
curve started to level off and the stationary phase was reached. 
At Day 9, the mean bacterial count was 4.5 log higher than 
the mean initial log count of 4.80 at Day 0. Figure 3 also 
shows that all pork samples had significantly higher bacterial 
counts than beef during the course of the study.

The trials were divided into the following temperature cat
egories (below — 18°C, —18° to — 12°C, —12° to — 7°C, and 
above -7°C ) at Day 0 and all temperature categories were 
statistically adjusted to a mean bacterial count of log 4.91 at 
Day 0. In Fig. 4 the samples within each trial for each given 
temperature category were monitored for mean microbial count. 
The data reflect that the bacterial counts for the > -  7°C sam
ples had significantly higher bacterial counts over the other 3 
temperature categories beginning at Day 3 of storage. Figure 
5 shows the mean temperatures of the four initial temperature 
categories vs days of storage. All samples showed about the 
same rate of temperature increase during the study.

The trials were also divided into three weight categories (< 
45 kg, 45-91 kg, > 91 kg) and were then adjusted to an 
average temperature at Day 0. Figure 6 illustrates the rate of 
temperature increase after Day 1 for the three weight categories 
were almost parallel. In Fig. 7, mean bacterial counts for the

weight categories were monitored after adjustment to an av
erage bacterial count at Day 0. Up to Day 5 there was no 
significant difference between categorical weight samples in 
microbial counts. At Days 5, 6 and 7 the lighter weight trials 
(i.e. <45 kg and 45-91 kg wt range trial groups) had signif
icantly higher bacterial numbers than the heavier weight trial 
(> 91 kg). Both in Fig. 6 and 7 the mean temperatures and 
bacterial counts were adjusted to the same mean at Day 0.

At about 36 hr after loss of electrical power, bacterial counts 
reached log 6 from initial counts which averaged log 4.8. Log 
6 is usually assumed to be a level at which meat products can 
be safely consumed so long as it is sufficiently cooked to 
destroy pathogenic organisms (Banwart, 1989). The USDA 
suggests a minimum end-point cooking temperature of 63°C. 
That temperature destroys some pathogenic microorganisms 
but will not affect bacterial spores, the enterotoxin of Staphy
lococcus aureus or the neurotoxin of Clostridium botulinum 
(Banwart, 1989).

CONCLUSION
IF A RETAIL MEAT product is frozen with a typical microbial 
load and the electrical power to the home freezer is interrupted 
for an extended time period (> 36 hr), the frozen product would 
have a microbial count of about log 6 at around 36 hr after 
loss of power. Thus it would not be advisable to use the meat 
held for 36 hr after electrical power disconnect and the meat 
should probably be destroyed.
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Preblending Hot- and Cold-Boned Pork at Different Particle Sizes

J.W. LAM KEY, R.W. MANDIGO, and C.R. CALKINS

----------------------- A B S T R A C T ------------------------
Hot- (HB) and cold-boned (CB) pork were ground through a 0.6, 1.3, 
or 1.9 cm plate, preblended (2% NaCl), and stored for 24 hr to eval
uate resulting textural properties. Expressible moisture significantly 
decreased after storage, with HB preblends having less (P<0.05) ex
pressible moisture than CB preblends. Peak extrusion force decreased 
(P<0.01) after storage for the largest particle size with no changes 
for other particle sizes. Kramer shear values decreased (P<0.05) as 
particle size increased, while a decrease in particle size effectuated 
an increase (P<0.05) in bind value. An increased quantity of salt 
during the preblending of HB meat may be advantageous to help 
achieve maximum protein extraction.

Key Words: Pork, preblending, hot-boning, cold-boning, protein-ex
traction, texture

INTRODUCTION
ACCELERATED PROCESSING has several advantages re
lated to processing costs and product quality. Prior to the for
mation of actomyosin, larger quantities of myosin can be 
extracted which improves the binding and emulsifying prop
erties (Hegarty et al., 1963; Hamm, 1975) of the raw material, 
resulting in a firmer texture for the finished meat product (Ac
ton and Saffle, 1969; Hamm, 1975). Protein extraction is en
hanced by grinding or chopping because of the disruption of 
the cell structure. Greater disruption of the cell structure with 
a concurrent increase in surface area has been shown to result 
in a greater release of the cellular components, and increased 
protein extraction (Schnell et al., 1970; Acton, 1972). Maxi
mum extraction of protein is often desired to achieve optimal 
binding of fat and water when processing meat products.

The addition of salt to meat aids in extraction of the my
ofibrillar proteins, increasing binding and emulsifying prop
erties (Hegarty et al., 1963). Mixing meat with salt and storing 
for a period of time (preblending) increases the functional 
properties of meat and has been used for many years. The 
improvement found in the functional properties of proteins ex
tracted from preblended meat is attributed to enhanced salt 
penetration and increased protein-salt interactions (Ockerman 
and Crespo, 1982). In addition, when compared to preblended 
cold-boned meat, preblended hot-boned meat has shown en
hanced water and fat retention properties (Hamm, 1975). The 
length of time postmortem, however, will decrease the advan
tage of hot-boned meat because of the advanced stage of rigor 
and the decline in pH.

Subjecting meat to preblending at smaller particle sizes should 
allow for increased salt penetration, thereby improving binding 
properties of the proteins. The objective of our study was to 
determine if advantages exist for preblending hot-boned meat 
at smaller grind sizes that would increase the binding capabil
ities of the raw material used for a coarse-ground sausage prod
uct.

M ATERIALS & METHODS
LACTATING SOWS (n = 16) were separated prior to slaughter into 
4 groups based on dietary treatment (Brendemuhl, 1985). Dietary 
regimens consisted of high protein, low energy; low protein, high 
energy; high protein, high energy; or low protein, low energy rations. 
One sow from each dietary regimen was placed into 1 of 4 groups to 
achieve equivalent composition among the groups. Each group rep
resented 1 replication.

Hams were removed from the right side of each carcass and boned 
within 3 hr after exsanguination (HB). Left sides of the carcasses were 
chilled (4°C) for 48 hr prior to removal of the hams and subsequent 
boning (CB). After boning, the meat was ground (Model 4732, Hobart 
Mfg., Columbus, OH) through a 3-hole, kidney-shaped grinder plate 
and evenly divided among 3 particle size treatments (0.6, 1.3, 1.9 
cm). Batches (6.3 kg) were ground through assigned plates, mixed 
(Model L100DA, Leland Detroit Mfg., Detroit, MI) (5 min) with 10% 
water (w/w), 2% salt (w/w) and 78 ppm sodium nitrite (50% of the 
total amount). Resulting preblends were stored for 24 hr (1°C) and 
subsequently mixed an additional 3 min to incorporate spices, 550 
ppm sodium erythorbate and the remaining 78 ppm sodium nitrite. A 
final grind of 0.3 cm was used for all treatments prior to stuffing into 
34 mm collagen casings. Sausages were heat processed in a smoke
house using 6 stages. In the first stage, the dry bulb was set at 54.4°C 
with no wet bulb setting for 30 min. The second stage was for 30 min 
with the dry bulb set at 60°C. During the third stage, which was for 
30 min, the dry bulb was increased to 68.3°C with the wet bulb set 
at 54.4°C. A dry bulb setting of 73.9°C and a wet bulb setting of 
62.8°C was held for an additional 30 min. The sausages were then 
steam cooked to an internal temperature of 66.7°C and subsequently 
showered with cold water for 15 min.

Raw preblend analyses

Expressible moisture was measured using the press method of Grau 
and Hamm (1953). A 0.3g sample was selected from each grind size, 
placed in the center of a dried Whatman #1 filter paper disk and 
pressed using 3600 kg pressure for 3 min. Measurement of the meat 
area and the juice area were accomplished with the use of a compen
sating polar planimeter. Expressible moisture was determined as the 
result of triplicate samples for each treatment. Samples for EM were 
obtained prior to preblending and after storage.

A 10-g sample was taken from each treatment prior to preblending, 
after storage and prior to stuffing. Each sample was blended with 100 
mL 0.005M iodoacetate at high speed for 1 min to determine pH. The 
homogenate was decanted to a 150 mL beaker with a stir bar and 
measured with a pH meter (Orion, Cambridge, MA). The pH data 
reported was the mean of all measurements since there was no influ
ence of sample point on the measured value.

A wire bar (0.25cm o.d. with edge to edge spacings of 0.5 cm) 
food extrusion cell (Conners Machinery, LTD., Sunco, Ontario, Can
ada) attached to an universal testing machine (Model 1123, Instron 
Corporation, Canton, MA) was used as described by Voisey and Lar- 
mond (1971) to measure viscoelastic properties. The sample cell was 
filled with 300 g of the meat mixture with efforts to minimize air 
pockets. Samples of the meat mixtures were extruded prior to pre
blending, after storage, and prior to stuffing. The mixtures were ex
truded at crosshead speed 50 mm/min with a 2:1 proportional chart 
speed. A 500 kg compression load cell with a load range setting of 
0-50 kg was used to measure readings of peak force (kg).

___________________________________________________________ Cooked product analysis
Authors Mandigo and Calkins are with the Nebraska Agricultural Moisture, protein, fat and ash contents were determined (AOAC,
Research Division, Dept, of Anim al Science, Lincoln, NE 68583- 1 9 8 3 ). Moisture was determined by oven drying; protein was analyzed
0908. Author Lamkey s current address; Dept, o f Anim al Sci- using Kjeldahl procedures; and fat was determined using Soxhlet pro- 
ence, Oklahoma State Univ., Stillwater, OK 74078-0425.________  cedures. Kramer shear force values were determined on two links
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PARTICLE SIZE OF PREBLENDED PORK. . .

Table 1 -Proximate analysis of coarse ground sausage as influenced by 
boning time and particle size____________________________________

Boning
tim e

M oisture
<%)

Protein
(% )

Fat
(% )

A sh
(%) pH8

Hot 59.7° 22.8° 15.3' 2.2° 6 .32 '
Cold 59.7° 22.7° 15.3° 2 .1 ' 6 .26d
s .e .b 0.2 0.1 0.1 0.1 0.01
Particle
size  (cm)

0.6 59.8° 22.3° 15.4° 2.1' 6 .29'
1.3 59.6° 22.8° 15.2° 2.1° 6.27°
1.9 59.7° 23 .2 ' 15.2° 2.2° 6.27'
s .e . 0.5 0.4 0.2 0.1 0.01

8 Mean of duplicate raw samples taken prior to preblending, after storage and prior 
to stuffing.

b s.e. = standard error.
cd Means within the same column and the same main effect with same superscript 

are not different (P>0.05).

randomly selected from each treatment, casings removed, and cut to
4.5 cm. The links were placed side by side in the sample chamber 
such that the long axis was perpendicular to the orientation of the 
blades. Triplicate samples (6 ¡inks) were sheared for each treatment. 
A 250 kg load cell with a load range of 0-200 kg was used. Crosshead 
speed was 50 mm/min with a 2:1 proportional chart speed. Peak force 
(kg), and area under the curve (cm2) were obtained. Area under the 
curve was measured using a compensating polar planimeter.

Objective measurements for hardness, cohesiveness, elasticity, and 
chewiness were determined following the procedures of Friedman et 
al. (1963). Three sausage links per treatment were allowed to equi
librate to room temperature and sliced to a length of 3 cm. Each 
sample was oriented so that the long axis was parallel to the plane of 
compression. Each sample was compressed twice to 75% of its orig
inal thickness. A 250 kg load cell with a load range setting of 0-100 
kg was used. Crosshead speed was 500 mm/min with a 2:1 propor
tional chart speed.

Statistical analysis

The study was designed as a randomized split-plot (Federer, 1955). 
Main effects (CB vs HB) and subplot (grind size) treatments were 
tested using least squares analysis of variance with multiple compar
isons performed using Fisher’s least significant difference test (SAS 
Institute Inc., 1988).

RESULTS & DISCUSSION
MOISTURE, fat, protein and ash contents of cooked sausage 
were not different (P>0.05) for boning time or particle size 
(Table 1). Grouping the sows by nutritional regimen mini
mized the compositional differences between groups. Mea
surements obtained, therefore, were not appreciably affected 
by composition. Differences in pH between hot- and cold
boned pork were significant, but small (Table 1). When pork 
has substantially depleted stores of glycogen prior to exsan- 
guination, usually brought about by long periods of stress, the 
pH of the muscle remains relatively high. Briskey et al. (1960) 
found that unusual nutrition was one cause for stress in ani
mals. These data indicate that the HB muscle was in the ad
vanced stages of glycolytic activity but had not achieved the 
ultimate pH exhibited by the CB meat.

A decrease in expressible moisture (EM) indicates an in
crease in the ability of the meat to retain moisture. Data in 
Table 2 indicated no change (P>0.05) in EM due to boning 
time prior to storage. That hot-boned meat has a greater ability 
to retain moisture then cold-boned meat is well documented 
(Hamm, 1960; Acton and Saffle, 1969), but it is dependent 
on the pH of the muscle. Rigor development does not have a 
notable effect on the WHC of muscle due to the formation of 
crossbridges as the pH drops, decreasing the effect of rigor 
development (Hamm, 1986). As the data in Table 1 indicate, 
meat that was boned after 48 h was only slightly lower (P<0.05) 
in pH than hot-boned meat. However, data in Table 2 indicate 
that the addition of salt and storage for 24 hr significantly

Table 2-Expressible moisture as influenced by boning time and sam-
pling point''__________________________________________________

Boning
tim e_____________________________ Before sto rage__________________________ A fter sto rage

Hot 6 2 .9b 3 4 .4 d
Cold_______________________________________ 602^_______________________________________37.8°

8 Standard error = 1.1.
bcd Means with different superscripts are different (P <0.05).

Table 3-Effect of boning time, particle size, and sampling point on ex- 
trusion peak force values8 (kg)___________________________________

Boning S am p lin g  __________ Particle s ire  (cm)
tim e tim e 0.6 1.3 1.9

Hot Before storage 17.4 ' 26.8d 5 5 .1b
A fter storage 15.7» 26.6d 45.4°
G round  (0.3 cm ) 13.7' 14.1' 13.3»

Cold Before storage 17.48 3 0 .Ed 50.2 '
A fter storage 16.8' 31.1« 3 4 .5d
G rou n d  (0.3 cm ) 14.2» 14.5 ' 15.0'

8 Standard error = 2.0.
bede Means within rows and columns with different superscripts are different (P<0.05).

decreased expressible moisture in both hot- and cold-boned 
preblends, with hot-boned preblends retaining more (P<0.05) 
moisture than cold-boned preblends. These data indicated that 
the ability to retain moisture was superior for the HB pork in 
the presence of salt. There was no significant interaction with 
particle size. Likely the 24 hr storage period was long enough 
for salt to migrate throughout even the largest meat particle. 
Acton (1972) found an increased ability for moisture retention 
with a decrease in particle size for salted meat not stored.

Extrusion peak force increased (P<0.01) as particle size 
increased for both hot- and cold-boned pork (Table 3). This 
was expected since the spacings through which the meat was 
extruded did not change and the larger particles would require 
more force to be extruded through those spacings. Extrusion 
peak force was also affected by the structural integrity or pli
ability of the meat particles, with a reduction in force sug
gesting an increase in disruption of the structure. Data in Table 
3 suggest no measurable change in pliability occurred during 
storage of salted meat ground to a particle size less than 1.9 
cm since no difference (P>0.05) in peak force values were 
indicated. It can be assumed, therefore, that structural integrity 
of the smaller particles was disrupted past the point of mea
surement by the extrusion test during mixing and that further 
disruption did not occur over the storage period. Extrusion 
peak force values decreased for the 1.9 cm particle size with 
a larger decrease (P <0.05) observed for cold-boned meat when 
compared to hot-boned meat. The decrease in peak force val
ues of samples after the storage period when compared to the 
samples prior to storage was assumed due to increased plia
bility of particles caused by salt penetration. As earlier sug
gested in Table 2, hot-boned meat possessed a greater ability 
to retain moisture, and, according to Acton and Saffle (1969) 
a greater amount of myosin was available in hot-boned meat. 
Salt and protein interactions in hot-boned meat may be maxi
mized a shorter distance from the surface of the particle when 
compared to cold-boned meat due to less actomyosin forma
tion. This is suggested by the data in Table 3 where the peak 
force value for CB was smaller (P<0.05), indicating a higher 
degree of penetration. Actomyosin formation is the result of 
electrostatic linkages between actin and myosin (Hamm, 1986). 
Therefore, some of the binding between actin and myosin that 
occurred during the onset of rigor may have hindered the as
sociation between protein and salt. An increased amount of 
salt added to hot-boned meat during preblending may allow 
for greater penetration and improved protein extraction.

Kramer shear values were higher (P<0.01) for HB sausage 
products (Table 4). Kramer shear values are an indication of 
tenderness which, for a ground meat product, is due to a com-
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Table 4-Texture profiles of smoked and cooked sausage as affected by boning time and size of grind3
Boning tim e Particle S ize  (cm )

Variab le Hot Cold s .e .c 0.6 1.3 1.9 s.e .

Kram er:
shear, (kg/g) I.O V 1 0 .93 ' 0.01 1.00d 0 .98d 0 .9 4 ' 0.01
area, (cm2) 74 .3d 72.6 d 0.7 74 .7d 73.9de 71.5» 0.9

C o m p re ss io n :
H ard n ess, (kg) 22 .1d 22,7d 0.4 22.6 d 22.6d 22.0d 0.5

E lastic ity 2 .0d 2.0d 0.1 1.9« 2 .0d 2 .1d 0.1
A rea , (cm 2)b 9.8» 2 1 .2d 0.3 2 1 .1d 20.5de 19.9» 0.4

C o h e s iv e n e ss 0 .2 d 0 .2d 0.01 0 .2d 0 .2d 0 .2d 0.01
C h e w in e ss 9 .1d 9 .5d 0.3 8 .9d 9 .7d 9 .3 d 0.3

a Means of 4 batches/treatment heat processed using 2 replications. 
b Area under the initial compression curve. 

c s.e. = standard error.
da Means within main effect with similar superscripts are not different (P>0.05).

bination of muscle structure and bind formation. The higher 
(PcO.Ol) Kramer shear values shown by the HB pork, when 
compared to CB pork, may have been the result of less struc
tural disruption as indicated. As the number of protein-salt 
interactions increase, the distance that salt can penetrate into 
the particle becomes limited by the initial salt concentration. 
Kramer shear values decreased (P<0.05) as particle size in
creased (Table 4). In our case, Kramer shear values may be 
more an indication of bind formation since the particle size of 
the final product was the same for all treatments. Acton (1972) 
found an increase in bind formation with a decrease in particle 
size, primarily due to greater disruption of particles and in
creased protein extraction. Area under the Kramer shear curve 
also decreased (P<0.05) with an increase in particle size.

Compression data indicated that only area under the first 
curve was influenced by boning time. Other measurements 
were not different. Area under the first curve appeared to be 
associated with bind formation. A higher value (P<0.05) for 
hot-boned meat is indicative of greater bind formation due to 
extraction of myosin. Smaller values (P<0.05) for com
pression area under the curve as particle size increased sug
gested a decrease in bind and substantiated our hypotheses 
concerning Kramer shear values. The compression values for 
area under the curve also indicated that the HB samples had 
less bind than did the CB samples, following similar trends as 
the Kramer shear data.

Our data suggested that a particle size less than 1.9 cm did 
not improve moisture retention for either hot- or cold-boned 
samples. Preblending smaller particle sizes increased the bind 
formation between particles in the finished product when com
pared to larger particle sizes. Pork preblended prior to chilling 
improved water-holding capacity when compared to CB pork, 
but maximum functionality may not be obtained using a 2% 
salt concentration. There may be an advantage in adding in
creased quantities of salt during preblending of hot-boned meat 
to take full advantage of protein extraction through increased 
salt/protein interactions.
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Rigor Condition, Tumbling and Salt Level Influence on 
Physical, Chemical and Quality Characteristics of Cured,

Boneless Hams

R.F. PLIMPTON JR ., C .J . PERKIN S, T.L. SEFTON , V.R. CAHILL, and H.W. OCKERMAN

----------------------- A B S T R A C T ------------------------
Influence of pre- or post-rigor conditions, short or long-time tumbling 
and 1.25 or 2.25% salt on the physical and chemical properties, qual
ity and yield of hams were examined. Curing pre-rigor did not inhibit 
rigor, but long term tumbling slowed rigor development. Cell disrup
tion and salt-soluble proteins extraction were enhanced more by 
processing pre-rigor than post-rigor. Pre-rigor intermittent tumbling 
for 18 hr produced a more uniform cured color and a more desirable 
slice appearance. Cohesiveness was improved by 18 hr intermittent 
tumbling. Bind strength at 6 hr intermittent tumbling of pre-rigor 
tissue was equivalent to that of 18 hr intermittent tumbling, suggesting 
that curing pre-rigor could reduce tumbling time.

Key Words: ham, rigor, tumbling, salt-level

INTRODUCTION
TUMBLING and massaging have been shown to improve the 
quality and yield characteristics of cured pork (Krause et al., 
1978; Mills et al., 1980). Such mechanical agitation alters the 
muscle structure and aids extraction and solubilization of salt 
soluble proteins which bind meat pieces into one solid, uniform 
piece during cooking (Cassidy et al., 1978).

In an effort to reduce refrigeration costs, researchers have 
investigated curing of pre-rigor muscle tissue (Cross and Ten- 
nent, 1980; Ray et al., 1980; Henrickson, 1981). Results in
dicated improvements in cure migration, water-holding capacity 
and ultimate quality and yield characteristics when pre-rigor 
cured products are compared to similarly processed post-rigor 
muscle tissue (Mandigo and Henrickson, 1966; Arganosa and 
Henrickson, 1969; Mandigo and Kunert, 1973; Sefton, 1983; 
Perkins, 1984). Forrest et al., (1975) and Solomon and Schmidt
(1980) demonstrated increased solubility of native muscle pro
teins due to the action of salt in pre-rigor processed meat, 
compared to post-rigor tissue. Hamm (1977) demonstrated that, 
in ground pre-rigor muscle tissue, salt inhibited post-mortem 
glycolysis.

Both pre-rigor and tumbled products are more pliable than 
post-rigor non-tumbled products, and flexibility normally en
hances cure, penetration and uniformity. Whether pre-rigor 
curing reduced the amount of tumbling necessary to maximize 
quality while reducing refrigeration energy costs was studied 
by Henrickson (1981).

The objectives of our study were to determine the effects of 
rigor conditions in long- and short-time tumbled pork legs at 
two salt levels. Such effects were evaluated by changes in 
condition, salt soluble proteins (SSP), physical and meat qual
ity factors.

The authors are/were affiliated with The Ohio State Univ., Co
lumbus, OH 43210, and Ohio Agricultural Research & Devel
opm ent Center, Wooster, OH 44691. Author Plimpton is deceased. 
Author Perkins is now  with Pizza Hut International, Wichita, KS 
67201. Author Sefton is now  with Gibson Packing Company, 
2485 Maysville Pike, Zanesville, OH 43701.

M ATERIALS & METHODS
Forty market weight (91-118 kg) crossbred (Yorkshire, Duroc, Hamp
shire) hogs of similar genetic background were slaughtered at The 
Ohio State University Meat Laboratory. Following slaughter each car
cass was either allowed to chill 12-15 hr (post-rigor) in a 2 ±  1°C 
cooler or the rear legs were removed pre-rigor for processing.

Prior to curing all rear legs were deboned, trimmed to 0.2 cm of 
fat cover and intermuscular fat removed. The pairs of legs were as
signed to 1 of 5 processing treatment cells. These included either: (1) 
post-rigor curing and intermittent tumbling (10 min/hr) for 18 hr; (2) 
pre-rigor curing and holding for 18 hr; (3) pre-rigor curing and inter
mittent tumbling for 18 hr; (4) pre-rigor curing and intermittent tum
bling for 6 hr and; (5) pre-rigor curing and continuous tumbling for 
1 hr (Fig. 1). Tumbling times of 18 and 6 hr were selected to simulate 
industry practices of tumbling overnight or completing the curing process 
in an 8-hr shift. One-hour continuous tumbling was selected to max
imize output with a minimum of equipment. Each tumbling treatment 
(nonvacuum) was subdivided into 2 salt levels of 1.25 and 2.25% salt.

The boneless legs (both pre- and post-rigor and both salt levels) 
were multiple stitch pumped (FOMACO, Model FGM 205, Copen
hagen) to 25% above fresh weight with different percentages of so
dium chloride in the brine (See Fig. 2) to obtain 1.25 and 2.25% of 
salt in the pumped products. Legs to be cured pre-rigor were multiple 
stitch pumped with a 4°C cure within 45 min. post-exsanguination 
and prior to tumbling in a 3°C cooler. Nontumbled legs were held 18 
hr at 3°C in a closed container. At the end of the tumbling or holding 
period the legs were hand stuffed into a fibrous cellulose casing (Union 
Carbide F-9-EP, Chicago), tied and cooked in a smokehouse to in
ternal temperature 66°C (See Fig. 2). After the internal temperature 
was reached hams were removed from the smokehouse and showered 
with cold tap water for 30 min before being moved to a 3°C holding 
cooler for 18 hr. The hams were then sampled.

Length of the biceps femoris muscle of the boneless leg was mea
sured pre-cure (35 min postmortem). The differences between this 
length and the post-curing and tumbling length was expressed as change 
in muscle length. A muscle sample was obtained from the center of 
the semimembranosus muscle after curing and after tumbling. This 
tissue was fixed in formalin (10%), stained in haematoxylin and slides 
were prepared by The Ohio State University Department of Veterinary 
Pathobiology. Resulting slides were subjectively evaluated for cell 
membrane disruption, clarity of striation and disorganization of the 
nuclei according to the procedure of Cassidy et al. (1978). Muscle 
samples for all chemical analyses were removed from the semimem
branosus muscle for chemical determinations prior to curing, post
curing and after tumbling or holding. Legs were also weighed each 
time and cooked hams were weighed again after 18 hr refrigeration 
(3°C).

Sample pH and water holding capacity were determined pre- and 
post-rigor in pre-cured, post-cured and post-tumbled and nontumbled 
legs according to the procedures outlined by Ockerman (1985). Salt 
soluble proteins were determined using the extraction procedure of 
Johnson and Henrickson (1970). The biuret method (Layne, 1957) 
was used to determine protein content.

Uniformity of cured color, cohesiveness/sliceability, sliced appear
ance, tenderness, and cured flavor of the cooked and cooled hams 
were evaluated by a trained six-member sensory panel using a 1 to 
10 scale (10 extremely, 8 moderately, 6 slightly uniform, 4 slightly, 
and 1 extremely nonuniform in cured color; 10 extremely, 7 moder
ately, 4 slightly cohesive/sliceable and 1 not cohesive/sliceable; 10 
extremely, 8 moderately, 6 slightly attractive, 4 slightly, and 1 ex
tremely unattractive slice appearance; 10 extremely, 8 moderately, 6 
slightly tender, 4 slightly, and 1 moderately tough; 10 extremely, 8
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Fig. 1—Experimental design. *intermittent= JO min/hr for total cycle.

moderately, 6 slightly typical, 4 slightly, and 1 very abnormal cured 
flavor). Panel training consisted of 5 preliminary sessions in which 
extreme parameters were evaluated using the described techniques, 
and results were discussed. After training, 8 samples representing 2 
treatments were evaluated per session each week for a 10-wk period 
in an air conditioned, fluorescent-lighted room in taste panel booths.

Binding strength and shear tenderness of the cooked hams were 
determined using the Warner-Bratzler attachment and a 2000g load 
cell for the Instron Universal Testing Machine. Shear values were 
measured in kg/cm2 using 2.5 cm cores, crosshead speed 5 cm/min 
and chart speed 20 cm/min. Binding strength was determined using 
the method of Gillette et al. (1978) using gripper jaws to hold the 
slice in place. Bind values were reported in g/cm2 using crosshead 
speed of 5 cm/min and chart speed 20 cm/min.

Each treatment was replicated with 8 hams from 8 different animals. 
Statistical analysis of results was completed using the Mixed Model 
Least Squares and Maximum Likelihood Program (Harvey, 1982). 
Raw boneless leg weights were regressed to the overall mean of 6.0 
kg and percent pump was regressed to an overall mean of 24.56%. If 
the interaction was not significant the least squares mean was adjusted 
for the nonsignificant main effect and reported for the significant main 
effect. The pre-cure pH and the post-tumble pH were also treated in 
this manner, since published reports indicate that pH can have a major 
influence on other factors. The least square means were also statisti
cally separated. If the interaction was significant then the data was 
listed in an interaction table showing the influence of all main effects.

RESULTS & DISCUSSION
THE EFFECT of pre-rigor curing and tumbling time on the 
extent of rigor mortis in porcine muscle was shown (Tables 1 
and 2) by changes in pH decline and in length of the biceps 
femoris muscle pre-cure to post-tumble. Pre-cure pH was lower 
(P<0.05) for post-rigor than for pre-rigor tissue (Table 1) as 
was expected. The 18 hr pre-rigor nontumbled tissue had a 
lower pH than the 18-hr pre-rigor tumbled tissue. A trend for 
muscle shortening in the biceps femoris, an indication of rigor 
development, (shown by negative values) was evident in all 
treatments. The greatest decrease, though nonsignificant, in

Salt in pumped product (%) 1.25 2.25

Composition of cure (%) (125% pump)

Salt (NaCl) 5.5 9.9

Water 90.2 85.8

Sodium tripolyphosphate 2.2 2.2
Sodium erythorbate 0.24 0.24

Sodium nitrite 0.069 0.069

Sfiiokehouse schedule Wet bulb Dry bulb Timero ro
Drying - 54 30 min
Smoking - 54 1.5 hr
Cooking 63 76 4 hr
Cooking 64 82 to 66°C 

internal
temperature

Fig. 2 — Cure composition and sm okehouse schedule for ham  
processing.

muscle length (rigor) was noted in the pre-rigor cured but not 
tumbled treatment. Belousov et al. (1979) reported that tum
bled treatments maintained the cured muscle in a “ relaxed state 
characteristic of slaughter-warm meat.”  However, in our study 
neither curing nor tumbling prevented muscle shortening. Hamm
(1977) reported that salt, when added to ground pre-rigor bo
vine muscle, inhibited rigor-mortis. The shortening of the bi
ceps femoris muscle seemed to indicate that rigor mortis was 
not completely inhibited by curing. Note that the nontumbled 
tissue had the greatest shortening, followed by the 1-hr tum
bled samples.

Additional evidence suggesting an influence of tumbling on 
rigor was noted in the interaction pH data (Table 2). All pre
rigor cured and tumbled treatments had higher post-tumble pH 
after tumbling than either the pre-rigor cured but nontumbled,
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Table 1- R ig o r  cond ition-processing  tre a tm en t e ffe c ts  on  m u sc le , pH, w ater-hold ing  capacity (WHC), sa lt so lub le  pro te in  co n ten t (SSP), a n d  h isto logical  
eva lua tion3 ________________________________________________________________________________________________________________________________________________

M uscle  rigor 
condition
Treatm en t duration

Post-rigor curing Pre-rigor curing

Long-term  treatm ent Short-term  treatm ent

P ro ce ss in g  treatm ent
18 hr 

T u m b le d 11
18 hr

N ontum bled C

18 hr 
T u m b le d 11

6 hr
T u m b le d 11

1 hr
tu m b led 0

LSM S E LSM S E LSM S E LSM S E LSM S E

pH Pre-cure 5.36f 0.07 6.23a 0.07 6 .3 4 s 0.08 6.27s 0.05 6 .26s 0.07
pH Post-tum ble 5.78' 0.04 5 .66s 0.04 5 .96h 0.05 6 .02h 0.03 6.09' 0 .04
W H C, pre-cure  

(%  bound w ater)
70.7' 1.8 76.4s 1.8 80 .6h 2.1 8 1 .5h 1.3 7 6 .6s 1.9

W H C, post-tum ble  
(%  bound w ater)

75.1' 1.5 83 .7s 1.6 84 .5s 1.9 8 9 .3h 1.2 8 9 .1h 1.6

S S P , pre-cure  
(mg SS P/g ram  sam ple)

62.5' 3.7 70.1s 4.0 69 .3s 4.6 76 .1s 2.8 76 .1s 4.1

S S P , post-tum ble  
(mg SS P/g ram  sam ple)

59.3' 2.2 65 .3s 2 . 2 64.7s 2.6 70 ,9h 1.6 71.1» 2.3

B icep s fem o ris : 
(C han ge in m u scle  

length, cm )

- 0 .9 T 1.09 - 2 .2 4 ' 1.14 - 0 .9 9 ' 1.32 - 0 .6 1 ' 0.79 - 1 .1 9 ' 1.14

C larity of striation“ 1.4' 0.2 1.9*'s 0 . 2 2.2s'h 0.2 2.5h 0.1 2 .4h 0.2
a Effects of salt level statistically absorbed, least-squares means (LSM) and standard errors (SE). 
b Tumbled intermittently (10 min on, 50 min off). 
c Held in covered container at 2 ± 1°C. 
d Tumbled continuously.
8 Score: 1.0 = clear; 3.0 = unclear.
f.g.h.i Least-squares means in the same row with different superscripts are significantly different (P<0.05).

Table 2 —Salt leve l a n d  rigor cond ition-processing  trea tm en t e ffec ts  on m u sc le  p H  an d  h isto logical eva lua tion 3
M u scle  rigor 
condition Post-rigor curing Pre-rigor curing
Treatm en t duration Long-term  treatm ent Short-term  treatm ent

P ro ce ss in g  treatm ent
18 hr 

T u m b le d 0
18 hr

N ontum bled“
18 hr 

T u m b le d 11
6 hr

T u m b le d 11
1 hr

Tum bled*1
1 .25%  2 .25% 1.25%  2 .25% 1.25%  2 .25% 1.25%  2 .25% 1.25%  2 .2 5 %

Salt level LSM S E LSM S E LSM S E LSM S E LSM S E LSM S E LSM S E LSM S E LSM S E LSM S E
pH Pre-cure' 5.36 0.08 5.34 0.08 6.32 0.09 6.14 0.09 6.41 0.07 6.27 0.13 6.16 0.08 6.38 0.07 6.16 0.10 6.36 0.08
pH Post-cure' 5.53 0.08 5.69 0.08 6.37 0.08 6.25 0.08 6.56 0.08 6.40 0.12 6.26 0.07 6.44 0.06 6.25 0.09 6.40 0.07
pH Post-tum ble' 5.79 0.05 5.78 0.05 5.61 0.05 5.72 0.05 6.03 0,04 5.90 0.08 5.91 0.05 6.13 0.04 6.06 0.06 6.13 0.05
D isorganization  

of nuclei^9
1.19 0.08 1.13 0.09 1.63 0.09 1.41 0.09 1.46 0.07 2.08 0.13 1.25 0.08 1.59 0.07 1.36 0.09 1.23 0.08

Cell m em brane 1.09 0.11 0.99 0.11 2.66 0.11 2.62 0.12 2.36 0.09 2.93 0.17 2.69 0.10 2.59 0.09 2.48 0.13 2.36 0.10
disru ption ^

3 Least-squares means (LSM) and standard errors (SE).
b Tumbled intermittently (10 min on, 50 min off) at 2 ± 1°C over the treatment period. 
c Held in a covered container at 2 ± 1°C over the treatment period. 
d Tumbled continuously at 2 ± 1°C.
8 Salt level (%) in finished product.
f Rigor condition-processing treatment x salt level interaction significant (P<0.05).
9 1.0 = normal; 3.0 = abnormal.

or the post-rigor cured samples. The extent of pH decline was 
less in the pre-rigor cured, 18 hr tumbled hams than in those 
cured pre-rigor but not tumbled (average decline, both salt 
levels, -0 .3 8  vs -0 .5 7 ).

Cellular disruption possibly attributed to tumbling (Cassidy 
et al., 1978) might be involved in the reduction of pH decline. 
Tumbling enhances cure distribution and salt may retard en
zyme action necessary for glycolysis and production of lactic 
acid. The pre-rigor meat that was injected and not tumbled 
decreased more in pH than the injected pre-rigor and tumbled 
meat. This suggested that there may not have been adequate 
distribution of ions in the nontumbled product to inhibit rigor 
mortis.

Three measures of cell disruption were evaluated: clarity of 
striation, disorganization of nuclei and cell membrane disrup
tion (Tables 1 and 2). The pre-rigor cured treatment tissue 
samples, obtained after tumbling, were judged in general to 
be more abnormal than those from post-rigor cured and tum
bled tissue based on those three measures. Obviously muscle 
cell structure was easier to disrupt by either the injection process 
of curing or by tumbling in pre-rigor compared to post-rigor 
muscle tissue.

Water-holding capacity (WHC) has been defined as the abil
ity of meat to hold its own or added water during application

of force or treatments such as grinding, processing or cooking. 
It is closely related to changes in muscle pH (Hamm, 1960). 
The lowest (P<0.05) WHC levels were found in the post-rigor 
cured treatments both for pre-cured and post-tumbled samples 
(Table 1). The highest post-tumbled WHC values were ob
served in pre-rigor cured, short term tumbled treatments. This 
was expected from pH data, and may reflect the fact that, in 
general, less cell membrane disruption (average 0.11 units) 
occurred in those short-term treatments compared to other pre
rigor treatments (Table 2).

Salt soluble protein (SSP) extraction is a positive result of 
tumbling and should be enhanced in pre-rigor muscle tissue. 
Trautman (1966) reported that a decrease in pH was followed 
by a linear decrease in protein solubility. Our results in general 
agreed with those findings (Table 1), but were not strictly 
linear. All pre-rigor treatments had greater (P<0.05) extract- 
able SSP than the post-rigor curing treatment when sampled 
both pre-cure and after the tumbling treatment time. These 
results agreed with those of Acton and Saffle (1969) who re
ported 48% more SSP extracted in 3% NaCl for pre-rigor than 
post-rigor meat. Also Johnson and Henrickson (1970) found 
pre-rigor normal pH meat to contain 70% more salt soluble 
protein than post-rigor normal pH meat.

The post-tumbled samples for the short term tumbled pre-
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Table 3 -R igo r condition effects on ham cooked yield, slice sensory properties, binding strength and tenderness*
M uscle  rigor condition  

Treatm en t duration

P ro ce ss in g  treatm ent

Post-R igor Curing Pre-R igor Curing
Long-term  treatm ent Short-term  treatm ent

18 hr 
T u m b le d b

18 hr
N ontum bled*

18 hr 
T u m b le d 0

6 hr
T u m b le d 11

1 hr
T u m b le d d

LSM S E LSM S E LSM S E LSM S E LSM S E
C ooked y ie ld  %' 8 8 .5h 1.2 88.4» 1.3 8 8 .5h 1.5 8 7 .1h 0.9 85.1' 1.4
Cured co lo r uniform ity* 5 .8W 0.3 5.6h 0.4 6.8« 0.4 6.2' 0.2 5 .86-' 0 .4
S liced  ap p earan ce* 6 .5 h 0.3 5.0' 0.4 7.6) 0 .4 6 .5h 0.2 5.5' 0 .4
Cured  flavor* 6 .9h 0.4 7 .1h 0.4 6 .9 h 0.4 7 .0h 0.3 7 .1h 0.4
C o h esiven ess/sliceab ility* 7.11h 0.24 3.93' 0.25 7 .44h 0.29 6.05" 0.18 4.50) 0.25
Binding strengths g/cm 2 825.88h 74.22 492.56' 76.96 78 9 .77h 89.27 796.4 2 h 54.38 570.22' 78.56
Panel ten d ern ess* 6 .46 0.3 6 .7h 0.3 6.3h 0.3 6.8" 0.2 6 .6h 0.3
Instron te n d e rn e ssf 4 .1 1h 0.49 4 .72h 0.50 3 .52h 0.58 4 .8 4 h 0.36 4 .54h 0.51

kg/cm 2______________________________________________________________________________________________________________________________________________________________________________________
a Effects of salt level statistically absorbed, least-squares means (LSM) and standard errors (SE). 
b Tumbled intermittently (10 min on, 50 min off) at 2 ± 1°C over the treatment period. 
c Held in a closed container at 2 ± 1°C for the treatment period. 
d Tumbled continuously over the treatment period.
8 Score: 10 = Extremely uniform; 10 = Extremely attractive; 10 = Extremely typical; 10 = Extremely cohesiveness/sliceability; and 10 = extremely tender. 
f Warner-Bratzler shear values; higher value = less tender.
9 Force necessary for separation of binding junction.
h*' Least squares means in the same row with different superscripts are significantly different (P<0.05). 
i Cooked yield = cooked weight/post-tumbled weight.

_____________________________________________Table 4 —S a lt leve l a n d  rigor condition e ffe c ts  on  to ta l co o ked  yie ld  a n d  slice  co h es iven ess8

M uscle  rigor condition
Post-rigor curing Pre-rigor Curing

Treatm ent duration Lo ng -Term  Treatm en t Sh o rt-Term  Treatm en t

18 hr 18 hr 18 hr 6 hr 1 hr
P rocessing  treatm ent T u m b le d 0 N ontum bled* T u m b le d 6 T u m b le d 6 T u m b le d 11

Salt level* 1 .25%  2 .25% 1.25%  2 .2 5 % 1.25%  2 .25% 1.25%  2 .25% 1.25%  2.25
LSM  S E  LSM  S E  LS M  S E  LSM  S E  LS M  S E  LSM  S E  LS M  S E  LS M  S E  LSM  S E  LSM  S E

Total y ie ld s  106.8 1.6 108.2 1.7 98.8  1.7 104.1 1.7 107.6 0 .4 102.3 2.6 107.8 1.5 104.8 1.4 101.7 0.1 106.6 0.0
C o h e siv e n e ss/  7 .2 0.3 7 .0 0 .3 3 .3  0.3 4 .6  0 .3 8 .2  0.3 6 .7 0 .5 5.7 0 .3 6 .4  0 .3  4 .3  0 .4  4 .7  0.3
sliceab ilityf‘h___________________________________________________________________________________________________________________________________________________________________________________________________________

a Least-squares means (LSM) and standard errors (SE).
b Tumbled intermittently (10 min on, 50 min off) at 2 ± 1°C over the treatment period. 
c Held in a covered container at 2 ± 1°C over the treatment period. 
d Tumbled continuously at 2 ± 1°C.
8 Salt level (%) in finished product.
f Rigor condition-processing treatment x  salt level interaction significant (P<0.05).
9 Weight after cooking divided by green weight x  100.
h Score: 1 = not cohesive; 10 = extremely cohesive.

rigor treatment had greater (P<0.05) SSP levels than the long 
term tumbled pre-rigor treatments. Note that during tumbling, 
the salt soluble protein in the muscle was solubilized and mi
grated to the muscle surface, with the degree of solubilization 
increasing as tumbling or massaging time increased (Siegel et 
al., 1978). In the short-term tumbled samples, less solubili
zation may have occurred. Hence, more SSP would remain for 
extraction.

Both WHC and SSP extraction are credited with affecting 
cooked yield in tumbled products. Cooked or smokehouse total 
yield (based on fresh weight with all legs absorbing the same 
percentage of brine) was lower (P < 0.05) for the 1 hr tumbling 
treatment than for all other treatments (Table 3). Differences 
between the other short term treatment (pre-rigor cure, 6 hr 
tumbled) and the long-term treatments were found (P<0.06).

Quality of the finished, sliced product, when measured by 
sensory panel or objective Instron methods, was affected by 
the treatments (Table 3). Slices from hams processed pre-rigor 
and tumbled intermittently for 18 hr were found by the sensory 
panel to have more uniform cured color (P<0.05) than those 
from the same tumbling cured post-rigor (Table 3). The uni
formity of cured color in the slices from the pre-rigor cured 
and 18 hr tumbled hams was also better than that from any 
other pre-rigor treatments. The effect of length of tumbling 
cycle on uniformity of cured color was consistent with reports 
of Ockerman and Organisciak (1978) and Krause et al. (1978).

The 18 hr tumbled pre-rigor treatment resulted in the most 
attractive slice appearance, followed by the 18 hr tumbled post
rigor and the 6 hr tumbled pre-rigor (which had identical scores).

The sliced appearance of the 1 hr continuous tumble and the 
nontumbled treatments was the least desirable suggesting that 
intermittent tumbling was important to sliced appearance and 
that pre-rigor processing may reduce tumbling requirements. 
Cured flavor was not influenced by any treatment.

The primary function of tumbling, according to Viskase, 
Ltd. (1971), is to enable the binding of several large pieces of 
meat into one homogenous piece after cooking; i.e. to en
courage slice cohesiveness and sliceability. Average cohesive
ness/sliceability scores over both salt levels were as follows: 
nontumbled—3.93, 1 hr tumbled—4.50, 6 hr tumbled—6.05, 
18 hr tumbled post-rigor—7.11 and 18 hr tumbled pre-rigor— 
7.44. These suggest an improvement in cohesiveness/slice
ability values with increased tumbling time and a slight ad
vantage for pre-rigor tumbling (Table 3 and an average score 
in Table 4). These cohesiveness/sliceability scores indicated 
that adequate protein solubilization did not occur in the non
tumbled (value 3.9) and 1-hr continuous tumbled (value 4.5) 
products.

Binding strength was ranked similar to cohesiveness scores. 
Product tenderness whether measured by the panel or instru- 
mentally was not affected by the treatments.

An interaction was found between rigor condition-process
ing treatments for total yield (based on finish weight) and co
hesiveness/sliceability (Table 4). Values above 105 for total 
yield were found for post-rigor 18 hr tumbled at both salt 
levels, pre-rigor 18 hr tumbled at 1.25% salt level, pre-rigor 
6 hr tumbled at 1.25% salt level, and pre-rigor 1 hr tumbled 
at 2.25% salt level. This suggested that tumbled and tumbling
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time (up to 6 hr) in general increased yield. However, as sig
nificant interactions indicate influence of salt levels did not 
show a consistent effect.

Comparing cohesiveness/sliceability data the two 18 hr tum
bling treatments were superior and the nontumbled and 1 hr 
continuous tumbled were the least desirable. The 6 hr tumbled 
product was intermediate as expected. There was no obvious 
pattern for influence of salt at these levels over the treatments 
evaluated. Cohesiveness was improved by both pre- and post
rigor 18 hr tumbling. Pre-rigor processing plus tumbling seemed 
to produce overall a more desirable product than the equivalent 
post-rigor tumbled product.
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Salmonella Detection in Meat and Fish by Membrane 
Hybridization with Chromogenic/Phosphatase/Biotin

DNA Probe

HAU-YANG TSEN , SHU-JEN WANG, and STA N LEY  S. G REEN

----------------------- A B S T R A C T ------------------------
The hybridization specificity of a biotin labeled 1.8 kb Hindlll DNA 
fragment was confirmed by colony hybridization with Salmonella and 
non-Salmonella isolates. Culture conditions were then tested for the 
enrichment of salmonellae in foods with large populations of com
petitive flora. Different conditions of preenrichment and selective en
richment could be used for detecting low populations of salmonellae 
in foods. Enrichment using lactose combined tetrathionate (CTET) 
broth and Salmonella-Shigella (SS) agar followed by spotting the sus
pected isolates on a nitrocellulose membrane [CETE->SS (S)] was 
better. As low as 1.6 x 10° salmonellae/g food could be detected.

INTRODUCTION
THE CONVENTIONAL METHOD for Salmonella detection in
cludes multiple subcultural and biotype or serotype identification 
steps and may take 5-7 days. Several rapid methods have been 
developed and one of those methods is DNA hybridization (FDA, 
1984; Swaminathan, 1985). This technique has been used in 
differential detection of various bacteria such as enterotoxigenic
E. coli (Hill, 1981; Moseley, 1980), Yersinia enterocolitica (Hill 
et al., 1983), Leishmania spp. (Wirth and Pratt, 1982), Staphy
lococcus aureus (Notermans, 1988) and Salmonella spp. (Fitts 
et al., 1983; Fitts, 1985; Tsen et al., 1989).

Although DNA hybridization is a rapid method for Salmonella 
detection, the method is not reliable in detection of Salmonella 
in foods, such as ground beef, chicken, turkey etc., if only preen
richment steps are used prior to hybridization (Flowers et al.,
1987). Detection of Salmonella in food samples, such as ground 
beef, pork, chicken, fish etc., especially when they are highly 
contaminated with microflora, has been difficult. For example, 
when foods, such as beef, fish, pork etc., purchased from con
ventional out-door markets, were detected with 35S-labeled DNA 
probe, high numbers of salmonellae were required to give pos
itive results when only preenrichment was used (Tsen et al., 
1989). When 32P-labeled DNA probe was used for Salmonella 
detection in foods, such as soy flour, macaroni etc., it could be 
detected after preenrichment (Fitts et al., 1983). However, de
tection of Salmonella in meats, such as ground beef, pork, chicken, 
turkey, fish etc., usually needed additional selective and post
enrichment steps. Thus 3 or 4 days were usually required to 
obtain DNA hybridization results (Emswiler-Rose et al., 1987; 
Flowers et al., 1987).

Although detection of Salmonella in foods with 35S or 32P- 
labeled DNA probes have been reported (Tsen et al., 1989; 
Flowers et al., 1987; Emswiler-Rose et al., 1987), its detection 
by membrane hybridization with nonradioactive DNA probes 
has not been reported. Recently a nonradioactive Gene-Trak 
system has been developed for detection of Salmonella, but 
DNA hybridization of this system was in solution rather than 

$ on nitrocellulose (NC) membrane (Chan et al., 1990; Curiale 
et al., 1990). Our objective was to investigate the possibility 
for detection of Salmonella in foods with large populations of
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National Chung Hsing University, Taichung Taiwan, R.O.C. 400. 
Author Green is with the Microbiological Monitoring and Serv- 
eillance Branch, Microbiology Division, Science, USDA, Wash
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competitive flora by membrane hybridization with non-radio- 
active DNA probe using several enrichment steps followed by 
hybridization with the biotin labeled probes. Procedures in
cluded preenrichment of salmonellae in foods with combined 
lactose tetrathionate (CTET) broth followed by streaking the 
culture on Salmonella-Shigella (SS) agar. The suspected bac
teria were then spotted on NC membrane. Condition as de
scribed above, i.e., the CTET->SS (S) condition, could be 
used prior to membrane hybridization.

MATERIALS & METHODS
Bacterial strains

The Salmonella strain used for DNA probe preparation was S. ty- 
phimurium (ATCC 14028). Various Salmonella serovars and some 
non-Salmonella isolates, including Escherichia coli, Citrobacter, Shi
gella, Klebsiella etc. were obtained from the United States Depart
ment of Agriculture (USDA), American Type Culture Collection 
(ATCC), the Food Industry Research and Development Institute (FIRDI, 
Sinchu, Taiwan), the Bureau of Food & Drug Administration (BFDA, 
Taipei, Taiwan), and National Ping-Tung College of Agriculture (Ping- 
Tung, Taiwan). Normally, a loopful of tested bacterial strains were 
inoculated into 5 mL of Luria broth (L broth: yeast extract, 5g; tryp- 
tone, 10g; NaCl, 5g and H20 , lOOOmL). After incubation at 37°C for 
18 hr, a portion of the culture was diluted and plated on L agar for 
bacteria counts or for further transfer.

DNA-DNA hybridization with biotin labeled probe

Salmonella or non -Salmonella on the L agar plate as described 
above was transferred with sterile toothpicks onto a nitrocellulose 
(NC) membrane (0.45 p Amersham Hybond-C Extra) laid on a fresh 
L agar plate. The olate was then incubated at 37CC until the colonies 
grew to about 2 mm diam. Conditions for treatment of the bacteria 
on the NC membrane and DNA hybridization were described in a 
previous report (Tsen et al., 1989) except conditions for proteinase K 
(20 unit per mg; Boehringer Mannheim Biochemia, W. Germany) 
treatment and washing conditions after hybridization were modified. 
Concentrations of proteinase K could be from 600 pg to 2 mg/mL. 
depending on time of treatment which could be varied from 2 hr to 
overnight. After hybridization with the biotin labeled 1.8 Kb DNA 
probe, the NC membranes were washed twice with 2 x SSC (1 x SSC 
is 0.15M NaCl plus 0.015M sodium citrate), 0.1% sodium dodecyl 
sulfate (SDS) (25‘C, 5 min ea wash), twice with 0.2xSSC , 0.1% 
SDS (25°C, 5 min ea wash), twice with 0.16 x SSC, 0.1% SDS (50°C, 
20 min ea wash), then once with 2xSSC , 0.1% SDS for 2 min 
followed by moistening with buffer I (0.1M Tris-HCl, pH 7.5, 0.15M 
NaCl). The NC membrane was then transferred into buffer I contain
ing 3% BSA and incubated at 65°C, for 1 hr. After removing the 
buffer solution, the NC membrane was incubated at room temperature 
with streptavidin-alkaline phosphatase solution for 10 min and then 
washed twice with buffer I (15 min ea wash), twice with buffer II 
(0.1M Tris-HCl, pH 9.5, 0.1M MgCl, 0.1M NaCl, 10 min ea wash). 
The membrane was then incubated at room temperature with nitroblue 
tetrazolium (NBT) and 5-Bromo-4-chloro-3-indolyl-phosphate (BCIP) 
solution prepared in buffer II for color development using the BRL 
Blue Gene System.

Hybridization sensitivity
Normally 5 mL of Luria broth (LB) was inoculated with 1 loop of 

salmonellae. After incubation at 37°C for 12 hr and serial dilutions 
with sterile water, salmonellae were collected on a NC membrane by 
filtration with Bio-dot apparatus (Bio-Rad). Filtration or retention of
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Table 1 -H yb rid iza tio n  o f  the  biotin-labeled  1.8 kb DNA p ro b e  w ith various S a lm o n ella  iso la tes

No. of No. of No. of No. of
No. of positive No. of positive No. of positive N o. of po sitive

S ero typ es iso lates resu lts Sero ty p e s iso la tes resu lts S e ro ty p e s iso lates resu lts S e ro ty p e s iso la tes resu lts

G ro u p  0 2 (A ) S . nigeria 1 1 S. ana tum 6 6 G ro u p  06 ,1 4 (H )
S . para typh i A 1 1 S. ohio 5 5 S. g ive 1 1 S. b o ecker 1 1
G ro u p  0 4 (B ) S. oranienburg 6 6 S. lexington 4 4 S. b o u sso 1 1
S. abortusequ i 1 1 S. richm ond 2 2 S. london 2 2 S. florida 2 2
S. agona 2 2 S. te n n e sse e 7 7 S. m eleagrid is 1 1 G ro u p  016(1)
S. azteca 1 1 S. tho m p so n 5 5 S. m u n s te r 3 3 S. hvitting foss 2 2
S. b red en ey 2 2 S. virchow 1 1 S. nchanga 1 1 G ro u p  0 1 8 (K )
S. bardo 1 1 G ro u p  0 6 ,8 (C 2 ) S. s in s to r f 1 1 S. cerro 12 12
S. cairo 1 1 S. aba 1 1 S. vejle 1 1 G ro u p  0 2 1 (L )
S. california 1 1 S. bovism orb ificans 1 ' S *  1 S. Uganda 1 1 S. m in n eso ta 4 4
S. Chester 1 1 S. b lockley 1 1 S. w e ltevreden 1 1 S. ruiru 1 1
S. derby 3 3 S. chailey 1 1 G ro u p  0 3 ,1 5 (E 2 ) G ro u p  0 2 8 (M )
S. ep p en d ro f 1 1 S. hadar 16 16 S. binza 1 1 S. p o m o n a 1 1
S. e ssen 1 1 S. kuru 1 1 S. drypool 5 5 G ro u p  O30(N )
S. heidelberg 6 6 S. litchfield 3 3 S. goerlitz 1 1 S. bietri 1 1
S. indiana 3 3 S. m anha ttan 5 5 S. ha lm sta d 1 1 G ro u p  0 3 5 (0 )
S. java 6 6 S. m u en ch e n 1 1 S. kinshasa 1 1 S. adelaide 3 3
S. lagos 1 1 S. n ew p o rt 3 3 S. lanka 1 1 S. alachua 3 3
S. lím ete 1 1 S. tananarive 1 1 S. n ew b ru n sw ick 1 1 G ro u p  O 40(R)
S. para typh i B 1 1 G ro u p  0 8 (C 3 ) S. new ing ton 3 3 S. allanadle 1 1
S. p resto n 1 1 S. a ibany 3 3 S. P ortsm ou th 1 1 S. joh a n n esb u rg 10 10
S. reading 2 2 S. bardo 1 1 G ro u p  0 3 ,1 5 ,34(E3) G ro u p  0 4 2 (T)
S. sa in tpaul 1 1 S. e m e k 1 1 S. arkansas 3 3 S. gera 2 2
S. sand iego 1 1 S. haardt 3 3 S. Illinois 1 1 G ro u p  0 4 5 (W )
S. sarajane 1 1 S. m o la d e 1 1 S. thom asv ille 5 5 5 . du g  b e 1 1
S. schw arzengrund 4 4 S. istanbu l 2 2 G ro u p  0 1 ,3 ,1 9 (E 4 ) G ro u p  0 4 8 (Y )
S. S tanley 1 1 S. ken tu cky 6 6 S . Chittagong 1 1 S . djakarta 1 1
S. trachau 1 1 G ro u p  0 9 ,12(D 1) S. ngor 1 1 G ro u p  0 6 7
S. typh im urium 11 11 S. berta 5 5 S. sen ften b erg 12 12 S. c ro ssn ess 1 1
G ro u p  0 6 ,7 (C 1 ) S. dub/in 2 2 G ro u p  0 1 1 (F ) G ro u p  0 5 0 (Z )
S. barellly 5 5 S. enteritidis 3 3 S. aberdeen 1 1 S. w a sssen a a r 1 1
S. bonn 1 1 S. gallinarum 1 1 S. rubislaw 2 2
S. braenderup 6 6 S. javia na 1 1 G ro u p  0 1 3 ,2 2 (G 1 )
S. brandenburg 2 2 S. m ia m i 2 2 S. poona 1 1
S. colorado 1 1 S. m o s c o w 1 1 G ro u p  0 1 3 ,2 3 (G 2 )
S. cho leraesuis 1 1 S. p anam a 2 2 S. cubana 3 3
S. coleypark 1 1 S. se rem b a n 1 1 S. havana 7 7
S. colindale 1 1 S. typh i 2 2 S. W orthington 3 3
S. hartford 1 1 S. victoria 1 1
S. infantis 7 7 G ro u p  O 3 ,10(E1)
S. hile 2 2 S . a m a g er 2 2
S. liv ingstone 2 2
S. m bandaka 3 3
S. m o n tev id eo 8 8

Total 324 324

Table 2 - H ybridization o f  no/7-Salm onella iso la tes w ith  th e  biotin-labeled
1.8 kb DNA p ro b e3

No. of iso lates  
tested

E nterobacteriaceae
Citrobacter freundii 3
E nterobacter aerogenes 1
Erwinia carotovara 1
Escherichia co/i 26
Hafnia alvei 1
Klebsiella p n eu m o n ia e 2
K/uyvera ascorbata 1
M organella m orgnaii 1
P roteus vulgaris 2
Shigella  flexneri 1
Shigella  so n n e i 1
Yersinia enterocolitica 1
O ther bacteria
A cine tobacter catcoaceticus 1
A /ca figenes faecalls 1
Bacillus cereus 1
Bacillus stearo therm oph ilu s 1
Bacillus subtilis 1
B revibacterium  linens 1
M icrococcus ro seu s 1
S ta p h ylo co ccu s aureus 3

Total 51
a No result was positive.

bacteria by filters was evaluated by viable bacteria counts before and 
after filtration. Bacteria collected on the NC filters were then subjected 
to DNA-DNA hybridization as described above.

Standard plate counts

Viable bacteria counts were estimated with plate count agar (PCA). 
For bacteria counts in food samples, lg  of the minced food sample 
was mixed with a Vortex with 9 mL sterile water. After serial dilution 
with sterile water, bacteria numbers were estimated with PCA as well.

Bacteria culture for detection of salmonellae in foods

One gram minced food sample was mixed with 9 mL of L broth at 
room temperature. To this mixture, 100 pL sterile water with or with
out salmonellae (10° — 10s) was added and the mixture was incubated 
at 37°C with shaking for 12-18 hr. This was labeled culture L. One 
mL of culture L was diluted fourfold with sterile water and bacteria 
in 0.2 mL diluted culture, was collected on NC membrane (0.45p, 
Amersham Hybond-C Extra) by filtration using a Bio-dot apparatr 
(BioRad). These were termed as the LB (F) conditions.

One mL culture L from above was transferred to 9 mL of tet 
thionate (TT) broth (DIFCO, 1984) at room temperature. After i 
cubation at 43°C for 12 hr, 1 mL of culture was mixed with 9 ir 
Gram negative (GN) broth and again incubated at 37°C for 12 b 
Bacteria in 0.2 mL of the twofold diluted culture was collected o 
NC membrane as described. This bacteria culture condition was termeo 
LB—>TT—>GN (F). Also, one loop of bacteria culture from the TT 
broth was streaked on the Salmonella-Shigella Agar (SSA) plate and 
incubated at 37°C for 18-24 hr for further identification.

One gram of minced food was mixed with 9 mL of prewarmed 
(37°C) lactose combined tetrathionate broth (lactose broth, 13g; so
dium thiosulfate, 30g; calcium carbonate, lOg; bile salts, lg ; H20 , 
1000 mL and iodine solution 2 mL/100 mL broth, added after boiling 
and cooling to 60°C (Sveum and Kraft, 1981). To this mixture, 100 
|xL sterile water with or without salmonellae (10° ~ 108) was added
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Non-Salmonella
—  N 
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Fig. 7 .- Colony hybridization patterns for som e  Salmonella and  non-Salmonella isolates with the biotin labeled 1.8 kb DNA probe. 
Experimental conditions were as described in Material and Methods. Bacteria for positive control: "+ ", S. typhlmurium (ATCC 14028) 
and for negative control: "  E. coli. Sym bols for the colonies are as described in the following.

Salmonella; SA091, S. adelaide; SA22, SA23, S. anaturry SB03, 
S. barellly; SB07, S. berta; SB51, S. braenderup; SC14, SC141, 
SC142, SC143, S. cerro; SC81, S. cubana; SD34, SD36, S. dry- 
pool; SD41, S. dublin; SH17T, SH172, SH173, S. havana; SI23, 
SI24, S. infantls; SJ01, SJ02, SJ03, SJ04, SJ06, S. java; SJ14, S. 
Johannesburg,- SL28, S. lille; SL47, S. livlngstone; SM01, S. me- 
leagridis; SM23, SM24, S. montevldeo; SM31, S. muenster; SO 12, 
S. ohio; SS52, S. schwarzengrund.

/Von-Salmonella. KLE01, Klebsiella pneumoniae; KLE10, K. 
pneumoniae; PROIO, Proteus vulgaris; SHI20, Shigella sonnei; 
STA10, STA30, Staphylococcus aureus; AC/10, Acinetobacter 
calcoaceticus; ENT10, Enterobacter aerogenes; ENT20, Entro- 
bacter cloacae; BAC10, Bacillus cereus; KLUIO, Kluyvera ascor- 
bata; HAF10, Hafnia alvie; MIC10, Micrococcus roseus; ERW10, 
Erwinia cartovora; PSE20, Pseudomonas cepacia; CIT20, CIT30, 
CIT10, Citrobacter; YERIO, Yersinia enterocolitica; £07, E03, 
E l4, £15, E. coli.

1 0 7 1 0 s i o 5 1 0 4

S D 1 0

SM20

S T 6 0

SW02

9  t  

#  #  

#  •  

ê  «

Fig. 2 .—Hybridization sensitivity o f the biotin labeled 1.8 kb DNA 
probe to some Salmonella Isolates. Experimental conditions were 
described in Materials & Methods. The bacteria num bers were 
ihow n as 10a ~ 107 per dot. Sym bols SD10, S. derby; SM20, S. 
muenchen; ST60, S. typhimurium; SW02, S. wassenaar respec
tively.

and the mixture then incubated at 43°C with shaking for 12 hr. 1 mL 
of this culture (CTET) was transferred to 9 mL GN broth and incu
bated at 43°C for 8 hr. After incubation, bacteria in 0.2 mL of the 
twofold diluted culture was collected on NC membrane by filtration. 
This was described as CTET (43°C) —* GN (F) condition. Also, one 
loop of CTET culture (43°C) was streaked on the SS plate and incu
bated at 37°C for 18 hr. The suspected colonies of S alm on ella  on the 
SS plate were stuck with a sterile toothpick and spotted on the NC 
?nembrane laid on fresh L agar plates. The plates were then incubated 
->r 37°C for 4 hr until the colonies on NC membrane grew to about 
Si2 mm oiam. This condition for bacteria culture was labeled 
jjTET-»SS(S) condition. Conditions for bacteria lysis and hybridi- 
Jition were as described above, 
ti 
K

(DNA probe

The 1.8 kb H ind  III DNA fragment as the hybridization probe was 
isolated from a clone labeled H I.8. This clone was derived from a 
clone, Y3-1, which was obtained by transformation of E. c o li with 
ligates of the BamH I digested total DNAs (2.5 Kb-8.4 Kb) from S. 
typhim urium  and plasmid vector YEp 13. The transformants resistant 
to ampicillin but sensitive to tetracycline were than digested with 
Bam H  I, Southern blotted and hybridized to the nick translated DNAs 
from E. co li or S. typh im u riu m . Although the 4.1 Kb insert in the

Y3-1 clone could hybridize both S a lm on ella  and E. c o li DNA, a 1.8 
Kb H in d  III fragment derived from this 4.1 Kb fragment was found 
to hybridize with the S a lm on ella  DNA only. Ligation of this 1.8 Kb 
fragment with H in d  III digested YEpl3 and transfered to E. coli would 
generate the H I.8 clone (Tsen et al., 1989). For probe use, the 1.8 
Kb DNA H in d  III fragment could be cut out of the plasmid from the 
H I.8 clone and nick translated with biotin-ll-dUTP according to the 
method of Rigby et al., (1977).

RESULTS
Hybridization specificity and sensitivity for biotin labeled
1.8 kb DNA probe

In a previous report (Tsen et al., 1989) we have shown 
hybridization specificity of a 1.8 Kb DNA probe by membrane 
hybridization of the 35S labeled probe with 50 domestic Sal
monella isolates and some non -Salmonella isolates (Tsen et 
al., 1989). To use the nonradioactive DNA probe for detection 
of Salmonella in foods, hybridization specificity of the biotin 
labeled DNA probe was confirmed by colony hybridization 
with 324 Salmonella isolates of various serotypes including 
common and uncommon strains found in foods (Table 1). All 
the 324 Salmonella isolates could hybridize with this biotin 
labeled probe. In addition, under conditions described, DNAs 
of the 50 non-Salmonella isolates including Enterobacteriaceae 
closely related to Salmonella such as E. coli, klebsiella, Ci- 
trobacter and Shigella etc. did not show any hybridization 
signal with the nonradioactive DNA probe (Table 2). Part of 
the hybridization patterns are shown in Fig. 1 and the results 
were all clear and unambiguous. Therefore, hybridization 
specificity of this biotin labeled probe was assured.

Hybridization sensitivity studies for several common and 
uncommon Salmonella isolates including S. derby, S. muenchen, 
S. typhimurium and S. wassenaar showed that about 106 ~ 
107 salmonellae per colony were required for positive detection 
of Salmonella and the hybridization levels for these Salmonella 
isolates were nearly the same (Fig. 2).

Enrichment and detection of S a lm o n e l la  in foods highly 
contaminated with natural microflora

Effects of bacterial culture conditions on detection of Sal
monella in foods using the biotin labeled DNA probe were 
investigated with beef and fish (Tilapia). Both samples were 
highly contaminated with endogenous microflora. For exam
ple, the viable bacterial counts were estimated at 3 x 10s or

Volume 56, No. 6, 1991—JOURNAL OF FOOD SCIENCE—1521



SALMONELLA DETECTION IN MEATI FISH. . .

#  •  •  •  •  1

s »  •  §  *  •  o

i *  «  «  •  #  •

; •  O

*  •

Beef

0 0 10 10 10 1 10

10z 10z 10 3 103 10- 10

10 5 105 10s 10s 107 10

10s 108

+ + - -

*  O »  «  •  •  *

•  «  r s  ® »* •

Fish

0 10s 1.0 • 10z 103 10 4 10* +

0 10° Î0 11 10" 103 10 4 105 -

Fig. 3.-D N A-D N A hybridization patterns for detection o f Salmonellae in Beef (I) and Fish (!) (THapia) sam ples with C T E T ^SS  (S) 
culture condition. Experimental conditions were as described in Materials & Methods. Approximately 10° ~ 10s Salmonellae were 
inoculated into 1g o f the m inced food sam ple before enrichment. Bacteria for positive control (+) S. typhimurium; for negative 
control ( - ) ,  E. coli.

Table 3 -D e te c t io n  o f  Salmonella in control an d  inocu la ted  foods with  
biotin labe led  DNA probe. The CTET-+GN (F) culture condition‘______________

Food
SPCb

(CFU/mL)
Detection
method

No. of Salmonellae 
inoculated

0 10° 101 102c

Beef (II) 1 x  103 DNAH - + - +
BAM - + + +

Shrimp (1) 6 x  103 DNAH - - + +
BAM - - + +

Shrimp (II) 3 x  103 DNAH - + + +
BAM - + + +

Fish (II) 3 x  105 DNAH + + + +
BAM + + + +

Chicken 1 x 1 0 5 DNAH + + + +
BAM + + + +

3 Experimental conditions were as described in Material & Methods. Approximately 
10°~108 salmonellae were inoculated into 1g of homogenized food prior to enrich
ment.

b SPC: Standard plate counts for endogenous bacteria contaminated in the food sam
ple. The figure shown is number of bacteria/mL of food culture. 10X of this figure 
represents the bacteria numbers/g food sample. 

c All samples were positive for inoculated salmonellae > 102.

2 x l 0 4/g beef or fish. Therefore, to assure growth of salmo
nellae in these foods, several cultural conditions were inves
tigated for enrichment of salmonellae. We found that when 
only the preenrichment step followed by filtering the culture 
through NC membrane, i.e.; the LB (F) culture condition, was 
used prior to the DNA-DNA hybridization, high contamination 
levels of salmonellae/g of minced beef before enrichment were 
required for positive results. Inoculation of 2, 24 or 240. sal
monellae to Ig sterilized shrimp in 10 -mL of LB would gen
erate 1-3 x 109 salmonellae per mL of culture after 18 hr 
enrichment (unpublished result). Thus, low sensitivity of Sal
monella detection with LB (F) culture condition could be due 
to competitive microflora if selective media was not used. When 
a similar filtration step was performed for bacteria from culture 
condition of LB^»TT->GN or CTET^-GN, the initial contam
ination level of Salmonella required to give positive results 
could be reduced to less than 103/g sample. This depended on 
the type of food sample and the level of naturally contaminated 
microflora. On the other hand, if the cultural conditions of 
CTET-*SS followed by spotting suspected bacteria on NC 
membrane, were performed prior to DNA-DNA hybridization, 
results were sastisfactory. For example, with beef and fish 
(Tilapia), low numbers of salmonellae (10° -  10Vg food sam
ple) could be detected (Fig. 3). Results were clear, unambig
uous and coincident with results from the BAM assay.

On evaluation of probe specificity, Salmonella isolates were 
cultured with LB at 37°C. However, on detection of Salmo
nella in foods, in order to prevent possible interference from 
non-Salmonella bacteria, 43°C was suggested for selective cul
ture with TT or CTET broth. We found that using TT or CTET 
broth as culture media, the Salmonella closely related entero
bacteria, such as Citrobacter spp. grew well at 37°C but not

Table 4 - D e te c t io n  o f  Salmonella in con tro l a n d  inoculated fo o d s  with  
th e  biotin labeled  DNA probe. The C T E T ^ S S  (S) culture co nd ition a

No. of Salmonellae
Food
sample

QPPb
(CFU/mL)

Detection
method

Inoculated
0 10° 101c

Shrimp (I) 6x 103 DNAH - - +
BAM - - +

Shrimp (II) 3 x 103 DNAH - + +
BAM - + +

Shrimp (III) 4x104 DNAH + +
BAM - + +

Fish (II) 3 x 105 DNAH + + +
BAM + + +

Fish (III) 2 x 103 DNAH - + +
BAM - + +

Beef (II) 1 x103 DNAH - + +
BAM - + +

Pork (I) 2 x 105 DNAH - + +
BAM - + +

Pork (II) 4x 104 DNAH - + +
BAM - + +

Chicken 1 xIO5 DNAH + + +
BAM + + +

3 Experimental conditions were as described in Table 3 except that the CTET->SS (S) 
culture condition was used. 

b SPC: Standard plate counts; See Table 3 for detail. 
c All samples were positive for inoculated salmonellae > 101

at 43°C. Therefore, culture of salmonellae in TT and CTET 
broth was normally performed at 43°C rather than 37°C.

To further evaluate the culture conditions, i.e.C TET^G N  
(F) or CTET^SS (S) for specific detection of salmonellae in 
foods, other food samples purchased from the local outdoor 
markets were studied. In general, such raw food samples, 
(shrimp, beef, chicken, fish, etc.) were highly contaminated 
with populations of competitive microflora. For erample, the 
viable bacterial counts in minced samples of shimp (I) or 
chicken were estimated to be 6 x 104 or 1 x 106/g bod sample 
(i.e., 6 x  103 or 1 x 105/mL sample solution) (Table 1,4). These 
minced food samples, after mixing with CTET both, were 
inoculated with salmonellae and subjected to DNADNA hy
bridization according to procedures described for CTET->GN 
(F) or CTET^SS (S). Results shown in Tables 3 anc4 indicate 
that although for these food samples, low numbersof salmo
nella (such as, 10° or 10Vg), could be detected aftr enrich
ment, the CTET^> SS(s) procedure was better sirce results 
obtained were clear, unambiguous and coincident with BAM 
results. Some of the hybridization results from the tvo culture 
conditions, (e.g., detection of salmonellae in shrimp'll) sam
ple) were shown in Fig. 4.

DISCUSSION
EMSWILER-ROSE et al., (1987) and Flowers et al.,(1987) 
tried several culture conditions for enrichment of salnonellae 
in foods. They found that conditions L a c ^ T T -G N  or 
Lac^SS-^G N  followed by collecting enriched bacteriaon NC
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membrane with filtration could be used prior to DNA-DNA 
hybridization with 32P-labeled DNA probe. Using such pro
cedures, they could detect low numbers of salmonellae in ground 
beef, turkey and chicken. However, when similar procedures, 
such as LB-*TT-h>GN (F) described here were performed prior 
to DNA-DNA hybridization with biotin labeled probe, we found 
difficulties in obtaining similar results. A higher contamination 
level of salmonellae in beef might be required to give positive 
results. Although differences in filtration apparatus, technique 
and hybridization sensitivity of DNA probes may account for 
the difference, such results could also be due to higher con
tamination levels of endogenous microflora in our beef sample 
since it was purchased from a conventional outdoor market 
(Tsen et al., 1989). Other reasons might include short (12 hr) 
preenrichment and selective enrichment in TT broth.

Although culture conditions of CTET^GN (F) might be used 
prior to DNA-DNA hybridization, results were not as clear as 
those obtained from CTET->SS (S) conditions. Using those con
ditions, low numbers of salmonellae could be detected and hy
bridization results were clear and unambiguous. This may have 
been due to the fact that higher numbers of Salm onella  per hy
bridization dot were obtained by transferring the Salm onella  sus
pected colony from SS plates onto NC membrane. Also 4 hr 
incubation on LA plate may have been better than 0.2 mL of a 
10~2 dilution of a GN culture inoculated for 8 hr only. Spotting 
the suspected bacteria on NC membranes followed by incubation 
would have made the bacteria colony more condensed.

Recovery of salmonellae from foods by enrichment and selec
tive enrichment is affected by several factors, some are media 
composition, culture temperature, contamination level of com
petitive bacteria and the food sample itself (Miller and Koburger, 
1984; Andrew W.H. 1987). Thus determining the reasons for 
different results from different culture conditions is not easy.

Starting from food samples, time required to obtain the final 
results was about 50 hr for the CTET-^GN (F) culture con
dition and 70 hr for the CTET->SS (S) culture condition. In 
comparison to the LB—>TT-^GN (F) and CTET->SS (S) con
dition, the CTET-h>GN (F) condition could save one day for 
bacteria culture. If the filtration step using Bio-dot (Bio-rad) 
could be improved, better results may be obtained for such 
CTET—>GN (F) procedure. Using 32P labeled DNA probe, 
Emswiler-Rose et al., (1987) or Flowers et al., (1987), re
ported that final results for detection of S a lm onella  in ground 
beef, turkey, etc. could be obtained on day 3 or day 4. If our 
biotin labeled DNA probe was replaced by the 32P-labeled DNA 
probe, time required for the detection of S a lm onella  could be 
shortened since DNA-DNA hybridization process using the 
biotin labeled probe was usually time consuming.

With biotin labeled DNA probe for detection of Salm onella  in 
foods, care should be taken on some hybridization steps. For 
example, bacteria colonies shouldn’t grow too big and hydrolysis 
of bacteria with proteinase k should be complete. Otherwise, 
interfering background might be generated. In addition, the qual
ity of NC membrane was important. Difficulties may be found 
with certain types of nylon membrane. We found that NC mem
brane (Hybond C-extra) -from Amersham was suitable. The major 
advantage of our method was that large numbers of suspected

bacteria could be confirmed on a small piece of NC membrane 
and no radioisotope was used for any procedures.

Field trials in collaboration with other laboratories may be 
required to verify the procedures described here. Current results 
seem to indicate that application of our procedures for detection 
of Salm onella  in foods with biotin labeled DNA probe is possi
ble. Similar experiments were performed using biotin labeled 
oligonucleotide probes and results obtained were also satisfac
tory.
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Isolation of Yersinia enterocolitica and Related Species 
from Red Meat and Milk

A. IBRAHIM and I.C. MAC RAE

----------------------- A B S T R A C T ------------------------
A total of 150 samples, 50 each of beef, lamb and pork from 10 local 
retail stores in the Brisbane metropolitan area and 50 pasteurized and 
150 raw bovine bulk milk tank samples obtained from Queensland 
United Foods (QUF), were examined for the presence of Y ersin ia  spp. 
over 1 yr. Two isolation protocols were used to recover the organism 
with subsequent biochemical and serological identification. A total of 
114 isolates, consisting of Y. en te ro co litica  (23,12,15,40), Y. in te r 
m ed ia  (0,3,5,1), T  fred er ik sen ii (4,1,0,10) were obtained from beef, 
lamb, pork, and milk, respectively. No pasteurized milk samples were 
positive for the organism. None of the isolated strains was found to 
harbor the virulence plasmid as indicated by the crystal violet-binding 
assay.

INTRODUCTION
YERSINIA ENTEROCOLITICA, a major cause of enteric in
fection (WHO, 1980), is generally recognized as a foodborne 
pathogen. The organism has been isolated from clinical cases 
of human diarrhea in several countries (Schiemann, 1989). 
Many investigators have reported the occurrence of yersiniae 
in a wide range of substrates including water (Meadows and 
Snudden, 1982; Schiemann, 1978), milk (Walker and Gil- 
mour, 1986; Vidon and Delmas, 1981) red meat (Nesbakken 
et al., 1985; Hanna et al., 1976; Inoue and Kurose, 1975) 
chicken (Norberg, 1981), vegetables (Loiseau-Marolleau and 
Alonso, 1976) as well as sea food (Peixotto et al., 1979). 
Reports of sporadic cases and outbreaks of human yersiniosis 
are amply documented (Simmonds et al., 1987; Tauxe et al., 
1987; Anonymous, 1982; Ratnam et al., 1982; Black et al., 
1978; Asakawa et al., 1973). In addition, the relationship be
tween pork and human yersiniosis is well established (Lee et 
al., 1990; Tauxe et al., 1987). The ability of the organism to 
grow at refrigeration temperatures (Stern and Oblinger, 1980) 
is another major concern for the food industry. Pasteurization 
temperature was found adequate to eliminate yersiniae from 
milk, however, pasteurized milk was reported by some inves
tigators to harbor Y. enterocolitica (Walker and Gilmour, 1986), 
a major outbreak of human yersiniosis was attributed to pas
teurized milk (Tacket et al., 1984).

Although occurrence of Yersinia species in meat and milk 
has been investigated in several countries, little has been re
ported about the incidence of the organism in different foods 
in Australia. Therefore, it was the aim of our study to check 
the prevalence of yersiniae in retail red meat packs and in raw 
and pasteurized milk samples.

M ATERIALS & METHODS
Collection of samples

Red M eat. A total of 150 samples, in regular consumer packages, 
50 each of beef, lamb and pork (different cuts) were purchased at 10 
local retail supermarkets, over 1 yr. Each package was considered 1 
separate sample and transferred to the laboratory with a minimum of 
delay and examined on the day of purchase.

Authors ibrahim and Mac Rae are with the Dept, o f Microbiol
ogy, The Univ. o f Queensland, Queensland, 4072 Australia. A d
dress inquiries to Dr. Ibrahim.

Milk. A total of 150 raw bovine bulk milk tank samples as well as 
50 retail consumer packages of pasteurized milk were obtained from 
Queensland United Foods (QUF), the major milk processing plant for 
the city of Brisbane. All milk samples were examined on the same 
day.

Preparation of samples

About 20g of meat were sampled using sterile scissors and scalpels. 
Each sample was homogenized in 180 mL of the appropriate enrich
ment broth in a sterile Stomacher 400 bag for 2 min using a Stomacher 
400 (Seward Medical, London). Milk samples (20 mL each) were 
directly added to the enrichment medium.

Isolation procedures

The protocols proposed by Feeley and Schiemann (1984) and Schie
mann (1987) for isolation and identification of yersiniae in food were 
adopted with a slight modification. A sample portion was added to 
180 mL each of Tryptic soy broth (Difco) and preenrichment (PE) 
broth and incubated at 4°C for 2 wk or 25°C for 2 days respectively. 
One mL from each enrichment was added to 100 mL of bile-oxalate- 
sorbose (BOS) broth as secondary enrichment and incubated at 25°C 
for 5 days. Loopfuls from BOS broth were streaked directly onto 
cefsulodin-irgasan-novobiocin (CIN) agar (Oxoid, CM653) supple
mented by Oxoid antimicrobial supplement (SR 109) and bismuth 
sulphite (BS) agar (Oxoid CM201) and also after treatment with po
tassium hydroxide (Auilisio et al., 1980). CIN plates were incubated 
at 32°C for 18-20 hr and BS plates were incubated at 25°C for 48 hr. 
One to 3 typical colonies were subcultured on the same 2 media for 
purification. Presumptive colonies were confirmed as members of the 
genus Yersinia by heavy inoculation of slopes of Kligler iron agar 
(KIA) and Christensen’s urea agar, both of which were incubated at 
35°C for 24 hr. Cultures giving typical reactions on these media were 
further identified to the species level on the basis of their reactions in 
the following biochemical tests, incubated at 25°C for 24 h: sucrose, 
rhamnose, Simmon’s citrate, raffinose, melibiose and a-methylglu- 
coside.

Isolates which proved to be Y. en te ro co litica  (sucrose positive and 
negative for the other 5 reactions) were further biotyped using Wauters 
biotyping scheme (Wauters et al., 1987). Cultures were then serotyped 
by H.H. Mollaret and E. Carniel at the Pasteur Institute, Paris. A 
reference strain (NCTC 10460) serotype 0:3 from the Culture Collec
tion, Department of Microbiology, was used during the isolation pro
cedures as a control positive. This checked efficiency of the protocol 
in recovering the organism by inoculating enrichment media contain
ing meat or milk samples with 1 mL diluted broth culture containing 
about 2 x 10M03 cells.

Examination of cultures for exoenzyme activity

Isolates of Y. en te ro co litica  were further assessed for pyrazine- 
carboxylamidase (pyrazinamidase), lipase and lecithinase production. 
Pyrazinamidase activity was assessed as recommended by Kandolo 
and Wauters (1985). Lecithinase and lipase production were examined 
by spot inoculation of test media as follows: Cultures were grown in 
brain heart infustion (BHI) broth (Difco) and adjusted to give an ab
sorbance reading of 0.9 at 600 nm after which 200 p,L were spotted 
onto nutrient agar plates supplemented with 5% egg yolk emulsion. 
These were examined after incubation for a white precipitate around 
the inoculum as an indicator for lecithinase activity. Lipase production 
was tested using 1% Tween 80 agar plates (Sierra, 1957) on which 
the formation of a turbid halo around the inoculum indicated lipolytic 
activity. Both media were incubated at 28°C for 48 hr.
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Table 1 - Isolation o f  Yersinia spp. from red  m ea t an d  milk

Source
No. of 

samples
No. of
+ ve

Y.
entero
colitica

Y. inter
media

Y. freder
iksenii

Beef 50 10 (20)* 9(18) 0 (0) 2 (4)
lamb 50 6 (12) 5(10) 1 (2) 1 (2)
Pork 50 8 (16) 6 (12) 2 (4) 0 (0)
Raw milk 150 21 (14) 17 (11) 1 (0.7) 5(3)
Pasteurized milk 50 0 (0) 0 (0) 0 (0)
Total 350 45 (13) 37 (10) 4(1) 8 (2)
a Parentheses indicate percentage of positive samples.

Crystal violet-binding assay

The ability of Y. enterocolitica  strains to bind crystal violet (CV), 
as an indication of the virulence plasmid, was tested as described by 
Bhaduri et al., 1987.

RESULTS & DISCUSSION
OVERALL RESULTS of the survey are presented in Table 1. 
Yersinia spp., predominantly Y. enterocolitica, were prevalent 
in all kinds of samples except pasteurized milk where the or
ganism was not detected. The isolation rate was variable with 
the highest percentage in beef (20%) and lowest in lamb (12%) 
whereas the recovery rate was 16% in raw milk and 14% in 
pork. While Y. enterocolitica was the predominant species, Y. 
intermedia was recovered from 2 pork samples and 1 each of 
lamb and raw milk. Y. frederiksenii was isolated from 2 sam
ples of beef, 1 of lamb and 5 of raw milk. Most positive 
samples yielded one species, however, 1 sample each of beef 
and lamb, as well as 2 milk samples yielded Y. enterocolitica 
and either Y. intermedia or Y. frederiksenii. BS agar was quite 
inferior to CIN in differentiating typical colonies from back
ground bacteria even with the reference strain used. In addition 
we did not find postenrichment treatment with potassium hy
droxide advantageous with the use of BOS broth as secondary 
enrichment. Thus, we stopped using both BS agar and alkali 
treatment after the first 100 samples of our survey. On the 
other hand, the rapid enrichment in PE broth was negative in 
1 sample found positive by cold enrichment. However, it seemed 
quite promising in shortening the isolation time of the organ
ism. The isolation rate of Y. enterocolitica was in agreement 
with the results of other investigators (Franzin et al., 1984; 
Moustafa et al., 1983; Christensen, 1981). However, Walker 
and Gilmour (1986) and Toora et al., (1989) detected the or
ganism in 23 and 24% samples respectively, whereas Fuku- 
shima et al., (1984) isolated the organism at levels lower than 
ours. No isolation was made from pasteurized milk. This was 
in agreement with the findings of Toora et al., (1989) but in 
contrast with earlier reports by Hughes (1979) and Tacket et 
al., (1984). The survey conducted by Greenwood and Hooper
(1985) in the UK reported the prevalence of Y. enterocolitica 
during the pasteurizing and bottling processes. The organism 
was detected in only 1 sample of raw milk suggesting that 
post-pasteurization contamination was the major source of the 
orgaism rather than the ability of yersiniae to survive pasteur
ization. Our isolation rate of yersiniae from red meat was dif
ficult to compare with results from other countries either due 
to different varieties of samples examined or the absence of 
comparable published figures. Nesbakken et al., (1985) de
tected the organism in 30% of pork samples while the inci
dence was 5% in Japan (Fukushima et al., 1987) with our 
recovery in between (16%). As pigs are thought to be a major 
reservoir for Y. enterocolitica, more attention is being directed 
to porcine organs other than meat cuts such as fresh tongues 
and tonsils where Y. enterocolitica was isolated from 90 and 
35% respectively (Schiemann and Fleming, 1981). Moreover, 
it was reported that the frequency of isolation of yersiniae from 
the tongue and throat of swine was about 10 times greater than 
that reported for other sites (Schiemann, 1980). In beef, our 
result was somewhat similar to those reported by Inoue and

Table 2■-E x o en zym e  profile o f  iso la ted  strains o f Y .  enterocolitica

Source
No. of 

isolates Li
No. of strains producing’ 

Le Py
Beef 23 23 20 23
Lamb 12 12 12 12
Pork 15 13 15 15
R aw  mi k 40 9 5 40
Total 90 57 52 90
8 Abbreviations; Li: Lipase, Le: Lecithinase, Py: Pyrazinamidase.

Table 3 - B io ty p e s  an d  se ro typ es  o f  iso la ted  strains

Source Biotype Serotype’
Beef 1A 0 :5  (3)

1A 0:7,13 (9)
1A 0:4,33 (2)
1A 0:7,8,19 (3)
1A 0:7,13,19 (1)
1A 0:7,13,19-18 (2)
1A untypable (3)
YFb 0 :3  (3)
YFb untypable (1)

Lamb 1A 0:4,33 (12)
Yle 0:17 (2)
Y |c 0:17-48 (1)
YFb 0:16-16„29 (1)

Pork 1A 0:7,13 (5)
1A 0:4,33 (2)
1A 0:7,13,19 (1)
1A 0:7,8,19 (3)
1A 0:7,8,13,19 (1)
1A untypable (3)
Y |c 0:17 (1)
Y lc 0:17 (1)
Y |c 0:4,33 (3)

Milk 1A 0 :5  (8)
1A 0:21 (3)
1A 0:22 (14)
1A 0 :34  (2)
1A 0:10,34 (13)
YFb 0:16-16,29 (6)
YFb 0:16-16,29-34 (1)
YFb 0:4,33-16-16,29

(2)
YFb untypable (1)
Y |c 0 :3 (1 )

8 Parenthese indicate number of strains. 
b Y . f r e d e r i k s e n i i .  

c Y . i n t e r m e d i a .

Kurose (1975) and Leistner et al., (1975) where the organism 
was recovered from 24 and 16% of samples respectively. How
ever, Stern (1981) and Fukushima et al., (1987) could not 
detect the organism at all in samples they examined. There are 
no published reports concerning the isolation rate from lamb 
as fresh cuts to which we could compare our results.

There were slight variations in the biochemical profile of Y. 
enterocolitica recovered in our survey especially for citrate 
utilization, as most strains isolated from milk were citrate pos
itive (results are not shown). In addition, results concerning 
lipase and lecithinase were quite surprising (Table 2). Biotype 
1 strains are usually positive for both but only 9 and 5 strains 
from milk were positive for the 2 enzymes respectively. There 
seems to be a close correlation between the 2 enzymes. How
ever, the large number of milk isolates found negative for 
lecithinase in particular was in contrast to an earlier report by 
V/auters (1973) in which all biotype 1 strains were listed le
cithinase positive. All isolates were positive for pyrazinami- 
dase and negative for CV-binding assays delineating them from 
the common pathogenic biovars. An extensive study of differ
ent exoenzymes in clinical and food isolates of Yersinia en- 
tercolitica is being conducted in our laboratory to check the 
correlation between the bioserovars and different exoenzymes.

Table 3 shows the different serotypes isolated among which 
0:5; 0:7,13; 0:22; and 0:10,34 were the predominant serovars. 
In addition, the 3 strains of 0:21 were found to be salicin and 
esculin positive while another 4 typical y. enterocolitica se-
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rotype 0:3 were obtained. The clinical significance of certain 
serotypes in our survey especially 0:5 and 0:7,13, although 
not considered as common pathogens, is well documented. 
Early reports incriminating these serotypes in both acute and 
chronic diarrhea with extraintestinal complications (Ratnam et 
al., 1982; Weissfeld and Sonnenwirth, 1980), have recently 
been supported by other investigators (Bisset et al., 1990; Ja
cobs et al., 1989; Simmonds et al., 1987) with subsequent 
detection of homologous antibodies in patients’ sera (Fletcher 
et al., 1988). In addition, virulent Y. kristensenii, a species 
commonly regarded as nonpathogenic, has been reported by 
Robins-Browne et al., (1991) to be lethal for mice and yet did 
not express any identifiable phenotype characteristic of virulent 
strains of Y. enterocolitica. These findings together with the 
reported cases of biotype 1 Y. enterocolitica strains, indicated 
that the mechanism underlying the pathogenicity of these bac
teria differs from those generally associated with commonly 
pathogenic Yersinia species which requires the presence of a 
42-48 Mdal plasmid. Bisset et al., (1990) found that a chang
ing and expanding spectrum of Y. enterocolitica serogroups 
was associated with various gastrointestinal and systemic in
fections. This necessitates careful judgement of isolated strains 
in clinical laboratories as well as better hygienic standards 
during food processing.
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Fat Content Effects on Yield, Quality, and Microbiological 
Characteristics of Chicken Patties

LOUIS L. YOUNG, J.M. GARCIA, H.S. LILLARD, C.E. LYON, and C.M. PAPA

----------------------- A B S T R A C T ------------------------
Mixtures of ground chicken thigh meat and fat were formulated to 
contain 5, 10, 15, and 20% fat. Hunter color values, drip and cooking 
losses, proximate composition, texture profiles, and rates of microbial 
spoilage were compared for patties prepared from the mixtures. Raw 
patties became lighter and more yellow as fat content increased but 
cooking obscured these trends. As fat content increased, cooking losses 
and moisture:protein ratios increased. Lower fat patties were harder, 
springier, less cohesive and chewier than patties containing higher fat 
levels. Rates of bacterial spoilage were unaffected by fat content.

Key Words: Chicken, patties, microbiology, fat, texture

INTRODUCTION
USDA regulations limit the fat content of raw products labeled 
as “ ground beef”  or “ hamburger”  to 30% but no similar 
regulations apply to ground poultry products. Instead, the com
position must be “ in natural proportions”  (USDA, 1970), 
leaving the meaning of that phrase open to question. USDA 
Handbook #8  (USDA, 1979) provides no data on the com
position of ground poultry. No data are available concerning 
the composition of products currently marketed, but products 
of commerce are often advertised as “ low fat”  to exploit the 
public’s perception of poultry meat as “ healthful.”  Since con
sumer consciousness of the role of diet in maintaining good 
health is increasing (Erdman, 1989), it seems likely that con
sumer demand will increase for more specific standards re
garding the fat content of ground poultry meat. However, the 
effect of percentage fat content on yield and quality of ground 
poultry is unknown. Cross et al. (1980) found that with ground 
beef, increasing the fat content from 16 to 28% resulted in 
increased tenderness and juiciness. However, when the patties 
were cooked, increasing the fat also increased fat losses and 
decreased moisture losses. Overall cooking lossess were un
affected by fat content. In order to establish rational standards 
for ground poultry, data are needed which show the effects of 
fat content on product quality, yield, and storage characteris
tics. The objective of our study was to evaluate the effects of 
variation in fat content on yield, quality, and storage charac
teristics of ground chicken thigh meat patties.

M A TER IA LS  & METHODS
Preparation of samples

Ingredients for the patties were commercially prepared, hand-de- 
boned chicken thigh meat and abdominal fat. Skin was not included 
in the formulations. Both were procured from a local processor im
mediately after carcass chilling. Ingredients were transported to a nearby 
pilot facility where they were chilled to 2°C in a -  30°C freezer (about 
45 min). The ingredients were unrefrigerated during transit (about 30 
min). Each product was ground separately through a 15.9 mm plate 
and then sampled for moisture, fat, and protein analysis. After sam
pling, the ground ingredients were stored at -30°C  for three days.

Authors Young, Lillard, Lyon, and Papa are with the Poultry 
Processing & M eat Quality Research Unit, Richard B. Russell 
Agricultural Research Center, USDA-ARS, P.O. Box 5677, A th 
ens, GA 30613. Author Garcia is with Proagro Compañía A n
ónima, Apartado 91, Valencia, Venezuela.

Prior to preparing the patties, the meat and fat were tempered at 5°C 
until they reached 2-3°C.

Batches (600g each) of meat and fat were formulated to contain 5, 
10, 15, or 20% fat. Each batch was individually prepared by regrind
ing the required amount of thigh meat and abdominal fat together 
through a 9.5 mm plate and hand mixing the combined ingredients in 
a plastic bag for 3 min. All processing equipment was washed with 
detergent and water between batches and operators wore clean rubber 
gloves to minimize bacterial contamination. Patties were formed from 
lOOg aliquots of each mixture using sterile 15 x  100 mm petri dishes 
as molds. The patties were tempered for 30 min at -30°C  to expedite 
removal from the petri dishes, weighed, and then individually pack
aged on plastic foam trays with polyvinyl chloride film overwrap. 
Patties for yield and quality studies were stored at -  30°C, and those 
for microbiological analysis were stored at 4°C.

Yield and quality evaluation

Five batches of meat and fat were prepared for each fat level. Four 
patties were prepared from each batch. Thus, yield and quality were 
determined on 20 patties from each fat level. The experiment was 
replicated with a second procurement of thigh meat and abdominal fat 
for a total of 40 patties for each fat level.

Drip and cooking losses

After 7 days frozen storage, the pattie were thawed for 24 hr at 
4°C, drained on paper towels, and weighed. Drip loss was calculated 
by difference and expressed as a percentage of initial weight. Each 
patty was cooked on an electric grill set at 176°C to an internal end
point of 73°C as determined by a probe inserted into the center of 
each patty. They were turned frequently during cooking to ensure 
uniform heating, then cooled to room temperature and weighed. Cook
ing loss was calculated as percentage of the weight immediately before 
cooking.

Hunter color values

Hunter color values for lightness (L), redness (a), and yellowness 
(b) were measured on the surface of each patty after thawing, on the 
surface after cooking, and on a cut surface after cooking (internal) 
using a Minolta Chroma Meter CR-200b (Minolta Camera Co., Ltd., 
30, 2-chrom, Azuchi-Machi, Higashi-Ku, Osaka 541, Japan).

Objective texture profile analysis

Objective Texture Profile analysis was performed in accordance 
with Lyon et al. (1980). Duplicate 2.5 cm cores were cut from each 
patty. They were compressed twice to 60% of initial patty thickness 
between a fixed steel plate and a movable steel plate, attached to a 
100 kg compression load cell on an Instron Universal Testing Machine

Table 1 - F a t  content effects on some physical factors o f chicken thigh 
m eat patties______________________________________________

Fat
content N

Drip lo ss  
%

Coo king  lo ss
% H20 :P ro te in

5 40 0 .44a 32.2b 2.71c
10 40 0 .21a 33.4b 2.77b
15 40 0 .48a 3 5 .9a 2 .82a
20 40 0 .33a 35.4a 2 .80a

M ean 160 0.37 34.2 2.77
Std . Dev. 1.03 6.4 0.91

a'c Values in the same column which share no common superscripts are significantly
different (P<0.05).
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Table 2 - Effect of fat content on Hunter color values'1 of raw ground chicken thigh meat and surfaces and interiors of grilled patties

Fat
content N

R aw Grilled  su rface G rilled  interior

L a b L a b L a b

5 40 4 6 .5C 10.0s 18.6' 5 1 .5b 9 .6sb 24.0b 4 8 .4 s 6 .6 b 18.1b
10 40 47.3C 10.2s 2 0 .1b 52.4"b 9.9" 25.7" 4 8 .5 s 7.1" 18.6sb
15 40 50.6b 10.3s 20.4" 52 .4ab 8.6» 24.6s 48 .9 s 6 .5 b 18.2b
20 40 54.2s 10.0s 21.6" 54 .1ab 9.1»b 25.6" 53.7" 6 .4 b 18.9"

M ean 160 49.4 10.1 20.1 52.5 9.3 24.9 49.7 6.6 18.4
Std . Dev. 12.6 2.1 3.0 6.9 2.3 2.7 19.5 1.9 2.5

Values in the same column which share no common superscripts are significantly different (P<0.05). 
d Hunter L = lightness, a = redness, b = yellowness.

Table 3-Effect of fat content on objective texture profile attributes of 
grillea chicken thigh meat patties

Fat
content

% N
H ard n ess

kg
Sp rin g in e ss

cm C o h e s iv e n e ss
C h e w in e ss

kgcm

5 40 4 .2 a 0 .49s 0.40" 0.74"
10 40 4.1"b 0 .49s 0.37» 0.71"
15 40 3 .9b 0 .45b 0.34 ' 0.56»
20 40 3.9» 0 .38 ' 0 .34 ' 0.47»

M ean 160 3.9 0.46 0.37 0.63
Std . Dev. 1.2 0.25 0.13 0.39

Values in the same column which share no common superscripts are significantly 
different (P <0.05).

(Instron Corp. Canton, MA). The Instron was set at 20 kg full scale 
load with cross head speed 50 mm/min. Values for hardness, sprin
giness, cohesiveness, and chewiness were measured as described by 
Lyon et al. (1980).

Chemical analysis

The raw ingredients were analyzed in duplicate for protein (macro- 
Kjeldahl), fat (soxhlet extraction with diethyl ether), and moisture 
(vacuum-oven drying) and the cooked patties for moisture and protein 
according to AO AC (1980).

Microbiological analysis

Shelf life of the patties was determined as follows: 4 batches of 
meat and fat for each fat level were prepared as described. Six patties 
were prepared from each batch. One patty from each batch was stored 
at 4°C for 0, 3, 6, 9, 12, or 15 days. Thus, a total of 4 patties for 
each fat content, representing all batches were placed under each 
storage condition. Before conducting the microbiological analyses, the 
patties were smelled by an untrained analyst for presence of off-odor. 
The microbiological analyses were conducted by suspending a lg  sam
ple from each patty in 10 mL of 1% peptone solution (Difco, Detroit 
MI), then stomaching the suspension (Colworth Stomacher 80, Tak- 
mar Co., Cincinnati, OH) for 1 min. Serial dilutions were prepared 
and the psychrotrophic bacteria enumerated using a pour-plate tech
nique in duplicate. The growth medium was plate count agar (Difco, 
Detroit, MI) and the plates were incubated at room temperature (21- 
23°C) for 72 to 96 hr (APHA, 1966). The plates were manually counted 
and the log10 of the average of duplicates was used for statistical 
analysis. The experiment was replicated with a second batch of meat 
and abdominal fat for a total of 8 patties for each fat level and time 
of storage combination.

Statistical analysis

The data were analyzed by analysis of variance using batches within 
replicates x fat levels as the error term. Means for fat levels were 
separated at P 5 0.05 using Duncan’s Multiple Range Test (Steel and 
Torrie, 1980) and the SAS GLM procedure (SAS Institute, Inc., 1987).

RESULTS & DISCUSSION 
Drip loss, cooking loss, and composition

The overall mean for drip loss was 0.37% and did not differ 
significantly among fat levels (Table 1). Cooking loss was 
greater for patties containing 15 and 20% fat than for those 
containing lesser amounts. This trend was expected since more

fat would likely be lost from patties containing high levels of 
fat than from those containing lower levels (Hunt et al., 1990). 
However, the moisture:protein ratio of the cooked patties in
creased as fat content increased. Assuming that little protein 
was lost when the patties were cooked, increasing the fat in 
the patties apparently reduced moisture loss. We offer no ob
vious explanation why increasing fat content of raw chicken 
patties should decrease moisture loss upon cooking, but a sim
ilar trend was observed by Cross et al. (1980) and Hunt et al.
(1990) with beef patties. Perhaps some of the fat and moisture 
became entrapped in an emulsion during grinding and more 
moisture was retained during cooking. The data indicate that 
minimum cooking loss was achieved if the raw product con
tained 10 to 15% fat. However, higher levels of fat might result 
in a more moist final product.

Hunter color values
Color of the patties containing 20% fat was significantly 

lighter (higher L value) than that of those with 15% fat. Pattie 
with 15% fat were significantly lighter than those with 5 or 
10% fat (Table 2). There was no significant difference in light
ness between patties containing 5 and 10% fat. Those contain
ing 15 or 20% fat were also more yellow (greater b value) than 
those with lower fat. For raw patties, no significant differences 
in redness (a value) were observed between treatments. Grill
ing tended to obscure these trends somewhat on both surface 
and interior color values. However, for the cooked patties, the 
20% fat product was lighter and more yellow than the 5% fat 
products. Redness scores remained similar regardless of fat 
content.

Objective texture profile analysis
As fat content increased, hardness, springiness, and co

hesiveness also increased (Table 3). Therefore, since chewi
ness is the product of the other three textural attributes, it also 
increased (Table 3). Even though Lyon et al. (1980) have 
shown that the objective texture profile analysis highly corre
lated with taste panelists perceptions of texture of chicken pat
ties, the optimum degree of these textural properties for consumer 
preference is unknown. The ideal combination may vary with 
the way the product is used in the home or foodservice estab
lishment. For this reason, it seems unlikely that a single ideal 
standard for fat content in terms of textural attributes in the 
cooked product can be established. Nevertheless, both con
sumers and food processors need to know how texture varies 
with composition.

Microbiological analysis
The psychrotrophic bacterial growth curves were typical of 

those normally found on processed poultry products (data not 
shown, Ayers et al., 1950). Bacterial spoilage (off-odor and 
bacterial counts > 107 CFU/g) occurred after about 6 days of 
storage at 4°C and was unaffected by fat content. These data 
indicated that shelf life for ground chicken was unaffected by 
fat content.

—Continued on page 1541
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Sodium Tripolyphosphate and Sodium Ascorbate 
Monophosphate as Inhibitors of Off-flavor Development in 

Cooked, Vacuum-packaged, Frozen Turkey

JEAN CRAIG, JANE A. BOWERS, and PAUL SEIB

----------------------- A B S T R A C T ------------------------
Sodium tripolyphosphate (STP) or sodium ascorbate monophosphate 
(SAsMP) in water solutions (0.3 and 0.5% levels) or water only were 
added to ground turkey which was cooked, Vacuum packaged, and 
stored frozen. Soapy flavor was higher, but rancid flavor and hexanal 
and bathophenathroline-chelateable (nonheme) iron contents were lower 
in samples with phosphate salts. Samples without phosphates con
tained the greatest amount of bathophenathroline-chelateable iron; 
samples with 0.5% STP contained the least. The addition of phosphate 
salts decreased cooking losses and increased moisture but did not 
affect the fat content. Generally, intensity scores for stale and rancid 
aroma and flavor attributes were low, <1 for all samples.

Key Words: turkey, off-flavor, ascorbate-monophosphate, nonheme- 
iron, hexenal, oxidation

INTRODUCTION
THE MARKET for precooked meat has grown to meet the 
consumer demand for convenient, ready-to-eat, food products. 
“ Fresh”  flavor quality is necessary for consumer acceptance. 
Work recently completed in our laboratory indicated that vac
uum packaging significantly reduced “ warmed-over”  and ran
cid flavors and retained the meaty flavor of cooked, frozen 
and stored beef (Hwang et al., 1990). Extensive research on 
development and causes of “ warmed-over”  flavor has been 
published and reviewed. Recent reviews are: Lillard (1987); 
Melton (1986); National Live Stock and Meat Board (1988); 
Peng (1986); St. Angelo et al. (1987); and St. Angelo and 
Bailey (1987).

As early as 1958, the contribution of lipid oxidation to off- 
flavor in meat was suggested. Tims and Watts (1958) studied 
the antioxidant effects of phosphates and ascorbic acid sepa
rately or combined and found that, at some levels, these ad
ditives had a synergistic action and reduced the prooxidant 
action of iron in meat. Sato and Hegarty (1971) also studied 
this relationship and concluded that phosphates reduced proox
idant activity in cooked beef as measured by TBA values. 
More recently, Roozen (1987) studied several antioxidants, 
including tripolyphosphate, ascorbate, and ascorbate-phos
phate salts, in relation to phospholipid oxidation. He reported 
lower TBARS (thiobarbituric acid reactive substances, mea
sured as absorbance readings at 532 nm) for samples contain
ing 5000 ppm of the ascorbate-phosphate salts than for control 
samples. St. Angelo et al. (1988) reported flavor (brothy, painty, 
cardboardy) notes and hexanal content of cooked ground beef 
with ascorbate-2-phosphate (Mg salt) stored for 3 days at 4°C. 
Painty and cardboardy flavors and hexanal content were re
duced in samples containing the ascorbate phosphate salt. Al
though the use of chemical (St. Angelo et al., 1988) and natural 
(Rhee, 1987) compounds is effective in preventing stale, off- 
flavor in stored cooked meat, one problem encountered with

The authors are with the Departments o f Foods & Nutrition and  
Grain Science & Industry, Kansas State Univ., Manhattan, KS 
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their use may be the flavor imparted by the particular added 
compound.

Both vacuum packaging and tripolyphosphate salts have re
duced stale (“ warmed over” ) flavor development in stored 
cooked meats. The effectiveness of various phosphate salts in 
vacuumed-packaged cooked meats has not been studied. The 
purpose of our current study was to determine the effect of 
different levels (0.3 and 0.5%) of two sodium phosphate salts 
(sodium tripolyphosphate and sodium ascorbate monophos
phate) on hexanal and bathophenathroline-chelateable (non
heme) iron contents and flavor and aroma components of cooked, 
vacuum packaged, frozen ground turkey.

M ATERIALS & METHODS
Materials

Ground turkey meat was purchased from a local supermarket on 
each of 4 days, 20 hr prior to cooking. Additions to the ground turkey 
were 5% (by weight) water (reverse osmosis water) or solutions of 
sodium tripolyphosphate (Stauffer Chemical Co., Washington, STP) 
or sodium L-ascorbate 2-monophosphate (SAsMP) that had been pre
pared from the magnesium salt (Showa Denko, Tokyo, Japan) by ion- 
exchange chromatography (Liao and Seib, 1990). A stock solution of 
10% by weight as disodium L-ascorbate 2-triphosphate was prepared. 
The concentration of SAsMP was determined by dilution in a 0.1M 
carbonate buffer (pH 10) using ascorbance at 258 nm and molar ex
tinction of 16,00C L/mole x cm.

Sample preparation

Phosphate salt levels of 0.3 and 0.5% were tested; ground turkey 
was placed in a Kitchen-Aid® mixer (Model K-45 Hobart Manufac
turing Co.) with 5% water or solution of dissolved salts and mixed 
for 15 sec. Two 200-g patties were formed for each experimental unit 
using a 9-cm diameter form (Tupperware®). Two patties were placed 
in a Reynolds® Oven Cooking Bag (Reynolds Metals Co.), refrig
erated for 1 hr to allow tempering of solutions and ground muscle. 
Bagged patties were placed on wire racks 10 cm high on an aluminum 
broiler pan. Ten cuts were made through both layers of the bag around 
each patty. The patties were cooked in a rotary hearth oven at 162°C 
(325°F) to an internal temperature of 80°C, removed from the oven, 
and weighed. Total cooking losses were determined and reported as 
a percentage based on weights before and after cooking. Patties were 
cooled for 15 min and then vacuum packaged (two patties per bag) 
in polyethylene-polyvinyl chloride laminated bags (Koch Supplies, 
Kansas City, MO) 23 x 30.5 cm (8 x 12 in.). A Hollymatic vacuum 
packager (Hollymatic Corp.) was used with a vacuum time setting of 
5 and sealing time setting of 2. Samples were frozen at — 14°C and 
stored frozen for 5 mos.

Vacuum packaged samples were removed from the freezer, four 1- 
cm cuts were made in the top of the package, and patties were placed 
on a Microware® rack (Anchor Hocking Corp.) 29.8 x 26.0 cm (8 
x 12 in.) and heated for 4 min in a microwave oven (Amana Radar- 
ange®. Model RR-70A 1500 watts, Amana Refrigeration, Inc.). After 
2 min, the bags were turned over and the ends were reversed. Patties 
were heated an additional 2 min, removed from the oven, and served 
to the panelists. One of the patties was cut horizontally, and each half 
was cut into six wedges; two wedges were served to each panelist. A 
patty (frozen raw on the initial day of storage) was thawed, cooked 
and served as a reference sample. Treatments were randomized for 
order of heating and serving.
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OFF-FLAVOR IN COOKED FROZEN TURKEY. ..

Table : -M e a s u re m e n ts  for cooked, vacuum  packaged, turkey pa tties
with and w ithout p h o sp h a te  salts, s to red  frozen for 5  m onths

M easu rem en t 0

S T P S A sM P

0 .3% 0 .5% 0 .3 % 0 .5%

C o o k irg  tim e, m in 48.0 48.2 48.4 48.8 47.2
C o o k irg  lo ss . 37 .1“ 34.3» 30.7» 35.0» 34.0»
pH 6.3d 6 .6bc 6.9»» 6.6» 6.7»
M oisture, % 58.2» 6 0 .6“ 61.8» 60.2» 60.2»
Fat, % 10.4 9.8 9.7 10.3 9.9

8bcd Means with different letters are significantly different (p < 0.05).

Sensory analysis
A professional five-member taste panel (Kansas State University 

Sensory Center, panelist had a minimum of 180 hr of training and 
300 hr of experience) evaluated the samples using a 15 cm line an
chored at both ends (0-none to 15-intense). The descriptors used were 
Aroma: meaty/turkey, stale (warmed-over), rancid (painty); Flavor: 
meaty/turkey, stale (warmed-over), rancid (painty), bitter, metallic, 
and soapy; and Aftertaste: soapy and metallic. These attributes were 
selected based on previous work (unpublished) establishing flavor pro
files of cooked ground turkey with and without phosphate salt. Seven 
panelists were trained and five were selected to serve on the panel 
based on their precision in analyzing the flavor and aroma compo
nents. At each of four evaluation periods, freshly cooked ground tur
key was served as a reference sample. Average intensity scores of 
attributes for the reference sample were: Aroma: meaty (turkey) =
9.1, stale (warmed-over) <0.1, rancid (painty) <0.1, for Flavor: meaty 
(turkey) = 8.6, stale (warmed-over) = 0.2, rancid (painty) <0.1, 
bitter = 0.2, metallic = 1.2, and soapy < .1; and for Aftertaste: 
soapy = 0.1 and metallic = 1.4. The samples were served warm in 
preheated glass cups. Water, unsalted-surface crackers, and apples 
were used to cleanse the palate between samples.

Chemical analyses

The second patty was pulverized and pH, moisture, fat, hexanal, 
and iron contents were determined.

pH, moisture, and fat. pH measurements were made for slurries 
of 10-g meat and 90 mL water with a Corning pH meter (Model 140). 
Moisture was determined by AOAC (1984) method, and fat was de
termined by the method of Folch et al. (1957).

Hexanal and iron. Because hexanal develops very rapidly at room 
temperature, all of the samples were vacuum packaged immediately 
after reheating until time of distillation (within 2 hr). The order of 
distillation was the same random order for preparation and evaluation 
by the panel. The headspace method of Lin and Jeon (1985) was used 
to determine hexanal content. At the time of distillation, one-half patty 
was pulverized in a food processor (West Bend Co.® Model 6500) 
for 30 sec and a 2g sample plus 1 mL (10 p,g) of 4-heptanone (Sigma 
H-5387) as an internal standard were placed in a Kemmerer Hailet 
distillation unit. The distillates were analyzed for hexanal on a Shi- 
madzu GC-9AM Gas Chromatograph with a Supelco Carbowax cap
illary column (30 x 0.75m and 1.2 mdf). Response was recorded on 
an Altex Model C-RIA integrator, and the ratio between the areas of 
hexanal and the internal standard were determined. Calculations were 
made from a response curve that was linear from 0.5 to 40 pg hexanal. 
Additional determinations of hexanal contents were made for these 
samples after they were stored frozen for 6 wk in nonvacuum pack
aging. The method of Schricker et al. (1982) for “ nonheme iron”  
was used to determine bathophenanthroline chelateable (BPC) iron for
5-g duplicate samples.

Experimental design and data analysis

Data were subjected to analysis of variance using a complete block 
design with replications (or blocks) being evaluation periods. There 
were four replications (evaluation periods) of each treatment. Panelist 
was included as a source of variation. Least significant differences 
were calculated to indicate differences among means.

RESULTS & DISCUSSION
FOR COOKED SAMPLES vacuum packaged and then stored 
frozen for 5 mo, the addition of sodium phosphate salts sig
nificantly increased pH and moisture content (Table 1). Cook-

0 0.3%  S T P  0.5%  S T P  0.3%  AsM P 0.5%  AsM P
,b0 M e a n s w ith  different letters are s ign if ica n tly  d ifferent (p * 0.05).

Fig. 1-H exana l and bathophenanthroline-chelateab/e (BPC) iron 
contents o f cooked vacuum packaged ground turkey stored fro
zen for 5 mo.

<bad M e a n s w ith  different letters are s ign if ica n tly  d ifferent (p '  0.05).

Fig. 2 —Hexanal content o f ground turkey after additional 6 wk 
frozen storage in nonvacuum package.

ing losses were reduced from 37% (without phosphate salt) to 
34-35% with 0.3% STP and SAsMP (0.3 and 0.5%) and to 
31% with 0.5% STP. Polyphosphates generally behave as bases 
in meat systems (Prusa and Bowers, 1984). Higher pH for 
muscle tissues containing STP has been reported previously. 
Information is limited about the use of the ascorbate 2-mono
phosphate compound in meat systems. However, the pH of a 
water solution (0.5%) of SAsMP was 7.8 and that of STP, 8.9 
(higher than meat) so a slight increase in pH of the meat was 
expected. Fat content was about 10% and unaffected by treat
ment.

Hexanal content was significantly lower for samples with 
STP than for those with SAsMP and lower for those with 0.5% 
levels of salts than with 0.3% (Fig. 1). Samples with no salts 
and those containing 0.3% SAsMP were similar in hexanal 
content—1.08 |xg/g and 1.18 |xg/g, respectively. In general, 
the hexanal values for the vacuum packaged stored turkey were 
low, only slightly higher than we found for freshly cooked 
ground turkey, 0.8-1.0 |xg/g. We wanted to determine whether 
hexanal values would change if meat samples were not pro
tected from oxygen by vacuum packaging. Earlier work in our 
laboratory had indicated a 50-100% decrease (Hwang et al.,
1990) in hexanal content if cooked muscle were stored in vac
uum packaging.) Therefore we stored the remaining pulverized 
samples for an additional time in Zyploc® bags (Dow Chem
ical, 2.7 mil) but not vacuum-packaged. When those samples
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Table 2 —A rom a  an d  flavor o f  cooked, vacuum -packaged , reheated , 
tu rkey p a ttie s  w ith  a n d  w ith o u t p h o sp h a te  salts, s to re d  frozen  for 5 

m o n th s

S T P  S A sM P
M easu rem en t 0 0 .3 % 0 .5 % 0 .3% 0 .5%

Arom a
Turkey 4 .8ab 5.4» 5.2» 5.5» 3 .7b
Stale 0.8 0.4 0.3 0.5 0.9
Rancid 0.2 0.1 0.2 0.1 0.3

Flavor
Tu rkey 4 .3 cd 5.0»b 4 .7bc 5.3» 4 .1d
Stale 0.9 0.8 0.6 0.7 0.8
Rancid 0.4* 0 .1b 0 .1b 0.1b 0 .1b
Bitter 0.4» 0.3»b 0.1* 0.1* 0 .1bc
M etallic 1.5 1.3 1.3 1.2 1.6
S o ap y 1.4C 1.5bc 2.8» 1.1* 2.3»b

Aftertaste
S o ap y 1.3 1.7 2.4 1.5 2.2
M etallic 2.4 2.2 2.2 2.1 2.8

abcd Means with different letters are significantly different (p < 0.05).

were stored frozen for an additional 6 wk in nonvacuum pack
aging, the hexanal content of the samples without phosphate 
salts increased sharply (Fig. 2). The difference in hexanal con
tent among the treatments was much greater after storage. Those 
containing the higher levels of the salts had the lowest values. 
The hexanal content of the samples containing 0.3% STP was 
the highest of those containing salt, but the sample with no 
salt contained more than twice as much hexanal as that sample.

Iron (BPC iron) was significantly reduced by the addition 
of all phosphate salts—from 9.9 |xg/g for those without to 7 .2-
7.7 p-g/g for samples with SAsMP and 0.3% STP and to 5.5 
pg/g for samples with 0.5% STP (Fig. 1). The function of 
“ nonheme”  iron as a catalyst responsible for oxidation of cooked 
meats has been reported by several researchers (Igene et al., 
1979; Love, 1983; Rhee et al., 1987). Tims and Watts (1958) 
suggested that phosphate salts prevented autoxidation by che
lating heavy metal ions. This could be an explanation for the 
decreased hexanal content and rancid flavor of phosphate-treated 
samples. Though our results indicated that there was less BPC 
iron in samples containing phosphates salts, the mechanism by 
which this occurred was not clear. Complexation of the iron 
by the phosphate salts as suggested by Tims and Watts (1958) 
is a possible explanation. Another theory could relate to the 
stabilization of the heme pigments to reduce release of iron. 
The phosphate salts we used increased the pH of the meat and 
Trout (1989) reported that high pH decreased myoglobin de- 
naturation in meat. For our samples, there may have been some 
mechanism by which the phosphate salts stabilized the por
phyrin ring and prevented release of iron during cooking. Fur
ther study of the mechanism by which phosphate salts influence 
“ free”  iron is underway.

Turkey flavor and aroma were significantly more intense for 
samples containing the lower level (0.3%) than the higher level 
(0.5%) of SAsMP. Differences between the 2 levels of STP 
were not significant, but followed the same trend (Table 2). 
The intensity of turkey flavor and aroma components of the 
experimental samples were considerably lower than the refer
ence sample. All experimental samples were cooked, frozen, 
stored, and reheated and the reference sample was freshly 
cooked. Loss of meaty character usually precedes development 
of stale and rancid flavor.

The stale (“ warmed-over” ) aroma and flavor components 
were not affected by treatment. Flavor of samples with 0.5% 
levels of both phosphate salts was significantly more soapy 
than that of samples without or with lower levels of the salts. 
Aftertaste intensity scores for “ metallic”  and “ soapy”  tended 
to be higher than the initial scores.

Even though the intensity of the rancid (painty) character
istic was lower for patties with the phosphate salt additives 
than for those without, all scores were very low (<0.5). The 
flavor and aroma components related to lipid oxidation were

of low intensity (<1) for all samples—even those with no 
phosphate salts. Earlier work in our laboratory (Nolan et al.,
1989) demonstrated that vacuum packaging significantly re
duced stale and rancid flavor and aromas. Had samples been 
non-vacuum packaged, greater differences might have been 
found.

The ascorbate phosphate compound is not an approved food 
additive, so testing has been limited in food products. St. An
gelo et. al. (1988) used the Mg form of the salt and found 
“ painty”  and “ cardboardy”  flavors and hexanal content were 
reduced. Our preliminary work with the magnesium salt in
dicated off-flavor problems, so we used the sodium form. Sato 
and Hegarty (1971) used sodium ascorbate (0.5%) in ground 
beef and reported reduced TBA values. High levels of ascorbic 
acid (1,000 to 10,000 ppm) inhibited whereas lower levels (3 
to 500 ppm) increased warmed-over odor of a muscle-tissue 
water-extract model system. They suggested that ascorbic acid 
functioned by keeping part of the iron in the ferrous state or 
acting as an oxygen scavenger.

CONCLUSIONS
BOTH tripolyphosphate and ascorbate monophosphate salts 
provided slight additional reduction in lipid oxidation and stale 
or rancid off-flavor development for vacuum-packaged, cooked, 
ground turkey. However, more intense soapy off-flavor was 
present in the sample with 0.5% levels. Generally, stale/warmed- 
over flavor and rancid/painty flavor and aroma scores and hex
anal contents were low for all cooked vacuum-packaged, fro
zen samples. This probably was attributable to vacuum 
packaging. When samples were subjected to further frozen 
storage in nonvacuum packaging, differences in hexanal con
tent among treatments were magnified and those containing no 
salt had 2 to 17 times more hexanal than any sample containing 
a phosphate salt.
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Ionic Strength and pH Effects on Composition and 
Microstructure of Yolk Granules

D. CAUSERET, E. MATRINGE, and D. LORIENT

----------------------- A B S T R A C T ------------------------
We investigated the microstructure of hen egg granules. Polyacryl
amide gel electrophoresis revealed that the granules consisted of three 
proteins (low-density lipoprotein, lipovitellin and phosvitin). Atomic 
absorpdon spectrometry revealed a notable amount of divalent and 
trivalcnt cations. Scanning electron microscopy showed that pH mod
ifications induced the loss of granule structure by solubilization of 
proteins. Similar observations were made when ionic strength was 
increased by addition of sodium chloride. All results were indicative 
of the existence of phosphocalcic bridges between phosphate groups 
of the three proteins.

Key Words: Egg yolk, microstructure, granules, phosphocalcic-bridge, 
PH

INTRODUCTION
EGG YOLK is a complex mixture of different microparticles 
held in suspension: spheres, granules, profiles. The spheres, 
minor components, were first observed under optical micros
copy by Moran (1925). Romanoff and Romanoff (1949) de
termined their diameter, which ranged between 4 and 150 pm. 
They contain lipoprotein or lipid droplets (Grodzinsky, 1951; 
Bellairs, 1961). Bellairs (1961) and Chang et al. (1977) studied 
the profiles, made of low-density lipoproteins (LDL). Under 
an electron microscope their diameter is about 0.025pm. The 
granules are the major components of yolk. According to Bur
ley and Cook (1961), they contain about 70% lipovitellins, 
16% phosvitins and 12% low-density lipoprotein (LDL). Their 
size ranges from 0.2 to 2pm (Bellairs, 1961; Chang et al.,
1977). Burley and Cook (1961) observed their dissociation 
under high-saline conditions (1.71 M NaCl).

Radomski and Cook (1964) suggested that the granular unit 
consis:ed of a lipovitellin-phosvitin complex and lipoprotein. 
These proteins are well characterized. Lipovitellin is a mixture 
of two components, a  and (3 (Bernardi and Cook, 1960), which 
differ ay their phosphorus content. Their molar mass is about 
400,000g and their lipid content is between 16 and 22%. Phos
vitin is a phosphoglycoprotein containing 10% phosphorus and 
5 to 6% glucidic residues. Connelly and Taborsky (1961) iso
lated two components, a  and (3. The |3-phosvitin contained 
9.20% phosphorus, while a-phosvitin contained 2.97% (Abe 
et al., 1982). The molar mass ranged from 35,000 to 40,000g 
(Mok et al., 1961; Cook, 1968). Low-density lipoproteins have 
a micelle-like structure and consist of about 89% lipids, 3% 
glucides (Nichols et al., 1954). LDLt and LDL2 differ by their 
molar mass (10.3 x 106g and 3.3 x 106g, respectively).

Although the protein composition of yolk is well known, 
only a few results deal with interactions between these pro
teins. We found no published reports since about 1980 in this 
field. The aims of our study were to provide further informa
tion on interactions which contribute to maintain the granular 
structure and to investigate the importance of the modification 
of pH, ionic strength and nature of mineral cations on some
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physicochemical properties of the yolk, i.e., solubility and 
viscosity.

M ATERIALS & METHODS
Preparation of granules and pH adjustment

Eggs of Warren Isa hens, less than 48 hr old were used. The yolks 
were separated from the albumen and rolled on absorbing-paper to 
remove adhering albumen and chalazas. The vitellin membrane was 
broken and the vitellus was immediately collected. Yolk was diluted 
with an equal volume of aqueous NaCl solution (1% w/v) and the 
resulting mixture was centrifuged at 10,000 x g  for 45 min, according 
to the method of McBee and Cotterill (1979). The sedimented granules 
were washed with deionized water and centrifuged once more. The 
pH of each suspension was adjusted by adding 1M HC1 or NaOH 
solution with continuous stirring.

Analytical analyses

The protein content was determined by the Kjeldahl method. The 
lipid content and dry weight were estimated by AOAC (1980) meth
ods. The contents of calcium, magnesium and iron of yolk were ob
tained by atomic absorption spectrophotometry. For calcium and 
magnesium, a solution of lanthanum was used as a spectrophotometric 
buffer (Pinta, 1979). The dilutions were prepared with deionized water.

Polyacrylamide gel electrophoresis

Proteins were separated by polyacrylamide gel electrophoresis in a 
vertical slab unit according to the method of Maurer (1971). In order 
to allow the migration of proteins in the polyacrylamide gel, it was 
necessary to dissociate the granules in 0.6 M aqueous NaCl solution 
(for a solution of granules at 2% proteins). Electrophoretic conditions 
were: stacking gel-4% polyacrylamide (T = 3.85%, C = 2.6%); run
ning gel-7.5% polyacrylamide; electrophoresis buffer-Tris 0.05M/ 
Gly 0.04M, pH 8.3. Bromophenol blue was the tracking dye used to 
monitor progress of the protein separation. The gels were fixed in a 
solution of trichloroacetic acid (12%) for 1 hr. The staining solution 
was 0.001% Coomassie blue in a solution of 0.1M aluminum nitrate/ 
25% isopropanol/10% acetic acid/1% Triton X-100, prepared by the 
method of Hegenauer et al. (1977). The destaining solution was acetic 
acid/methanol/water (70:300:630, v/v/v).

Scanning electron microscopy

The microstructure of the yolk granules was observed in a Jeol- 
JSM 35 scanning electron microscope, with cryo-unit. All samples 
were frozen and fractured in liquid nitrogen, then immediately trans
ferred into the vacuum space of the cryo-unit. The accelerating voltage 
was not allowed to exceed 8 kV to prevent local overheating of the 
sample.

Table 1 — C om position o f  granular fractions. A vera g e  o f  five  replications. 
Values in p a re n th e se s  from  B urley a n d  Cook (1961)

C on centration
(mg/g)

Percen tage  
of yolk

Dry w eight 447 ± 1 (500) 25.3 (23)
Proteins 265 ± 8 ( - ) 47.8  ( - )
Lip ids 148 ± 3 (150) 13.4 (10)
C alciu m 5.3 ± 0.10 81.0  (70)
M ag nesiu m 0.32 ± 0.01 ( - ) 71.0  ( - )
Iron 0.17 ± 0.01 (0.14) 98.0  (95)

1532-JOURNAL OF FOOD SCIENCE-Volume 56, No. 6, 1991



Immobilized
macromolecules

r  0_

Lipovitellins

Livetins

Phosvitin

a b
Fig. 1 -Polyacrylam ide gel electrophoretic patterns o f (a) yolk 
and (b) granules.

Fig. 3 —Effect o f pH  on solubility and viscosity o f granular pro
teins i'protein concentration = 2%).

Table 2 —Solubility' index o f  granular pro te in s a fter m odification o f  pH  
or ionic strength  (protein concentration =  2 %)

S o lub ility  index
pH = 6.4 3.4
pH = 3 100.0
pH = 9 100.0
pH = 3 to pH = 6 .4 4.0
pH = 9 to pH = 6.4 3.7
+ 0.58M  NaCI 98.9
+ 0.58M  NaCI then 16.6

dia lyzed  (24 hr)

Fig. 2 —Electron micrograph o f yolk with granules.

Solubility index of protein
200 mL of granular protein suspension was centrifuged for 20 min 

at 4,000 x g , and the protein concentration of the resulting super
natant fluid was determined by the Kjeldahl method. The solubility 
index of protein was expressed as:

___ Protein concentration of supernatant fluid (mg/L)
SI (%) = ------------— ------- :-----------— :— -— x TOO

Initial protein concentration (mg/L)

Viscosity

The granular suspensions had a Newtonian behavior (at the con
centrations we used) so the viscosity was measured by a capillary tube 
viscometer (Viscoboy, Lauda-Konigshofen, Germany).

RESULTS & DISCUSSION 
Composition and ultrastructure of granules

Granules represented about 25% of the dry weight and nearly 
50% of the protein content of the yolk (Table 1). The lipid 
content was limited, since the ratio of lipid/protein was 0.56 
compared to 1.96 in yolk. The differences observed, in com
parison to the results obtained by Burley and Cook (1961), 
could be explained by the different methods used to isolate the 
granules.

The polyacrylamide gel electrophoregrams (Fig. 1) sepa
rated :he characteristic bands of the three proteins. Their ratios 
were determined by Burley and Cook (1961) using ultracen
trifugation. Although we found no published results for elec
trophoresis relative to granules, work by Chang et al. (1977), 
McBee and Cotterill (1979), Dixon and Cotterill (1981) and 
Woodward and Cotterill (1987) enabled us to identify the main 
bands. In our polyacrylamide gel electrophoretic patterns, we 
determined 11 bands. The first represented low-density lipo
protein (LDL). On account of their high molar mass and their 
low charge, those proteins did not pass through the polyacryl
amide gel. Moreover, the high lipid content would account for 
the low staining of the bands. Bands 2 and 3 corresponded to 
lipovitellin. Bernardi and Cook (1960) isolated lipovitellin in 
a  and (3 fractions which differed by their phosphorus content 
(0.48% and 0.27%, respectively) but had the same molar mass. 
Lipovitellin a  (band 3) had more phosphorus content, and, 
therefore, it migrated faster than the (3 fraction (band 2). Li
povitellin a  was predominant in the granules. Bands 10 and 
11 were characteristic of a- and p-phosvitin. Band 10 corre
sponded to p-phosvitin and band 11 to a-phosvitin. Their 
phosphorus contents were a  9.2% and p 2.97% (Abe et al., 
1982). However, a-phosvitin migrated faster than (3-phosvitin, 
because its molar mass was lower (Clark, 1970; Abe et al., 
1982).

Divalent and trivalent cations were highly concentrated in 
the granules as shown by atomic absorption spectrophotometry 
(Table 1); 81% of the calcium, 71% of the magnesium and 
98% of the iron were found in the granules. Several researchers
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(a ) (b )

( c )  (d)

Fig. 4 - Electron micrograph o f granular fractions at (a) pH = 3, at (b) pH  = 9, at (c) pH  = 3 to 6.4 and at (d) pH  = 9 to 6.4.

have shown the important binding capacity of mineral elements 
by phosvitin. This is due to the existence of many serine- 
phosphate residues in this protein (Mecham and Olcott, 1949; 
Grizzuti and Perlmann, 1973; Webb et al., 1973; Weller, 1979).

These cations might play a role by binding charged groups 
as they do in casein micelles. They might constitute ionic bridges 
between the phosphate groups of the phosvitin, lipovitellin and 
LDL. Indeed, phosvitin contains 10% phosphorus, completely 
bound to protein (Joubert and Cook, 1958). The a-lipovitellins 
contain 0.48% and (3- 0.27% phosphorus. (Bernardi and Cook, 
1960), associated with the lipid fraction and with the seryl 
residues (Belitz, 1963). The phosphorus atoms of LDL are 
located on the phospholipids at the surface of the micelles 
(Osuga and Feeney, 1977).

Scanning electron microscopy was used to visualize the ul
trastructure of egg yolk, particularly the granule units. Figure 
2 shows the shape of granules. Size ranged from 0.2 to 2 pun. 
A similar value was reported by Bellairs (1961) using electron 
microscopy and by Chang et al. (1977) using a Coulter counter.

Effect of pH on structure of granules
At the initial pH of the mixture (pH = 6.3), lipovitellins, 

phosvitins and LDL were associated with insoluble granules. 
Acidification and alkalization caused the dissociation and com
plete solubilization of these proteins. At acidic pH (pH <4.2), 
the decrease of phosphate monoester residues, the ionization 
of the carboxylic groups and the increase of repulsive forces 
between the positive charges (NH3+) is believed to induce the 
break-up of ionic bridges. At basic pH (pH>6.3), the increase 
in number of negative charges (COO-) induced electrostatic 
repulsions presumably resulting in destruction of the granules. 
The change of viscosity with pH (Fig. 3), caused by the change 
of solubility, is explained by electrostatic repulsion existing at 
extremes of pH. When the granules were dissociated at an 
acidic or basic pH and then brought back to the initial pH, 
they recovered their initial low solubility (Table 2). This was 
not due to an isoionic precipitation of proteins, because, in the 
case of basic pH, the insolubility occurred without passing 
through the isoelectric pH of the different proteins. Neverthe-
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Fig. 5 —Effect o f N a d  concentration on the solubility o f granular 
proteins (protein concentration = 2%).

Immobilized
macromolecules

Lipovitellins

Phosvitin

a b

(a)

(b)

Fig. 7-Electror. micrograph o f granular fraction (a) in 0.58M  
N a d  and (bj in a dialyzed dispersion.

Fig. 6 - Polyacrylamide-gel electrophoretic pattern o f (a) soluble 
and (b) largely insoluble proteins o f the granular fraction which 
was salted and dialyzed.

selves; however, the bonds which existed between the proteins 
could be the same as those responsible for the granular unit.

less, phosphocalcic bridges could exist and cause the loss of 
solubility of reassociated constituents.

Observations by scanning electron microscopy (Fig. 4a, b, 
c, d) made after the modification of pH did not show the 
granular structure seen at pH = 6.3. At acidic (Fig. 4a) and 
basic (Fig. 4b) pH, we observed a network which might be 
due to freezing. In fact, the lack of microstructure in these 
solutions facilitated the growth of ice crystals and the forma
tion of the network. The different sizes of the mesh at pH = 3 
and pH = 9 were explained by the different charges of the pro
teins and by passing the isoelectric point (pHJ at pH = 3. After 
the change of pH, the network disappeared. The proteins were 
randomly associated. The granules did not restructure them-

Effect of ionic strength on integrity of granular structure
At the initial pH (pH = 6.4), the granules were progressively 

dissociated when the ionic strength was increased by addition 
of sodium chloride. Chang et al. (1977) observed the total 
dissociation of granules when adding 1.71M NaCl to the yolk. 
According to our results, whatever the concentration of pro
tein, this dissociation occurred when the concentration of NaCl 
reached 0.58M (Fig. 5). This observance could be attributed 
to the substitution of monovalent sodium for bivalent cations. 
This substitution could lead to a break-up of the phosphocalcic 
bridges and subsequent calcium release. The affinity constant 
of sodium towards phosphates was lower than that of calcium, 
magnesium and iron for any studied protein (Dickinson and
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Perkins, 1971; Grizzuti and Perlmann, 1973). The addition of 
a large excess of sodium would allow the movement of bivalent 
cations. In Fig. 5, 52 moles of sodium/mole of calcium were 
added to break the granules from a solution of 2% protein.

However, when a solution of granules destructured by NaCl 
was dialyzed against water, the solubility index of the proteins 
decreased (Table 2). The polyacrylamide gel electrophore- 
grams (Fig. 6) showed that phosvitin was the only soluble 
protein. With the dialysis, the elimination of the weakly linked 
sodium brings LDL and lipovitellins to their pH, where they 
are precipitated by electrostatic attractions. Changes in the sol
ubility of phosvitin were caused by the large number of neg
ative charges associated with the phosphoseryl residues, which 
constituted nearly a third of the residues of the protein (Aller- 
ton and Perlmann, 1965). According to Burley and Cook (1961), 
phosvitin represented 17% of the proteins in the granule. This 
percentage corresponded exactly to that of soluble proteins 
after salting and dialysis.

The scanning electron micrograph (Fig. 7a) shows the effect 
of the increase of ionic strength on the microstructure of gran
ules. For acidic or basic pH, the destruction of granules led to 
the formation of an orientated network during freezing. When 
granules were dissociated by NaCl and then dialyzed, spherical 
units could be observed on the micrograph (Fig. 7b). These 
could be formed by the association of LDL and lipovitellins.
The size of these “ pseudo-granules”  was about 2 p.m, larger 
than the diameter of ordinary granules. The increase of the 
diameter could be due to the decrease of the number of phos- 
phocalcic bridges due to the loss of phosvitin.

CONCLUSIONS
THE MICROSTRUCTURE of egg yolk granules closely de
pends on pH, ionic strength and presence of bi- or polyvalent 
mineral cations. The modification of one of these could lead 
to an irreversible destruction of the granules. The high con
centration of bivalent cations in yolk and the presence of phos- 
phoproteins (mainly phosvitin) caused us to hypothesize the 
existence of ionic bridges between the cations and the phos
phate groups of the phosphoseryl residues of phosphoproteins. 
These would operate in the same way as those present in the 
casein micelle. The change in behavior of the granules when 
pH or ionic strength were modified supported the existence of 
this type of bond. Further studies on the role of bi- or trivalent 
cations would allow a better understanding of the granule mi
crostructure and of its effects on functional properties of yolk.
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Fractionation of Water-Soluble and -Insoluble Components 
from Egg Yolk with Minimum Use of Organic Solvents

L. KWAN, E. LI-CHAN, N. HELB1G, and S. NAKAI

----------------------- A B S T R A C T ------------------------
A process was developed to fractionate both water-soluble and water- 
insoluble components from egg yolk with maximum retention of bio
logical and functional properties. About 60-90% of the immunological 
activity of yolk was recovered in a supernatant after centrifugation of 
yolk diluted six- to tenfold with water. The remaining yolk pellet had 
excellent emulsifying properties for mayonnaise preparation. It was 
further fractionated by deoxycholate treatment to separate triglycerides 
(80% recovery). Ultrafiltration of the deoxycholate supernatant yielded 
protein (74% recovery) in the retentate, and phospholipids and cho
lesterol in the permeate. Phospholipids were then purified by dich- 
loromethane:ethanol (3:1) extraction, zinc chloride precipitation and 
acetone washing.

Key Words: fractination, egg yolk, lipids, proteins

INTRODUCTION
PROTEINS AND LIPIDS are the major constituents of egg 
yolk. Both fractions play important roles in the food processing 
industry as well as in cosmetic formulations and as bioactive 
compounds in pharmaceutical products (Szukaj, 1983). The 
most plentiful constituent in egg yolk solids is the lipid frac
tion, which constitutes roughly one-third of the yolk. Triglyc
erides (TG) are the predominant neutral lipids, followed by 
various phospholipids (PL) consisting mainly of phosphatidyl 
choline or lecithin, then by cholesterol, a relatively minor con
stituent in egg yolk. Proteins constitute 15-17% of the yolk, 
including phosvitin, a- and (3-lipovitellins and low-density li
poproteins in the yolk granule, and a-, (3- and y-livetins as 
well as lipdproteins in the yolk plasma (Powrie, 1976). y-  
Livetin has been recognized as an IgG-like antibody (Poison 
et al., 1980), and is also commonly referred to as yolk im
munoglobulin or IgY.

Due to the ready availability of egg yolk as a good source 
of lecithin, IgY, as well as other bioactive or functional com
pounds, many attempts have been made to isolate these com
ponents. However, it is difficult to recover the lipid components 
without denaturing or inactivating the protein components. The 
conventional process for lecithin and lipid extraction utilizes 
organic solvents, whereby proteins are inevitably denatured 
(Kolarovic and Fournier, 1986). An alternative to conventional 
solvent extraction procedures for separating lecithin and cho
lesterol from egg oil is the use of super critical fluid extraction 
(SCFE). However, even under those conditions, some proteins 
were denatured (Weder, 1984). Since egg yolk is a mixture of 
lipids, lipoproteins and water-soluble proteins, the water-sol
uble fraction including IgY could be extracted in undenatured 
form with water before further fractionation of the water-in- 
soluble components. Some attempts have been made to sepa
rate y-livetins from egg yolk using polyethylene glycol (Poison 
et al., 1980, 1985) and sodium or dextran sulfate (Jensenius 
et al., 1981)

The objective of our study was to establish a process for 
recovery of biologically active or functional components from

The authors are affiliated with the Dept, o f Food Science, Univ. 
o f British Columbia, 6650 NW  Marine Dr., Vancouver, B.C., Can
ada V6T 1Z4.

both water-soluble and -insoluble fractions of egg yolk while 
avoiding exposure of protein components to organic solvents. 
A specific objective was to develop a mild process for sepa
ration of a water-soluble fraction containing immunologically 
active IgY. The remaining water-insoluble yolk fraction could 
still be used in food applications which require its emulsifying 
functionality (for example, as an ingredient in mayonnaise for
mulations). Further fractionation of the water-insoluble yolk 
fraction to triglycerides, protein, phospholipid and cholesterol 
components was also investigated.

MATERIALS & METHODS
Materials

Hen eggs (3 batches) were obtained from the University of British 
Columbia animal farms. The freshly laid eggs were either used within 
about a wk. after collection (termed “ fresh”  eggs) or after 6-8 wk 
at 4°C (“ stored”  eggs). One batch of eggs was also purchased from 
a local store. Anti-chicken IgG antisera, chicken IgG and sodium 
deoxycholate (NaDOC) were purchased from Sigma Chemical Co. 
(St. Louis, MO). Sodium alginate (Kelgin XL) was obtained from 
Kelco Co. (Toronto, Ontario). Immunodiffusion plates were pur
chased from ICN (Cleveland, OH), Kieselgel Thin Layer Chromatog
raphy (TLC) and High Performance (HP) TLC plates were purchased 
from Terochem Laboratories Ltd. (Edmonton, Alberta). Ultrafiltration 
membranes (XM50, molecular weight cutoff 50,000) were from Ami- 
con Corporation (Danvers, MA).

Methods

Fractionation of egg yolk. The general scheme for step-wise sep
aration of IgY, TG, proteins, cholesterol and lecithin from egg yolk 
is shown in Fig. 1. Three or more trials were performed for each step 
in the process, using either “ fresh”  eggs or “ stored”  eggs. Details 
of each step are described in the Results section, with the final rec
ommended process as follows.

Separation o f water-soluble proteins from egg yolk—Egg yolk was 
diluted 10X with distilled water and held overnight at 4°C before 
centrifuging at 1C,000 x g  for 15 min to separate water-soluble pro
teins in the supernatant from the remaining yolk pellet.

Separation o f egg yolk triglycerides from yolk pellet—NaDOC (0.92 
gm/mL egg yolk) was added to the egg yolk pellet obtained in Step 
1, which had been resuspended with the aid of manual stirring in 
0.0625 M sodium carbonate buffer, pH 8.2, containing 0.0625M so
dium chloride. The mixture was held for about 4.5 hr at room tem
perature and then centrifuged at 10,000 x g  for 15 min to separate a 
creamy top layer (TG) from the bottom amber supernatant (AS).

Separation o f proteins from A S—AS, two times diluted with dis
tilled water, was ultrafiltered through an Amicon XM50 membrane. 
The retentate containing the protein fraction was washed once with 
0.01 M NaDOC, ultrafiltration continued, and the permeates were 
pooled.

Purification o f PL from permeate fraction—Crude PL was separated 
from NaDOC in the permeate from Step 3 by extracting with 
ethanol:dichloromethane (EtOH:CH2Cl2 in a 1:3 volume ratio). The 
CH2C12 layer, containing the PL, was evaporated using a rotary evap
orator at 25°C followed by final evaporation under a stream of nitro
gen. EtOH (95%) was added to redissolve the dried crude PL before 
purifying essentially according to the method of Hatta et al. (1988), 
with addition of ZnCl2 to a concentration of 1-2% (wfv). The mixture 
was held at 4-5°C for 60 min and then centrifuged at 3000 x g  for 
10 mir.. The supernatant was found to contain most of the cholesterol,
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Egg Yolk
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Fig. 1 -F lo w  chart for separation o f IgY, proteins, triglycerides 
and lecithin from egg yolk.

while the precipitate (mostly PL) was further purified by washing with 
pre-cooled acetone.

Centroid mapping optimization. Centroid mapping optimization 
design (Aishima and Nakai, 1986) was used to develop conditions for 
Step 2 in the fractionation process to achieve best separation of yolk 
triglycerides from the water-insoluble yolk pellet fraction. The objec
tive was to separate TG as a floating creamy layer, that is, to minimize 
amount of TG remaining in the bottom amber supernatant (AS) after 
centrifugation of the NaDOC-treated mixture. The response value R 
used for minimization was a ratio of TG in the amber supernatant to 
TG in the pellet, where TG was calculated as the difference between 
total lipid and phospholipid content in each fraction. The experimental 
conditions under investigation were dilution of the yolk pellet, con
centration of NaDOC, and incubation pH, temperature and time. The 
conditions at each vertex in the optimization are described under Re
sults.

Radial immunodiffusion. Immunodiffusion plates were prepared 
as described by Williams and Chase (1971) with some modification. 
Anti-chicken IgG antiserum (0.35 mL) was mixed with 1.65 mL phos
phate buffer saline (PBS) at pH 7.0 before mixing with 5.0 mL 1% 
agarose containing 0.02% sodium azide in PBS. The plate was al
lowed to solidify by standing for 5 min at room temperature before 
transferring to a moist chamber for storage at 4°C until used. Wells 
(3 mm diameter) were cut using a template. Three uL samples and 
standards with concentration in the range 0.5 to 2.0 mg IgG/mL were 
applied to the wells. Diffusion in a moist chamber at room temperature 
was considered complete when the ring diameter did not further in
crease. Quantification of IgG in samples was based on the diameter 
of the precipitin ring compared to those measured for IgG standard 
solutions of known concentration.

Mayonnaise preparation. Laboratory-prepared mayonnaise was 
made by a modified method of Yang and Cotterill (1989). The original 
formulation contained 80 g egg yolk, 15g salt, 10.lg  mustard, 144.6g 
vinegar and 747g oil. For mayonnaise made with resuspended egg 
yolk pellet obtained after removal of the water-soluble fraction, the 
formulation was modified to provide an equal amount of total yolk 
solids and to maintain correct pH. The yolk pellet was resuspended 
in water to the original yolk volume, using homogenization at 5000

Table 1 - Effect of dilution and pH on the separation of lipids from water- 
soluble fraction of egg yolk

Dilution
factor

lipid in
sup ern atan t (%)■

A p p e a ra n ce  of 
s u p e rn a ta n t

pH 6.0 pH 7.0 pH 6.0 pH 7.0

2 97 93 O , Y O , Y
4 79 86 O, Y O , Y
6 31 55 O, s l.Y O , Y
8 10 38 W , T T , s l.Y

10 7 31 W , s i.T T , s l.Y

3 based on 29% lipid content in control (not centrifuged) egg yolk. 
b O = opaque, Y = yellow, W = wh'rte and T = turbid.

rpm, for 30 sec at room temperature (Ultra-Turrax Homogenizer, Janke 
and Kunkel, Edmonton, Alberta). Instead of using 80g untreated egg 
yolk and 144.6g vinegar in the formulation, 113.5g resuspended yolk 
pellet and 1.68g acetic acid plus 109.42g vinegar were used. The 
emulsion was formed using a KitchenAide Model k5-A mixer (Hobart 
Co., Troy, OH). The consistency of the prepared mayonnaise was 
determined using the Bostwich consistometer, by measuring the dis
tance flowed in a given period of time.

Chemical analysis. Protein content was determined by a modified 
Lowry method according to Markwell et al. (1978). Lipids were ex
tracted in chloroformtmethanol (3:1) and total lipids determined gra- 
vimetrically after evaporation of solvent. PL in the extract were 
determined according to the method of Raheja et al. (1973); deoxy- 
cholate was extracted according to Helenius and Simons (1972) and 
quantified according to Szalkowski and Mader (1952). Cholesterol 
content was measured fluorometrically (Roberts, 1968). All analyses 
were performed at least in duplicate.

Emulsification activity index (EAI). EAI (m2/gram solids) was 
determined based on the methods of Pearce and Kinsella (1978) and 
Mizutani and Nakamura (1985).

Thin-layer chromatography (TLC). Qualitative analysis of lipid 
extracts was carried out by TLC on Kieselgel 60 pre-coated and High- 
Performance Kieselgel 60 pre-coated plates. The plates were succes
sively developed with chloroform-methanol-water (65:25:4) and hex
ane-ether (4:1). Separated components were made visible by spraying 
with 55% (wfv) sulfuric acid containing 0.6% K2Cr20 7 and then char
ring at 120°C for 20 min.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE). SDS-PAGE was performed using a Mini-Protean II Dual 
Slab Cell (Bio-Rad Laboratories, Mississauga, Ontario). A 7.5% ac
rylamide separating gel and a 3% acrylamide stacking gel were pre
pared according to Laemmli (1970). Staining with Coomassie Brilliant 
Blue R-250 and destaining procedures were according to Bio-Rad’s 
instruction manual section 12.5.

RESULTS & DISCUSSION
Separation of water-soluble fractions, including IgY, 
from egg yolk

Table 1 shows the effect of two- to tenfold dilution of egg 
yolk with water at either pH 6.0 (unadjusted) or 7.0 (adjusted 
with 1.0 N NaOH) on the percent lipids found in the water- 
soluble fraction of egg yolk. The objective was to retain most 
of the lipids in the egg yolk pellet while recovering immuno
globulin (IgY) in the water-soluble fraction (supernatant) after 
centrifugation. Hence the best condition (Table 1) for separa
tion of lipids into the pellet was at pH 6.0, dilution ratio 1:9, 
or ten times dilution. Under these conditions, over 90% of the 
total lipids and PL in the original egg yolk were recovered in 
the pellet, using eggs which had been stored for at least 6 wks. 
after laying. The recovery of lipids in the pellet declined to 
70% when eggs obtained shortly after laying were used in the 
process. Reasons for the more efficient separation of lipids 
after storage of the eggs are not known. Possibly the loss of 
water through evaporation or loss of sulfhydryl (SH) groups 
which can occur during cold storage (Burley and Vadehra, 
1989) may affect separation of water-soluble and -insoluble 
fractions. Lipoproteins (LP), which make up a large proportion 
of the egg yolk, are inherently unstable in the absence of water 
and contain a small proportion of sulfhydryl groups (Burley 
and Vadehra, 1989). Thus the changes in water content and/
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Jĵ  B̂55̂  îii'(|||i HMWMf Kr.“'"-tu
* ''iâsâïàà Ä ä  S' .i ...'.

-lipoprotein
-tf-livetin

Table 2 - lg Y  activity of the supernatants from 6x and lOx diluted EY (pH
6.0)

Ig recovery»  
(% )

Protein re co v e ry 11 
(%)

Ig purity»
(g Ig/IOOg protein)

E Y  contro l 100 100 6
6 x  s l p. 100 48 14
1 0 x  sup . 60 21 18
» IgY activ ity  o f d iluted  su p ern atan ts (sup .) a s  a p e rcen tag e  of that of 

contro l egg yo lk  (7.6 m g IgY/m L), determ ined  by rad ial im m unodiffu
sion .

b Protein content of d iluted su p . a s  a p ercen tag e  of that of control egg  
yolk (12 .5% ), determ ined  by the m odified biuret-pheno l m ethod. 

c Purity ca lcu lated  a s  the p ercent ratio of active  IgY to total protein  in 
each  sam p le .

(b) i offici

• ■ ■ t i

I
^lipoprotein 
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1 2 3 4  5 6
Fig. 2-SD S-P A G E  profiles o f whole egg yolk and (a) the su 
pernatant and (b) the pellet fractions o f diluted yolk (pH 6.0) 
after centrifugation, (a) lane 1= control egg yolk; lanes 2 -  
6= supernatants from 2, 4, 6, 8 and 10X dilutions, respectively; 
(b) lane 1 = control egg yolk; lanes 2 -6 = pellets from 2, 4, 6, 8 
and 10X dilutions, respectively. The final dilution factor o f sam 
ples for application to SDS-PAGE was 20 times.

or SH groups occurring during cold storage could affect sep
aration of yolk lipids. Nevertheless, the lipids (30%) remaining 
in the water-soluble fraction after centrifugation of diluted yolk 
from fresh eggs can be separated from the protein fraction by 
using sodium alginate, according to Hatta et al. (1988). At a 
concentration of 0.05% sodium alginate, 98% of the PL found 
in the supernatant was precipitated and could then be added 
back into the egg yolk pellet (water-insoluble fraction) for use 
as a food ingredient or for further fractionation.

Figures 2a and b show the SDS-PAGE profiles of whole 
egg yolk (diluted but not centrifuged) and the supernatant (2a) 
and pellet fractions (2b), from two- to tenfold diluted egg yolk 
after centrifugation. The majority of the lipoproteins, the major 
non-aqueous constituent of egg yolk granules, was found in 
the pellet fractions (Fig. 2b, lanes 2-6). y-Livetin or IgY and 
other livetins tended to be in the water-soluble supernatant 
fractions (Fig. 2a, lanes 2-6). However, IgY appeared in trace 
quantities in the pellet from sixfold diluted yolk and in slightly 
higher quantities in the pellets from eight- and tenfold diluted 
yolk (Fig. 2b, lanes 4-6). Water-soluble proteins constitute 
42.4% of the total proteins in egg yolk (Osuga and Feeney,
1977). Under the tenfold dilution condition, about 15-21% of 
the total protein was recovered in the supernatant, including 
about 60% recovery of IgY activity. The amount of protein 
recovered in the supernatant decreased with increasing dilu
tion. Recovery of IgY decreased from about 100 to 60% in 
the supernatants from six- and tenfold diluted yolk, respec
tively. However, the purity of IgY recovered in the supernatant 
was higher with increasing dilution factor, probably due to

Table 3-Optimization of conditions for separation of triglycerides (TGs) 
from egg yolk (EY) with sodium deoxycholate (NaDOC)_______________

Facto rs

R an g es of each  factor

Initial
s im p lex

First
sim plex-
centro id

S e co n d
sim plex-centro id

LL* U L LL U L LL U L

pH 8.0 12.0 8.0 9.5 8.0 9.0
T em p erature  (T°C) 20.0 50.0 20.0 30.0 23.0 30.0
Dilution factor 5.0 20.0 8.0 10.0 7.0 9.0
N aD O C  (g/mL EY) 0.5 2.5 0.9 1.0 0.9 1.0
T im e  (hr) 0.5 5.0 4.0 6.0 4.0 6.0

Exp erim en ta l co n d ition s

V ertex  # pH T°C DM. N aD O C Tim e R e sp o n se 11
(Initial sim plex)

1 8.00 20.00 5.00 0.50 0.50 100.00
2 11.65 26.15 8.08 0.91 1.42 42.35
3 8.82 47.36 8.08 0.91 1.42 100.00
4 8.82 26.15 18.68 0.91 1.42 100.00
5 8.82 26.15 8.08 2.32 1.42 100.00
6 8.82 26.15 8.08 0.91 4.60 28.58

(First s  m plex-centroid)
1 8.00 20.00 8.00 0.90 4.00 19.96
2 9.37 22.05 8.41 0.92 4.41 22.27
3 8.31 29.12 8.41 0.92 4.41 16.20
4 8.31 22.05 9.82 0.92 4.41 26.03
5 8.31 22.05 8.41 0.99 4.41 15.47
6 8.31 22.05 8.41 0.92 5.82 18.61
7 8.46 23.05 8.33 0.93 4.61 20.58
8 8.61 24.06 6 .83 0 .94 4.81 17.25
9 8.77 25.13 5.23 0.95 5.03 100.00

(S eco n d  sim plex-centro id)
1 8.00 23.00 7.00 0.90 4.00 19.39
2 8.90 24.44 7.41 0.92 4.41 14.43
3 8.20 29.39 7.41 0.92 4.41 14.56
4 8.20 24.44 8.82 0.92 4.41 12.55
5 8.20 24.44 7.41 0.99 4.41 14.89
6 8.20 24.44 7.41 0.92 5.82 18.03
7 8.35 25.43 7.69 0.94 4.69 18.38
8 8.34 25.62 7.75 0.94 4.47 18.08
9 8.41 25.86 7.82 0.93 4.48 17.51

10 8.45 25.16 7.90 0.93 4.49 18.08
11 8.36 25.30 8.00 0.93 4.51 18.36
12 8.39 25.47 7.83 0.93 4.53 18.08

8 LL = lower limits; UL = upper limits
b Resporse = [total lipids (mg) in AS - PL (mg) in AS]/[total lipids (mg) in EY pellet 

- PL (mg) in EY pellet].

greater removal of other protein components into the pellet 
fraction (Table 2).

Based on these results, eight- to tenfold dilution would be 
preferred for more efficient separation of lipid (90-93%) from 
the water-soluble fraction, with moderate (60%) recovery of 
IgY. For more complete recovery of IgY, but with less com
plete separation from lipids, sixfold dilution may be used.

Separation of yolk triglycerides (TG) from water- 
insoluble pellet

Table 3 shows the series of optimization experiments de
signed to develop conditions yielding maximum separation of 
TG frcm the egg yolk pellet using NaDOC. In this optimiza
tion, the search was first conducted with an initial simplex
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FRACTIONATION OF EGG YOLK COMPONENTS.. .

Table 4 -P h o sp h o lip id s  and sodium  deoxycholate con ten ts in the p e r
m eate , ethanol an d  d ich brom eth an e fractions from ' EtOH:CH2 CI2  (1:3) 
extraction

Fractions"
S a m p le  voi. 

(mL)
N aD O C

(g)
P h o sp h o lip id s

(g)
P 80 3.28 0.158

EtO H -H 20 100 3.00 0.009
C H 2CI2 230 0.028 0.147

" P = perm eate; EtOH-H20  = ethanol p h ase ; C H 2CI2 = dichlorom ethane phase

Table 5 -E ffic ien cy  o f  ZnCI2  

ph olip id  (PL) purification
precipitation  an d  aceton e w ashing on phos-

Fractions" PL (mg)
Reco very  
of P L  (%) D e scrip tio n s11

Crud e PL 147 100 Cl, Y
s, 27 18 Cl, Y
S2 33 22 Cl, si. Y
s 3 85 58 Cl, C

"C ru d e  PL = d ich lo ro m eth an e  (C H 2C I2) layer; S ,  =  sup ern atan t from  Z n C I2 
precip itation; S 2 = aceto n e  w a sh ; S 3 = purified PL. 

b CI = c le a r ; Y  = y e llo w ; C  = co lo rless .

-trig lycerides

“ cholesterol

“ NaDOC
-phosphatidyl ethanolamine 

-phosphatidyl choline

-ORIGIN

Fig. 3 —HPTLC o f fractions from CH2CI2:EtOH extraction, super
natant from ZnCI2 precipitation (S,), acetone wash (SJ and pur
ified  PL (S3). Lane 1 = EtO H - H20  layer from  CH2CI2:EtOH 
extraction o f the perm eate; lane 2=ZnC/2 supernatantfS,); lane 
3 = acetone wash (SJ and lanes 4-5=  purified PL (SJ 10 pL and  
20 pL, respectively. Density o f the slant line represents the rel
ative intensity o f spots visualized.

constructed with broad ranges for the factor levels, then fol
lowed by two simplex-centroid searches. The broader search 
area used in the first initial simplex allowed us to determine 
an appropriate narrower area for finer search of the optimum 
conditions in the subsequent simplex-centroid searches.

The main search areas for the first initial simplex were de
fined by the following lower and upper limits of each factor: 
pH 8-12, temperature 20-50°C, dilution of the yolk pellet 5 -  
20 times, concentration of NaDOC 0.5-2.5 g/mL egg yolk and 
incubation time 0.5-5.0 hr. Six vertices were generated from 
the search. The experimental conditions generated for vertex 
6 gave the lowest value, i.e. best response (28.58). Based on 
this response, narrower ranges or boundaries for the five fac
tors were estimated and experimental conditions for the initial 
simplex and centroid search were calculated as shown in Table
3. Best conditions found from the first simplex-centroid search 
were those of vertex 5, giving a minimum response of 15.47. 
A second simplex-centroid search was conducted to determine 
if even better separation of TG could be achieved by searching 
for the optimum or minimum response value within even closer 
boundaries. A small improvement was achieved. Vertex 4 of 
the second simplex-centroid search had a response value of 
12.55, a slight improvement from 15.5 found in the first sim
plex-centroid search.

Table 6 —Emulsifying activity  index (EAI) o f  eg g  yolk control (EY) an d  
yolk p e lle t rem aining after rem oval o f  w ater-so luble fraction from tenfold  
dilu ted  yolk (P)

Em ulsification
con d ition s

EA I, m 2/g so lid s*  

E Y P

3 %  total so lid s
0 %  NaCI 8 .1b 9.5°
2 %  NaCI 8.5» 9.8"

6 %  total so lid s
0 %  NaCI 5.0» 5.8"
2%  NaCI 4.8» 5.9"

a A verag e  v a lu e s  of tw o rep licates.
»■" N um b ers In the sa m e  row  oearing dlffe-ent su p e rsc r ip ts  are sign ifi

cantly  d ifferent (P< 0.01).

Thus the best result, achieved after 27 experiments, was a 
response value of 12.55, representing about 80% TG separa
tion into the upper layer and 80% of the yolk proteins and 84% 
of the PL, remaining in the amber supernatant. The experi
mental conditions yielding this result were pH 8.2, 24.4°C, 
dilution factor of egg yolk pellet 8.8 times, NaDOC 0.92 g/ 
mL egg yolk and incubation 4.4 hr.

Separation of yolk proteins from amber supernatant (AS)
Twice diluted AS was ultrafiltered through an Amicon XM50 

membrane (MW cutoff 50,000). About 74% of the proteins 
was retained in the retentate, while most of the PL (78%), 
NaDOC (78%) and cholesterol (68%) were recovered in the 
permeate.

Purification of phospholipids (PL) from the permeate
Direct purification of PL from the permeate was initially 

attempted using zinc chloride precipitation according to Hatta 
et al. (1988). However, preliminary trials indicated that, at 
concentrations of 2% or higher, the NaDOC used in Step 2 for 
separation of TG from the yolk pellet interfered with ZnCl2 
precipitation of PL. A solvent extraction procedure was there
fore investigated to separate NaDOC from the lipid fractions. 
Several solvents were investigated, including acetone, hexane, 
5% ethyl acetate in hexane, hexane:isopropanol (2:1), ethyl 
acetate:isopropanol (4:1), chloroform:methanol (3:1) and 
ethanohdichloromethane (1:3). The best combination involved 
the food use-approved solvents ethanol (EtOH) and dichloro- 
methane (CH2C12) at a volume ratio of 1:3 per volume of 
permeate to be extracted. Under those extraction conditions, 
more than 90% of the PL was extracted into the CH2C12 layer 
leaving almost all of the NaDOC in the alcohol layer (Table
4). After evaporating the CH2C12 and redissolving the crude 
PL in 95% EtOH, further purification of PL could then be 
achieved by ZnCl2 precipitation as previously reported by Hatta 
et al. (1988) and Von Glos and Boursnell (1981). Table 5 
shows the efficiency of ZnCl2 precipitation for purification of 
the crude PL obtained from CH2Cl2-EtOH extraction. The ZnCl2 
supernatant contained 65% of the yolk cholesterol. The pre
cipitate was washed with pre-cooled acetone, and found to 
contain 40-45% of the yolk PL which was of high purity based 
on TLC analysis (Fig. 3, lanes 3-4).

Emulsifying property of egg yolk after removal 
of water-soluble fraction

The emulsifying components in yolk are PL, lipoproteins 
and proteins. The emulsifying function of egg yolk pellet re
maining after removal of the water-soluble fraction for IgY 
recovery was determined by EAI in a model system, as well 
as by its ability to be used as an ingredient for mayonnaise 
preparation.

Using the model emulsion system of yolk solids and corn 
oil, the EAI of the treated egg yolk was slightly higher (P<0.01)
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than that of the control, untreated egg yolk, in the absence and 
presence of 2% salt (Table 6). The high EAI value of the 
treated egg yolk suggested that it would be a useful functional 
ingredient in food application. This was demonstrated in the 
preparation of mayonnaise. Due to removal of the water-sol
uble constituents, yolk pellet resuspended to the original yolk 
volume had a lower total solids content than the untreated yolk 
(0.38 vs 0.54 grams/mL, respectively). Mayonnaise prepared 
using resuspended yolk pellet according to the original may
onnaise formulation was too thin for consumer acceptance. 
However, the formulation was modified to compare use of the 
yolk samples on an equivalent solids basis. The consistency 
of the mayonnaise prepared from resuspended egg yolk pellet 
was thicker than that of the control mayonnaise prepared from 
untreated egg yolk. According to the consistometer measure
ments, mayonnaise prepared from resuspended yolk pellet flowed 
0.5 cm in 30 sec, compared to 5.3 cm for mayonnaise prepared 
from control untreated yolk. These results demonstrated the 
superior emulsifying functionality of the yolk pellet remaining 
after removal of the water-soluble fraction. Due to the higher 
EAI of the yolk pellet, as shown in Table 6, further modifi
cation of the mayonnaise formulation, by decreasing the quan
tity of yolk pellet, may be expected to produce mayonnaise 
with optimal consistency.

CONCLUSION
A PROCESS for step-wise recovery of protein and lipid com
ponents from egg yolk water-soluble and -insoluble fractions 
was proposed. It produced value-added products and retained 
high functionality in the remaining yolk solids which could be 
used as food ingredients. Since the use of organic solvents was 
deferred until after recovery of both water-soluble and -insol
uble proteins, this new process avoided the possibility of de- 
naturation of proteins by solvents. Therefore, water-soluble 
proteins such as the immunoglobulin fraction could be re
covered for exploitation of biological activity, and the remain
ing yolk pellet could continue to be used in traditional egg yolk 
applications. The pellet could be further fractionated to yield 
components such as proteins and triglycerides for use as food 
ingredients. Yolk lecithin could be used in food processing as 
an emulsifier or as a valuable component in preparation of 
liposomes for drug delivery systems or other medical uses.

GROUND CHICKEN MEAT. . .From page 1528_____

Any standards for fat content of ground chicken which might 
be written by a governmental agency and/or poultry industry 
representations should be designed to inform consumers of 
product composition and to encourage production of the high
est quality products possible. High quality may not necessarily 
indicate low fat. Our results suggest that levels of fat ap
proaching 20% could be incorporated without serious loss of 
yield or quality. Higher levels of fat might be useful for con
trolling product moisture content and texture.
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Emulsifying Salts Influence on Characteristics of Cheese 
Analogs from Calcium Caseinate

C. CAVALIER-SALOU and J.C. CHEFTEL

----------------------- A B S T R A C T ------------------------
Cheese analogs were prepared from calcium caseinate, butter oil and 
emulsifying sodium salts (ES). Increasing ES levels gave cheese an
alogs with higher pH, degree of casein dissociation and degree of fat 
emulsification than the control without ES. Firmness of cheese analogs 
first increased, then decreased when the ES level was increased from 
1 to 3%. Effects depended on the degree of polymerization of phos
phate salts. Sodium citrate (>1%) or Na2H P04 (>2%) made cheese 
analogs more able to melt upon reheating. Melting ability correlated 
with high pH, soft texture, high degree of casein dissociation and low 
degree of fat emulsification.

INTRODUCTION
MANY CHEESE ANALOGS have been prepared with ca
seinate as the sole or major protein source. According to Chen 
et al. (1979), the specific melting and rheological properties 
of such analogs reflect directly those of the constituent casein
ate^). Calcium caseinate was used to produce imitation Moz
zarella cheese (IMC) or imitation Cheddar (Wynn et al., 1978). 
Blends of sodium and calcium caseinates were successfully 
used to produce IMC suitable for pizza preparation (Petka, 
1976; Rule and Werstak, 1978; Rule et al., 1980). A mix of 
sodium and calcium caseinates was sold (Western Dairy Prod
ucts Co., trade name SAVORTONE 491 mix). A blend of 
potassium (25%) and sodium caseinates (75%) was also used 
(Kasik and Peterson, 1976).

Vegetable proteins were also used in partial or total replace
ment of caseinate. Chen et al. (1979) reported the effects of 
incorporating peanut protein isolate. A replacement level of 
40-50% gave adequate texture and melting properties. Lee and 
Marshall (1981) replaced sodium caseinate with native or boiled 
soy protein concentrate. The hardness and cohesiveness of the 
resulting curd were reduced. Scanning electron microscopy 
indicated that the curd containing boiled soy protein was more 
porus than the control curd or that containing native soy pro
tein. Nishiya et al. (1989a) recently showed that a 40% re
placement level of sodium caseinate by soy protein isolate 
(partly hydrolyzed by enzymes in IMC) improved the melting 
ability. IMC has also been prepared from lactic acid casein 
(from sodium caseinate) or from reconstituted calcium para- 
caseinate (from rennet casein, Nishiya et al., 1989b, 1989c). 
The cheese prepared from lactic acid casein showed good melt- 
ability, whereas IMC from calcium paracaseinate or from so
dium caseinate required sodium citrate for adequate meltability. 
Imitation cheeses may be prepared from pregelatinized or mod
ified high-amylose starch in partial replacement of caseinate 
(Zwiercan et al., 1986). A mixture of sodium caseinate, soy 
protein isolate and corn starch has also been used to prepare 
imitation cheeses (Lee and Son, 1985).

The texture, meltability, color and flavor of cheese analogs 
should be as close as possible to those of the original cheeses

Author Cheftel is with Laboratoire de Biochimie et Technologie 
Alimentaires, Centre de Génie et Technologie Alimentaires, 
Université de Montpellier // (Sciences et Techniques), Place Ba
taillon, 34095 Montpellier Cedex 5, France. Author CavaUer-Sa- 
lo u 's  p r e s e n t  a d d re ss : L abora to ire  de  R e c h e rc h e s  e t 
Développement, Union Laitière Normande, 50890 Condé sur Vire

(Siaspentas, 1978). The addition of emulsifying salts may be 
necessary to impart melting properties. In the manufacture of 
processed cheeses (which differ from cheese analogs in that 
cheese is added) emulsifying sodium salts are used to adjust 
final pH, to chelate and remove calcium ions from protein 
constituents. As a result, they also disperse, hydrate, and so
lubilize these protein constituents, which, in turn, enhance fat 
emulsification and emulsion stabilization. An appropriate 
structure is thus obtained after cooling (Carie et al., 1985). 
The effects of emulsifying salts on properties of cheese analogs 
are less clearly understood. Savello et al. (1989) recently con
cluded from studies of model cheese analogs prepared with 
acid or rennent casein that melting properties depended mainly 
on the type casein used and on the type and concentration of 
emulsifying salt. In cheese analogs from sodium caseinate, soy 
protein isolate, soybean oil and corn starch, the melting prop
erties were strongly influenced by proportions of lactic acid 
and disodium phosphate (Lee and Son, 1985). Hokes et al.
(1989) compared the performance of 12 samples of calcium 
caseinate and found the best cheese emulsions to depend on 
rapid swelling and particle disintegration plus pseudoplastic 
behavior over an extended range of shear rates.

In a previous study, we found it possible to prepare cheese 
analogs by extrusion-cooking of calcium caseinate and butter 
oil, with or without emulsifying salts. Using a 400-mm-long 
cooling die attached to the extruder outlet, continuous emul
sified and gelled cheese strips were obtained under the follow
ing conditions: barrel temperature: 80-120°C; screw speed: 
150-200 rpm; feed rate: 30 kg total w/hr; mean residence time: 
ca 2 min. Compared to batch-prepared cheeses of the same 
composition, the extruded cheese strips displayed a similar 
texture, but a somewhat lower degree of fat emulsification and 
a higher degree of casein dissociation. Addition of emulsifying 
salts (1% sodium citrate or 2% disodium hydrogen phosphate) 
in either batch or extruded cheese analogs increased the degree 
of fat emulsification and imparted melting properties (upon 
reheating at 230°C for 5 min) (Cavalier et al., 1990).

In our current study, cheese analogs were prepared batch- 
wise from calcium or sodium caseinate with or without differ
ent types and concentrations of emulsifying salts. Our objective 
was to determine the pH, texture, melting characteristics, de
gree of fat emulsification, degree of casein association/disso- 
ciation, and soluble calcium concentration of the resulting 
cheeses. Relationships between these properties and cheese 
composition were evaluated.

MATERIALS & METHODS
Materials

Calcium caseinate (95% dry solids; 93.6% total nitrogen; 0.3% 
nonprotein nitrogen; calcium content: 1.5-1.7 g/100 g dry solids; 
sodium content: 0.05 g/100 g dry solids; nitrogen solubility index: 
84% at pH 6 and 94% at pH 7), sodium caseinate (95% dry solids; 
92.9% total nitrogen; 0.5% nonprotein nitrogen; calcium content: 0.15 
g/100 g dry solids; sodium content: 1.4-1.7 g/100 g dry solids; ni
trogen solubility index: 97% at pH 6 and 99% at pH 7), and butter 
oil were made and donated by Union Laitière Normande (Condé sur 
Vire, France). The sodium “ emulsifying”  salts used were: disodium 
hydrogen phosphate (dihydrate) and sodium citrate (anhydrous) from 
Carlo Erba (Milan, Italy); sodium tripolyphosphate (anhydrous) from
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Fig. 1—Influence o f concentration o f emulsifying salts on pH  o f 
cheese analogs: (•) Disodium hydrogen phosphate; (k.) Tetra- 
sodium pyrophosphate; /■) Sodium  tripolyphosphate; I*) So 
dium polyphosphate; (A) Sodium  citrate.

Sigma (St. Louis, MO); sodium pyrophosphate (decahydrate) and so
dium polyphosphate (Graham salts) from Merck (Darmstadt, Ger
many). All chemical reagents were of analytical grade.

Batch preparation of cheese analogs

Cheese analogs were prepared in duplicate using a Stephan Cutter 
model S12 equipped with a jacketed bowl. The calcium or sodium 
caseinate powder (about 630 g) was heated to 85°C for 1 min, while 
mixing at 1500 rpm. Butter oil (400 g), preheated to 75°C, was added 
and mixed with caseinate at 3000 rpm for 1.5 min. The liquid phase, 
containing in some cases emulsifying salts or CaCl2, was heated to 
80°C before being added to the caseinate-butter oil mix. Emulsifica
tion was carried out at 80°C and 1500 rpm during 2 min. About 450 
g product was poured hot into 500-mL cylindrical polyethylene con
tainers, cooled at room temperature for 2 hr (final temperature: ca 
40°C) then stored at 4°C. Gelation took place upon cooling.

The reported concentration of emulsifying salts refers to each salt 
without its constitutive water molecules. The cheese analog formu
lation corresponds to a constant dry solids content of 50% and a 
constant fat/dry solids weight ratio of 0.4.

Analytical methods

Moisture content was determined by drying 5-g samples 24 hr at 
105°C. Determinations were made in triplicate. The coefficient of 
variation (CVt), including error due to preparation of samples, was 
0.5%. pH of samples was measured with a glass electrode for solid 
foods.

Cheese samples were equilibrated at 20°C before texture measure
ment. Firmness was determined as force in Newtons (N) at 3 cm 
penetration (diameter of probe: 8 mm; flat surface; speed of penetra
tion: 50 mm/min), using an Instron Universal Machine. Results are 
means of 5 or 6 determinations, and the CV, = 12%.

Melting characteristics were determined according to the method of 
Schreiber as described by Park et al. (1984), with some modifications 
of sample size. Cylindrical cheese samples (ht 5 mm, diam 30 mm) 
were heated in an oven at 230°C for 5 min. Diameter expansion was 
measured along four directions and calculated as means of the four 
directions for five melting tests. Nitrogen content was measured using 
the Kjeldahl method. Noncasein nitrogen (NCN) was determined on 
filtrate after mixing 12g of sample with 88g sodium acetate buffer (1 
M, pH 4.6), at room temperature.

Nonsedimentable nitrogen (NSN) was determined in duplicate on 
the supernatant from ultracentrifugation (300,000 x g , 1 hr, 20°C) of 
a dispersion of a 5-g cheese sample in 95 g distilled water (Ultra 
Turrax, 2 min., 20°C), according to Lee et al. (1979).

The degree of dissociation of caseins was defined as the ratio:

NSN-NCN _  NSN 
NT-NCN ~ NT

where TN is total nitrogen, and the value for NCN is negligible (<3%). 
This ratio represents the proportion of caseinate present as casein 
monomers or small oligomers. The CVt for cheese without emulsi
fying salt = 9%.

Electrophoresis of protein constituents

This was carried out in urea according to Andrews (1983), with 
slight modifications. The separating gel (12% acrylamide) contained
4.3 M urea and 0.3 M Tris-0.144 N HC1 buffer, pH 8.9. The stacking 
gel (4% acrylamide) contained 4.3 M urea and 0.062 M Tris-0.144 
N HC- buffer, pH 7.6. A 0.024 M Tris-0.19 M glycine buffer, pH
8.3, was used as electrode buffer. About 0.14 mL of the cheese 
dispersions prepared for the NSN test, before (dispersion A) or after 
(dispersion B) ultracentrifugation, was diluted with 0.5 mL of 8 M 
urea containing 2% 2-mercaptoethanol and brought to 1 mL with dis
tilled water (final protein concentration ca 2 mg/mL). Twenty p,L was 
pipetted onto the gel. Electrophoretic patterns from total cheese dis
persions (A) indicated the quantitative distribution of a s, 0 and k- 
caseins. Those from ultracentrifuged cheese dispersions indicated the 
proportions of each individual casein in the soluble monomeric plus 
oligomeric fraction. In the case of control a s, 0, or K-caseins, 20 pL 
of a dispersion containing 1 mg protein/mL was applied to the gel. 
Electrophoresis was first performed at 30 W for 10 min, then at 35 
W for 4 hr (15°C; 110 V/plate). Gels were stained with a solution of 
0.1% Coomassie brilliant blue R in acetic acid/ methanol/ water (10/ 
45/45 v/v) for 1 hr at room temperature. Destaining was by washing 
gels in 7.5% acetic acid in water. The stained bands were quantified 
with a Model GS 300 densitometer (Hoeffer Scientific Instruments, 
San Francisco, CA).

Calcium

The calcium content was determined in duplicate by atomic ab
sorption spectrophotometry using a Varian model AA6 apparatus. For 
total calcium determinations, 1 mL of cheese dispersion A was diluted 
with 40 mL of a 0.5M sodium citrate solution and with 10 mL of a 
0.36M lanthanum oxide dispersion in HCl 9N. This was brought to 
100 mL with distilled water (20°C). For “ soluble”  calcium determi
nations, 1 mL of ultracentrifugation supernatant (dispersion B), was 
treated in the same manner. Results were expressed as g soluble cal- 
cium/100g total calcium.

Degree of fat emulsification

This was determined by image analysis of scanning electron mi
crographs (SEM) of cheese samples, prepared according to Kalab and 
Modler (1985). A Data Sud system (Microscopy Center, University 
of Montpellier II) equipped with a high-resolution camera was used. 
Observations were made on the negatives of electron micrographs. 
The average diameter of fat droplets was measured in duplicate. The 
CVt for the cheese analog without emulsifying salt = 5.8%.

Statistical evaluations were carried out using the STATITCF (1987) 
software program from Institut Technique des Céréales et Fourrages, 
Paris.

RESULTS & DISCUSSION 
Influence on pH

The first series of cheese analogs was prepared from calcium 
caseinate. Effects of different concentrations of emulsifying 
salts (sodium salts) on final pH are shown in F ig .l. Increasing 
salt concentrations resulted in higher pH , except with sodium 
polyphosphates were the final pH was almost unchanged (from
6.1 to 6.0 or 5.9). Addition of 3g of Na2HPCV100 g final 
cheese analog increased pH from 6.1 to 6.4. However, 3% 
sodium citrate, sodium pyrophosphate or sodium tripolyphos
phate increased pH from 6.1 to 6.8, 7.0 or 6.9, respectively. 
Repeatability of these effects was checked for cheeses prepared 
with polyphosphate or Na2H P04 and found to be ± 0.1. The 
effect of each phosphate salt on pH of cheese analogs was as 
expected from the pH of a 1% (w/v) aqueous solution of the 
corresponding salt (Table 1). The pH changes illustrated by 
Fig. 1 may have been responsible for some of the effects ob
served in subsequent experiments.
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EMULSIFYING SALTS IN CHEESE ANALOGS. . .

Fig. 2 —Influence o f concentration o f emulsifying salts on firm
ness of cheese analogs. Firmness determ ined by penetration: 
(•) Disodium hydrogen phosphate; ( A )  Tetrasodium pyrophos
phate; (*) Sodium  tripolyphosphate; (*) Sodium  polyphos
phate; I A) Sodium  citrate.

Table 1 -  Characteristics o f  em ulsifying sodium  salts

pH»

S o lub ility11 
(g/100 m L H20 )  

(20°C)

C alciu m  
seq u esterin g  
p o w er (% )c

Na2H P 0 4 9.1 18 33
N34P 2O 7 10.2 10-12 47
N a5P 3O 10 9.3 14-15 82
(N a P 0 3)„ 6.0 ve ry  high 87
(G raham  salts) 
So d iu m 8.2 high 43

citrate
a as measured, 1% w/v aqueous solution (20°C). 
b according to Caric et al., 1985. 
c by solubilization of rennet casein (Heide, 1966)

Influence on firmness and melting properties
Addition of each of the emulsifying salts in a range 0 to 

0.5% w/w increased firmness, except with sodium citrate (Fig. 
2). At higher salt concentrations (1-3%), firmness decreased. 
The maximum increase in firmness was observed for phosphate 
salts with a high degree of polymerization at 0.5% w/w. These 
data are in agreement with those of Swiatek (1964), who stud
ied the effects of sodium citrate and phosphates on texture of 
processed cheese. Disodium phosphate and sodium citrate pro
duced similar soft cheeses, and cheese firmness increased with 
degree of phosphate polymerization.

The melting properties (upon reheating) are shown in Table
2. Sodium pyrophosphate, tripolyphosphate or polyphosphate 
did not induce heat-melting, in contrast to 1% sodium citrate 
or 2% disodium phosphate. Similar results have been reported 
for processed cheeses. Thomas et al. (1980) showed that di
sodium phosphate led to better melting properties than sodium 
pyrophosphate or tripolyphosphate. Gupta et al. (1984) re
ported that sodium citrate increased the melting ability better 
than sodium phosphates. In our study, firmness and melting 
ability were inversely related, since the cheese analogs with 
sodium citrate or disodium phosphate had both the softest tex
ture and the highest melting ability. Taneya et al. (1980) pre
pared a soft processed cheese that contained 43% moisture; 
27% fat, 1.5% sodium polyphosphate and 1% sodium citrate, 
which melted upon reheating. In contrast, a hard-type processed 
cheese obtained with 44% moisture, 26% fat, 2.2% sodium 
polyphosphate and no sodium citrate did not melt. Kalab et al.
(1987) studied the microstructure and texture properties of 
processed cheeses. A negative correlation was observed be-

Fig. 3 —Influence o f concentration o f emulsifying salts on m ean  
diameter o f fat droplets in cheese analogs. (•) Disodium hydro
gen phosphate; IA) Tetrasodium pyrophosphate; /■/ Sodium  
tripolyphosphate; (*) Sodium  polyphosphate; (A) Sodium  cit
rate.

Table 2 - tn f tu e n c e  o f  the concentration o f  em ulsifying sa lts  on m elting  
ability* o f  c h eese  analogs p rep a red  from calcium  casein a te

M elting d lam
g/1 0 0  g ch e e se (m m )

Na2H P 0 4 0 30.0  ± 0.0
0.25 30.2  ± 2.0
0.50 3 0 .4  ± 4 .8
1.00 32.8  ± 2 .7
2 . 00* 41 .4  ± 3.7
3 .00* 44 .8  ± 2.6

N34P 2O 7 0.25 to 2.00 30.0  ± 0.0
3.00 30.5  ± 2.5

N35P 3O 10 0.25 to 1.00 30.0  ± 0 .0
2.00 31.0  ± 4 .0
3.00 31.5  ± 5.0

(N a P 0 3)„ 0.25 to 3.00 30.0  ± 0.0

So d iu m  citrate 0.25 36.7  ± 8 .4
0.50 39.8  ± 10.0
1.00* 42.1 ± 4 .0
2 .00* 51.0  ±  3 .0
3 .00* 54.0  ±  2.1

8 mean sample diameter (mm) after heating (230°C; 5 min). Sample diameter before 
heating was 30 mm.

* significantly different from that prepared without emulsifying salt (p > 10%).

tween cheese fimness and the melted diameter after reheating 
at 140°C for 6 min.

In our cheese analogs, a soft texture appears necessary, but 
not always sufficient, in order to impart melting ability upon 
reheating. For example, cheese analogs prepared with 3% so
dium polyphosphate had a soft texture (firmness below 8N), 
but did not melt upon reheating. It is thus likely that the degree 
of fat emulsification, the degree of casein dissociation, and the 
pH of the cheese analogs also influence melting (dry solids 
and fat content remained constant).

Influence on degree of fat emulsification
The degree of fat emulsification was determined by scanning 

electron microscopy, and image analysis as indicated (Fig. 3). 
The addition of any of the emulsifying (sodium) salts in the 
concentration range 0.2- 3.0% resulted in a considerably smaller 
diameter of fat droplets. The maximum effect was obtained at 
a 0.5% salt concentration. The effect was dependent on type 
of salt, in the following decreasing order (at 1% salt concen
tration): tripolyphosphate > pyrophosphate =  polyphosphate 
> disodium hydrogen phosphate > sodium citrate. The emul-
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SALT CONCENTRATION ( xw/ w)
Fig. 4 - Influence o f concentration o f emulsifying salts on de
gree o f casein dissociation o f cheese analogs: (•) Disodium hy
drogen phosphate; (k) Tetrasodium pyrophosphate; (m) Sodium  
tripolyphosphate; (*) Sodium  polyphosphate; (A) Sodium  cit
rate.

sifying ability of these sodium salts in processed cheese sys
tems is well known. By chelating and removing calcium from 
protein constituents, these salts convert calcium paracaseinate 
into soluble dissociated sodium caseinate with fat emulsifying 
properties (Caric et al., 1985). This mechanism does not nec
essarily apply with cheese analogs. Less finely emulsified cheese 
analogs usually display better melting properties (Shimp, 1985). 
Rayan et al. (1980) reported an inverse relationship between 
fat emulsification and melting ability of processed cheese upon 
reheating, but no quantitative data were reported. According 
to Hokes (1982), close interactions between fat and the hydro- 
phobic zones of proteins may prevent melting.

The increasing degree of fat emulsification we observed when 
emulsifying (sodium) salts were added at 0 to 0.5% may in 
turn have been responsible for increasing firmness of cheese 
analogs. However, the decrease in firmness noted when con
centrations increased from 0.5 to 3% (Fig. 2) was not related 
to the diameter of fat droplets since this diameter remained 
constant above 0.5% emulsifying salt (Fig. 3). The lesser firm
ness may have been due to a looser protein matrix, as a result

of increasing pH and possible calcium release from protein 
constituents.

Influence on protein matrix
The degree of casein dissociation, as determined by the pro

portion of soluble caseinate not sedimentable by ultracentri
fugation, was near 50% in cheese analogs prepared without 
emulsifying salt (Fig. 4). Casein dissociation increased with 
both concentration of emulsifying salt and degree of polymer
ization of the phosphate salts. Note that increasing pH values, 
brought about by higher concentrations of the salts, may not 
fully account for the higher degree of casein dissociation. Con
trol cheese analogs adjusted to pH 6.4 or 6.6 with NaOH 
without emulsifying salt had lower degrees of casein dissocia
tion (55 or 75%) than those prepared with emulsifying salts at 
the same pH (>76 or >85%) (Fig. 4) Therefore it is likely 
that high degrees of casein dissociation-depend both on higher 
pH and calcium complexation caused by the emulsifying salts. 
Lee (1981) observed similar effects with processed cheeses 
from calcium paracaseinate. The degree of casein dissociation 
is probably related to the affinity of the emulsifying anion for 
calcium, since destruction of protein-calcium-protein interac
tions reduces aggregation. In our experiments, the degree of 
casein dissociation of cheese analogs containing 3% of any 
phosphate salt reached a maximum of 84-86% (Fig. 4). So
dium citrate always led to a higher degree of casein dissocia
tion than phosphate salts (at equal salt concentrations). Thus 
citrate appeared to chelate calcium ions effectively (in contrast 
to reports by von der Heide, 1966, Table 1).

Since the binding of calcium to caseinate depends on the 
degree of phosphorylation of the casein, the addition of dif
ferent calcium complexing salts may affect differently the sol
ubility of different caseins. The electrophoretic patterns of total 
cheese extracts (A), as determined in the presence of urea, 
were therefore compared (for analogs with different salts) to 
those of corresponding supernatants (B) from ultracentrifuged 
total cheese extracts (A) (Fig.5). The comparison showed that 
the soluble but sedimentable (300,000 x g ; 1 hr) casein aggre
gates (that probably depend on calcium-protein interactions) 
displayed the highest casein ratio when cheese analogs 
contained 1% sodium citrate or 0.5% tetrasodium pyrophos
phate.

We noted that K-casein gave a diffuse electrophoretic pat
tern, and that sodium tripolyphosphate caused insoluble protein

[ l G  P R O T E IN  

60-

a b c d •
Fig. 5 —Electrophoretic patterns o f soluble cheese extracts (PAGE, urea, mercaptoethanol). Expressed as ¡xg protein/ 100 gg protein 
in total soluble cheese extracts. Densitometry carried out after staining with Coomassie brilliant blue R. □ Total soluble cheese extract; 
■ Supernatant after ultracentrifugation (300,000 x & 1 hr) o f soluble cheese extracts, (a) 1% sodium citrate;-(b) 0.5 disodium hyrdogen 
phosphate; (c) 0.5% tetrasodium pyrophosphate; (d) 0.5% sodium  tripolyphosphate; (e) 0.5% sodium polyphosphate.
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EMULSIFYING SALTS IN CHEESE ANALOGS. . .

Fig. 6 —Influence o f concentration o f emulsifying salts on sol
uble calcium content o f cheese analogs: (•) Disodium hydrogen 
phosphate; (k) Tetrasodium pyrophosphate; (•) Sodium  tripo
lyphosphate; (*) Sodium  polyphosphate; (A) Sodium  citrate.

D E G R E E  
O F  C A S E IN  

D IS S O C IA T IO N

( * >  F IR M N E S S  ( N e w t o r  )

Fig. 7—Influence o f concentration o f C ad2 on firmness, pH  and 
degree o f casein dissociation o f cheese analogs prepared from 
sodium caseinate: ft) firmness IN); (*) pH; (•) degree o f casein 
dissociation (%).

fractions to remain in the stacking gel. In spite of those dif
ficulties, the degree of casein dissociation could be calculated 
from the electrophoretic patterns of Fig. 5. The values thus 
obtained, 80% (a), 49% (b), 70% (c), 75% (d), 79% (e) were 
quite similar to those determined through total protein solu
bility (Fig. 4).

Influence on soluble calcium
The proportion of calcium that was not sedimented after 

ultracentrifugation (300,000 xg , 1 hr) was high (90-94%) with 
the analog prepared without emulsifying salt. The addition of 
most phosphate emulsifying salts (except polyphosphate) de
creased the proportion of soluble calcium. However, this de
pended on the type and concentration of emulsifying salt (Fig.
6). The decrease in soluble calcium was observed over the salt 
concentration range (0.5-3.0%) with sodium monophosphate 
or sodium pyrophosphate and to a lesser extent with sodium 
tripolyphosphate. In contrast, the proportion of soluble calcium 
remained high (85-100%) at all concentrations of sodium po
lyphosphate or sodium citrate.

Table 3 - Calcium and sodium  concen trations’ an d  m elting ability*' o f  
ch eese  analogs p rep a red  from calcium casein a te or from  sodium  casein- 
a te  with or w ithou t em ulsifying sa lts  or CaCI2__________________________

C o m p osition C a 3 Na3
Ca/Na

(m olar ratio)
Melting
ability6

C alciu m  case in ate 11.7 2.3 5.08 -
C alciu m  case in ate  + 
1%  so d iu m  citrate

11.7 14.0 0.83 +

C alciu m  ca se in ate  + 
2 %  N a2H P 0 4

11.7 16.3 0.72 +

So d iu m  case in ate 1.12 20.0 0.06 +
So d iu m  case in ate  + 
0 .5%  C aC I2

5.62 20.0 0.28 +

So d iu m  case in ate  + 
1 %  C aC I2

10.1 20.0 0.51 +

So d iu m  case in ate  + 
2 %  C aC I2

19.1 20.0 0.95
'

3 as expressed in mmole of Ca or Na/100 g cheese analog. 
b melting ability measured at 230°C for 5 min. + = melts.

These results are tentatively interpreted as follows. In the 
cheese analog prepared wi:hout emulsifying salt, the high pro
portion of soluble calcium may have been due to soluble cal
cium salts (or dissociated ions) and to calcium bound to soluble 
(i.e., nonsedimentable) protein constituents. In the presence 
of sodium polyphosphate or sodium citrate, additional calcium 
may have been converted into soluble calcium salts. The amount 
of calcium bound to soluble protein constituents may have also 
increased since the degree of casein dissociation was found to 
increase (Fig. 4). New calcium salts may have also formed 
and bound to protein constituents without insolubilizing them. 
In the presence of sodium mono- and pyrophosphates, insol
uble calcium phosphates may have been formed.

The calcium content of the cheese analogs can be calculated 
from that of the calcium caseinate, 0.45g (11.2 mmole)/100g 
cheese analog. When added at 1% (w/w) the content of the 
various emulsifying salts was 3.9 mmole (citrate), 7.0 mmole 
(disodium hydrogen phosphate), 3.7 mmole (sodium pyro
phosphate) and 2.4 mmole (sodium tripolyphosphate)/100g 
cheese analog.

Characteristics of cheese analogs from sodium caseinate 
with or without calcium chloride

When the cheese analog was prepared from sodium casein
ate in place of calcium caseinate, the following characteristics 
were noted: higher pH (6.7 vs 6.1); lower firmness (4 N vs
9.2 N); higher degree of fat emulsification (avg diam of fat 
droplets: 0.64 p.m vs 1.37 p.m); higher degree of casein dis
sociation (88% vs 50%); melting ability (Fig. 7 and 8).

Cheese analogs were also prepared from sodium caseinate 
in the presence of increasing concentrations of CaCl2 (0.5- 
3%, corresponding to 4.5-27 mmole Ca/lOOg cheese analog). 
The resulting characteristics are shown in Fig. 7 and 8. Firm
ness increased with CaCl2 concentration (4N to 12N). This 
increase may have been cue to the corresponding decrease in 
pH (from 6.75 to 6.0). However, the firmness of cheese an
alogs prepared from sodium caseinate with pH adjustment 
without addition of CaCl2 did not vary as extensively (from
4.0 ± 0.5 Newtons at pH 6.75 to 6.0 ± 0.4 Newtons at pH 
6.25).

Increasing concentrations of CaCl2 caused lower degrees of 
casein dissociation (Fig. 7). This was probably due to protein- 
calcium interactions. In parallel, increasing concentrations of 
CaCl2 from 0 to 1% resulted in a higher degree of fat emul
sification (Fig. 8). Since the degree of casein dissociation re
mained constant and the pH was somewhat decreased, the degree 
of fat emulsification seemed related to an optimal Ca/ Na ratio. 
At higher CaCl2 concentrations (1-3%), the degree of fat emul
sification decreased, probably because the emulsifying prop
erties of caseinate were reduced at lower caseinate solubility. 
However its solubility remained higher than in the cheese an-
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Table 4—Correlations between melting ability and other characteristics
of cheese analogs8 prepared from calcium caseinate

F irm n e ss
D eg ree of fat 

em ulsification

D eg ree  of 
case in  

d isso c ia tio n

Proportion  
of so lu b le  

calc iu m pH
N a2HPO„ 
rb= - 0 ,7 9 - 0 ,8 0 0 ,98* - 0 ,2 5 0 ,98*
So d iu m  citrate  
rb= - 0 ,9 5 * - 0 ,9 8 * 0 ,98* 0,74 0 ,95*

a Cheese analogs prepared with 0-3% disodium hydrogen phosphate or with 0-3% 
sodium citrate; dry solids: 50%; fat content: 40% dry basis. 

b r = linear correlation coefficient
*p$0.01

M E LT IN G  
D IA M E T ER  

( MM )

D IA M E T E R  
O F  F A T  

D R O P L E T S  

(HM)

Fig. 8 - ln f/u e n ce  o f  concentra tion  o f  CaCI2 on d iam eter o f  fat 
drop lets an d  m elting  ab ility o f  ch ee se  analogs p rep a red  from  
sod ium  ca se in a te : (*) d iam eter o f  fat d rop lets (pm ); (k) m elting  
diam eter (mm).

alog prepared from calcium caseinate (without emulsifying salt) 
(Fig. 3).

The high melting ability of the cheese analog prepared with 
sodium caseinate remained unchanged when 0.5 or 1% CaCl2 
was added (Fig. 8). However, the melting ability was lost 
when 2% of CaCl2 (or more) was added (19 mmole Ca/lOOg 
cheese, Ca/Na molar ratio of 0.95, Table 3). The Ca/Na molar 
ratio at which the melting ability was lost was > 0.95 for the 
cheese analogs prepared from sodium caseinate > 0.83 for 
those from calcium caseinate. These two types of analogs were 
also similar with respect to firmness, pH, and degree of casein 
dissociation, but not to degree of fat emulsification or sticki
ness. The cheese analogs prepared from sodium caseinate were 
unacceptably sticky, but this diminished upon addition of 1% 
CaCl2.

Table 5-Linear regression coefficients (r) between different characteris
tics of cheese analogs*  prepared from calcium caseinate and sodium
citrate

D eg ree D eg ree
of case in of fat Proportion
d isso c ia - em ulsifi- of so lu b le M elting

F irm n e ss tion cation calc iu m pH ability
F irm n e ss 1.00
D eg ree  of 
case in

0 .9 7 ** 1.00

d issoc iatio n  
D eg ree  of fat 0 .9 2 ** - 0 .9 8 * * 1.00
em ulsification  
Proportion of 
so lu b le  ca lc iu m

0.80 0 .84* 0.79 1.00

pH 0 .9 2 ** 0 .9 8 ** 0 .9 8 ** 0 .89* 1.00
Melting
ability

- 0 .9 5 * * 0 .9 7 ** - 0 .9 8 * * 0.74 0 .9 5 ** 1.00

a Cheese analogs prepared with 0-3% sodium citrate; dry solids: 50%; fat content: 
40% dry basis.

* p$.05 
** ps.01

logs prepared from calcium caseinate can be used as an ex
ample. Since firmness, degree of casein dissociation, degree 
of fat emulsification and pH highly correlated, and since sol
uble calcium correlated with degree of casein dissociation, and 
pH (Table 5), possibly we could assume the following cause- 
and-effect relationships:

sodium citra te ----------►proportion of soluble calcium

i
pH ---------------------- ►degree of casein --------------- ►degree of fat

dissociation emulsification

*---------------------------►firmness <-----------------------------------

Such a scheme is applicable also for disodium hydrogen 
phosphate, but no significant correlation was found between 
proportion of soluble calcium and degree of casein dissocia
tion. With other emulsifying salts, the relationships were less 
clear. The only significant correlation concerned the degree of 
casein dissociation and the degree of fat emulsification (r>0.83). 
These various relationships did not apply to the cheese analogs 
prepared from sodium caseinate.

Savello et al. (1988) have shown that the melting ability of 
a model cheese analog was affected both by type and concen
tration of emulsifying salt and by the nature of casein used. 
Fleming et al. (1985) analyzed two commercial calcium cas
einates and found they varied in calcium, y-casein and free 
amino group content, water absorption capacity and stability 
to added calcium. It is therefore likely that such commercial 
caseinates would also behave differently when used for the 
manufacture of cheese analogs.

Correlation between melting ability and other 
characteristics

The main characteristics of the cheese analogs from calcium 
caseinate were analyzed statistically for possible correlations 
among those characteristics and between some characteristics 
and type/ concentration of emulsifying salt. Melting ability 
highly correlated (|r| =  0.98) with degree of casein dissociation 
(Table 4) and pH of the analogs (|r| =0.95). In addition, melt
ing ability negatively correlated with firmness (|r| >0.79) and 
degree of fat emulsification (|r|>0.80). As previously dis
cussed, the comparison of cheese analogs from calcium casein
ate (with or without sodium emulsifying salts) and from sodium 
caseinate (with CaCl2 added) indicated that the melting ability 
also depended on a low Ca2+/Na+ molecular ratio (ca 0.95).

Addition of sodium citrate (0.25-3%, w/w) to cheese ana-

CONCLUSIONS
CHEESE ANALOGS prepared from calcium caseinate were 
able tc melt upon reheating, provided they contained sodium 
citrate (1%) or disodium hydrogen phosphate (2%). This melt
ing ability appeared to be linked to high pH, high degree of 
casein dissociation, relatively low degree of fat emulsification, 
and consequently low firmness. Such cheese analogs could be 
used for pizza, hot sandwiches, hamburgers or pasta and other 
cheese-containing dishes.
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Average NaCI Concentration in Cheese for Different Volume 
Ratios of Brine and Solid during Salting

SUSANA E. ZORRILLA and AMELIA C. RUBIOLO

----------------------- A B S T R A C T ------------------------
Fick’s second law for unsteady-state, one-dimensional diffusion in 
solid media from a well stirred solution of limited volume was used 
to develop mathematical equations for modeling the mass transfer of 
NaCI in cheeses during salting. A computational method was em
ployed to solve the equations and analyze the suitable conditions for 
salt penetration in finite cylindrical cheeses. Various volume ratios of 
solution and solid were considered to determine the variation of NaCI 
concentration in cheeses. Experimental results were predicted by the 
proposed mathematical model with less than 1 0 % error.
Key Words: sodium chloride, brine, cheese, volume-ratio, solids

INTRODUCTION
THE DIFFUSION and distribution of salt during brining and 
ripening are important processes in cheese production. The 
effect of salt on cheese composition has been thoroughly stud
ied. Geurts et al. (1974, 1980) analyzed the total salt uptake 
for several kinds of orined cheeses under different conditions. 
Guinee and Fox (1986a,b) studied the effect of geometry on 
the movement of sodium chloride during brining. They re
ported how salt absorption changed with fermentation of re
sidual lactose, proteolysis and lipolysis of milk proteins and 
fats.

Although an appropriate ratio of the volume of the NaCI 
solution and cheese is desirable for reducing salting time and 
processing cost, the expression for a quantitative balance has 
not yet been established. Equations to determine NaCI con
centration in cheeses have been presented for an infinite brine 
volume. Average salt concentration is used to indicate the con
centration value in the cheese after uniform distribution. The 
average salt content vs time changes for different volume ratios 
of solution and solid during brining. Our objective was to 
develop equations to show the necessary brining time to reach 
a desired average salt concentration after defining the design 
variables. Conditions for a suitable volume of brine were ob
tained using computational calculus. Experiments were carried 
out after selecting the required conditions in order to test the 
predicted values.

THEORY

THE CHEESE was assumed to be a finite cylinder of radius r and 
height h immersed in a NaCI solution of limited volume which oc
cupied the space of radius R and height H. The mathematical solutions 
were obtained after considering constant NaCI diffusion coefficient D 
and uniform initial NaCI concentration in the cheese (roughly zero), 
and uniform NaCI concentration CD in the solution.

The solution of the partial differential equation for a finite body 
can be obtained as a “ product-type solution”  for certain types of 
initial and boundary conditions (Carslaw and Jaeger, 1959). The prod
uct of the one-variable infinite solutions, expressed as concentration 
fractions that still can be taken up, can be shown to satisfy the dif

ferential equation and conditions for the diffusion of solutes in a finite 
cylinder from a stirred solution of limited volume. That is, it is nec
essary to study the solutions for infinite solids associated with this 
type of geometry.

The solutions for diffusion in an infinite solid from a stirred solution 
of limited volume were given by Crank (1975). The infinite cylinder 
solution expressing the total amount of solute M, in the solid at time 
t as a fraction of Mx, the corresponding quantity after infinite time, 
is

K_ _  _ y  4ot(l-fot)
Mx n=i 4 t 4oíT ot2q2

exp ( - D  qj t/r2)

The q„’s are the nonzero positive roots of

a q„ U(q„) + 2 Ji(qn) = 0

(1)

(2)

where J0 (x) and J^x) are the Bessel functions of the first kind of zero 
order and first order, respectively, a  is the volume ratio of solution 
and solid. Considering a partition factor K between solute in the cyl
inder in equilibrium with the solute in the solution, a  is defined as

a  =
R2  -  r2 

r2 K (3)

Similarly, the solution for the infinite slab is:

^  = 1 
M. 2  eXP ( “  4  D Pn t/h2)n-1 1 + P + P2p2

where pn’s are the nonzero positive roots of 

tan (Pn) = -  P Pn

(4)

(5)
p, the volume ratio of solution and slab including K, is defined as

P =
H -  h 

h K (6)

The solution for finite cylinder (fc) geometry is obtained as the product 
of infinite cylinder (c) and infinite slab (s) solutions in the appropriate 
arrangement that satisfies the conditions of “ product type solutions” 
(Schwartzberg, 1980):

(7)

The volume ratio of solution and solid for finite cylinder geometry 
considering K can be defined as:

HR2  -  hr2 

h r2K (8)

a  and p must be obtained from 7  for the finite case. In order to 
simulate the pure radial diffusion, the plane surfaces of the cylinder 
are supposedly impermeable. In this case, the cylinder and solution 
heights are not infinite and a  = 7 . Similarly, if the cylindrical surface 
is supposedly impermeable, the diffusion takes place in the flat sides 
and neither r nor R are infinite, then P = 7 . Eq. (7) can be written 
as

Authors Zorrilla and Rublolo are with Instituto de Desarrollo 
Tecnológico para la Industria Química (INTEC), Consejo Na
cional de Investigacicnes Científicas y Técnicas (CONICET), Uni
versidad Nacional del Litoral (U.N.L.), Güemes 3450, Casilla de 
correo No. 91, 3000-Santa Fe, República Argentina

M.
M,

= 1 (l1ïS ^ exp(-Dq"t/r2))4 + 4 7  + 72q2 

27(1+7)( í  y + 7 + 72Pn
exp( -  4Dp2 t/h2) (9)
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Table 1 -  Initial com position  o f  c h e e s e s

C o m p o n en t
A verag e  va lue  

(%  w/w) S D
Protein 30.156 0.076
Fat 17.461 0.271
M oisture 49.355 0.010
NaCl - -

Fig. 1 -S c h e m a tic  o f salting device.

Total M./M, can be obtained using Eq. (2), Eq. (5), Eq. (8 ), and Eq.
(9)-

Although M, is a very common reference for expresssing the re
sults, the effects of changing the solution volume is immediate and 
easily observed using a constant reference value as C0. M, can be 
expressed in terms of 7 , CD, and the volume of solution, using a mass 
balance. For finite cylinder geometry the following equation is ob
tained:

M,
it (HR2 - h r 2) C0

1+ y

M, in the cylinder after time t is expressed as:

(10)

Table 2 - E xperim enta l data o f  X „  C „ W  at d ifferen t tim es (Rv= 5)

A ssa y
Salting

tim e(hr) X,(g/L) W (% w /w ) C„(g/L)
1 8 19.07 47.85 250.40
2 10 19.48 47.52 246.92
3 12 21.78 47.61 244.50
4 14 23.03 46.76 254.18
5 16 27.69 46.87 254.98
6 18 29.42 46.80 253.83

Table 3 -  
<Rv=E)

C orrected exp er im en ta l data o f  X , a n d  C 0 a t d ifferen t tim es

A s s a y
Salting

tlm e(hr) X,(g/L) C 0(g/L)
1 8 19.67 230.31
2 10 20.23 227.11
3 12 22.58 224.88
4 14 24.30 233.79
5 16 29.15 234.52
6 18 31.03 233.47

M ATERIALS & METHODS
FYMBO CHEESES used in the experimental assays were from a 
commercial factory before salting and transported to the laboratory in 
a plastic vacuum bag. The cylindrical cheese (7.5 cm radius x 7 cm 
height) was cut with a sharp cutting edge of a cylindrical mold, to 
obtain the uniform central part of 6  cm radius and 6  cm height. Several 
cheese samples were taken to determine the initial composition. These 
results are shown in Table 1.

The cheeses were brined at different times using a 20% NaCl so
lution, at 12°C and 8 8 % relative humidity, with 0.55% Ca and pH 5 
(Geurts et al., 1974). The brine volume was 5 x larger than the cheese 
volume in order to be in agreement with characteristic parameters for 
semi-hard cheeses (D = 3.024 10- 6  cm2/sec, K = 0.427, X , = 85.842 
g/L, W . =38.08%) given by De Piante et al. (1989); an analogous 
value of a diffusion coefficient for moisture in cheese was obtained 
from Geurts et al. (1974) for the same cheese moisture and fat content. 
Agitation was provided by an air diffuser. The cheese arrangement in 
the solution is shown in Fig. 1.

Each cheese was taken out of the salting solution after a specified 
time, dried with paper and assayed for NaCl and moisture content. 
NaCl content was estimated by Cl" titration (Fox, 1963) with an 
automatic titrator (Mettler DL 40RC). Moisture content W was de
termined using a CEM microwave oven. Protein was determined (N 
x 6.38) with a Buchi 430-322 apparatus and fat content was estimated 
using the Standard International Dairy Federation method (SA:1961).

RESULTS & DISCUSSION
EXPERIMENTAL RESULTS are shown in Table 2. Due to 
the water movement out at the same time that salt penetrates 
into cheese, resulting in a net weight loss, a correction of X, 
values was considered by calculating the salt concentration at 
the initial moisture content W0. C0 was also readjusted to an 
apparent concentration when the dilution effect of the out com
ing water was included. This correction was done using W0 
and W . to estimate the water volume added to the solution for 
cheese water loss. The corrected X, and C0 are given in Table
3.

In order to handle a simpler parameter than -y, it is conve
nient to use Rv, the volume ratio of solution and cylinder 
without considering K, therefore y  = Rv/K.

The percent deviation was estimated with:

SD
% deviation = —~  x 100

M, = ir r2h X, (11) where the standard deviation on the model SDm is
where X, is the average NaCl concentration in the cheese. The ratio 
of X, and CQ is finally obtained using Eq. (8 ), Eq. (10), and Eq. (11).

X, _  M, yK 
C„ "  M. (1+7)

(12) SD„ =
2 (y - Yt)2

N — 1
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AVERAGE N a d  CONCENTRATION IN CHEESE. . .

Fig. 2 - Experimental and theoretical values o f total XJCa at dif
ferent tim es (Rv= 5).

Fig. 3 —Experimental and theoretical values o f total M JM , at 
different times (Rv= 5).

t ( h r  )

Fig, 4 - Effect of  Rv on the relation XJC<,

Y is the experimental value, Yt is the theoretical value, and 
N is the number of points considered.

Figure 2 shows the results of measuring X,/C0 for C0 given 
in Table 2 and 3 and the theoretical values predicted by the 
mathematical model for Rv= 5. In the range analyzed the 
average percent deviation was 14.2% for CQ without correction 
and 7.70% when C0 was corrected. Although the first case had

Fig. 5 -R a d ia l and plane diffusion contributions to the finite cyl
inder concentration (Rv= 5).

a higher average percent deviation, it is useful when concen
tration values at infinite time are not available and only initial 
concentration of solution is known. The relation Mt/M„ vs t is 
shown in Fig. 3. The average percent deviation was 6.7%. 
Neither Mt nor M* have been corrected because these variables 
were associated with the same correction for the water move
ment out.

The equations were evaluated by a computational method. 
The relation Xt/C0 vs t was plotted for many volume ratios of 
solution and solid. Figure 4 shows that, for a given time, after 
a certain Rv the salt concentration in the cheese did not in
crease. In that case, the increment in the concentration ratio 
X,/CD was small while the volume ratio increased. Thus an 
increase of Rv would not always be convenient for the process 
cost. It is still possible to achieve a degree of equilibrium 
between process cost and desirable salting values. If R v=  5 
is considered infinite, the error in the calculations was not 
appreciable, because the curves for Rv greater than 5 were 
near each other. Figure 5 shows the radial and plane contri
bution to the total amount of the incorporated salt for Rv = 5.

CONCLUSIONS
THE OPERATING CONDITIONS for salting may be obtained 
quickly with this mathematical model, giving the appropriate 
volume of brine and the time to reach the desired salt concen
tration. This mathematical formulation showed that the total 
salt uptake was only dependent on Rv and total solid volume. 
The fitting of equations to experimental data was acceptable. 
A useful relation for easy estimation of the average NaCl con
centration in cheese is given by the ratio X,/C0. Results may 
be estimated even when C0 cannot be corrected taking account 
of water loss during salting. However, larger average percent 
deviation is then obtained. X,/C0 may be estimated reducing 
the average percent deviation to about 7% when experimental 
data at infinite time are available. These data must be known
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to estimate In that case, the average percent deviation
is 6.7%.

NOM ENCLATURE
C NaCl concentration in the solution, g/L
D diffusion coefficient, sq cm/sec
h height of the cheese, cm
H height of the solution, cm
J0 Bessel function of zero order
Jj Bessel function of first order
K partition coefficient
M mass of the solute in the cheese, g
N number of experimental data points
p nonzero root of Eq. (5)
q nonzero root of Eq. (2)
r radius of the cheese, cm
R radius of the solution, cm
Rv volume ratio of solution and cylinder
SD standard deviation
SDm standard deviation on the model
t time, sec
W moisture content of the cheese, % w/w
X average NaCl concentration in the cheese, g/L
Y experimental values
Yt theoretical values
a  relation defined by Eq. (3)
(3 relation defined by Eq. (6)
y  relation defined by Eq. (8)
Sub indices 
o initial

c infinite cylinder
fc finite cylinder
n series terms
s infinite slab
t at tine t
® at infinite time
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Sodium Caseinate from Skim Milk Powder by Extrusion 
Processing: Physicochemical and Functional Properties

V.L. BARRAQUIO and F.R. VAN DE VOORT

----------------------- A B S T R A C T ------------------------
Sodium caseinate produced on a pilot-plant-scale directly from skim 
milk powder (SMP) with two-step extrusion process was compared to 
a commercial product and a sodium caseinate prepared from com
mercial acid casein by extrusion-processing. The products were com
pared in terms of physicochemical properties and functional properties, 
as well as microbiological quality. Although differences existed be
tween the caseinates, overall, those produced from SMP by extrusion 
appeared comparable to commercial caseinate. Results indicate that a 
good-quality sodium caseinate with the requisite properties normally 
associated with commercial sodium caseinate could be produced di
rectly from SMP by extrusion-processing.

INTRODUCTION
FARM MILK overproduction has been a recurrent problem in 
Canada, the United States and the European Economic Com
munity. Much of this milk goes into the manufacture of skim 
milk powder (SMP). When the world SMP supply is in excess, 
competition to market the surplus results in depressed prices. 
A study of the Canadian situation when skim milk was in 
surplus indicated that revenue losses incurred by subsidized 
SMP being sold in the export market could be cut by diverting 
SMP into the production of value-added casein and sodium 
caseinate (Canadian Dairy Commission, 1983), products pres
ently not manufactured in Canada. Traditionally, acid casein 
has been produced by acidification, curd formation, washing 
and drying (Morr, 1985a). Sodium caseinate may then be pro
duced by neutralization after washing the curd or using dried 
acid casein as the starting material. Although acid casein and 
caseinate production are well established technologies, Canada 
does not have processing facilities for the manufacture of these 
products and the capital investment and fluid milk throughput 
required is considered too great to consider developing such 
facilities.

Extrusion processing was conceived as a means of producing 
acid casein and sodium caseinate on demand directly from 
SMP as the starting material rather than fluid milk. As a con
tinuous reactor based on a screw pump, an extruder conveys, 
mixes, and can subject a feed material to heat and/or pressure 
before being discharged through a die (Harper, 1981; Fichtali 
and van de Voort, 1989). Since our initial development trials 
for producing an acid casein (Barraquino et al., 1988), our 
research group has worked extensively on the development of 
a complete extrusion based process, first to produce an acid 
casein, followed by washing the curd and then a second ex
trusion step to neutralize the acid casein to produce sodium 
caseinate. Acid casein conversion to sodium caseinate using 
extrusion has been studied (Millauer et al. 1984; Boulle, 1986, 
1987; Linko et al., 1986) and is used commercially. However, 
the concept of using SMP as a starting material and converting
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Research Institute, University o f the Philippines at Los Banos, 
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it to sodium caseinate is new. The production of caseinates 
from SMP differs substantially from the fluid milk process and 
required substantial investigation to characterize and optimize 
the physicochemical characteristics of the curd, yield, washing 
efficiency, and physicochemical and functional properties of 
the final product. Our objective was to determine the physi
cochemical and functional properties of sodium caseinate pre
pared from SMP by extrusion-processing relative to commer
cially available sodium caseinate.

M ATERIALS & METHODS
Processing

Coagulation of SMP. Commercial low-heat SMP (Crino Ltd. 
Agropur, Quebec) was used as the starting material and had the fol
lowing proximate composition: 30.6% protein, 54% lactose, 0.8% 
fat, 7.8% ash, and 4.5% moisture. Coagulation of SMP was carried 
out with a Baker-Perkins MPF-50D (Baker Perkins F.E.S., Inc., Grand 
Rapids, MI) co-rotating intermeshing twin-screw extruder by pumping 
dilute reagent grade HC1 into the barrel to mix with the incoming dry 
SMP. The coagulation process took place in the barrel by controlling 
the mixing and residence time to ensure the reaction was complete by 
the time the product exited from the die. No restrictive die insert was 
used in the acidulation process with the extruder barrel configured in 
a 15:1 L/D ratio with a screw profile designed to obtain a good balance 
between conveying and mixing action. Screw speed was set at 100 
rpm with barrel temperature at 55°C resulting in a product temperature 
of 46.5 ± 1.0°C at screw speed 100 rpm. A complete description of 
acid casein production by extrusion has been reported by Fichtali and 
van de Voort (1990a). Two batches of acid casein were produced 
from skim milk powder, ESMP1 and ESMP2, both proceded at a feed 
rate of 15 kg/hr with acid delivered at a flow rate of 45 L/hr. The 
resulting acid casein output was ~25% solids and had pH’s of 4.56 
and 4.31 for ESMP1 AND ESMP2, respectively.

Washing and dewatering. The extruded coagulum was washed in 
a 100-L temperature-controlled tank fitted with a variable speed pro
peller. Four washing stages were used, each with a wash water ratio 
of 4:1 (watencoagulum), using water at the same pH as used for 
coagulation, stirring at 200 rpm, average residence time 20 min. The 
wash water temperature was 45°C for the first and last washes and 
60°C for the second and third. For dewatering ESMP1, conventional 
screening (100 mesh) was used and a basket centrifuge (Model STM- 
1000, Western States Machine Co., Hamilton OH) was used for de- 
wheying and dewatering ESMP2. The centrifuge was connected to 
the washing tank using a variable-speed positive displacement pump 
(Albin, Atlanta GA, Model 107SLP) and the centrifuge was run at 
911 x g  for the first 3 washing stages and 1615 x g  for the last 
stage. Details concerning the washing procedure and its effects were 
reported by Fichtali and van de Voort (1990b).

Neutralization of acid casein. The dewatered curd (50-60% mois
ture) was ground and used as feed for the second extrusion step where 
it was mixed with NaOH at 2.5 to 2.8% by weight of casein solids 
entering the extruder, run at 95°C and 100 rpm to neutralize ESMP1 
and ESMP2 to produce an end product with 70% moisture. In addi
tion, dry commercial acid casein, obtained from Alacid, New Zea
land, was also processed in a similar fashion. However, as it was a 
dry powder, the extruder was run at 150 rpm and a product with lower 
moisture content was produced (29%), subsequently referred to as 
extruded commercial acid casein (ECAC).

Spray drying. Due to atomizer limitations brought about by the 
high viscosities encountered, drying was carried out at 13% solids 
rather than the 20% normally used in industrial practice. The extruded 
sodium caseinate solution were maintained at 80°C in a 50-L agitated 
tank and pumped to a Niro spray dryer at 32 L/hr, operating with inlet
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SMP

Fig. 1 — P la n t la y o u t  c o n c e p t  fo r  c a s e in a te  p r o d u c t io n  u s in g  e x 
tru s io n  te c h n o lo g y . (1) e x tr u d e r , (2) h o ld in g  ta n k , (3) w a s h in g  
tan k , (4) in c l in d e d  s c r e e n  fo r  s e p a r a t io n , (5) a g ita to r , (6 ) s p r a y  
d ry e r , (7) p u m p , (8 ) s u p p ly  ta n k  fo r  HCI s o lu tio n , (9) s u p p ly  ta n k  
fo r  N a O H  s o lu tio n , (10) c o n tr o l  p a n e l .

195°C and 87°C. A schematic flow diagram of the complete process 
for the production of acid casein and sodium caseinate on an industrial 
scale is presented in Fig. 1.

Physicochemical analyses

Protein (micro-Kjeldahl), moisture, fat and ash were determined 
using standard AOAC (1984) procedures. Bulk density was deter
mined by the method reported by Kinsella (1984) and sedimentable 
matter by the method described by Roeper (1977). Sample preparation 
for mineral analyses was carried out by wet digestion (AOAC, 1984) 
and mineral analysis performed using a Perkin Elmer 2380 atomic 
absorption spectrophotometer. Lactose analysis was carried out by the 
ISO (1980) method and pH measurements were made using an HI 
8417 pH meter. Buffering capacity of proteins was measured using 
the method of Morr et al. (1973) and SDS-PAGE electrophoresis was 
performed according to the method of Weber and Osborn (1969).

Scanning electron microscopy (SEM) was carried out using a Cam
bridge Stereoscan 600 (Cambridge Instruments, England) at 15 kilo
volts with the sample prepared by the procedure of Fleming et al.
(1985). Color measurements were made using a Minolta Chroma Me
ter II reflectance colorimeter (Minolta Camera Co., Ltd., Osaka, Ja
pan) using the CIE color measurement system. Commercial sodium 
caseinate (CSC) was used as control.

Functionality tests

Commercially available sodium caseinate (CSC) was used as con
trol for all functionality tests. Water sorption isotherms at 25°C were 
constructed with the isopiestic method using H2So4 instead of saturated 
salt solutions. For isotherm measurements, the method of Ruegg and 
Moor (1984) was followed. However, the equilibrium moisture con
tents were based on dry weights obtained after storing samples for 2 
wk over P20 5. The dry samples were weighed and placed in chambers 
with predetermined water activity (aw) for 7 days at 25°C and then 
reweighed. Their aw values were also measured using a Decagon water 
activity meter (Decagon Devices, Inc., Pullman, WA.) and the water 
content (%) plotted against aw.

Protein solubility was measured by the method of Morr et al. (1985) 
and viscosity measurements were made with a Haake RV-20 Roto- 
visco equipped with an RC 20 Rheocontroller using a MV 1 rotor 
(Haake, Germany). Viscosity measurements were made using 10% 
protein solutions of each sample buffered at pH 5.0, 7.0 and 9.0 using 
two levels of ionic strength, 0.05 and 0.30p.. Shear stress vs shear 
rate curves were plotted over a 5 min period at a shear rate of 0 to

Table 1 -Physicochemical analyses of sodium caseinate samples’
C S C E C A C ESM P 1 ES M P 2

Protein (% ) 93.40 90.60 93.10 92.80
M oisture (% ) 1.90 4.50 1.90 2.10
La cto se  (% ) 0.10 0.10 0.04 0.01
A sh  (%) 3.60 3.70 3.90 4.00
Fat (% ) 1.00 1.10 1.10 1.10
pH 6.85 6.50 6.85 6.72
Ca (ppm ) 449 604 582 42
Cu (ppm ) 1.35 6.4 3.69 4.10
Fe (ppm ) 3.3 18.4 453 428
M n (ppm ) 0.25 3.79 2.02 1.12
Na (%) 1.34 1.25 1.36 1.66
D en sity  (g/mL) 0.27 0.14 0.16 0.14
3 Means of duplicates.

500 sec-1 at 23°C. Data were analyzed for their fit to Newtonian, 
Ostwald, Herschel-Bulkley, Casson, and other models and the best 
fit selected based on correlation coefficients, R2.

Foam expansion and foam stability were measured according to 
procedures reported by Morr (1985b). Emulsifying capacity was de
termined based on the turbidimetric method of Pearce and Kinsella 
(1978), with the absorbance of the diluted emulsions read at 500 nm 
(Yamauchi et al. 1982). Emulsion stability was also determined by 
the method of Yamauchi et al. (1982). The relative meltability of the 
caseinates was determined by microwave heating. 12% solutions (total 
wt, 7C g) were prepared at 40°C, adding 2.1 mL of 33% acetic acid 
with stirring, followed by 2.1 mL 33% sodium acetate. The precipi
tated curd was centrifuged, drained and 12g of curd was packed into 
a 12 mL circular mold. The formed sample was placed in the center 
of a 700-Watt domestic microwave oven (Sanyo, Tokyo, Japan) and 
heated at full power for 30 sec. The resulting melt area was measured 
with a Planix 5.6 digital planimeter (Tamaya and Co., Ltd., Osaka, 
Japan).

ANRC reference casein (Animal Nutrition Research Council, Tek- 
lad Test Diets, Madison, WI) was used as standard to determine the 
available lysine and relative nutritive value (RNV) of the samples. 
Available lysine was analyzed chemically by the Carpenter method 
(Carpenter, 1960) as modified by Booth (1971) and RNV by the pro
cedure of Evancho et al. (1977) using Tetrahym ena fu rg a so n i ATCC 
10542 (American Type Culture Collection, Rockville, MD). The mi
crobiological quality of the samples was determined using colony counts 
obtained at 30°C (IDF, 1987), yeast and mold counts (IDF, 1985) and 
coliform counts (Hartman and LaGrange, 1985).

Statistical analyses

Color and functional property data such as meltability, available 
lysine and RNV were treated as completely randomized design ex
periments while solubility and foaming data were treated as random
ized complete block design experiments (RCBD). Emulsification data 
were treated as a 4x2x3  factorial experiment in RCBD with 4 so
dium caseinate samples, 2 ionic strengths and 3 pH levels as factors 
(Gomez and Gomez, 1984). The McGill University System for Inter
active Computing (MUSIC) was used to carry out Analyses of Vari
ance, Duncan’s New Multiple Range Test of means and General Linear 
Model procedures of data (SAS Institute, Cary, NC).

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

C h e m ic a l p ro p e r t ie s

P ro te in , ash , N a , fa t and  p H  v a ried  o n ly  slig h tly  am o n g  
sam p les (T able  1). E SM P1 and E S M P 2  co n ta in ed  su b stan tia lly  
less lac to se  than  C S C  o r E C A C . B u lk  d en sity  o f  C S C  w as 
sig n ifican tly  h ig h er than  tha t o f  ex tru d ed  p ro d u c ts , and the 
ca lc ium  co n ten t o f  E S M P 2  w as ap p ro x im ate ly  10 tim es low er 
than  its co u n terp art sam p les. T h e  iron  co n ten t in  E S M P 1 and 
E S M P 2 w as su b stan tia lly  h igher than  in  C S C  and E C A C . E lec 
tro p h o resis ind ica ted  tha t all o f  the  sam p les w ere  s im ila r in 
p ro te in  co m p o s itio n , w ith  a m ajo r b an d  co rresp o n d in g  to  an 
average m o lecu lar w e ig h t (M W ) o f  abou t 3 5 ,0 0 0 . T h is  w as 
near the  v a lu e  rep o rted  b y  B asch  et al. (1985) and  w ith in  the  
range o f  re la tiv e  m o lecu la r m ass o f  20  to  43  kD  rep o rted  b y  
W h itn ey  e t al. (1 9 7 6 ). N o  w h e y  p ro te in  ban d s w e re  observed . 
H o w ev er, a m in o r band  at 6 3 ,0 0 0  D alto n s w as  observed  in 
C SC , E C A C , E SM P1, and E SM P2 and tw o m inor bands (63,000
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EXTRUDED CASEINATE FUNCTIONALITY. . .

Fig. 2 —R e p r e s e n ta t iv e  s c a n n in g  e le c tr o n  m ic r o g r a p h s  o f: (a) C SC , (b) ECAC , (c) E S M P 1, a n d  (d) E S M P 2.

and 7 9 ,0 0 0  daltons) w ere  p resen t in A N R C  referen ce  case in . 
T hose  tw o bands have  been  sug g ested  by  P arn e ll-C lu n ies  et 
al. (1988) to  be d isu lfid e-lin k ed  p o ly m eric  fo rm s o f  kappa- 
case in . M in im um  and m ax im um  b u ffe rin g  cap ac ities  d iffered  
o n ly  slig h tly  am ong  sam p les. M in im um  b u ffe rin g  cap ac ity  w as 
observ ed  to  be at pH  4 .4 ,  4 .5 , 4 .5  and 4 .9  fo r C S C , E SM P1 
and E C A C , and E S M P 2 , resp ec tiv e ly . E C A C , E S M P 1 , C SC  
and E S M P 2 show ed  m axim um  b u ffe rin g  cap ac ity  at pH  5 .8 ,
5 .7 , 5 .6  and 5 .6 , re sp ec tiv e ly , sim ilar to those  o b ta ined  by  
M orr et al. (1973) and appeared  to  be charac te ris tic  o f  co m 
m ercia l case in a tes .

P h y s ic a l p ro p e r t ie s

T he m icrostruc tu res o f  the  sam ples illu stra ted  som e d iffe r
ences be tw een  sam ples (F ig . 2a-d) w ith  C S C  ten d in g  to  be 
inden ted  sp h eres. E SM P1 and E S M P 2 had few er inden tations 
bu t show ed  signs o f agg lom era tion  and surface  p o res . E C A C  
partic les  w ere  also  spherica l b u t m uch  m ore p o ro u s . T he deep 
den ts and fo lds in  sp ray  d ried  m ilk  pow d ers  are due  to  the 
uneven  sh rinkage  o f case in  du rin g  the  d ry in g  p ro cess (B um a 
and H en stra , 1971), w h ile  agg lo m era tio n  m ay  b e  a function  
o f  the so lu b iliza tio n /m o is tu re  ad ju s tm en t p ro cess p rio r to  sp ray  
d ry in g . In the case  o f  E C A C , so lu b iliza tio n /m o is tu re  ad ju s t
m en t requ ired  abou t 4  hr resu ltin g  in m ore  ag g lo m era tio n  and 
pore  fo rm atio n  afte r sp ray  d ry ing .

W ith  reg ard  to  co lo r , all sam ples d iffe red  s ig n ifican tly  from  
each o ther in term s o f  C IE  ch ro m atic ity  co o rd in a tes  (x  and y) 
and b righ tness fac to r Y  (T able  2 ). T hese  resu lts  com pared  v e ry  
w ell w ith  data  o f  S o u th w ard  (1978) fo r sp ray -d ried  sod ium  
case in a te . V isu a lly , h o w ev er, o n ly  sligh t d iffe ren ces w ere  d e
tec tab le , C S C  b ein g  the  w h ites t p ro d u c t, fo llo w ed  by E SM P1

Table 2— Chromaticity values of sodium caseinate samples
Y X V

C S C 87.25" 0 .317b 0.326»
E C A C 8 2 ,00d 0.316' 0.324»
ESM P1 8 5 .75b 0 .313d 0.321'
ES M P 2 82.80 ' 0.319" 0.326»

a d Means of duplicates. Means with same superscripts not significantly different at 
P < 0.05.

w h ich  w as qu ite  sim ilar. E C A C  had a ligh t g ray ish  h u e , w h ile  
E S M P 2 , had  a fa in t y e llo w ish  tin t. A m o n g  all sam p les , E C A C  
had the  h ig h est sed im en t v o lu m e o f  0 .4  m L /1 0  m L , w ith  the 
rem ain ing  sam ples rang ing  from  0 to  < 0 .1  m L /1 0  m L . T h is 
ind ica ted  th a t bo th  E S M P  pro d u cts w ere  m ore  e ff ic ien tly  c o n 
v erted  to  case in a te  than  E C A C . T h is w as lik e ly  due  to  b e tte r 
m ix in g  co n d itio n s foste red  in  the  ex tru d er fac ilita ted  b y  the  
h ig h er m oistu re  co n ten t (50 -60% ) o f  the E S M P  feed  re la tiv e  
to  the d ry  co m m erc ia l ac id  case in  (R o ep er, 1977).

F u n c t io n a l  p ro p e r t ie s

T h e  ex truded  sam p les, E SM P1 and E S M P 2 , ad so rb ed  m ore  
w a te r than  C S C  and E C A C , th e  E S M P  sam p les sh o w in g  a 
sharp  in crease  in w a te r up tak e  b e tw een  aw o f  0 .6 0  to  0 .88. 
C S C  and E C A C  sh ow ed  rap id  w a te r  u p tak e  at a ,, 0 .4  to  0 .8 0  
(F ig . 3 ). T h ese  d iffe ren ces m ay  b e  re la ted  to  m ic ro stru c tu ra l 
an d /o r b u lk  den sity  d iffe ren ces b e tw een  sam p les. D ifferen ces 
in p ro te in  so lu b ility  am o n g  sam ples w ere  ap p aren t (F ig . 4) and 
pH  had a h ig h ly  sig n ifican t e ffec t on  p ro te in  so lu b ility  (P  < 
0 .0 1 ). C S C , ESM P1 and E SM P2 w ere  m ore so luble than  E C A C  
and all sam ples w ere  m ore so lub le  at p H  7 th an  at p H  3 . T he 
in ferio r so lu b ility  o f  E C A C  can  be co rre la ted  w ith  its h igher
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W ATER A C T I U I T Y
Fig. 3 — W a te r  v a p o r  so r p tio n  i s o th e r m s  o f  s o d iu m  c a s e in a te  s a m 
p le s :  EC AC C S C  -  •• E S M P 1 -------- ;  E SM P2. ---------- ■.

S a m p l e

F ig . 4  — P r o t e i n  s o l u b i l i t y  o f  s o d i u m  c a s e i n a t e  s a m p l e s  
(C A C  =  ECAC, C S C  =  C SC , E 1 = E S M P 1  A N D  E 2 = E S M P 2 ).

sed im en tab le  m atte r co n ten t w h ich  in d ica ted  tha t it w as  not 
converted to caseinate as efficiently . A nother factor w hich  could 
have adverse ly  affec ted  its so lu b ility  ch arac teris tics  w as  p ro 
longed  exposure  to  h igh  tem p era tu re  (4 h r at 80°C ) du rin g  the 
solubilization/m oisture adjustm ent process prior to spray  drying.

N ew ton ian  flow  b eh av io r ch arac terized  all sam p les, even  
w ith  changes in pH  o r ion ic  s tren g th , although  v isco sity  itse lf 
w as a ffected  by  these  changes (T able  3 ), in creasin g  w ith  pH  
and ionic strength as reported previously by  H erm ansson (1975). 
T he v iscosity  o f sam ples differed to a slight extent, w ith  E SM P2 
hav in g  the h ighest v isco sity  fo llo w ed  by  E C A C , E SM P1 and 
C S C , and cou ld  be re la ted  to  sam ple  so lu b ility  (H erm an sso n ,
1975). T he h ig h er v isco sity  o f  E C A C  v s  C S C  and E SM P1 
m ay be attributable to h igher calcium  content (H ayes and M uller, 
1961) and /or in so lub le  sed im en tab le  m atte r (C an ton  and M ul- 
v ih ill , 1982).

F rom  the standpo in t o f foam  ex p an sio n , no s ign ifican t d if
fe ren ces w ere  ob serv ed  (T able  4) am ong  sam p les, how ev er,

Table 3—Effect of ionic strength (g) and pH on viscosity (Pa.s) of sodium 
caseinate samplesa

S am p le
jjl =  0.05

V isco s ity
p, = 0.30

pH 5 pH 7 pH 9 pH 5 pH 7 pH 9
C S C 0.02 0.03 0.03 0.01 0.03 0.06
E C A C 0.07 0.09 0.10 0.07 0.10 0.10
ESM P1 0.04 0.03 0.04 0.03 0.03 0.05
ESM P 2 0.06 0.08 0.10 0.10 0.09 0.20
3 Means of duplicates.

Table 4-■Foam expansion and stability of sodium caseinate samples
Exp an sio n Stability

(%) (min)
C S C 81.54» 35.00»
E C A C 82.11» 21.00b
ESM P1 82.27» 2 3 .83b
ESM P 2 83.52» 24.00b
a b Means of 6  determinations. Means with same superscripts not significantly dif

ferent at P< 0.05.

Table 5—Emulsion turbidity (absorbance) and stability of sodium casein
ate samples

A b so rb a n ce  
(500 nm)

Stability
(%)

C S C 0 .1 58b 8.37»
E C A C 0 .144d 5.33b
ESM P1 0.147» 5.93b
ESM P 2 0.161» 6.33b
a-c Means of 12 determinations. Means with same superscripts not significantly dif- 

feren: at P < 0.05.

differences in foam  stability  w ere h ighly  significant (P < 0 .01 ). 
C S C  fo rm ed  m ore  stab le  foam s than  E S M P 2 , E S M P 1 and 
E C A C . B o th  foam  ex pansion  and s tab ility  w e re  sig n ifican tly  
affec ted  b y  p H  (P < 0 .0 1 ) , w ith  ex p an sio n  and s tab ility  b e in g  
b e tte r at pH  9 and 7 than  a t pH  4 .5 ,  w h e re  so lu b ility  w as  at a 
m in im u m . E m ulsify in g  p ro p ertie s  o f  the  sam ples as m easu red  
by em ulsion  tu rb id ity  and s tab ility  w ere  sig n ifican tly  d iffe ren t. 
T u rb id ity  d ecreased  in  the o rd er o f E S M P 2 , C S C , E S M P 1 , 
and E C A C , w h ile  in  term s o f  s tab ility , C S C  em ulsions w ere  
su p erio r to  the  o th er sam p les (T able  5 ) . A g a in , th is w as  likely  
a fun ctio n  o f  so lu b ility  (Y asu m atsu  et a l . ,  1 9 7 2 ), w ith  h igher 
concentrations o f  soluble protein  facilitating  form ation o f  thicker 
in te rfac ia l film s and sm alle r o il d ro p le ts , b o th  m ore  con d u civ e  
to em ulsion stability (Franzen and K insella , 1976). Ionic strength 
and p H  affec ted  b o th  em u lsio n  tu rb id ity  and s tab ility  s ig n ifi
can tly , w ith  em ulsions m ore  tu rb id  at |jl =  0 .0 5  b u t m ore  stab le 
at |a =  0 .3 0 . In creasing  p H  im proved  b o th  tu rb id ity  and  s ta 
b ility , lik e ly  due  to  an asso c ia ted  in crease  in  v isc o s ity  (M orr,
1981). M elt area  w as  m easu red  as an  in d ica to r o f  co h esiv en ess 
o f  so d iu m  case in a te  as a function  o f  tem p era tu re  and  is c o n 
sidered  a u sefu l in d ica to r fo r ap p lica tio n s such  as m o zza re lla  
cheese  p ro d u c tio n . T h e  m elt area  o f  sam p les w ere  sig n ifican tly  
d iffe ren t from  each  o th e r (P <  0 .0 1 ) and  co rre la ted  w ith  so l
u b ility . C S C , w h ich  w as the  m o st so lu b le , had  the  la rg est m elt 
a rea , 7 4 .5 8  cm 2, w h ile  E C A C  w h ich  w as  least so lu b le , had  
an area  o f  3 2 .4 0  cm 2.

T he ava ilab le  ly s in e  co n ten t o f E SM P1 and E S M P 2  w as 
sig n ifican tly  h ig h er (P  < 0 .0 5 , T ab le  6) than  the  A N R C  re f
erence  case in . T h e  C S C  and E C A C  resu lts  w e re  in  general 
ag reem en t w ith  pu b lish ed  v a lu es  (C arp en te r and B ja rn aso n , 
1969; S tahm anr. and W o ld eg io rg is , 1975; H o lgu in  and N ak ai,
1980). T h ese  data  sug g ested  tha t the  ex tru sio n  co n d itio n s e m 
ployed  du rin g  acid  coag u la tio n  co u p led  w ith  the  w ash in g  p ro 
cedures to  elim inate lactose, and extrusion to  produce caseinate, 
w ere  e ffec tive  in  co n se rv in g  ly s in e . It w as like ly  tha t the  use 
o f  lo w -h eat S M ?  as the sta rtin g  m ateria l w as  a lso  an  im p o rtan t 
fac to r. A lth o u g h  the ava ilab le  ly s ine  con ten ts  determ ined  
chem ica lly  w ere  sig n ifican tly  d iffe ren t, the  ce ll counts o f  T. 
furgasoni A T C C  10542 and the ir ca lcu la ted  R N V  w ere  not
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EXTRUDED CASEINATE FUNCTIONALITY. . .

Table 6—Available lysine, T . fu rg ason i ATCC 10542 cell counts and rel
ative nutritive value of sodium caseinate samples_____________________________

A va ilab le  lysine  
g/1Sg N

C ou nts  
ce lls/m L (103)

RN V
(%)

C S C 7 .9b 12.5= 83.3s
E C A C 6.7b 14.4s 95.8"
ESM P1 9.1» 13.8s 91 .7s
ES M P 2 9 .1a 11.9s 79 .2s
A N R C 7 .4“ 15.0s 100.0"

a b Means of duplicates. Means with same superscripts not significantly different at 
P< 0.05.

(T able  6). T h is ind ica ted  that R N V  w as not so le ly  a function  
o f  ly sine  av a ilab ility , b u t o th er am ino  ac ids /nu trien ts co n trib 
u ted  as w ell to  nu llify  d iffe rences observed  b y  the chem ica l 
m eth o d . T he m icro b io lo g ia l coun ts o f  the  sam ples w ere  also  
assessed  to  p rov ide an ind ication  o f  overall m icrob io log ica l 
qua lity . A ll sam ples w ere  n egative  for co lifo rm s and yeasts 
and m old s. E C A C , E SM P1 and E S M P 2 had m ean  to tal coun ts 
o f < 1 x  103 w h ile  C S C  had the  h ighest coun t o f 12 x  103. 
T h e  ex tru sio n -b ased  n eu tra lization  p ro cess , w h ich  ex p o sed  the 
feed  m ateria l to  tem pera tu res o f  around  95°C  w as likely  a key 
fac to r in o b ta in in g  such  low  coun ts .

T h e  phy sico ch em ica l and fu n ctio n ality  tests o n ly  serve as a 
co m p ara tiv e  g u id e  fo r perfo rm an ce  o f  ex tru d ed  case in a tes  re l
a tive  to  co m m erc ia l sod ium  case ina te . S evere  lim ita tions as
soc ia ted  w ith  fu n c tio n a lity  tests are w e ll reco g n ized  in  their 
sub seq u en t transla tion  to real food  sy s tem s. F rom  a p h y si
cochem ica l perspec tive  all sam ples w ere  co m p arab le  in term s 
o f  p H , p ro te in , ash , N a , and fat co n ten ts , S D S -P A G E  p a tte rn s, 
and bu fferin g  cap ac ity . E SM P1 and E S M P 2  co n ta in ed  su b 
stan tia lly  less lac to se , had  lo w er b u lk  d en sity , and h igher iron 
con ten t than  C S C . L ow er lac tose  w as o b ta ined  because  o f  the 
ex ten siv e  op tim iza tio n  app lied  in d ev elo p in g  the w ash in g  and 
d ew aterin g  p ro cess . T he lo w er b u lk  d en sity  w as de term ined  to 
be due to lo w er so lid s con ten t u sed  du ring  sp ray  d ry in g  and 
cou ld  be rectified  (N eff and M o rris , 1968; T am sm a e t  a l . ,  
1969; V arsh n ey  and O jh a , 1975). T he anom alous iron  con ten t 
in the ex trusion  p ro cess  sam ples w as lik e ly  due to  leach in g  o f 
iron from  the barre l and screw s caused  by the  acid ic  cond itions 
(C h efte l, 1989). M icro stru c tu ra lly  there  w ere  d iffe ren ces , a l
though  the ir sign ificance  is un certa in . C S C  w as su p erio r in 
te rm s o f  co lo r, how ev er, the o th er sam ples w ere  still v e ry  
accep tab le . F rom  a fu n ctio n al s tan d p o in t, E S M P  p roducts w ere  
su p erio r in term s o f  h igher ava ilab le  ly s in e . A ll p ro d u cts  w ere  
co m p arab le  in  p ro te in  so lu b ility , flow  b eh av io r, fo am  e x p an 
sio n , em ulsion  tu rb id ity  and re la tive  n u tritiv e  v a lu e . C S C  w as 
superio r to  E SM P1 and E S M P 2 and E C A C  in term s o f  hav ing  
low er w a te r ab so rp tio n  ch arac te ris tic s , p ro d u c in g  m ore stab le 
foam s and em u lsio n s, and b e tte r m elting  p ro p ertie s .

C O N C L U S IO N S

A L T H O U G H  D IF F E R E N C E S  w ere  found  be tw een  the p ro d 
u c ts , o v era ll, the sod ium  case in a tes  p ro d u ced  from  S M P  by 
ex trusion  appeared  to be co m p arab le  to  com m erc ia l sod ium  
case ina te  in g en era l. C om m erical ac id  casein  co n v erted  to  so 
d ium  case ina te  by  ex trusion  p ro cessin g  w as g en era lly  ju d g ed  
in ferio r, how ev er, the exp erim en ta lly  p ro d u ced  p ro d u ct m ay  
not be rep resen ta tive  o f  industria l case in a te  p ro d u ced  by  e x 
tru sio n . D ata p resen ted  ind ica ted  that a goo d  q uality  sod ium  
case ina te  w ith  the  requ isite  p ropertie s no rm ally  assoc ia ted  w ith  
co m m erc ia l case ina te  can  be p ro d u ced  from  SM P by  ex trusion  
p ro cessin g . U se o f  such  a p ro cess  w h en  S M P  is in surp lus 
cou ld  serve as a m eans o f  p ro d u cin g  e ith er acid  case in  o r 
sod ium  case in a te  on d em an d , in v o lv ing  su b stan tia lly  low er 
capital costs than  trad itio n a l m eth o d s.
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W a t e r  A s s o c i a t e d  w i t h  W h e y  P r o t e i n  I n v e s t i g a t e d  b y

P u l s e d  N M R

G R A C IELA  W. PADUA, S H E L L Y  J. RICHARDSON, and MARVIN P. STEIN BER G

------------------------------------ A B S T R A C T -------------------------------------
Proton longitudinal relaxation rates were determined for whey protein 
powders and suspensions of solids concentration between 0.01 and
2.0 g solids/g water. Data showed three hydration regions. The re
lationship between relaxation rate and solids content was investigated 
for each region. The two-state model with fast exchange was applied 
to the dilute suspensions and the high-solids regions. This allowed 
identification of polymer water and free water states in dilute suspen
sions and also identification of polymer water and capillary water in 
high-solids preparations. For intermediate-solids mixtures the two- 
state model was extended to three water states: polymer, capillary and 
free. These models enabled calculation of the amount of each water 
state associated with whey protein at a given moisture content.

KeyWords: water-states, whey, protein, nuclear-magnetic-resonance, 
water, water activity, sorption isotherm, models

I N T R O D U C T I O N

W H E Y , a b y -p ro d u c t o f  the m an u fac tu re  o f  ch eese , con ta ins 
abou t 20%  o f  the  to ta l p ro te in  in m ilk . W hey  p ro te in  is o f  a 
nu tritional q u a lity  su p erio r to  case in . A sid e  from  these  fac ts , 
env iro n m en ta l co n cern s en co u rag e  d ev elo p m en t o f  usefu l ap 
p lica tions fo r the large  qu an tities  o f  w h ey  p ro d u ced  annually . 
Several tech n iq u es in c lu d in g  u ltra filtra tio n , gel filtra tio n  and 
ion  exchange  have  b een  d eveloped  to  reco v er p ro te in  from  
w h ey  in the  fo rm  o f  co n cen tra tes  o r iso la tes (M ulv ih ill and 
F o x , 1987).

In o rd er to  m ake  m ore ex ten siv e  u se  o f  sk im  m ilk  co m p o 
nents in the fo o d  in d u s try , it is im portan t to  b e tte r und ers tan d  
the w a te r re la tio n s o f  these  m ate ria ls . M any  o f  the ir chem ical 
and physical p roperties, as w ell as m icrobial stability , are greatly  
a ffected  by  the  nature  o f  w a te r  a ssoc ia tions (L an g , 1980; U r- 
bansk i et a l . ,  1 9 8 2 a ,b ). L ang  (1980) app lied  the  S m ith  so rp tion  
iso therm  equation  (S m ith , 1947) to  carb o h y d ra te  and p ro te in  
sorp tion  data  and defined  tw o sta tes o f  w a te r asso c ia ted  w ith  
those  m acro m o lecu les . T h e  w a te r so rbed  in the  w a te r activ ity  
(aw) range o f  0 .3  to  abou t 0 .9  w as term ed  po ly m er w a te r (PO L ) 
and that so rbed  above th is range w as te rm ed  cap illa ry  w a te r 
(C A P ). T h ese  tw o  w ate r sta tes w ere  also  d etec ted  by  low -fie ld  
pu lsed  pro ton  N M R  sp ec tro sco p y  fo r case in  and s tarch .

Pu lsed  N M R  tech n iq u es, b o th  low -fie ld  and h ig h -fie ld , have 
been su ccessfu lly  app lied  to  the study  o f  w a te r re la tions in 
b io log ica l m ateria ls (B ryan t and S h irley , 1980; N ag ash im a and 
S u zu k i, 1981). A ll th ree  p ossib le  n u c le i, 'H ,  2H , and 170 ,  have 
been  probed  and v a rio u s m odels fo r data  in te rp re ta tio n  have 
been developed  (H alle  et a l . ,  1981; K um osinsk i and P essen , 
1982; D erb y sh ire , 1982; L io u tas , 1984; P essen  et a l . ,  1985). 
A n ex ten siv e  rev iew  o f  the  su b jec t m ay  be fou n d  in R ichardson  
and S te inberg  (1987). M ost o f  the  data  w ere  co llec ted  p rob ing  
the :H  nucleus becau se  o f  its high  sen s itiv ity , a lthough  p ro b 

lem s in  data  in tep re ta tio n  due  to  ch em ica l ex ch an g e  (B erlin er 
and R eu b en , 1980) and c ro ss-re lax a tio n  (E dzes and S am u lsk i,
1978) have b een  d iscu ssed . P essen  et a l. (1985) co ncluded  
th a t, a lthough  c ro ss-re lax a tio n  co n trib u tes to  the  lo n g itu d in a l 
re lax a tio n  p ro cess , e sp ec ia lly  at h igh  freq u en c ies , d a ta  are u se 
ful to  m o n ito r ch an g es o r trends in  the  h y dra tion  o f  the  p ro te in . 
C h inacho ti and S te in b erg  (1989) em p lo y ed  lo w -fie ld  pro ton  
N M R  to de term ine  the  am o u n t o f  P O L  and S O L  (so lu te) w a te r 
in sta rch -sucrose  s lu rries . T h e ir d e term in atio n s sh ow ed  a high  
co rre la tion  w ith  P O L  and S O L  ca lcu la ted  from  so rp tio n  iso th 
erm  data  fo r  the sam e sy stem .

Z im m erm an  and B rittin  (1957) p ro v id ed  th eo re tica l g rounds 
to study the distribution o f  w ater m olecules into different states. 
W hen  the exch an g e  o f  n u cle i am o n g  these  sta tes is v e ry  rap id  
com pared  to  re laxa tion  tim es

[ 1 ]

w h ere  Tobs is the  ob serv ed  re lax a tio n  tim e T t o r T 2, T,- is the 
re lax a tio n  tim e o f  the  i th  w a te r s ta te , and  P, is the  p ro b ab ility  
o f  the  nucleus b e in g  in  tha t sta te . F o r d ilu te  p o ly m er su sp en 
sions tw o  w a te r  sta tes w ere  co n sid e red , b o u n d  (B ) and free 
(F ). E quation  (1) then  b eco m es the  “ tw o  sta te  m odel w ith  fast 
e x c h a n g e .”

[2]

S ince PF equals (1 - PB) , and  PB can  b e  re la ted  to  the  so lid s 
co n cen tra tio n  o f  the  su sp en sio n , E q u a tio n  (2) p red ic ts  a linear 
b eh av io r o f  the re laxa tion  rate  ( l /T ota) w ith  p o ly m er co n cen 
tra tion  in  the  su sp en sio n . T h is b eh av io r has b een  ob serv ed  
ex p erim en ta lly  fo r p ro te in  and  sta rch  su sp en sio n s o f  lo w  so lid s 
co n cen tra tio n . H o w ev er, dev ia tio n s o ccu r at h ig h er so lid s  c o n 
ten t (L elievre  and M itch e ll, 1975; L io u tas  e t a l . ,  1986 ; R ich 
ardson  et a l . ,  1987), p resu m ab ly  as a resu lt o f  m acro m o lecu les  
p ack in g  c loser to g e th er fo rm in g  cap illa rie s  w h e re  w a te r  m o l
ecules are im m obilized to  som e extent (R ichardson et a l., 1985; 
R oefs et a l . ,  1989). R oefs et a l. (1989) co n clu d ed  fro m  their 
p ro ton  N M R  study  on case in  d isp e rsio n s tha t in te rp re ta tio n  o f  
the  re laxa tion  tim e ex c lu s iv e ly  in  te rm s o f  b o u n d  and free 
w a te r w as not po ss ib le , and tha t a m ore  g en era l ap p ro ach  w as 
needed  to  in d u c e  the  w a te r cap tu red  in  cav itie s  and  b etw een  
m acro m o lecu les . T he ob jec tiv e  o f  o u r s tu d y  w as to  investiga te  
the sta tes o f  w a te r a ssoc ia ted  w ith  w h e y  p ro te in  b y  ap p ly ing  
Z im m erm an  and B rittin ’s theo ry  to  lo w -fie ld  pu lsed  pro ton  
N M R  m easu rem en ts  on  w h ey  p ro te in -w ate r m ix tu res.

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

A u th o r  P a d u a  is  w ith  th e  D e p t, o f  F o o d  S c ie n c e ,  U niv. o f  Illinois  
a t  U r b a n a -C h a m p a ig n , 3 8 2  A E S B , 1 3 0 4  W. P e n n s y lv a n ia  A v e . ,  
U rban a , IL 61801 . A u th o r  R ich a rd so n  is  w ith  th e  D iv is io n  o f  F o o d s  
8 i  N u tr itio n , U niv. o f  Illin o is a t  U rb a n a -C h a m p a ig n , 3 6 7  B e v ie r  
H all, 9 0 5  S . G o o d w in  A v e . ,  U rb a n a , IL 6 1 8 0 1 . A u th o r  S te in b e r g ,  
fo r m e r ly  w ith  th e  D e p t, o f  F o o d  S c ie n c e ,  U niv. o f  Illinois a t  U r
b a n a -C h a m p a ig n , i s  D e c e a s e d .

T H E  W H E Y  PR O TEIN  w as B i-Pro Brand (Le Sueur Iso lates, Le 
Sueur, M N ) w hich  had been prepared b y  isolating it from  cheese w hey 
by  ion exchange chrom atography. The pure protein  suspension w as 
concentrated by  ultrafiltration and spray-dried. T he isolate contained 
95%  undenatured w hey  protein , 3%  m inerals, 1% fa t, and 1% lactose 
(on a dry  basis). A  sorption isotherm  w as determ ined for the w hey 
protein by  equilibration against salt slushes in p roxim ity  equilibration 
cells (Lang et al. 1981). R esults w ere p lo tted  using  the Sm ith sorption
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Fig. 2. — V aria tion  o f  p r o to n  r e la x a tio n  r a te  o f  w h e y  p r o te in  s u s 
p e n s io n s  w ith  s o l id s  c o n te n t.

isotherm (Smith, 1947) according to Lang and Steinberg (1981) to 
obtain a linear isotherm.

The proton longitudinal relaxation time (Tj) of whey protein sus
pensions and high-moisture powders was determined at 20°C with a 
10 MHz Pulsed NMR spectrometer (PR-103, Praxis Corp, San An
tonio, TX) with a 90°-t-90° pulsed sequence. Solids content of sam
ples covered the range from 0.01 to 2.9g solids/g water. Samples with 
low solids content up to 1 g solids/g water were prepared by direct 
addition of water to the protein. Samples with higher solids content 
were hydrated by exposing the protein to a salt slush at 0.97 aw or to 
water in proximity equilibration cells (Lang et al., 1981) for limited 
periods of time. Relaxation was exponential at every solids content. 
T! was calculated by a microprocessor connected to the spectrometer. 
Typically, ten points of the curve log amplitude vs. time were used 
in this calculation. The correlation factors were of the order 0.996. 
Values reported are averages of four determinations with an estimated 
error of 3%. In addition, proton T! measurements were carried out in 
the presence of D20  in order to detect cross-relaxation effects (Myers- 
Betts and Baianu, 1990). These measurements gave no indication of 
any notable contribution of cross-relaxation to the observed relaxation 
rate at 10 MHz.

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

starch  g ran u les . T h e  sam e rep o rt p resen ted  a second  ch em ica l 
m odel to  exp lain  the  da ta . In  tha t m o d e l, g rad ien t ch an g es 
w ere  ascrib ed  to  in te rac tio n s b e tw een  sta rch  g ran u les  and  d e 
scrib ed  in te rm s o f  starch  “ ac tiv ity ”  in  the  su sp en sio n s . T h a t 
trea tm en t illu s tra ted  the fac t tha t re lax a tio n  m easu rem en ts  fo r 
the so lv en t w ere  u sefu l to  g a in  in s ig h t on  the b eh av io r o f  the  
so lu te . D ata  p resen ted  in  F ig . 2  w ere  trea ted  acco rd in g  to  the  
phy sica l m odel p resen ted  b y  R ich ard so n  e t a l . ,  (1 9 8 7 ).

T w o -s ta te  m o d e l w i th  f a s t  e x ch a n g e

T he lin ear dep en d en ce  o f  the  re laxa tion  ra te  on  so lid s  c o n 
ten t fo r d ilu te  so lu tio n s, show n  in R eg io n  I o f  F ig . 2 , w as 
p red ic ted  by  the  tw o-sta te  m odel w ith  fast ex ch an g e  (E q . 2). 
In tha t c a se , th e  fast exch an g e  m odel w as ad o p ted  in  v iew  o f  
the exponen tia l na tu re  o f the  re laxa tion  at every  p ro te in  co n 
cen tra tio n  (G ad ian , 1982). T he b ound  w a te r  w as  id en tif ied  as 
P O L , and the  free  w a te r as F R E . If  the  p ro b ab ility  o f  the  w a te r 
b e in g  in  each  sta te , P B and  P F, is rep laced  b y  the  frac tio n  (f) 
o f  the w a te r  in tha t s ta te  (L elievre  and M itch e ll, 1 9 7 5 ), eq u a 
tion  2  becom es

Data
Figure  1 show s the S m ith  so rp tion  iso therm  fo r w h ey  p ro 

te in . T w o  linear seg m en ts  w ere  ob serv ed ; the  line  from  a« 
0 .1 1 -0 .8 5  co rresp o n d ed  to  P O L  and the one above 0 .8 5  a,^ 
co rresp o n d ed  to  P O L  p lus C A P (L an g , 1980). T h e  in te rsec tion  
o f  the  tw o lines o ccu rred  at 0 .2 2 5  g  w a te r/g  so lid s (4 .4 4  g 
so lid s/g  w a te r) . T hese  sorp tion  data w ere  in goo d  ag reem en t 
w ith  p u b lished  rep o rts (G reig , 1979).

F igu re  2 show s the  so lid s co n ten t dep en d en ce  o f  long itud inal 
re laxa tion  rate  (1 /T ,) . T h ree  linear reg ions w ere  o b se rv ed . T he 
first reg ion  ended  a t C x =  0 .2 8  g  so lid s/g  w a te r , the  second  
ended  at C2 =  l g  so lid s/g  w a te r , and the th ird  reg ion  ex ten d ed  
from  C 2 bey o n d  the experim en ta l range  to  C 3 =  4 .4 5 g  so lid s/g  
w a te r. T he v a lu e  o f  C 3 w as the  m oistu re  co n ten t at the in te r
sec tion  o f  the lines rep resen tin g  P O L  and P O L  +  C A P in the 
so rp tion  iso therm  (F ig . 1). C 3 w as the low est so lid s co n ten t at 
w h ich  C A P beg an  to  appear.

S im ilar g raphs o f  the  dependence  o f  oxy g en -1 7  and d eu te r
ium  relax a tio n  ra te  on  concen tra tion  w ere  reported  b y  R ich 
ardson et a l., (1987) fo r corn starch suspension. T hey  presented 
a physica l m odel to  ex p la in  th e ir o b serv a tio n s . R elax atio n  rate 
b eh av io r at low  so lid s co n ten t (1 0 -4 0 % ) w as co n sis ten t w ith  
the tw o-sta te  m odel w ith  fast ex ch an g e . T he increased  gard ien t 
o f  the in te rm ed ia te  co n cen tra tio n s (4 0 -6 0 % ) w as  considered  
due  to  a change  in  the re laxa tion  ra te  o f b ound  w a te r. T he 
second  ch an g e  in g rad ien t fo r h igh  so lid s p rep ara tio n s (6 0 -  
70% ) w as a ttrib u ted  to  the p resence o f  trapped  w a te r b etw een

1 _  fpQL ^FRE
Tobs T POL T fre

S ince  fFRE equals (1 — fPOL), E q . (3) g iv es

[3]

fpOL | 

TpoL

1 fpQL 

T F r e

= fp, [4]

w hich  p red ic ts  a  lin ear b eh av io r o f  l /T obs w ith  fPOL. B lan sh ard  
and D erb y sh ire  (1975) rep o rted  a lin ear dep en d en ce  o f  the  
lo n g itu d in a l re lax a tio n  ra te  on  co n cen tra tio n  fo r a m y o sin  so 
lu tio n . T h e  g rad ien t o f  th is line  w as  ex p ressed  as h ( l /T bound - 
1 /Tfre), w h ere  h w as  the  h y d ra tio n  n u m b er in  g  b o u n d  w a te r/ 
g  m acro m o lecu le . T h ey  p o in ted  o u t th a t k n o w led g e  o f  the  g ra 
d ien t a lone w as  in su ffic ien t fo r the  de te rm in a tio n  o f  the  h y 
d ra tion  param ete rs  and the re lax a tio n  rate  o f  the  b o u n d  p h ase . 
T o  o b ta in  those  v a lu e s , it w as n ecessa ry  to  u se  an o th er q u an 
tity . T he p ro ced u re  to  estim ate  hydration  v a lu es  u sed  b y  B lan 
shard  and D erb y sh ire  (1975) w as  N M R  sig n al a tten u atio n  on 
freez in g . T h is p ro ced u re  w as n o t co n sid e red  co m p le te ly  sa t
is fac to ry  becau se  o ften  no  un iq u e  v a lu e  w as  o b ta in ed . In  o u r 
w o rk , the  so rp tion  iso therm  in F ig . 1 w as u sed  to  re la te  fpOL 
to the  so lid s co n cen tra tio n  (C ); the  b reak  in  th e  c u rv e , w h ich  
occurred  at 0 .2 2 5  g  w a te r/g  p ro te in , w as taken  as a m easure  
o f  the m ax im u m  v a lu e  o f  PO L ; therefo re

c  g  so lid  
g  w ater

x  0 .2 2 5
g  P O L  

g  so lid s [5]
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S ubstitu tin g  th is exp ressio n  fo r fP0L in E q . (4) resu lts  in  a lin ear 
re la tio n sh ip  o f  l /T obs w ith  so lid s con ten t.

R egion III o f  F ig . 2  co rresp o n d s to  the u p p er line o f  the 
so rp tion  iso therm  (F ig . 1) w h ere  w a te r is p resen t in  tw o  sta tes , 
P O L  and C A P . In tha t c ase , the  tw o -s ta te  m odel w as app lied  
to  P O L  and C A P ; E q . (2) b eco m es

1 _  fpQL , fcAP _  fpQL , 1 ~  fpQL r , ,

T rp ' T  T  ' T  L°Jobs 1 POL 1 CAP 1 POL 1 CAP

— fpOL
1

TpoL
1

T cap

1

T cap
[7]

W hen  fPOL is rep laced  b y  E q . (5) a lin ear re la tion  fo r l /T obs 
w ith  so lid s co n ten t is o b ta in ed .

D e v e lo p m e n t o f  th e  e x te n d e d  m o d e l

R egion II (F ig . 2) lies b e tw een  R egion  I fo r P O L  and FR E  
and R egion III fo r P O L  and  C A P . T h is line  had a negative  
in te rcep t. H o w ev er, E q. (7 ) , w h ich  w as deriv ed  on  the  basis 
o f a tw o-sta te  sy s tem , had a p o sitive  in te rcep t. T h ere fo re , R e 
g ion  II can n o t be rep resen ted  as a tw o -s ta te  sy s tem . T o  exp la in  
th is b eh av io r, the co ex is tan ce  o f  the th ree  w a te r s ta tes , P O L , 
C A P and F R E , is p ro p o sed . T h is h y po thesis can  b e  expressed  
as:

1 = 3 r
2  -

fpOL fcAP
f t  Tj 1 POL T cap 1 FRE [8 ]

I f  fFRE is ex p ressed  as (1 - fP0L * fcAp) E q . (8) becom es

1

T 0bs

fPl
+

1 -  fPOI -  fr
[9]

S ince R egion I does no t co n ta in  C A P , fP0L =  0  a t Q .  R egion  
III does no t con ta in  F R E ; th e re fo re , at C?, fFRE =  0  and fcAP 
=  1 - fP0L- T o s im p lify  E q . (9 ), C A P  in R egion  II w as  a s
sum ed  to  increase  lin ea rly  w ith  so lid s  co n ten t and fcAP w as 
expressed  in  te rm s o f  fPOL:

f f ' A P —  f P i
1 ~  ¡2
f2 — fj

[10]

W here  f , and f2 are the v a lu es  o f  fPOL at C , and Q ,, re sp ec
tiv e ly . A ssig n in g  a  to  the s lope  and b to  the  in te rcep t o f  E q. 
(1 ), and su b stitu tin g  E q . (10) in E q . (9 ), g ives

1 _  fpoL I afpoL b 
T 0bs T POL T cap

1 a

.TpoL T CAp

1 fpoL (afpoQ  E) 

T Fre

a + 1 b 1 +  b

T Fr e _ .Tcap T FRe _
[11]

w hen  E q . (5) is su b stitu ted  in  E q . (1 1 ), the  resu lt is a linear 
re la tio n sh ip  o f  l /T obs w ith  so lid s con ten t as found  in  R egion 
II in  F ig . 2.

D e te rm in a tio n  o f  m o d e l c o n s ta n ts

In o rd er to  evalua te  the  m odels p re sen ted , it w as necessary  
to  de term ine  the  con stan ts  T FRE, T P0L, and T CAP fo r w h ey  
p ro te in . T h e  v a lu e  o f  T FRE shou ld  co rresp o n d  to  T ?bs o f  pure  
w a te r . T h is v a lu e  co u ld  no t be d e term in ed  w ith  the  in strum en t 
u sed , becau se  pu re  w a te r sh ow ed  a v e ry  h igh  s ignal in tensity  
tha t sa tu ra ted  the  in s tru m en t rece iv er; so  it d id  n o t g iv e  a 
rep ea tab le  sig n al. T h e re fo re , T FRE w as estim ated  b y  ex trap o 
la ting  the  R egion  I line in F ig . 2 to  C  =  0 . T he v a lu e  found  
1 /T j =  0 .4  s e c -1 , w as in  ex ce llen t ag reem en t w ith  reported  
v a lu es  (G lase l, 1972). T h is  fac t v e rified  the q u a lity  o f  data  fo r 
R egion I and gave an ind ep en d en t estim atio n  o f  T FRE. T he 
v a lu e  o f  T poe co rresp o n d ed  to  T obs at C 3 o f  F ig . 2 , the end o f

Table 1 — Proton relaxation ra tes o f  w h ey  protein  su spen sion s a t different 
concentration levels

Region g solid/g w ater

1/T,
o b served

s e c -1

1/T,
calcu lated

s e c - ’
D eviation

%
1 0.1 1.02 1.02 0.4

0.2 1.61 1.63 1.1
II 0.5 4.14 4.20 1.4

0.8 6.80 7.00 2.9

the  cap illa ry  reg io n . T h is v a lu e  co u ld  n o t b e  d e term in ed  w ith  
the  in s tru m en t u sed . H o w ev er, l /T POL co u ld  b e  estim ated  by  
ex trap o la tin g  the  R eg ion  III line in  F ig . 2  to  C 3. T h e  va lue  
fo u n d  w as 1 /T l =  2 7 .8 6  s e c -1 . T h e  v a lu e  o f  T CAP w as es ti
m ated  from  E q . (7 ) , at fPOL =  0 , E q . (7) b eco m es l /T obs =  
1/T cap- T he v a lu e  found  by  ex trap o la tin g  the  line  fo r R egion  
III to  C  =  0  :n F ig . 2  w as  1/T j =  3 .3 4  s e c - 1 . T h u s , the 
con stan ts  in  the  R eg ion  I and  R eg ion  II m odels w ere  evalua ted  
in d ep en d en tly  o f  ex p erim en ta l da ta . T h is a llo w ed  a v a lid  co m 
parison  o f  those  m odels w ith  the  lin ea r reg ressio n  o f  the  ex 
p erim en ta l po in ts .

R e g io n  m o d e ls

T he h y po thesis p resen ted  w as su m m arized  in  the  eq uations 
g iven  b e lo w  w hich  re la ted  l /T obs to  C  fo r each  o f  the  linear 
reg ions (F ig . 2):

R egion  I (E q. 4 ): l /T obs =  6 .1 7  C  +  0 .4  w h e re  0 < C < 0 .2 8 .
R egion II (E q. 7): l /T obs =  9 .3 4  C  -  0 .4 6  w here  0 .2 8 < C < 1
R eg ion  III (E q . 11): l /T obs =  5 .5 1  C  +  3 .3 4  w h ere
1 < C < 4 .4 5
R elax atio n  data  in  R egion  III w ere  co llec ted  up  to  2 .9 g  

so lid s/g  w a te r , the  lim it o f  the  in s tru m en t sen sitiv ity  range; 
h o w ev er, so rp tion  iso therm  d ata  sh o w ed  th is reg ion  to  con tinue 
up  to  4 .4 5 g  so lid s/g  w a te r . T h e  ap p ro p ria te  m odel equation  
w as used  to  ca lcu la te  fo r tw o  lev e ls  o f  so lid s  co n cen tra tio n  
(C ) in  reg io n s I and II. T h ese  ca lcu la tio n s are co m p ared  w ith  
the ob serv ed  (from  lin ear reg ressio n ) v a lu es  in  T ab le  1. T he 
ob serv ed  and  the  ca lcu la ted  v a lu es  o f  1 /T , w e re  in  exce llen t 
ag reem en t as show n  b y  the  lo w  dev ia tio n s .

T h is c lose  ag reem en t be tw een  o b se rv ed  and  ca lcu la ted  re 
laxa tion  ra tes , and the  fac t tha t th e  co n stan ts  T POL and T fre 
w ere  o b ta ined  in d ep en d en tly  o f  ex p erim en ta l p o in ts fo r R egion 
I, v a lid a tes  the tw o-sta te  P O L  and F R E , m o d e l fo r R egion  I. 
T hat is , p ro v id ed  the  assu m p tio n s o f  n o n sig n ifican t c ro ss-re 
laxa tion  e ffec t and fast exchange  b e tw een  p ro to n s are  co rrec t. 
S ince ev a lua tion  o f  the  co n stan t T POL, T CAP and  T FRE, w h ich  
ap p ear in the m odel fo r R eg ion  II , w as  in d ep en d en t o f  the 
experim en ta l p o in ts in  th is reg io n , the  th ree -sta te  m odel w as 
considered  v a lid  fo r R eg ion  II (p rov ided  assu m p tio n s m ad e  fo r 
the R eg ion  I m o d e l are co rrec t). T h e  co n stan ts  fo r R egion  III, 
T pol and  T cap , w ere  o b ta ined  from  R eg ion  III d a ta , i .e . ,  not 
from  an in dependen t m easu rem en ts . H o w ev er, th ese  con stan ts  
had been  v a lid a ted  w h en  the  R eg ion  II m odel w as te s ted . A lso , 
the  tw o-sta te  m o d e l, P O L  and C A P  fo r R eg ion  III is supported  
by  the  so rp tion  iso therm  data  o f F ig . 1 and it is consis ten t w ith  
pu b lish ed  reports (G lase l, 1972). T h u s , the R eg ion  III m odel 
w as co n sid ered  v a lid .

C a lc u la t io n  o f  th e  a m o u n t  o f  w a te r  s ta te s

S ince  the  m o d els  p resen ted  in  E q . (4 ) , and (9) fitted  the 
co rresp o n d in g  h y dra tion  reg io n s, the  ex p ressio n s fo r fPOL in 
E q . (5) and fCAP in E q . (10) w e re  used  to  ca lcu la te  the  am o u n t 
o f  each  w a te r  sta te  a ssoc ia ted  w ith  w h e y  p ro te in  at a g iven  
m o istu re  co n ten t. T o  illu stra te  th is po in t th ree  lev e ls  o f  m o is
tu re  co n ten t, one  fo r  each  reg io n , w ere  a rb itra rily  ch o sen  and 
the ca lcu la ted  am o u n ts  o f  the  d iffe ren t w a te r  s ta tes  a re  show n 
in T ab le  2 . In  R eg ion  I tw o  w a te r s ta tes w ere  p re sen t, po lym er 
and free  w a te r. T he frac tion  o f  to ta l w a te r  p resen t as po lym er 
w a te r  w as ca lcu la ted  from  E q . (5 ). T h u s , at the concentration
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WATER ASSOCIATED WITH WHEY PROTEIN. . .

Table 2 - Amount of water states in whey protein suspensions of differ
ent concentration levels

g solid/g water
Hydration
region

Water states 
POL

(% of total water)
CAP FRE

0.15 I 3.4 96.6
0.75 h 16.98 50.3 32.8
1.50 in 33.8 66.2

o f  0 .1 5  g  so lid s/g  w a te r , in R egion  I, the  am o u n t o f  po ly m er 
w ater w as

0 .15
g  so lid s „  g  P O L

__s _________  x  0  225 —______
g  to ta l w a te r  ' g  so lids

=  0 .0 3 4
g P O L  

g  to ta l w a te r

T h is a llow ed  the  am o u n t o f  free  w a te r  .to be ca lcu la ted  from  
E q . (4):

fFRE =  1 -  0 .0 3 4  =  0 .9 6 6
g FR E  

g  to ta l w a te r

T h e  w a te r  sta tes p resen t in  R egion  II w ere  p o ly m er, cap il
la ry  and  free . T he am o u n t o f  p o ly m er w a te r w as ca lcu la ted  
aga in  b y  u se  o f  E q . (5 ). T h u s , at the  co n cen tra tio n  o f  0 .7 5  g 
so lid s/g  w a te r , in R egion  II , the am oun t o f  p o ly m er w a te r w as

fpoL — 0 .75
g  so lids 

g  to ta l w a te r
x  0 .2 2 5

g P O L  

g  so lids 

=  0 .1 6 9
g  P O L  

g  to ta l w a te r

C ap illary  w a te r w as ob ta in ed  from  E q. (10). T o  use  th is eq u a
tion  it w as n ecessary  to  ca lcu la te  firs t the  tw o  va lu es fo r fPOL, 
fj and f2 from  E q . (5 ). A t Q  =  0 .21  g  so lid s/g  w a te r (taken 
from  F ig . 1), fj =  0 .065 and at C 2=  1 .0 (from  F ig . 1), f2 =  0 .225  
g  P O L /g  to tal w a te r . T h e  am oun t o f  cap illa ry  w a te r at the 
concen tra tion  o f  0 .7 5  g  so lid s/g  w a te r w as

1 - 0  225

f-  =  ° ' 169  X 0 .225  -  0 :0 6 5  "  ° ' 065

x  1 ~  ° - 225 =  o .5 0 3  S C A P
0 .2 2 5  -  0 .0 6 5  g  to ta l w ater

T he am oun t o f  free w a te r  w as g iven  b y  E q . (9):

fFRE =  1 -  0 .1 6 9  -  0 .5 0 3  =  0 .3 2 8
g F R E  

g  to ta l w ater

In  R egion  III, the  w a te r  sta tes p resen t w ere  p o ly m er and 
cap illa ry  w a te r. T h e  am oun t o f  p o ly m er w a te r  w as aga in  o b 
ta ined  from  E q . (5 ) . T h u s , fo r the  concen tra tion  o f  1 .5  g  so lid s/ 
g  w a te r , w h ich  w as  in  R egion III , the  am oun t o f  p o ly m er w ater 
w as fPOL =  1 .5  x  0 .2 2 5  =  0 .3 3 8  g  P O L /g  to ta l w a te r . T he 
am oun t o f  cap illa ry  w a te r w as g iven  by E q . (7 ). T h u s , at the 
sam e co n cen tra tio n  fCAP =  1 -0 .3 3 8  =  0 .6 6 2  g  C A P /g  to tal 
w ater.

A c tiv ity  m o d e l

T he dependence o f  relaxation rate on concentration for w heat 
flou r (R ichardson  e t a l . ,  1986), (3-lactoglobulin  (K um osinsk i 
and P essen , 1982), and corn  ze in  (M yers-B etts and B aianu , 
1990) p rep ara tio n s has been  fitted  w ith  the exp o n en tia l m odel:

Robsd =  nHR Bce2Boc+1-5B2c2 +  R F

w here  R obsd is th e  o b se rv ed  re laxa tion  rate  (se c -1 ), n H is the 
h y dra tion  v a lu e  (g w a te r/g  so lid s) , c  is the  co n cen tra tio n  (g 
so lid s /g  w a te r) , R B is the  re lax a tio n  rate  fo r the b ound  w ate r 
( s e c -1 ) , R f is the  re lax a tio n  rate  fo r free  w a te r (se c -1 ) , B 0 and 
B 2 a re  the  co effic ien ts  o f  the  v ir ia l expan sio n  o f  o sm o tic  p res-

Solids content, g solids/g water

Fig. 3 .—Relation be tw een  pro ton  relaxation  ra te  o f  w h ey  pro te in  
suspension  and so lid  content; exponential (-—)  and  3-line m odel 
fittings.

sure in  term s o f  co n cen tra tio n . T h is m o d e l resu lted  fro m  use  
o f  activ ities  (K um osinsk i and  P esser., 1982) in s tead  o f  co n 
cen tra tio n s in  the  tw o -s ta te  m o d e l w ith  fas t ex ch an g e  (Z im 
m erm an  and  B rittin , 1957), and  b y  ex p ress in g  the  ac tiv ity  
co effic ien t in  the  fo rm  o f  a  v ir ia l ex p an sio n  o f  the  sam ple  
co n cen tra tio n .

D ata  in  F ig . 2  w ere  fitted  w ith  th e  ex p o n en tia l m o d e l u sin g  
the  n o n -lin ear reg ression  p ro ced u re  (M arq u ard t m e th o d ) o f  the  
SA S p ack ag e  (SA S  In s titu te , In c ., 1985) on  an  IB M  m a in 
fram e. T he estim ated  p a ram ete r v a lu es  and th e ir 95%  c o n fi
dence in te rv a l w ere  8 .2 5  ± 1 .0 3  fo r n „ R B, - 0 . 0 3  ± 0 .0 6  fo r 
B 0, and - 0 . 0 0 3  ± 0 .0 1 9  fo r B 2. T h e  ex p o n en tia l m o d e l u sin g  
these  co effic ien ts  w as p lo tted  in  F ig . 3 as a  d ash ed  lin e . T h is 
g raph  show s tha t the  th ree  lin ear seg m en ts  m o d e l g av e  a b e tte r 
fit o f  the  ex p erim en ta l p o in ts  th an  d id  th e  ex p o n en tia l m o d e l.

C O N C L U S IO N S

T H E  D A T A  p resen ted  in d ica te  tha t lo w -fie ld  p u lsed  p ro to n  
N M R  is a  u se fu l techn ique  to  fo llo w  ch an g es in  th e  h y d ra tio n  
o f  w h e y  p ro te in . T h ree  h y d ra tio n  reg io n s w ere  d e tec ted  over 
the  ran g e  o f  so lid s co n ten t co v ered . T h e  ap p lica tio n  o f  the  
tw o-sta te  m odel w ith  fast exchange  and  o f  th e  ex ten d ed  m odel 
to  th ree  sta tes , a llow ed  ch arac teriza tio n  o f  3 d iffe ren t w a te r 
sta tes asso c ia ted  w ith  w h ey  p ro te in s. T w o  w a te r  s ta tes , p o ly 
m er and free , w ere  ch arac terized  in  d ilu te  su sp en sio n s b y  re 
laxa tion  ra tes o f  28  and 0 .4  se c -1 , re sp ec tiv e ly . T h ree  w a te r  
s ta te s , p o ly m er, cap illa ry  and free , w ere  id en tified  fo r the  in 
te rm ed ia te  so lid s range  and 2  s ta te s , p o ly m er and  cap illa ry , 
w ere  ch arac terized  in  the  h ig h -so lid s  reg io n . C ap illa ry  w a te r  
re lax a tio n  ra te  w as  2 .7 5  s e c -1 . T h e  m o d els  d ev e lo p ed  fo r each  
h y dra tion  reg ion  and  use  o f  the  so rp tion  iso th erm  enab led  
quan tifica tio n  o f  the  am oun t o f  each  w a te r  s ta te  p re sen t a t a 
g iven  to ta l m o istu re  co n ten t. P o ly m er w a te r  w as  ca lcu la ted  
from  the  m o istu re  so rp tio n  iso th erm , cap illa ry  w a te r  w as  o b 
ta ined  fro m  the  m o d e l co rresp o n d in g  to  R eg ion  II and  free  
w a te r  w a s , in each  case , the rem ain d er o f  th e  to ta l w a te r  tha t 
w as no t accoun ted  fo r as p o ly m er o r cap illa ry  s ta tes .
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I n c i d e n c e  a n d  H e a t  R e s i s t a n c e  o f  C l o s t r i d i u m  b o t u l i n u m  

T y p e  E  S p o r e s  i n  M e n h a d e n  S u r i m i

E. JEFFERY RHODEHAMEL, HAIM M. SOLOMON, TIMOTHY LILLY, JR., DONALD A. KAUTTER,
and JAMES T. PEELER

------------------------------------ A B S T R A C T -------------------------------------
Raw  m enhaden surim i (B revo o rtia  tyran n u s) w as exam ined to deter
m ine the incidence o f  C lostrid iu m  botu linum  spores. Seven o f  565 
test portions (1 .2% ) w ere positive for type E spores. T he therm al death 
time (TDT) tube m ethod w as used to determ ine the heat resistance o f 
C. bo tu linu m  type E  spores inoculated into the rem aining 558 negative 
portions. Calculated m ean D -valucs in m m  w ere 8 .6 6  at 73 .9°C , 3 .49  
at 76 .7°C , 2 .15  at 79 .4°C , and 1.22 at 82 .2°C . T he z-value o f  the 
phantom  T D T  curve w as 9.78C °. O ur data indicate previously  re
ported m inim al tim e/tem perature therm al processes used to set surim i 
gel provide an adequate m argin o f safety w ith  regard to C. botu linu m  
type E.

I N T R O D U C T I O N

S U R IM I, a food  p ro d u c t o f  m inced  and w ash ed  fish  fle sh , 
because  o f  h igh p ro te in , low -fa t co n ten t, p o ssesses un ique g e l
fo rm in g  capab ilities upon  hea ting  (L ee , 1984). T h ese  enab le  
its use in fo rm ula ted  seafood  analogs such  as im ita tion  c rab , 
lo b ster, sca llop  and sh rim p . S urim i and its re la ted  products 
w ere  gen era lly  un av ailab le  to  U .S . co n su m ers u n til the  late 
1970s, w h en  surim i c rab -leg  analogs w ere  in troduced  as a re 
sult o f a severe  dec line  in  the  A lask an  k in g  crab  industry . A t 
that tim e , m ost su rim i w as p repared  from  A lask an  p o llo ck  in 
Japanese  sh o re-based  and /o r fac to ry  sh ip s. P ro d u ctio n  and co n 
su m ption  o f  su rim i-b ased  foods in the U .S . are p ro jec ted  to 
increase  du ring  the 1990s.

A s the  surim i m arket ex p an d s, considerab le  effo rts are  be ing  
m ade to iden tify  species o f fish  tha t are su itab le  fo r use  in 
surim i and to  develop  such  und er-u tilized  spec ies as A tlan tic  
and G u lf C oast m enhaden  (Brevoortia tyrannus and  Brevoortia 
patronus, respec tive ly ) fo r that p u rp o se . M enhaden  are ab u n 
d an t, rep resen tin g  over 40%  o f  the to ta l U .S . fish  land ings 
(C ross, 1986). T hey  are used  for fish  m eal and o il, b u t are 
g en era lly  no t accep ted  as a food  source  becau se  o f  high  fat 
co n ten t, fine  b o n e  struc tu re  and p ro n o u n ced  flav o r and odor 
(Johnson  et a l . , 1988). M enhaden  are o ften  harvested  close  to  
sh o re , and b ecause  the  pa thogen  Clostridium botulinum m ay  
also  b e  found  in those  sam e en v iro n m en ts  (S m ith  and Sugi- 
y a m a , 1988), the  poss ib le  occu rren ce  o f  C. botulinum spores 
in m enhaden  flesh  is o f  concern . O ur p re lim in ary  research  
show ed  tha t m enhaden  surim i w ith o u t c iy o p ro tec tan ts  and in 
ocu la ted  w ith  C. botulinum type E  spores sup p o rted  g row th  
and tox in  p roduction  b y  C. botulinum. O ur cu rren t s tudy , 
th erefo re , w as u n d ertak en  to  d e term in e  bo th  the  inc idence  and 
heat resistance o f  C. botulinum type E spores fou n d  in  raw  
m enhaden  su rim i.

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

Collection of surimi
A  total o f 565 raw  m enhaden surim i specim ens, w ithou t added 

ciyoprotectants, w ere obtained from  the Zapata H aynie C orp. (Reeds- 
v illc, V A ). Portions w eigh ing  454 to 907g each w ere shipped frozen

T he a u th o r s  a re  a ff i l ia te d  w ith  th e  D iv. o f  M ic ro b io lo g y , F o o d  
&  D ru g  A d m in is tr a t io n , 2 0 0  C S t. S . W., W a sh in g to n , D C  2 0 2 0 4 .  
P le a s e  a d d r e s s  r e p r in t  r e q u e s t s  to  E. J e f fe r y  R h o d e h a m e l.

to the Food & D rug A dm inistration (FD A) laboratories during  A tlantic 
coast harvest seasons and kept frozen until used.

Incidence study

Experimental procedure. In a lam inar flow  hood , 250-g  portions 
o f raw  m enhaden surim i w ere aseptically  p laced in 1-L  bottles con
taining 500 m L  o f sterile, freshly  steam ed and cooled  trypticase-pep- 
tone-glucose-yeast extract (TPG Y ) broth and incubated at 26°C for 7 
days. O ne portion in each test w as prepared in duplicate and inoculated 
w ith  about 10 spores o f  C. bo tu linu m  type E  to serve as a positive 
control. A fter incubation, the cultures w ere centrifuged at 7000 x  g  
for 30 m in . T he clear supernatant fluid w as trypsin ized , diluted 1:10 
in gel-phosphate buffer and tested for C. botu linu m  toxin by  the stan
dard m ouse b ioassay  (FD A  B a c te r io lo g ic a l A n a ly tic a l M a n u a l, 1984). 
Toxic cultures w ere  typed by  toxin neutralization tests w hen neces
sary.

Heat-resistance study

Preparation of sterile surimi. A bout 25 m enhaden surim i sam ples, 
each w eighing about 907g and found negative in the incidence study, 
w ere pooled and thoroughly m ixed to obtain a hom ogeneous product; 
454-g portions w ere then frozen and held at - 2 0 ° C  until needed. 
T hese portions w ere thaw ed under refrigeration and autoclaved for 60 
m in at 121°C to ensure destruction o f any naturally  occurring  heat- 
resistant sp o res— a problem  previously reported by Lynt et al. (1977).

Strains and spore stocks

A  pooled spore m ixture consisting o f  five strains o f C. bo tu linu m  
type E  w as prepared. Four o f the strains (Beluga, Birm ingham  Salm on, 
070 and G 21-5) w ere obtained from  the FD A  spore stock. T he fifth , 
M S-272, w as isolated from  a positive specim en obtained from  the 
incidence study. Spore stocks w ere prepared from  each strain  as de
scribed by Lynt et al. (1983) and stored in sterile distilled w ater. Each 
spore suspension w as diluted w ith  sterile distilled w ater, and equal 
num bers o f  spores from  each strain w ere m ixed to form  a single pooled 
spore m ixture contain ing  1 x  107 spores/m L. The m ixture w as stored 
at 4°C and used throughout the study. Spores w ere  enum erated by  the
3-tube m ost probable num ber (M PN) m ethod, w ith  T PG Y  broth as 
the culture m edium .

Inoculation of sterile surimi. Sterile surim i w as ground in a sterile 
m eat grinder and inoculated to obtain a concentration o f  about 1  x  
105 C. botu linu m  spores/g. The seeded surim i w as ground tw ice m ore 
to ensure hom ogeneity  o f  the spore stock, tubed and stored in an ice 
bath for the duration o f  the experim ent. A t least five representative 
tubes, each containing lg  o f  surim i, w ere later used to determ ine the 
spore count by  the 3-tube M PN  m ethod.

Experimental procedure. Therm al death tim e (TD T) experim ents 
w ere conducted by the T D T  tube technique at 7 3 .9 , 7 6 .7 , 7 9 .4 , and 
82.2°C . T he inoculated surim i w as loaded into 10 x  75 m m  heat- 
resistant glass T D T  tubes in 1-g portions; the tubes w ere  flam e-sealed 
and stored in an ice bath until needed. Specim ens w ere  rem oved from  
the ice bath only  long enough to be bundled into groups o f  3 o r 4 and 
attached to a sinker and identifying tag . Enough tubes w ere  prepared 
for each experim ent so that 1 0 0  tubes w ere dropped in groups o f  1 0  
into a precisely  tem perature-controlled silicon oil bath at selected time 
intervals. A ll tubes w ere rem oved sim ultaneously  at the end o f  the 
experim ent and im m ediately returned to the ice bath . Precision  o f  oil 
bath tem perature w as indicated by  a straight line record ing  from  m on
itoring therm ocouples. Those used for this purpose had been previ-
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Table 1—M ean ca lcula ted  D -values for  C lostrid iu m  botulinum  typ e  E 
________________________________ sp o res  in m en h a d en  surim i.___________________________

-c
M ean  D-value*  

(min) R an geb

73.9 8.66 +  0.76 6 .8 0 - 1 2 .9 7
76.7 3.49 + 0.16 2 .3 8 - 4 .0 7
79.4 2.15 ±  0.21 1 .1 0 - 1 .6 5
82.2 1.22 ± 0 .1 5 0 .4 9 - 0 .7 4
a D-value ± one standard deviation. 
b Lynt et al., 1982.

ously checked against a calibrated therm om eter over the tem perature 
range used. A ccuracy o f  the therm ocouples w as checked periodically .

Each experim ent covered several tim e intervals, ranging from  one 
that perm itted survivors in all 1 0  tubes, to one in w hich  no survivors 
rem ained in any o f  the tubes. A  gradation betw een those extrem es 
w as developed so that som e tubes w ithin all but the final intervals 
w ould contain surviv ing spores. Four replicate experim ents w ere per
form ed at each tem perature except 82 .2 , w here w e used three repli
cates.

The tubes w ere returned to the ice bath and held there until they 
w ere opened for culturing . Contents o f the tubes w ere cultured in 
separate tubes o f  T PG Y  broth , each containing an inverted ferm en
tation tube. This w as necessary  because the turbidity  o f  the m edium  
after surim i had been added obscured v isib le  grow th, and production 
o f  gas m ight be m issed. A ll cultures w ere incubated for 2 w k  at 26°C 
or until they show ed evidence o f grow th and gas. A ll rem aining neg
ative tubes w ere then sealed w ith  sterile V aspar and further incubated 
at 26°C for at least 6  m o to allow  heat-dam aged spores an opportunity  
to recover, germ inate and grow  (Lynt et a l., 1983). All cultures from 
the longest tim e interval that show ed grow th in all 1 0  tubes and any 
culture from  longer tim es that show ed grow th w ere  tested for botulinal 
toxin. B ecause contam ination w as possible during preparation o f  the 
surim i and in filling and opening tubes, only  cultures found to contain 
toxin w ere counted am ong those w ith spores that survived heat treat
m ent. T oxicity  testing and typing w ere  by standard m ouse b ioassay, 
as described.

Calculations and statistical analysis
D ecim al reduction tim es (D -value) w ere calculated by  using the 

Spearm an-K arber estim ation o f  the LD 50 (Pflug and H olcom b, 1983). 
This indicates the tim e required to produce sterility  in 50%  o f the 
tubes (corresponding to 0 .69  surviving spores per tube). The D -value 
equals LD 50/[log 10 (initial spore concentration) +  0 .2507]. E xpo
sure tim es w ere corrected for therm al lag and lethality during  lag 
heating and cooling (Stum bo, 1965). The z-value w as estim ated by 
com puting the linear regression (O stle and M ensing, 1975) o f  log 10 
(D-value) versus tem perature (C ). A n estim ate o f  z  w as obtained by 
com puting the absolute value o f  the inverse slope.

R E S U L T S  & D ISCU SSIO N
SE V E N  o f  the  565 test p o rtions o f  m enhaden  surim i w ith o u t 
added cry o p ro tec tan ts  ex am in ed , each  w e ig h in g  25 0 g , c o n 
ta ined  C. botulinum type E  sp o res. T h e  re la tiv e ly  low  overall 
incidence ( 1 .2 % ) w as ex p ected  in v iew  o f  the m ultip le  w ash in g  
and p ressin g  p ro ced u res used  in  the p ro d u ctio n  o f  su rim i. The 
use o f  raw  m enhaden  su rim i w ith o u t added  cry o p ro tec tan ts  in 
the incidence study  w as b ased  on the fo llo w in g  ra tio n a le . O ne 
o f  the c ry o p ro tec tan ts  g en era lly  used  is a carb o h y d ra te  such  as 
sucrose  and so rb ito l. W e th eo rized  that a h igh  co n cen tra tio n  
o f  an easily  fe rm en tab le  ca rb o h y d ra te  m igh t h inder the iso la 
tion  o f  C. botulinum spo res b ecau se  the no rm al m icrob ia l flora 
cou ld  use the carb o h y d ra te  m ore  read ily . It cou ld  thus e ither 
o u tco m p ete  any low  levels o f  C. botulinum spo res o r rap id ly  
low er the pH  o f  the  m ed ium  to in h ib ito ry  leve ls.

T he am oun ts and types o f  c ry o p ro tec tan ts  in su rim i p roducts 
are h igh ly  v a riab le . T h u s w e u sed  m enhaden  su rim i w ith o u t 
added  cry o p ro tec tan ts  to  e stab lish  a base lin e  on  w h ich  effects 
o f  v a rio u s co m b in atio n s and levels o f  cry o p ro tec tan ts  on C. 
botulinum therm al res is tan ce  cou ld  be d e te rm in ed . T he m ean  
D -value  in m in  at each tem p era tu re  fo r C. botulinum ty p e  E  
spores in m enhaden  su rim i is show n in T ab le  1. T he D -values 
ob ta ined  in m enhaden  su rim i at 7 3 .9  and 7 6 .7 °C  w ere  w ith in

TEMPERATURE (C)

Fig. 1—Phantom thermal death time curve for Clostridium bo
tulinum type E  spores in menhaden surimi.

the range o f  reported  v a lu es  fo r  type E  in  c rab m ea t, b u t those 
at 7 9 .4  and 8 2 .2 °C  ten d ed  to  b e  s lig h tly  h ig h er (L yn t et a l.,
1982). S im ila rly , o u r resu lts  ag reed  w e ll w ith  D -v alu es o b 
ta ined  fo r C. botulinum type E  in  g ro u n d  w h ite fish  ch u b s (C ris- 
ley  et a l . ,  1968). A  g rap h  o f  the  p h an to m  T D T  cu rv e  (F ig . 1) 
show s a z -value  o f  9 .7 8 °C , slig h tly  h ig h er than  those  gen era lly  
reported  fo r type E . T h is m ay  have been  dye to  su r im i’s un ique 
ch arac te ris tic s , e .g . ,  raw  m en h ad en  su rim i is a lm o st pu re  p ro 
tein  and has a v e ry  sp o n g y  tex tu re . A n o th e r fac to r m ay  have 
been  the inclusion  o f  a spo re  stra in  (M S -2 7 2 ) o f  u n k now n heat 
resistance  in the o rig ina l spo re  m ix tu re .

S urim i gels are se t b y  therm al p ro cess in g . T h e  p ro d u c t can 
be cooked  w ith  e ith er a sing le- o r a tw o -s tag e  th erm al p ro cess . 
T h e  re p o r te d  tim e /te m p e ra tu re  c o n d itio n s  fo r  s in g le -s ta g e  
co o k in g  are g en era lly  be tw een  40  and  60  m in  at 90°C  (C hang- 
L ee e t a l . ,  1989; D o u g las-S ch w artz  and  L ee , 1988; P acheco- 
A g u ila r et a l . ,  1989). T w o -stag e  co o k in g  is a co m m o n  p rac tice  
and g en era lly  uses a lo w -tem p era tu re  stage  to  se t the  g e l, fo l
low ed  by  shorte r h ig h -tem p era tu re  co o k in g  tim e (L ee , 1984). 
S om e m in im al rep o rted  tim es fo r th is seco n d  stage  are  10 m in  
at 90°C  (B oye and  L an ie r , 1988) and 15 m in  at 88°C  (Y oon 
et a l . ,  1988). H o w ev er, those  rep o rts  d id  no t ind ica te  w h e th e r 
the tim e/tem p era tu re  co n d itio n s w e re  fo r the  in te rn a l tem p er
ature (cold  po in t) o f  the  su rim i. M o st ap p eared  to  b e  fo r the 
ex terna l tem p era tu re  app lied  fo r th e  sp ec ified  tim e. W ith o u t 
adequate  heat p enetra tion  d a ta , co m p ariso n s fo r o v era ll le 
th a lity  o f  the  p rocesses a re  an estim atio n .

T h erm al p ro cessin g  tim es and  tem p era tu res  req u ired  to d e 
stro y  C. botulinum spo res v a ry  fo r in d iv id u a l fo o d s . C ond i
tions fo r surim i a re  o ften  m od ified  t o  o b ta in  d esired  tex tu ral 
and senso ry  ch arac te ris tic s . O u r d a ta  ind ica ted  th a t m in im al 
second-stage  p ro cessin g  tim es w o u ld  p ro v id e  at leas t a  50D  
p ro cess  fo r C. botulinum type E  sp o res. H o w ev er, o u r find ings 
can n o t be ex trapo la ted  in to  co n c lu s io n s reg ard in g  the  p ro teo 
ly tic  and o ther n o n p ro teo ly tic  stra ins o f  C. botulinum. W e 
su g g est, th e re fo re , that w h en  changes are b e in g  co n sid e red  to  
m in im ize  therm al p ro cessin g  tim es an d /o r tem p era tu res , the 
m in im um  req u irem en ts  n ecessary  to  p ro v id e  an ad eq u ate  m ar
g in  o f  safe ty  shou ld  b e  co n sid ered .

C O N CLU SIO N S
A L T H O U G H  the inc idence  o f  C. botulinum type E  sp o res in 
su rim i is low  ( 1 .2 % ), such  spores have been  iso la ted  fro m  raw  
m enhaden  su rim i. T h ere fo re , the  m an u fac tu rers  o f  su rim i m u st 
co n sid e r the  safe ty  h azard  and ensu re  d estru c tio n  o f  C. botu
linum spo res. T he th erm al res is tan ce  o f  C. botulinum ty p e  E  
spores w as slig h tly  g rea ter fo r m en h ad en  su rim i a t the  h igher 
tem pera tu res tested  th an  fo r those  p rev io u sly  rep o rted . T his is 
im portan t w h en  adequate  therm al p ro cesses fo r m enhaden  sur
im i p ro d u ctio n  are  b e in g  d e term in ed . I f  second-stage  cooking

-Continued on page 1592
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A n t i o x i d a n t s  t o  P r e s e r v e  R o c k f i s h  C o l o r

D.H. WASSON, K.D. REPPOND, and T.M. KANDIANIS

------------------------------------ A B S T R A C T -------------------------------------
Thornyhead rockfish, S ebasto lobus a lascanu s, w ere treated w ith mixed 
tocopherols, alone or plus ascorbic acid (TC A A ), butylated hydroxy- 
toluene (BHT) and sodium  erythorbate to preserve red skin color dur
ing frozen storage. W hile all treatm ents significantly  im proved color 
retention com pared to the contro l, at 4 m o the T C A A  treated fish had 
significantly  higher red color scores than any o ther treatm ent group, 
as m easured using the C IE  L*a*b* scale. The T C A A  dip also ap 
peared to enhance the red color com pared to pre-treatm ent values.

K ey W ords: fish , rockfish , color, stability , antioxidants

I N T R O D U C T I O N

FISH  S P E C IE S  b e lo n g in g  to  the g en era  Sebastes and Sebas
tolobus, co m m o n ly  k now n as ro ck fish , co m p rise  a co m p ara 
tiv e ly  sm all b u t co m m erc ia lly  im portan t co m p o n en t o f  the 
A laskan  fish e ry . P ac ific  ocean  p e rch , Sebastes alutus, and 
th o rnyhead  ro ck fish , Sebastolobus alascanus, are va lu ab le  
co m m odities on  the  Jap an ese  m ark e t, w h ere  the retail v a lu e  is 
a d irect function  o f  sk in  co lo r. T he caro ten o id s astaxan th in  
and tun ax an th in  are p rim arily  responsib le  fo r the b righ t red  
hues o f  the rock fish  (T sukuda and A m an o , 1966; S im pson ,
19 8 2 ) . A staxan th in  is ex trem ely  un stab le . C aro teno id  d eg ra 
dation  has long  been recogn ized  to  p roceed  in  ana lo g o u s fash 
ion to lipid d eg rad a tio n , i .e . ,  by  au to x id a tio n  (reaction  w ith  
a tm ospheric  o x y g en , 30 2) and /o r ph o to sen sitized  ox id a tio n  (re
action  w ith  sing le t o x y g e n , '0 2) (F ran k el, 1985). T su k u d a  and 
A m an o  (1967 , 1968) also  suggested  tha t caro ten o id  d eg rad a
tion  m ay  be linked  to lipoxygenase  ac tiv ity  in the sk in . W hile  
au tox ida tion  o f  caro ten o id  p ig m en ts  in fish  has no t been  w ell 
s tu d ied , b u ty la ted  hydro x y to lu en e  (B H T ) has been  the an tio x 
idan t m ost ex ten siv e ly  used  in rock fish  d ips and g laze  w ater 
to te rm in ate  the free  rad ical reac tion . H o w ev er, research  on 
p rev en tio n  o f  lip id  ox idation  in fish  o ils  (K hayat and S chw all,
1983) and o th er food  co m m odities (K lau i, 1976) su ggests that 
a -  and y -to co p h ero ls  m ay  be m ore effec tive  free  rad ical chain  
te rm inato rs than  B H T . F u rth e r, sy n erg y  o f  y -to co p h ero l w ith  
asco rb ic  acid  o r asco rb y l pa lm ita te  has been  show n  to e ffect a 
severa l fo ld  increase  in an tiox idan t ac tiv ity  com pared  to  B H T  
in an im al fa ts (K lau i, 1976; C o rt, 1974). F o r p rev en tio n  o f 
o x ida tion  by  m eans o f  10 2, a -to c o p h e ro l has p ro v en  to  be the 
m ore effec tive  tocophero l w h en  added  to  soybean  o il along  
w ith  asco rby l steara te  (Y am auch i et a l . ,  1981). T h e  tocophero l 
regenerating activity o f  ascorbic acid is w ell docum ented (Packer 
et a l . ,  1979 , Y am au ch i et a l . ,  1981). U sed  a lone , asco rb ic  
acid also  functions as an effective  scav en g er o f  30 2. W here  
the sharp  acid ic  taste  o f  asco rb ic  acid  is a lim iting  fac to r, the 
ep im er e ry th o rb ic  acid  has b een  used  to  re tard  o x ida tion  in  fish  
o ils (S an tos and R eg en ste in , 1990). In ligh t o f  p u b lic  concern  
o v er the h ea lth  risks o f  B H T  (B ran en , 1975) o u r s tu d y  w as 
d esigned  to  ev a lu a te  the  e ffec tiv en ess o f  several a lternative  
an tio x id an ts  fo r the  p reserv a tio n  o f  the  red  skin co lo r o f  the 
rock fish .

A u th o r s  W a s so n  a n d  R e p p o n d  a r e  w ith  th e  N a tio n a l M a rin e  
F ish er ie s  S e rv ic e , U tiliza tion  R e se a r c h  L ab o ra to ry , P.O. B o x  1638, 
K o d ia k , A K  9 9 6 1 5 . A u th o r  K a n d ia n is  is  w ith  K o d ia k  F ish  C o m 
p a n y ,  K o d ia k , AK.

MATERIALS & METHODS
Fish sampling and handling

Tw o hundred thornyhead rockfish , S eb a sto lo b u s a la scan u s, from  
the G ulf o f  A laska w ere  selected from  a com m ercial traw l o f about 
907 kg in K odiak, A K . T he fish w ere  less than 24 hr post-capture, 
and had been layered in ice since capture. W hole fish  w ere  chosen 
for uniform ity  o f  size (0.5 to 1 kg) and color (see T able 1 for pre
treatm ent a* values), then random ly divided and tagged individually  
into 5 lots o f  40 fish . Each fish w as m easured in three locations for 
skin color before treatm ent using a M inolta C hrom a M eter II R eflec
tance in the L*a*b* m easuring m ode to serve as a pre-treatm ent ref
erence for changes during later storage and to determ ine if there w ere 
significant differences in pre-treatm ent m ean L *,a*  and b* values 
am ong groups. The three locations chosen to m inim ize errors in m ak
ing repeat m easurem ents at later sam pling tim es and to serve as rep
resentative o f  the head, m iddle and tail regions, w ere  respectively:
(1 ) im m ediately posterior to the gill cover and dorsal to the pectoral 
fin , (2 ) im m ediately posterior to the pectoral fin and ven tral to the 
lateral line, and (3) im m ediately anterior to the caudal fin.

Antioxidant treatm ent

Fish from  each lot w ere  then subjected to one o f  the fo llow ing 5 
treatm ents: (1) C ontro l, no antioxidant, (2) 0 .3%  m ixed tocopherols, 
o f  w hich  about 80%  w ere nonalpha form s (“ C ovi-O x T -3 0 P ,”  H enkel 
Corporation, LaGrange, IL), (3) TCA A , 0.3%  m ixed tocopherols (Covi- 
O x T -30P) +  0 .03%  pure ascorbic acid (N ature’s B ounty , In c ., B o
hem ia, N Y ), (4) 0 .05%  B H T (“ Sustane E m ulsion -T ,”  N ikki-U ni
versal C o ., L td ., T okyo, Japan), and (5) 0 .05%  sodium  erythorbate 
(“ Fish G laze ,”  Specialty  Foods, In c ., R ichm ond, C A ). “ C ovi-O x T - 
30P ”  w as chosen as a source o f  m ixed tocopherols since the form u
lation incorporates a dextrin carrier that facilita tes dispersion in w ater. 
“ Sustane E m ulsion-T ,”  (a patented form ula contain ing  10% B H T  and 
90%  edible oils) w as chosen as a source o f  B H T  because it is highly 
w ater soluble and the only  form  o f B H T currently  used for fish . The 
final concentration o f B H T, 0 .0 5 % , w as obtained by  preparing  a 0 .5%  
“ Sustane E m ulsion-T ”  solution. Sodium  erythorbate w as likew ise 
obtained from  a com m ercial form ula containing inert ingredients in 
addition to the antioxidant. T he Fish G laze w as prepared to y ield  a 
solution w ith  a final erythorbate concentration o f 0 .05% . All an tiox
idant solutions w ere  prepared w ith  distilled w ater and fish in groups 
2 -5  w ere dipped once in the respective solution then frozen on trays 
at - 1 8 °  C . C ontrol fish w ere frozen w ithou t further treatm ent. The 
follow ing m orning the fish from  all groups w ere glazed tw ice in a
0 . 5%  solution o f  corn syrup solids (“ D ry-Sw eet G ranulated C om  
Syrup S o lid s,”  H ubinger-H einz, K eokuk, IA ). The glaze w eigh t as 
a percent o f total product w eight w as 3 .0 % . T he glazed fish w ere 
double bagged in p lastic inside w et-lock-boxes for further frozen stor
age at - 1 8 °  C.

Color evaluation

T w o days after treatm ent (1 day after g lazing), 10 fish from  each 
treatm ent group w ere rem oved from  the freezer, allow ed to thaw  for 
8  hr w ithout exposure to light, then m easured for L*a*b* values. 
C olor values for each fish w ere then com pared to the pre-treatm ent 
L*a*b* values obtained for the sam e fish , to com pute difference v a l
ues, (e .g ., A L* =  L*t(i) - L*,(i)). This procedure w as follow ed after
1, 2 and 4 m o frozen storage.

Statistical analysis

M ean L * ,a* , and b* values for each group o f  40 fish  pre-treatm ent 
and each group o f  1 0  fish sam pled post-treatm ent as w ell as mean 
changes in L *, a*, and b* com pared to pretreatm ent va lues (A L*,
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Table 1 — Mean a* values of rockfish treated with different additives and held in frozen storage

Additive P R E C 0

Sto rag e  tim e, M onths'

1 2 4

A N O V A
F
P

None 14.9” 12 .9bAB 11,6bA 8 .3cA 4 .4dA 47.88
± 3 .9 ± 4 .2 ± 4 .0 ± 4 .8 ± 2 .5 0.000

T o co p h ero l 15.1“ 12.9bAB 16.1aB 15.4“c 13.0bB 5.308
± 3 .9 ± 2 .9 ± 3 .7 ± 3 .3 ± 3 .2 0.000

T o co p h ero l + A sco rb ic  acid 14.9 14.6BC 15.5B 16.6C 15.4C 1.631
± 3 .8 ± 3 .3 ±3.1 ± 2 .7 ± 3 .8 0.167

So d iu m  erythorbate 14.0 12.6A 13.3A 13.4B 12.4B 1.254
± 4 .5 ±4.1 ± 3 .2 ± 4.1 ± 4 .5 0 .289

BH T 14.7“ 15.0“a 16.0“B 13.0bB 11.3bB 7 .324
± 4 .2 ± 3 .7 ± 3 .7 ± 3 .2 ± 3 .3 0 .000

A N O V A
F 1.247 2.696 9.096 22.28 41.72
P 0.290 0.033 0.000 0.000 0.000

«-d Means within a row not sharing a common letter were significantly different (p < 0.05).
ABC Means within a column not sharing a common letter were significantly different (p < 0.05).
* Pre-treatment means were computed for all 40 fish in each group combining values for head, middle and tail locations.
1 "0" storage time denotes 1 day after glazing; "1", "2" and "4" denote 1, 2 and 4 mo, respectively, after treatment. Means at 0, 1, 2 and 4 mo were computed for 10 fish at 

each sampling time, combining values for three locations on each fish.

P o s t - t re a tm e n t  1 2 3 4 5
(o m o) Frozen Storage Time (months)

Fig. 1 — C hanges in  A  a *  w ith  t re a tm e n t a n d  s to ra g e  tim e . " 0 "  
de n o te s  1 d a y  a f te r  g laz ing . Values re p re s e n t m e a n s  o f  A  a *  
va lues fo r  JO fish , c o m p u te d  b y  c o m p a r in g  a *  va lues a t the  
g ive n  s a m p lin g  t im e  w ith  a *  va lues fo r  th e  sa m e  fish  p re - tre a t
m en t. AH th re e  lo ca tio n s  w e re  co m b in e d .

A a*, and A b*, respectively) w ere computed and analyzed using analysis 
o f  variance and least significant difference tests (N orusis, 1983). Each 
color com ponent w as also analyzed both as a function o f the m ean 
value for all locations on each fish and as a function o f  the m ean 
value at each location, e .g .,  head, m iddle or tail.

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

C O L O R  V A L U E S  o b ta in ed  u sin g  the  C IE  L *a*b*  scale  co r
re la ted  w e ll w ith  in fo rm al v isu a l o b se rv a tio n s . T h e  a* sca le , 
m easu rin g  co lo r g rad atio n  tow ard  red (p ositive  a* v a lu e ) and 
g reen  (negative  a* v a lu e ) w as chosen  as m o st rep resen ta tiv e  
o f the change  o ccu rrin g  in  ro ck fish  sk in  p ig m en t w ith  tim e. 
N o sign ifican t d iffe rences w ere  fo u n d  in m ean  a* v a lu es  b e 
tw een  g ro u p s p rio r to  an tio x id an t trea tm en t and  freez in g  (T able  
1). A t the  end  o f  4 m o  frozen  s to rag e , h o w ev e r, s ign ifican t 
d iffe ren ces w ere  n o ted . T h e  T C A A  gro u p  ap p eared  d is tinc tly  
red d er than  any  o th e r trea tm en t g ro u p , and  final a* v a lu es  w ere  
sig n ifican tly  d iffe ren t (p  <  0 .0 5 ) (T able  1). H o w ev er, there  
w ere  no sig n ifican t d iffe ren ces in  m easu red  red n ess o f  rock fish  
am o n g  the  toco p h ero l w ith o u t asco rb ic  ac id , B H T  and ery- 
tho rba te  g ro u p s . T h e  co n tro l ro ck fish , on  th e  o th e r h an d , had 
lost a lm o st all red  co lo r a fte r 4  m o  d esp ite  d o ub le  g laz in g  w ith  
the corn  sy rup  so lid s so lu tio n . A n  ob se rv ab le  lo ss  o f  redness 
w as ap p aren t o n ly  2  days afte r freez in g . T h e  a* =  1 4 .9  ±
3 .9  p re trea tm en t d e terio ra ted  to  a* =  4 .4  ±  2 .5 .

F ig u re  1, w h ich  charts th e  changes in  m ean  a* v a lu es  ca l
cu la ted  at each  sam p lin g  tim e  co m p ared  to  the  m ean  p re -trea t
m en t a* v a lu es  fo r the  sam e lo t o f  10  f ish , ind ica tes tha t the 
T C A A  dip  had  an en h an cin g  e ffec t on  sk in  co lo r. O n ly  ro ck 
fish  in tha t g ro u p  had  a po sitiv e  m ean  A a*  v a lu e  ( +  0 .9  ±
3 .0 ) as a  resu lt o f  trea tm en t (F ig . 1). F u rth e rm o re , th ere  w ere  
no sig n ifican t ch an g es in  the  A a*  a t an y  la te r sto rage  tim e, 
in d ica tin g  fu ll p ro tec tio n  o f  the  p ig m en t in add itio n  to  co lor 
en h an cem en t b y  th e  T C A A  co m b in a tio n . T h e  in itia l lo ss o f

Table 2 - E ffect o f  d ifferen t add itives on AL * a n d A b * values o f  rockfish w ith sto rage t im e ’
A L *

S torage tim e, M onths
A N O V A

F
A b *

S torage tim e, M onths
A N O V A

F
A dditive O' 1 2 4 p 0 1 2 4 p

None - 1 . 6 “ 3 .5b 2 .9bA 5 .0bA 13.24 — 0 .6aAB 0 .6“b 2 .7b - 0 . 8 “ 4.025
± 3 .6 ± 4 .0 ± 3 .7 ± 5 .4 0.000 ± 3 .8 ± 4 .2 ± 4 .2 ±5.1 0.009

T o co p h ero l - 0 . 1 “ 2 .2bc 3 .2bcA 0 .6abB 4.107 - 0 .5 « * - 0 .3 1.1 1.4 1.634
± 4 .4 ± 4 .0 ± 4 .4 ± 3 .4 0.008 ± 2 .8 ± 5 .6 ± 4 .3 ± 3 .7 0.185

To co p h e ro l + - 0 .6 * 2 .6b 2.1bA 1.9bB 4.697 0 .4BC 0.5 0.7 1.5 0.470
A sco rb ic  acid ± 3 .7 ± 3 .2 ± 3 .5 ± 3 .9 0.004 ± 4 .3 ± 4 .3 ± 3 .0 ± 3 .9 0.704
So d iu m 0.0 1.9 — 0 .2 B 0 .0B 1.577 — 1.7“* - 0 .3 “ 0.0* 2 .3b 4.491
erythorbate ± 4 .2 ± 4 .3 ± 4 .8 ± 3 .8 0.199 ± 3 .8 ± 3 .6 ± 4 .8 ± 5 .0 0.005
BH T - 0 .2 1.8 1.3AB 1.5B 1.585 1.4C 0.0 0.7 0.3 0.552

± 3 .3 ± 3 .7 ± 4 .9 ± 2 .9 0.199 ± 3 .4 ± 4 .6 ± 3 .9 ± 5 .6 0 .648

A N O V A
F
P

0.879
0.478

0.939
0.444

2.954
0.022

7.262
0.000

3.032
0.020

0.265
0.900

1.780
0.136

2.023
0 .094

a‘d Means within a row which do not share a common letter were significantly different (p<0.05).
A C Means within a column which do not share a common lower case letter were significantly different (p<0.05).
• A  values for head, middle and tail locations were combined. A L* and Ab* values represent the means of 10 fish at each sampling. A  values were computed by comparing 

values at 0,1,2 and 4 mo to pre-treatment values for the same fish.
1 "0" storage time denotes 1 day after glazing (i.e., 2 days after treatment and freezing).
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ANTIOXIDANTS TO PRESE R V E  RO CKFISH  COLOR. . .

Table 3 - M ean L* an d  b *  values o f  roc kfis h trea ted  with different add itives an d  h e ld  in frozen storage

A d ditive

L* b*
A N O V A

F
PP R E d P R E 0 mo» 1 m o 2 mo 4 mo

N one 4 6 .8A 7.7» 7 .8aBC 9 .4 bB 9 .4bB 6.2»A 2.953
± 3 .8 ± 4 .9 ± 3 .7 ±3.1 ±4.1 ± 3 .4 0.021

T o co p h e ro l 47 .6AB 8 .0b 5.7»A 8 .7bB 9 .8bB 9 .7bc 4 .569
± 3 .8 ± 4 .8 ±3.1 ± 4 .3 ± 3 .8 ± 4 .0 0.001

T o co p h e ro l + A sco rb ic  acid 47 .5*° 8.3»b 7 2 »abc 9 .0 ^ 9 .5bcB 10.5cC 2.929
± 3 .7 ± 4 .8 ± 3 .7 ± 3 .3 ± 2 .8 ± 3 .5 0.022

So d iu m  erythorbate 4 9 .2C 6.9 6.0AB 6 .6A 6 .9A 8 .6 BC 1.384
± 4 .2 ± 5 .3 ± 3 .7 ± 3 .2 ± 3 .9 ± 4 .0 0.240

BH T 4 8 .0B 7.5 8 .2C 8 .4 B 7 .9AB 7 .7AB 0.359
± 4 .0 ± 5 .2 ± 3 .9 ± 3.1 ± 3 .5 ± 3 .7 0.837

A N O V A
F
P

5.811
0.000

1.365
0.245

2.810
0.028

3.086
0.018

3.394
0.011

6.017
0.000

abc Means within a row not sharing a common letter were significantly different (p < 0.05).
ABC Means within a column not sharing a common letter were significantly different (p < 0.05).
d Pre-treatment means were computed for all 40 fish in each group. Values for head, middle and tail locations were combined.
8 "0 mo" storage time denotes 1 day after glazing; "1 mo" "2 mo" and "4 mo" denote 1, 2 and 4 mo, respectively, after treatment. Means at 0, 1, 2 and 4 mo were computed 

for 10 fish at each sampling time, combining values for 3 locations on each fish.

redness ob serv ed  in the  con tro l g roup  con tin u ed  at a s ign ifican t 
ra te , reach ing  A a*  =  —10.1 ±  3 .9  at 4 m o . A lth o u g h  n eg 
ative  A a*  va lu es w ere  ob serv ed  im m ed ia te ly  p o st-trea tm en t in 
the  tocophero l and ery tho rba te  g ro u p s , those  v a lu es  w ere  not 
sig n ifican tly  d iffe ren t from  the A a*  va lu es ob serv ed  at 4  m o . 
O n the o th er h an d , the 4 m o A a*  fo r rock fish  in  the B H T  
treated  group  ( — 2 .1  ±  3 .1 )  w as s ig n ifican tly  d iffe ren t from  
the A a*  im m ed ia te ly  p o st-trea tm en t ( — 0 .3  ±  3 .0 ) .

S ig n ifican t d iffe ren ces in p re -trea tm en t L* va lu es am ong 
groups (T ab le  3) in validated  co m p ariso n  o f  m ean  L* va lu es 
am ong  g ro u p s at any la te r sto rage  tim e , although  the range  in 
p re-trea tm en t L* v a lu es  w as sm all, 4 6 .8  ±  3 .8  to  4 9 .2  ±
4 .2 . C o n seq u en tly , the  A L *  v a lu es  (T ab le  2) w ere  considered  
m ore m ean ingfu l fo r analysis o f  d iffe rences am ong  g ro u p s at 
1, 2 , and 4 m o . A t 4 m o , the n on-trea ted  (con tro l) rockfish  
had the h ig h est A L *  and there  w ere  no sig n ifican t d iffe rences 
am o n g  the treated  sam p les. Increases in  L* gen era lly  ind icate 
the o n se t o f freeze r bu rn  (u n pub lished  d a ta ) . H o w ev er, since 
all treated  groups at 4 m o fo r all locations co m b in ed  had low er 
A L *  va lu es than  the co n tro l, (desp ite  g laz ing ) p ig m en t loss 
appears a lso  to  be a fac to r.

T h ere  w ere  no sig n ifican t d iffe ren ces am ong  g ro u p s in p re 
trea tm en t m ean  b* v a lu es , w h ich  m easu re  the ch ro m atic ity  
scale  fro m  y e llo w  (positive  A b * ) to  b lue  (negative  A b * ). 
C om parison  o f  m ean b* v a lu es  (T able 3) ind ica ted  s ign ifican t 
d iffe ren ces b etw een  0 and 4  m o in the 2 tocophero l g ro u p s . 
H ow ever, the A b* values (Table 2), w hich  m easured  the change 
in m ean  b* v a lu es  at 1, 2  and 4  m o (com pared  to  p re-trea tm en t 
m ean  b* v a lu es  fo r the  sam e 10  fish ) ind ica ted  tha t o n ly  the 
e ry tho rba te  trea ted  g ro u p  changed  sig n ifican tly  in that respect 
as a function  o f  s to rag e  tim e.

T h e  data  (F ig . 1) suggest a poss ib le  m ech an ism  fo r p ig m en t 
deg rad atio n  in ro ck fish . T h e  an tiox idan t p ro p ertie s  o f  toco- 
phero ls can  be a ttribu ted  to  the ir e ffec tiv en ess in  rep a irin g  free 
rad icals as w e ll as their cap ac ity  to  quench  10 2. In research  
w ith  v eg e tab le  o ils and anim al fa ts , the  to co p h ero ls  have been  
show n  rep ea ted ly  to  b e  m ore effec tive  te rm in ato rs  o f  free  rad 
ical reac tio n s than  B H T . A A *  v a lu es  in our s tudy  likew ise  
sh ow ed  tha t w h ile  th ere  w as  no sig n ifican t d iffe ren ce  be tw een  
the  0 and 4  m o A a*  va lu es fo r to co p h ero l trea ted  fish , ( - 1 . 0  
±  2 .0  and - 2 . 3  ±  2 .0 ) the A a*  v a lu es  fo r  the B H T  group  

beg an  to  d ec rease  s ig n ifican tly  be tw een  1 and 2  m o . In  add i

tio n , th ere  w as no  sig n ifican t d iffe ren ce  in A a*  v a lu es  b e tw een  
the tocophero l and the  e ry tho rba te  trea ted  g ro u p s at 4  m o , 
( — 2 .3  ±  2 .0  and —1 .7  ±  2 .7 )  re sp ec tiv e ly . S in ce  e ry th o r
b a te  fun ctio n s as a 30 2 scav en g er, it appears th a t to c o p h e ro l’s 
ro le in th e  p rev en tio n  o f  p ig m en t deg rad atio n  m ay  b e  th a t o f 
e lec tron  do n o r to  free  rad ica ls g en era ted  b y  reac tio n  w ith  a t
m o sp h eric  o x y g en . S ing le t ox y g en  p ro b ab ly  is n o t im p lica ted  
u n d er the co n d itio n s sim u la ted  in  o u r s tudy .
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F a c t o r s  A f f e c t i n g  S e p a r a t i o n  o f  L o w  F a t  F l e s h  f r o m  F a t t y

F i s h  b y  C r y o - s h a t t e r i n g

YOSHIO HAGURA and HISAHIKO W ATANABE

------------------------------------A B S T R A C T -------------------------------------
O ur previous report on separating low  fat flesh from  fatty  fish by 
cryo-shattering indicated that at appropriate tem peratures, fat content 
in particles increased w ith  particle size. T he effect w as tem perature 
dependent; that effect o f  low  tem perature on fracture stress and elastic 
modulus o f model fish flesh w as further examined at -  60°C to -  196°C. 
T he fish flesh show ed abrupt changes in com pression and tensile frac
ture stress at about -  90°C and -  150°C; such changes strongly af
fected fat content-particle size relations (FC PSR ). U sing m easured 
fracture stress and elastic m odulus values, FCPSR w as successfu lly  
sim ulated w hen B ond’s equation w as linked w ith  an em pirical equa
tion to estim ate w ork  index values.

tensile  frac tu re  s tress , ct„  and  ra tio  o f  sp ec ific  su rface  area  o f  
in tact specim en  to  tha t o f  frac tu red  p a rtic les , R .

W , =  0 .6 2 3  p 100 E 0-35 o f -15 o f -50 R - 0 09 R r 0-48 (2)

su b sc rip t c  =  com p ressiv e  and  t =  ten s ile .
In  o u r cu rren t s tu d y , the  o b jec tiv e  w as  to  de te rm in e  the  w o rk  

in d ex  o f  fish  flesh  fro m  m ech an ica l p ro p ertie s  o f  m odel fish  
flesh  w ith  v a ried  fa t co n ten t. S u ch  w o rk  in d ex  v a lu es  cou ld  
then  be substitu ted  in to  E q . (1) to  sim u la te  cu rv es o f  sha tte red  
p artic le  size vs fa t co n ten t.

K ey W ords: fish, fatty , cryogenics, shattering , low -fat

I N T R O D U C T I O N

W H E N  A G G L O M E R A T E D  fo o d s tu ff is c ry o -sh a tte red  at the 
appropria te  low  tem p era tu re , in d iv id u al g ran u les  separa te  (W a- 
tanabe et a l . ,  1987). C ry o -sh a tte rin g  fo llo w ed  b y  cry o -siev in g  
o f  m ackerel and sard ine  a llow ed  separa tion  o f  a low  fa t frac tion  
from  those  fa tty  fish  (H agura  e t a l. 1989). T he separa tion  is 
based  on  the  fac t tha t at an ap p ro p ria te  tem p era tu re  ( —60°C  
~  — 80°C ), m ost fa t is ex c lu d ed  from  sm alle r-s ized  sha tte red  
partic les . T he e ffec t w as tem p era tu re  d ep en d en t. A t — 196°C , 
the fa t con ten t in  p a rtic les  increased  w ith  d ec reas in g  p artic le  
size (H agura  e t a l . ,  1989).

W e have now  ex am in ed  ex p erim en ta lly  the  e ffec t o f  low  
tem pera tu re  on  frac tu re  stress and e las tic  m o d u lu s , the  d o m i
nan t fac to rs  a ffec tin g  size  o f  c ry o -sh a tte red  p a rtic les . O ur o b 
je c tiv e  w as to  e luc ida te  the  fa t con ten t-p a rtic le  size  re la tio n sh ip  
at cryo-shattering tem peratures ranging from  — 6 0 °C to  — 196°C. 
R ittin g er’s , K ic k ’s , and B o n d ’s eq u atio n s are w e ll k now n  fo r 
d escrib in g  partic le  size  and  energy  inp u t in size  reduction  
p rocesses. A m o n g  th ese , B o n d ’s eq u a tio n , E q . (1 ), is the  best 
fo r p rac tica l use  in co rre la tin g  data  in size  reduction  (B ond , 
1952);

P =  10 a W j ( 1 / V ^  -  1 /V D l)  (1)

W here : P (J/kg) is the  en erg y  fo r sha tte rin g  a m ateria l to  reduce  
size from  D! to  D 2 |xm . W i; the  w o rk  in d ex , rep resen ts  a 
charac te ris tic  resistance  o f  the  m ateria l ag a in s t sh a tte rin g . T he 
coeffic ien t a  d ep en d s on  th e  type  o f  sh a tte rin g  m ach in e : a  =  
1 fo r ba ll m ill and 1 .34  fo r h am m er m ill (S n o w , 1984). A c 
co rd in g  to  E q . (1 ), the w o rk  in d ex  de te rm in es the  size o f  the 
sha tte red  partic le  w h en  the sha tte rin g  m ach in e  is opera ted  w ith  
con stan t energy  inpu t.

U sin g  a d im en sio n al an a ly s is , Y ash im a e t al. (1970) su c
cessfu lly  co rre la ted  w o rk  in d ex  w ith  m ech an ica l p ro p ertie s: 
d en sity , p , e las tic  m o d u lu s , E , com p ressiv e  frac tu re  s tress , <rc,

The a u th o r s  a r e  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 , 
T okyo  U niv. o f  F is h e r ie s ;  4 -5 -7 , K o n a n , M in a to , T okyo , 10 8  J a 
p a n . A d d r e s s  in q u ir ie s  to  Dr. W a ta n a b e .

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

Test pieces
A laska pollack surim i (Taiyo G yogyo C o .; SA  grade) w as m ixed 

w ith  varied am ounts o f  cod oil (Y akuro Seiyaku C o.) fo r a m odel fish 
flesh. Surim i stored at - 3 0 ° C  w as thaw ed at 5°C for 12 hr before 
use. The m ixture using cod oil (0 ,1 0 ,2 0 ,4 0 ,5 0 %  w eigh t basis) w as 
m inced w ith  a blender m ill (6 ,000 rpm ; 5 m in ), and poured into 
alum inum  tubes (2 0  m m  i.d . x  2 0  m m ) w ith  the bottom s covered 
w ith polyethylene film . T ubes filled w ith  surim i w ere  w rapped on top 
in polyethylene film  and placed in a freezer at - 3 0 ° C  for 12 hr. 
C ylinders rem oved from  the tubes w ere  used as test p ieces for com 
pression.

D um bbell-shaped test pieces (cross section o f  test portion: 10 m m  
x  10 m m ) w ere  used for tension tests. W e prepared 10 m m  thick 
frozen plates o f  m odel fish flesh w ith  varied fat content at -  30°C in 
a freezer. T he dum bbell-shaped test p ieces w ere cut out o f  the frozen 
m odel fish flesh plate in accordance w ith  Japanese Industrial S tan
dards for testing industrial m aterials (Fig. 1; JIS , 1981). 100%  fat 
content test pieces w ere  prepared using cod oil in a sim ilar m anner. 
Cylindrical test pieces w ere prepared using  alum inum  tubes, dum b
bell-shaped test pieces w ere  cut out o f  frozen cod oil p lates.

Apparatus and Procedure

A  testing m achine (M odel U T M -4-200 , T oyo B aldw in C o.) w as 
used for uniaxial com pression tests as w ell as fo r uniaxial testion tests 
(F ig. 2). A  test piece A , cooled w ith  cold n itrogen gas evaporating 
from  liquid nitrogen contained in a D ew ar vessel B , w as com pressed 
betw een bearing  plates Q  and Q ,  or pulled  betw een jaw s D j and D 2, 
at a constant rate o f  deform ation (4 .0  m m /m in). V arying the evapo
ration rate o f  liquid nitrogen and/or d istance betw een the test specim en 
and the surface o f  liquid nitrogen allow ed control o f  the tem perature 
o f the test piece. T he evaporation rate w as regulated  by  controlling 
the current to im m ersion heater H . T he low er bearing  plate Q  or the 
upper ja w  D j w as connected to load cell F (M odel T M -200L , O rientec 
C o ., capacity: 200 kgf). The signal from  the load cell w as am plified 
through a strain am plifier. T he displacem ent o f  the test piece w as 
detected by a digital strain-m eter (M odel G S-332, O nosokki, discrim 
ination: 0 .001 m m ). A  load-deform ation curve w as recorded w ith an 
X -Y  recorder E .

- 9 0
- 6 0

V _
o

“ T "
10

Fig. 1 - D u m b b e l l - s h a p e d  t e s t  p ie c e .
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CRYO-SHATTERING FATTY FISH. . .

Fig. 2 —S c h e m a t ic  d ia g r a m  o f  a p p a r a tu s .
(A) t e s t  p ie c e ,  IB) D e w a r  v e s s e l ,  (C) b e a r in g  p la te ,  (D) j a w ,  (E) X -Y  r e c o r d e r ,  (F) lo a d  
cell, (G) s tr a in -m e te r ,  (H) im m e r s io n  h e a te r .

Fig. 3 — T y p ic a l s t r e s s - s t r a in  c u r v e s  o f  m o d e l  f ish  f le s h  in  c o m 
p r e s s io n .

A  test piece, placed betw een the bearing plates or jaw s w hich  had 
been cooled in advance w ith cold nitrogen gas, w as cooled to a preset 
test tem perature betw een -  10°C and -  196°C. T he test piece w as 
cooled slow ly  and carefully  at a rate o f about 2.0°C /m in to avoid 
cracking due to therm al shock.

Specific surface area

Specific surface area, the ratio o f  surface area o f  a body  to its 
w eigh t, w as calculated from  the dim ensions and m ass o f  the specim en. 
The surface area o f  particles from  a fractured test piece w as estim ated 
by a w ell know n m ethod based on particle size distribution (B erry, 
1950). That value for the fractured m aterial w as m easured using sieve 
analysis by  p lo tting  the cum ulative data on logarithm ic probability  
paper (H agura et al. 1989).

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

E la s t ic  m o d u lu s  o f  m o d e l fish  a t  lo w  te m p e ra tu r e

T y p ica l stress-stra in  cu rves fo r se lec ted  tem pera tu res are 
sh o w n  in F ig . 3 . A t low  tem p era tu res , a sudden  b reak ag e  w as 
o b se rv ed , w h ile  at h igh  tem p era tu res  a g rad u al d efo rm ation

Fig. 4 —E la s tic  m o d u lu s  (o) a n d  c o m p r e s s i v e  fr a c tu r e  s t r e s s  (•)  
o f  o il-fr e e  s u r im i  s a m p le  a t  l o w  t e m p e r a tu r e s .  S o l id  l in e s  d e n o te  
b e s t  f it l in e s  b y  a  l e a s t  s q u a r e s  r e g r e s s io n .

took  p lace . F o r s lig h t d e fo rm atio n s, the  s tress-s tra in  cu rves 
approached  stra igh t lin es. T he slope o f  such  s tra ig h t lin es gave 
the  e las tic  m o d u li. T he x  m ark s in  F ig . 3 in d ica te  frac tu re  
stress .

E lastic  m odu li ob ta in ed  from  stress-stra in  cu rv es in  co m 
pressio n  tests w ith  cod  o il-free  su rim i sam ples a re  p lo tted  vs 
tem p era tu re  in F ig . 4 . T h e  so lid  line  th rough  the  d a ta  p o in ts 
rep resen ts  the  b est fit line  by  a least squares reg ress io n . E lastic  
m odu li on  co m p ressio n  w ere  no t d iffe ren t from  th o se  u n d er 
tension . In F ig . 5 , w e  show  the  e ffec t o f  tem p era tu re  on  e lastic  
m odu lus o f  m odel fish  flesh  w ith  v a ried  fat co n ten t as w e ll as 
that o f  the 100% cod  o il sam ple .

T he e lastic  m odu lus o f  m odel fish  flesh  and 100%  cod  o il 
(F ig . 5 ) in c re a s e d  c o n s id e ra b ly  as te m p e ra tu re  d e c re a s e d  
th ro u g h o u t the  range  o f  tem pera tu res te s ted . T h is  tem p era tu re  
dep en d en ce  o f  fish  flesh  m odu li agreed  w e ll w ith  th a t reported  
fo r o ran g e  ju ic e  ice (W atanabe  e t a l . ,  1991). O n th e  o ther 
hand , e las tic  m odu lus o f  pu re  m ateria ls  g e n e ra lly  increases
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Fig. 5 - E f f e c t  o f  l o w  te m p e r a tu r e  o n  e la s tic  m o d u lu s  o f  m o d e l  
fish  f le sh  o f  d if fe r e n t fa t  c o n te n ts .

Fig. 6 —E ffe c t o f  l o w  te m p e r a tu r e  o n  fr a c tu r e  s t r e s s  in  c o m 
p r e s s io n  t e s t  o f  m o d e l  f ish  f le sh  o f  d if fe r e n t fa t  c o n te n ts .

v ery  gradually  w ith  increase in tem perature (D iB enedetto , 1967). 
T he e lastic  m odu lus o f  pu re  w a te r  ic e , fo r ex am p le , is 6 .0  x  
109 Pa at - 5 ° C  (G o ld , 1958) and 6 .9  x  109 Pa at - 1 9 6 ° C  
(P aram esw aran  and Jo n es , 1975).

F r a c tu r e  s tre s s  o f  fish  f le sh  a t  lo w  t e m p e ra tu r e

W hen  fracture  stresses in  co m p ressio n  tests w ith  cod  oil- 
free su rim i sam ples w ere  p lo tted  v s tem p era tu re  (F ig . 4) they
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Fig. 7 - E f f e c t  o f  l o w  te m p e r a tu r e  o n  f r a c tu r e  s t r e s s  in  te n s io n  
t e s t  o f  m o d e /  fish  f le sh  o f  d if fe r e n t  fa t  c o n te n ts .

increased considerably  as tem perature decreased betw een  - 2 0 ° C  
and -  90°C . T h e  so lid  line  in  th e  fig u re  rep resen ts  the  b e s t fit 
line b y  least sq u ares reg ressio n . T h ere  fo llo w ed  an ab ru p t drop  
from  40  x  106 P a  to  7 x  106 P a  a t aro u n d  - 9 0 ° C .  F rac tu re  
stress increased  g rad u ally  as tem p era tu re  d ecreased  be tw een  
-  90°C  and -  196°C .

W hen  frac tu re  stresses in  co m p ressio n  tes ts u sin g  sam ples 
w ith  v a ried  fa t co n ten t w ere  p lo tted  v s  tem p era tu re  (F ig . 6) 
those  o f  a 100% cod o il sam ple  sh ow ed  co n sid erab le  increase  
as tem p era tu re  decreased  from  -  20°C  u n til a  sharp  drop  o c 
cu rred  at — 155°C . C o n sid erin g  th e  frac tu re  stress o f  surim i 
sam ple  m inced  w ith  cod  o il, a t -  90°C  and  -  155°C , sharp  
decreases o ccu rred . E ach  o f  these  tem p era tu res  a lso  co rre 
sponded  to  the  tem p era tu re  at w h ich  cod  o il-free  sam ple  or 
10 0 % cod  o il sam ple  sh ow ed  a sharp  drop  in  frac tu re  stress . 
A t tem p era tu res  h ig h er than  — 90°C  or lo w er than  — 155°C , 
w e ob serv ed  that the  lo w er the  fa t co n ten t the  la rg er the  co m 
pressio n  frac tu re  stress . O n the  o th e r h an d , co m p ressio n  frac 
tu re  stresses w ere  n ea rly  un ique v a lu es  reg ard less  o f  fa t con ten t 
w h en  the tes t tem p era tu re  w as  b e tw een  -  90°C  and -  155°C .

F rac tu re  s tresses in  ten s io n  are show n  in F ig . 7 . T ensile  
frac tu re  stress a lso  had tw o  tem p era tu res  at w h ich  sharp  stress 
d rops occu rred . T h e  tw o  tem p era tu res  ag reed  w ith  those  o f  
co m p ressio n  frac tu re  s tress . A n  in v erse  re la tio n sh ip  w as seen  
in  the  tem p era tu re  range -  90°C  to  -  155°C , w h ere  the  lo w er 
the fat co n ten t, the  sm alle r w as the  frac tu re  s tress .

C a lc u la t io n  o f  w o r k  in d e x

T o  ca lcu la te  the w o rk  in d ex  using  E q . (2 ) , th e  d en sity  and 
ratio  o f  sp ec ific  su rface  area w ere  req u ired  in  add itio n  to  elastic  
m odu lus and frac tu re  s tress . T he d en sity  o f  th e  m odel fish  flesh 
o b ta ined  by  m easu rin g  its w e ig h t and  v o lu m e w as constant:
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CRYO-SHATTERING FATTY FISH. . .

Table 1 — Ratio o f  specific surface area m ea su red  in fracture te s t

Fat (% )

Tem p eratu re  (°C)
- 6 0 - 1 0 0 - 1 5 0 - 1 9 0

Rc (C o m p re ss io n  test)

0 15.0 23.2 49.6 12.1
20 9.5 15.0 34.9 11.6
40 2.6 9.2 28.4 9.4
50 1.8 5.2 18.6 8.0

Rt (Tension  test)

0 6.0 1.8 1.3 1.3
20 2.8 1.3 1.3 1.3
40 1.3 1.3 1.3 1.3
50 1.3 1.3 1.3 1.3

Table 2 -  Work index calculated from Eg. (2)

Fat (%)

Tem p eratu re  (°C)

- 6 0 - 1 0 0 - 1 5 0 - 1 9 0

W; (kj/kg)

0 8.4 8.9 11.1 14.2
20 9.7 10.2 13.0 10.6
40 13.6 11.9 14.4 9.4
50 12.8 12.9 15.0 8.8

25

„ 2 0

£
—  15
-4-
S  1 0-4-
C
°  5

/0 ° 'O - °

;/
-2 0 ° C

-i i i , i

CTo -o —°

7

- 4 5 ° C
i  i i i i

-  ^
op

~ /0

- /o
- 6 0 ° C

T i 1 i 1

O
y

 
s

-
 

1 
° 

1_____
1_____1_____1_

0 1000 2000 0 1000 2000 0 1000 2000 0 1000 2000
cJ

LL. ( B )

40 : :  / -  - 1 5 0 ° c / “ \ - 1 9 0 ° C

20 -  / -  / / -  \

7  -6 0 ° C "  /  -1 0 0 °C -  /
0 ~l II 111111 ~1 1 1 1 1 1 1 1 1 ~l ■ ■ > 1 I I I 1 T i i i 1 i i i 1

400 800 1200 400 800 1200 400 800 1200 400 800 1200

P a r t i c le  Size ( jjm )
Fig. 8 —E x p e r im e n ta l  r e s u l t s  o f  fa t  c o n te n t-p a r t ic le  s i z e  r e la tio n 
s h ip  u s in g  m a c k e r e l  b y  H a g u ra  e t  at. (1989) (A) a n d  th a t  p r e 
d i c t e d  in  th is  w o r k  (B).

F ig. 9 —E ffe c t o f  fa t  c o n te n t  on  c o m p r e s s io n  fr a c tu r e  s t r e s s  o f  
m o d e l  f ish  f le sh .

1 .0  x  103 k g /m 3, at - 6 0 ° C  to  — 190°C . R atio s  o f  sp ec ific  
surface  areas are listed  in  T ab le  1. R c v a lu es  v a ried  co n sid 
erab ly  w ith  tem p era tu re  as w e ll as fa t c o n ten t, w h ile  R, v a lu es  
w ere  constan t.

M easured  o r e stim ated  v a lu es  fo r fac to rs  p , E , crc, cr,, R c, 
and R t w ere  su b stitu ted  in to  the  rig h t-h an d  sid e  o f  E q . (2 ), to  
ob ta in  the  w o rk  in d ex  W i a t tem p era tu res  —6 0 , — 100 , —150, 
and - 1 9 0 ° C  (T ab le  2).

E s t im a tin g  p a r t ic le  size o f  c ry o -s h a t te r e d  m o d e l f ish  flesh

In ou r p rev ious rep o rt w e  sep ara ted  lo w  fa t fle sh  fro m  m ack 
ere l v ia  c ry o -sh a tte rin g  using  a h am m er m ill eq u ip p ed  w ith  16 
ham m ers and a screen  w ith  5 .0 0  m m  o p en in g  o p e ra ted  at 2600 
rpm  (H agura  et a l . ,  1989). R esu lts  o f th o se  ex p e rim en ts  w ere  
rep o rted  as fa t con ten t-p artic le  size  cu rv es a t se lec ted  sh a tte r
ing  tem p era tu res  (F ig . 8A ).

In ou r cu rren t rep o rt, w e  a ttem pted  to  s im u la te  the  fa t co n 
ten t-p artic le  size  cu rv es b y  su b stitu tin g  the ca lc u la ted  w o rk  
index  v a lu es  (T able  2) in to  E q . (1 ). T h e  size  o f  m ack ere l 
sam ples (4 0 ,0 0 0  p m ) fed  in to  the sh a tte rin g  m ach in e  in  the 
p rev io u sly  rep o rted  ex p erim en t w ere  used  as th e  in itia l sam ple  
size , D j.

T he energy  req u ired  to  d rive  the  sh a tte rin g  m ach in e , P , m a y  
be estim ated using  an em pirical energy  chart described by  B ond 
and W an g  (1950). T h is  ch art enab led  an estim ate  o f  th e  en erg y  
input req u ired  to  crush  a m ateria l o f  m ed iu m  h ardness w h en  
average  size  o f  feed  and p ro d u ct w ere  k n o w n . A ssu m in g  feed  
size  o f  4 0 ,0 0 0  p m  and  p ro d u ct size  o f  2 ,2 0 0  p m , w e  d e te r
m ined  the  en erg y  in p u t, P , o f  4 .7 0  x  103 J /k g .

T he sim u la ted  partic le  size o f  c ry o -sh a tte red  fish  fle sh  p lo t
ted  on  the  ho rizo n ta l ax is v s  fa t co n ten t (F ig . 8B  m ay  be 
com pared w ith experim ental results (H agura et a l., 1989) show n 
in F ig . 8A . T h e  sim u la ted  fat con ten t-p a rtic le  size  cu rv es d em 
onstra ted  tha t at — 60°C  the sm alle r the  partic le  size  the  lo w er 
the fa t co n ten t. T h is re la tio n sh ip  rev ersed  w h en  the  sam p le  
w as c ry o -sh a tte red  at -  190°C.

A lthough  F ig . 8B d em o n stra ted  c lea rly  tha t u se  o f  E q . (1) 
and (2 ) w o u ld  p ro d u ce  resu lts  w h ich  co rrec tly  d escrib ed  sh a t
te red  partic le  size  as a fun ctio n  o f  fa t co n ten t and tem p era tu re , 
the reverse  e ffect in  fa t con ten t-p artic le  size  re la tio n sh ip  at 
— 150°C  w as no t ex p lic itly  sh o w n . T h e  m ain  reaso n  fo r tha t 
is exp la ined  as fo llo w s: W h en  sh a tte rin g  so m eth in g  u sin g  sh a t
te rin g  m ach ine  at con stan t p o w er, and  the  size  o f  m ateria l fed  
in to  the m ach in e  is co n stan t, the  size  o f  sh a tte red  p a rtic le s , 
D 2, m ay  be g iv en  (E q . (1)) as:

D 2 « W f  (3)
D iscard in g  fac to rs  fro m  E q . (2) w h ich  have re la tiv e ly  lo w  

exponen ts and those  w h ich  change  v e ry  little  in  v a lu e  w ith  fat 
con ten t:

w . cc E 0-35 a “-15 a ?-50 (4)

S ub stitu tin g  E q . (4) in to  E q . (3):

D 2 a E 0-70 a ?-30 a ,100 (5)

T he e ffec t o f  fa t co n ten t on  frac tu re  stress and  e las tic  m o d 
u lus w as d e term in ed  u sin g  d a ta  at se lec ted  tem p era tu res . In 
F ig . 9 and  10 the  e ffec ts  o f  fa t co n ten t o n  frac tu re  s tress  w ere  
g rea tly  in flu en ced  b y  tem p era tu re  o f  frac tu rin g . T h e  e ffec t o f  
fa t co n ten t on  frac tu re  stress w as:

- 1 5 0  °C  < T  <  - 9 0  °C

crc « f - 0-05 (6)

a ,  « f0-3* (7)
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Fat Content (% )
Fig. 1 0 —E ffe c t o f  f a t  c o n te n t  o n  te n s io n  f r a c tu r e  s t r e s s  o f  m o d e l  
fish  fle sh .

- 1 9 6  °C < T  <  - 1 6 0  °C

a c « f - 0-28 (8)

a ,  « f - 0-16 (9)

O n the o th er h an d , a lo g -lo g  p lo t o f  e las tic  m odu lus v s  fat 
con ten t gave  n early  a s ing le  s lope  o f  - 0 . 2 6  reg ard less  o f 
tem pera tu re  (F ig . 11).

E  « f - 0-26 (10)

S u b stitu ting  these  re la tio n s in to  E q . (5):

D 2 « f0-15 - 1 5 0  °C <  T  < - 9 0  °C (11)

D 2 « f - 0-43 -  196 °C  < T  <  -  160 °C (12)

T h e  change in  exp o n en t from  p ositive  in E q . (11) to  n egative  
in E q . (12) s ign ified  the  reversion  in  dep en d en ce  o f  p artic le  
size to  fa t co n ten t at d iffe ren t ran g es . T he tensile  frac tu re  stress 
also  exh ib ited  a slope change  from  po sitiv e  above- — 150°C  to 
negative  at lo w er tem p era tu res .

C O N C L U S IO N S

B O N D ’S E Q U A T IO N  w as su ccessfu lly  used  to  sim u la te  fat 
con ten t-p artic le  size  cu rves in  c ry o -sh a tte rin g  fa tty  fish  w h en  
it w as linked  w ith  w o rk  in d ex  v a lu es  estim ated  using  an  e m 
pirical co rre la tin g  eq u a tio n . F rozen  fish  flesh  sh ow ed  abrup t 
change o f com pression and tensile fracture stress at about -  90°C 
and -  150°C . T h is ch an g e  stro n g ly  affec ted  the sh a tte red  par-

Fig. 1 1 —E ffec t o f  fa t  c o n te n t  o n  e la s t ic  m o d u lu s  o f  m o d e l  f ish  
fle sh .

t i d e  size . T h e  rev ersio n  in  d ep en d en ce  o f  partic le  size  on  fat 
co n ten t w as m ain ly  cau sed  by  the tem p era tu re  dep en d en ce  o f 
ten s ile  fractu re  stress in  fro zen  fish  fle sh .
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T h e r m a l  D e g r a d a t i o n  o f  P a r a l y t i c  S h e l l f i s h  P o i s o n

YUJI NAGASHIMA, TAMAO NOGUCHI, MUNEHIKO TANAKA, and KANEHISA HASHIMOTO

------------------------------------A B S T R A C T -------------------------------------
Com ponents o f paralytic shellfish poison (PSP) w ere  heated under 
various conditions, and exam ined for changes in toxicity  and in H PLC  
and T L C  behaviors. T he therm al degradation o f PSP com ponents pro
gressed as a first o rder reaction, at different rates depending upon 
com ponent and tem perature. A  m ixture o f  gonyautoxin 2 and gony- 
autoxin 3 w hen dissolved in w ater and heated at 100°, 110°, and 120°C 
(180 m in) retained 39, 17, and less than 3% , respectively , o f  initial 
toxicity . A  m ixture o f gonyautoxin 1 and gonyautoxin 4 w as m ore 
therm olabile; i .e . it retained little toxicity  w hen heated at 120°C for 
60 m in. H PLC  and T L C  analyses dem onstrated that heating under 
those conditions converted PSP com ponents into o ther substances.

I N T R O D U C T I O N

B IV A L V E S  are o ften  tox ified  w ith  p ara ly tic  shellfish  po ison  
(PSP) tha t is p ro d u ced  by  som e spec ies o f  d in o flag e lla tes  and 
blocks the sodium  channel o f the nerve system  (Schantz, 1986). 
C o n tam ination  o f  co m m erc ia lly  im p o rtan t shellfish  w ith  PSP  
poses serious p rob lem s to  shellfish  and re la ted  in dustries in 
Japan  and o th er co u n tries .

PSP  is accu m u la ted  in the  d igestive  g lan d  o f  b iv a lv es such 
as the scallop  (M aruyam a et al. 1983). R epetition  o f  freez ing  
and thaw ing  resu lted  in m ig ra tion  o f  P SP  fro m  a h ig h ly  tox ic  
to  a bare ly  to x ic  tissu e  (N oguch i et a l . ,  1984). A ttem p ts  have 
been  m ade  to  detox ify  the  accum ula ted  P SP  in b iv a lv es. B lo- 
goslaw sk i and S tew art (1978) rep o rted  tha t an ozo n e  trea tm en t 
enh an ced  the  e lim ination  o f  P SP  from  co n tam in ated  b iv a lv es. 
H eat trea tm en t w as also  e ffec tive  to  reduce  P SP  to x ic ity  in 
sh e llfish . P rakash  e t al. (1971) reported  tha t the to ta l tox ic ity  
in a sca llop  w as d ecreased  by  abou t 90%  durin g  can n in g . N o 
guch i et al. (19 8 0 a , b) also  d em o n stra ted  tha t a s ign ifican t 
red u ctio n  o f  to x ic ity  in the  Jap an ese  sca llop  Patinopecten yes- 
soensis occu rred  du ring  re to rtin g  and tha t a slow  b u t s teady  
red u ctio n  o f  the rem ain in g  to x ic ity  in  canned  sca llop  occurred  
du rin g  sto rage . T hese  fin d in g s ind ica ted  tha t can n in g  is a u se 
fu l and p rac tica l m eans to  m ake  P S P -co n tam in ated  shellfish  
accep tab le  as food . T he m echan ism  in vo lved  in  red u cin g  to x 
ic ity , ho w ev er, is not c lea r. O ur research  w as  u ndertaken  to 
ex am in e  h ea t-induced  changes in  to x ic ity  and co m p o sitio n  o f 
P S P , as part o f  stud ies to  e luc ida te  the  m ech an ism .

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

Materials
Specim ens o f  the scallop P a tin o p ec ten  y e s so e n s is  w ere collected 

from  O funato B ay, Iw ate Prefecture. D igestive glands w ere im m e
diately  excised , com bined, transported in dry  ice to the laboratory o f 
M arine B iochem istry  and kept below  — 20°C until used. Specim ens 
o f oyster C ra sso strea  g ig a s  w ere collected from  Senzaki B ay, Ya- 
m aguchi P refecture, and im m ediately transported w ith  ice to the L ab
oratory. T he w hole edib le parts w ere excised , com bined, and kept 
below  -2 0 ° C  until used.

A u th o r s  N a g a s h im a  a n d  T anaka  a r e  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 , T o k yo  U niv. o f  F is h e r ie s , K on an , 
M in a to , T okyo 108, J a p a n . A u th o r  N o g u c h i  i s  w ith  th e  L a b o ra 
to r y  o f  M a r in e  B io c h e m is tr y ,  F a c u lty  o f  A g r ic u ltu r e , U niv. o f  
T okyo , B u n k yo , T okyo  113, J a p a n . A u th o r  H a s h im o to , fo r m e r ly  
w ith  th e  s a m e  L a b o ra to ry , is  n o w  w ith  th e  F o o d  S c ie n c e  L a b 
o r a to r y , F a c u lty  o f  E d u c a tio n , Ib a ra k i U n iv ., M ito  3 1 0 , J a p a n .

M ixtures o f  gonyautoxins 1 and 4 (G T X W) and o f  gonyautoxins 2 
and 3 (G TX 2j3) w ere prepared from  the toxic scallop d igestive glands 
according to the m ethod o f O noue et al. (1981). A  m ixture o f  saxitoxin 
(STX ) and neosaxitoxin  (neoSTX ) w as prepared from  a toxic  crab 
Z osim u s aen eu s  w hich  w as collected  from  Ishigaki Island , O kinaw a 
P refecture, by  a m ethod reported previously  (D aigo et a l .,  1985).

Heating treatm ent

The freeze-dried sam ples c f  G T X M and G TX 2>3 w ere  d issolved in 
distilled w ater, to give a final concentration o f  200 m ouse unit (M U )/ 
m L . (O ne M U  is defined here as that am ount o f  toxin w h ich  kills a 
20g ddY  strain m ale m ouse in 15 m in after in traperitoneal in jection , 
Kawabata, 1978). Three-m L aliquots o f each toxin solution w ere placed 
in screw -capped v ia ls, and heated at 100, 110, and 120°C for 180 
m in , in an autoclave. T he tem perature w as recorded by  type a Z9- 
CTF recorder® (E lectro-laboratories, C openhagen, D enm ark). A fter 
heating, toxin solutions w ere im m ediately cooled in w ate r, and sub 
jec ted  to toxicity  assay and other analyses. T he frozen scallop d iges
tive glands (170 M U /g) and frozen oyster edible parts (15 M U /g) w ere 
partially  thaw ed and hom ogenized using a b lender. F ive-gram  aliquots 
w ere placed in screw -capped v ia ls, and heated in the sam e m anner as 
w ere the PSP solutions.

Extraction and partial purification of PSP from heat-treated 
shellfish homogenate

PSP w as extracted from  heated b ivalve hom ogenates by  ultrasoni- 
cation w ith  2 volum es o f distilled w ater for 30 m in . T he extract w as 
centrifuged at 750 xg  for 15 m in . A  portion o f  the supernatant w as 
assayed for toxicity  by  the m ouse b ioassay  m ethod (K aw abata, 1978).

T he rem aining supernatant w as repeatedly  defatted w ith  dichloro- 
m ethane. A fter evaporating the contam inating d ichlorom ethane, the 
aqueous layer w as filtered through a D iaflo Y M -2 ultrafiltra tion m em 
brane® (A m icon, D anver, M A ) to cut o ff > l,0 0 0 -d a lto n s . T he filtrate 
w as chrom atographed on a B io-G el P-2® (B io-R ad L aborato ries, R ich
m ond, V A ) colum n (95 x  2cm  i .d .) , using  0 .03M  acetic acid . T oxic 
fractions w ere  com bined, lyophilized, and subjected to analyses.

Toxicity

T oxic ity  w as determ ined by  a m ouse b ioassay  m ethod for PSP, 
using ddY  strain m ale m ice w eighing 1 9 -21g  (K aw abata, 1978). T ox
icity  w as expressed as m eans o f  trip licate determ inations.

Identification of toxins

Toxins w ere identified by  H PLC  and T LC , based on co-chrom a
tography w ith  authentic PSP standards. H PLC  analysis for PSP w as 
carried out according to the method o f  Nagashim a et al. (1987). Briefly, 
a reversed-phase ODS colum n (Y M C  AM -314®, Y am am ura K agaku, 
K yoto , Japan; 30 x  0 .6cm  i.d .)  w as developed w ith  0 .05M  phosphate 
buffer containing 2m M  1-heptanesulfonic acid/m ethanol (99:1) for 
G TX s and (75:25) fo r STX s. PSP com ponents w ere  converted  into 
fluorogenic substances by  a periodate reagent, and monitored at 390nm 
w ith  336nm  excitation.

T L C  w as conducted on 10 x  10cm W hatm an L H P-K  plates® (W hat
m an, C lifton , NJ) w ith  a solvent system  o f pyrid ine: ethyl acetate: 
acetic acid: w ater (15: 5: 3: 4 ). T oxins w ere detected  under U V  light 
at 365 nm  before and after plates w ere sprayed w ith  1% H 20 2, and 
heated at 110°C for 5 m in.
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Fig. 1—H PLC o f  GTX 2 3  b e fo r e  a n d  a f te r  h e a tin g  in  w a te r  a t  120°C.

Table 1 -  Thermal degradation  ra te s o f  PSPs d isso lved  in water, an d  of 
th ose  contained in scallop d igestive  g lan d  hom ogen ates, as ex p re ssed  
b y  the slope o f the first order p lo t

S am p le
Heating

tem p S lo p e *
g t x 2.3 100°C 2.17 ±0.43" ( - 0 .9 4 0 ) * *

110 3.38 ± 0.56" ( - 0 .9 2 9 )
120 9.66 + 1.21" ( - 0 .9 7 0 )

G T X 1i4 100 3.32 ± 0.79" ( - 0 .9 6 4 )
110 1.07 ± 0 .1 4 b (- 0 .9 6 0 )
120 3.38 ± 0 .5 1 b ( - 0 .9 7 1 )

Sca llo p 100 3 .8 6 ± 0 .6 6 ” (- 0 .8 3 8 )
d ig estive  gland 110 9.50 ± 2.05" ( - 0 .9 9 0 )
ho m ogenate 120 2.72 ± 0 .7 1 b ( - 0 .9 8 2 )
* All values ± 95% confidence interval; (a) x-1 x 10-3 ; (b} x-1 x 10“ 2 
* *  Correlation coefficient.

Statistical analysis

Linear regressions and correlation coeffic ients w ere calculated by 
the m ethod o f Snedecor and Cochran (1967). Reduction rates o f  tox
icity w ere determ ined using a first order m odel.

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

T H E  T O X IC IT Y  o f  P SP  decreased  w ith  p ro lo n g atio n  o f  h ea t
ing tim e and e leva tion  o f  tem p era tu re . L in earity  o f  the sem ilog  
p lo t o f tox ic ity  rem ain in g  v e rsu s h eating  tim e w as o b serv ed , 
w ith  a high  co rre la tion  co effic ien t (T ab le  1). T he to x ic ity  o f 
G T X 2 3 d e c l in e d  as a f i r s t  o r d e r  r e a c t io n  w ith  r a te s  o f  
( - 2 . i 7 ± 0 . 4 3 ) x l 0 - 3, ( - 3 . 3 8 ± 0 . 5 6 ) x l 0 - 3, a n d  
( -  9 .6 6  ±  1 .21) x l O - 3, re sp ec tiv e ly , at 100, 110, and  120°C.

G T X i>4 w as m ore therm olab ile  th an  G T X 23. T he therm al 
deg rad atio n  ra tes o f  G T X 1-4 at 110 and  120°C  w ere  abou t three 
tim es h ig h er than  those  o f  G T X 2-3.

T he degradation  o f  P SP  co n ta in ed  in sca llop  d ig es tiv e  g land  
h om ogenate  also  p ro g ressed  as a firs t o rd e r reac tio n . T h e  d e 
g rad atio n  ra tes  o f  sca llop  P SP  w e re  co m p arab le  to  those  for 
G T X 14. S callop  d igestive  g lan d  sp ec im en s h av in g  an in itial 
to x ic ity  o f  170 M U /g  had  a to x ic ity  b e lo w  4 M U /g  (the q u a r
an tine  lim it o f  P S P  in  Jap an ) w h en  h ea ted  at 110°C  fo r 180 
m in  o r at 120°C  fo r 120 m in .

H P L C  analysis (F ig . 1) o f  G T X 2>3 to x in s h ea ted  at 120°C  
fo r 30  m in  sho w ed  five  p eak s , tw o  m ajo r ones co rresp o n d ed  
to  G T X 3 and  G T X 2. P eaks co rresp o n d in g  to  G T X 2 and  G T X 3 
w ere barely  detectable after 180-m in heating . T hree peaks (e .g ., 
V R 1 0 .1 , 1 4 .5 , and 2 4 .6  m L ) ap p eared  a fte r 30  m in -h ea tin g , 
and becam e sm alle r as hea tin g  tim e inc reased . T L C  o f  G T X 2-3 
heated  a t 120°C  confirm ed  the  resu lts  o f  H P L C  (F ig . 2 ): Spots 
o f  G T X 2 (R f 0 .7 4 ) and G T X 3 (R f 0 .7 0 ) becam e fa in t w ith  
in creasin g  h eating  tim e , and fin a lly  d isap p eared  afte r 180 m in , 
w h ile  th ree  spo ts w ith  R f v a lu es  o f  0 .4 9 , 0 .5 8 , and  0 .7 3  a p 
p eared  on h ea tin g . H eated  G T X li4 g av e  s im ila r resu lts  to  those 
o f  G T X 2>3 on  H P L C  and T L C  an a ly ses. B o th  G T X j and  G T X 4 
d isap p eared  as h ea tin g  tim e in creased  (data  n o t sh o w n ).

F igu re  3 show s H P L C  p atte rn s o f  the  tox in  fro m  scallop  
d igestive  g lan d  ho m o g en a tes  b efo re  and afte r h ea tin g  a t 120°C 
fo r 120 m in . B efo re  h ea tin g , the  tox in  co n sis ted  o f  G T X ^  as 
the m ajo r to x in , a lo n g  w ith  S T X  as the  m in o r. T h o se  peaks 
d isappeared  on h ea tin g . T h is ag reed  w e ll w ith  resu lts  o f  the 
tox ic ity  assay  w h ich  sho w ed  th a t sca llo p  d ig es tiv e  g land  h o 
m o g en ate  becam e a lm ost n o n to x ic  w h en  heated  u n d er those  
co n d itio n s .

H eat-in d u ced  changes in  to x ic ity  o f  PS P  co n ta in ed  in  the 
ed ib le  p a rt o f  o y ste rs  c lea rly  d iffe red  from  those  fo r G T X  
standards and sca llop  d igestive  g land  h o m o g en ate  (F ig . 4 ). 
T o x ic ity  w as in creased  from  the  in itia l 15 M U /g  to  30  M U /g  
by hea tin g  at 100°C  fo r 30  o r 60  m in , bu t d ec reased  lin ea rly  
on fu rther h ea tin g . O y ster PS P  sh ow ed  e ssen tia lly  th e  sam e 
p a tte rns o f  to x ic ity  change  w h en  h ea ted  at 110 and  120°C , but 
w as m ore rap id ly  d eg rad ed  than  at 100°C .

L ow -toxic, carbam oyl-N -sulfo PSPs such as G TX 5 and GTX^,
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THERMAL DEGRADATION OF PSP . . .

GTX fractio n STX fractio n
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A fte r heating at 120°C fo r 120 min

L i i
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Fig. 3 - H P L  o f  G T X  a n d  S T X  fr a c tio n s  fr o m  a  to x ic  s c a l lo p  d ig e s t i v e  g la n d  h o m o g e n a te ,  b e f o r e  a n d  a f te r  h e a t in g  a t  120°C  fo r  120
m in .

Heating time (min)
Fig. 4 - T h e r m a l  d e g r a d a t io n  o f  P S P  c o n ta in e d  in  a n  o y s t e r  h o 
m o g e n a te  a t  10 0  I—a —), 11 0  f —k —), a n d  120°C  ( — o —).

are easily  co n v erted  in to  h ig h ly -to x ic  carb am o y l coun terparts 
on m ild  acid  h y d ro ly sis , resu ltin g  in a rem ark ab le  increase  in 
tox ic ity  (K obayash i and S h im izu , 1981; H arad a  et a t ,  1982; 
N ish io  et a t ,  1982; H all and R eich ard t, 1984). T he transien t 
increase  o f tox ic ity  on  hea tin g  co u ld  have been  caused  by  this 
m ech an ism . T he o yster PSP  co n sis ted  o f  PX s a lo n g  w ith  G T X 5 
and G T X 6 (F ig  5 ). T hese  th ree  co m p o n en ts  d isap p eared  on 
h ea tin g  at 100°C  fo r 60 m in (F ig . 5 ). A  p eak  (V R 14 .5  m L)

appeared  w ith  G T X  frac tion  and an o th er p eak  (V R 1 0 .9 m L ) 
w ith  S T X  frac tion  (F ig . 5 ). T h e  G T X  p eak  w as  n o t id en tica l 
w ith  any  k n o w n  G T X  co m p o n en ts , b u t w ith  an u n k n o w n  co m 
p o nen t derived  from  G T X 2,3 (F ig . 1). T h e  p eak  w ith  the  S T X  
fraction  d id  no t co rrespond  to  neoS T X  no r S T X . T h e  60 -m in  
hea tin g  at 120°C  e lim in ated  b o th  p eak s (F ig . 5 ) , m ak in g  the 
o yster h om ogenate  n on tox ic .

T h e  q uaran tine  lim it o f  P SP  is 4  M U /g  ed ib le  p a rt in  Jap an , 
(a lm ost equ iva len t to  tha t in the  U .S .A . and C an ad a , 80  q g  
STX/lO Og ed ib le  p a rt). T h e  to x ic ity  o f  b iv a lv es , such  as Ja p 
anese  sca llo p , co n ta in in g  m ain ly  G T X s co u ld  b e  red u ced  b e 
low  the  q uaran tine  lim it b y  hea tin g  u n d er co n d itio n s ded u ced  
from  the  reg ression  cu rv es o f  G T X s (T ab le  1). S ev era l u n 
k n ow n com pounds w ere  fo rm ed  w h en  P S P  w as h ea ted  above 
100°C . T h e ir struc tu res as w e ll as p ro p ertie s  rem ain  to  b e  ex 
am ined .
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I n f l u e n c e  o f  M a t u r i t y  o n  t h e  V o l a t i l e  A r o m a  C o m p o u n d s  

f r o m  F r e s h  P a c i f i c  a n d  G r e a t  L a k e s  S a l m o n

D.B. JO SEPH SO N , R.C. LINDSAY, and D.A. STU IBER

------------------------------------ A B S T R A C T -------------------------------------
V olatile arom a com pounds from  freshly  harvested prim e and spaw n
ing-condition salm on (O ncorhynchus sp .) from  the Pacific O cean (chi- 
nook, sockeye, chum , coho and pink) and the G reat Lakes (chinook, 
coho and pink) w ere quantitatively m easured. Both prim e and spaw n
ing-condition salm on had l-oc ten -3 -one, l,5 -oc tad ien -3 -o n e , 1-octen-
3-ol, l,5 -o c tad ien -3 -o l, 2 -o c ten -l-o l, and 2 ,5 -o c tad ien -l-o l w hich 
contributed distinct and characteristic plant-like arom as to the fish. 
M ore pronounced arom as o f  spaw ning-conditions alm on w ere  attrib
uted to greater concentrations o f  the 8 -carbon com pounds in com bi
nation w ith  occurrence o f  (E )-2-nonenal, (E )-2 ,(Z )-6-nonadienal, 6 - 
n o n en -l-o l, and 3 ,6 -nonad ien -l-o l w hich  added sw eet, cucum ber- or 
m elon-like arom a notes. The 9-carbon com pounds m ay have resulted 
from  biochem ical regulation o f physiologically  active lipid-derived 
substances w hich activate m ucus secretion in salm on approaching sex
ual m aturity.
Key W ords: salm on, fish , vo latile-arom a, m aturity , biochem ical-reg
ulation

I N T R O D U C T I O N

P rim e P acific  sa lm on  (Oncorhynchus spp.) w h en  p repared  in to  
hot-sm oked, canned o r freshly cooked products are highly prized 
because  o f  their d is tinc tive  p ink  to  o range flesh  and  rich  flav o r. 
A d d itio n a lly , raw  fo rm s o f  sa lm on are w id e ly  co nsum ed  as 
sush i and cu red , co ld -sm o k ed  lox . T he degree  o f  o range  p ig 
m en tation  as w ell as the  flav o r and tex tu re  o f  p rim e fish  varies 
am ong different species o f salm on (Bolton et a l., 1967; Schm idt 
and C uthbert, 1969; Scott and C rossm an, 1973; R earden, 1983). 
C o llec tiv e ly  these  fea tu res serve as a basis  fo r q u a lity  ra tin g  
and co rresp o n d in g  consum er appeal (B o lton  et a l . ,  1967; O s
tran d er e t a l . ,  1967; F rancis and C ly d esd ale , 1977; B ro w n in g , 
1980; Jo sep h so n  and L in d say , 1987).

T he transition  o f  p rim e ocean -d w ellin g  sa lm on  in to  sp aw n 
ing -cond ition  sa lm on  occurs as the v a rio u s  spec ies o f  adu lt 
fish  approach  b rack ish  w aters  and riv ers , and th is m atu ra tion  
invo lves a cessa tio n  o f  feed in g  and a m o b iliza tio n  o f  m uscle  
lip ids and caro ten o id  p ig m en ts  in to  the g o n ad s and sk in  (Id ler 
and B itn e rs , 1958; O ta  and Y am ad a , 1974; K itah ara , 1984). 
A lte rn a tiv e ly , P ac if ic  sa lm on tha t have b een  adap ted  to  the 
G rea t L akes co m p le te  the  life  cy c le  en tire ly  in  a fresh w ater 
en v iro n m en t, and sexual m atu ra tio n  p ro ceed s acco rd in g  to  age 
and seasonal in flu en ces . T h e  transition  to  spaw nin g -co n d itio n  
fish  in e ither case  y ie lds lo w er q u a lity  sa lm o n . T h is is , in  p a rt, 
cau sed  b y  the loss o f  richness o f  the flesh  w h en  w a te r rep laces 
the fat in  the m uscle  tissue (Id ler and B itn ers , 1958; H atan o , 
1983; K itah ara , 1984), and the ca ro ten o id s have  b een  d e 
p le ted . In ad d itio n , m atu re  fish  have th ick  sk ins w ith  su b s tan 
tia lly  en h an ced  coa tin g s o f  s lim e , and the  arom a o f  these  fish  
d iffe rs  fro m  p rim e o cean -cau g h t sa lm on .

Increased  co n su m er in te rest in  fish  and o th e r seafoods has 
crea ted  g rea te r d em an d s on  q u ality -re la ted  fea tu res and  fre sh 
ness as w ell as m ean s to  o b jec tiv e ly  m easu re  th em . E arlie r 
research (Josephson et a l., 1983; Josephson and L indsay, 1986) 
has dem onstrated that characterizing  arom a com pounds for fresh 
fish  are p resen t in b o th  the tissue and the  s lim e , bu t h igher

T he a u th o r s  a r e  w ith  th e  D e p t, o f  F o o d  S c ie n c e , U niv. o f  W is
c o n s in , M a d is o n , W t 5 3 7 0 6 .

co n cen tra tio n s o ccu r in  th e  s lim e . T h e re fo re , the  o b jec tiv e  o f  
ou r investig a tio n  w as  to  qu an tita tiv e ly  m easu re  the  ch a rac te r
iz in g  v o la tile  arom a co m p o u n d s in  the  s lim e o f  fiv e  sp ec ies  o f  
P ac ific  sa lm on  to  de term in e  d iffe ren ces in  a ro m a q u a lity  o f  
p rim e and sp aw n in g -co n d itio n  fish . It w as  a fu r th e r p u rp o se  
to  in v estig a te  the  v o la tile  co m p o u n d s o f  so m e  o f  th e  spec ies 
o f  sa lm on  adap ted  to  the  G rea t L akes to  assess  th e  e ffec ts  o f 
fresh w ate r en v iro n m en ts  on  th e  arom a q u a lity  o f  fre sh ly  cau g h t 
fish .

MATERIALS & METHODS
B R IG H T  adult coho (O ncorhynchus k isu tch), sockeye (O ncorhynchus 
nerka), pink (Oncorhynchus gorbuscha) and chum (Oncorhynchus keta) 
salm on (average w eights 4 , 3, 1 .5 , and 4 kg , respectively) w ere  com 
m ercially  harvested in Ju ly  from  saltw ater o ff the m outh o f  the K enai 
R iver (A laska). These fish w ere  held on ice during shipm ent and 
analyzed w ith in  3 days after capture. Sexually-m ature Pacific  coho 
and sockeye salm on (average w eigh ts 4 and 3 kg , respectively) w ere 
sport-caught 110 and 125 km , respectively , upstream  from  the m outh 
o f  the Susitna R iver (A laska). Fish w ere  iced during shipm ent and 
analyzed 3 to 4 days after capture. Sexually  m ature Pacific chinook 
salm on (O ncorhynchus tshaw ytscha average w eight 13 kg) w hich  had 
been in freshw ater environm ents fo r about 30 days, w ere  obtained as 
ice-glazed fish from  the Petersburg (A laska) area. F ish  held frozen 
for short storage tim es (<  5 days) provided very  sim ilar profiles o f  
vo latiles as found in iced fish. T hese chinook salm on had been har
vested from  a hatchery 2 days prior to receiv ing . S exually  m ature pink 
and chum  salm on (average w eights 1.5 and 3 kg , respectively) w ere 
harvested in Septem ber from  the San Juan H atchery  (Saw m ill B ay 
area; C ordova, A laska) w hich  is located adjacent to the Prince W il
liam Sound (A laska). T hese salm on w ere  iced and analyzed 3 days 
after harvest. A ll salm on w ere w ho le  and noneviscerated before analy
sis , and segregation o f  m ales and fem ales w as not attem pted because 
o f  lim ited sam ples.

A dult bright coho and chinook salm on that had spent their entire 
life cycle in freshw ater w ere obtained from  Lake M ichigan in A ugust 
prior to spaw ning (average w eigh ts 3 and 9 kg , respectively ; sport 
harvested , Sheboygan, W I area) and in O ctober during spaw ning (av
erage w eigh ts 3 and 10 kg , respectively; e lectroshocked, Sheboygan 
River, K ohler, W I). T hese fish w ere iced im m ediately  after capture 
and m aintained in that condition until analyzed w ith in  12 hr. S exually  
m ature p ink  salm on w ere  obtained in Septem ber (average w eigh t 1 
kg) from  the French R iver, a tributary o f  Lake Superior (M innesota). 
Before analysis these fish w ere  held fo r 2 days on ice after having 
been harvested from  a w eir.

Analysis of volatile compounds

Extracts from  salm on w ere prepared by  im m ersing  a single w hole 
fish in 400 m L  saturated N aC l solution contained in a large polyeth
ylene bag , follow ed by  agitating to recover m ost o f  the slim e layer 
as an extract. A n internal standard consisting o f  400 p L  o f a solution 
o f ethyl heptanoate (18 .4  p.g) in ethyl ether w as next added to each 
extract. H eadspace vo latiles w ere collected  from  ex tracts b y  purging 
w ith  a stream  o f nitrogen (150 m L/m in for 2 .5  hr) through each extract 
at room  tem perature (21°C) onto T enax G C  as described by  O lafsdottir 
et al. (1985). V iscous slim e extracts from  sexually  m ature salm on 
foam ed excessively , and these sam ples w ere  ex tracted  by  directing a 
stream  o f nitrogen onto the surface o f the continuously-stirred  liquids 
rather than through liquids to purge vo latiles onto  T enax  G C traps. 
T he arom as o f  all slim e-extract sam ples w ere  g rea tly  d im inished after
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Fig. 1 -  C a p illa ry  c o lu m n  g a s  c h r o m a to g r a m s  o f  v o la ti le  a ro m a  
c o m p o u n d s  fro m  (A) p r im e ,  s a l tw a te r  a n d  (B) s p a w n in g - c o n 
d itio n , f r e s h w a te r  P a c ific  O c e a n  s a lm o n . P e a k  n u m b e r s  c o r r e 
s p o n d  to  c o m p o u n d s  l i s t e d  in  T a b le  1.

purging for 2 .5  hr indicating that volatile arom a com pounds had been 
transferred onto the T enax G C.

V olatile com pounds in ethyl e ther extracts from  T enax G C traps 
w ere quantified after separation w ith  a V arian 1740 gas chrom ato
graph (V arian A ssociates, Palo A lto , CA) equipped w ith  a packed 
colum n, an effluent splitter, and a flam e ionization detector (FID ). 
The configuration o f  the effluent splitter allow ed sim ultaneous FID 
recordings and odor evaluations o f eluting com pounds. A  3 m x  2 
m m  i.d . silane-deactivated glass colum n packed w ith  7%  Carbow ax 
20 M on 80-100 m esh C hrom osorb W  A W /D M C S and program m ed 
from  50° to 200°C/m in w as used. F low  rates w ere: nitrogen carrier 
gas 24, hydrogen 24 , and air flow  240 m L /m in. Injection port w as 
250°C and detector 235°C.

C apillary colum n G C , in conjunction w ith m ass spectrom etric anal
yses for identification o f  vo latiles in ethyl ether extracts from  T enax 
GC traps, w as perform ed as described by Josephson et al. (1983). A  
Supelcow ax 10 (60 m x  .25 m m  i.d .)  fused silica capillary colum n 
(Supelco In c ., B ellefonte, PA) operated w ith helium  carrier gas w as 
used. A fter in jection , the tem perature w as held at 50°C for 5 m in, 
program m ed at 6°C/min to 140°C and follow ed by  a rate o f  10°C/min 
from  140°C to 220°C.

Identifications o f com pounds w ere based on com puter m atchings 
o f  full or partial m ass spectra o f  com pounds published in E P A /N IH  
M a ss S p ec tra l D a ta  B a se  (H eller and M ilne, 1975, 1980), and by 
coincidence o f  m ass spectral patterns from  isolated com pounds w ith 
those o f  authentic com pounds as w ell as coincidence for retention 
indices (IE, V an den Dool and K ratz, 1963). The arom as o f  fish and 
gc colum n effluents w ere assessed by the authors.

R E S U L T S  &  D I S C U S S I O N

E A C H  o f  the five  Oncorhynchus spec ies o f  sa lm on  g av e  q u a l
ita tive ly  sim ilar p ro files  o f  v o la tile  co m p o u n d s. T he cap illa ry  
co lum n gas ch ro m ato g ram s show n  fo r coho  in  F ig . 1 illu stra te  
d iffe rences in v o la tile s  b e tw een  p rim e and sp aw n in g -co n d itio n  
sa lm o n . T he iden tities o f  peaks in the ch ro m ato g ram s are p re 
sen ted  in T ab le  1 a long  w ith  quan tita tiv e  data  fo r ind iv idual 
co m p o u n d s.

P rim e quality  sa lm on from  sa ltw a te r ex h ib ited  su b stan tia lly  
lo w er arom a in tensities and co n cen tra tio n s o f  v o la tile  arom a 
co m p o u n d s (F ig . 1A ; T ab le  1) co m p ared  to  co rresp o n d in g

Table 1-V o la tile  arom a c o m p o u n d s iden tified  in Pacific coho sa lm on  
ob ta ined  from  (A) p rim e , sa ltw a ter a n d  IB) spaw ning-condition , fresh- 
w ater Pacific Ocean sa lm on _____________________________

C o n cen tration  in sa lm o n  e x 
tract

Peak
n o .a C o rr  pound

Prim e
(Saltw ater)

(ppbp

Sp aw n ing -
condition

(Freshw ater)
(ppb)c lEb

i . ethanol 19.5 24.8 3.00
2. 2-butanol __d 6.5 3.78
3. hexanal - 8.3 4.49

1,3 ,5-octa iriene — 0.3 4.64
4. 1 ,3 ,5-octa iriene — 0.3 4.77
5. 2-heptanone - 0.5 4.85
6. 2-pentenal - 1.0 4.97
7. 1-penten-3-ol — 0.5 5.24
8. heptanal — 0.8 5.46
9. 2-hexenal — 0.5 5.81

10. 1-pentanol - 0.3 6.05
11. (Z)-4-heptenal - 0.3 6.08
12. 3-octanone - 0.3 6.25
13. octanal - 0.3 6.52
14. 1-octen-3-one trace 0.5 6.64
15. cyclop entan o l - 0.5 6.82
16. ethyl heptanoate  

(Internal Standard)
45 45 7.00

17. 1-hexanol — 0.3 7.12
18. 1 ,5-octad ien-3-one trace trace 7.36

3-hexen-1-ol — 0.3 7.46
19. 3-octanol - 1.0 7.54
20. 2 -n o n a n o re — 0.3 7.64
21. nonal - 0.3 7.68
22. 1-octen-3-ol 1.0 18.8 8.07
23. 1-heptanol - 0.3 8.13
24. acetic  acid — 3.3 8.27
25. 1,5-octadien-3-ol 3 .3 37.1 8.41
26. (E)-2-nonenal — trace 9.00
27. (E)-2,(2)-6-nonadienal - 0.3 9.46

2 -u n d ecan on e - 0.3 9.46
28. 2-octen-1-ol — 3.5 9.72

1-nonanol — 0.3 10.02
29. 2 ,5-octadien-1-ol 0.1 7.8 10.36
30. 6-nonen-1-ol — trace 10.42
31. 3,6-nonadien-1-o l — 0.3 11.07
32. 2 ,4 -d ecad ienca l — 0.3 11.62
33. unknow n - 0.3 12.40

■ Peak no. correspond to those shown in Fig. 1.
b Retention Indices on Carbowax 20M (lE; Van den Doo! and Kratz, 1964). 
c Average of duplicate analyses; ranges within ± 20% of mean. 
d Not detected.

sp aw n in g -co n d itio n  sa lm on  res id in g  in  fresh w ate r (F ig . IB ; 
T ab le  1). V o la tile  co m p o u n d s id en tified  in  sa lm on  d irec t from  
sa ltw ater inc luded  the 8-carbon  a lco h o ls , l-o c te n -3 -o l, 1 ,5 - 
o c tad ien -3 -o l, ar.d 2 ,5 -o c ta d ie n - l-o l w h ich  im p art ch a rac te r
iz ing  g reen , p lan :-lik e  arom as (Josephson  and L in d say , 1986). 
O n ly  trace  am oun ts o f  l-o c te n -3 -o n e  and  l,5 -o c ta d ie n -3 -o n e  
w ere detected by  their characteristic arom as (Pyysalo and Suihko, 
1976; S w oboda  and P eers , 1977) in  ex trac ts fro m  sa ltw ater 
fish  as they  e lu ted  du rin g  p ack ed  co lu m n  G C  sep ara tio n s.

S p a w n in g -c o n d i t io n  o c e a n  c o h o  sa lm o n  o b ta in e d  fro m  
fresh w ater (F ig . IB ; T ab le  1) p o ssessed  su b stan tia lly  h igher 
co n cen tra tio n s o f  the  8-carbon  v o la tile  a lco h o ls  and  ke to n es 
than  those  cap tu red  from  sa ltw a te r . T h is  seem ed  to  ind ica te  
tha t h igher lip o x y g en ase  activ ity  (G erm an  and K in se lla , 1985; 
Jo sep h so n  et a l . ,  1987) o ccu rred  in  the  spaw nin g -co n d itio n  
fish . T he 9-carbon  co m p o u n d s , 2 -n o n en a l, 2 ,6 -n o n ad ien a l, 6- 
n o n e n - l-o l,  3 ,6 -n o n a d ie n -l-o l, and  an  u n id en tif ied  com pound  
(IE =  1 2 .4 0 ) a ll con trib u ted  g re e n , cu cu m b er-lik e  arom a no tes 
to  the sp aw n in g -co n d itio n  coho  sa lm o n . S im ilar p ro files  o f  8- 
carbon  and 9-carbon  v o la tile  co m p o u n d s have b een  rep o rted  
fo r v a rio u s fresh w ate r fish  (Josephson  et a l . ,  1983 , 1984 ; J o 
sephson  and L in d say , 1986). E ach  g ro u p  o f  co m p o u n d s p ro 
vided  distinct characterizing  arom as to  the different fish species. 
T h e  o ccurrence  o f  the  8-carbon  co m p o u n d s in  sa lm o n  extends 
h y po theses tha t these  co m p o u n d s ap p ear to  b e  p resen t in  all 
spec ies o f  fish  (Josephson  et a l . ,  1984; Jo sep h so n  and L indsay , 
1986).
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FRESH SALMON VOLATILE COMPOUNDS. . .

Table 2-Concentrations of influential lipid-derived volatile aroma compounds from various freshly-harvested Pacific Ocean salmon

S a m p le s

C o n cen tra tio n s of volatile  co m p o u n d s
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Prim e fish  (saltw ater)
Pinkc _d tr tr 0.5 1.3 - 0.2 — — — — —
S o ck e y e ' - tr tr 0.7 1.4 - 0.2 - - - - -
C hurn ' — tr tr 1.0 3.3 - 0.8 — — — — —
C o h o c — tr tr 0.4 1.1 - 0.1 — — — — —
Chinook
S p aw n ing -con d ition  fish  (freshw ater)
Pink' 1.3 tr tr 4.3 5.8 1.0 1.6 1.0 1.5 — 0.3 —
So ckeyes 5.8 0.3 tr 15.8 31.8 4.3 8.0 tr 0.1 0.2 0.3 0.3
Chum* 1.3 tr tr 26.8 43.1 7.5 18.0 2.3 tr 2.5 1.8
C o h o 0 8.3 0.5 tr 18.8 37.0 3.5 7.8 tr 0.3 tr 0.3 0.3
C h in o o kh 9.5 3.0 tr 38.4 94.8 11.3 24.3 tr 1.8 0.5 1.0 2.5

■ Cucumber-like odor quality-m/z: 71(100) 43(81) 83(49) 98(46) 56(45) 89(30) 143(10); lE = 12.40; Carbowax 20M.
b Concentration in 400 mL extract from a single fish. 
c Cook Inlet; Kenai River area- saltwater- July. 
d Not detected.
e tr= trace (based on odor assessment). 
f Prince William Sound area, San Juan Hatchery, Cordova, AK.
9 Susitna River tributary—approx. 75 km upstream from Cook Inlet. 
h Southeast Alaska-Petersburg area-local freshwater river.

Table 3 - Concentrations o f  influential lip id-derived  volatile arom a com pou n ds from various sp e c ie s  o f fresh ly-harvested  Great Lakes salm on  

________________________________________________ C on cen tra tio n s of volatile co m p o u n d s____________________________________________________
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Prim e fish (Freshw ater) 
C o h o c 0.52 trd tr 8.0 2.5 3.3 1.0 __e _ _ _ _
C h in oo kc 0.8 tr tr 6.3 1.8 2.0 1.8 tr tr — — —
Sp aw n ing -con d ition  fish  (freshw ater) 
C oho ' tr tr 0.03 5.8 1.6 1.5 0.5 0.16 0.08 tr tr 0.5
Chin oo k1 9.5 tr 0.05 10.3 2.2 2.5 1.0 0.40 0.28 — 0.05 0.3
Pinka 4.0 0.13 tr 2.8 1.0 0.8 0.6 tr 0.1 - tr 0.2

a Cucumber-like odor quality- m/z; 71(100) 43(81) 83(49) 98(46) 56(45) 89(30) 143(10); lE = 12.40; Carbowax 20M. 
b Concentration in 400 mL extract from a single fish. 
c Lake Michigan —5 km offshore-August. 
d tr = trace (based on odor assessment).
8 Not detected.
f Lake Michigan tributary —Sheboygan River —8 km upstream —Lake September.
9 Lake Superior tributary —2 km upstream from the mouth of the French R iver-Early September.

D ata fo r concen tra tions o f  v o la tile s  from  the su rvey  o f  five 
sp ec ies  o f  sa lm on  o b ta ined  from  P acific  o cean , and ch in o o k , 
co h o  and p ink  sa lm on  from  the  G reak  L akes a re  sum m arized  
in  T ab les 2  and 3 . A lth o u g h  the five  spec ies o f  sa lm on  had 
qua lita tiv e ly  sim ilar p ro files  o f  arom a co m p o u n d s du rin g  co m 
p arab le  life  cyc le  s tag es, v a ry in g  physio lo g ica l requ irem en ts 
appeared  to  a lte r the k ind  and am oun t o f  vo la tile s  p resen t. 
C h in o o k  sa lm on  resid ing  in  fresh w ate r w ere  esp ec ia lly  ch ar
ac te rized  by  co u rse , p lan t-lik e  arom as tha t w ere  cau sed  by 
e lev a ted  levels o f  bo th  hexanal and 8-carbon  v o la tile  c o m 
p o u n d s w h ich  w ere  m ore ab u n d an t in ch in o o k  than  in  any  o ther 
sa lm on  (T ab les  2  and 3 ). In  these  m ature  c h in o o k , the in tense 
arom a o f  hexanal and 8-carbon  v o la tile s  la rg e ly  m asked  the 
cu cu m b er-, m e lo n -lik e  arom as o f  the  9 -carbon  v o la tile  co m 
p o u n d s. O n the o th e r h an d , sp aw n in g -co n d itio n  chum  salm on 
had d is tin c t, m elon-like  arom as w hen  o b ta ined  from  freshw ater 
s ite s . C hum  salm on had the g rea test co n cen tra tio n s o f  9 -carbon  
v o la tile  com pounds a long  w ith  the low est co n cen tra tio n s o f 
hex an al (T ab le  2) observ ed  fo r any sa lm on  species.

S o m e hex an al w as found  in adu lt p re -sp aw n in g  G reak  L akes

salm on sam ples (T able  3 ), b u t it w as ab sen t from  the p re 
sp aw n in g -co n d itio n  P acific  O cean  sa lm on  o b ta in ed  from  sa lt
w a te r  en v ironm en ts (T able  2 ). H o w ev er, sp aw n in g -co n d itio n  
sa lm on  fro m  fresh w ate r fo r b o th  the  P ac ific  O cean  (T ab le  2) 
and L ake M ich igan  (T able  3) stocks co n ta in ed  hex an al in  the 
p ro file  o f  v o la tile  co m p o u n d s. T h ese  ob se rv a tio n s suggested  
tha t the p ro d u ctio n  o f  hexanal m igh t be asso c ia ted  w ith  reg u 
lation  o f  p h y sio lo g ica l p ro cesses th a t are invoked  by  fresh w ater 
en v iro n m en ts .

G en era lly , the am oun ts o f  the  8-carbon  v o la tile  arom a co m 
p ounds re la tive  to  the  sum  o f  the v o la tile  co m p o u n d s w ere  
quite  con sis ten t am o n g  spec ies o f  sa lm on  w h en  en v iro n m en ta l 
and  m atu rity  fac to rs w ere  ra tio n a lized  (T ab les 2  and  3 ). H o w 
ev e r, v iew in g  abso lu te  am oun ts o f  co m p o u n d s , ad u lt co h o  and 
ch in o o k  sa lm on  fro m  the  G reat L akes (T ab le  3 ) had  su b stan 
tia lly  lo w er am oun ts o f  l ,5 -o c ta d ie n -3 -o l and 2 ,5 -o c ta d ie n - l-  
ol re la tive  to  the P ac ific  O cean  sa lm on  su rv ey ed . B o th  o f these 
v o la tile s  are derived  from  en zy m ic  co n v ers io n s  o f  n-3 p o ly 
unsa tu ra ted  fa tty  acids (Jo sep h so n  and L in d say , 1986), and 
the ir abundance  m ay  reflec t som e in creased  essen tia l b iochem -
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ical reg u la to ry  ro le  fo r n-3 fa tty  acids in p re -sp aw n in g  adult 
sa lm on  resid ing  in  fresh w ater.

T he 9-carbon  v o la tile  carb o n y ls  and a lcoho ls w ere  no t p re s
ent in p re -sp aw n in g  sa lm on  from  e ith er the P ac ific  O cean  o r 
L ake M ich igan  stocks (T able  2  and  3 ), b u t w ere  found  in 
no tab le  co n cen tra tio n s in the  ex tracts o f  all sp aw n in g -co n d itio n  
sa lm on (T ables 2 and 3 ). 2 -N onenal and 2 ,6 -n o n ad ien a l can 
be fo rm ed  v ia  bo th  en zy m e-m ed ia ted  and n o n -en zy m ic  p a th 
w ay s, bu t 6-n o n e n - l-o l and 3 ,6 -n o n a d ie n -l-o l can  be fo rm ed 
on ly  v ia  en zy m e-m ed ia ted  reac tio n s (K em p et a l . ,  1974; K em p 
1975; H atanaka  e t a l . ,  1975). T he trace  o ccu rren ces fo r 2- 
nonenal and 2 , 6-no n ad ien al in  p rim e , p re-sp aw n in g  ch in o o k  
salm on from  the  G reat L ak es (T ab le  3) w ere  in te rp re ted  as 
inconsequen tia l am o u n ts  aris in g  from  no n en zy m ic  d eg rad a
tions. W hen  he ld  re frig e ra ted  up  to  7 d ay s , ocean  sa lm on  also  
accum ula ted  low  co n cen tra tio n s o f  2 -nonenal and 2 , 6-n o n 
ad ienal th rough  fa tty  acid  au to x id a tio n  (data  no t sh o w n ). H o w 
ev er, s ign ifican t accu m u la tio n s o f  au to x id a tiv e ly -fo rm ed  9- 
carbon  a ldehydes are a lw ay s acco m p an ied  by  sim ilarly -fo rm ed
2 ,4 -a lk ad ien a ls  (C 7 and CIO ) w h ich  ev en tu a lly  resu lt in  a 
m asking o f the green-notes to  y ield  oxidized fish arom as (M cGill 
et a l . ,  1974, 1977; S w o b o d a  and P eers , 1977).

B ecause 2 -n o n en a l, 2 ,6 -n o n ad ien a l, 6-n o n e n - l-o l and 3 ,6 - 
n o n ad ien -l-o l have also  b een  fou n d  in fresh w ater lake w h ite - 
fish  (Coregonus clupeaformis), sm elt (Osmerus mordax), m u- 
skellunge (Esox masquinongy), no rthern  p ike  (Esox lucius), 
ciscoe (Coregonus artedii) (Josephson  et a l . ,  1983 , 1984) and 
P acific  o ysters (Crassostrea gigas; Jo sep h so n  et a l . ,  1985) 
regard less o f  seaso n , their b iosy n th esis  appears to  be re la ted  
to som e physio lo g ica l p ro cess o th er than  rep ro d u ctiv e  state  or 
function . Salm on  en rou te  to  sp aw n in g  requ ire  m eans to  en 
hance p hysical p ro tec tio n , in c lu d in g  skin th ick en in g  and m u 
cus secretion  am ong  o th e r ph y sio lo g ica lly -v ita l sy s tem s. T his 
m ay  be re la ted  to  the g en era tio n  o f  9 -carb o n  co m p o u n d s. W e 
hypo thesize  reg u la to ry  ro les in v o lv ing  the fo rm ation  and in 
ac tiva tion  o f  p h y sio lo g ica lly -ac tiv e  lip ids such  as leuko trienes 
w h ich  activate  m ucus secre tio n  and  re la ted  sy s tem s, are in 
v o lv ed  in  fo rm ation  o f  the  9 -carbon  fresh  fish  v o la tile s  in  fish 
and m o lluscs (Josephson  and L in d say , 1986).

F o r sa lm o n , ap p aren tly , less o sm o reg u la tio n  dem ands w ou ld  
be im posed  on the sk in  b a rrie r w hen  they  are in sa ltw ater 
env iro n m en ts than  w h en  in  fresh w ate r, and s lim e ex ists on ly  
to a lim ited  ex ten t on sa ltw ater fish  co m p ared  to  fresh w ater 
fish . T he g rea te r am oun ts o f  s lim e ob serv ed  on sa lm on  res id in g  
in fresh w ater en v iro n m en ts , th u s , ind ica tes tha t the ra te  o f 
m ucus o r slim e p ro d u ctio n  has been  stim u la ted  in those  fish . 
L euko trienes C 4 and  D 4 s tim u la te  or m o d u la te  m ucus secre tion  
in m am m als (G oetzl e t a l . ,  1983; John so n  et a l . ,  1983; R ich 
ardson et a l . ,  1983) w h ere  th ey  are derived  from  arach id o n ic  
acid  (C 2 0 :4 , n -6,)  and  s im ila r system s m ay  o ccu r in fish .

A n o th er p o ten tia l ro le  fo r leuko triene  syn th esis  cou ld  re la te  
to  the v u ln e rab ility  o f  the  fish  to  in ju ry  du rin g  sp aw n in g  m i
g ra tio n s. F o llo w in g  tissu e  dam age leuko triene  B 4 (L T B 4) is 
p ro d u ced , and th is co m p o u n d  has been  show n  to exert p o w 
erful ch em o tac tic  in flu en ces in vitro on leu k o cy tes  (Ford- 
H u tch inson  et a l . ,  1980; G oetz l and P ick e tt, 1980; B rian  et 
a l . ,  1984. H un t and R ow ley  (1986) have dem o n stra ted  that 
L T B 4 enhances the m ig ra tio n  o f  dogfish  leukocy tes in vitro, 
and th is is the  first know n report o f  the  fun ctio n  o f  L T B 4 in a 
nonm am m alian vertebrate. Investigations o f  leukotrienes in fish 
sk in  locations have  not been  rep o rted , b u t P io m elli (1985) has 
iso la ted  leuko trienes C 4, D 4 and  E 4 from  the  g ill tissu es o f  the 
A m erican  eel w h ich  is a te leo st fish .

G erm an et al. (1986) and G erm an  and K in se lla  (1 9 8 5 , 1986) 
have iso la ted  a 1 2 -lip o x y g en ase  from  b o th  the g ill tissue and 
sk in  o f  ra inbow  trou t (Salmon gairdneri). T he enzym e m ay 
serve a ro le in  the d efen siv e  sy s tem s loca ted  at the  sk in -w ater 
in te rface  v ia  in itia tion  o f  the  b io g en esis  o f  p h ysio log ica lly - 
ac tiv e  com pounds. 1 2 -L ipoxygenase  con v erts  a rach id o n ic  acid  
to  1 2 -h ydroperoxy-5 , 8 , 10, 14 -e icosa te traeon ic  acid  (12- 
H P E T E ), and M aclouf e t a l. (1983) have  d em o n stra ted  a ro le

fo r 12 -H P E T E  in ac tiv a tin g  leu k o trien e  b iosy n th esis  in  leu 
ko cy tes . F u rth er research  in to  the  v a lid ity  o f  th is hypothetical 
biological control m echanism  appears w arran ted  because it could 
p ro v id e  in s igh ts in to  lip id  nu tritio n  o f  aq uacu ltu red  fish .

T h e  fo rm atio n  o f  h igh  levels o f  (E )-2 ,(Z )-6 -sp aw n in g -co n - 
d ition  sa lm on  p ro v id es the  req u ired  p recu rso r fo r the  fo rm ation  
o f  s ta le -flavored  a ld eh y d e , (Z )-4 -h ep ten a l, v ia  w ate r-m ed ia ted  
re tro -a ldo l co n d en sa tio n  reac tio n s (Jo sep h so n  and  L in d say ,
1987). M cG ill et a l. (1 9 7 4 , 1977) h av e  rep o rted  the  accu m u 
la tion  o f  (Z )-4 -hep tenal in  frozen  s to red  co d  to  an  ex ten t tha t 
the q u a lity  o f  cod  w as  g rea tly  im p aired  (R oss and  L o v e , 1979). 
C oncentrations o f (Z )-4-heptenal in spaw ning-condition  salm on 
increased  du ring  re frig e ra ted  sto rage  th rough  14 days (data no t 
sh o w n ), and  the  sta le  arom as tha t d ev elo p ed  in  s to red  salm on 
appeared  to  re flec t the  p resen ce  o f  (Z )-4 -h ep ten a l. A cce le ra ted  
rates o f  (Z )-4 -hep tenal fo rm atio n  fro m  (E )-2 , (Z )-6-nonad ienal 
can  o ccu r du rin g  hea tin g  (Josephson  and  L in d say , 1987). 
T h ere fo re , sp aw ning  co n d itio n  sa lm o n  w o u ld  b e  ex p ec ted  to 
be m ore su scep tib le  to  d ev e lo p m en t o f  sto rage  o r sta le  flavors 
than  p rim e co nd ition  sa lm o n  w h ich  lack  (E )-2 , (Z )-6-nona- 
d ienal in  th e ir v o la tile  co m p o u n d  p ro file .

In  su m m ary , sa lm on  from  b o th  the  P ac if ic  O cean  and G reat 
L akes had 8-carbon  v o la tile  a lcoho ls and ke to n es reg ard less  o f 
stage o f  m atu rity . S paw n in g -co n d itio n  sa lm on p o ssessed  ab u n 
dan t concen tra tions o f  9 -carbon  v o la tile  a lco h o ls  and a ldehydes 
w hich w ere  absent in pre-spaw ning-condition salm on from  either 
sa ltw ater (P acific  O cean) o r fresh w ate r (G rea t L ak es). H exanal 
w as found  in all sa lm on  res id in g  in fre sh w a te r, b u t n o t in  those  
res id in g  in  sa ltw ater. O v era ll, h igh  q u a lity  sa lm on  h arvested  
from  sa ltw ater had  m ild  fresh  p lan t-lik e  a ro m as and  flav o rs , 
and p rim e a ll-fresh w ater sa lm o n  had  m ore  p ro n o u n ced  p lan t
like arom as than  h igh  qu ality  sa ltw a te r sa lm o n . F u rth e r re 
search  is needed  to  m ore  c lea rly  d efin e  the  ro le  o f  the  v o la tile  
carb o n y ls  and a lcoho ls a lo n g  w ith  v o la tile  co m p o u n d s from  
feed  and env iro n m en ta l sou rces in d e te rm in in g  the  q u a lity  o f  
sa lm on  flav o rs .
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M o d e l  f o r  F r e s h  P r o d u c e  R e s p i r a t i o n  i n  M o d i f i e d  

A t m o s p h e r e s  B a s e d  o n  P r i n c i p l e s  o f  E n z y m e  K i n e t i c s

D.S. L E E , P.E. HAGGAR, J. L E E , and K.L. YAM

------------------------------------ A B S T R A C T -------------------------------------
A  respiration m odel, based on enzym e k inetics, w as proposed for 
predicting respiration rates o f  fresh produce as a function o f  0 2 and 
C 0 2 concentrations. In this m odel, the dependence o f  respiration on 
0 2 w as assum ed to follow  a M ichaelis-M enten type equation (r =  
Ym[ 0 2]/{Km +  [ 0 2]}), and the effect o f  C 0 2 on respiration to follow  
an uncom petitive inhibition m odel (r =  VmlOJ/fKm +  (1 +  [C 0 2]/ 
K|) [ 0 2]}). The m odel predictions agreed w ell w ith  published data for 
a varie ty  o f  com m odities and w ith  experim ental data for cut broccoli. 
Fresh produce respiration rates ( 0 2 consum ption or C 0 2 evolution) at 
various 0 2 and C 0 2 concentrations, as w ell as transient and equilib
rium  gas concentrations w ithin perm eable packages, could be accu
rately predicted w ith  the m odel equations.

K ey W ords: fresh-produce, respiration, m odelling , m odified-atm o- 
sphere, enzym e kinetics

I N T R O D U C T I O N

M O D IF IE D  A T M O S P H E R E  p ack ag in g  (M A P) is a techn ique  
used  to  ex tend  the sh e lf life  o f  fresh  p ro d u ce  in s id e  a perm eab le  
p ack ag e . M A P  reduces the rates o f  resp ira tion  and ethy lene 
p ro d u c tio n , re tards so ften in g  and changes o ccu rrin g  in  the p ro 
duce , by  crea tin g  and m ain ta in in g  an op tim u m  m icro a tm o s
phere  (usua lly  reduced  0 2 and e lev a ted  C 0 2 levels) inside  the 
p ack ag e . A  desired  m icro a tm o sp h ere  m ay  be estab lish ed  rap 
id ly  by  flu sh ing  the  head sp ace  o f the p ack ag e  w ith  a desired  
gas m ix tu re , and the a tm osphere  m ain ta in ed  by  co n tro llin g  the 
in flu x  o f  0 2 and e fflu x  o f  C 0 2 w ith  a p ro p erly  se lected  p e rm e
ab le  film . T he desired  m icro a tm o sp h ere  cou ld  also  be es tab 
lish ed , at a slow  ra te , by  a llow ing  the p roduce  to  resp ire  inside 
the package  to  atta in  an eq u ilib rium  atm o sp h ere . In  e ith er case , 
the d ynam ics o f  the m icro a tm o sp h ere  depends on  the p roduce 
(w eigh t and resp ira tion  ra te ), the  p ack ag e  (th ickness and gas 
perm eab ilities  o f the  p las tic  film , free  v o lu m e , and su rface  area 
o f  the package) and the en v iro n m en t (am bien t gas co m p o s i
tions and sto rage  tem p era tu re).

S ince the early  1960’s, several a ttem p ts  have been  m ade  to  
m odel the d ynam ics o f the m icro a tm o sp h ere  in  M A P  system s. 
Jurin  and K arel (1963) d eveloped  a g rap h ica l m eth o d  fo r d e
te rm in in g  the equ ilib riu m  0 2 and  C 0 2 co n cen tra tio n s inside  a 
p erm eab le  p ack ag e . V eera ju  and K arel (1966) d ev ised  an a n 
a ly tica l m ethod  using  2  p las tic  film s w ith  d ifferen t p e rm eab il
ities to control the concentrations o f 0 2 and C 0 2 independently . 
H en ig  and G ilbert (1975) derived  tw o sim u ltan eo u s firs t-o rd er 
d iffe ren tia l 0 2 and  C 0 2 b a lance  eq u a tio n s, so lved  them  nu 
m erica lly  to  sim u la te  the  tran sien t gas concen tra tions in m odel 
p ack ag es, and analyzed  the  e ffect o f  v a rio u s p ack ag e  variab les  
on gas co m position  w ith  tim e. H ay ak aw a et al. (1975) m o d i
fied  the  eq uations o f  H en ig  and G ilbert (1975), and o b ta ined

A u th o r s  H a g g a r  a n d  Y am  a r e  w ith  th e  D e p t, o f  F o o d  S c ie n c e ,  
C o o k  C o lle g e  N e w  J e r s e y  A g r ic u ltu r a l E x p e r im e n t  S ta tio n , R u t
g e r s ,  th e  S ta te  U n iv e r s i ty  o f  N e w  J e r s e y ,  N e w  B ru n sw ic k , N J  
0 8 9 0 3 . A u th o r  D .S . L e e 's  c u r r e n t  a d d r e s s :  D e p t, o f  F o o d  E n gi
n e e r in g , K y u n g n a m  U n iv., W e o ly o n g -D o n g , M a s a n , K o rea . A u 
th o r  J. L e e 's  c u r r e n t a d d r e s s :  S c h o o l  o f  P a c k a g in g , M ic h ig a n  
S ta t e  U n iv e r s ity , E a s t L a n s in g , M i 4 8 8 2 4 . A d d r e s s  in q u ir ie s  to  
Dr. Yam .

analy tica l so lu tions fo r the  m o d e l p ack ag e  p a ram e te rs . A ll o f 
the  m en tioned  m ethods req u ired  ex p erim en ta l re sp ira tio n  rates 
as a function  o f  0 2 and  C 0 2 co n cen tra tio n s.

U n fo rtu n a te ly , there  is still a p au c ity  o f  p u b lish ed  resp ira tion  
d a ta  in  m od ified  a tm o sp h eres b ecau se  o f  th e  d ifficu lt and tim e- 
co n su m in g  ex p erim en ts  n ecessary  fo r m easu rin g  resp ira tion  
ra tes , as w e ll as the  co m p lex  na tu re  o f  th e  re sp ira tio n  p rocess 
that im pedes developm ent o f predictive m odels. R ecen tly , som e 
attem p ts  w ere  m ade  to  co rre la te  resp ira tio n  ra tes w ith  in -p ack 
age 0 2 and  C 0 2 co n cen tra tio n s. Y an g  and C h innan  (1988) used  
a q u ad ra tic  function  w ith  9 p aram eters  to  co rre la te  resp ira tio n  
ra tes o f  tom ato  w ith  0 2 and  C 0 2 co n cen tra tio n s and  sto rage  
tim e , and used  ano ther qu ad ra tic  fun ctio n  w ith  th ree  p a ra m e 
ters to  co rre la te  the  resp ira tion  ra te  w ith  sto rage  tim e . C am eron  
et al. (1989) used  a tr ia l-an d -erro r approach  to  cu rve  fit 0 2 
consum ption o f tom ato w ith an exponential type function w hich  
con sis ted  o f  fo u r co effic ien ts . T h ese  em p irica l ap p ro ach es , 
h o w ev er, w ere  so m ew h at arb itra ry  and lim ited  in u se fu ln ess .

O ur w o rk  w as aim ed at d ev elo p in g  and v e rify in g  a re sp i
ra tion  m o d e l, b ased  on the  u n d erly in g  p rin c ip les  o f  enzym e 
k in e tic s , fo r p red ic tin g  resp ira tion  ra tes o f  fresh  p ro d u ce  as a 
function  o f  b o th  0 2 and  C 0 2 co n cen tra tio n s. T h e  so undness 
o f  the m o d e l w as eva lua ted  w ith  p u b lished  resp ira tio n  rate  
da ta , as w e ll as w ith  experim en ta l d ata .

R E S P IR A T IO N  M O D E L

T H E  P R O C E S S  o f  resp ira tion  in fru its  and v eg e ta b les  m ay  be 
rep resen ted  b y  the  fo llo w in g  ch em ica l reac tio n  (R yall and 
P en tzer, 1979; 1982):

C 6H 12O s +  6 0 2 - »  6 C 0 2 +  6 H 20  +  E n erg y  (1)

A ero b ic  resp ira tion  inv o lv es a series o f  en zy m a tic  reac tio n s 
tha t take p lace  th rough  the m etab o lic  pa th w ay s o f  g ly co ly s is , 
the tr ica rb o x y lic  acid  (T C A ) cy c le , and the  asso c ia ted  e lec tro n  
tran sp o rt system  (K ad er, 1987). T h e  resp ira tio n  ra te  is also  
g o v ern ed  b y  d iffusion  o f  0 2 and  C 0 2 th rough  p lan t tissu es . 
T he resp ira to ry  q uo tien t (R .Q .) , the  ratio  o f  C 0 2 p ro d u ced  to 
0 2 co n su m ed , ranges from  0 .7  to 1 .3  d ep en d in g  up o n  the 
m etab o lic  substra te  (K ad er, 1987; K ad er et a l . ,  1 9 8 9 ), and is 
affec ted  by  m o d ified  a tm osphere  co n d itio n s ( i .e . red u ced  0 2 
and e leva ted  C 0 2). F rom  these  o b se rv a tio n s , it is o b v io u s  that 
the resp ira tion  o f  p roduce  is a co m p lica ted  and d ifficu lt p rocess 
to  m odel. I f  all facto rs invo lved  in enzy m a tic  reac tio n s w ere  
con sid ered  in  a resp ira tion  m o d e l, it w o u ld  b eco m e so  com plex  
tha t it w o u ld  b e  o f  lim ited  v a lu e . R eco g n iz in g  th is , w e a t
tem pted  to  fin d  a sim ple  m odel to  describ e  the  resp ira tio n  rate 
as a function  o f  0 2 and  C 0 2 co n cen tra tio n s.

R ecen tly , Y an g  and C h innan  (1988) sug g ested  th a t the p rin 
c ip les o f  en zy m e k in e tic s  m ig h t be ap p ro p ria te  fo r m od elin g  
resp ira tio n  o f  p ro d u ce . W e sp ecu la ted  tha t a M ich aelis-M en ten  
type equation  w as u sefu l b ased  on the  fo llo w in g  ra tionale . 
R esp ira tion  in  fresh  p roduce  is p o ss ib ly  g o v ern ed  b y  an en 
zy m atic  reac tion  ca ta ly zed  b y  an  a llo ste ric  en zy m e(s) and reg 
u la ted  th rough  feed b ack  in h ib ition  (S o lo m o s, 1983). The 
so lu b ility  and d iffusion  o f  0 2 and  C 0 2 in  the  p lan t tissue p o s
sib ly  lim it the rate  o f  resp ira tio n . A  sim ila rity  b e tw een  fresh 
p roduce  resp ira tion  and m icrob ia l re sp ira tio n  can  b e  show n by
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exam in ing  the  pu b lish ed  data  on  resp ira tio n . T h e re fo re , it w as 
reasonable to speculate that the M ichaelis-M enten equation m ay 
describ e  the resp ira tion  o f  p ro d u ce , becau se  tha t equ atio n  has 
co m m o n ly  been  used  to  describ e  en zy m e reac tions even in 
u n purified  sta te , w h en  certa in  assu m p tio n s w ere  app lied  (B ai
ley  and O llis , 1977). T he M ich ae lis-M en ten  equ atio n  has also 
been  used  to  describ e  the resp ira tio n  ra te  o f  m icro o rg an ism s 
in  industria l aerob ic  fe rm en ta tio n  p rocesses (A rnold  and S tee l, 
1958; S tanbury  and W h itak e r, 1984) and d iffusion  co n tro lled  
reactions (B ailey  and O llis , 1977).

B ased  on  the  sim ilarity  o f  fresh  p ro d u ce  resp ira tio n  and m i
crobial respiration, M ichaelis-M enten type enzym e kinetics w as 
app lied  to  m odel resp ira tio n  o f  fresh  p ro d u ce . W hen  C 0 2 is 
ab sen t, the dep en d en ce  o f  resp ira tio n  on  0 2 concen tra tion  can 
b e  described  w ith

r =  V m [0 2]
K m +  [ 0 2]

(2 )

T he dependence o f  re sp ira tio n  on  C 0 2 co n cen tra tio n  w as m o d 
eled  based  on the  u n co m p etitiv e  in h ib itio n , w h ich  has been  
used  ex c lu s iv e ly  fo r p ro d u ct in h ib ition  in reac tions in v o lv ing  
several substra tes and p roducts (C o rn ish -B o w d en , 1979). For 
the resp ira tion  p ro cess , the u n co m p etitiv e  inh ib ition  m ech a 
n ism  due to  C 0 2 is ex p ressed  as

K m +  (1 +  [C O J /K ,)  [ 0 2] v '

E q . (3) is assum ed  to  be v a lid  as long  as the p ro d u ce  und erg o es 
aerob ic  resp ira tion  (i .e . su ffic ien t 0 2 is ava ilab le  to  act as 
su bstra te).

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

TH E M O D EL  w as first tested using published respiration data. Since 
certain necessary inform ation (such as package size and film  perm e
ability) w as not reported in the references used to obtain the data , w e 
also conducted experiments using cut broccoli to further test the m odel.

Sample preparation

California b roccoli, purchased in case quantities from  a superm arket 
in N ew  Jersey , w as stored at 0°C on ice prior to each experim ent. 
B roccoli florets o f  uniform  size (6 .5  cm  length , 4 -5  cm w idth at top) 
w ere cut, rinsed in cold w ater for 2 0  sec, and spun in a salad spinner 
for 45 sec to rem ove excess w ater. The florets w ere equilibrated to 
the experim ental tem perature for 30 m in before each experim ent be
gan. All experim ents w ere conducted at 24 ±  0 .5°C . T hree sets o f 
experim ents w ere conducted, each set using a different lot o f  broccoli.

the outlet gas w as sam pled. T he experim ent began after the respiration 
cham bers w ere  adequately flushed w ith  the test gas m ixture for about 
60 m in . R espiration rates w ere determ ined from  the difference be
tw een inlet and outlet gas concentrations after correcting  for hum idity , 
w hich  w as necessary  because the inlet gas w as essentially  dry but the 
outlet gas w as hum idified by  the H 20  produced in the respiration 
process. Carbon dioxide production and 0 2 uptake w ere m easured 
using a H ew lett Packard 5890A  gas chrom atograph equipped w ith  a 
therm al conductiv ity  detector. A n A lltech C TR  I colum n (Alltech 
A ssociates, Inc. D eerfield , IL) w as used w ith  helium  as a carrier gas 
at 65 m L/m in and the colum n at 30°C. For each 0 2 level, three m ea
surem ents w ere m ade on each o f the tw o ja rs , and the average o f 
these six readings w as used for data analysis.

Respiration as function of C 0 2

T he second set o f experim ents used the open system  to m easure the 
respiration rates as a function o f  C 0 2 concentration . S ix levels o f  C 0 2 
w ere tested at each o f  tw o constant inlet 0 2 levels (0 .9 , 4 .0 , 7 .3 ,
1 1 .1, 14 .5 , and 17.8%  C 0 2 at 12.5%  0 2; 1 .1 , 4 .0 , 7 .1 , 10 .5 , 13 .8 , 
and 16.5%  C 0 2 at 21 .0%  0 2). T hese C 0 2 levels represented outlet 
gas concentration. Inlet gas com position and flow  rate (average 47 
m L/m in) w ere controlled as before , and broccoli w eigh t w as about 
185g. R espiration cham bers w ere  constructed using 1L ja rs . Each 0 2 
level w as tested on tw o consecutive days, and three readings w ere 
taken for each ja r  on both days, for a total o f  six  readings. T he six 
m easurem ents w ere averaged for data analysis.

Package simulation

T he purpose o f the third set o f  experim ents w as to verify  that the 
respiration m odel could predict the respiration rates inside a m odel 
perm eable package. F irst, the m odel param eters w ere  estim ated  from  
experim ental data. T he open system  m ethod w as used to m easure the 
respiration rates o f cut broccoli as a function o f  12 different 0 2/C 0 2 
com binations (3 .4 /0 .9 , 3 .4 /4 .6 , 3 .5 /7 .7 , 2 .6 /1 0 .3 , 8 .9 /1 .1 , 9 .6 /4 .4 , 
9 .6 /7 .9 , 9 .4 /1 2 .1 , 1 6 .0 /1 .0 ,1 6 .5 /4 .1 ,1 6 .2 /7 .3 ,1 6 .5 /1 1 .2 ) .  G as com 
position and flow  rate (average 45 m L/m in) w ere  controlled as de
scribed before , and 1L ja rs  w ere used for respiration cham bers. Tw o 
readings w ere taken for each gas com bination , and the average o f  the 
2  m easurem ents w as used to estim ate the values o f the m odel param 
eters through regression analysis.

Second, the respiration rates inside a m odel perm eable package w as 
m easured w ith  tim e. T he package, in itially  contain ing  air, w as con
structed o f  2 m il low  density  polyethylene film  (D ow  C hem ical C o ., 
M idland, M I) and contained 137 .3g o f  b roccoli. T he free volum e 
inside the package w as m easured  by  injecting 4 m L  m ethane gas into 
the package and m easuring  the resultant dilution after a 15 m in  equil
ibration period . 0 2 and C 0 2 perm eabilities o f  the film  at 24°C w ere 
m easured using the m ethod of K arel et al. (1963). T he m odel package 
w as equipped w ith  a silicone sam pling port, and headspace w ere  sam 
pled at about 30 m in intervals and injected in to  the gas chrom atograph 
for analysis. Sam pling continued until the 0 2 level inside the package 
reached 2 %.

Respiration rate as function of 0 2

The first set o f experim ents m easured the respiration rates o f cut 
broccoli as a function o f  0 2 concentration , in the absence o f  C 0 2, 
using an open or flow -through system  (Lee, 1987). Five 0 2 concen
trations w ere  tested (1 .7 , 3 .3 , 6 .2 , 10 .1 , and 19.4% ). T hese 0 2 con
centrations w ere m easured at the outlet, since w e  found that the gas 
surrounding the produce in the respiration cham ber had the sam e com 
position as that o f  the outlet gas. The sm all am ount o f  C 0 2 accum u
lation in the respiration cham ber w as considered negligible in these 
experim ents.

The gas m ixing system  w as a variation  o f  that used by  F idler and 
North (1967). 0 2 and N 2 w ere  supplied from  cylinders w ith  flow  rate 
o f  each gas controlled ±  0 .5  m L/m in, using an appropriate length o f 
glass capillary tubing 0 .2  or 0 .3  m m  diam eter (A ndrew ’s G lass C o ., 
V ineland, NJ) and a w ater colum n o f predeterm ined height to supply 
constant pressure. To facilitate m ixing, the two gases w ere com bined 
in a sealed 250 m L  flask  equipped w ith  inlet and outlet fittings and a 
silicone gas sam pling port prior to entering the respiration cham bers.

The respiration cham bers w ere  constructed using 3 .8  L  glass jars 
w ith m etal caps equipped w ith  brass fittings and Tygon® tubings. Each 
ja r  contained 20 pieces o f broccoli w eigh ing  about 185g. The gas 
m ixture w as passed through the ja rs  at an average 55 m L /m in, and 
the outlets o f  the ja rs  w ere connected to sealed 250 m L  flasks w here

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

C o n f irm a t io n  u s in g  p u b lis h e d  d a ta

T h e  so undness o f  the  resp ira tio n  m odel w as  ev a lu a ted  w ith  
p u b lished  da ta . T o ex am in e  the  e ffec t o f  0 2, re sp ira tio n  rate  
data  as a fun ctio n  o f  0 2 in  the  p resen ce  o f  little  o r no  C 0 2 
w ere  co llec ted  and an a ly zed . E q . (2) w as  lin ea rized  as E q . (4) 
fo r the p u rp o se  o f  fittin g  the  d ata : th e  resu ltin g  p lo t, [0 2]/r 
v e rsu s  [ 0 2], re ferred  to  as a H an es p lo t (C o rn ish -B o w d en ,
1979), w as  p referab le  to  a L in ew eav er-B u rk  p lo t because  it 
y ie ld ed  a m ore  even  d is trib u tio n  o f  erro r.

m  = x s  + m  (4 )
r V m V m W

In g en e ra l, the  pu b lish ed  d a ta  sh o w ed  h ig h  lin ea rity  (F ig . 1), 
and the  co effic ien ts  o f  d e term ination  (R 2) w ere  ab o v e  0 .9 5  
(T able  1). T he d a ta  o f  H en ig  and G ilb e rt (1 9 7 5 ), h o w ev er, did 
not show  as s tro n g  linear re la tio n sh ip , p ro b ab ly  b ecau se  those 
researchers u sed  an  ov ers im p lified  a ssu m p tio n  in  g enerating  
their data  (K ader et a l . ,  1989). If  the  d a ta  o f  H en ig  and G ilbert
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MODEL FOR FRESH PRODUCE RESPIRATION. . .

Table 1 -L in ea r ity  o f  p u b lish ed  data b a se d  on Eq. (4).

Respiration rate 
Expression

Commodity Conditions of 
measurement

Coefficient of 
determination

Reference

C 02 evolution Broccoli 75°F (23.9-C) 0.988 Lieberman & Hardenburg (1954)*
(mg/kg-hr) flushed system

0 2 consumption Apple 20°C closed system. 0.957 Jurin & Karel (1963)
(mL/kg-hr) [C02] <4%

0 2 consumption Banana 19°C closed system, 0.958 Karel and Go (1964)
(mL/kg-hr) [C02) < 3%

0 2 consumption Apple (Cox's 38°F (3.3°C) open sys 0.997 Fidler & North (1967)
(mL/kg-hr) Orange Pippin) tern

C 02 evolution Apple (Cox’s 38°F (3.3°C) open sys 0.999 Fidler & North (1967)
(mL/kg-hr) Orange Pippin) tern

0 2 consumption Tomato 23°C closed system, 0.838 Henig & Gilbert (1975)
(mL/kg-hr) C 02 absorbed

0 2 consumption Tomato (pink) 25°C closed system. 0.998 Cameron et al. (1989)
(mL/kg-hr) C 02 absorbed

8 A ve rag e  o f p ub lished  data.

Fig. 1 . -  H a n e s  p l o t  o f  p u b l i s h e d  d a ta  o n  r e s p ir a t io n  a s  a  fu n c 
tio n  o f  0 2  c o n c e n tr a tio n  b a s e d  o n  a  fit b y  Eq. (4). F o r u n its , 
c o m m o d i té s  a n d  c o n d it io n s  o f  m e a s u r e m e n t ,  s e e  T a b le  1. R e s 
p ir a tio n  v a lu e s  in  t e r m s  o f  0 2  c o n s u m p t io n  r a te :  A  , J u rin  a n d  
K a re l (19 6 3 );  ■ , K a re l a n d  G o  (196 4 );  □ ,  F id le r  a n d  N o r th  (1967);  
o , H e n ig  a n d  G ilb e r t (19 7 5 ); + ,  C a m e r o n  e t  al. (1989). R e s p i 
ra tio n  v a lu e s  in  t e r m s  o f  C 0 2  e v o lu tio n  r a te :  x ,  L ie b e r m a n  a n d  
F la rd en b u rg  (19 5 4 ); • ,  F id ler  a n d  N o r th  (1967).

(1975) are ex c lu d ed , w e  can  co n clu d e  tha t the  dep en d en ce  o f 
resp ira tion  rate  on  0 2 co n cen tra tio n  can  be ex p ressed  v e ry  w ell 
w ith  the M ich aelis-M en ten  type equ atio n .

T o  ex am in e  the  effec t o f  C 0 2 on  resp ira tio n , E q . (3) w as 
lin earized  as

1  =  J _  K™ J _

r V m V m [O J
[ C 0 2

K, V r (5)

If  the m o d e l w as ap p licab le , the rec ip ro ca l o f  the  resp ira tion  
rate  w o u ld  be linear w ith  C 0 2 co n cen tra tio n  at co n stan t 0 2 
co n cen tra tio n . P u b lish ed  data show  fa irly  s tro n g  lin earity  (F ig . 
2 ), and the co effic ien ts  o f  d e term ination  w ere  above 0 .9 2  (T a
ble 2). A n aly z in g  the data  o f  L eberm ann  et al. (1 9 6 8 ), in  w h ich  
three 0 2 co ncen tra tions w ere  te s ted , sh ow ed  tha t the slopes o f 
the linear p o rtion  o f  the cu rv es w ere  n early  equal fo r each  0 2 
co n cen tra tio n , w h ich  is ch a rac teris tic  o f  u n co m p etitiv e  type 
inh ib itio n  (C o rn ish -B o w d en , 1979). A t h igh  C 0 2 co n cen tra 
tions the linear dependence w as som ew hat d is tu rbed— this sam e 
trend  has a lso  b een  observ ed  fo r resp ira tio n  o f  m icro o rg an ism s

Fig. 2 . - P u b l i s h e d  r e s p ir a t io n  d a ta  a s  a  fu n c tio n  o f  C 0 2  c o n c e n 
tra tio n  b a s e d  o n  a  f it b y  Eq. (5). F or u n its , c o m m o d i t i e s  a n d  
c o n d it io n s  o f  m e a s u r e m e n t ,  s e e  T a b le  2. R e s p ir a t io n  d a ta :  + ,  
[T ho rn to n  (1933); o ,  Ju rin  a n d  K a re l (19 6 3 ); • ,  2 1 %  L e b e r 
m a n n  e t  at. (196 8 ); A , 5 %  Oa  L e b e r m a n n  e t  al. (1 9 6 8 );  □ ,  2 %  
Oa  L e b e r m a n n  e t  al. (1 9 6 8 ).]

as a fun ctio n  o f  d isso lv ed  C 0 2 co n cen tra tio n  (H o et a l . ,  1987). 
W h en  C 0 2 co n cen tra tio n  w as h ig h , the inverse  o f  the  re sp i
ration  ra te  fe ll b e lo w  the lin ear po rtio n  o f  the  cu rve  fo r b ro cco li 
and a sp arag u s, and in creased  ab ru p tly  fo r ap p le . A b o v e  certa in  
C 0 2 to le ran ce  lim its o f  a co m m o d ity , a  s ig n ifican t in crease  in 
an aero b ic  resp ira tio n  o ccu rs , w h ich  can  irrev ers ib ly  dam ag e  
the tissue  (K ad er, 1987; K ader e t a l . ,  1989). D u rin g  an aero b ic  
resp ira tio n  o r u n d er co n d itions o f  h igh  C 0 2 co n cen tra tio n , the  
R .Q . m ay  ch an g e  and the  dep en d en ce  o f  re sp ira tio n  ra te  on 
0 2 o r C 0 2 m ay  be v e ry  d iffe ren t. T h e  resp o n se  o f  th e  resp i
ra tion  p ro cess to  h igh  co n cen tra tio n s o f  C 0 2 d ep en d s on  the 
to le ran ce  lim it o f  the  co m m o d ity  (T h o rn to n , 1933 ; Y o u n g  et 
a l . ,  1962; K ad er et a l . ,  1989). F o r ex am p le , app le  has a low er 
C 0 2 to le rance  lim it than  b ro cco li o r a sp arag u s. T h e  irreg u la rity  
o f  the resp ira tion  data  at h igh  C 0 2 co n cen tra tio n s  seem ed  to 
b e , at least p a rtia lly , due to those  reaso n s, and the  data  sug g est 
the E q . (5) is v a lid  o n ly  up  to  th e  C 0 2 to le ran ce  lim it o f  the 
co m m o d ity .

So fa r , the  p ro p er linearities acco rd in g  to  E q . (5) have been 
confirm ed w ith  published data. Furtherm ore, the proposed  m odel 
w as tested  fo r its ab ility  to  p red ic t the  resp ira tio n  ra te  at any 
0 2 and  C 0 2 concen tra tio n  and to  p red ic t the  co m p o sitio n  o f  
the m icro a tm o sp h ere  w ith in  a p erm eab le  p ack ag e . T h ere fo re , 
it w as n ecessa ry  to  estim ate  the  m odel p a ram e te rs  o f  E q . (5), 
V m, K ^ , and Kj. T h e  data  o f  Ju rin  and K are l (1 9 6 3 ) w as chosen
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Table 2—Linearity of published data based on Eq. (5)
Respiration C o m m o d ity C o n d itio n s of Coeffic ient of Reference
rate
e x p re ss io n

m easu rem en t determ ination

0 2 con su m ption A sp a ra g u s 25°C c lo se d  system , 0.965 Thornton  (1933)ad
(mg/kg-hr) [ 0 2l:  20%

C 0 2 evolution A p p le 20°C c lo se d  system , 0 .946 Ju rin  & Karel (1963)b
(mL/kg-hr) [ 0 2]: 1 6 -1 7 %

C 0 2 evolution Brocco li 45°F (7.2°C) c lo se d  system Leb erm an n  et al.,
(m m ole/kg-hr)

[ 0 2] : 21% '.0 0 0
(1968)'-«

[ 0 2] : 5 % 0.934
[ 0 2] : 2 % 0.926

a Regression over 0-9% C 0 2. 
b Regression over 0-10% C 0 2.
c Regression excludes 20% C 0 2 values. 
d Average of published data.

Fig. 3 . - S i m u l a t e d  0 2  a n d  C 0 2  c o n c e n tr a tio n s  in s id e  p o l y e th 
y le n e  p a c k a g e d  a p p le s  c o m p a r e d  to  e x p e r im e n ta l  d a ta  o f  Ju rin  
a n d  K a re l (1963).

fo r th is p u rp o se , since  th ey  inc luded  the  dep en d en ce  o f  re s
p ira tion  on  b o th  0 2 and  C 0 2, and an ev a lu a tio n  o f  g as co m 
p osition  in side  a p erm eab le  p ack ag e  o v er tim e . V m w as the 
slope and K„, the  in te rcep t o f  the  p lo t o f  E q . (4 ) , F ig . 1 , and 
the pa ram ete r K; w as the  s lope  o f  the  p lo t o f  E q . (5 ) , F ig . 2 . 
T he estim ated  va lu es o f  the  param ete rs  from  reg ression  an a ly 
sis w ere V ra =  10 .80 m L  Cb/kg-h, ^  =  3 .55%  0 2, K; =  27 .98%  
C 0 2. U sing  these  param ete rs  and the  p ack ag e  co n d itio n s re
ported  b y  Ju rin  and K are l (1 9 6 3 ), the  resp ira tio n  m odel w as 
used  to  sim u la te  the  g as en v iro n m en t in a p o ly e th y len e  bag  
co n ta in ing  app les . T h e  sim u la tio n  w as d o n e  b y  so lv in g  the 
o rd in a ry  d iffe ren tia l E q . (6) and (7) deriv ed  p rev io u sly  by  H ay- 
akaw a et al. (1975).

d [ O J  =  10Q P 02 (0 .2 1 - [0 2]/100) _  W _[g2 j  (6)

d [ C 0 2] =  100  ( S PC02 (0 .0 - [C 0 2)/100) +  W £ ç o , \
\ \ f  T V  / '  '

T hese eq uations w ere  n u m erica lly  in teg ra ted  using  the A dam s- 
M oulton  m eth o d  in  the  IM S L  su b ro u tin e  I V P  A G  (IM S L , In c ., 
H o u sto n , T X ).

S ince  the free  v o lu m e inside  the  p ack ag e  w as  no t reported  
b y  Ju rin  and K arel (1 9 6 3 ), it w as ca lcu la ted  from  the  in itial 
s lopes o f  the 0 2 and  C 0 2 change  cu rv es u sin g  E q . (6) and (7). 
T he average free  v o lu m e o f the  p ack ag e  w as  ca lcu la ted  to  be

Fig. 4 . —H a n e s  p lo t  fo r  b r o c c o l i  r e s p ir a t io n  a s  a  fu n c tio n  o f  0 2  

c o n c e n tr a tio n . S o l id  l in e s  w e r e  g e n e r a t e d  u s in g  Eq. (4).

405 m L . F ig u re  3 show s go o d  ag reem en t b e tw een  the  p red ic ted  
a tm osphere  co n cen tra tio n s and  the  ex p erim en ta l d a ta . T he 
equ ilib riu m  0 2 and  C 0 2 co n cen tra tio n s o b ta in ed  fro m  th e  s im 
u la tio n s (8 .6 9 %  and 3 .1 7 % , resp ec tiv e ly ) co m p ared  w e ll to  
the v a lu es  o f  8 .7 0 %  and 3 .1 5 % , re sp ec tiv e ly , rep o rted  b y  Ju rin  
and K are l (1 9 6 3 ). C o n sid e rin g  the  in ev itab le  v a riab ility  o f  the 
d a ta  due to  sep ara te  p ack ag es , as m en tio n ed  b y  the  au th o rs , 
the  m odel p red ic ted  the  tran sien t m ic ro a tm o sp h ere  in s ide  the 
p ack ag e  and the eq u ilib riu m  g as co m p o sitio n  v e ry  w e ll.

C o n f i rm a t io n  u s in g  c u t  b ro c c o li  d a ta

T h e  e ffec t o f  0 2 co n cen tra tio n  o n  cu t b ro cco li resp ira tion  
w as ana lyzed  w ith  the  H anes p lo t (F ig . 4 ). A g a in , a  s trong  
lin earity  o f  the data  w as  o b se rv ed , w h ich  co n firm ed  the  ap 
p licab ility  o f  th e  resp ira tio n  m o d e l. T h e  av erag e  s tan d ard  d e 
v ia tio n  o f  the  resp ira tio n  ra te  data  w as  3 4 .4  m L /k g -h r fo r 0 2 
co n su m p tio n  and 17 .3  m L /k g -h r fo r C 0 2 ev o lu tio n . T he slope 
o f  the  0 2 con su m p tio n  cu rve w as  e ssen tia lly  equal to  tha t o f  
the C 0 2 ev o lu tion  cu rv e , sig n ify in g  th a t the  R .Q . w as  no t 
affec ted  sig n ifican tly  b y  ch an g e  in  0 2 co n cen tra tio n . T h is sam e 
trend  w as  show n  b y  Jurin  and K are l (1963) w h o  o b ta in ed  a 
stra ig h t line  w ith  ze ro  s lope  w h en  R .Q . w as p lo tted  v s 0 2 
co n cen tra tio n .

T h e  effec t o f  C 0 2 co n cen tra tio n  on  the rec ip ro ca l resp ira tio n  
rate  w as sh o w n  in F ig . 5 , at tw o  co n stan t 0 2 co n cen tra tio n s. 
T he inverse  o f  the  resp ira tio n  ra te  w as  lin ear w ith  C 0 2 co n 
cen tra tio n , and  the  slopes at th e  tw o  0 2 co n cen tra tio n s w ere 
n ea rly  eq u a l. C arbon  d io x id e  ev o lu tio n  ra te  w as  g rea tly  af
fec ted , b u t 0 2 co n su m p tio n  rate w as  a ffected  v e ry  little  by
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[ C 0 2 ] ( % )

Fig. 5 . - E x p e r i m e n t a l  r e s p ir a t io n  d a ta  fo r  b r o c c o l i  a s  a fu n c tio n  
o f  C 0 2  c o n c e n tr a tio n  b a s e d  o n  a f it b y  Eq. (5). O x y g e n  c o n 
s u m p tio n :  •  ,  2 1 %  0 2;  o ,  [1 2 .5 %  0 2  C a rb o n  d io x id e  e v o lu tio n :  
□ , 21% 0 2; ■ , 12.5% 0 2.]

Table 3 —Respiration ra tes o f  cu t broccoli a t various 0 2  an d  C 0 2  concen
trations in an open  system .

G a s  com po sitio n Resp iration  rates

[ C 0 2] (% ) 10=] (% ) C 0 2 evolution  
rate (m L/kg-hr)1

0 2 co n su m p tion  
rate (m L/kg-hr)b

0.9 3.4 141.1 140.6
4.6 3.4 121.4 148.2
7.7 3.5 132.7 155.3

10.3 2.6 128.7 141.0
1.1 8.9 182.4 214.3
4 .4 9.6 151.0 181.7
7.9 9.6 137.0 173.6

12.1 9.4 131.2 151.4
1.0 16.0 199.1 191.0
4.2 16.5 178.5 232.4
7.3 16.2 158.0 222.8

11.2 16.5 157.6 205.7
a Average standard deviation = 16.0 mL/kg-hr 
b Average standard deviation = 8.2 mL/kg-hr

C 0 2 co n cen tra tio n . T he av erag e  standard  dev ia tio n  o f  the  res
p ira tion  rate  data  w as  3 2 .2  m L /kg-h r fo r 0 2 con su m p tio n  and
2 2 .2  m L /kg-h r fo r C 0 2 ev o lu tio n . T h e  14 .5%  C 0 2:1 2 .5 %  0 2 
and 17 .8%  C 0 2:1 2 .5 %  0 2 data  p o in ts w ere  om itted  from  the 
p lo t becau se  the C 0 2 evo lu tio n  rate  w as too low  to  be m easu red  
accu ra te ly . A lth o u g h  the 0 2 level w as assum ed  con stan t in the 
ex p erim en ts , sligh t ch an g es in  the 0 2 level m ig h t have o c
curred  due to  0 2 co nsum ption  b y  the co m m o d ity  and co n tr ib 
u ted  to  v a riab ility .

E q . (5) w as fitted  to  the  th ird  se t o f  ex p erim en ts , w hich  
consisted  o f  m easu rin g  resp ira tion  ra tes as a function  o f  12  
d ifferen t g as co m p o sitio n s. T he data  w ere  an a ly zed  u sing  m u l
tip le  linear reg ression  (JM P , SA S  In s titu te , Inc . C ary , N C ), 
and the fit w as fo u n d  to  b e  s ign ifican t at P < 0 .0 0 1  (T ab le  3). 
T he va lu es o f  the m odel p aram eters V m, K m, and Kj w ere  
e s t im a te d :  V m =  2 1 9 .4  m L / k g - h r ,  K m = 1 . 4 %  0 2, a n d  
Kj =  1 1 4 .7%  C 0 2 fo r 0 2 co nsum ption  ra te ; and V m =  191 .1  
m L /k g -h r, Km =  1 .0%  0 2, and  K : =  4 2 .3 %  C 0 2 fo r C 0 2 ev o 
lu tion  ra te . W ith  these  m odel p a ram ete r v a lu es , resp ira tio n  rate  
as a function  o f  0 2 and  C 0 2 in side  the p erm eab le  package  
w ere  s im ula ted  by  so lv in g  E q . (6) and (7) num erica lly . T he 
p erm eab le  p ack ag e , co n ta in in g  1 3 7 .3 g  cu t b ro cco li, w as  co n 
s tru c ted  o f  a 2  m il low  den sity  p o lye thy lene  p ack ag e  w ith  0 2 
p e rm eab ility  o f  198 .5  m L -m il/m 2-h-atm  and C 0 2 perm eab ility

T im e  (h )

Fig. 6 . —E x p e r im e n ta l  a n d  s im u la te d  g a s  c o m p o s i t io n  in s id e  a 
m o d e l  p a c k a g e  [2 m i l  l o w  d e n s i ty  p o ly e th y le n e ,  137 .3 g  s a m p le  
w e ig h t ,  6 5 9  m L  f r e e  v o lu m e , 0 2  p e r m e a b i l i t y  1 9 8 .5  m L -m il/  
m 2 -h r-a tm , C 0 2  p e r m e a b i l i t y  6 9 6 .0  m L -m il/m 2 -h r-a tm , s u r fa c e  
a r e a  0 .0 7 2  m 2) c o n ta in in g  b ro c c o li.

o f  6 9 6 .0  m L -m il/m 2-h r-a tm , free  v o lu m e o f  659 m L , and su r
face  area  o f  0 .0 7 2  m 2. In g en era l, the  p red ic ted  g as c o m p o 
sition  in side  the  p ack ag e  agreed  v e ry  w e ll w ith  ex p erim en ta l 
da ta , esp ec ia lly  fo r tran sien t g as co m p o sitio n s (F ig . 6). U n 
fo rtu n a te ly , b ecau se  o f  the h igh  resp ira tio n  ra te  o f  cu t b ro cco li 
and  the  re la tiv e ly  low  0 2 p e rm eab ility  o f  the f ilm , an  eq u ilib 
rium  betw een  p erm eatio n  and resp ira tio n  co u ld  no t be reach ed  
p rio r to  the  a tm osphere  in side  the p ack ag e  b eco m in g  an ae ro 
b ic . T he resp ira tio n  m odel is o n ly  v a lid  fo r aero b ic  resp ira tio n , 
and  the g as com p o sitio n s w ere  not w e ll p red ic ted  w h en  the  0 2 
concen tra tion  w as v e ry  low  (F ig . 6).

N O M E N C L A T U R E

[ 0 2] O xygen  concen tra tion  (% )
[ C 0 2] C arbon  d io x id e  co n cen tra tio n  (% )
K™ M ichaelis-M en ten  con stan t (%  0 2)
K; Inh ib itio n  con stan t (%  C 0 2)
P0 P e r m e a b i l i t y  o f  f i lm  to  o x y g e n  ( m L - m i l /

m 2-hr-atm )
Pco  P erm eab ility  o f film  to ca rb o n  d io x id e  (m L -m il/

m 2-hr-atm )
L  T h ick n ess o f  p o ly m eric  film  (m il)
r R esp ira tion  ra te  (m L /kg-h r o r m g/kg-h r)
to2 R espiration rate in oxygen consum ption  (m L/kg-hr

o r m g/kg-hr)
rCo R espiration rate in carbon dioxide evolution (m L/

kg-h r o r m g/kg-hr)
V  P ack ag e  free  v o lu m e (m L)
V m M axim um  respiration rate (m L/kg-hr o r m g/kg-hr)
S S urface  a rea  o f  the package  (m 2)
t T im e (hr)
W  W eig h t o f  p ro d u ce  in  the  p ack ag e  (kg)

C O N C L U S IO N S

A  S IM P L E , sem i-em p irica l re sp ira tio n  m o d e l, b ased  on e n 
zym e k in e tics p rin c ip les , ad eq u a te ly  d escribed  th e  resp ira tion  
o f  fresh  p ro d u ce  in  te rm s o f  0 2 co n su m p tio n  ra te  and C 0 2 
ev o lu tion  rate  as a function  o f  0 2 and  C 0 2 co n cen tra tio n s . T he 
m odel w as co n firm ed  w ith  pub lish ed  data  fo r a w id e  v a rie ty  
o f co m m o d ities  and w ith  experim en ta l da ta . T h e  m o d e l could
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be used in designing MAP systems for fresh fruits and vege
tables, provided that the C02 concentration is below the tol
erance limit of the commodity and sufficient 0 2  is available to 
support aerobic respiration. The model is particularly useful 
for predicting the transient respiration compositions where 
temperature fluctuation is encountered, during passive modi
fication of a MAP package, and in similar situations.
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Microbial Changes in Shredded Iceberg Lettuce Stored 
under Controlled Atmospheres

M.l. BARRIGA, G. TRACHY, C. W ILLEMOT, and R.E. SIMARD

----------------------------ABSTRACT-----------------------------
Our purpose was to determine initial microbial populations in shredded 
Iceberg lettuce (Lactuca sativa L.) cv ‘Great Lakes’, and to study 
their changes under different controlled atmospheres. Lettuce was 
shredded, washed, disinfected, water rinsed and centrifuged before 
being stored for 12 days under air, 3% 0 2, 3% 0 2 + 5% C 0 2  or 3% 
0 2 + 10% C 02. Microbiological analysis and assessment of visual 
quality were carried out every 3 days. No human pathogens were 
found. Controlled atmospheres had little or no effect on the micro
biological populations studied. A 3% 0 2  + 10% C 0 2  atmosphere 
maintained acceptable visual quality of lettuce, without appreciably 
affecting microbial development.

Key Words: microbes, Iceberg lettuce, minimal processing, controlled 
atmosphere

INTRODUCTION

M INIMALLY PROCESSED vegetables (MPV) are becoming 
increasingly popular in Europe and in the U .S.A . They are 
washed, peeled, sliced or shredded, wrapped raw vegetables 
stored below 10°C and sold within 8  to 10 days (Nguyen-The 
and Prunier, 1989). The popularity of such products comes 
from decreasing the need for washing, trimming or cutting in 
restaurants and institutions. Transport costs are also reduced 
by removing waste material, (as high as 40-50%), before ship
ping (Bolin et al., 1977). The disadvantage of the pre-cut prod
uct is that its storage life may be greatly reduced as compared 
to the intact vegetable. Tissue disruption caused by cutting 
results in elevated respiration and transpiration, which leads to 
rapid deterioration. In addition, cutting increases the area of 
injured tissue available for microbial degradation (Priepke et 
al., 1976). The most common methods used to improve the 
storage stability of MPV are low temperature, chemical treat
ments, modification of pH, modified or controlled atmospheres 
(MA / CA), or a combination of two or more of these (Shew- 
felt, 1986; Brackett, 1987; Huxsoll and Bolin, 1989; King and 
Bolin, 1989).

Chemical treatments have been generally of little value in 
extending storage life of shredded lettuce (Priepke et al., 1976; 
Bolin et a l., 1977). However, beneficial effects from MA have 
been reported by Priepke et al. (1976) and Ballantyne et al.
(1988) among others. The reported prolongation of shelf life 
was due mainly to the effect of MA on physiological responses 
of the plant tissue (Brocklehurst et al., 1987). Although MA 
can change the general microbial profile of foods (Brackett, 
1987), these effects have been less studied. The change re
ported most often is the proliferation of gram-positive bacteria, 
and more specifically, lactic acid bacteria (LAB) (Sinell, 1980). 
The effect of MA on microbial development has been studied 
in endive (Picoche and Denis, 1988), mixed salads (Chambroy 
and Nguyen-The, 1988) and mayonnaise-based vegetable salads 
(Buick and Damoglou, 1989). The latter study showed bene-
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ficial effects of 20% C0 2  cn spoilage of mixed salads. Cham
broy and Nguyen-The (1988) observed little effect of 20% C0 2  

on the proliferation of microorganisms but a significant reduc
tion of spoilage. Beuchat and Brackett (1990) studied the effect 
of low 0 2  on microorganisms in shredded lettuce.

The study of the combined effect of high C0 2  and low 0 2  

on the development of-specific microbial groups in cut Iceberg 
lettuce has been little studied and was the objective of our 
study. The effects of 3 controlled atmospheres on the visual 
quality, shelf life and microbial contamination of cut Iceberg 
lettuce were evaluated. Both food spoilage indicator microor
ganisms and human pathogens were monitored.

MATERIALS & METHODS
Lettuce

Iceberg head lettuce cv ‘Great Lakes’ was obtained locally and used 
immediately after harvest. Shredded lettuce was prepared by removing 
outer and damaged leaves and core, and slicing the remaining leaves 
into 1  cm strips with a knife.

Disinfection and storage conditions

The shredded lettuce was dipped for 1 min in water and disinfected 
for 5 min in a 100 ppm sodium hypochlorite solution at 15°C. Lettuce 
was rinsed with water for 2  min and centrifuged for 1  min in a kitchen 
centrifuge. Residual chlorine was measured by the orthotolidine test. 
Four plastic containers (40 cm x 60 cm) were ventilated with a hu
midified stream of air or the desired gas mixture (3% 0 2, 3% 0 2  + 
5% C 0 2  or 3% 0 2  + 10% C 0 2) at 4°C for 12 days. Each container 
contained 8  trays with 100 g of shredded lettuce. Samples were re
moved and evaluated every 3 days.

Gas and microbiological analysis

Gas flow was maintained at levels preventing C 0 2 accumulation. 
The atmosphere within containers was tested daily by GC (Gas Par- 
titioner, Fisher-Hamilton). The procedures followed were those out
lined by Speck (1984). Culture media, methods and incubation 
conditions employed are listed in Table 1. For Salmonella detection, 
a 25g sample was added to 225 ml of 0.1% peptone broth and incu
bated overnight at 37°C. One mL peptonated broth was then trans
ferred into two tubes, one containing 9 mL of tetrathionate broth, and 
the other containing 9 mL of selenite broth. After overnight incubation

Table 1 — Conditions for M icrobiological A nalysis

Test Method
Culture
media

Incubation
Tem p (°C) Tim e (days)

Aerobic plate count pour plate PCA 35 2
Psychrotrophic
microorganisms

pour plate PCA 4 10

Pectinolytic
microorganisms”

surface plate CVP 22 3

Lactic acid bacteria pour plate MRS 37 2 
anaerobic conditions

Yeasts and molds surface plate PDA 22 5
Total conforms membrane

filtration
MFC 35 1

Fecal conforms membrane
filtration

TSAM 44 1

8 Pectinolytic microorganisms were isolated and identificated by the API (NFT) sys
tem. A test of pathogenicity was done by inoculating 4 cm lettuce pieces with a 
108 cells/mL bacterial suspension (Nguyen-The and Prunier, 1989).
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at 37°C and 43°C respectively, a loopful of the tube containing tetra- 
thionate broth was streaked onto Salmonella - Shigella agar and a 
loopful from the tube containing selenite broth onto bismuth sulfite 
agar. Both were incubated at 37°C for 48 hr. At least two colonies 
suspected as being Salmonella or Shigella were picked from each plate 
and streaked onto triple sugar iron agar and lysine iron agar slants. 
The identity of the colonies was also confirmed with API 20E test 
strips. A 25g sample of lettuce was added to 225 mL alkaline phos
phate buffer (pH 7.6) for testing for Yersinia enterocolitica. The buffer 
was incubated for 21 days at 4°C. After 14 and 21 days 1 mL was 
streaked onto Yersinia selective agar and incubated at 32°C for 24 hr. 
The identity of potential Yersinia was confirmed by triple sugar iron 
and urea tests and with API 20E test strips.

Visual quality evaluation

Each sample was rated visually by two judges according to the 
scoring system developed by Kader et al. (1973) for head lettuce, with 
9 excellent, 5 the lower limit of sales appeal, and 1 extremely poor. 
This scoring system included assessment of browning, mechanical 
damage, wilting and general appearance.

Experimental design

Data were analyzed as a split-plot design with 4 treatments (CA), 
4 evaluation dates, 2 replications and 2 blocks corresponding to 2 
identical experiments, carried out at 4 days interval, using the analysis 
of variance (ANOVA) procedures. Duncan’s test was done when AN- 
OVA indicated significant differences.
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Fig. 1 -E volution o f psychrotrophlc microorganisms In shred
ded lettuce stored under different CA for 12 days. M eans o f 4 
determinations ± SD.

The pathogenicity of these microorganisms to the plant was 
demonstrated by the test described by Nguyen-The and Prunier
(1989).

RESULTS & DISCUSSION 
Mesophilic aerobic microorganisms

Populations of mesophilic aerobic microorganisms increased 
from an initial level of 104  to 107  CFU/g. Increases occurred 
with storage in all samples regardless of treatment. Priepke et 
al. (1976), and Beuchat and Brackett (1990) reported that MA 
(2.25% 0 2  + 10.5% C0 2  and 3% 0 2  respectively) did not 
significantly affect populations of mesophilic aerobic micro
organisms on shredded lettuce. For MPV, French legislation 
(there is no current Canadian legislation) allows a maximum 
of 5 x 104  CFU/g at production stage and 5 x 107  CFU/g at 
consumption stage (Anonymous, 1988). The microbiological 
quality could thus be considered satisfactory during the storage 
period.

Psychrotrophic microorganisms
The levels and evolution of this population were similar to 

those of mesophilic aerobic microorganisms. The population 
increased from an initial level of 104  to 107  CFU/g (Fig. 1). 
In general, the numbers of psychrotrophic microorganisms found 
were acceptable. The growth of psychrotrophic microorgan
isms was not reduced by 3% 0 2  with or without 5% C02. 
Beuchat and Brackett (1990) obtained similar results in lettuce 
stored under 3% 0 2; however, in our study, lettuce stored 
under 3% 0 2  and 10% C0 2  contained slightly lower numbers 
of organisms, and maintained acceptable commercial quality 
during the storage period. The effect of 3% 0 2  and 10% C0 2  

was significant (P<0.05) on day 9, but was not notable on day 
12. A higher C0 2  content might enhance this effect (Buick 
and Damoglou, 1989).

Among psychrotrophs able to develop in vegetable products, 
only a few can influence quality during storage (Labadie and 
Dousset, 1988). The organisms usually responsible for vege
table spoilage are gram-negative bacteria, particularly E rw in ia  
and P se u d o m o n a s  (Lund, 1983; Kraft and Rey, 1979). They 
are pectinolytic and cause breakdown of the tissue. Conse
quently, their development is an important factor influencing 
spoilage. In our study counting these organisms was not pos
sible because of the spreading growth of their colonies. Never
theless, some pectinolytic strains such as P se u d o m o n a s  lu teo la , 
P s e u d o m o n a s  f lu o r e s c e n s  and V ib r io  f lu v ia l i s  were isolated.

Lactic add bacteria
The evolution of LAB was somewhat erratic throughout the 

storage period regardless of treatment. The extremely low level 
of this population varied between 10° and 102  CFU/g. This 
could possibly be explained by competition with other popu
lations, such as pectinolytic microorganisms, which have a 
higher rate of growth at low temperatures and are better adapted 
to develop on lettuce because of their pectinolytic enzymes. 
Other researchers (Chambroy and Nguyen-The, 1988; Picoche 
and Denis, 1988) have reported that LAB develop well on 
mixed salads and endive under atmospheres containing 2 0 % 
C02. In both cases, the initial population, which is influenced 
by harvest season, geographic area and cultivar among other 
factors, was higher than initial populations we found. LAB are 
not necessarily destructive to plant tissue (Brocklehurst et al., 
1987).

Yeasts and molds
Molds were present occasionally and yeasts were always 

present but at low levels (101 to 102  CFU/g). After an increase 
from 1 0 3  to 1 0 5  cfu/g, the yeast population returned to initial 
levels. Yeasts grow well at neutrality and under alkaline con
ditions but they do not compete well with bacteria at these pH 
values (Brackett, 1987). CA did not affect yeast proliferation. 
Beuchat and Brackett (1990) obtained similar results in lettuce 
stored under 3% 0 2  and Buick and Damoglou (1989) in may
onnaise based vegetable salads stored under 20% C02.

Total coliforms
C o lifo rm s , considered as an indication of hygiene at the 

production stage and the maintenance of the cold chain, were 
present only in low numbers. Their population increased 
throughout storage to 103  CFU/g. These levels of coliforms 
are acceptable. CA did not influence their development.

S a lm o n ella , Y ersin ia  and fecal coliforms
No bacteria of public health significance were detected in 

this study but their presence, even accidental, must not be 
overlooked. The risk of contamination of vegetables by bac-
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MICROBIAL CHANGES IN SHREDDED LETTUCE. . .

Time (days)
Fig. 2 — Visual quality o f shredded lettuce stored under different 
CA for 12 days. M eans of 4 determinations.

Fig. 3 —Relation betw een visual quality and num ber o f psychro- 
trophic microorganisms in shredded lettuce stored under dif
ferent CA for 12 days.

teria of public health significance from soil and irrigation water 
has been a cause of concern. Several studies have shown that 
these organisms can be isolated from whole and prepared veg
etables. S ta p h y lo c o c c u s  a u re u s , S a lm o n e lla  spp. and S h ig e lla  
spp. have been isolated from raw vegetables and salads (Saddik 
et al., 1985). Y e rs in ia  spp. and E . c o li have been isolated from 
vegetable salad mixes (Brocklehurst et al., 1987). L is te r ia  
m o n o c y to g e n e s  has been detected in MPV (Laine and Mi
chaud, 1988). Pathogens are unlikely to grow on vegetables 
because normal spoilage flora will usually have a competitive 
advantage; however, vegetables are not totally without risk 
(Brackett, 1987).

Visual quality
Visual quality decreased throughout storage, and changes 

were similar in lettuce stored under air, 3% 0 2, and 3% 0 2  + 
5% C0 2  (Fig. 2). Nevertheless, visual quality was significantly 
preserved by 3% 0 2  + 10% C0 2  (P<0.05) which prevented 
browning. C0 2  is known to prevent browning of damaged 
plant tissues by blocking production of phenolic compounds, 
as well as by inhibiting polyphenol oxidase activity (Siriphan- 
ich and Kader, 1984). Possibly higher C0 2  levels could have 
a greater effect on shelf life.

In general, lower psychrotrophic counts correlated with bet
ter visual quality (Fig. 3). Browning of injured vegetables is 
due to a large extent to oxidized phenols acting as an infection 
barrier (Skovgaard, 1984) and changes in tissue appearance 
caused by pectinolytic breakdown can be an indication of mi
crobial growth (Wall and Elliot, 1986). However, with 3% 0 2  

+ 10% C02, visual quality was maintained despite high mi
crobial counts (106 —107 CFU/g). Both physiological and mi
crobial action can initiate biochemical changes that lead to 
quality loss of MPV (King and Bolin, 1989). It seems that 
high C0 2  controlled both microbial and plant enzyme activity 
without appreciably affecting microbial development (Nguyen- 
The and Carlin, 1988).

CA has been demonstrated to slow in  v i tr o  proliferation of 
phytopathogenic bacteria and reduce soft rot incidence in  v iv o  
(Barriga et al., 1989; Chambroy and Nguyen-The, 1988; Ibe 
and Grogan, 1983). However, the in  v iv o  effect was probably 
due to delayed senescence and consequently lesser sensitivity 
of vegetables to microorganisms (El-Goorani and Sommer,
1981). These effects may also have been due to a direct action 
on microbial enzyme activity (Nguyen-The and Carlin, 1988), 
rather than to reduced growth. Microbial proliferation in  v iv o  
was apparently not affected by the CA tested. Higher C0 2  

levels might reduce microbial populations (Buick and Damo- 
glou, 1989).

CONCLUSIONS
VISUAL QUALITY and shelf life of shredded lettuce can be 
significantly extended by CA (3% 0 2  + 10% C02), probably 
by limiting plant and microbial enzyme activity, without ap
preciably reducing microbial counts. Microbial development 
in shredded lettuce must be controlled by maintaining low tem
peratures and other means.
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Ethylene Absorbent to Maintain Quality of Lightly 
Processed Fruits and Vegetables

KAZUHIRO A B E  and A L L E Y  E. WATADA

----------------------------ABSTRACT-----------------------------
Ethylene had an undesirable effect on the quality of kiwifruits, ba
nanas, broccoli, and spinach leaves that were prepared and stored as 
lightly processed products. A 2. or 20 ppm ethylene treatment hastened 
the softening of the pulp of kiwifruits and bananas held at 20°C. Use 
of charcoal with palladium chloride, as ethylene absorbent, prevented 
the accumulation of the ethylene and was effective in reducing the 
rate of softening in kiwifruits and bananas and of chlorophyll loss in 
spinach leaves, but not in broccoli.

Key Words: kiwifruit, bananas, broccoli, spinach, ethylene, lightly- 
processed

INTRODUCTION
QUALITY of lightly processed fruit and vegetable products 
during handling and storage is maintained by utilizing or mod
ifying practices recommended for fresh produce. Research 
studies have shown benefits of vacuum cooling (Friedman,
1951), low temperature (Priepke et al., 1976, Bolin et al., 
1977, Sugawara et al., 1987), and modified atmospheres (Wolfe 
and Robe, 1980) for prepackaged spinach, cole slaw, shredded 
lettuce or mixed salad. Use of washing or chemical treatments 
to remove exposed cellular components or specific cutting tools 
to minimize damage has been helpful for shredded lettuce (Bolin 
et al., 1977; Krahn, 1977, Ohta and Sugawara, 1987).

These practices do not remove ethylene (C2 H4), a natural 
ripening initiator that is produced by fruits and vegetables. 
C2 H4  is used commercially to ripen climacteric fruits, such as 
bananas, tomatoes, honeydew melons, and avocados. Since it 
induces loss of green color (chlorosis), abscission, and soft
ening, commercial storage rooms should have equipment to 
remove C2 H4  when potential problems exist (Watada, 1986).

C2 H4  production can be induced or stimulated when plant 
tissues are injured (Hoffman and Yang, 1982; McGlasson,
1969), so C2 H4  production might be expected when fruits and 
vegetables are peeled, sliced, and cut for preparation as lightly 
processed products. As these products are placed in sealed 
packages, C2 H4  can accumulate and cause undesirable quality 
changes. We determined the effects of C2 H4  as well as of an 
C jH4  absorbent on the physiology and quality of kiwifruits, 
bananas, broccoli, and spinach leaves that were prepared as 
lightly processed products and stored in trays. Factors moni
tored were firmness, chlorophyll content, C0 2  and C2 H4  con
centrations, and soluble free amino acids content.

M A TER IA LS  & M ETHODS
KIWIFRUITS, obtained from a local distribution center, were peeled 
and sliced to 1.1 cm thickness. Bananas at the green tip stage, ob
tained from a local supermarket, were cut into 4 cm length sections. 
Five slices of kiwifruit and five sections of banana were placed to-

Author Watada is with the Horticultural Crops Quality Labora
tory, Agricultural Research Service, U.S. Department o f Agri
culture, Beltsville, MD 20705. Author A be's presen t address: 
Laboratory o f Postharvest Physiology o f Horticultural Products, 
College o f Agriculture, Univ. o f Osaka Prefecture, Mozu-ume- 
m achi Sakai, Osaka, 591 Japan.

gether in a metal tray with a glass cover at 20°C with air, or air + 2 
or 20 ppm C2 H4  flowing through the closed tray at lOOmL/min. Each 
treatment was replicated 3x  and samples were removed after 0 , 1 , 
2, or 3 days storage for firmness measurements.

The effects of charcoal with palladium chloride to remove C2 H4  

were determined with kiwifruits, bananas, broccoli, and spinach leaves. 
Broccoli from the supermarket was chopped into small pieces. Spin
ach from the supermarket was hand-tom into small pieces. Six ki
wifruit slices and four sections of banana or 60 g of broccoli pieces 
and 40 g of spinach pieces were placed in a metal tray with a glass 
cover at 20°C with or without lOg of paper packets containing Q R , 
absorbent. Each treatment was replicated 3 x and samples were re
moved after 0, 1, 2, or 3 days storage for determination of chlorophyll 
and total free amino acids contents in spinach and broccoli tissues and 
firmness of kiwifruit and banana tissues. C 0 2  and C^R, concentrations 
in each tray were monitored daily.

Firmness was determined with an Instron Model TM by measuring 
the force required to press a 4 mm x 16 mm flat probe 3 mm into 
the pulp or core of 1.1 cm thick sliced kiwifruit, or a 4.4 cm diameter 
round flat probe 5 mm into 1.1 cm thick slice of banana. A single 
measurement of core tissue and duplicate measurements of pulp tissue 
were made on each kiwifruit slice. With banana, measurements were 
made on two slices from each section. Chlorophyll was extracted from 
spinach leaves or broccoli florets with 80% cold acetone and absor
bance of the extract measured at 645 and 663 nm (Arnon, 1949). Free

Fig. 1 -  Firmness o f (A) pulp o f kiwifruit slices and (B) banana 
sections held in air with ethylene at 20°C.
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Fig. 2 - Ethylene concentration in trays with or without ethylene 
absorbent (Charcoal with palladium chloride) containing (A) ki- 
wifruit slices and (B) banana sections held at 20°C.

Fig. 3 -F irm n ess  o f (A) pulp o f kiwifruit slices and (B) banana 
sections stored with or without ethylene absorbent (Charcoal 
with palladium chloride) and held at 20°C.

D a y s

Fig. 4 —Carbon dioxide concentration in kiwifruit slices and ba
nana sections trays with and without ethylene absorbent. Trays 
held at 20°C.

0 1 2  3
Days

Fig. 5 — (A) Ethylene and (B) carbon dioxide contents in broccoli 
and spinach trays with or without ethylene absorbent stored  at 
20°C.

amino acids were extracted from spinach leaves or broccoli with hot 
80% ethanol, reacted with ninhydrin and hydrindantin in sodium ace
tate buffer, and absorbance of the reaction product measured at 570 
nm (Moore and Stein, 1954). C 0 2  and C2 H4  contents were measured 
with TCD and FID gas chromatography, respectively.
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Fig. 6 —Chlorophyll content o f (A) spinach pieces or (B) broccoli 
pieces stored with or without ethylene absorbent and held  at 
20°C.

RESULTS & DISCUSSION
THE RATE of softening of sliced kiwifruit pulp and banana 
sections was enhanced by the 2  or 2 0  ppm C y i, treatment 
(Fig. 1). After 1 day at 20°C in air + 2 or 20 ppm C2 H4, 
firmness of the kiwifruit pulp decreased by 50%, down to 2 
newtons. Firmness of fruit held in air decreased to that level 
after 2 days storage. Firmness of core tissue was not affected 
by the CyT, treatment (data not presented). Average firmness 
of sliced bananas, which initially was about 5 newtons, de
creased to 4 and 3.5 newtons with 2 and 20 ppm C2 H4 , re
spectively, after 2 days storage. Firmness of banana held in 
air changed minimally during the 3 day period.

Charcoal with palladium chloride was effective in absorbing 
most of the endogenously produced C ^  during the 3 days 
storage (Fig. 2). Without the absorbent, C2 H4  content in the 
kiwifruit tray had a higher concentration of C2 H4  than the ba
nana tray. The higher level was due in part to the greater C 2 H 4  

production by intact kiwifruit than banana fruit and also due 
to greater cut surface area by the kiwifruit. That is, kiwifruit 
fruit slices were thin and peeled, whereas the bananas sections 
were thick and not peeled.

Softening rates of kiwifruits and bananas were affected by 
the C2 H4  absorbent (Fig. 3). Firmness of kiwifruit pulp, which 
initially was about 4.3 newtons, decreased more rapidly with

Fig. 7—Free amino acids content o f (A) spinach pieces or (B) 
broccoli p ieces stored with or without ethylene absorbent and  
held at 20°C.

out the absorbent than with the absorbent within the first day. 
Thereafter, rates of softening of both were similar. Firmness 
of core tissue decreased from about 11 newtons to 5.5 newtons 
and the rates of decrease of tissue with and without absorbent 
were similar (data not presented). Bananas without the ab
sorbent softened to a minimum level of about 3.3 newtons by 
day 1 , whereas those with the absorbent softened more slowly 
to about 3.5 newtons by day 3.

C0 2  accumulated faster in trays without the absorbent than 
with the absorbent, which probably was due to the C2 H4  stim
ulated respiration by the kiwifruits and bananas. (Fig. 4). The 
15 to 20% C0 2  level noted in those trays were levels which 
have been reported to cause injury (Kader, 1986), but no injury 
was noted, perhaps because of the short holding period. C0 2  

has an inhibitory effect on ethylene-induced softening and rip
ening (Palmer, 1971; Arpaia et al., 1985; Rosen and Kader, 
1989).

CjH* in the broccoli and spinach trays had accumulated to 
about 0.4 ppm, which was effectively absorbed by charcoal 
with palladium chloride (Fig. 5). Degradation of chlorophyll 
a was minimized by the reduced level of C2 H4  in spinach but 
not in broccoli (Fig 6 ). In broccoli, degradation of chlorophyll 
a and b was not affected by the reduced C2 H4  level, as noted 
also with chlorophyll b of spinach. Lack of response in broc
coli may have been due to its morphological characteristic, 
that is, broccoli as a floret, does not contain as much active 
chlorophyll as spinach leaves.

The C0 2  content in broccoli and spinach trays accumulated 
to about 15% after 1 day and about 20% after 2 days storage 
(Fig. 5). C02, at that high level, probably delayed chlorophyll 
degradation, as noted with broccoli by Toivonen et al. (1982), 
and consequently may have masked the maximum effect of 
the absorbent on chlorophyll degradation and free amino acid 
changes.

Free amino acids had accumulated in both spinach and broc-
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coli and accumulation was not affected by ethylene removal 
(Fig. 7). Since amino acids accumulate with degradation of 
proteins during senescence, more accumulation was antici
pated in tissues where senescence was hastened by C 2 H4 . The 
time period probably was not sufficient for metabolism to de
teriorate with increased senescence.

CONCLUSIONS
C2 H4  PRODUCTION was stimulated by the physical actions 
of light processing, and the amount of production was suffi
cient, even with the vegetables, to have an effect on plant 
physiology and quality. Removal of C2 H4  with an absorbent, 
(charcoal with palladium chloride was very effective) is ben
eficial for maintaining the quality of lightly processed prod
ucts.
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means internal temperatures held for specified times, then cur
rently reported surimi time/temperature processing conditions 
adequately provide a margin of safety with regard to C. b o -  
tu l in u m  type E.
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Nonstarch Polysaccharide Fractions of Raw, Processed and
Cooked Carrots

MICHAEL H. PENNER and SOOYOUN KIM

----------------------- A B S T R A C T ------------------------
The total and soluble nonstarch polysaccharide (NSP) components of 
raw, processed (canned and frozen) and home-cooked (boiled) Royal 
Chantenay carrots have been analyzed. NSP fractions were charac
terized by separation and summation of the monosaccharides resulting 
from acid hydrolysis of the parent polysaccharides. Total NSP was 
primarily composed of glucose, ~37%, and uronic acid, -35% , con
taining polysaccharides. Soluble NSP was composed of >50% uronic 
acids. Processing and simulated home-cooking of raw carrots resulted 
in an increase in the amount of NSP/unit dry weight. Relative to raw 
carrots, cooking of canned product resulted in the largest (-twofold) 
increase in total and soluble NSP/unit dry weight. Relative differences 
in NSP were not as great when compared on a wet weight basis.

Key Words: polysaccharides, carrots, monosaccharides, hydrolysis, 
cooking-effects

INTRODUCTION
THE PHYSIOLOGICAL IMPORTANCE of consuming a diet 
containing fiber is generally accepted. Expert groups from many 
countries, including the United Kingdom, Canada and Aus
tralia, have recommended increased fiber intakes (National Re
search Council, 1989). The food industry is now producing a 
range of increased-fiber products in response to public aware
ness of the potential beneficial effects from dietary fiber. The 
molecular composition of the fiber in these products is com
plex, being primarily composed of nonstarch polysaccharides 
(NSP). In higher plants the NSP include pectins, hemicellu- 
loses and cellulose. Knowledge of the NSP composition of 
foods is particularly important for ongoing research investi
gating the putative beneficial effects of dietary fiber. Much of 
such research is based on surveys of fiber consumption and, 
therefore, dependent on the accuracy and detail of fiber com
position data for different foods.

A recent study of dietary intake data for the U .S. population 
concluded that the principal source of total dietary fiber in the 
average U .S. diet was vegetables (Block and Lanza, 1987). 
This is of particular interest to the food technologist since the 
influence of commercial processing and home cooking on fiber 
composition of vegetables has received only limited attention. 
Studies based on the detergent system of fiber analysis (Rob
ertson and VanSoest, 1981) are in general agreement regarding 
the effects of cooking and processing on fiber fractions of 
vegetables. In general, there appeared to be no great loss of 
neutral detergent fiber (NDF) due to typical home-cooking 
methods or commercial processing (Zyren et al., 1983). Home
cooking tends to increase the NDF, acid detergent fiber (ADF) 
and cellulose content of vegetables on a dry weight basis (Ma- 
thee and Appledorf, 1978; Herranz et al., 1981; Herranz et 
al., 1983). Zyren et al. (1983) also found that with exception 
of squash, there was no readily apparent loss of pectin during 
home-cooking. A more recent study (Lintas and Cappelloni,
1988) utilizing the AOAC enzymatic-gravimetric method of 
fiber analysis concluded home-cooking had limited influence 
on the total dietary fiber (TDF) content of most vegetables.

The authors are with the Dept, o f Food Science & Technology, 
Oregon State Univ., Corvallis, OR 97331-6602.

However, there was in general, a shift in fiber composition 
from insoluble to soluble fraction.

Our objective was to examine processing/cooking effects on 
the NSP composition of carrots. The study extended the find
ings of previous investigators by providing a more detailed, 
quantitative analysis of this major component of dietary fiber.

M ATERIALS & METHODS
Samples and sample preparation

All samples were obtained at a local commercial processing plant. 
The processed and raw samples were from the same lot of Royal 
Chantenay carrots. Raw samples were collected directly from the re
ceiving area prior to washing. The carrots to be processed were ini
tially cooked outside prior to peeling. Carrots were then separated by 
size, the larger carrots (CW6) to be canned and the smaller carrots 
(CW8) to be frozen. The CW6 carrots were sliced to - 5  mm thickness 
and packed in 303 cans prior to commercial cooking. Whole CW8 
carrots were steam blanched, fast frozen and packaged in bulk. A 10 
kg pooled sample was collected for each of the 4 treatments: CW6 
raw carrots, CW8 raw carrots, canned, and frozen product.

Each of the 4 treatments was divided in half; one half was analyzed 
without further treatment and the other after simulated home-cooking. 
Prior to analysis, each of the pooled samples was homogenized in a 
Waring blender. All cooked samples and the canned product were 
drained and homogenized. Subsamples were freeze-dried for moisture 
determination by difference. All further analyses were then done on 
the freeze-dried samples. The cooking time varied for each product, 
determined by the perceived firmness of the “ ready-to-serve”  prod
uct. The cooked-CW6 carrots were prepared from the corresponding 
raw carrots by washing, peeling, slicing to 5mm thickness, boiling 
for 5 min and subsequent draining for 5 min. The cooked-CW8 carrots 
were prepared from the corresponding CW8 raw carrots by washing, 
peeling, boiling for 15 min and subsequent draining for 5 min. The 
cooked-frozen carrots were prepared by boiling the frozen product for 
15 min followed by 5 min draining. The cooked-canned carrots were 
prepared by draining the canned product, boiling for 2 min and sub
sequent draining for 5 min. Following cooking, all samples were ho
mogenized and freeze-dried as described above.

Preparation of total NSP

The sample preparation procedure for total NSP was adapted from 
the method of Englyst and Cummings (1988). To a 150-200 mg freeze- 
dried sample was added 2 mL dimethylsulfoxide and the resulting 
suspension immersed in a 100°C bath for 1 hr. Sodium acetate buffer 
(8 mL, 0.1M, pH 5.2) was then added followed by addition of 39 mg 
pancreatin (Sigma Chem. Co.) in 0.5 mL reaction buffer and 80 p.L 
of pullulanase solution (pullanase suspension, EC 3.2.1.4, Boehringer 
Mannheim Biochem., diluted 1:100 with water). The resulting sus
pension was stored in a 42°C bath for 16 hr with periodic shaking. 
Solubilized NSP was then precipitated by addition of ethanol to 80% 
and the residue separated by centrifugation. The residue was washed 
twice with 85% ethanol, then with acetone, and dried under vacuum.

Preparation of soluble NSP

The extraction procedure is described schematically in Fig. 1. A 
300-350 mg sample was dispersed in 10 mL water containing 30 mg 
pepsin, the pH adjusted to 1.5 with HC1, and the suspension incubated 
with orbital agitation at 38°C for 1 hr. Ten mL of 0.1M Na-phosphate 
buffer, pH 6.8, containing 30 mg pancreatin was then added, the pH 
readjusted to 6.8, a few crystals of thymol added and incubation con
tinued another 16 hr. The incubation was terminated by filtering the
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Fig. 1 —Schem atic o f soluble nonstarch polysaccharide (NSP) 
extraction and analysis.

sample, washing the retentate with 10 mL incubation buffer and com
bining the filtrates. The pH of the combined filtrate was then adjusted 
to 5.2, ethanol was added to a final concentration of 80% (v/v) and 
the precipitate allowed to settle for 1 hr. The precipitated soluble fiber 
was separated by centrifugation, washed and dried as described.

Analysis of component sugars and moisture

The total and soluble NSP residues were hydrolyzed with sulfuric 
acid using the primary and secondary hydrolysis scheme of Englyst 
and Cummings (1988). Neutral sugars in the hydrolysate were deri- 
vitized to alditol acetates and separated by gas liquid chromatography 
(Englyst and Cummings, 1988). Quantitation of constituent sugars 
was achieved by utilizing relative response factors determined by the 
internal standard method. Sugar standards were purchased from Pfan- 
stiehl Laboratories, Inc., Waukegan, IL., and myoinositol was used 
as internal standard. Uronic acids were quantified by the spectropho- 
tometric method of Scott (1979).

Gas liquid chromatography was performed on a Varian 1400 chro
matograph equipped with a flame ionization detector, an HP 3380A 
integrator and a 2m x 2 mm i.d. glass column packed with 3% SP- 
2340 on 100/120 Supelcoport (Supelco, Bellefonte, PA). Chromatog
raphy operating conditions were: column temperature, 225°C; detec
tor, 275°C; carrier gas (nitrogen) flow rate, 15 mL/min. Moisture

determinations were done on representative samples drying at 70°C to 
constant weight (-1 6  hr).

Statistical analyses

Differences in content of neutral sugars, uronic acids, total NSP 
and soluble NSP between treatments were determined by one way 
analysis of variance at the 99% confidence level. Relative changes in 
the polysaccharide composition of the total NSP and soluble NSP 
fractions were analyzed by two way analysis of variance. Statistical 
analyses were done with the SAS statistical analysis program (Anon
ymous, 1982).

RESULTS
Total nonstarch polysaccharides

The total nonstarch polysaccharide content of the carrot 
preparations are presented in Table 1. The CW6  and CW8  

carrots differed in size but were from the same lot. The larger 
carrots, CW6 , were used to produce the sliced canned carrots. 
The frozen product consisted of the smaller carrots, CW8 , 
frozen whole. The two raw carrot preparations were not sig
nificantly different, each containing about 21g of total NSP/ 
100 g dry matter. The NSP content of these carrots was similar 
to the value reported previously for unidentified varieties of 
carrots (Englyst et a l., 1988). Processing and simulated home
cooking significantly influenced amount of NSP/unit dry weight. 
The canning and freezing processes each resulted in a relatively 
small increase in total NSP per unit dry weight, about 28% 
and 12%, respectively. The effect of cooking on total NSP 
fraction was dependent on the carrot preparation. Cooking re
sulted in a greater increase in the total NSP/unit dry weight of 
raw sliced carrots (70%) than for raw whole carrots (32%). 
Simulated home cooking of the processed carrots resulted in 
the largest increase in total NSP relative to raw product. Cook
ing the canned product nearly doubled its total NSP content/ 
unit dry weight relative to the original raw CW6  carrots. The 
total NSP content of the smaller whole carrots, CW8 , was 
increased to the greatest extent by cooking of the frozen prod
uct.

The principal sugars that comprised the total NSP were glu
cose and uronic acids, with lesser amounts of galactose and 
arabinose (Table 1). This indicated a high proportion of the 
NSP was composed of pectic polysaccharides and cellulose. 
These results agreed with those of Stevens and Selvendran
(1984), who concluded that the preponderant polymers of car
rot cell walls were pectic polysaccharides with associated gal- 
actans and arabinans. The statistical data (Table 2) indicate 
that the increases in total NSP due to processing and cooking 
were, in general, due to a nonselective increases in all of the 
constituent polysaccharides. The percent difference (residuals) 
between the ANOVA predicted values, based on the ratio given 
in the final column of Table 2, and the measured values, given 
in Table 1, was generally less than 10%. The exception to this 
was the value for uronic acids. The large negative residual for 
the canned, (-17.1% ), and the canned-cooked, (-24.9% ), 
uronic acids may reflect a loss of pectic polysaccharides rel
ative to the other NSP. The apparent loss of pectic polysac
charides appears related to the commercial cook/sterilization 
process that is unique to the canned products. The large neg
ative residuals for the uronic acids and the negative, although 
somewhat smaller, residuals for rhamnose in canned products 
suggested some leaching of rhamnogalacturonan polymers dur
ing commercial sterilization.

Soluble nonstarch polysaccharides
The isolation scheme used to prepare the soluble NSP frac

tion, (Fig. 1), simulated digestive processes in the intestinal 
tract, thereby providing a physiologically relevant estimate of 
soluble fiber content. The soluble NSP content of the different 
preparations varied in a manner similar to that of total NSP
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Table 1 -  Total nonstarch polysaccharides in carrots3 
Composition, g/100g dry wt

Sample Total Rham Ara Xyl Man Gal Glu Uac
Raw CW6 20.2' 0.44» 1.43d 0.41f 0.46» 3.05d 7.40» 7.07d»
Cooked CW6 34.5» 0.74=» 2.36» 0.70»= 0.79» 4.87» 12.57» 12.46»
Raw CW8 21.7' 0.46da 1.41d 0.46»' 0.54de 2.94d 8.32da 7.57=d
Cooked CW8 28.7» 0.62= 1.89= 0.66»= 0.71»= 3.79= 11.03= 10.00»
Canned CW6 25.8» 0.50d» 1.96= 0.62=d 0.64=d 4.11 = 11.20»= 6.81*
Cooked Canned 40.1» 0.77* 3.11» 1.03» 1.04» 6.43» 18.04» 9.68»
Frozen CW8 24.4» 0.52d 1.90= 0.55d» 0.52»» 3.88= 9.19d 7.83=
Cooked Frozen 31.9= 0.68» 2.54» 0.73» 0.69»= 5.20» 12.15»= 9.91»
CV (%) 3.8 5.6 9.0 6.5 10.0 4.6 6.3 4.0
LSD 2.13 0.07 0.37 0.09 0.14 0.40 1.41 0.70
8 Means in columns not sharing a common superscript letter are significantly different, p<0.01.
Rham = rhamnose; Ara = arabinose; Xyl = xylose; Man = mannose; Gal = galactose; Glu = glucose; Uac = uronic acid

Table 2 - Comparison o f ANOVA derived and m easured total nonstarch polysaccharides in carrots’

Sample
Composition, g/100g dry wt

Total Rham Ara Xyl Man Gal Glu Uac Ratio
Raw CW6 19.9 0.42 1.44 0.45 0.47 2.98 7.80 6.28 1.000
Residual 1.5% 5.5% -0 .7 % -9 .2 % -2 .3 % 2.2% -5 .1 % 12.4%
Cooked CW6 33.8 0.70 2.45 0.76 0.80 5.06 13.22 10.66 1.697
Residual 1.9% 5.0% -3 .5 % -7 .9 % -1 .0 % -3 .9 % -4 .9 % 16.8%
Raw CW8 21.4 0.45 1.55 0.48 0.50 3.20 8.37 6.75 1.074
Residual 1.3% 3.8% -8 .8 % -3 .1 % 6.4% -8 .3 % -0 .6 % 12.2%
Cooked CW8 28.6 0.60 2.07 0.64 0.67 4.27 11.16 9.00 1.432
Residual 0.4% 3.4% -  8.4% 3.6% 5.4% 11.3% -1 .2 % 11.0%
Canned CW6 26.1 0.54 1.89 0.58 0.61 3.90 10.19 8.22 1.307
Residual -  0.9% -8 .8 % 4.1% 5.8% 4.9% 5.3% 10.0% -1 7 .1 %
Cooked Canned 40.9 0.85 2.96 0.92 0.96 6.12 15.98 12.89 2.051
Residual -  2.0% -9 .2 % 5.2% 12.7% 7.6% 5.1% 12.9% -2 4 .9 %
Frozen CW6 24.5 0.51 1.77 0.55 0.58 3.67 9.58 7.73 1.229
Residual -  0.6% 1.0% 7.4% 0.2% -9 .0 % 5.6% -4 .1 % 1.3%
Cooked Frozen 32.3 0.67 2.34 0.72 0.76 4.84 12.63 10.18 1.620
Residual -  1.3% 1.3% 8.6% 1.0% -9 .7 % 7.6% -3 .8 % -2 .7 %
8 Values given are predicted based on two-way ANOVA. Residuals represent the % difference in the actual measured values (Table 1) and those predicted. Rham = rhamnose; 

Ara = arabinose; Xyl = xylose; Man = mannose; Gal = galactose; Glu = glucose; Uac = uronic acid

Table 3 - ■Soluble nonstarch polysaccharides in carrots’

Sample
Composition, g/100g dry wt

Total rham ara xyl man gal glu uac
Raw CW6 5.4» 0.10» 0.86d» tr tr 1.56d tr 2.84»
Cooked CW6 8.8= 0.17= 1.08= tr tr 2.22= tr 5.39=
Raw CW8 5.2» 0.10» 0.71» tr tr 1.52d tr 2.91»
Cooked CW8 9.5= 0.18d 1.00=d tr tr 2.20= tr 6.11»
Canned CW6 9.4= 0.20= 1.32» tr tr 2.77» tr 5.15=
Cooked 13.6» 0.39» 2.03» tr tr 4.17» tr 7.00»
Canned
Frozen CW8 6.8d 0.12» 0.84d» tr tr 1.94=d tr 3.93d
Cooked Frozen 11.1» 0.24» 1.32» tr tr 2.96» tr 6.61»»
CV(%) 3.9 6.0 6.9 8.9 4.6
LSD 0.81 0.03 0.19 0.52 0.56
8 Means in columns not sharing a common superscript letter are significantly different, p<0.01.
Rham = rhamnose; Ara = arabinose; Xyl = xylose; Man = mannose; Gal = galactose; Glu = glucose; Uac = tronic acid

(Table 3). The cooked-canned, cooked-frozen, and the sliced, 
cooked carrots (CW6 ) were highest in soluble NSP/unit dry 
weight. The cooked-canned preparation had about 2.5-fold more 
soluble NSP than the corresponding raw starting material. This 
compared with a twofold increase in the total NSP for the same 
two preparations.

The principal sugars that comprised the soluble NSP of car
rot in all of the preparations studied were uronic acids, gal
actose, arabinose and rhamnose (Table 3). The sugar composition 
confirmed the preponderance of pectic polysaccharides in the 
soluble NSP fraction. The sugar composition could be ration
alized by considering that carrot contains significant quantities 
of rhamnogalacturonan polysaccharides as well as other pectic 
polysaccharides containing arabinose and galactose (Stevens 
and Selvendran, 1984). Similar to the measures of total NSP, 
the sugar composition of the soluble NSP from different prep
arations indicates a nonselective increase in soluble NSP frac
tion of the processed carrots relative to raw carrots. This was

evident when we compared the residuals resulting from com
parison of measured data (Table 3) and the values obtained by 
ANOVA based on ratios given in Table 4. The data suggested 
the presence of the same polysaccharides in the soluble frac
tions of each preparation. However, the actual polysaccharide 
composition could not be derived from the presented data. 
Further studies are required to definitively determine the com
positional changes occurring in the soluble NSP fraction due 
to commercial processing and cooking. The high residual for 
rhamnose in the canned-cooked preparation relative to the canned 
preparation or the cooked preparation was indicative of the 
complexity involved in following processing effects on this 
group of polysaccharides.

Nonstarch polysaccharide content per serving size
The relative amount of fiber in the carrot preparations was 

different when considered on a wet weight basis (Table 5).
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Table 4—Comparison of AN OVA derived and measured soluble nonstarch polysaccharides in carrots3
Composition, g/100g dry wt

Sample Total Rham Ara Xyl Man Gal Glu Uac Ratio
Raw CW6 5.5 0.11 0.71 tr tr 1.50 tr 3.11 1.000
Residual -1 .9 % -8 .9 % 21.3% 3.5% -8 .7 %
Cooked CW6 8.5 0.18 1.11 tr tr 2.34 tr 4.86 1.560
Residual 3.8% 5.1% -2 .7 % -5 .1 % 10.9%
Raw CW8 5.2 0.11 0.68 tr tr 1.44 tr 2.98 0.957
Residual 0.0% -  5.6% 4.0% 5.8% -  2.4%
Cooked CW8 8.8 0.18 1.15 tr tr 2.43 tr 5.03 1.616
Residual 7.3% -1 .7 % -1 3 .4 % -9 .5 % 21.5%

Canned CW6 9.7 0.20 1.27 tr tr 2.67 tr 5.54 1.779
Residual -2 .9 % 3.0% 3.9% 3.6% -7 .0 %
Cooked
Canned

15.0 0.31 1.95 tr tr 4.11 tr 8.51 2.735

Residual -9 .1 % 27.1% 4.2% 1.4% -1 7 .8 %
Frozen CW8 6.6 0.14 0.86 tr tr 1.82 tr 3.78 1.213
Residual 3.0% -9 .6 % -3 .4 % 6.6% 4.0%
Cooked Frozen 11.0 0.22 1.44 tr tr 3.02 tr 6.27 2.013
Residual 1.1% 4.4% -8 .1 % -  2.0% 5.4%
3 Values given are predicted based on two-way ANOVA. Residuals represent the % difference in the actual measured values (Table 1) and those predicted. Rham = rhamnose; 

Ara = arabinose; Xyl = xylose; Man = mannose; Gal = galactose; Glu = glucose; Uac = uronic acid

These relative changes were due to differences in moisture 
content of the carrot preparations. Measured moisture contents 
with standard deviations of 0.1% were raw CW6 , 90.5, cooked 
CW6 , 92.1, raw CW8 , 91.0, cooked CW8 , 91.4, canned,
92.5, cooked-canned, 94.1, frozen, 89.4, and cooked-frozen 
carrots, 91.1. The cooked frozen carrots contained the highest 
amount of total NSP and soluble NSP/serving size. The raw 
carrot preparations contained the lowest amount of soluble NSP/ 
serving and they, along with the canned carrots, contained the 
lowest total NSP/serving size. In general, quantitation of NSP 
on a wet weight basis resulted in reduced differences between 
preparations. For example, the ratio of total NSP in the cooked- 
canned carrots and the corresponding raw carrots was 1.98 on 
a dry weight basis and 1.22 on a wet weight basis. Further, 
considering the extreme values, there was nearly a 2 -fold dif
ference in total NSP on a dry weight basis compared to 1.5- 
fold on a wet basis. Similarly, the extreme values for soluble 
NSP differed by 2.6-fold on a dry weight basis and 2.1-fold 
on a wet weight basis.

The ratio of soluble to total NSP/serving is similar for the 
different preparations (Table 5). The raw carrots had the lowest 
ratio, 0.26, while the canned, 0.36, cooked-canned, 0.34, and 
cooked-frozen, 0.35, had the highest ratios. The data sug
gested that heat treatments may help solubilize a portion of the 
total NSP. However, the cooked CW6  carrots demonstrated 
that the relationship of cooking to soluble NSP is not simple. 
The ratio of soluble to total NSP remained the same as that of 
corresponding raw carrots.

DISCUSSION
PROCESSING and cooking of carrots clearly increased their 
amount of NSP/unit dry weight. It is extremely unlikely that 
increases in NSP we observed were due to the actual formation 
of new NSP. The increase in percent NSP was likely due to 
leaching of the more readily solubilized solids. Aside from 
leaching, processing of food products can result in an increase 
in apparent dietary fiber due to formation of products like 
lignin (Hartley, 1978), which is a component of dietary fiber. 
However, such products would not influence results of our 
study which are based on the specific analysis of NSP.

The results of our study were in general agreement with the 
findings of Matthee and Appledorf (1978) that cooking caused 
a significant increase in the percent ADF and crude fiber of 
carrots on a dry weight basis. In the same study it was observed 
that the NDF fraction increased similarly after more prolonged 
cooking. Zyren et al. (1983) also reported an increase in the

Table 5—Nonstarch polysaccharide content per JOOg serving (~ 1 cup) 
of carrots3

Sample
Total 

NSP (g)
Soluble 
NSP (g)

Soluble NSP 
Total NSP

Raw CW6 1.929 0.51s .26
Cooked CW6 2.70ab 0.69d .26
Raw CW8 1.94' 0.47s .24
Cooked CW8 2.46cd 0.81b .33
Canned CW6 1.93» 0.70d .36
Cooked canned 2.35d 0.80bc .34
Frozen CW8 2.59bc 0.73cd .28
Cooked Frozen 2.84« 0.99a .35
CV(%) 3.6 4.1
LSD 0.17 0.08
3 Means in columns not sharing a common superscript letter are significantly differ

ent, p<0.01.

NDF fraction of frozen and canned carrots due to cooking, 
their results being analyzed on a wet weight basis. In contrast 
to those studies, Herranz et al. (1981) observed no increase in 
NDF or ADF fractions of carrots due to cooking on either a 
wet or dry weight basis. Lintas and Cappelloni (1988) similarly 
found essentially no effect of cooking on total dietary fiber 
(Prosky et al., 1985) content of carrots. Our results agree with 
those of Lintas and Cappelloni (1988) who observed a relative 
increase in soluble to insoluble fiber ratio of cooked carrots. 
Englyst et al (1988) reported the NSP content of raw, cooked 
and canned carrots from supermarkets. Their data indicated an 
apparent increase in total NSP due to cooking, analyzed on a 
dry weight basis, but no apparent difference in total NSP ana
lyzed on a wet weight basis. Comparison of our soluble NSP 
data with those of Englyst et al. (1988) demonstrated the sig
nificance of the extraction procedure used to obtain soluble 
NSP. The soluble NSP values reported in our study for raw 
carrots were about 60% less than the corresponding values 
reported by Englyst et al. (1988). Soluble NSP in our study 
was defined by the extraction procedure of Figure 1, while in 
the other study it was defined as the NSP solubilized in phos
phate buffer at 100°C.

Our results indicated that individuals consuming different 
types of carrot preparations are likely to consume different 
quantities of total and soluble fiber/serving. This is of rele
vance to the large number of studies which correlate fiber 
intake of populations and incidence of chronic disease. Dif
ferences in fiber content of the preparations were dependent 
on whether the carrots were compared on a wet or dry weight 
basis. Consequently, to interpret the published values of NSP

—Continued on page 1599
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Equilibrium Water Content and the State of Water in 
Dehydrated White Cabbage

KIRSTI PAAKKONEN and LIISA PU T

----------------------- A B S T R A C T ------------------------
The water sorption isotherms for freeze-dried cabbage were deter
mined at 15°C and 23°C, and the state of the water was studied using 
differential scanning calorimetry (DSC). The water sorption capacity 
of the freeze-dried cabbage depended on the temperature. The effects 
of free sugars were clear in both adsorption and desorption. The ther
mal behavior of freeze-dried cabbage was highly moisture dependent. 
In the capillary condensation range ( >0.9 aw) solution of low mo
lecular components of the freeze-dried cabbage affected its freezing 
behavior.
Key Words: cabbage, water activity, dehydration sorption isotherm

INTRODUCTION
RETAINED WATER ACTIV ITY is the main criterion for the 
stability of dried foods containing sugar. The water sorption 
isotherm and thermal behavior combined should be used to 
determine proper drying and storage conditions. Retention of 
aroma during drying and storage of dried carbohydrate mate
rials has been related to structural changes (Flink and Karel, 
1970; Tsourouflis et al., 1976; To and Flink, 1978). The sug
ars contained in food materials may be either bound to other 
components or free in different physical states. The crystalli
zation of amorphous sugars has been associated with the rate 
of browning, stickiness and caking. Mizrahi et al. (1970) stud
ied the sorption capacity and extent of browning of freeze- 
dried cabbage in storage tests.

The surface temperature during freeze-drying has been found 
to change the shape of the sorption isotherms of carbohydrate 
materials (Paakkonen and Roos, 1990). The objective of our 
study was to obtain more data on the water-binding capacity 
of carbohydrate materials by studying the water sorption and 
thermal behavior of freeze-dried cabbage.

M ATERIALS & METHODS
Preparation of samples

Cabbage (Brassica oleracea var. capitata “ f. alba” ) were pur
chased from a local dealer and cut into 2  cm slices before being frozen 
in a flow-freezer at -45°C . Shelf temperature in the freeze-dryer 
(Edwards EF 10/10 U.K.) was 35°C, and the pressure was <20 Pa. 
The freeze-dried cabbage was powdered and packed in aluminum 
laminate bags under vacuum. For the experiments, the cabbage pow
der was removed from the bags and dried for 2  wk in a desiccator 
over P2 0 5.

Determination of sorption isotherms

To ensure that the sample was as dry as possible, 50 mg sample 
were kept in a dish in a vacuum desiccator over P2 0 5  until a constant 
weight was reached: after creating a vacuum the lid of the dish was 
opened and the desiccator was left to evacuate. The sample dish was 
closed before releasing the atmospheric pressure into the desiccator 
(Paakkonen and Kurkela, 1986). The gravimetric water sorption method 
permitted observation of sample weight until equilibrium was reached 
(Paakkonen, 1987). The adsorption and desorption isotherms were

Author Paakkonen is with the Dept, o f Food Chemistry & Tech
nology, and author Plit is with the Dept, o f Polymer Chemistry, 
Univ. o f Helsinki, SF-00170 Helsinki, Finland.

determined at 15°C and 23°C by interval sorption, exposing the same 
sample stepwise to atmospheres of increasing relative humidities, 
achieved with saturated salt solutions (LiBr, LiCl, KC2 H3 O2 , MgCl2, 
K2 C 03, M g(N03)2, NaBr, NaCl, Li2 S 04) (Rockland, 1960). Equilib
rium was reached in 1-3 hr. In desorption the same sample was al
lowed to equilibrate at different humidities, but in reverse order. A 
slow, thermostatically controlled air stream (15 mL/min) was bubbled 
through the saturated salt solutions. The temperature of the equilib
rium flask was regulated by circulating thermostatically controlled 
liquid around the flask.

The humidity was continuously controlled by a Humicap HMI 14, 
capacitative, thin film, relative humidity tester with an HMP 14 sensor 
(Vaisala Ltd., Finland). The isotherms were determined in at least 
duplicates (Paakkonen, 1987).

Differential scanning calorimetry

A differential scanning calorimetry (DSC) system (Mettler TA 3000) 
and a DSC 30 measuring cell was used. For measurements, weighed 
samples of powdered, freeze-dried cabbage were humidified in pans 
for 14 days over saturated salt solutions (LiCl, KC2H3 0 2, K2 C 03, 
Mg(N03)2, NaCl, (NH4 )2 S 04, KC1). After equilibration the pans were 
hermetically sealed and reweighed. The samples were first cooled to 
-  170°C and kept at that temperature for 10 min. Samples were then 
heated to 80°C, at 10°C/min, and thereafter cooled to -  170°C. This 
cycle was repeated twice. The amount of freezable water was calcu
lated by comparing the area of the melting peak of the first test to 
that of pure water. The amount of unfrozen water was calculated as 
the difference between total water content and the amount of freezable 
water calculated from the thermograms. The dry weight of the cabbage 
was estimated by heating separate samples, placed in Al-pans with 
perforated lids, in the calorimeter at 105°C until constant weight was 
achieved. A water content of 8.9% was found.

RESULTS & DISCUSSION
FRESH WHITE CABBAGE had a high moisture content, 92%, 
and a low fiber content, 2.0%. Available carbohydrates content 
was 3.4%, all of which was free sugars: 1.4% fructose, 1.9% 
glucose and 0.1% sucrose (Varo et al., 1984).

The sorption isotherm of a polymer is known to have a 
regular sigmoidal shape. However, the sorption isotherm of 
cabbage had an irregular shape, caused by its low fiber content. 
Cabbage is rich in low molecular weight sugars, in which 
physical changes are known to occur during freeze-drying i.e. 
their amorphous state is a consequence of the conditions pre
vailing during freeze-drying. Further, the amorphous structure 
of low molecular weight substances is not a permanent state 
but will change due to water uptake in adsorption, and will 
partially reorganize in desorption. As a consequence, the shape 
of the desorpticn curve was different from that of the adsorp
tion curve.

The adsorption and desorption isotherms of the freeze-dried 
cabbage determined at 15°C and 23°C are shown in Fig. 1. 
The irregular shape of the sorption isotherms indicated that in 
freeze-dried cabbage the solids were in an amorphous meta
stable state which was very sensitive to changes in temperature 
and moisture content. The paths of the adsorption and desorp
tion isotherms were different at 15°C and 23°C, with the ex
ception that at 23°C the water capacities in adsorption and in 
desorption were equal in the range of 0.2 to 0.3 â . Within 
this aw range, the adsorption capacity was higher at 23°C than
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aw aw
Fig. 1. -A dsorp tion  ( • )  and desorption ( o )  isotherm s o f freeze- 
dried cabbage at 15°C and 23°C.

at 15°C, contrary to the expected effect of temperature on 
sorption isotherms; i.e. as the temperature increased, the quan
tity of water at a given relative humidity decreased. This may 
have been caused by differences in water sorption of free sug
ars (Mazza, 1984; Makower and Dye, 1956). In desorption 
the changes in water binding capacity of the cabbage above 
0.4 aw were most likely the result of the sorption behavior of 
fructose and glucose.

The thermograms for cabbage are shown in Fig. 2. As ex
pected, the glass transition temperature depended on the water 
content, decreasing with increasing humidity in the water sorp
tion range. Moisture content of 60.4g H2 O/100g dry matter 
was sufficiently high for crystallization to take place above the 
glass transition temperature. A weight loss smaller than the 
expected 8.9% was found when freeze-dried cabbage was dried 
in a DSC pan over P2 Os. This showed that water was adsorbed 
when the sample was removed from the desiccator. Calculation 
of the difference between expected water content and the actual 
weight loss indicated a water content of 4.5 g/lOOg d.m.

The transition temperatures and the amounts of freezable 
and unfrozen water are shown in Table 1. The onset of glass 
transition was at about room temperature, when water content 
was 5.2g H2 O/100g dry matter. This is seen in the adsorption 
isotherms as a rapid increase in the water content (Fig. 1). 
Freezable water was first observed at a water content of 36.2g 
H2 O/100g dry matter (Table 1). In the adsorption isotherm this 
corresponds to an aw value of 0.68 (Fig. 1). This result cor
related well with the sorption measurement, where the last

g  H j O / 1 0 0  g  D .M.

TEMPERATURE, *C

Fig. 2 .—DSC thermograms o f freeze-dried cabbage. The figures 
on the curves denote water contents. The energy axis is equiv
alent in each case, but shifts in each successive curve.

Table 1 — Glass transition temperatures and amounts of freezable and 
unfrozen water in adsorption of freeze-dried cabbage as determined by 
DSC

Glass transition
Water content 
g/100g d.m.

Freezable water 
g/100g d.m.

Unfrozen water 
g/100g d.m.

Onset
°C

End
°C

4.5 38.6 72.7
5.2 10.7 31.1

11.7 - 9 .2 8.4
17.6 -3 1 .0 -1 1 .3
33.5 -5 8 .4 -4 4 .2
36.2 0.45 35.7 -6 6 .3 -4 7 .5
42.8 1.3 41.5 -6 8 .4 -5 4 .8
60.4 16.8 43.6 -8 2 .9 -6 9 .5

168.8 126.9 41.9
173.0 133.5 39.5

measured adsorption equilibrium point was 39.2g H2 O/100g 
dry matter at 0.69 aw (23°C). Clearly, in the capillary conden
sation range solutions of low molecular weight components of 
the freeze-dried material could affect the freezing behavior. 
The solvation changes the freezing temperature and capacity, 
whereas at very high water contents, dilution may promote 
freezing. The freezable water content of freeze-dried cabbage 
was very low up to 42.8g H2 O/100g dry matter; however, it 
increased rapidly above 60.4g H2 0/100g dry matter, while 
simultaneously the unfrozen water content decreased (Table 
1).

CONCLUSIONS
EFFECT of free sugars on the water capacity in cabbage was 
clearly visible in the sorption isotherms; similarly, the ther
mograms showed glass transitions. In the water adsorption range, 
the sorption isotherm was considered to be the main criterion 
for water content in freeze-dried cabbage. Free water can also 
be indicated in the thermograms, as the melting of ice. In the 
capillary condensation range molar solutions of the freeze-dried 
cabbage affect its unfrozen water content.
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content in terms of human intake, it may be prudent to consider 
the values on a wet or “ as is”  basis.
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Inhibition of Undesirable Gas Production in Tofu

CLAU D E P. CHAMPAGNE, BERNARD AUROUZE, and G ILLES  G O U LET

----------------------- A B S T R A C T ------------------------
Of 100 gas-producing bacterial isolates, 65% were Gram-negative. 
Bacterial growth and gas production in commercial tofu was accom
panied by acidification, and pH decreases as low as 5.2. Coliform 
bacteria constituted 15% of the total bacterial flora. Sporeformers and 
yeast counts remained < 103 CFU/mL. Pasteurization was effective in 
lowering the bacterial counts, and retarded gas production. The ad
dition of lactic acid (reducing pH to 5.5) or lactic acid bacteria (2 x 
107 CFU/g) to tofu helped reduce gas production by about 50%. Ad
dition of both lactic acid and Lactobacillus plantarum stopped gas 
production in contaminated tofu.

Key Words: tofu, bacteria, coliforms, pasteurization, gas production

INTRODUCTION
TOFU is a curd obtained from soy milk. Tofu and related 
products constitute a $100 million-plus industry (Best, 1990), 
and are gaining wide acceptance in North-America. In super
markets, tofu is often found in the fruits and vegetables sec
tion, where refrigeration may be inadequate, with storage 
temperatures above 4°C. Since tofu has a relatively high pH 
(5.8 - 6 .2) and a water content of about 75%, rapid bacterial 
growth can occur. In addition to off-flavors, undesirable gas 
production is a common problem associated with microbial 
deterioration of tofu, resulting in swelled packages. Studies 
have been reported on gas production in the rumen or the 
intestinal tracts in relation to soya-based diets (Rackis et al. 
1970a,b; Calloway et al. 1971), but none was found on means 
to prevent gas production in tofu products during storage.

Addition of lactic acid bacteria (LAB) to foods is often used 
to take advantage of their well known inhibitory activities against 
undesirable microorganisms (Northolt, 1984), and of their pur
ported health benefits (Kim, 1988). Additionally, fermentation 
by lactobacilli may reduce objectionable flavors associated with 
soy products (Stern et al. 1977). No study has been done on 
addition of LAB to tofu to antagonize growth of undesirable 
microorganisms.

The objective of our work was to determine the microbial 
flora associated with unwanted gas production in tofu. We also 
determined the effectiveness of pasteurization, pH modifica
tion and seeding with LAB in preventing gas production in 
commercial or laboratory samples.

M ATERIALS & METHODS
Test organisms and culture maintenance

The various cultures and maintenance procedures, are listed in Ta
ble 1. The Serratia liquefaciens strain was isolated from a tofu sample, 
while the LAB were from the Food Research and Development Centre 
culture collection.

Author Champagne is with the Food Research & Development 
Centre, Agriculture Canada, 3600 Blvd. Casavant 0., Saint-Hy- 
acinthe, Qué., CANADA J2S 8E3. Author Aurouze Is with Service 
de Technologie Alimentaire, M inistère de l'Agriculture des 
Pêcheries et de l'Alimentation du Québec, 3600 Blvd. Casavant 
O., Saint-Hyacinthe, Qué., CANADA J2S 8E3. Author Goulet is 
with NutriSoya, 4050 Pinard, Saint-Hyacinthe, Qué., Canada.

Gas analysis

The C 02 content of the gas found in the commercial packaged 
products was determined using the method of Champagne and Lange
(1990).

Microbiological analysis of tofu

The analyses were performed following the recommended methods 
of Speck (1984). Culture media were from Difco (Detroit). Coliform 
bacteria were enumerated on Violet Red Bile Agar. Total bacterial 
counts were obtained on Plate Count Agar to which 0.04 g/L of brom- 
cresol purple was added, which enabled differential enumeration of 
acid-producing bacteria. Yeast populations were obtained on Potato 
Dextrose Agar acidified to pH 3.5. Anaerobic sporeformers were 
enumerated on Reinforced Clostridial Agar following a 85°C/5min 
treatment of the sample, and plates were incubated in anaerobic jars 
(BBL, Mississauga, Ont.).

Growth and isolation of bacteria in tofu

Commercial tofu samples of 454 g were incubated at 4 or 25°C for 
up to 15 days. Some samples were pasteurized by placing vacuum- 
packed tofus in a 75°C water bath for 30 min. Following microbiol
ogical analysis, 100 colonies were picked from the agar plates and 
inoculated in sterile commercial soy milk. Strong gas production in 
the soy milk was detected by adding an inverted Durham tube in the 
broth. Fourteen Gram negative cultures showing strong gas production 
and different colony characteristics were further isolated and identified 
with the API 20E system (API Produits de Laboratoire, Saint-Laurent 
Que).

Growth of LAB in tofu milk

Sterile commercial soy milks were inoculated with various lacto
bacilli and lactococci cultures (Table 2) and incubated at 9 or 30°C 
for up to 120 hr. The inocula were prepared in MRS broth, adjusted 
at an optical density of 0.3 at 560 nm, and added at a 0.2% (v/v) 
level.

Inhibition of gas production in tofu

For laboratory assays, sterile ground tofu was prepared by heating 
454g portions of commercial tofu at 121°C for 15 min, and aseptically 
grinding in a Janke & Kunkel (Staufer, Germany) homogenizer. We 
added 1 mL of a 10% lactic acid solution (Fisher, Montréal) and/or 
1 mL a 5 x 109 CFU/mL Lactobacillus plantarum LACTACEL cul-

Table 1 — Culture m aintenance conditions at 1% inoculation levels

Medium

Incubation
conditions

°C/hr

Transfer
frequency

(wk)
Lactobacillus rham nosus NG1 MRS 30, 24 1
Lactobacillus case i NG2 MRS 30, 24 1
Lactobacillus plantarum  LACTACEL MRS 30, 24 1
Lactobacillus plantarum  ATCC 1717 MRS 30, 24 1
Lactobacillus plantarum  ATCC 14917 MRS 30, 24 1
Lactobacillus plantarum  ATCC 1443 MRS 30, 24 1
Lactobacillus plantarum  ANO 330 MRS 30, 24 1
Lactococcus lactis CRA-1 Milk" 23, 16 0.5
Lactobacillus acidophilus CRDA-200 MRS 37, 24 1
Bifidobacterium bifidum  CRDA-600 MRS 37, 24 1
Serratia liquefaciens NG3 SRPb 30, 24 2
’  Milk = nonfat dry milk rehydrated at 12% (w/w) solids; sterilized 121°C/10 min. 
b SRP = Broth composed of 1% sucrose, 0.5% raffinose and 0.5% soya peptone. 

CRDA-200 and CRDA-600 isolated from a commercial Nu-Trish product.
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Table 2 - Fermentation of soya milk by lactic acid bacteria; pH of soya
milks. Iinitial pH 6.50)

Q°C
(120 hr)

30°C 
(22 hr)

Lactobacillus rham nosus NG1 6.44 6.29
Lactobacillus case i NG2 6.45 4.92
Lactobacillus plantarum  LACTACEL 6.44 5.15
Lactobacillus plantarum  1717 6.38 4.99
Lactobacillus plantarum  ATCC 14917 6.39 5.04
Lactobacillus plantarum  ATCC 14431 6.44 5.12
Lactobacillus plantarum  ANO 330 6.47 6.39
Lactococcus lactis CRA-1 6.39 6.31

ture to 46 g of sterilized ground tofu, and mixed in a Stomacher Lab 
Blender 400 (London). One sterile tofu sample was used as a negative 
control, by adding 2 mL of sterile water. The other samples were 
inoculated with a Serratia liquefaciens culture at an initial contami
nation level of 10s CFU/g. Gas production was evaluated by Risograph 
(Pullman, USA). We found that the facultative Serratia had an oxi
dative metabolism in the ground tofu, which interfered with the gas 
production evaluation of Risograph. In order to prevent this oxygen 
consumption by Serratia, 40 mL of soya oil was added to all ground 
tofu mixes, thus generating microaerophilic conditions favorable to a 
fermentation metabolism (and simulating the microaerophilic condi
tions encountered in a vacuum-packed product). The samples were 
incubated at 26°C for up to 40 hr. The lactobacilli and Serratia pop
ulations were followed by plating on acidified (pH 5.5) MRS agar or 
VRBA respectively.

Some assays were performed under industrial conditions by dipping 
420 g tofu blocks in a 2% lactic acid solution for 6 min, or by adding 
1 or 10 mL of a LAB culture (having about 109 CFU/mL) in the bag 
prior to vacuum-packing. The lactococcal cultures were suspended in 
a 10% glucose solution. The tofu products were incubated at 23°C for 
4 days, and gas production caused swelling of the packaging material. 
Gas production was estimated by the water displacement volume.

S ta tis t ic a l an a lys is

Results are averages of 3 or more separate trials. Duncan’s multiple 
range variance analysis was performed using SAS software (Cary, 
NC.).

RESULTS & DISCUSSION 
Microbial flora of commercial samples

The C0 2  content of gas samples taken from swollen (average 
53%) commercial tofus were between 36 and 85%. We did 
not determine the composition of the non-C02  gas. It is well 
established that coliform bacteria and clostridia generate H2  

and C0 2  in equal proportions (Doelle, 1975). The 53% C0 2  

content suggested that gas production was not limited to het- 
erofermentative lactobacilli, yeasts or propionibacteria which 
mainly produce C0 2  as a gas metabolite. Probably the main 
gas-producing organisms were coliform or clostridia.

When stored at 25°C, the total bacterial population of com
mercial tofu samples could reach 109  CFU/g in only 24 hr

(Fig. 1). The initial populations of these samples were abnor
mally high (106  CFU/g), since freshly produced samples gen
erally showed bacterial counts between 10 and 1000 CFU/g. 
Yeast counts remained below 103  CFU/g in all samples. Two 
commercial tofu products were analyzed: traditional and on- 
ion-pepper containing tofus. Sporeformers were not found in 
traditional tofu, but reached 103  CFU/g in onion-pepper con
taining products of the various floras analyzed, which sug
gested that the spores were from the condiments. The 
sporeformers were the only population to be significantly 
(P = 0.01) influenced by addition of condiments. The total col
iform population (at 25°C) was significantly (P = 0.03) lower 
than the total bacterial counts (15% of total bacterial floras) of 
deteriorated tofus. Not all species that grew in tofu were gas 
producers. Of the 100 colonies picked from the PCA or VRBA 
agar plates, about 60% of the cultures produced gas in soya 
milk. Most isolates were Gram negative (65%). Using the API 
20E system, we attempted to identify 14 Gram negative strains, 
and found that the largest group were of the genus S e r r a tia  
(Table 3). These results, combined with gas analyses, sug
gested that enterobacteriaceae, which produce H2  in addition 
to C0 2  (Doelle, 1975), could have an important part in un
desirable gas production although they were a minor fraction 
of total bacteria.

Storage at 4°C slowed bacterial development, and the tofus 
did not show evidence of gas formation following 15 day in
cubation though the total bacterial population had reached 1 0 8  

CFU/g (Fig. 1). If stored at high temperatures, tofu often de
velops undesirable gas production. Soya may cause flatulence 
in the digestive system as a result of the fermentation of stach- 
yose, raffinose and sucrose by intestinal flora (Rackis et al., 
1970b). Not all microorganisms can assimilate those sugars, 
and specific bacterial flora may develop. In studies on the 
effects of a raffinose rich diet on intestinal flora, the bifido
bacteria, the lactcbacilli and the enterobacteriaceae populations 
increased while clostridial flora proportionally tended to de
crease (Benno et al., 1987). These observations seemed to 
extend to tofu since the most frequently isolated Gram negative 
gas-producing species in swollen tofu products was an enter
obacteriaceae (S e r r a tia ) , the acid-producing population in tofu 
increased during storage (see Acidification section), and spore
formers were not important.

Pasteurization of commercial tofus

The tofu curd was obtained at 90°C and, following a 420g 
block formation, was cooled in water and packed. Surface 
contamination of the tofu blocks was thus possible through 
contact with water, conveyor belts and packaging materials. 
A post-wrapping heat treatment was applied to help eliminate 
surface contamination. Pasteurization of commercial tofus re
duced initial counts by a factor of 10000 (Fig. 2). The total

TIMB; (days) T1MB: (days)

Fig. 1 —Bacterial growth in untreated tofu stored at 4 or 25°C. Bars are 95% confidence limits.
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GAS PRODUCTION IN TOFU. . .

TIME (days)
Fig. 2 - Bacterial growth in pasteurized tofu at 25°C. Bars are 
95% confidence limits.

TIME (days)
Fig. 3 —Changes in tofu pH  during storage. Bars are 95% con
fidence limits, (o) untreated tofu, 25°C; (•) pasteurized tofu, 25°C 
(A) untreated tofu, 4°C.

Table 3 —Gram negative, gas-producing bacteria isolated from deterio
rated tofu‘

Species Isolates
Serratia liquefaciens 9
Serratia sp. 1
Escherichia co/i 1
Enterobacter sp. 2
Klebsiella ozonae 1
a 100 colonies were picked from 4 tofu samples. Of the 21 Gram negative, gas-produc

ing strains, 14 were identified with API 20E.

bacterial population at the stationary growth phase was signif
icantly lower (P<0.04) when the sample had previously been 
pasteurized. We did not determine the reason for this. That 
the pasteurization treatment destroyed heat-labile growth fac
tors was unlikely since the temperature (75°C) was lower than 
that to soak the soy beans and prepare the soy milk (90°C). 
Thus heat-labile growth factors were probably destroyed well 
before pasteurization of samples. Gas production occurred upon 
storage (25°C) of the pasteurized tofus, though the coliform 
counts remained below 103  CFU/g. In addition to partial elim
ination of the contamination population, pasteurization modi
fied the bacterial make-up of the tofu. With the pasteurized 
products, packages could be stored twice as long before swell
ing, as for the untreated samples. Pasteurization was thus ef
fective in retarding undesirable production of gas under storage 
at 25°C, but not in preventing it.

Fig. 4 —Effect o f the addition o f lactic acid and/or Lactobacillus 
plantarum on gas production in tofu contam inated with Serratia 
liquefaciens. Bars are 95% confidence limits, (o) Serratia con
trol; (•) Lactobacillus added; (A) Lactic acid added; (à.) Lacto
bacillus and lactic acid added.

Acidification of commercial tofus
Bacterial growth was accompanied by acidification of tofus 

(Fig. 3). The acid-producing bacteria represented 10% of the 
flora on day 1 and 3 but constituted about 50% on day 7. This 
increase in % acid producing organisms from day 3 to day 7 
was accompanied by a slight increase in pH of samples stored 
at 25°C (Fig. 3). As observed for growth and gas production, 
acidification of pasteurized samples occurred later during in
cubation, and was significantly lower than for untreated tofus 
(Fig. 3).

Addition of lactic acid or LAB
The purpose of seeding tofu with LAB is that they would 

only proliferate in the event of temperature abuse of the prod
uct. Thus a well stored tofu (2°C) would not develop an acid 
taste. Under temperature abuse an acid taste would develop, 
but this seems preferable to the unclean flavor associated with 
coliform flora. For our laboratory assays we selected a strain 
that grew well in soy milk at room temperature, but which 
demonstrated little acidifying activity at refrigerated tempera
tures. Most L a c to b a c i l lu s  p la n ta r u m  cultures grew well in soy- 
milk, which confirmed results of Angeles and Marth (1971), 
and strain Lactacel was chosen for our laboratory assays since 
it demonstrated little activity at 9°C (Table 2).

In laboratory assays, only the combined addition of lactic 
acid and L a c to b a c i l lu s  p la n ta r u m  was effective in preventing 
gas production (Fig. 4). Growth of the lactobacilli was slightly 
inferior in the sample to which lactic acid was also added, but 
development of the S e r r a tia  culture was 20 times less in this 
mix as compared to the positive control (Fig. 5). The final pH 
was the lowest in the samples to which lactic acid and L a c 
to b a c i l lu s  p la n ta r u m  had been added (Fig. 6 ). Seeding with 
L. p la n ta r u m  was not as effective, in the first 2 0  hr in pre
venting gas production as was direct addition of lactic acid 
(Fig. 4). This was probably related to the lag time required for 
growth and acidification of L. p la n ta r u m . In this respect, ef
fectiveness of L . p la n ta r u m  was probably related to the level 
of contamination with undesirable bacteria. Our studies were 
performed under relatively high contamination levels (105  S e r 
ra tia  CFU/g). We assumed that, under temperature abuse, the 
time required for the seeded LAB to acidify the tofu would be 
relatively constant. On the other hand, the time required for 
contamination flora to reach the level required for defects to 
appear would depend on initial contamination level. Thus, with 
initial low bacterial contamination, the gas-producing popu
lation may not reach the level for defects since an inhibitory 
pH range would be attained before that level could be reached.
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Fig. 5 - Growth o f Serratia (top panel) or Lactobacillus plan- 
tarum (bottom panel) in tofu. Serratia was added to all sam ples 
while L. plantarum was added to two samples, (o) Serratia con
trol; (•) Lactobacillus added; (A) Lactic acid added; (k) Lacto
bacillus and lactic acid added.

Fig. 6 -C hange  in tofu pH  following addition o f Serratia, lactic 
acid and/or Lactobacillus. Bars are 95% confidence limits, (o) 
Serratia control; (•) Lactobacillus added; (A) Lactic acid added; 
(k) Lactobacillus and lactic acid added.

With industrial assays, we found that dipping of tofu blocks 
in a 2% lactic acid solution lowered pH from 5.78 to 5.29. 
This had a notable effect on gas production (Table 4). As was 
found in the laboratory assays, addition of lactic acid or LAB 
alone, were insufficient to prevent gas production at 25°C. 
Addition of thermophilic strains (B if id o b a c te r iu m , L a c to b a c i l
lu s  a c id o p h i lu s )  provided a safeguard against overacidification

Table 4 —Effect of dipping tofu blocks in 2% lactic acid or addition of
lactic acid bacteria (LAB)a cultures on gas production in commercial 454g
tofu blocksb
Treatment Gas produced (mL)
Control 136
Lactic acid 75
Thermophilic LAB (2 x 106/g) 105
Thermophilic LAB (2 x 107/g) 49
Lactococcus lactis CRA-1 (10B/g) 67
Lactococcus lactis CRA-1 (107/g) 30
a Thermophilic LAB were an equal mixture of L a c t o b a c i l l u s  a c i d o p h i l u s  and B i f i d o 

b a c t e r i u m  b i f i d u m .  

b 6 days incubation at 25:,C

during storage at 4°C, but they were not as effective as the 
mesophilic strain. In these assays we also tested whether cul
tures that could not acidify soymilk could be used for inhibition 
of gas-producing organisms. The culture added need not be 
well adapted to tofu carbohydrates to be effective. Our results 
showed that L a c to c o c c u s  la c t is  did not acidify well soymilk 
alone (Table 2), but was effective in lowering gas production 
if the bacterial suspension was prepared in 10% glucose. The 
potential disadvantage of this approach is that addition of glu
cose may also stimulate growth of contaminating flora. The 
industrial testing of lactic acid addition showed there were 
important variations in effectiveness of this approach. Heat 
treatment of the packed tofus seemed to better control unde
sirable gas production. Pasteurization also did not modify taste 
of the product. Addition of lactic acid to pH 5.2 to 5.4 resulted 
in a noticeably acid taste. Therefore, although pasteurization 
was not as effective as combined lactic acid/LAB addition in 
controlling undesirable gas production, it appeared to be the 
most practical solution under industrial conditions.
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Calcium Sulfate Concentration Influence on Yield and 
Quality of Tofu From Five Soybean Varieties

NONG SUN and WILLIAM M. B R EEN E

----------------------- A B S T R A C T ------------------------
A mini-process is described for making tofu from 50-g quantities of 
soybeans. It was used to compare yield and quality among 5 Min
nesota grown varieties (Vinton, Corsoy, Hardin, Stine 2510, Stine 
2810) and to determine optimum concentration of the coagulant, CaS04. 
Product yield (wet basis), solids recovery, protein recovery and tex
tural quality (Texture Profile Analysis hardness and fracturability) were 
optimal at 0.02 N CaS04 for all 5 varieties. Negative correlations 
were found between CaS04 concentration and both yield (r = -0 .9 0  
to 1.00) and protein recovery (r = -0 .9 6  to 1.00) for all varieties.

Key Words: tofu-quality, soybean, coagulants, tofu-yield, calcium 
sulfate

INTRODUCTION
SOYBEAN VARIETY has been shown to influence yield and 
quality of tofu (Skurray et al., 1980; Kamel and De Man, 
1982; Wang et al., 1983; Lim et al., 1990) due to variations 
in composition, e.g., protein, oil, ash and phosphorus content, 
among others. However, in order to make valid comparisons 
among varieties, it is important to produce tofu by a standard
ized procedure because manufacturing variables can pro
foundly influence yield and quality. These variables include 
time and temperature of presoaking soybeans prior to making 
soymilk (Watanabe et al., 1964; Shurtleff and Aoyagi, 1979; 
Hsu, 1983; Hsu et al., 1983), the water: soybean ratio in the 
soymilk (Shurtleff and Aoyagi, 1979; Beddows and Wong, 
1987a), time and temperature of heating the soymilk (Watan
abe et al., 1964; Saio, 1979; Shurtleff and Aoyagi, 1979) 
temperature and extent of stirring during coagulation (Wolf 
and Tamura, 1969; Wang and Hesseltine, 1982; Beddows and 
Wong, 1987b) and type and concentration of coagulant (Wan- 
tanabe et al., 1964; Appurao and Narasinga Rao, 1975; Saio, 
1979; Shurtleff and Aoyagi, 1979; Skurray et al., 1980; Tsai 
et al., 1981; Wang and Hesseltine, 1982; Wang, 1984; Yasuda 
and Hokama, 1984; De Man et al., 1986; Beddows and Wong, 
1987c).

The coagulant of choice among most tofu makers is calcium 
sulfate; Tsai et al. (1981) and Wang and Hesseltine (1982) 
found it superior to other calcium salts. Nigari, a by-product 
of the maufacture of sea salt, consists mainly of magnesium 
sulfate, but can vary in composition and has not been approved 
for use in the U .S. (Shurtleff and Aoyagi, 1979). Glucono 
delta lactone (GDL) is used to make soft (silken) tofu, but is 
not suitable for making firm (Chinese style) tofu if used alone 
(Tsai et al., 1981).

The objective of our study was to determine how yield and 
quality might be influenced by the concentration of coagulant, 
calcium sulfate, in tofu made from five different Minnesota 
grown soybean varieties using a small-scale procedure to mimic 
industrial practices.

The authors are with the Dept, o f Food Science & Nutrition, 
Univ. o f Minnesota, 1334 Eckies Ave., St. Paul, MN 55108.

M ATERIALS & METHODS
Materials

Five Minnesota-grown, light-hilum soybean varieties from the 1987 
harvest were obtained from North Country Seed, Inc., Trimont, MN. 
They were selected to include the popular choice of many tofu makers 
(Vinton), two varieties very popular among growers (Corsoy and Har
din) and two newer introductions (Stine 2510 and Stine 2810).

All chemicals used in the analyses were reagent grade and were 
obtained from Sigma Chemical Co., St. Louis, MO.

Hydration rate

Fourteen 50-g samples of soybeans of each variety were immersed 
in distilled 22°C water in separate beakers. After soaking at 22°C for 
2, 4, 6, 8, 10, 12 or 14 hr, duplicate samples were drained on a screen 
for 30 sec and weighed to determine the amount (g) of water absorbed.

Soymilk and solids content

Washed soybeans (50 g) were soaked in 500 mL beakers at 22°C 
for 12 hr in about 400 mL tap water, drained, rinsed once with 400 
mL tap water, combined with 500 mL tap water and ground for 2 min 
in an Osterizer seven-speed blender at “ liquefy”  speed. Five drops 
of Antifoam A emulsion (Dow Coming Corp., Midland, MI) were 
added and the slurry was boiled in an aluminum saucepan for 15 min 
and immediately filtered through a muslin cloth (one thickness) to 
remove the okara.

Soymilk solids content was determined using an Abbe refractometer 
(American Optical Model 10450) and a standard curve in which re
fractive index (Y axis) was plotted vs oven dry solids content (X axis) 
of 1-mL soymilk samples in the solids range 4 to 11%. Refractive 
index was determined at room temperature and correlated highly with 
oven dry moisture results. This quick method was recommended for 
industry use by Johnson and Wilson (1984).

Preparation of tofu

A 325-mL portion of hot soymilk was poured into 40 mL of Food 
Grade calcium sulfate (CaSO4-2H20, Van Waters & Rogers, Inc., 
Seattle, WA) solution of the appropriate concentration in a 500 mL 
beaker. For final concentrations in soymilk of 0.01, 0.02, 0.03, 0.05, 
and 0.06N CaS04, this required 0.63, 1.26, 1.89, 3.15, and 3.78g 
CaSO^OmL, respectively. The 365 mL of soymilk/coagulant was 
held at 70°C for 10 min in a water bath while coagulation occurred. 
The soybean curd was then transferred, taking care to avoid breakage, 
to a specially designed 7.5 x 7.5 x 7.5 cm cheesecloth-lined poly
methyl methacrylate form and pressed for 2 hr by placing a 560g 
weight on the 56.25 cm2 plate covering the curd. The six-sided form 
could be easily assembled and disassembled for cleaning.

Tofu yield, protein and solids recovery, and proximate analyses

Yield is expressed as wet weight of tofu obtained from 50g of 
soybeans. Protein recovery is expressed as the amount of protein in 
the tofu dry matter divided by the amount of protein in the soybean 
dry matter times 100. Solids (dry matter of tofu) recovery was deter
mined by the oven dry method.

About 1 kg of soybeans of each variety was ground in a Thomas- 
Wiley Mill to pass a 1-mm diameter mesh sieve using liquid nitrogen 
to prevent moisture loss and protein denaturation and to keep the oil 
in the solid state.

Samples were analyzed for moisture (Williams and Baker, 1984, 
AOAC 14.081, 14.004); oil (Link, 1973, AOCS AC 3-44); ash (Wil-
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Fig. 1—Dry basis (DB) protein, oil and neutral detergent fiber 
contents o f five soybean varieties. Means o f duplicates; differ
ent letters adjacent to values denote differences (P<0.05).

liams and Baker, 1984, AOAC 14.082, 7.009) and crude protein 
(Williams and Baker, 1984, AOAC 2.057, modified Kjeldahl method).

Neutral detergent fiber (NDF

Neutral detergent fiber (NDF) was determined by the modified method 
of Van Soest and Wine (1967). Duplicate 1.00±0.10g samples of 
soybeans or tofu were weighed in tared 30 mL Pyrex glass filtering 
crucibles; 100 mL of neutral detergent solution was added. The cru
cibles were placed in a Tecator Fibertec System M 1020 Hot Extractor 
and samples were boiled for 1 h. The digested samples were rinsed 
well several times with hot tap water. Residues were rinsed again 
twice with acetone and dried overnight in a 100-110°C oven.

Mineral content

Ground soybean samples containing about lg  of dry matter were 
accurately (±0.001g) weighed into 20-mL high-form silica crucibles 
and dry-ashed in a muffle furnace at 485°C for 10-12 hr. Crucibles 
were covered during ashing. Ash samples were each equilibrated with 
10 mL 2N HC1 at room temperature for 3 hr followed by transfer of 
the supernatant to a 7 mL plastic disposable tube for simultaneous 
direct analysis of Ca, Mg, Na, K, P, Fe, Mn, Al, Cu, Zn, Cd, Cr, 
Ni, Pb and B by Inductively Coupled Plasma (ICP) Atomic Emission 
Spectrometry.

Textural properties and color

The Texture Profile Analysis (Szczesniak, 1975) parameters of 
hardness and fracturability were determined on 2.0 cm diameter by 
2.0 cm high cylindrical samples on a Model 1122 Instron Universal 
Testing Machine (0-2 kg load cell capacity). Samples were taken such 
that compression force was exerted on the same plane as the com

pression force during tofu pressing. The samples were compressed 
from 2 to 0.5 cm (75% deformation). Crosshead and chart speeds 
were 20 and 50 rrm/min, respectively. Nine replicate samples were 
tested for each 50-g soybean batch of tofu.

A Minolta Chroma Meter CR-200 was used for color reflectance 
determination. One determination was made for each variety of soy
beans or each batch (50 g soybeans) of tofu.

Statistical analysis

Data were analyzed by ANOVA using the Statistical Analysis Sys
tems program (SAS, 1985). Means comparisons were made by Least 
Significance Differences (LSD) procedure (p<0.05).

RESULTS & DISCUSSION 
Analyses of soybeans

Vinton had the highest protein and the lowest oil content 
while Stine 2510 had the lowest protein content but a higher 
oil content that was the same as those of Stine 2810 and Hardin 
(Fig. 1). Vinton had the lowest and Hardin the highest NDF 
content. Negative relationships existed between protein and 
fiber (r = —0.71) and protein and oil content (r = -0.87). 
This was in agreement with Caviness (1973) and Wang et al.
(1983) who found that protein and oil contents of soybeans 
correlated negatively.

Moisture, size and color data are listed in Table 1. Size was 
expressed in terns of the weight (g) of 100 soybeans. Seeds 
of Vinton were the largest and Corsoy the smallest. L  values 
showed Vinton, Corsoy and Hardin to be lighter-colored than 
Stine 2510 and 2810. Redness (a) ranged from 2.7 in Hardin 
to 5.1 in Stine 2510; yellowness (b) ranged from 25.8 to Vin
ton to 33.6 in Hardin. All five varieties had yellow hila. Soy
beans with light hila are preferred for tofu making (Wang et 
a l., 1983).

The total ash contents of the five varieties were essentially 
the same (Table 1). The main differences among individual 
minerals that might relate to tofu yield and quality were higher 
contents of Ca in Vintron and lower Mg in Stine 2510. A 
strong linear relationship existed between protein and Ca con
tents. P content varied somewhat and K  content was similar 
among varieties. The contents of trace minerals were also sim
ilar (data not shown). Their contribution to tofu yield would 
be minor and their main contribution to tofu quality would be 
nutritional.

Hydration of soybeans
To make tofu, soybeans are presoaked to soften their cellular 

structure, reduce the amount of energy required to grind them, 
and increase the subsequent rate of nutrient extraction. The 
hydration rate depends on the temperature of the soaking water 
and the variety and age of the soybeans; the colder the water, 
the slower the hydration (Shurtleff and Aoyagi, 1979; Hsu et 
al., 1983). In our studies, hydration occurred rapidly and sim
ilarly in all five soybean varieties up to 4 hr after which the 
rates leveled off. Complete hydration required about 12 hr, 
which was similar to results reported by Hsu et al. (1983). All 
varieties had similar hydration rates which appeared to be nor
mal. Therefore, a 12-hr soak was employed in our studies. 
Typical soaking times at ambient temperature can vary from

Table 1 -  Moisture, size, color (Hunter L) and proxim ate analyses o f five soybean varieties•

Variety
Moisture

% g/100 beans L % Ash
Ca Mg P K

mg/100 g
Vinton 10.4 23.0 65.6 5.3 269 307 644 1976
Corsoy 11.8 16.2 66.0 5.2 250 252 493 1953
Hardin 11.6 18.2 65.8 5.3 254 259 530 2010
Stine 2510 10.5 18.0 59.5 5.3 237 256 543 2039
Stine 2810 10.5 17.1 57.8 5.3 256 292 571 2018
a Means of duplicates.
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CaS04 & TOFU YIELD ¡QUALITY. ..

C aS 04  CONCENTRATION (N)
Fig. 2 —Effect o f soybean variety and C aS04 concentration in 
soy milk on yield o f fresh tofu from 50g o f soybeans.

C aS 04  CONCENTRATION (N)
Fig. 3 —Effect o f soybean variety and C aS04 concentration in 
soymilk on protein content (dry basis) o f tofu from 50g o f soy
beans.

8  to 10 hr in summer to 10 to 20 hr in winter in Japan; hy
dration rates differ among varieties (Watanabe et a l., 1964). 
Soybeans that are small and hard, older than 6  mo and/or high 
in oil may have impaired hydration. Too much or too little 
moisture uptake by beans prior to soymilk extraction can affect 
quality and yield of tofu (Shurtleff and Aoyagi, 1979).

CaS04 concentration effects on tofu yield and quality. »
Yield and quality of tofu can be affected by concentration 

of the coagulant, CaS04. The effects of soybean variety and

C a S 0 4  C O N C E N T R A T IO N  ( N  )

Fig. 4 —Effect o f soybean variety and C aS04 concentration in 
soymilk on percentage recovery o f protein (A) and total solids 
(B) in tofu.

CaS04  concentration on yield, percent protein in tofu, total 
solids recovery, protein recovery, fracturability and hardness 
of tofu are shown in Fig. 2 through 5. Negative linear regres
sion relationships were found between CaS04  concentration 
and both yield (Fig 2) and percent protein (Fig 3) in tofu. The 
decrease in yield with increasing CaS04  (calcium ion) concen
tration could be due to increasing syneresis and loss of whey 
from the curd as more bonding occurred thus making the pro
tein matrix more dense and compacted. The regression lines 
were roughly parallel for tofu yield from Corsoy, Stine 2810 
and Stine 2510 compared to a lesser decrease in yield with 
increasing CaS04  concentration for Hardin and a greater corre
sponding decrease for Vinton. Thus, Vinton was the most sen
sitive to changes in CaS04  concentration.

The percent protein in tofu (DB) showed parallel decreases 
with increased coagulant concentration for all five varieties 
(Fig 3) indicating that increased syneresis resulted in loss of 
soluble protein (whey protein) along with water. The data also 
reflect overall differences in protein content of the five soybean 
varieties, decreasing in the order Vinton, Corsoy, Hardin, Stine 
2810, Stine 2510. Although increasing CaS04  concentration 
produced the most dramatic decrease in yield for Vinton, a 
corresponding decrease in protein content was not observed. 
Therefore, yield reduction must have been due primarily to 
loss of water through syneresis.

Figure 4 shows maximum recovery of both protein and total 
solids in tofu at 0.02N CaS04, with recoveries much lower at 
0.01N CaS04  and a gradual decrease from 0.02N to 0.06N 
CaS04. At the lower concentration, bridging of protein mol
ecules by calcium ion is not sufficient to form a firm gel. At
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C a S 0 4  C O N C E N T R A T IO N  (N )
Fig. 5 -E ffe c t o f soybean variety and CaS04 concentration in 
soymilk on fracturabiiity (A) and hardness (B) o f tofu.

higher concentrations, increased bridging and the resulting 
compaction of the protein matrix cause increased syneresis and 
loss of water, whey protein and other solubles. Although the 
highest tofu yields were obtained at 0.01N CaS04  (Fig. 2), 
this was due mainly to a high moisture content in the pressed 
product. These tofu products did not assume a distinct cubical 
form and did not retain their shape after cutting. At 0.02N 
CaS04, the tofu had an even texture and good retention of cut 
shape. '

Figure 5 depicts the effects of CaS04  concentration on TPA 
fracturabiiity and hardness. Tofu made with 0.01N CaS04  was 
too soft to enable sampling for the TPA procedure. As coag
ulant concentrations increased above 0.02N CaS04, the trend 
was toward an increase in fracturabiiity and hardness up to 
0.05N CaS04  and then a decrease at 0.06N CaS04. Vinton 
tofu showed the greatest increase in fracturabiiity with increas
ing CaS04  concentration and considerably higher fracturabiiity 
than the others at the 0.05N and 0.06N levels (Fig. 5A). Vin
ton tofu recovered the highest percentage of total solids and 
protein at 0.05N CaS04, whereas Stine 2810 tofu recovered 
the least (Fig. 4). They were similar in hardness at that co
agulant level and both were harder than the other 3 (Fig. 5B 
). These tofus were all sorfter than those described by Wilson 
et al. (1983) who used a different coagulation temperature. 
Increasing the CaS04  concentration to 0.06N produced little, 
if any, change in hardness of Vinton tofu (Figure 5B), but a 
dramatic decrease in that of Stine 2810 tofu. This suggested 
that soybean solids other than protein may play a role in tofu 
textural quality. This could be through interactions between 
carbohydrates and proteins as hypothesized by Lin et al. (1990).

No formal sensory texture evaluations were made. One au
thor (NS) is Chinese and a lifelong consumer of tofu, noted 
that tofu texture was best and quite acceptable at 0.02N CaS04. 
Also, as CaS04  concentration was increased above 0.02N, the 
tofu products became harder, coarse and rubbery and had the 
appearance of precipitates rather than gels. Miura and Kome- 
yasu (1981) found sensory hardness correlated highly with in
strumental hardness, so it appears that instrumental hardness 
is a valid and useful parameter for quality evaluation of tofu. 
These observations that addition of CaS04  to soymilk at 0.02N 
produced optimum yields and textural quality of tofu were in 
agreement with previous reports (Saio, 1979; Yasuda and Hok- 
ama, 1984).

CONCLUSIONS
A LAB SCALE mini-procedure could differentiate between 
soybean varieties for relative potential for tofu making. How
ever, additional work is needed to verify that this method could 
predict the behavior of different soybean varieties and process
ing variables under large scale tofu processing conditions. The 
concentration of the coagulant CaS04  in the soymilk affects 
the yield, protein and solids recoveries and textural quality of 
tofu from a given quantity of soybeans. These were optimum 
at a CaS04  concentration of 0.02N in soymilk from 5 different 
varieties of Minnesota-grown soybeans. For screening vari
eties, we recommend the mini-procedure described here and a 
CaS04  concentration of 0.02N in the soymilk.
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Breadfruit Chips: Preparation, Stability and Acceptability

R. P. BA TES, H. D. GRAHAM, R. F. MATTHEWS and L. R. C LO S

----------------------- A B S T R A C T ------------------------
Mature breadfruit, sliced to 1.25 mm, fried in soy oil at 165°C and 
salted to 1.5% produced a stable, crisp chip with lipid stability com
parable to potato chips. Partial air drying prior to frying reduced oil 
absorption from 42% to 26%. Sensory evaluations showed the product 
to be as acceptable as commercial plantain or potato chips. In view 
of the extreme perishability and high postharvest losses of breadfruit, 
chip production represents a useful value-adding preservation method 
meriting consideration in breadfruit producing regions.

Key Words: breadfruit, fried-chips, acceptability, storage-changes, 
lipids, peroxides

INTRODUCTION
BREADFRUIT is important in the diet of people of the tropics. 
It is relatively cheap and is easily available during its seasons 
(normally two crops/year are produced). Its nutritional value 
has been established by Graham and Negron (1981). Breadfruit 
is a good source of carbohydrates (Graham and Negron, 1981; 
Wooton and Tumaalii, 1984). Compared with the banana, cas
sava, plantain, taro, and sweet potato, it is a relatively good 
source of calcium (Monroe et al., 1986). Potassium and phos
phorus have been reported in relatively good quantities al
though amounts may vary between cultivars (Graham and 
Negron, 1981; Wooton and Tumaalii, 1984, Munroe et al., 
1986). When compared to other tropical starchy foods, it is an 
acceptable source of vitamin C (20 mg/100 mg of pulp) and 
has good levels of iron, niacin and riboflavin at all stages of 
maturity (Graham and Negron, 1981). Though not high in 
protein, the amino acid profile of its protein was found to be 
favorable (Patel and Graham, unpublished data; Nochura, 1985; 
Arcelay and Graham, 1980).

The main problem with breadfruit utilization is its high per
ishability, resulting in high postharvest losses. In some ex
treme cases up to 50% losses have been reported (Coursey et 
al., 1976). This is due mainly to the high postharvest rate of 
respiration (Wooton and Tumaalii, 1984; Marriot et a l., 1979). 
Consequently, only fruits for immediate needs are harvested, 
thus reducing the opportunities for development of a large scale 
international trade in breadfruit.

The breadfruits are round, oblong or oval in shape, with 
green skin composed of polygonal sectors. Mature fruit are 
about 30 cm in length and 20 cm in diameter. Weight varies 
but usually is between 1 and 3 kg. The breadfruit tree is re
sistant to wind damage and disease, may live for 75 years or 
longer and no major cultivation care is required. One tree can 
produce 300 to 500 fruits/year in two crops. Normally the fruit 
is peeled and the heart and stem are removed and, in most 
cases, discarded. This resulted in an overall yield of edible 
pulp of about 6 8 % of the total fruit weight, although this varies 
with stage of maturity (Graham and Negron, 1981).

Normally, the mature fruit is preferred for human consump
tion. A mature fruit can be differentiated by appearance
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(Thompson et al., 1974). Mature fruit has dark green, large 
polygonal segments, as compared to smaller, densely packed 
segments for immature fruits. A very mature fruit softens and 
can be detected manually. A very immature fruit exudes a large 
amount of latex when peeled and has an undesirable taste. 
Processing alternatives such as breadfruit flour (Arceley and 
Graham, 1984), fermentation (Cox, 1980) and freezing (Pas- 
sam et al., 1981) have been investigated. In view of the ready 
availability of breadfruit, its chemical and compositional sim
ilarity to potato, utilization forms similar to other starchy crops 
seemed a reasonable possibility. A chip-type snack similar to 
potato, plantain, corn or cassava chips was the focus of our 
research.

M ATERIALS & METHODS
DUE to their unavailability in South Florida and their perishable na
ture, breadfruits were shipped by air from Puerto Rico. Shipments of 
both yellow and white heart types (specific cultivar unknown) were 
used. Figure 1 outlines the study. Upon receipt fruits were inspected; 
over- or under-ripe fruits discarded, and blemished portions removed. 
The solid flesh was passed through a food slicer set to cut even slices. 
Preliminary experiments established optimum slicing thickness as 1.25 
mm and partially hydrogenated soybean oil frying temperature of 165°C 
for 30-40 sec for each side. Drying trials to reduce oil pick-up con
sisted of placing slices in an air dryer at 57°C up to 40 min. Fried 
breadfruit chips were blotted on absorbent paper towels and salted, 
while still warm, with Alberger fine flake salt (Diamond Crystal Salt 
Co.) at 1.0 to 2.0% by weight.

The chips were then packed into metallized, commercial film 75 
gauge oriented polypropylene/polyethylene/70 gauge aluminum, coex
truded 70 gauge polypropylene (Bryce Corp., Memphis, TN) and 
hermetically sealed in air without vacuum or nitrogen flush. (These 
conditions were used because, in high producing breadfruit regions of 
the world (developing countries), production methods would most 
likely be less sophisticated than those practiced for potato chip pro- ■ 
duction in highly developed industrialized nations). Packaged samples 
along with commercials packs of potato and plantain-chips were stored 
at 2, 27 and 55°C. At 3-day intervals samples of all three types were 
removed for analysis.

Analyses conducted on freshly prepared or purchased chips and on 
selected stored samples were: moisture by the toluene distillation method 
(Gould, 1986) oil content by soxhlet extraction (Lulai and Orr, 1979), 
peroxide value and free fatty acids by AOCS methods (Min and 
Schweitzer, 1983), and salt by Mohr titration (Gould, 1986).

Freshly prepared breadfruit chips (< 1 wk old) and commercial 
samples of potato and plantain chips were evaluated by a 20-member 
sensory panel employing a 9-point hedonic scale for color, texture, 
flavor and overall acceptability. A similar panel evaluated the same 
products at the Univ. of Puerto Rico. Panelists at both locations were 
unfamiliar with breadfruit chips. Few of the UF but all of the UPR 
judges were familiar with breadfruit. Most panelists participated rou
tinely in sensory evaluations, but were not preselected nor trained for 
this study.

Data were subjected to analysis of variance using a SAS program. 

RESULTS & DISCUSSION
THE DELICATE NATURE and extreme perishability of 
breadfruit were evident from the condition of the samples re
ceived by air freight. Although fruits were carefully selected 
and packed for shipment and handled rapidly upon receipt, up 
to 50% were unusable, being either slightly immature or ov
ermature—too soft for chipping. In addition, blemished por-
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Fig. 1 -B readfruit process and analysis flow schem e.

Table 1 - Effect o f drying prior to frying on oil content o f breadfruit chips
Drying time 

(min)
Oil

(% ),
0 42»

10 36»
20 31»
30 26»
40 20'

a c Means in column followed by same letter not significantly different at P < 0.05. 
Total observations = 10

tions, indicative of physical damage, had to be removed and 
delays in delivery of over 24 hr often resulted in unacceptably 
soft fruit. Other utilization options exist for soft flesh (e.g. 
extruded or dough-based items), but they were not explored.

Since no information was available on breadfruit chip tech
nology, studies on potato chips and other snacks served for 
reference (Talburt and Smith, 1975; Gould, 1986; Gamble and 
Rice, 1987; Lawson, 1985; Min and Schweitzer, 1983). Fruits 
averaged about 2  kg fresh weight each and after slice prepa
ration and frying a pulp yield was about 67% (fresh weight 
basis). A slice thickness of 1.25 mm was dictated by the brittle 
nature of thinner chips and uneven texture and moistness of 
thicker slices. The 165°C frying temperature for 30-40 sec on 
each side consistently produced a light colored, crisp chip. The 
chips had about 3% moisture and oil content of 42%. The oil 
level was slightly higher than that observed in commercial 
potato and plantain chips (-38% ).

In an attempt to reduce oil level, breadfruit chips were pre
dried prior to frying. A dramatic decline in oil absorption was 
observed (Table 1). However, unacceptable darkening and a 
scorched flavor resulted after 30 min of predrying at 57°C. 
Therefore, 20-30 min predrying is recommended (for oil re
duction). Despite this oil reduction technique and manipula
tions of the frying time-temperature regime, many chips still 
had an oily, translucent appearance in the central region. This 
appearance did not adversely affect texture or flavor, although 
it could detract from visual appeal.

The salt content of breadfruit chips was about 1.5% which 
was comparable to that of four brands of commercial potato 
chips where salt content ranged from 1.3-1.6 %. Informal com
ments from tasters suggested that a 1.5-1.75% salt level was 
preferred, (although, for lowering dietary sodium reduced salt

Fig. 2 - Free fatty acid values o f breadfruit chips: effects o f stor
age temperature and time.

Fig. 3 - Peroxide values o f breadfruit chips: effects o f storage 
temperature and time.

level could be used but may require additional acceptability 
studies).

The lipid oxidative stability of breadfruit chips was clearly 
influenced by storage temperature as reflected by free fatty 
acid (Fig. 2) and peroxide (Fig. 3) values. Rancidity was de
tected in the chips after 21 days at 27°C when the peroxide
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B R E A D F R U I T  C H I P S .  . .

Fig. 4 —Peroxide values o f breadfruit chips: effects o f storage 
temperature and time.

Table 2 - S e n so ry  evaluation o f breadfruit, plantain, and potato chips

Overall
accepta-

Color0 Flavor' Texture0 bility0
Chip UF UPR UF UPR UF UPR UF UPR
Plantain 6.3= 6.0a 7.0b 7.7a 7.0" 7.5a 6.9" 7.3"
Potato 7.8b 7.7b 7.8a 8.2" 7.5" 7.7* 7.0" 7.0"
B'frult 7.5b 7.5b 6.8b 7.0b 7.4" 7.4a 6.6" 7.0"
"■b Means in columns followed by same letter not significantly different at P <, 0.05. 

Total observations = 40
c Higher value indicates more desirable ranking for each attribute.

value reached 12. Figure 4 illustrates lipid deterioration as 
compared to potato and plantain chips. Rates were similar for 
about 24 days, after which rancidity in breadfruit chips accel
erated. The peroxide value decline after 24 days at 55°C pre
sumably reflected peroxide breakdown at that extreme 
temperature (Hamilton and Rosell, 1986). Since the chips were 
prepared under noncommercial conditions and packed in air, 
our storage study represented sub-optimal circumstances, 
somewhat representative of developing countries with abun
dant breadfruit. Use of a nitrogen gas flush and judicious ap
plication of antioxidants should extend shelf life notably (Asap 
and Augustin, 1986; Noor and Augustin, 1984). The frying 
oil, after being subjected to 1 0  frying cycles of 1  hr each, 
reached a 0.32% free fatty acid level and a peroxide value of
7. This slow deterioration was reduced substantially by filter
ing out chip particles between frying runs.

Sensory evaluations of the three chip products are summa
rized in Table 2. Panelists at the Universities of Florida and 
of Puerto Rico ranked breadfruit chips slightly but not signif

icantly lower in overall acceptability than the commercial prod
ucts. The acceptability scores of “ like slightly”  to “ moderately”  
were encouraging. There appeared to be no inherent quality 
defects in breadfruit chips and they were well received in both 
formal and informal tastings.

CONCLUSION
BREADFRUIT is well suited as a snack ingredient. Provided 
attention is given to maturity selection, predrying, frying, salt
ing, packaging and storage, breadfruit chips could be an ef
fective value-adding alternative for this underutilized food 
resource.
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Aciduric, pH-Elevating Bacillus which Cause 
Noneffervescent Spoilage of Underprocessed Tomatoes

JA M EEL A L DUJAILI and

----------------------- A B S T R A C T ------------------------
In the preliminary phase of this study, a selective isolation medium 
was developed. Using the new medium, 24 strains of Bacillus Spp. 
that elevate tomato juice pH were isolated from garden soil or natural 
vegetative materials. Two jars of home-canned, water-bathed toma
toes contained sporeformers which produced noneffervescent spoil
age. All strains were morphologically and physiologically different 
from 2 flat-sour strains of B. coagulans and B. licheniformis strains, 
but similar to a previous isolate from home-canned, spoiled green 
beans that elevated pH. The new medium may have future applications 
in isolation and enumeration of other acidurics including yeast-like 
microorganisms.

Key Words: bacillus, aciduric, effervescence, sporeformers, bacteri
ology-media, tomatoes

INTRODUCTION
THE LOW pH of tomatoes and their products (4.2 -  4.5) has 
been a vital help in heat processing to prevent spoilage and 
consequent outgrowth of certain foodborne pathogens (Sapers 
et al. 1977; Huhtanen et al. 1976). Some spoilage bacteria 
however, increase pH, thus possibly causing botulinal hazards. 
Montville (1982) showed that contamination by B a c il lu s  l i 
c h e n ifo r m is  resulted in elevation of tomato juice pH above 4.6, 
and thus stimulated outgrowth of associated C lo s tr id iu m  b o -  
tu l in u m  spores and toxin production. Fields et al. (1977) ob
tained an isolate from spoiled, underprocessed home-canned 
green beans that subsequently increased pH of a tomato serum 
broth. The isolate was presumptively identified as B . c o a g u 
la n s  064-T-08, but no inference was drawn to its potential as 
a botulinal hazard in tomato products. Anderson (1984) found 
the Fields’ strain (FS) not only grew well anaerobically in heat- 
processed tomato juice, but elevated juice pH from 4.40 to
5.05 during 6  days incubation at 35°C.

The etiology of pH-elevating strains of sporeformers, pos
sibly intermediates between classical B . c o a g u la n s  and B . l ic h 
e n ifo rm is  remains poorly understood. To our knowledge, no 
research has been reported to compare and evaluate common 
properties of strains similar to the FS. The objectives of our 
research were to conduct a preliminary survey to determine 
natural occurrence of sporebearers similar to the FS using a 
newly developed selective isolation medium. We also com
pared their morphological and physiological characteristics with 
those of related strains of known B a c il lu s  species.

M ATERIALS & METHODS
Sampling

For isolations from plant leaf surfaces, moistened sterile swabs were 
individually rubbed over 10 x 10 mm leaf surface areas and then 
streaked onto petri plates (15 x 150 mm) of prepared isolation me
dium. All vegetation was selected from common accessible garden 
areas unless otherwise mentioned (Table 1). Soil was sampled at ran
dom from on-campus floral beds, home gardens and the university

The authors are with the Division o f Plant & Soil Sciences, 508 
Brooks Hall, West Virginia Univ., Morgantown, WV 26506-6057. 
Inquiries should be directed to Dr. Anderson.

R O BERT E. ANDERSON

farms. At each site approximately 3 kg of soil were collected and well 
mixed. Twenty grams of each sample were carefully mixed in the 
laboratory on the day of collection. A lg subsample was transferred 
to 10 mL sterile 0.1% peptone water diluent. From this mixture, 0.1 
mL was transferred to each of 3 plates of selective isolation medium 
and streaked over the plate. This plating procedure was repeated in 
triplicate for each soil sample.

Nearly spherical potatoes and tomatoes of about baseball size (ca 
23 cm diam) were selected at random from freshly harvested produce 
from the university farms. Two potatoes and 2 paired tomatoes served 
as individual subsets of each. These were individually swabbed with 
sterile cotton swabs (moistened previously with sterile 0.1% peptone 
water). The 2 swaas from the potatoes of each subset or those from 
each of the tomatoes were separately streaked on prepared isolation 
medium.

Isolation medium

Because the desired isolates would be aciduric or acidophilic, a 
selective medium, Bacillus Tomato Juice Agar (BTJA), was devel
oped for isolation (Table 2). As an adjunct, we chose commercial 
tomato juice which, in our experience, gave faster growth of reference 
cultures than basal medium acidified with either citric or hydrochloric 
acids. Sorbic acid was evaluated at various dilutions and effectively

Table 1 —Origin and isolation frequency of pH-eievating Bacillus strains 
from various natural sources

Source Frequency
Designated 
strain no.

Soil 4/20 2-86
5-87

25-87
29-87

Whole canned tomatoes“ 2/2 1-86
(Home canning) 4-86

Potatoes6 7/35 PO ,-87 
P 0 2-87
PO3-88
PO4-88
PO5-88
P 0 6-88
P 0 7-88

Tomatoes6 5/11

00 CO
 CO

 CO
 CO

 
CO

 CO
 CO

 CO
 CO

h
 F

 F
 h

 F

Unwashed lettuce“ 1/4 L-88

Dried Pepper0 
(powder)

1/4 3-86

Green bean leaves '1 1/3 10-86

Squash leaves“ 1/4 11-86

Weed leaves“ 2/23 24-86
30-86

Total 24/105
aMorgantown vicinity, from a homemaker's kitchen
bWest Virginia University Farms
cRetail market, Morgantown
dHome garden, Robert Anderson
eFlower bed, Pensacola, Florida
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A C I D  U R I C  p H - E L E V A T I N G  S P O R E F O R M E R S

Table 2 -C om position  o f bacillus tomato ju ice agar (BTJA j‘

Phytone TM peptone 10.0
Brom cresol purple 0.02
NaCl 5.0
Agar 30.0
Potassium sorbate 0.15
Tomato juice 400 mL
Distilled water 600 mL
8 Values are in g/L, except for tomato juice and distilled water. pH was adjusted to 

4.35 before autoclaving.

employed as an inhibitor for yeasts and molds. Bromcresol purple was 
incorporated to indicate pH elevation during growth. The newly de
veloped BTJA was used extensively throughout the isolation phase.

Criteria for isolation

Desired colonies were those that grew on BTJA and produced zones 
of purple in the yellow, acidified medium. Single colonies with a 
purple margin and background were carefully picked for restreaking 
on BTJA if they had a dry, flake-like appearance similar to the ref
erence FS. All isolates were examined by Gram and spore stains as 
were control cultures.

Control cultures

B. coagulans 064-T-08, B. licheniformis B 110, and B. coagulans 
NRS 54 were used as reference cultures. All cultures were aerobically 
grown on trypticase soy agar slants (TSA) (BBL Microbiology Sys
tems, Cockeysville, MD) or BTJA at 44°C. Stock cultures were main
tained at 7°C in 16 x 125 mm screw cap tubes on TSA slants.

Morphology

One to 2 day old subcultures grown on TSA were examined for 
colonial morphology. Cell morphology of isolates was determined 
with light and also by phase contrast microscopy (Nikon Optiphon, 
Tokyo, Japan). For the latter, cells were added to a precoated agar 
slide. After placement of a cover glass, cells were observed under oil 
immersion-phase contrast conditions.

Physiology

All isolates were tested for growth in litmus milk and glucose broth. 
Five of the isolates, 1-86, 2-86, 3-86, PCq-87, and POr 87, were 
arbitrarily selected for pH and temperature ranges for growth. All 
inocula were from 1-2 day old cultures on TSA slants. All pH deter
minations during growth were made with a Fisher model SO-B-107 
pH meter (Fisher Scientific, Pittsburgh, PA). It was standardized prior 
to use each day with Fisher certified buffers at pH 4.00 and 7.00. 
Temperature ranges for growth were determined using nutrient agar 
slants (Difco Laboratories, Detroit, MI) in 16 x 150 screw cap tubes. 
These were separately kept in an air incubator at 10, 20, 25, 35, 40, 
45, 50, 55, 60 or 65° C and observed daily for onset and comparative, 
sustained growth for 21 days (before declaring no growth at a specific 
temperature). Sodium chloride tolerance was determined with nutrient 
broth containing separate levels of 2, 5, 7 and 10% (W/V) NaCl,

incubated in duplicate sets at 30 and 44°C for 14 days (before declaring 
any tubes negative for growth). A modified citrate agar was employed, 
with citrate utilization indicated by an alkaline shift of the phenol red 
indicator during 15 days incubation. Inoculated litmus milk was in
cubated at 44°C for 1 and 2 days to observe reduction and proteolysis 
(characteristic of strains similar to the FS reference culture) and other 
changes in the medium. All isolates were tested for catalase using 3% 
H20 2- These strains were also screened for lysine decarboxylase 
(Moeller, 1955).

Glucose fermentation was determined from growth in a basal broth 
containing, per liter of distilled water: l.Og (NH)2 H P04, 0.7g yeast 
extract, 0.2g KC1, 0.2g M gS04. 7H20  and 15 mL of a 0.04% W/V 
solution of bromcresol purple. After autoclaving the basal broth, filter- 
sterilized glucose was aseptically added for a final concentration of 
1% (W/V). Isolates were then individually inoculated and subse
quently observed for growth and acid production after 1, 2, 3 and 4 
days incubation at 44° C. Inverted Durham tubes were used to detect 
gas production.

RESULTS & DISCUSSION
TWENTY-FOUR ISOLATES similar to the FS were obtained 
from natural sources: 7 strains from 35 subsets of raw potatoes; 
5 from 11 subsets of raw tomatoes; and 2 from home-canned 
tomatoes. The latter were water-bathed, cooked in quart can
ning jars. Altogether, isolates were obtained from each of the 
9 sites tested (Table 1). The 24 isolates showed remarkable 
resemblances. A ll produced flake-like pellicles in TSB cultures 
after 2 days incubation at 44°C. Morphologically and physio
logically, they were quite similar to FS, yet considerably dif
ferent from any of the flat-sour strains of B . c o a g u la n s  or the 
cultures of B . lic h e n ifo r m is  in our possession. A ll isolates pro
duced powder-dry, flake-like colonies with irregular margins 
within 24 hr. Whereas, 24 hr colonies of B . l ic h e n i fo r m is , B 
110 were white and gummy or mucoid in texture. Flat-sour 
colonies of B . c o a g u la n s  NRB 54 appeared moist, flat and had 
round, regular margins (Table 3).

A ll of the isolates were lysine decarboxylase positive and 
reduced litmus milk. Other physiological similarities to FS are 
shown in Table 4. None of the 24 strains grew at 10 or 60°C; 
all had optima at or near 45°C. While none grew at pH 4.2, 
all had optima pH range of 5.00 to 5.70 in BTJB. Strains POr  
87 and P02-87 were negative for citrate utilization as was the 
FS; other isolates however, utilized citrate as sole carbon source. 
Anderson (1984) had found FS grew well in tomato juice and 
later Shamsudin (1984) prescribed purple broth base (BBL Mi
crobiology Systems, Cockeysville, MD) as a basal growth me
dium. These observations were applied in development of the 
isolation medium, BTJA.

In BTJA the tomato juice provided acidity for selectivity 
and additional nutrients for growth of aciduric sporebearers. 
Other adjunct acids, e .g . citric and hydrochloric, did not sup
port initial good growth of the FS or our reference cultures of 
B a c il lu s . Sorbate was necessary to control yeasts and fungi, 
and the effective level (Table 2) was determined by trial and

Table 3 —M orphology o f Bacillus isolates

Characteristics
B. coagulans 

NRS 54 Isolates
B. licheniform is 

B110
Gram's stain + + +
Rods

width, um 0.6 -  1 0.6 -  0.95 0 .6 - 0 .8
length, um 2 .5 - 5 2 .5 - 5 1.5 -  3.0

Colonies Grayish-white, moist, 
flat and translucent 
margins round.

Dirty-cream colored, 
powder dry, flake-like 
appearance, margins 
irregular, wavy.

Dull, white, opaque, 
attached strongly to agar 
surfaces, margins irregular, 
mucoid.

Sporangium swollen + + -

Spore shape3 E (R/O) E (R/O) E (R/O)
Spore position3 C/T C/T C
a (E) Ellipsoidal; (R/O) Round-oval: (C/T) Central terminal; (C) Central.
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Table 4 - Physiological characteristics o f Bacillus isolates with compari- 
sons to reference cultures after 7 days at 44°C_________________

Characteristics
B. coagulans B. licheniform is 

(NRB 54) (B110)

Fields' strain 
(064-T-08) 

(FS)

All
iso
lates

■ Growth in 7% NaC1 
broth +

Catalase + + + +
Acid, no gas from 

glucose + + + +
b Litmus milk reaction A ,P R,P R,P R,P

Lysine decarboxylase - - + +
a All negative tubes were incubated for 21 days. 
b A = acid; R = reduction; P = slight proteolysis.

error. Nine various concentrations of sorbic acid, 0.100 to 
0.005% were evaluated using 3 mold cultures in our possession 
before deciding on 0.15g/L (Table 2). Actodione was tried as 
a fungistat and found ineffective. The indicator, bromcresol 
purple provided satisfactory color change to identify colonies 
that elevate pH by some other mechanism.

All of our isolates were strongly lysine decarboxylase pos
itive, grew in 5% NaCl broth, but not in 1 %  and did not 
produce gas during glucose fermentation. In contrast, B . lic h -  
e n ifo r m is  B-110 did not possess lysine decarboxylase and grew 
in 7% NaCl broth. Similar to our strains, the flat sour strain 
of B . c o a g u la n s  NRB 54 did not grow in 7% NaCl broth, but 
u n lik e  ours, was negative for lysine decarboxylase. From this 
preliminary survey results show a uniform distribution in na
ture of pH-elevating sporebearers similar to FS. Strains were 
readily isolated from surfaces of soil-contact vegetables, from 
plant leaves and in garden soil. Thus, such strains were ap
parently rather commonplace in nature.

Many reports describe the incidence, coexistence, and op
portunistic associated growth of aciduric bacteria and fungi in 
and on tomatoes (Berry, 1933; Thompson, 1981, Gordon et 
al., 1973; Williams and Maki, 1980, Montville, 1982). If to
matoes (or other garden produce) are not washed beforehand, 
spores will be added during filling of jars prior to canning. 
These spores, if from nongas-producers, could possibly sur
vive and cause initial non-effervescent spoilage. Two of our 
isolates came from spoiled, noneffervescent home-canned to
matoes. The ambient juice pH of one of those samples was
5.1 and the other, 4.8. Thus, the contents of those jars posed 
a possible bacteriological hazard with respect to germination 
and growth of C l. b o tu l in u m  spores.

There have been several other reports of sporebearers sur
viving inadequate heat processing of tomatoes (Becker and 
Pederson, 1950; Denny, 1981; Williams and Maki, 1980; Berry, 
1933; Mundt et al. 1978). Thus, it is important that USDA 
recommendations for home canning be closely followed. Re
cently, one of us (Anderson, unpublished data, 1990) received 
2  quarts of spoiled effervescent home-canned beans from a 
batch of 190 quarts. A homemaker mistakenly processed them 
at 9 lb pressure instead of the prescribed 12 lb for 25 minutes. 
(She had not obtained current guidelines on canning of beans.) 
The two jars we received were negative for B a c i l lu s , and there 
was no proof that strains similar to ours were involved in the 
spoilage. However, the incident served to illustrate the hazard 
or risk of arbitrary canning at home.

In the case described, fortunately opportunistic heterofer- 
mentive spoilage bacteria typically produced visible gas and 
thus were indicators of underprocessing. However, our 2 iso
lates from home-canned tomatoes produced no visible gas, and 
further, there was no effervescence in the jars to indicate spoil
age. Cloudiness was the only sign of abnormality along with 
elevated pH. Hence, spoilage would be less obvious to the

untrained consumer eye. Just as the FS was previously isolated 
from underprocessed home-canned beans (Fields et al. 1977), 
similar pH-elevating contaminants represent a considerable risk 
of noneffervescent spoilage of borderline, under-processed to
matoes and beans.

The isolates of this research appeared both morphologically 
and physiologically different from either B . c o a g u la n s  or B . 
l ic h e n ifo r m is . Siudies of plasmid profiles (unpublished data
1990) showed other differences between those reference spe
cies and our isolates. Further work is needed before one could 
conclude pH-elevating strains similar to the FS belong in a 
separate subgroup or subspecies. However, they, like the FS, 
were not flat sour in nature and therefore, not typical strains 
of B . c o a g u la n s . Further work is underway to identify the 
mode of pH elevation and additional distinguishing features of 
our isolates.

CONCLUSIONS
ISOLATES of nongas-producing sporeformers (24) were ob
tained from 105 garden samples with the greatest frequency, 
5/11 from tomatoes. The major consumer safety concern of 
this subgroup of aciduric noneffervescent sporebearers was their 
ability, in absence of visible gas, to latently elevate pH to 
levels that may facilitate germination of ubiquitous C lo s tr id iu m  
spores. A new differential selective medium, BTJA , may have 
applications for isolation and enumeration of other aciduric 
micro flora, especially acid oxidizers and perhaps lactics. A ll 
24 isolates resembled the FS, a surviving isolate from home- 
canned green beans but all, including the FS, differed mark
edly from the reference cultures B . c o a g u la n s  and B . l ic h e n i
fo r m is .
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Juice Extraction Process and Apple Cultivar Influences on
Juice Properties

M. C LIFF , M. C. DEVER, and R. GAYTON

----------------------- A B S T R A C T ------------------------
Effects of several processing methods (oxidative, nonoxidative, dif
fusion extraction, enzyme liquefaction) on varietal apple juice char
acter was examined. Analytical evaluations included titratable acidity, 
soluble solids, pH, phenol, suspended solids, turbidity, Hunterlab color, 
organic acids and sugars and showed definite extraction process and 
cultivar differences. Sensory evaluation identified eight attributes, color, 
clarity, fruity aroma, oxidized, fruity flavor, sweet, sour, astringent, 
as significant factors in characterizing differences among the juices. 
Canonical discriminant analyses (CDA) of analytical data showed cor
rect allocation of all juices to both process type and variety. CDA of 
sensory data, revealed a significant separation of processes but not all 
cultivars.

INTRODUCTION
APPLE JUICE EXTRACTION in North America has tradi
tionally been a mechanical process whereby apples are milled 
and pressed. Under optimum conditions juice yield is 70-80% 
(w/w) but may be below 65% (w/w) for stored apples. Due to 
rising costs of raw material and production there has been a 
need for a higher yielding, more efficient juice extraction 
processes. In response to this, two new physical processes, 
diffusion extraction and enzyme liquefaction, were developed.

Extraction process affects both the analytical and sensory 
characteristics of the juice. For example, Wucherpfenning (1981) 
found lower titratable acidity and higher ash, mineral, and 
phenol concentrations in juices produced by diffusion extrac
tion of German cider apples compared to juices extracted by 
pressing. Although aromas of the two juices did not differ, 
‘diffuser juice’ was sour and astringent. Binkley and Wiley
(1978) showed ‘pressed juices’ were preferred over ‘diffuser 
juices’ and concluded that the diffusion process had a negative 
effect on juice quality. Dorreich (1983) found that juice pro
duced by enzyme liquefaction had increased soluble solids and 
mineral content. Those juices had a characteristic apple flavor; 
however, those incubated at higher temperatures (45-50°C) 
before extraction had a weak flat aroma.

Research has compared juices extracted by the new physical 
processes, (diffusion extraction or enzyme liquefaction) with 
those extracted by pressing and, it is well known that both 
process and cultivar affect juice character. However, the rel
ative influence of extraction process vs cultivar on juice prop
erties has not been documented nor have four different juice 
extraction processes been directly compared. Our objective was 
to examine the effects of both cultivar and process type on 
juice properties using analytical and sensory techniques.

M ATERIALS & METHODS
Juice extraction

One bin (250 kg) of each of four apple cultivars (McIntosh, Golden 
Delicious, Delicious, and Spartan) was obtained from Agriculture 
Canada, Summerland Research Station orchards. Apples were har
vested at commercial maturity and stored in air (1°C, 70-80 RH) until 
processing (2 mo). From each cultivar, juice was extracted using 4

The authors are affiliated with Agriculture Canada, Research 
Station, Summerland, BC, VOH 1Z0, Canada.

processes including; (1) an ‘oxidative’ (without inhibition of poly
phenol oxidase) mechanical extraction, (2) a ‘nonoxidative’ (with in
hibition of polyphenol oxidase) mechanical extraction, (3) an enzyme 
liquefaction extraction, and (4) a diffusion extraction.

Nonoxidative pressing. Apples were milled, (hammermill; screen 
hole size 1.25 cm.) treated with 1000 mg/kg ascorbic acid, and pressed 
using a rack and cloth hydraulic press.

Diffusion extraction. Apples were sliced using a Hobart sheer 
fitted with corrugated sheer blades. Apple slices (2.5 mm) were fed 
through a De Danske Sukkerfabrikker (DDS) pilot diffuser (Type B) 
(De Danske Sukkerfabrikker, Copenhagen, Denmark) at 30 kg/hr. The 
countercurrent water flow was operated at 24 kg/hr. Operating tem
perature was 70°C. Samples were withdrawn when sugar levels at the 
outlet had stabilized. Diluted juice was later concentrated back to 
single strength (based on soluble solids determined on original sample) 
by freeze concentration.

Enzyme liquefaction. Apples were milled and pumped through a 
Cherry-Burrell scraped surface tubular heat exchanger and heated to 
42-45°C. The mash was mixed with 0.02% Pectinex Ultra SP (Novo 
Industri A/S, Bagsvard, Denmark), incubated at 45°C for 2.5 hr and 
then centrifuged using an Alfa Laval decanter centrifuge (Model NX 
309S-31G Scarborough, Ont., Canada).

Oxidative pressing. Apples were milled and pressed using a Vetter 
screw press (Type 1/2 Vetter Maschinefabrik Gmbh, Kassel-Detten- 
hasen, Germany). Liquid Irgazyme (0.02% Novo Industri A/S) was 
added to the juice which was held at 0.5°C for 12 hr and then racked 
to remove precipitated solids. Juices from all except the diffuser process, 
were flash ‘pasteurized’ (30 sec, 90°C) using a coil heat exchanger 
(Beveridge and Harrison, 1986) then frozen ( -  18°C) for further analysis.

Juice analysis

The pH of the juice was determined with a Radiometer pH meter 
(Radiometer, Cooenhagen, Denmark) and the titratable acidity (TA) 
by automatically titrating a 2 mL sample with 0.1N NaOH to pH 8.2. 
TA was expressed as g malic acid/L. Soluble solids were determined 
in °Brix using an Abbe refractometer (Reichart Scientific Instruments, 
Buffalo, NY) and suspended solids were calculated on a percent wet 
weight basis after centrifuging 50g samples at 3,000 x g  for 10 min. 
Total phenols were evaluated spectrophotometrically (Varian DMS 
100 UV Visable Spectrophotometer, Varian Techtron Pty. Limited, 
Mulgrave, Victoria, Australia) by the Folin-Ciocalteu method (Amer- 
ine and Ough, 1980), and expressed as gallic acid equivalents (GAE)/ 
100 mL. Turbidity (absorbance at 600 nm) was determined after cen
trifuging the samples to remove coarse solids (1000 x g ,  3 min). A 
Hunterlab Model D25 Optical Sensor (Hunter Associates Laboratory 
Inc., Reston, VA) was used to measure juice color on a 50 mL sample 
placed in a 10 cm ring mounted on a Hunterlab standard white plate. 
The instrument was standardized with Hunterlab white standard No. 
C2-18593 and the light source was a DZA low voltage halogen cycle 
lamp.

Sugars (sucrose, glucose, fructose) and organic acids (sorbic, citric, 
galacturonic, malic, quinic) were analyzed with a Waters 490 HPLC 
system (Waters HPLC Millipore (Canada) Ltd., Mississauga, Ont., 
Canada) using methodology adapted from Beveridge et al. (1986). 
Juice samples were centrifuged (12,000 xg-, 10 min) filtered (0.45 
pm) and passed through a Bio-Rad AGIX8 (acetate) resin bed (Bio- 
Rad Laboratories Canada Ltd., Mississauga, Ont.) Sugars were eluted 
from the resin with water into a 25 mL volumetric flask containing 
mannitol as internal standard. The sugar separation used a Brownlee 
Polypore anion guard column (Brownlee Labs Inc., Santa Clara, CA) 
and Polypore CA 10 pm ion exchange column with water as mobile 
phase (65°C, 0.3mL/min). Organic acids were eluted from the resin 
column with 1.5N sulphuric acid into a 10 mL volumetric flask con
taining fumaric acid as internal standard. The analysis used two Bio-
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Table 1 -A p p le  ju ice references for anchoring /¡nescales.

Sensory term Cultivar
Reference

Process
Visual

color (yellow)
light McIntosh nonoxidative
medium Golden Del. enzyme liquefaction
dark yellow (brown) Del. oxidative

clarity
cloudy Spartan nonoxidative
transulent Golden Del. diffusion extraction
clear Spartan oxidative

Aroma
fruity aroma Del. oxidative
oxidized/phenolic Golden Del. enzyme liquefaction

Flavor
fruity flavor Golden Del. oxidative
sweet McIntosh nonoxidative
sour Golden Del. oxidative
astringent Spartan enzyme liquefaction

Rad columns (Aminex HPX-87H) fitted in series with a Brownlee 
cation guard column and 0.01N sulphuric acid (65°C, 0.6 mL/min) 
as the mobile phase. Both sugars and acids were detected using a 
differential RI detector.

Sensory evaluation methods

Using descriptive analysis with 10 cm linescales, 16 juices (4 
processes x 4 cultivars) were profiled for visual, aromatic and flavor 
characteristics. These were identified in an initial screening and in
ternal references were selected (Table 1). The judges, twelve Agri
culture Canada staff members, were familiarized with the juices and 
were asked to verify the appropriateness of the sensory terms and 
references. In each of two training sessions, they practiced ‘flavor’ 
recall by matching coded samples to internal references. Judges were

given immediate feedback on their performance and further practice 
if necessary.

Test samples were evaluated in triplicate using a randomized com
plete block design, at 6 samples/day for 8 days. Samples (30 mL) 
were served at room temperature (23°C) in covered tulip shaped glasses 
and were evaluated in isolated booths containing a complete set of 
references. Visual characteristics were scored in clear glasses under 
natural light whereas aroma and flavor terms were scored in black 
glasses under incandescent light. Judges evaluated each sample across 
all terms before proceeding to the next. The linescales for color and 
clarity were anchored at the mid-point and either end (light/dark and 
cloudy/clear respectively). Aroma and flavor linescales were anchored 
at 9 cm with the internal reference. Judges rinsed between samples 
and all samples were expectorated.

Data analysis and statistical methods

Analysis of variance (ANOVA) Statistical Analysis System (SAS
1985) was used to determine analytical and sensory differences among 
juices. A preliminary 3-way (judge, process, rep) ANOVA of sensory 
data showed replication to be nonsignificant and so replication vari
ance was pooled into the error and a 2-way (judge, process) ANOVA 
calculated. For several of the terms, poor judge consistency resulted 
in a significant judge x process interaction. When the F-ratio was 
recalculated according to the technique of Goniak and Noble (1987), 
process differences were still significant. Canonical discriminant analysis 
(SAS Proc Candisc SAS, 1985) of the significant analytical terms (p 
<0.05) and mean sensory data used process type and apple cultivar 
for class differentiation. This analysis determines linear combinations 
of variables that summarize the differences among the classes.

RESULTS & DISCUSSION
JUICE EXTRACTION PROCESS and apple cultivar were 
shown to affect juice character. Many analytical process dif
ferences (Table 2) were consistent for all varieties. For ex-

Table 2 - Mean analytical values for apple cultivars (n = 2)

Golden delicious Red Delicious
Non

oxidative
Enzyme

liquefaction
Diffusion

extraction
Oxida

tive LSD
Level 
of sig

Ncn-
oxldative

Enzyme
liquefaction

Diffusion
extraction

Oxida
tive LSD

Level 
of sig

TA mg malic/100mL 0.50 0.58 0.38 0.50 0.10 *** 0.23 0.37 0.19 0.25 0.01 **#
soluble solids “Brix 14.1 13.7 11.2 12.0 0.6 *** 13.2 14,4 13.7 13.5 0.3 **#
pH 3.50 3.85 3.64 3.49 0.05 #** 3.93 3.61 4.13 3.97 0.02 *##
suspended %(w/w) 2.2 0.9 1.2 0.4d 0.2 ##* 0.5 0.6 1.3 0.5 0.0 NS

solids
total phenols mg GAE/100mL 726 485 658 282 92 ** 950 740 916 427 205 #*
turbidity A600 2.10 0.56 0.72 0.06 0.04 ##* 0.34 0.19 0.49 0.19 0.07 #*#
Hunterlab L 64.5 56.2 60.5 61.8 1.4 *## 65.3 55.3 39.6 60.0 6.0 *##
Hunterlab a - 4 .4 0.2 - 1 .2 - 3 .8 1.0 #** -2 .3 4.0 13.6 - 0 .8 2.0 #**
Hunterlab b 31.2 30.2 19.6 24.2 0.4 #*# -3.1 26.1 23.4 30.2 7.4 **
sucrose g/100mL 3.90 2.91 2.73 2.89 0.11 #*# 2.74 2.33 3.10 2.60 0.12 *##
glucose g/100mL 1.51 1.89 1.44 1.40 0.10 ** 2.75 2.50 1.68 2.14 0.27 **#
fructose g/lOOmL 6.92 6.80 5.68 5.92 0.29 *** 7.09 6.18 6.92 5.97 0.36 **
sorbic acid g/100ml_ 0.19 0.16 0.15 0.13 0.04 ## 0.18 0.17 0.19 0.15 0.07 NS
galacturonlc g/100mL 0.02 0.24 0.00 0.00 0.00 **# 0.00 0.22 0.00 0.00 0.01 *#*

acid
malic acid g/100mL 0.59 0.54 0.49 0.53 0.02 #* 0.25 0.34 0.25 0.37 0.04 **

McIntosh Spartan
Non- Enzyme Diffusion Oxida- Level Non- Enzyme Diffusion Oxida- Level

oxidative liquefaction extraction tive LSD of sig oxidative liquefaction extraction tive LSD of sig
TA mg malic/100mL 0.52 0.67 0.42 0.60 0.03 #*# 0.47 0.58 0.21 0.45 0.01 ##*
soluble solids “Brix 10.8 12.3 9.05 11.4 0.4 #** 14.0 14.2 13.0 12.7 0.17 ***
pH 3.38 3.26 3.52 3.34 0.04 ##* 3.65 3.45 4.08 3.61 0.05 #**
suspended %(w/w) 1.06 0.8 1.4 0.5 0.1 *** 1.6 0.8 1.1 0.6 0.3 **

solids
total phenols mg GAE/IOOmL 975 489 747 308 191 ** 766 386 783 300 74 *#*
turbidity y\600 1.12 0.33 0.59 0.06 0.06 ** * 1.66 0.43 0.54 0.14 0.02 ***
Hunterlab L 65.6 56.5 53.2 63.3 0.42 *** 65.5 53.5 43.6 60.7 0.6 **#
Hunterlab a -0 .6 2.3 6.9 - 2 .3 1.4 ** * - 2 .5 4.2 11.6 -2 .5 0.5 ***
Hunterlab b 10.5 25.9 23.0 23.2 0.73 *** 19.2 28.9 26.4 25.7 0.7 #*#
sucrose g/100mL 2.13 2.24 1.71 2.31 0.22 ** 3.45 2.93 2.54 3.33 0.29 #*
glucose g/IOOmL 1.17 1.33 1.14 1.08 0.13 * 1.71 1.72 2.18 1.39 0.21
fructose g/100mL 6.52 6.71 5.72 5.93 0.44 ** 7.31 6.99 6.60 6.99 0.66 *

sorbic acid g/100mL 0.11 0.15 0.11 0.12 0.02 * 0.21 0.18 0.16 0.16 0.02
galacturonic g/100mL 0.00 0.28 0.00 0.00 0.02 *** 0.00 0.25 0.00 0.00 0.01

acid
malic acid g/100mL 0.63 0.76 0.54 0.55 0.12 * 0.54 0.52 0.37 0.50 0.04

* Significant at 0.05; * *  Significant at 0.01; * * *  Significant at 0.001.
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A P P L E  J U I C E  P R O P E R T I E S .  . .

Table 3-M ean intensities of several sensory attributes for 4 apple cu/tivars (n =36)a
Sensory attribute

Cultivar/Process Color Clarity
Fruity
aroma Oxidized

Fruity
flavor Sweet Sour Astringent

Golden Delicious
nonoxidative 2.6c 0.2d 2.5b 4.7a 6.1b 6.5b 3.3c 2.4c
enzyme/liquefaction
diffusion

4.8a 3.1b 2.7b 6.0a 4.5c 2.7c 7.2a 5.1a

extraction 2.3c 2.6c 2.7b 5.2a 4.2c 4.8b 4.5b 3.2b
oxidative 3.4b 8.0a 4.7a 3.0b 7.1a 6.0a 4.6b 2.2c

LSD 0.5 0.6 1.1 1.5 1.0 1.1 1.2 1.2
Red Delicious

nonoxidative 1,0d 2.4c 4.3b 5.2a 6.0a 8.7a 1.0c 1.6b
enzyme/liquefaction
diffusion

7.8b 6.1b 2.7d 4.9a 6.1a 6.4c 3.3a 3.7a

extraction 9.9a I.Od 2.9c 6.6a 5.9a 7.3b 2.0b 1.7b
oxidative 4.9c 7.3a 6.8a 2.3b 6.7a 8.8a 0.7c 0.9b

LSD 0.4 0.8 1.0 1.4 0.9 0.7 0.8 0.9
McIntosh

nonoxidative 0.2d 0.5d 2.5c 5.3a 3.0b 2.3b 7.4b 6.9a
enzyme/liquefaction
diffusion

5.2b 4.5b 3.0bc 4.1b 1.9c 1.1c 8.9a 6.5a

extraction 8.3a 2.0c 3.5b 5.3a 3.2b 3.4a 6.2c 3.9b
oxidative 3.9c 7.9a 5.1a 2.1c 5.2a 2.7ab 7.3b 4.6b

LSD 0.5 0.7 0.9 1.2 0.9 0.8 1.1 1.3
Spartan

nonoxidative 0.8d O.ld 3.3b 4.4b 6.3a 6.1b 3.5b 3.0a
enzyme/liquefaction
diffusion

6.7 4.8b 2.2c 6.0a 4.7b 4.1c 6.9a 3.8a

extraction 9.5a 2.2c 3.3b 5.6ab 4.9b 7.8a 1.2c 1.5b
oxidative 4.7c 9.1a 6.0a 1.8c 6.6a 6.8ab 3.2b 1.8b

LSD 0.5 0.9 0.9 1.3 1.0 1.2 1.0 1.1
a Means within a column for a given variety followed by different letters are significantly different (LSD test, P < 0.05).

ample, ‘oxidative juices’ had the lowest phenol content due to 
phenolic oxidation and precipitation (Lea and Timberlake, 1978). 
When phenolic precipitation was controlled with ascorbic acid 
as in the non-oxidative process highest concentrations of phen
ols were extracted. Diffuser extracted juice also had a high 
phenol content possibly due to a temperature related inacti
vation of polyphenoloxidase (Cumming, 1986).

Light color and high turbidity and suspended solids found 
in all the ‘nonoxidized juices’ was due to the inhibition of 
browning reactions. For the oxidized process, enzyme clari
fication coupled with precipitation of browning reaction prod
ucts resulted in a juice low in suspended solids and turbidity. 
Also, juices extracted by enzyme liquefaction tended to be low 
in suspended solids and turbidity possibly due to enzymatic 
breakdown of pectin and other polysaccharides. With excep
tion of ‘Golden Delicious’ juices, diffusion extraction pro
duced juices with darkest colors and highest Hunterlab “ a”  
readings indicating a hot water extraction of red pigment from 
the skins.

For all varieties, juice from diffusion extraction had the low
est TA and malic acid and the highest pH. This was consistent 
with some other studies (Wucherpfenning, 1981; Binkley and 
Wiley, 1978) although Cumming (198§) found no difference 
in TA between ‘pressed juice’ and ‘diffuser juices’ . The higher 
TA found in juices from enzyme liquefaction was partly ex
plained by the galacturonic acid produced by an enzymatic 
hydrolysis of the pectin molecule. Those juices also had the 
highest malic acid content (except Golden Delicious). Possibly 
the cell disintegration that occurred during liquefaction of ap
ple mash (Janda and Dorreich, 1984) increased the extraction 
of acids into the juices. Cell disintegration and release of cell 
contents may have also been responsible for the higher soluble 
solids found in juices extracted by enzyme liquefaction.

Process differences were also examined by sensory evalua
tion of visual, aromatic and flavor characteristics (Table 3). 
Visual assessments corresponded to analytical assessments with 
‘nonoxidative juice’ the lightest and ‘oxidative juice’ the clear
est. For the aromatic terms, fruity and oxidized, the former 
was more important since fruitiness has been associated with 
overall quality of an apple juice (Poll, 1981). The C-6 alde-

Tabie 4 - Overall varietal means for analytical and sensory analyses‘

McIntosh
Golden

Delicious Spartan
Red

Delicious LSD
Analytical (n = 8)
TA 0.55 0.49b 0.43c 0.26d 0.01
soluble solids 11.4 12.7c 13.4b 13.7a 0.2
pH 3.37 3.49c 3.70b 0.91a 0.02
suspended solids 0.9 1.2a 1.0ab 0.7c 0.2
total phenols 630 554 538c 758a 58
settling 30 0.1 0.0c 0.0c 0.4a 0.0
settling 60 0.0 0.0b 0.0b 0.3a 0.1
turbidity 0.53 0.86a 0.69b 0.30d 0.02
Hunterlab L 59.4 60.7a 55.9c 54.3d 1.2
Hunterlab a 1.6 -2 .3 d 2.7b 3.6a 0.5
Hunterlab b 20.7 26.3a 25.1a 23.2b 1.4
Sensory (n = 144)
color 4.4 3.3d 5.4b 5.9a 0.2
clarity 3.7 3.4c 4,0ba 4.2a 0.4
fruity aroma 3.5 3.2d 3.7b 4.2a 0.5
oxidized 4.2 4.7a 4.4a 4.5a 0.7
fruity flavor 3.4 5.5b 5.6b 6.2a 0.5
sweet 2.4 5.0c 6.2b 7.8a 0.5
sour 7.4 4.9b 3.7c 1.8d 0.5
astringent 5.5 3.3b 2.6c 2.Od 0.6
a LSD test, p < 0.05

hydes including hexanal and trans-2-hexenal have been asso
ciated with fruity aroma (Panasuik et a l., 1980; Durr and 
Schobinger, 1981). The ‘oxidative juice’ had the most fruity 
aroma in our study while the ‘nonoxidative juice’ was less 
fruity. Results were consistent with research indicating that C- 
6 aldehydes are formed during crushing and pressing by an 
enzymatic oxidation of linoleic acid to an unstable hydrope
roxide which splits to form hexanal and trans-2-hexenal (Dim- 
ick and Hoskin, 1981; Kim and Grosch, 1979).

Lower fruit aroma for the enzyme liquefication process may 
have been due to reduction of C-6 aldehydes to alcohols (Poll,
1988) and loss of hexanal and trans-2-hexanal (Schreier et al.,
1979) during incubation with Pectinex Ultra SP. Likely the 
high temperature of processing combined with the length of 
time to extract cell contents from apple slices was responsible 
for the loss of fruity aroma in diffuser extracted juice.

Perception of fruit flavor intensity (‘by mouth’) is affected
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by  o th er taste  sen sa tio n s such  as sw eetn ess  (V on S ydow  e t a l., 
1974) m ak in g  taste  assessm en t m ore  d ifficu lt. In  o u r s tu d y  the 
‘o x id a tiv e ’ ex trac tion  gave ju ic e  w ith  h ig h est fru it flav o r. 
H o w ev er, fo r the  o th er p ro cesses, the p ercep tio n  o f  fru it flavor 
w as in fluenced  by  cu ltiv a r. ‘D e lic io u s’ ju ic e  w ith  the h ighest 
perce ived  sw eetn ess and the  lo w est ac id ity  d id  no t d iffe r in 
fru it flav o r in tensity  am o n g  p ro cesses. A  h igh  pheno l con ten t 
has been  assoc ia ted  w ith  a b itte r-astrin g en t taste  (P o ll, 1981). 
A stringency and sourness correlated (P < 0 .0 5 )  bu t possib ly  w ere 
not in d ep en d en t. T h e  m ost sou r ‘enzym e liq u efac tio n  ju ic e s ’ 
w ere  a lso  m ore astrin g en t than  ju ic e s  (d iffuser and nonox ida- 
tive) w ith  high  p h en o ls . R ed D e lic ious ju ice  w ith  h ighest p h e n 
ols and low est astrin g en cy  and so urness g av e  fu rth er ev idence  
fo r so u r/b itte r con fu sio n  (T able  4 ).

V arie ta l ch a rac te ris tic s , ana ly tica l and sen so ry , w ere  ev iden t 
in the  ju ice s  (T able  4 ). R ed D e lic ious ju ic e  w ith  low  acid  and 
h igh  so lub le-so lid s w as sw ee tes t, least so u r and m ost fru ity  
(arom a and flavor). C onversely, the higher acid level and low er 
so lu b le-so lid s a ssoc ia ted  w ith  ‘M cIn to sh ’ app les (S trachan  et 
a l . ,  1951) p ro d u ced  the m o st sour and astringen t ju ic e  w ith

the least sw eetness and  fru it flav o r. A s ex p ec ted , ju ic e  ex 
trac ted  fro m  ‘G olden  D e lic io u s’ app les w as ligh t y e llo w  w ith 
o u t the  redd ish  b ro w n  tones in o th e r ju ic e s .

C an o n ica l d isc rim in an t an a ly ses (F ig . 1) o f  the  s ign ifican t 
ana ly tica l term s (A N O V A  T ab le  2) acco u n ted  fo r 86%  and 
93%  o f  the g ro u p  d iffe ren ces fo r p ro cess ty p e  and  app le  cu l
tivar, respectively. A ll ju ices w ere  correctly  allocated to  process 
type or app le  cu ltiv a r and  all c lu s te rs  w ere  sig n ifican tly  d if
feren t (P < 0 .0 0 1 ) from  each  o th e r. T h is  a llo ca tio n  confirm ed  
analy tica l p ro cess and d iffe ren ces and in d ica ted  tha t u n k now n 
sam ples could  be identified using  analytical evaluations (M anly, 
1986). S ince the  d is tances be tw een  the c lu s te rs  is a g rap h ic  
illu s tra tio n  o f  the m agn itude  o f  d iffe ren ces b e tw een  ju ic e s , it 
is ap p aren t th a t p rocess type had g rea te r im p act on  ju ic e  co m 
p osition  th an  d id  app le  cu ltiv a r. A lth o u g h  the  fo u r p ro cesses 
w ere discrim inated equally  (equidistant), the four cultivars w ere 
no t, w ith  S partan  ju ic e  m ore s im ila r to  R ed D e lic io u s, M c
In to sh , and G olden  D e lic ious ju ice s .

C anon ica l d iscrim in an t an a ly s is  (F ig . 2) o f  m ean sensory  
scores (T able  3 ), accoun ted  fo r 97%  and 99%  o f  the group

—C o n tin u e d  on  p a g e  1 6 2 7
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Chitosan Coating Effect on Storability and Quality 
of Fresh Strawberries

AHMED E L  GHAOUTH, JO SEPH  ARU L, RATHY PONNAMPALAM, and M ARCEL BO U LET

------------------------------- A B S T R A C T --------------------------------
The effect o f  chitosan coating (1 .0  and 1.5%  w /v) in controlling decay 
of straw berries at 13°C w as investigated as com pared to a fungicide, 
iprodione (Rovral®). Chitosan coating significantly  reduced decay of 
berries (P < 0 .0 5 )  com pared to the control. T here w as no significant 
difference betw een chitosan and fungicide treatm ents up to 2 1  days 
storage. T hereafter, Rovral®-treatcd berries decayed at a higher rate 
than chitosan-coated berries. C hitosan-coated berries stored at 4°C 
w ere  firm er, higher in titratable acidity , and synthesized anthocyanin 
at a slow er rate than Rovral®-treated or nontreated berries. Chitosan 
coating decreased respiration rate o f the berries w ith a greater effect 
at higher concentration.

IN TR O D U C TIO N

S T R A W B E R R Y  F R U IT  (Fragaria ananassa) is h igh ly  p e r
ishab le  and its sto rage life  is o ften  te rm in ated  by  fungal in fec
tion  cau sed  by Botrytis cinerea and  Rhizopus sp . (M aas, 1981). 
T he m ost p rev a len t m ethod  o f  m ain ta in in g  q u a lity  and co n 
tro llin g  d ecay  o f  s traw b erries  is by  rapid  co o lin g  after harvest 
and sto rage  at low  tem p era tu res , ty p ica lly  1°C w ith  h igh  h u 
m id ity . S ince  effec tive  con tro l o f tem pera tu re  du rin g  transit 
and sto rage  o f  s traw berries is d ifficu lt, o th e r m eans o f  p re s
ervation  have been  so u g h t. B ecau se  s traw b erries  can  to lera te  
e leva ted  C 0 2 a tm o sp h ere , they  are transported  in pa lle t-bags 
under h igh  C 0 2 (B ell, 1986). A lth o u g h  high C 0 2 con tro ls d e 
cay  (E l K azzaz et a l . ,  1983), p ro longed  ex p o su re  to  C 0 2 can  
cause  d ev elo p m en t o f  o ff-flavors (W oodw ard  and T o p p in g , 
1972).

P o sth arv est d ecay  o f  s traw berries can  a lso  be co n tro lled  by  
app lication  o f  fu ng ic ides (Jo rd an , 1973; A h aran i and B arkai- 
G o lan , 1987). H o w ev er, fu ng ic ides leave residues and the 
n u m b er o f  fun g ic id e -to le ran t p o sth arv est path o g en s is g ro w in g  
(Spotts and C erv an tes , 1986). T h u s , effo rts have b een  m ade 
to  rep lace  fung ic ides by  natu ral p roducts o r to  in tensify  natural 
d efenses o f the  tissue to  con tro l d ecay  and p ro long  sto rage  life 
(A d ikaram  et a l . ,  1988; B ou le t et a l . ,  1989).

R ecen tly , sem i-p erm eab le  coatings have been advanced  to 
im prove  sto rab ility  o f  p erish ab le  c rops (L ow ing  and C u tts,
1982). A p p lica tio n  o f  «P ro -L ong»  (a b len d  o f  su cro se  esters 
o f  fatty  acids and sod ium  carboxym ethy l ce llu lose) to  bananas 
delayed ripening by  m odifying the internal atm ospheres (B anks,
1984). D elay  o f  rip en in g  w as also  rep o rted  in p ears and apples 
coated  w ith  «N utri-Save® » (N ,0 -c a rb o x y m e th y l ch itosan) (El- 
son  et a l . ,  1985; D avis et a l., 1988). H o w ev er, fo r s traw berries 
co a tin g  w ith  sem i-p erm eab le  film  has no t been  ex p lo red .

C h ito san , a h igh  m o lecu lar w e ig h t ca tio n ic  p o ly sacch arid e , 
th eo re tica lly  shou ld  be an ideal p reserv a tiv e  co a tin g  m ateria l 
fo r s traw b erries . It has been  show n  to inh ib it g row th  o f  several 
fungi (A llan  and H ad w ig er, 1979; S tosse l and L eu b a , 1984; 
El G haouth  et a l., 1989; H irano  and N ag ao , 1989), to  induce  
ch itin ase , a defense  en zy m e (M auch  et a l . ,  1984) and to  e licit

A u th o r s  Et G h a o u th , A ru t, a n d  P o n n a m p a ta m  a r e  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 , a n d  H o r tic u ltu re  R e s e a c h  C e n 
ter , U n iv e r s i té  L ava i, S a in te -F o y  (Q u é b e c )  C a n a d a  G 1K  7P4. A u 
th o r  B o u le t  i s  w ith  th e  F o o d  R e s e a r c h  &  D e v e lo p m e n t  C e n tre , 
A g r ic u l tu r e  C a n a d a , S a in t-H y a c in th e  (Q u é b e c ) , C a n a d a  J 2 S  8E3. 
A d d r e s s  in q u ir ie s  to  Dr. A rul.

phy toa lex in  (p isa tin ) in pea pods (H ad w ig er and B eck m an , 
1980; K en d ra  and H ad w ig er, 1984). D ue to  its ab ility  to  form  
sem i-p erm eab le  film  (B ai et a l . ,  1 9 8 8 ), ch ito san  co a tin g  can 
be expected  to  m o d ify  the in ternal a tm o sp h ere  as w ell as d e 
crease  the  tran sp ira tio n  lo sses. T h ere fo re  a  d e lay  in  r ip en in g  
and contro l o f  d ecay  by  m eans o f  ch ito san  co a tin g  co u ld  resu lt. 
C hitosan  is no n to x ic  (A rai et a l . ,  1968), and its b io lo g ica l 
safe ty  has been  recen tly  d em o n stra ted  b y  feed in g  tria ls w ith  
do m estic  an im als (H irano  et a l . ,  1990). T h e  o b jec tiv e  o f  ou r 
s tu d y  w as  to  assess the p o ten tia l o f  ch ito san  co a tin g  as an 
an tifungal agen t co m p ared  to  a fu n g ic id e , ip ro d io n e  (R ovral® ), 
in co n tro llin g  decay  o f  po sth arv est s traw b e rrie s , and to  d e te r
m ine the e ffect o f  ch ito san  co a tin g  on  q u a lity  and  s to rab ility .

M ATERIALS &  METHODS 
Fruits and chemicals

Straw berries (F ra g a ria  an an assa  D uch. cv Kent) grow n in local 
farm s w ere harvested and im m ediately cooled w ith  vapors o f  dry ice. 
T he berries o f  uniform  size w ith 50%  or less red co lor, free o f  physical 
dam age and fungal infection w ere used . T he berries w ere random ly 
distributed into groups o f  70 fruit. Each group represented one rep
licate , and for each treatm ent four replicates w ere  used . Crab-shell 
chitosan w as purchased from  IC N  Inc. (C leveland, O H ). Iprodione, 
(Rovral®) w as obtained from  M ay and Baker C anada Inc. A ll other 
chem icals w ere o f  analytical grade.

Chitosan coating solutions

T o prepare 100 m L  o f chitosan solutions (1 .0  and 1 .5% ) w /v ), 1.0 
or 1 .5g  o f  chitosan w as dispersed in 80 m L  o f sterile deionized  w ater 
to w hich  2 .5  m L  o f 10N HC1 w as added to dissolve the chitosan . The 
pH  o f the solution w as adjusted to 5 .6  w ith  IN  N aO H , and 0 .1 m L  
o f T w een 80 w as added to the solution to im prove w ettab ility . T he 
solution w as then m ade up to 100 m L . A n acid solution containing 
Tw een 80 w ithou t chitosan, pH  5 .6 , w as used as control.

Preparation of inoculum

B o try tis  c in erea  w as isolated from  infected straw berries and m ain
tained on potato dextrose agar (PD A ). C onidia o f  B. c in erea  w ere  
recovered by  filtering the m ycelial suspension o f  2 -w k old culture 
through 3 layers o f  sterile cheese clo th . T he concentration o f  the 
conidial suspension w as adjusted to 2 x  105 conidia per m L.

Decay control

Straw berries w ere im m ersed in a conidial suspension o f  B. c in erea  
containing 0 .1%  (v/v) Tw een 80, and allow ed to air dry at room  
tem perature for 2 h. Inoculated berries w ere  indiv idually  dipped in 
aqueous suspension o f  Rovral® (100 p.g/mL) or in chitosan solutions 
(1 .0  and 1.5%  w /v) o r in w ater contro l. Four replicates o f  70 berries 
w ere used for each treatm ent. A fter drying, the berries w ere  stored  at 
13°C in containers continuously ven tilated  w ith hum idified (95%  RH) 
air at 20 L /hr. B erries w ere exam ined for m old on alternating  days 
and a berry  w as considered infected w hen a v isib le  lesion w as ob 
served. The results w ere expressed as percentage o f berries infected. 
The results w ere subjected to A nalysis o f  V ariance (A N O V A ) w ith 
5%  LSD  values calculated to separate significantly  different m eans o f 
the treatm ents.
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Fig. 1 —E ffe c t o f  c h ito s a n  c o a tin g , 1 .0 %  (oj, 1 .5 %  (•), a n d  R ovral®  
( ip ro d io n e )  t r e a tm e n t  (•)  o n  th e  d e c a y  c o n tr o l  o f  s t r a w b e r r ie s  
s t o r e d  a t  13°C c o m p a r e d  to  th e  c o n tr o l  (w a te r - tr e a te d )  b e r r ie s  
(a). M e a n s  o f  fo u r  r e p l ic a te s .  V e rtica l b a r s  r e p r e s e n t  L S D  a t  5 %  
l e v e l  a m o n g  tr e a tm e n ts .

Quality attributes

The effect o f  chitosan coating and Rovral® on quality  w as assessed 
separately w ith  non-inoculated berries. T hey  w ere  dipped in Rovral® 
suspension (100 pg /m L ) or in chitosan solutions (1 .0  and 1.5%  w /v) 
or in w ater control and stored at 4°C as described. A ll treatm ents 
contained 0 .1%  T w een 80. Each treatm ent had 4 replicates, and each 
replicate consisted o f  70 berries. Q uality  o f the berries w as assessed 
each w eek . A  sam ple o f  15-20 berries in total w as random ly rem oved 
from  each treatm ent and analyzed for firm ness, titratable acid ity  and 
anthocyanin content. To determ ine firm ness, the berries w ere  sliced 
into halves and each half w as punch tested. T he penetration force 
(N ew ton) o f the flesh w as m easured w ith  an Instron U niversal Testing 
M achine (M odel 1101, Instron C orp ., C anton, M A) using a 4 m m  
flat plunger (H olt, 1970). T itratable acidity  w as expressed as m g of 
citric acid/100 m L. A cidity  w as determ ined using 10 g  aliquot o f  purée 
in 40 m L  deionized w ater and titrating w ith 0 .1 N  N aO H  to an end
point o f  pH  8 .1 . A nthocyanins w ere extracted w ith  acidified ethanol 
from  a 2 g aliquot o f  a hom ogenate o f 7 berries, according to the 
m ethod o f  Fuleki and Francis (1968). A nthocyanin content w as ex
pressed as m g anthocyanin/100g straw berry hom ogenate. T he quality  
evaluation data w ere subjected to A nalysis o f  V ariance (A N O V A ).

Respiration

The respiration rate o f  straw berries at 4°C w as determ ined by p lac
ing them  (120 g) in an air tight con tainer (1 .35-L ) for 2 to 4 hr. Then 
a 5 m L  gas sam ple w as w ithdraw n w ith a gas tight hypoderm ic syringe 
and analyzed for C 0 2 using a gas chrom atograph equipped w ith  a 
TCD  detector and a Poropak N Colum n. Four replicates o f  each treat
m ent w ere analyzed.

RESULTS &  DISCUSSION 
Antifungal effect o f chitosan coating and Rovral®

D ecay  o f  s traw b erries  w as reduced  sig n ifican tly  (P < 0 .0 5 )  
w hen  in o cu la ted -b erries  w ere  e ith er coated  w ith  ch ito san  or 
d ipped  in Rovral®  (F ig . 1). T he early  signs o f  m old  d ev e lo p 
m ent in the s traw b errie s , reg ard less  o f  the  trea tm en t, appeared  
after 8 days sto rage  at 13°C . A fte r 21 days at 13°C , the p e r
cen tages o f  d ecay ed -b erries  in ch ito san -co a ted  (1 .0  and  1 .5%  
w /v ) and R ovral® -treated  w ere  11, 10 and 13%  resp ec tiv e ly , 
w h ile  in the  con tro l it w as 5 2 % . T h ere  w as no  s ign ifican t 
d iffe ren ce  b etw een  ch ito san  and Rovral®  trea tm en t in co n tro l
ling  decay  b efo re  21 d s to rag e . T h erea fte r, h o w ev er, the  Ro- 
vral® -treated  b erries  decayed  at a s lig h tly  h igher rate  than  the 
ch ito san -co ated  b erries  su g g estin g  the active  in g red ien t o f  the 
fung ic ide  cou ld  have been  inac tiva ted  by  the host. F u rth e r
m o re , R ovral® -treated b erries  sh ow ed  sym ptom s o f  p hy to tox -

Fig. 2 — T e x tu re  (A) a n d  T itra ta b le  a c id i ty  (B) o f  c o n tr o l  (a), R o-  
v r a l® -tre a te d  (n), 1 .0% , (o) a n d  1 .5 %  (•) c h i to s a n - c o a te d  s t r a w 
b e r r ie s  s t o r e d  a t  4°C. V e r tic a l b a r s  r e p r e s e n t  S E  v a lu e s .

ic ity  ch arac terized  b y  fo rm atio n  o f  w a te r-so ak ed  a reas . A t the 
end  o f  sto rage  (29 d ay s), d ecay ed  b erries in  con tro l w as about 
82%  and in  Rovral®  trea tm en t 3 3 % . In  co n tra s t, the  level o f 
decay  in  1 .0  and 1 .5%  ch ito san -co a ted  b erries  w as  22  and 
19% , resp ec tiv e ly . T h ere  w as no  added  b en efit to  d ecay  co n 
tro l by  in creasin g  co n cen tra tio n  o f  ch ito san  from  1 .0  to  1 .5 % .

C hitosan  has the cap ac ity  to  inh ib it g ro w th  o f  severa l fun g i, 
to  induce ch itin ase , and to  e lic it p h y to a lex in s in  the  ho st tis
su es . T h u s , the  con tro l o f  d ecay  in  straw b erries  co u ld  be a t
tribu ted  to  e ith er the fu n g ista tic  p ro p erty  o f  ch ito san  p e r se  o r 
to  its ab ility  to  induce defense  enzym es (i .e . ch itin ase  and (3-
1 ,3 -g lu can ase ) and p h y to a lex in s in  p lan ts o r a co m b in a tio n . 
W h atev er the m ode o f  ac tio n , ch ito san  p ro v ed  m ore  effec tive  
than  Rovral®  in co n tro llin g  decay  o f  s traw b erries  at 13°C .

Effect on quality attributes

C hitosan  co a tin g  had  a benefic ia l e ffec t on  flesh  firm n ess, 
titra tab le  ac id ity  and  re ta rd in g  syn th esis  o f  an th o cy an in  o f  
s traw b erries  s to red  at 4°C  (F ig . 2  and 3 ). T h o se  co a ted  w ith  
ch ito san  (1 .0  and 1 .5 % ), afte r 31 d  w ere  firm er and h ig h er in 
titra tab le  ac id ity  th an  the  co n tro l o r R ovral® -treated  b erries 
(F ig . 2 ). Increasing  ch ito san  concen tra tio n  d id  no t re su lt in 
any  increase  in re ten tion  o f  firm ness o r m o d ify  titra tab le  ac id 
ity . Rovral®  trea tm en t w as e ffec tive  in  co n tro llin g  d ecay , bu t 
d id  no t im prove firm n ess o r ac id ity  as co m p ared  to  the  co n tro l.

C h itosan  co a tin g  delayed  ra te  o f  rip en in g  as in d ica ted  by  
an thocyan in  co n ten t (F ig . 3 ). T he to ta l an th o cy an in  co n ten t o f  
ch ito san -co a ted  b e rrie s  w as the least am o n g  th e  trea tm en ts , 
afte r 31 days s to rag e . In  ad d itio n , the  an th o cy an in  con ten t o f  
R ovral® -treated  b erries  w as g rea te r th an  th a t o f  the con tro l.
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C H ITO SA N  C O ATIN G  O F  STR AW BER R IES. . . .

D a y s  in s to ra g e

Fig. 3 —A n th o c y a n in  c o n te n t  o f  c o n tr o l  (a), R o v ra l® - tre a te d  (*), 
1 .0%  (o) a n d  1 .5%  (•) c h i to s a n - c o a te d  s t r a w b e r r ie s  s t o r e d  a t4 ° C .  
V e rtic a l b a r s  r e p r e s e n t  S E  v a lu e s .

0 2 4 6 8 10 12 14 16

D a y s  in s to ra g e

Fig. 4 — C O 2  p r o d u c t io n  o f  c o n tr o l  (a), 1 .0%  (o j a n d  1 .5%  (•) c h i
to s a n - c o a te d  s t r a w b e r r ie s  s t o r e d  a t  4°C . V e r tic a l b a r s  r e p r e s e n t  
S E  v a lu e s .

T his suggested  tha t Rovral®  trea tm en t m ay  have s tim u la ted  the 
rip en in g  p rocess. O n the co n tra ry , ch ito san -co ated  b erries  sy n 
thesized  an thocyan in  at a slow er ra te , and co a tin g  ne ith er a f
fe c te d  a p p e a r a n c e  n o r  c a u s e d  a p p a r e n t  p h y to to x ic i ty .  
F u rth e rm o re , ch ito san -co ated  b erries  d ev elo p ed  the full red  
co lo r after 35 days s to rag e . R eten tion  o f  firm n ess , h ig h er ti- 
tra tab le  acid ity  and slow er ra tes o f an th o cy an in  p ro d u ctio n  in 
coated  b e rrie s  dem o n stra ted  tha t ch ito san  co a tin g  s low ed  dow n 
m etab o lism  and p ro lo n g ed  the  sto rage  life . C o atin g  fru its  w ith  
sem i-p erm eab le  film  has gen era lly  been  show n  to re tard  rip 
en ing  b y  m o d ify in g  the  endo g en o u s C 0 2, 0 2 and  e thy lene 
levels o f  fru its  (L o w in g s and C u tts, 1982). H o w ev er, specific  
instances o f  in te rfe ren ce  w ith  no rm al fru it r ip en in g  have been 
reported  w ith  « P ro -L o n g »  and «N utri-Save® » (M eh eriu k  and 
L au , 1988). W hile  av a ilab le  co a tin g  m ateria ls  have b een  found  
to  ex tend  sto rage-life  o f  p ro d u ce  by  ac ting  as a  d iffusion  b a r
rie r, ch itosan  co a tin g  a ffo rd s the ad d ed  advan tage o f  an tifungal 
activ ity  w h ich  is b en efic ia l fo r h ig h ly  pe rish ab le  p ro d u ce  such  
as s traw berries. In add ition  ch ito san  co a tin g  is lik e ly  to  m od ify  
the  in ternal a tm osphere  w ith o u t cau sin g  anaerob ic  resp ira tio n , 
s in ce  ch ito san  film s are m ore  se lec tiv e ly  p erm eab le  to  0 2 than  
to  C 0 2 (B ai et a l . ,  1988).

Effect of chitosan coating on respiration

T he C 0 2 p roduction  o f  s traw b erries  s to red  a t 4°C  is p re 
sen ted  in  F ig . 4 . T he pa tte rn  o f  re sp ira tio n  fo r th e  1 .5 %  sam 
p les w as d iffe ren t th an  those  o f  the  con tro l and 1 .0%  sam p les . 
H o w ev er, co a tin g  w ith  ch ito san  had  an im m ed ia te  s tim u la to ry  
effec t on resp ira tio n . Such  effects g rad u a lly  d isap p eared  du ring  
the fo llo w in g  2  d ays. R eduction  o f  re sp ira tio n  ra te  b y  ch ito san  
coating  becam e ev iden t b ey o n d  the  4 th  d  o f  s to ra g e . T h e  effect 
o f  ch ito san  co a tin g  on  C 0 2 p ro d u c tio n  w a s  g rea te r  at h igher 
co n cen tra tio n .

C O N C L U S IO N S

C H IT O S A N  C O A T IN G  w as m ore  effec tiv e  th an  Rovral® 
trea tm en t in  co n tro llin g  p o sth a rv est d ecay  o f  s traw b errie s  at 
13°C . C h itosan -coated  b erries sto red  at 4°C  w ere  firm er and 
h igher in  titra tab le  ac id ity  than  R ovral® -treated  o r co n tro l b e r
ries. C h itosan  co a tin g  ne ith er a ltered  rip en in g  cap ac ity  o f 
s traw berries n o r caused  any ap p aren t p h y to to x ic ity . O ur study  
ind ica ted  tha t p reserv a tiv e  co a tin g  w ith  ch ito san  has a  po ten tia l 
to  p ro lo n g  sto rage  life  and  con tro l d ecay  o f  s traw b errie s  even 
at h igher sto rage  tem p era tu res . In ad d itio n  ch ito san  coating  
w ith  its ab ility  to  m o d ify  in te rn a l a tm o sp h ere  in  th e  tissu e  and 
fu n g ista tic  p ro p erty  can  p rov ide  a secu rity  fac to r w h en  rigo rous 
con tro l o f  s to rag e  and d is tribu tion  tem p era tu res  can n o t b e  a s
su red . H o w ev er, the  o rg an o lep tic  q uality  o f  the  ch ito san  coated  
fru its  rem ains to  b e  ev a lua ted .
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Pectin Concentration, Molecular Weight and Degree of 
Esterification: Influence on Volatile Composition and 

Sensory Characteristics of Strawberry Jam

E. GUICHARD, S. ISSANCHOU, A. D ESC O U R V IER ES  and P. ETIEVANT

------------------------------- A B S T R A C T ---------------------------------
Com position o f  headspace, consistency, taste and flavor characteris
tics w ere determ ined in jam s m ade w ith  different pectins. A t usual 
concentrations, high m ethoxylated pectin  induced an undesirable m od
ification o f  typical flavor and intensity  o f flavor and taste , w hereas 
low m ethoxylated pectin  induced few  alterations. A t fixed concentra
tion and m olecular w eigh t, a decrease in degree o f  esterification pro
duced a significant decrease in consistency and noticeable modifications 
o f  the flavor perception and headspace com position , but no taste al
teration. M echanical reduction o f  pectin  m olecular w eight signifi
cantly m odified only  the consistency.

K ey W ords: straw berry , esterification, m olecular-w eight pectin , v o l
atiles

IN TR O D U C TIO N

G E L L IN G  A G E N T S  are added  to  co m m erc ia l p roducts to 
ach ieve desired  firm n ess or co n sis ten cy  (D oub lie r and T hi- 
b au lt, 1984). A m o n g  th em , p ec tic  substances find  m any  ap 
plications particularly  in jam  m anufacturing . Pectin is a naturally 
o ccu rrin g  p o ly sacch arid e , m ain ly  ex trac ted  from  citrus peel 
and apple  p o m ace . H igh  m eth o x y la ted  p ec tin s (H M P ) are  used  
to form  gels in ac id ic  m ed ia  o f  h igh su g ar con ten t (L eroux  and 
S hu b ert, 1983), and low  m eth o x y la ted  p ec tin s  (L M P) are used  
in p roducts o f  lo w er su g ar co n ten t (T h ibau lt and P e tit, 1979). 
T he s treng th  o f  gels o b ta in ed  w ith  L M P  v a rie s  e ssen tia lly  w ith  
concen tra tio n  o f  calc ium  ions in  the  m ed ium  b u t also  w ith  the 
m o lecu lar charac teris tics  o f  the  p o ly sacch arid e . In  m odel sy s
tem s, P iln ik  (1970) sho w ed  th a t, at pH  < 3 ,  v isco sity  increased  
w h ile  d eg ree  o f  este rifica tio n  o f  H M P  d ecreased . A t a sp ec ific  
deg ree  o f  m eth y la tio n , the  phy sica l p ro p ertie s o f  a H M P  are 
m od ified  b y  the d ispersion  and loca tion  o f  rem ain in g  free  ca r
boxy lic  g ro u p s (C randall and W ick e r, 1986). T he m o lecu la r 
w eig h t o f p ec tin  can  also  in flu en ce  som e gel s treng th  ch a rac 
teristics. C randall and W ick er (1986) fou n d  that the e las tic ity  
m odu lus w as in fluenced  p rim arily  by  the short s tiff  chains and 
w as ind ep en d en t o f  p ec tin  m o lecu lar w e ig h t (M W ). O n the 
co n trary , th ey  also  co n clu d ed  tha t b reak in g  s treng th  w as in flu 
enced  p rim arily  by  the  lo n g er, m ore  flex ib le  cha ins w h ich  re 
m ained  cross linked  afte r the sho rt s t iff  ch a in s had rup tu red , 
(w hich  w ere  re la ted  to  M W ), P an ch ev  et al. (1988) tested  
d ifferen t p ec tin s and fo u n d  tha t the o p tim al s treng th  o f  the  gel 
co rresponded  to  a deg ree  o f  este rifica tio n  (D E ) o f  5 7 -5 8 % . 
H o w ev er, th ey  tes ted  pec tin s  in w h ich  M W  w as also  d ec rea s
ing  w ith  d eg ree  o f  este rif ica tio n , thus p rec lu d in g  a stric t co n 
clusion  abou t the re la tion  be tw een  gel s treng th  and D E . In 
fac t, gel s treng th  is also  re la ted  to  m o lecu la r w e ig h t o f  p ec tin s 
as show n by  G reg o ry  (1986) in d a iry  p ro d u cts  w hen  testing  
usual o r M ex  p ec tin s (pectin s w ith  M W >  1 0 0 ,0 0 0 ). T h ese  re 
ported  d iscrep an cies  p ro b ab ly  re flec t d ifficu lties  in d e te rm in 
ing accu rate  m o lecu lar w e ig h t v a lu es  fo r pec tin .

M any  stud ies have dem o n stra ted  tha t h y droco llo ids not on ly

The a u th o r s  a r e  a ffU ia ted  w ith  L a b o ra to ire  d e  R e c h e r c h e s  s u r  
l e s  A r ô m e s ,  In s titu t N a tio n a l d e  la R e c h e r c h e  A g r o n o m iq u e  
(INRA), 17, R u e  S u lly , 2 1 0 3 4  D ijon  C e d e x , F ran ce.

m o d ified  v isco sity , b u t o ften  red u ced  in ten sities  o f  o d o r, taste  
and flav o r (e .g . M oskow itz  and  A rab ie , 1970; P an g b o rn  et a l.,
1973). Som e evidence indicated this m asking effect varied  w ith 
type and co n cen tra tio n  o f  hy d ro co llo id  u sed . M ost o f  these  
s tu d ies , such  as tha t b y  M arsh all and V a isey  (1 9 7 2 ), con cern ed  
the e ffect o f  hyd ro co llo id s on  ta s te  q ualities in  m o d e l so lu tio n s. 
N ev erth e less , L undgren  et al. (1986) s tu d ied  the  e ffec t o f  p e c 
tin on  o d o r, taste  and flav o r in ten sities  in  ja ijis , b u t at co n cen 
tra tions 10  tim es h ig h er than  those  used  in  ja m  m an u fac tu rin g . 
T he ob jec tiv e  o f  o u r study  w as to  c la rify  th e  in flu en ce  o f  the 
am oun t o f  pectin  ad d ed , and the  D E  and  M W  o f tha t pectin  
on  sen so ry  ch arac teris tics  (such as co n sis ten cy  o f  the  g e l, ty p 
ical flav o r and in ten sity  o f  f lav o r), and on  am oun ts o f  v o la tile  
co m p o u n d s in  head sp ace .

M ATERIALS &  METHODS
Pectin preparation

One rapid set HM P and one LM P from M ero Rousselot Satia (France) 
w ere used. Characteristics are listed in Table 1. Both w ere  nonstan- 
dardized citrus pectins (245°SA G for the H M P), currently  recom 
m ended for standard jam  m anufacturing  (60°Brix, 45%  fruit).

Degree of esterification and molecular weight. D E  w as m easured 
by titration o f acid ic functions o f  the galacturonic m onom ers before 
and after saponification as recom m ended b y  U nipectine (M ero R ous
selot Satia). M W  w as determ ined from  pectin  so lutions (300 to 600 
m g .L - 1  in 155 m M  N aCl) according to O w ens e t al. (1946), using 
an O stw ald’s capillary v iscom eter m aintained in a 25°C therm ostated 
bath , by  extrapolating to zero concentration.

Pectin deesterification. 100 m L  o f a pectin  m ethyl-esterase (Rap- 
idase CPE from  A sp erg illu s  N ig e r ,  8 8  U I .m L '1), free o f polygalac
turonase and o f  lyase (Baron et a l .,  1988) w as added to 100 m L  o f  a 
2 g .L - 1  H M P solution m aintained at 30°C (pH 4 .5 ) . P roduction o f  
galacturonic acid groups w as continuously  neutralized by  addition o f  
N aO H  (0.1N ) to m aintain the original pH . E nzym atic reactions w ere 
stopped by  precipitation o f  the pectin  and o f  the enzym e w ith  addition 
o f 30 m L  o f an aqueous copper acetate solution (7% ). T he coagulum  
w as then w ashed w ith  an acidic ethanolic solution cooled to 4°C (80%  
ethyl alcohol and 1% H CL) until no m ore copper rem ained , and then 
w ith  an ethanolic solution (70% ) to rem ove chloride ions. T he purified 
pectins w ere  then w ashed  w ith  diethyl ether, dried in a desiccator one 
night under vacuum  and stored there w ith  P 20 5. Pectins o f  p redeter
m ined D E w ere thus obtained by  stopping the reaction w hen the v o l
ume of NaOH corresponded to neutralization o f the num ber o f  carboxylic 
groups theoretically  released. R espectively  10 m L  o f N aO H  w ere 
added for pectins w ith  6 6  D E and 19.7 m L  for 54 D E (instead o f 62 
D E and 50 D E expected).

Mechanical degradation of pectin. Three batches o f  the sam e 
H M P w ere m echanically  m illed w ith  ceram ic cylinders in a ceram ic 
pot for 3 , 6  or 12 hr (Van D eventer-Schriem er et a l., 1987).

Jam manufacturing

D eep-frozen berries (2 kg) w ere  added in a 6 L  preserving pan, 
containing 250 m L  boiling  deionised w ater (M illipore). W hen the 
tem perature reached 90°C, 2 .2  kg sugar w as added, and the m ixture 
w as continuously stirred w hile  heating. T he pectin , diluted in 400 
m L , w as added as soon as the m ixture reached 65°C B rix . H eating 
w as stopped at 59° Brix, and 20 m L  o f citric acid solution (0.5 g .m L -1) 
w as added. Jam  w as im m ediately poured in ja rs . For sensory analysis, 
a hom ogeneous m edium  w as prepared by crushing the jam  in a co-
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Table 1 — Characteristics of the pectins and of the strawberry jam samples

Exp erim en t

Straw b erries Preparation of jam s
C h e m ica l p aram eters of 

ja m s

Cultivar Origin
Fruit

kg
Su g ar

kg T y p e DE»
Pectin
M W b

M ethoxy- 
groups DA»

S o lu b le
so lid s
°Brix pH

H S en g a  seng an a Poland 2.0 2.2 HM 83 86000 9 — 60 3 .10  ± 0.01
L S en g a  seng an a Poland 2.0 2.2 LM 345 37 59000 6 12 60 3.20 ± 0.01

83 86000 9
H D E blended France 2.0 2.2 HM 66 86000 11 — 60 3 .08  ± 0.02

54 66000 9
83 86000 9
83 75000 9

HM W blended France 2.0 2.2 HM 83 59000 9 — 60 3 .15  ± 0.05
83 32000 9

B DE = degree of esterification. 
b IVW = molecular weight. 
c DA = degree of amidation.

lander w ith a pestle. A fter cooling to room  tem perature, final pH  w as 
m easured (Tacussel pH -m eter, T C B C  17/15 probe). A ll preparations 
had a final pH  of 3 .10  ±  0 .1 and 60° Brix.

Experimental samples

Four experim ents w ere carried out (Table 1). Experim ent H  con
sisted o f  a preparation o f  5 jam s containing increasing percentages o f 
a H M P (0, 0 .0 5 , 0 .1 , 0 .2  and 0 .4% ) and experim ent L , a LM P (0 ,0 .1 , 
0 .2 , 0 .4  and 0 .6% ). Experim ent H D E w as conducted to study effect 
o f  0 .2%  HM P w ith vary ing  D E and experim ent H M W  to study effects 
o f M W  on flavor and texture perception o f  jam . In each, a control 
sam ple w ithout added pectin w as included.

Chemical analysis

Isolation of volatiles. A  headspace analysis w as used in order to 
avoid gel disruption. F cur hundred gram s o f  jam  w ere introduced into 
a 1L flask and extracted follow ing the m ethod described by  Rapp and 
K nipser (1980) and m odified by G uichard and D ucruet (1984). The 
vapor phase w as stripped 19 hr by a stream  o f  110 m L .m in “ 1 purified 
nitrogen and volatile com pounds w ere trapped in a liquid-liquid con
tinuous extractor containing 250 m L  o f a 10% ethanolic solution. This 
solution w as continuously  extracted w ith  freshly  distilled dichloro- 
m ethane (100 m L) and solvent vapors w ere condensed at - 3 0 ° C . 
Each analysis w as done in dup licate. For quantification o f  vo latiles, 
n-tridecane (25 pg/g o f jam ) w as added as internal standard in the 
solvent extract. A nalyses w ere perform ed after concentration to 100 
m L  using K uderna-D anisch apparatus (G am ier, Q uetigny, France) o f 
appropriate sizes.

Gas chromatography. G as-chrom atographic analyses o f  the ex
tracts w ere perform ed using a Girdel 300 gas chrom atograph equipped 
w ith  a chem ically  bonded DB5 fused silica capillary colum n (30m , 
0 .32  m m  i .d ., 1 p m , J & W , Scientific Inc .). Injection tem perature 
was 220°C and detector, 250°C and extracts ( lp L )  w ere injected sp lit
less. A fter injection, oven tem perature w as held at 30°C for 5 min 
and then program m ed at 2 °C .m in ~ 1 to 220°C. The flow  rate o f the 
carrier gas (H 2) w as 37 cm .sec“ 1. For quantification , an Enica 10 
integrator (Delsi France) w as used. O dors o f com pounds eluting from  
the colum n w ere assessed by 3 judges, as described by  E tievant et al.
(1983).

Gas-chromatography-Mass-spectrometry. Identifications w ere 
determ ined on each extract using a N erm ag R 10-10/C  m ass spec
trom eter coupled w ith the sam e gas chrom atograph equipped w ith a 
DB5 colum n (60 m , 0 .3 2  m m  i .d ; , 1 p m , J &  W , Scientific  Inc .). 
Ionization w as by electronic im pact at 70 eV.

Data analysis. For each experim ent, a univariate analysis o f vari
ance w as perform ed using the SAS statistical package (SA S/STA T tm
1987). O nly curves show ing significant variations (p < 0 .0 5 ) o f volatile 
am ounts betw een sam ples w ere considered.

Sensory analysis

S u b jec ts . C andidates w ere recruited by advertisem ents to partic i
pate in a large num ber o f sensory evaluations on straw berry jam s. 
T hey  w ere  selected on ability to m em orize and recognize basic  tastes 
and odors and to rank jam s w ith  different pectin levels on oral con
sistency. E ighteen subjects, 8  m ales and 10 fem ales, 18 to 45 years

old , w ere selected and at least 12 w ere present at any session . Tasters 
w ere paid and tests w ere com pleted w ithin 6 m o. D uring  this tim e, 
they w ere not inform ed o f  the aim  o f the study.

Flavor description. Q uantitative descriptive analysis (S tone et a l.,
1974) w as perform ed on the jam s. D uring 4 sessions, descriptive 
term s w ere generated by the judges from  individual evaluation  o f 
com m ercial straw berry jam s, and from  those m ade in experim ent H. 
A fter each session , they w ere  encouraged to d iscuss any descrip tor 
w hich  they  felt adequately described a ja m ’s flavor. A  list o f  25 term s 
w as then established by the experim enter. D uring  a fifth session , 
panelists rated the intensity  o f  each term  using  an unstructured , 13 
cm scale , fo r each jam  from  experim ent H . R esults w ere then d is
cussed and the m ost appropriate term s used to define flavor differences 
am ong the jam s w ere selected for the final list o f  1 0  flavor attributes 
(total in tensity , typical flavor, fresh straw berry , unripe straw berry , 
overripe straw berry , cooked straw berry, candied fru it, caram el, arti
ficial, lem on) and o f  3 gustative attributes (sw eetness, acid ity  and 
sharpness).

Evaluation of consistency. A t the beginning o f the study, before 
objective m easurem ents, the m ost preferred level o f  jam  consistency 
w as estim ated for each m em ber o f the panel. T he sam ples w ere  the 
five jam s o f experim ent H . There w ere tw o sessions and at each 
session , all five pectin  concentrations w ere presented in random  order. 
The scale used w as a 10 cm  graphic rating o f  ideal-relative intensity  
as proposed by  B ooth et al. (1983). This indicated “ ju st righ t”  in the 
center w ith  anchors o f  “ not hard enough”  and “ too hard ”  at the 
ends. E valuation o f  consistency w as m ade separately  by the sam e 
group o f subjects. O ral consistency w as rated using an unstructured , 
13 cm  scale, w ith  a verbal anchor point at each end (left anchor =  
very  soft; right anchor =  very  hard), as described (Issanchou et al.
1990).

Evaluation conditions. Evaluations w ere conducted in individual 
air conditioned (20 ±  0.5°C) booth. Red lights w ere used to m ask 
possible color d ifferences. O ne sam ple w as evaluated at a tim e. Judges 
rinsed w ith  m ineral w ater betw een sam ples; bread w as also available. 
A bout 20g o f each jam  w as served in w hite plastic beakers coded w ith 
2 o r 3 digit num bers. The sam ples o f  each experim ent w ere presented 
w ithin 1 or 2 sessions. Som e, o r all sam ples w ere presented tw ice, in 
random  order. The analysis took place w ithin 12 w k  after sam ples 
had been prepared. Responses for quantitative descriptive analysis 
w ere digitized for statistical analysis by m easuring , in m m , the seg
m ent length from  left o f  the scale to the ju d g e ’s m ark  (from  0 to 130).

Data analysis. For each experim ent, a tw o-w ay analysis o f  variance 
w ith  interaction (sam ple x  subject) w as perform ed using  SA S. If the 
sam ple effect w as significant, the t-B onferoni m ethod w as used at the 
5%  level to m ake pairw ise com parisons betw een sam ple m eans. T he 
m ean intensity  ratings w ere plotted only for term s w ith  a significant 
sam ple effect (p < 0 .0 5 ). In o rder to determ ine the best jam  consistency 
for each subject, the individual ideal-relative intensity  ratings w ere 
plotted on pectin concentration. L inear regression w as calculated by 
the least squares m ethod for each subject and the ideal pectin  con
centration corresponding to “ ju s t righ t”  w as calculated.

RESULTS

Volatile compounds identified in the jams

T ab le  2  g iv es the nam es and o d o rs  o f  the  co m p o u n d s id en 
tified  in ja m s  w ith o u t pectin  w ith  th ree  d iffe ren t batches o f
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Table 2—Volatile compounds identified in the jams and their odor eval
uation

No. C o m p o u n d s
K o vatsb

index O do r evaluation
1 3-m ethylbutanal* 600
2 3-m ethyl-2-butanone 607
3 3-m ethyl-3-pentanol" 620
4 2-pentanone 640 fruity, banana
5 pentanal 651 slightly  fruity, h erb aceo u s, 

nut-like
6 2-pentanol 677 fruity
7 3 hydroxy-2-butanone 685 butter
8 ethyl p ropanoate 691 fruity, apple, banana
9 m ethyl butanoate 705 fruity

10 2-m ethyl-2-pentanola 712
11 1-pentanol 717 ch em ica l, nauseating
12 3-penten-2-one 724 h e rb a ceo u s
13 2-hexano ne 771 sw eet, fruity
14 3 etho xyp ro p an a l’ 786 butter
15 butyric acid 790 ch e e se
16 hexanal 800 fresh ly  cut g ra ss
17 ethyl butanoate 805 apricot
18 2-hexano l 817 butter
19 butyl acetate 824 flo w ery
20 furfural 828 pungent, caram el
21 frarts-2-hexenal 850 green-fruity, fresh -g reen
22 3-m ethyl-2-hexanola 859
23 1-hexanol 870 ch e m ica l, w lney , slightly  

fatty, fruity
24 5-m ethyl-2-hexanol* 878 rubber
25 2-heptanone 893 flo w ery, nectarine
26 heptanal 901 oily, fatty, rancid
27 2-acetylfuran 907 h e rb a ceo u s, ba lsam ic , 

sw e e t
28 m ethyl hexanoate 924 fruity
29 2-m ethylpropyl butanoate 928
30 b en za ldeh yde 963 butter, a lm ond
31 4-ethylgalaco l 972 clove
32 h exan o lc  acid 990 ch e e se , fatt, -rancid
33 ethyl hexanoate 1000 fruity
34 octanal 1005 potato
35 hexyl acetate 1013 fruity
36 furan 1026 sp icy , sm o key
37 m esifurane 1060 caram el
38 aceto p heno ne 1071 h e rb a ceo u s
39 heptano ic  acid 1081 u np leasant, so u r, sw eet-like
40 linalool 1103 flow er of orange
41 nonanal 1106 fruity, flow ery
42 3-nonen-2-one 1141 h erb a ceo u s
43 octan o ic  acid 1163 ch e e se
44 a-terp ineo l 1185 h e rb a ceo u s, green
45 decan a l 1188 cooked
46 2-m ethylhexyl-butanoate 1194 ja sm in e
47 geranio l 1250 flow ery
48 n on an o lc  acid 1252 nut
49 d ecan o ic  acid 1349 u n p leasant
50 ethyl d ecan oate 1379 flow ery
51 d o d ecan o ic  acid 1544 butter
52 nerolidol 1552 peanut

a Identified in strawberry for the first time but previously reported as natural com
pound. Mass spectrum identical to that published (NPS/EPA/NIH). 

b Calculated on the DB5 column by simultaneous injection of hydrocarbons from Cq 
to C 18.

s traw b erries . T he am oun ts o f  severa l o f  these  co m p o u n d s v a r
ied co n sid erab ly  acco rd in g  to  ba tch  o f  fru it. T hese  v a ria tio n s 
w ere  p a rticu la rly  no tab le  fo r 1-pen tanol [11] (1 .6 8  to  6 2 .9  
ppm ), 2 -m eth y l p ropy l b u tan o ate  [29] (0  to  7 1 .6  p p m ), hex- 
ano ic  acid  [32] (0 .2 4  to  7 8 .8  p p m ), oc tana l [34] (4  to  40  pp m ), 
o c tano ic  acid  [43] (0 .8 8  to  16 .8  ppm ) and 2 -h ep tan o n e  [25] 
(0 .6  to 10 .54  pp m ). Such  d iffe ren ces m ay  exp lain  the d ifferen t 
odor in tensities and qu alities  o f  ja m s  m ade  w ith  these d ifferen t 
ba tch es o f  fru its . H o w ev er, they  ind ica ted  it w as no t possib le  
to  com pare  resu lts  from  one ex p erim en t to  the  o ther.

Ideal consistency

R egressions ca lcu la ted  fo r each  o f  the  18 assesso rs  w ere  
sta tis tica lly  s ign ifican t (p < 0 .0 1 ). T he h is tog ram  o f  the  ideal 
v a lu es  (F ig . 1) show ed  tha t o n ly  one sub jec t p referred  jam  
w ith  a H M P concen tra tion  h igher than  0 .2 % . T h e  m ean  ideal

P ectin  leve l (%J

Fig. 1 —H is to g r a m  o f  th e  id e a l  c o n s i s t e n c y  v a lu e s  o f  ja m . (P ec tin  
l e v e l  i s  th e  m id p o in t  fo r  e a c h  c a te g o r y .)

co n sis ten cy  w as ca lcu la ted  to  co rresp o n d  to  H M P  co n cen tra 
tion  near 0 .1 1 % . T his v a lu e  seem ed  low  co m p ared  to  am ounts 
cu rren tly  used  in  ja m s  (0 .2 % ) b u t since  the  H M P  w as no t 
stan d ard ized , the co rresp o n d in g  am o u n t o f  s tan d ard ized  pectin  
(150° SA G  instead  o f  245) sh ou ld  b e  0 .1 8 % .

Influence o f amount o f H M  pectin on jam  (Experiment 
H)

Increasing  the  am oun t o f  added  p ec tin  inc reased  the  o ral 
co n sis ten cy  o f  the  ja m  (F ig . 2 a ). O n the  co n tra ry , sw ee tn ess , 
ac id ity  and sharpness d ecreased  w ith  in creasin g  am oun ts o f  
pec tin . F ig . 2b show s tha t the o v era ll in ten sity  and typ ica l no te  
o f  the  flav o r o f  the ja m  d ecreased  co n seq u en tly . T he sam e 
figu re  show s a decrease  o f  s traw b erry  and caram el n o tes and 
an increase  o f  the cand ied  n o te , w h ich  m ay  ex p la in  the  d e 
crease  in  the  overa ll ty p ica l flav o r. H ead sp ace  ana lysis show ed  
tha t o n ly  seven  o f  the  co m p o u n d s an a ly sed  fo r w ere  s ig n ifi
can tly  affec ted  by  an in crease  in  p ec tin . F ig u re  2 c  show s that 
ad d in g  o n ly  O.C5% o f  p ec tin  d ecreased  d ras tica lly  the am ount 
o f  e thy l hex an o ate  [33 ], and to  a lesser ex ten t th a t o f  the  o th er 
com pounds. The decrease in  the head-space o f  m esifurane [37], 
a co m p o u n d  d escribed  as caram el-lik e  in  T ab le  1, co u ld  ex 
p la in  a part o f  the  decrease  o f  the  ca ram el n o te  in th e  ja m , and 
also  the  decrease  o f the  ty p ica l flav o r o f  the  ja m  (F ig . 2b  and 
2 c ). M o reo v er, the  am oun ts o f  som e este rs such  as bu ty l ace
tate [19 ], ethy l h exanoate  [33] and hexy l ace ta te  [35 ], (co m 
p ounds ex h ib iting  flo w ery  o r fru ity  no tes) (T able  2 ), and that 
o f  a ldehydes such  as b en zald eh y d e  [30 ], nonanal [41] and  trans 
2 -hexenal [2 1 ], (a lm ond  and green  odors), decreased  w ith  the 
typ ical flavor o f  the ja m ’s a ro m a, from  0 to  0 .2 %  o f  p ec tin . 
T h e  low  increase  in am oun ts o f  these  co m p o u n d s in  the  ja m  
p repared  w ith  0 .4 %  o f  p ec tin  cou ld  be ex p la in ed  b y  the  g rea ter 
exch an g e  area  in the  flask  du rin g  head sp ace  an a ly s is . W h en  
the ja m  w as p cu red  in to  the  fla sk , it w as too  th ick  to  sp read  
ou t. S ince  D o u illa rd  and G u ichard  (1989 , 1990) dem o n stra ted  
the con trib u tio n  o f  these  co m p o u n d s to  s traw b erry  a rom a, the 
varia tio n s o f  concen tra tio n  cou ld  be d irec tly  responsib le  for 
the m o d ifica tio n s in  arom a.
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Fig. 2 - E f f e c t  o f  H M  p e c t in  le v e l:  a , b :  o n  s e n s o r y  c h a r a c te r is t ic s ;  c :  o n  v o la ti le  c o m p o s it io n  in  h e a d - s p a c e .  ( N u m b e r s  r e fe r  to  T ab le
2).

Influence o f the amount o f LM  pectin on jam  
(Experiment L)

A s p rev io u sly  no ticed  w ith  H M P , oral co n sis ten cy  increased  
w ith  increasing  am oun t o f  added  pectin  (F ig . 3 a ). H o w ev er, a 
com parison  o f  F ig . 2a and o f  F ig . 3a show s tha t a con sis ten cy  
o f  100 w as o b ta ined  w ith  abou t 0 .2 5 %  o f  H M P  v s . 0 .6 %  o f 
L M P , u sin g  the sam e batch  o f  fru it and the  sam e su g ar level 
(60°B rix). A c id ity  w as no t reduced  b y  add ition  o f  p ec tin  and 
sharpness w as reduced  o n ly  w h en  0 .6% p ectin  w as added . 
S w eetness w as a lso  a ffected  at the sam e level o f  ad d itio n , but 
m uch  less than  w h en  0 .2 %  o f  H M P w as ad d ed , w h ich  co rre 
sponded  to  the sam e con sis ten cy .

T he senso ry  assessm en t o f  the ja m  m ade w ith  d ifferen t 
am oun ts o f  L M P  d id  not show  sign ifican t d iffe ren ces fo r ty p 
ical flav o r and in ten sity  o f  the a rom a. A s show n  in F ig . 3 b , 
the cooked  fru it n o te  v a ried  in d ep en d en tly  o f  the am o u n t o f  
pectin  and the  cand ied  fru it note w as the o n ly  flav o r ch arac 
te ris tic  w h ich  increased  w ith  it, a lthough  to  a lesser ex ten t than  
w hen  using  H M P . In the head sp ace , a reg u la r increase  o f  co n 
cen tra tion  o f  such  esters as m ethy l- and ethy l bu tan o ates  [9, 
17], m ethy l- and  e thyl hex an o ates [28 , 33] and hexyl acetate 
[35], w h ich  possess fru ity  no tes , and o f  3 -p en ten  2 -one [12], 
w h ich  is d escribed  as h e rb aceo u s , cou ld  be observed  (F ig . 3 c ). 
T hese  changes in  am oun ts seem ed  not to  a ffect the  overall 
p ercep tion  o f  a rom a. N ev erth e less , it w as n o tab le  th a t v o la tile s  
increased  w h en  L M P  w as added  instead  o f  the  decrease  o b 
served  w hen  H M P  w as ad d ed . T he increase  o f  the  cand ied  
no te  cou ld  not be exp la ined  by  the  in crease  o f  these  substances. 
It w as m ore  p ro b ab ly  due to the  increase  o f som e o th er vo la tile  
co m p o u n d s w h ich  w e  did  not d etec t.

Influence o f degree o f esterification (Experiment HDE)

F igure  4a show s a sig n ifican t d ecrease  o f  o ra l co n sis ten cy  
w hen  D E  w as en zy m a tica lly  decreased  from  83 to  66. N o 
sign ifican t d iffe ren ce  w as observ ed  w h en  D E  w as fu rth er d e 
creased  to  54 , b u t the m o lecu la r w e ig h t o f  the  pectin  w as  also 
m odified  in th is last sam ple  (T able  1). A s in ex p erim en t H , 
the  add ition  o f  0 .2 % o f the  o rig inal p ec tin  in ja m  induced  a 
d ec rease  in sw eetn ess  and ac id ity . H o w ev er the s ligh t increase  
in these  ch arac teris tics  (F ig . 4 a ), co rresp o n d in g  to  a d ecrease  
in D E , w as  no t sig n ifican t. A ro m a charac teris tics  d iffered  b e 

tw een  the con tro l and the  ja m s  in  w h ich  the o rig in a l p ec tin  
w ere added (Fig. 4b). A s before, the overall intensity o f  arom a, 
the cooked  fru it and the caram el n o tes w ere  fo u n d  to  in crease  
w h ile  the cand ied  fru it no te  d ec reased . H o w ev e r, d ec reas in g  
the D E  o f  the p ec tin  seem ed  to  res to re  the  o rig in a l in ten sities  
o f overall a ro m a and its ch a rac teris tics .

C o n cen tra tio n s o f  m an y  v o la tile  co m p o u n d s in  the  ja m  w ere  
affec ted  by  m o d ifica tio n  o f  D E . T h e  am oun ts o f  v o la tile  c o m 
pounds w h ich  ex h ib ited  s ign ifican t v a ria tio n s  b e tw een  the  ja m s  
are rep o rted  in  F ig . 4 c , 4 d , and 4 e . T he am o u n ts  o f  b en za l- 
dehyde  [30 ], o c tan a l [34], nonanal [4 1 ], m eth y l- and  ethy l 
bu tan o ates  [9 , 17] and h ex an o ic  acid  [32] w e re  lo w er in  the  
h ead-space o f  ja m  m ade w ith  o rig in a l p ec tin . T h is  co u ld  ex 
p la in  the  lo w er arom a in tensity  p erce iv ed  in  th a t sam p le , c o m 
pared  to  the jam  m ade w ithout pectin . T he h igher arom a intensity 
rep o rted  w h en  D E  w as decreased  from  83 to  54  co u ld  a lso  be 
related  to  the  increase  in  am oun ts o f  b en za ld eh y d e , n o n an a l, 
m eth y l and e thy l bu tan o ates  to  a level n ea r tha t fo u n d  in  the  
ja m  w ith o u t p ec tin . T he o n ly  co m p o u n d  w h ich  d ec reased  w ith  
D E  w as 3 -m eth y lb u tan a l [1]. T h is co u ld  no t b e  resp o n sib le  fo r 
the  p a ra lle l decrease  o f  the  cand ied  n o te , w h ich  m u st th e re fo re  
be due to  a trace  v o la tile  co n stitu en t. O n  the  co n tra ry , the  
h igher caram el and cooked  n o tes fo u n d  w h en  u sin g  lo w  D E  
p ec tin s cou ld  be exp la ined  b y  h ig h er fu rfu ra l [20] (T ab le  2 ).

Influence o f the molecular weight (Experiment HMW )

F igure  5 a  show 's a large  d iffe ren ce  in  co n sis ten cy  o f  ja m s  
m ade  w ith  the  in itia l p ec tin  (M W  =  8 6 ,0 0 0 ) and those  m ade  
w ith  the  pectin  m illed  fo r 6 and  1 2  h r, b u t little  d iffe ren ce  w as 
observed  be tw een  the  tw o la tte r sam p les. C o m p ared  to  co n 
s is ten cy , sw eetn ess w as  o n ly  slig h tly  affec ted  b y  M W  red u c 
tion . F o r a ro m a, a m ore  co m p lex  pa tte rn  w as  o b se rv ed  (F ig . 
5 b ). A s in  the o th er ex p erim en ts , add ition  o f  o rig in a l p ec tin  
caused  an increase  in  can d ied  fru it no te  and a d ec rease  in 
caram el no te . M o reo v er, fresh  s traw b erry  no te  w as  lo w er in 
the  re feren ce  as opp o sed  to  the ov errip e  s traw b erry  n o te .

V o la tile  a rom atic  co m p o u n d s , p a rticu la rly  e s te rs , k etones 
and som e ald eh y d es responsib le  fo r fru ity  and  fresh  no tes , 
w ere  fo u n d  in  lo w er am oun ts in  these  ja m s . H o w ev er, the 
overripe  s traw b erry  no te  found  b y  the  p an e lis ts  co u ld  not be 
re la ted  to  a sig n ifican tly  h ig h er am oun t o f  any  d e tec ted  com -
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E ffe c t o f  L M  p e c tin  le ve l: a ,b : on se n s o ry  c h a ra c te r is tic s ; c : on vo la tile  co m p o s it io n  in  head-space . (N u m b e rs  re fe r  to  Table

Fig. 4 - E f f e c t  o f  d e g re e  o f  e s te rifica tio n  
o f  p e c t in :  a, b : on  s e n so ry  ch a ra c te ris tics , 
(sw e  = sw ee tness , a d  = a c id ity , con  -  
co n s is te ncy , in t  = in te n s ity , ove  = ov
e rr ip e , coo  = cooked, can  = cand ied , ca r  
= c a ra m e l) ; c, d : on  a m o u n t o f  a ld e h yde s  
a n d  e s te rs  in  head-space . (N u m b e rs  re fe r  
to  Table 2); e : on a m o u n t o f  ac ids in  head- 
space. (N u m b e rs  re fe r  to  Table 2).
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p o u n d s. M o reo v er, the  add ition  o f  p ec tin , w h a tev er the m o 
lecu lar w e ig h t, seem ed  to  red u ce  the p ercep tio n  o f  the  ov errip e  
note and to  increase  percep tion  o f  the  s traw b erry  n o te . H o w 
ev er, no s ign ifican t d iffe rence  w as ob serv ed  be tw een  the ja m s , 
in the  h ead-space ana lys is. It w as thus im p o ssib le , in  th is last 
ex p erim en t, to  exp lain  sen so ry  assessm en t o f  the  ja m  w ith  
analysis o f  h ead-space v o la tile s .

DISCUSSION

A T  T H E  S A M E  C O N C E N T R A T IO N , H M P g av e  a harder gel 
than  L M P . T his w as confirm ed  by  U n ip ec tin e  C o . w h ich  ad 
v ised  use  o f  H M P  at a level o f  0 .2 %  and the L M P  at a level 
o f C.4 to  0 .6 %  to o b ta in  s im ila r gel stren g th s in 60°B rix  jam . 
M o reo v er, com m erc ia l L M  pectin  w a s , in  ou r case , a m ore 
e ffic ien t g e llin g  agen t than  the tw o deesterified  p ec tin s . W ith  
its low  degree  o f  este rif ica tio n , that pectin  w as m ore  sensitive  
to  ca lc ium  ions than  the dem eth y la ted  p ec tin s , g iv in g  a m ore 
stru c tu red  gel.

C u r resu lts sh ow ed  that add ition  o f  p ec tin  no t o n ly  m od ified  
the o ral co n sis ten cy  o f  ja m , bu t cou ld  a lso  cause  a decrease  in 
bo th  taste  and flav o r in ten sitie s , thus co n firm in g  p rev ious s tud 
ied . For a spec ified  p ec tin , th is m ask in g  e ffec t increased  w ith  
level o f  p ec tin  an d , at a sp ec ified  lev e l, d epended  on the  type 
o f  pec tin . S ince  the g e lling  cap ac ity  ch an g ed  w ith  the  type o f 
p ec tin , th is m ask ing  effect cou ld  be due o n ly  to  an increase  in 
co n sis ten cy . A s em p h asized  by  K ok in i et al. (1982) “ to be 
tasted , a substance  m u st d iffuse  to  the su rface  o f  the  taste  buds 
and w hen  the  ra te  o f  d iffusion  is slo w er than  the rate  o f  the 
tasting reaction, the reaction is controlled by  the diffusion ra te” . 
T h u s , the taste  in tensity  d ecreased  w ith  in creasin g  co n sis ten cy  
as the  d iffu sio n  rate d ecreased . H o w ev er, at a sim ilar level o f 
co n sis ten cy , taste  in tensity  w as reduced  less w ith  a L M P than 
w ith  a H M P , d em o n stra tin g  that co n sis ten cy  w as  not the  on ly  
fac to r resp o n sib le  fo r  v a ria tio n s  in  taste  in tensity .

T he sam e p a tte rn  w as observed  fo r flav o r in ten sity . In 
creases in the  can d ied  fru it no te  w ith  increasing  con sis ten cy  
could  be due to  the ob serv ed  decrease  o f  the am ount o f  som e 
vo la tiles  re sponsib le  fo r the  fresh  s traw b erry  no te  in the  head- 
space. S ub jects cou ld  have used  th is term  to d escribe  no t on ly  
a sp ec ific  flavor ch arac teris tic  b u t a jo in t e ffec t o f  a harder 
co n sis ten cy  and a low er fresh  fru it in ten sity .

T h e  am oun ts o f  m an y  v o la tile  com pounds iso la ted  from  the 
d iffe ren t ja m s  w ere  not sig n ifican tly  d iffe ren t. H o w ev er, due 
to  the  iso la tio n  p ro ced u re  u sed , severa l im portan t key  c o m 

po n en ts o f  ja m  arom a w ere  no t d e te rm in ed . T h is  m eth o d  did  
not a llow , fo r ex am p le , the de tec tion  o f  p o la r co m p o u n d s such  
as fu ran eo l and lac to n es. A n o th er ex p erim en t w as  d o n e , to 
increase  the  am oun t o f  v o la tile  co m p o u n d s , in  w h ich  the  je lly  
w as co n tin u o u sly  and s low ly  m ixed  du rin g  the  first 2  h r o f 
s trip p in g . T h e  am oun t o f  co llec ted  v o la tile s , as ex p ec ted , s ig 
n ifican tly  inc reased , b u t th ere  w as  no m ore  s ig n ifican t d iffe r
ence  be tw een  the  ja m  p repared  w ith o u t ad d ed  p ec tin  and the 
ja m  p repared  w ith  0 .4 %  H M P . T h is sug g ested  tha t the  d e 
crease  in  arom a in ten sity  observ ed  w as  due to  v e ry  w e a k  in 
te rac tions be tw een  p ec tin  and the v o la tile  co m p o u n d s . T h is 
w as p ro b ab ly  due to  a slo w er d iffu sio n , due to  trap p in g  o f  the 
sm all m o lecu les  b etw een  the  p ec tin  ch a in s in  the g e l. B reak in g  
the gel cou ld  lead  to  libera tion  o f  these  m o lecu le s , th u s re 
du cin g  the  pectin  effec t.

D ém éth y la tio n  o f  the p ec tin  (experim en t H D E ), red u ced  the 
in te rac tions be tw een  pectin  and the v o la tile  co m p o u n d s , thus 
a llow ing  a b e tte r p ercep tio n  o f  the  arom a. H o w ev er, d em eth y 
la ted  p ec tin s  g av e  a less gellified  ja m , the  co n sis ten cy  o f  w h ich  
a llow ed  m ore  ex changes be tw een  the  aqueous p h ase  and  the  
v ap o u r p h ase . It is thus d ifficu lt, fro m  th is ex p erim en t, to  
d isso c ia te  the  tw o  effec ts  and to  co n clu d e  th ere  w as  a  d irect 
e ffec t o f  the d eg ree  o f  m éth y la tio n .

CONCLUSION

A N  ID E A L  T H IC K E N IN G  A G E N T  shou ld  no t in te rfe re  w ith  
the o d o r, flavor o r taste  o f  the p ro d u ct to  w h ich  it is added 
(Pangborn  et a l . ,  1978). O ur resu lts  show  tha t add ition  o f  
pectin  can  co n sid e rab ly  change  the flav o r and taste  o f  ja m . A  
d ecrease  in  flavor in tensity  and in ty p ica l flav o r w as  observ ed  
together w ith  a decrease  in fresh , o v errip e , co o k ed , and  c a r
am el no tes , in  sw ee tn ess , ac id ity  and sh arp n ess and  a para lle l 
increase  in  cand ied  fru it n o te . T h is effec t d epended  on the level 
and na tu re  o f  p ec tin . L M P  w as m ore  su itab le  than  H M P  fo r 
increasing consistency to the ideal level w ith  no drastic  changes 
in p ro d u c t flavor.

REFERENCES

Baron, A., Saulier, B., Prioult, Cl. and Drilleau, J.F. 1988. Automisation 
de la mesure de l’activité des polyosidases. Lebens. Wiss. u. Technol. 21: 
92.

Booth, D.A., Thompson, A. and Shahedian, B. 1983. A robust brief measure 
of an individual’s most preferred level of salt in an ordinary foodstuff. 
Appetite 4: 301.

Crandall, P.G. and Wicker, L. 1986. Pectin internal gel strength: theory,

1626-JOURNAL OF FOOD SCIENCE-Volume 56, No. 6, 1991



measurement and methodology. In Chemistry and Function of Pectins,
L. Fishman and J.J. Jen (Ed.), p. 88. ACS Symposium Series, Washing
ton DC.

Doublier, J. and Thibault, J. 1984. Les agents épaississants et gélifiants 
de nature glucosidique. Ch. 5. In Additifs et auxilliaires de fabrication 
dans les industries agroalimentaires, J.L. Multon (Ed.), p. 305. Tec. et 
Doc. Apria, Lavoisier, Paris.

Douillard, C. and Guichard, E. 1989. Comparison by multidimensional 
analysis of concentrations of volatile compounds in fourteen frozen 
strawberry varieties. Sci. Aliments 9: 53.

Douillard, C. and Guichard, E. 1990. The aroma of strawberry (Fragaria 
ananassa): Characterisation of some cultivars and influence of freezing.
J. Sci. Food Agric. 50: 517.

Etievant, P.X., Issanchou, S.N., and Bayonove, C.L. 1983. The flavour of 
Muscat wine: the sensory contribution of some volatile compounds. J. 
Sci. Food Agric. 34: 497.

Gregory, D.J.H. 1986. The functional properties of pectins in various food 
systems. In Interactions of Food Components, G.G. Birch and M.G. Lin- 
dlev (Ed.), p. 211. Elsevier, Barking (UK).

Guichard, E. and Ducruet, V. 1984. Quantitative study of volatiles in a 
model system by a headspace technique. J. Agric. Food Chem. 32: 838.

Issanchou, S., Maingonnat, J.F., Guichard, E., and Etievant, P.X. 1991. 
Oral consistency and simple rheological measurement of strawberry jams. 
Sci. Aliments. 11: 85.

Kokini, J.L., Bistany, K., Poole, M., and Stier, E. 1982. Use of mass trans
fer theory to predict viscosity-sweetness interactions of fructose and su
crose solutions containing tomato solids. J. Texture Studies 13: 187.

Leroux, H. and Schubert, E. 1983. Les applications des pectines HM dans 
les industries alimentaires. Ind. Aliment. Agric.: 615.

Lundgren, B., Pangborn, R.M., Daget, N., Yoshiaa, M., Laing, D.G., McBride, 
R.L., Griffiths, N., Hyvônen, L., Sauvageot, F., Paulus, K., and Barylko- 
Pikielna, N. 1986. An interlaboratory study of firmness, aroma, and 
taste of pectin gels. Lebens.-Wiss. u.-Technol. 19: 87.

Marshall, S. and Vaisey, M. 1972. Sweetness perception in relation to some 
textural characteristics of hydrocolloid gels. J. Texture Studies 3: 173.

Moskowitz, H.R. and Arabie, P. 1970. Taste intensity as a function of 
stimulus concentration and solvent viscosity. J. Texture Studies 1: 502.

Owens, H.S., Lotzkar, H., Schultz, T.H., and Maclay, W.D. 1946. Shape

APPLE JUICE PRO PERTIES. . .F r o m  p a g e  1 6 1 7 ____

differences for processing type and apple variety . P rocess ju ices 
w ere  co rrec tly  a lloca ted  to  th e ir a p rio ri p rocess type and sig 
n ifican tly  d ifferen t at P < 0 .0 1 , excep t fo r ‘d iffu se r ju ic e s ’ and 
‘enzym e liq u efac tio n  ju ic e s ’ . T hey  w ere  nea re r on the p lo t 
(P < 0 .0 5 ) in d ica tin g  the ir d is tinct ana ly tica l p ro cess d iffe r
ences (F ig . 1) w ere  no t re flec ted  in the senso ry  ev a lu a tio n . A s 
w ith  the  ana ly tica l ev a lu a tio n , the  senso ry  ev a lua tion  show ed  
v arie ta l d iffe ren ces to be less d is tinct than  p rocess d iffe ren ces . 
T he ‘S p a rtan ’ ju ice s  w ere  not d iffe ren t from  e ither D elic ious 
o r G olden  D e lic ious ju ic e s .

E ffects o f  app le  cu ltiv a r (P o ll, 1981; C liff and D ev er, 1990) 
and apple sto rage  (D ever and C liff, 1990) have b een  show n  to 
affect ju ic e  a ro m a, flavor and co m p o s itio n . O ur s tudy  d em 
onstra ted  c lea rly  that the d iffe ren t ex trac tio n  p ro cesses p ro 
duced  un iq u e  ju ic e s  w ith  s ign ifican t an a ly tica l and senso ry  
d iffe rences. W hen  co m p arin g  effec ts o f  ex trac tion  p rocess and 
apple cu ltiv a r, the  ex trac tio n  p rocess had m ore  in flu en ce  on 
ju ice  charac ter.
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Low Dose Irradiation Influence on Yield and Quality of
Fruit Juice

GREGORY E. MITCHELL, A. ROBERT ISAACS, DAVID J. WILLIAMS, RICHARD L. McLAUCHLAN, STEPHEN M.
NOTTINGHAM and KERRIE HAMMERTON

------------------------------- A B S T R A C T --------------------------------
G ranny Sm ith apples, V alencia oranges, and Pearlette grapes grow n 
in Q aeensland, A ustralia w ere  irradiated at 0, 75 , 300 and 600 G y. 
Follow ing irradiation, ju ice  w as extracted and analysed for quality  
and compositional changes. Irradiation treatment significantly (p< 0 .05) 
decreased yield o f  apple ju ice  (by 6.3%  w /w  at 600 Gy) and grape 
ju ice  (by 4 .8%  w /w  at 600 Gy) but did not significantly  (p > 0 .0 5 ) 
affect yield o f orange ju ice  (O J). A cceptability  significantly  (p < 0 .0 5 ) 
decreased in O J after 600 G y treatm ent. O ther changes in quality  and 
com position w ere m inim al. Juice from  irradiated apples and oranges 
stored at 5°C for 8  w k show ed sim ilar results.

IN TR O D U C TIO N

A D V A N T A G E S  c la im ed  fo r food  irrad ia tion  inc lude  the  as
sertion  that irrad ia tion  o f  fru it leads to  increased  ju ic e  y ie ld s 
(A nonym ous 1982 , 1988; G idd ings 1983; K ad er 1986; L oa- 
haranu  1987). T hese  assertions appear to  be b ased  on the  w ork  
o f P anhw er (1972) and K iss et al. (1 9 7 4 ). P anhw er (1972) 
reported  rad ia tio n  trea tm en t at 4 and 8 kG y  increased  cell 
p erm eab ility , w eak en ed  sk in  and b ro k e  dow n p ro topectin  and 
pectin betw een the cells o f  flesh , thereby increasing ju ice  yields 
in d iffe ren t fru its  and berries (cu ltivars no t spec ified ) by  7 to 
10% . K iss et al. (1974) reported  that ju ic e  y ie ld  o f  five  g rape  
cu ltivars in creased  by  2  to  28%  w ith  in c reasin g  rad ia tion  dose 
o f 0 .5  to  16 k G y . T h is y ie ld  increase  w as a ttribu ted  to  in 
creased perm eability  o f  cell w alls. W ine ferm ented from  grapes 
irrad ia ted  at doses h igher than  8 kG y  sho w ed  signs o f d e teri
o ra tion  w h ereas those  from  g rapes treated  w ith  0 .5  kG y  o r 2 
kG y w ere  no t im paired . T hose  doses w ere  co n sid erab ly  h igher 
than  tha t requ ired  fo r d is in fes ta tio n  trea tm en t o f  fru it, (75 G y 
fo r con tro l o f  Q ueensland  fru it fly  and 300 G y to s te rilize  o ther 
in sect sp e c ie s— In tern a tio n al C o nsu lta tive  G roup  on F ood  Ir
rad ia tion  1986), and are no t likely  to  be em p lo y ed  in co m 
m ercia l p rac tice . T h e  ob jec tiv e  o f  o u r s tu d y  w as to  investigate  
the e ffect o f  low  dose gam m a irrad ia tion  on ju ic e  y ie ld  and 
quality .

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

Fruit

V alencia oranges (20 kg cartons) w ere purchased from  the Brisbane 
m arkets in N ovem ber, 1988. Pearlette table grapes (10 kg cartons) 
w ere narvested from  the G ranite Belt region o f  south east Q ueensland 
in January , 1989. G ranny Sm ith apples (20 kg cartons) w ere  pur
chased from  the Brisbane m arkets in M arch, 1989. A ll com m odities 
w ere lield at 5°C until irradiated (w ithin 5 days after purchase).

A u th o r s  M itc h e l l ,  I s a a c s ,  W il l ia m s , M c L a u c h la n , a n d  N o t 
t in g h a m  a r e  w ith  th e  Q u e e n s la n d  D e p a r tm e n t  o f  P r im a ry  In
d u s tr ie s ,  In te r n a tio n a l F o o d  I n s ti tu te  o f  Q u e e n s la n d , 19 H e r c u le s  
S tr e e t ,  H a m ilto n , A u s tr a lia  4 0 0 7 . A u th o r  H a m m e r to n  is  w ith  th e  
A u s tr a lia n  N u c le a r  S c ie n c e  a n d  T e c h n o lo g y  O r g a n is a tio n , L u c a s  
H e i g h t s  R e s e a r c h  L a b o r a to r ie s ,  N e w  l l la w a r r a  R o a d , L u c a s  
H e ig h ts , A u s tr a l ia  2 2 3 4 .

Experimental design and statistical analysis
T he experim ents included replicated treatm ents o f  the three com 

m odities. E ffects o f  irradiation on apples and oranges w ere  m onitored 
at two stages: before storage (w ithin 7 days after irradiation) and after 
storage at 5°C for 8 w k . G rapes w ere not stored and w ere  exam ined 
w ithin 7 days after irradiation. For all com m odities, irradiation  treat
m ent consisted o f four doses (0, 75, 300 and 600 Gy) w ith  five rep
licates. T reatm ents w ere on 1 carton o f  apples, 1 carton o f  oranges 
or 2 cartons (20 kg total) o f  grapes. A nother 6  cartons o f  each com 
m odity w ere available for dosim etry. D ata from  replicated trials w ere 
analysed by  analysis o f variance (A N O V A ). W here the A N O V A  in
dicated a significant F value (p < 0 .05 ), least significant d ifferences 
w ere calculated for pairw ise com parisons o f  treatm ent m eans. U nless 
otherw ise stated , treatm ent m eans w ere  com pared on the sam e day 
and not across days (storage tim es).

Irradiation treatm ent
D osim etry  testing  for the three com m odities w as on spare cartons 

o f  fruit on the day prior to irradiation. A bsorbed dose w as determ ined 
by spectrophotom etric analysis o f  Fricke ferrous am m onium  sulphate 
solution (Hart and Fricke, 1967) o f dosim eters placed at several lo 
cations in representative cartons o f  fru it. Specified doses w ere  to be 
m inim um  in all cases. Cartons o f produce w ere  stacked on each of 
four turntables in a sm all batch plant (G A TR I) w ith  a 60Co plaque 
source (Izard, 1985) w ith an activ ity  o f  69 000 curies. T urntables 
w ere located 1  m  from  the source and w ere rotated during  irradiation 
(about >/4 turn/15 sec). Fruit w ere held near 5°C at com m encem ent o f 
irradiation. F ruit w ere returned to the 5°C room  shortly  after irradia
tion.

Juice extraction
G ranny Sm ith apples w ere w eighed and w ashed up w ith  tap w ater 

sprays on a continuous belt w asher (B erry W isher, B risbane, Q ld, 
A ustralia). Cores w ere m anually  rem oved w ith  stainless steel apple 
corers and the fruit w ere cut into quarters w ith  sta inless steel knives. 
P ieces w ere pulped in a w et ham m erm ill (J .A . Perkins and C o , B ris
bane, Q ld, A ustralia) fitted w ith  3 m m  screen. A scorb ic  acid (2 g/kg) 
w as m ixed w ith  the ju ice  to prevent darkening. T he pulpy ju ice  w as 
finished by double passes through a SardikR (Sardik E ngineering  C o, 
Pyrm ont, N SW , A ustralia) brush finisher fitted w ith  screens o f  1.5 
m m  diam  holes (first-pass) and 0 .8  m m  holes (second-pass). Juice 
w as w eighed, filled into 25 L PV C drum s w ith  screw  caps, and stored 
at 5°C. V alencia oranges w ere w eighed , w ashed w ith  tap w ater sprays 
on a continuous belt w asher, and inspected for quality  defects. M oldy 
fruit w ere rem oved. Fruit w ere m anually  halved w ith  stainless steel 
knives and ju ice  w as m anually  extracted w ith  a m echanical high speed 
stainles steel ream er. Juice w as finished through a S ardikR brush- 
finisher (Sardik Engineering Co) fitted w ith  a m edium  size (1 .5  m m  
diam  holes) screen. Ju ice w as then w eighed , filled into 25 L  PV C 
drum s w ith  screw  caps and stored at 5°C. Pearlette grape bunches 
w ere w eighed and then destem m ed and crushed in an A m osR destem - 
m er-crusher (Am os M aschinenfabrik K G , H eilbronn, W est G er
m any). Sodium  m etabisulphite solution (60 m g/kg S 0 2) and dry  ice 
pellets (solid C 0 2) w ere added to the crush to prevent oxidation and 
darkening. Juice w as extracted in a W illm es Press, (Josef W illm es, 
B ensheim /H essen, W est G erm any) w ith  tw o pressings at 100 kPa, 
and one at 200 kPa. Juice from  all pressings w as com bined, w eighed , 
filled into 25 L  PV C  drum s w ith screw  caps and stored at 5°C.

Juice analysis
Juice quality  w as m easured by analysis o f so luble so lids (°Brix), 

pH , acid ity , settling, v iscosity , co lour, pectinesterase activ ity , total
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D o se  (Gy)

Table 1 -E ffe c t of irradiation on yield and quality of apple juice (juiced 6 days after irradiation).’

Param eter U nits 0 75 300 600 S .E .

Ju ic e  yield %  w /w 54.9 a 56.0 a 50.0 b 48.6 b 1.351
°Brix 10.06 a 9.82 a 9.48 a 9.88 a 0.149
pH — 3.29 a 3.24 b 3.14 c 3.09 d 0.005
A cid ity % 0.79 ab 0.81 a 0.82 a 0.77 b 0.011
Settling m L 38.6 a 26.6 ab 14.2 b 29.2 ab 5.106
V isco sity CP 65.6 a 266.4 a 113.2 a 221.2 a 92.497
C o lo r L — 56.5 a 56.3 ab 55.6 be 55.0 c 0.297
C o lo r a - - 4 .3 a - 5 .0 b - 5 .2 b - 5 .2 b 0.081
C o lo r b — 19.4 a 19.1 a 19.2 a 19.1 a 0.113
Pectin este ra se P EU 0.11 a 0.13 a 0.18 b 0.25 c 0.009
Fru ctose g/100 m L 4.21 a 3.82 a 3.93 a 3.80 a 0.251
G lu co se g/100 m L 1.39 a 1.22 a 1.30 a 1.20 a 0.078
S u cro se g/100 m L 2.16 a 1.85 a 1.98 a 1.85 a 0.156
Citric m g/m L ND ND ND ND -

M alic m g/m L 1.94 a 1.92 a 1.92 a 1.62 b 0.043
Tartaric m g/m L ND ND ND ND —

A ccep tab ility6 - 3.9 a 4.6 a 4.7 a 4.1 a 0.247
a Means in a row followed by the same letter are not significantly different (p = 0.05). ND = not detected. 
b By sensory test, 9 = like extrem ely, 1 = dislike extremely

vitam in C , dehydroascorbic acid , organic acids, sugars and taste panel 
assessm ent. B rix , pH  and titratable acid ity  w ere  determ ined by  pub
lished m ethods (A O A C , 1984). For se ttling , ju ice  w as poured into a 
250 m L  m easuring  cylinder and allow ed to stand 24 hr at am bient 
tem perature. The volum e o f  settled solids w as recorded in m L. For 
v iscosity , ju ice  w as poured into a 500 m L  beaker and allow ed to 
equilibrate at 20°C. V iscosity  w as m easured w ith  a B rookfield 14 v is 
com eter (B rookfield Engineering  Laboratories In c ., S toughton, M A ). 
O perating conditions w ere: spindle =  LV F N o. 3 , angular velocity  
=  12 rpm , factor =  100. V iscosity  w as expressed in centipoise (CP) 
at 20°C.

Color w as m easured by  H unger L , a and b values, determ ined using 
a H unterLabR LabScan 6000 0745° spectrocolorim eter, IBM  personal 
com puter and softw are (H unter A ssociates L aboratory, V A , U SA ). 
This instrum ent had a D65 illum inant and 10° observer and w as stan
dardised against a w hite  tile (CIE 7 6 .30 , Y  8 1 .03 , Z  87 .66 ). (L  in
dicates lightness and darkness. C hrom aticity  coordinate a m easures 
redness o r greenness and b m easures yellow ness o r blueness).

Pectin m ethylesterase activ ity  w as determ ined by a m odification o f 
the titrim etric procedure o f N agy et al. (1977). A  1% pectin-salt so 
lution w as freshly  prepared w ith  75 m L  2 M  NaCl m ade up to 1L 
w ith  distilled w ater and blended w ith lOg G enuR pectin , T ype LM  
101 AS (The C openhagen Pectin Factory L td, D enm ark). T he pectin- 
salt solution (11 Og) w as placed in a 250 m L  beaker held at 35°C in a 
forced circulation w ater bath. The ju ice  sam ple ( l lg )  w as added and 
the m ixture w as blended w ith  a B am ixR blender (B am ix, M elbourne, 
V ic, A ustralia) at high speed for 4 m in. The m ixture (lOOg) w as 
w eighed and placed in a covered flask in the w ater bath w ith  overhead 
stirrer, pH  electrode, and M etrohm R autotitrator (M etrohm , H erisau, 
Sw itzerland). T he flask w as continually  flushed w ith  nitrogen gas (1 
L/m in) and the m ixture constantly  stirred . N aO H  (IN ) w as added to 
pH 6 .5 . Further N aO H  (0 .1N ) w as added to pH  7 .1 . The pH  w as 
allow ed to decrease to 7 .0  and the autotitrator and tim er w ere started. 
N aO H  (0.01 N) w as autom atically  dispensed to m aintain  pH  at 7 .0  
for 10 m in , after w hich  the titre w as recorded. Enzym e activ ity  w as 
expressed in pectin esterase untis (P .E .U .)  (O w usu-yaw  et a l., 1988):

(m L N aO H  x  norm ality  o f  N aO H ) ,
PEU =  i-------------------------------------------------- - x  103

( g sam ple x  tim e (m in) )

Total v itam in C activity  (ascorbic plus dehydroascorbic acid) w as 
determ ined by a m icrofluorom etric m ethod (A O A C  1984) w ith ex
ception that a W aters H PLC  system  (W aters A ssociates, M ilford, MA) 
w as used to transfer sam ples to a fluorescence detector. This system  
consisted o f  a m odel 510 pum p, a W ISP autom atic sam ple injector, 
a m odel 420 fluorescence detector and a m odel 740 data m odule. 
W ater w as the transport m edium  at 1 .0  m L/m in. The sam ple (150 
p.L) w as injected and v itam in C  activity  w as detected at excitation 
w avelength 350 nm  and em ission w avelength  430 nm . D ehydroas
corbic acid w as determ ined in a sim ilar m anner to total v itam in C  by 
om itting N orit (i.e . the oxidation step) in the extraction procedure.

For organic acids an aliquot o f  each ju ice  (10 g) w as centrifuged 
at 150 000 rpm  for 20 m in at a Sorvall M odel R C 5C  centrifuge using 
an SS34 rotor (DuPont C om pany, W ilm ington, D elaw are, U SA ). Tw o 
m L  o f supernatant w as filtered through W hatm an G F/C  glass fibre 
filter paper (W hatm an In c ., C lifton , NJ) and diluted w ith 2 m L  of

distilled w ater. A bout 2 m L  o f filtrate w as then filtered through a 
0 .4 5 p  filter (M illipore H V L P 01300; M illipore C orporation , B edford, 
M A ) into sam pler v ia ls . C hrom atographic analysis w as on a Shim adzu 
H PLC  system  (Shim adzu C orporation , K yoto , Japan) w hich  com 
prised an SIL-6A  autom atic sam ple in jecto r, tw o L C -6 A  pum ps, a 
CTO  colum n oven, an SC L-6 A  spectrophotom etric detector and a 
C R 4A  integrator. A n A m inex H PX -87H  organic acid analysis colum n 
(B io-R ad Laboratories P /L , H ornsby, N SW ) w as used , preceded by 
a M icro-G uard C ation-H  guard colum n (Bio-Rad L aboratories). The 
colum n w as operated at 65°C using 0 .01N  H 2S 0 4 as m obile phase, at 
0 .6  m L/m in. Five p L  o f sam ple w as injected and elu ting  com pounds 
w ere detected by  absorbance at 210 nm . Q uantification w as by  m ea
surem ent o f  peak heights.

Extracts for sugar analysis w ere  prepared by  the sam e procedure as 
for organic acids. C hrom atography w as on a H PLC  system  w hich  
com prised a W aters W isp autom atic sam ple injector, a m odel 510 
pum p, a B io-Rad colum n heater and an E R M A  E R C -7510 refractive 
index detector coupled to a Shim adzu C R 3A  com puting  integrator. A 
W aters Sugar-PA K  1 colum n w as used , preceded by  a W aters Guard- 
PA K  precolum n m odule. The colum n w as operated at 70 -9 0 °C  using 
calcium  ethylene diam ine tetraacetate (50 m g/L) at 0 .5  m L/m in as 
m obile phase. The sam ple (50 p L ) w as injected and elu ting  com 
pounds w ere  detected by  differential refractive index and quantitated 
by peak area m easurem ents.

Taste panel assessment

Sam ples o f  control and irradiated ju ice  w ere  presented to a 12- 
m em ber experienced taste panel w ho  w ere  asked to rate each sam ple 
for general acceptability  using a nine-point hedonic scale ( 1  =  dislike 
extrem ely , 5 =  neither like nor d islike, 9 =  like extrem ely).

RESULTS &  DISCUSSION

T H R O U G H O U T  T H E  S T U D Y , d o sim etry  te s tin g  ind ica ted  
the  average  dose  ra te  w as 7 .7  G y /m in  w ith  a m ax im u m  to 
m in im u m  dose  ra tio  o f  1 .3 /1 .

Juice extraction effects

T he resu lts  fo r ju ic e  y ie ld  and q u a lity  fac to rs  are presen ted  
in T ab le  1 to  5 . Ju ice  y ie ld  sh ow ed  a s ign ifican t (p < 0 .0 5 ) 
decrease  w ith  in creasin g  irrad ia tion  dose fo r s to red  and  u n s
to red  app les and g rap es . O range  ju ice  y ie ld  w as n o t a ffected  
by  irrad ia tion  trea tm en t. T he increase  in ju ice  y ie ld  assoc ia ted  
w ith  irrad ia tion  trea tm en t rep o rted  in  p rev ious s tud ies (Pa- 
nhw er 1972; K iss et a l . ,  1974) has b een  assoc ia ted  w ith  d e
te rio ra tion  in fru it tex tu re . T h is has been  a ttribu ted  to  one or 
m ore  rad ia tio n -in d u ced  ch an g es inc lud ing : in creased  p e rm ea 
b ility  o f  the  w a lls  o f  the sk in s, w eak en in g  o f  the  sk in , b re a k 
dow n o f  the protopectin  and pectin o f interm ediate layers w hich 
w eak en s the  b o n d s be tw een  the  ce lls . E sp ec ia lly  the bonds 
be tw een  the sk in  and the p a ren ch y m ato u s ce lls  and betw een
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EFFECT OF IRRADIATION ON FRUIT JUICE. . .

Table 2 —E ffect o f  irradiation on yield  a n d  quality o f  s to red  app le  ju icea'b 

____________________________________________________D o se  (Gy)_________________

P aram eter U nits 0 75 300 600 S .E .

Ju ic e  y ield %  w /w 53.2 a 49.1 b 46.5 b 47.4 b 1.222
°Brix 11.26 a 11.04 ab 10.86 b 10.90 b 0.092
pH - 3.04 a 3.10 b 3.12 b 3.04 a 0.010
A cid ity % 0.68 a 0.65 ab 0.63 be 0.60 c 0.012
Settling m L 41.6 a 51.4 a 39.6 a 36.4 a 6.380
V isco s ity CP 50.0 a 48.6 a 74.0 a 148.4 b 14.035
C o lo u r L — 46.2 a 44.3 a 45.7 a 45.0 a 0.771
C o lo u r a — - 5 .3 a - 3 .3 b - 5 .3 a - 3 .9 b 0.303
C o lo u r b - 19.7 a 18.1 a 17.3 a 17.8 a 1.154
Pect n e ste rase P EU 0.32 a 0.22 b 0.28 c 0.26 c 0.014
Fru ctose g/100 m L 4.81 a 5.50 a 4.65 a 5.49 a 0.243
G lu co se g/100 m L 1.79 a 2.00 a 1.78 a 2.01 a 0.090
S u cro se g/100 m L 2.95 a 3.38 a 2.72 a 3.25 a 0.169
Citric m g/m L ND ND ND ND —

M alic m g/m L 2.13 a 2.13 a 2.03 a 1.79 a .126
Tartaric m g/m L ND ND ND ND -
8 Stored at 58C for 8 wks after irradiation.
b Means in a row followed by the same letter are not significantly different (p = 0.05). 
ND = not detected.

Table 3 —E ffect o f  irradiation on yield  an d  quality  o f  orange ju ice  (juiced  
7 days a fter irradiation)

D o se  (Gy)

Param eter Units 0 75 300 600 S .E .

Ju ic e  yield %  w/w 58.7 a 59.3 a 59.0 a 60.1 a 0.323
°Brlx 10.1 a 10.4 a 10.4 a 10.4 a 0.210
pH — 3.56 a 3.54 a 3.57 a 3.59 a 0.033
A cid ity % 0.83 a 0.89 a 0.91 a 0.86 a 0.050
Settling m L 59.6 a 62.0 a 60.8 a 64.8 a 2.736
V isco sity C P 60.0 a 60.2 a 57.2 a 69.4 a 3 .906
C o lo u r L — 34.5 a 37.8 a 36.9 a 41 .4 a 1.625
C o lo u r a — 7.8 a 9.7 a 9.3 a 12.2 a 1.053
C o lo ur b — 19.2 a 21.5 a 20.7 a 23.9 a 1.217
Pectin  e ste rase PEU 3.11 a 3.52 b 3.15 a 3.21 a 0.099
Total V itam in C m g/100 m L 40.40 a 41.60 a 41.62 a 41.34 a 0.839
D eh yd ro asco rb ic m g/100 m L 7.90 a 6.08 a 6.48 a 11.44 b 0.852
Fru ctose g/100 m L 1.35 a 1.40 a 1.40 a 1.41 a 0.102
G lu co se g/100 m L 1.21 a 1.24 a 1.25 a 1.25 a 0.095
S u cro se g/100 m L 2.67 a 2.60 a 2.58 a 2.63 a 0.230
Citric m g/m L 9.58 a 10.00 a 9.85 a 10.17 a 0.960
M alic m g/m L 3.58 a 3.08 a 2.77 a 3.26 a 0.270
Tartaric m g/m L ND ND ND ND —

A cceo tab llityb - 6.9 a 6.8 a 6.6 a 6.1 b 0.141

Table 5 —E ffect o f  irradiation on yield  a n d  quality  o f  g rape  ju ice  (juiced  
7 d ays a fter  irradiation)

Param eter

D o se  (Gy)

S .E .Units 0 75 300 600

Ju ic e  y ield %  w /w 50.3 a 50.3 a 49 .5  a 45.5 b 0.822
°Brix 16.34 a 16.44 a 16.74 a 16.56 a 0.411
pH — 3.70 a 3 .74  a 3.71 a 3.72 a 0.022
A cid ity % 0.56 a 0.55 a 0.55 a 0.57 a 0.012
Settling m L 89.2 a 89 .4  a 91 .4  a 89.4 a 1.771
V isco sity CP 40.0 a 40 .4  a 36.6  a 34.8 a 3.985
C o lo u r _ — 34.2 a 35.1 ab 35.5  b 37.1 c 0.417
C o lo u r a — - 1 .4 a - 1 .4  a - 1 .7  b - 2 .0 c 0.071
C o lo u r b — 4.9 a 5.3 ab 5.6 be 5.8 c 0.111
Pectin  este ra se PEU 0.05 a 0 .04  a 0.04 a 0.05 a 0 .004
Total V itam in C m g/100 m L 40.0 a 40 .4  a 36.6  a 34.8 a 3.985
D eh yd ro asco rb ic  m g/100 m L 6.3 a 6.4  a 6.7  a 6.6 a 0.411
Fru cto se g/100 m L 6.43 a 9.22 a 7.93 a 7.50 a 0.646
G lu co se g/100 m L 5.94 a 8.58 a 7.32 a 6.92 a 0.584
S u cro se g/100 m L ND ND ND ND —

Citric m g/m L 0.18 a 0 .19  a 0.19 a 0.21 a 0.009
M alic m g/m L 3.79 a 3.67 a 3.68 a 3.92 a 0.309
Tartaric m g/m L 4.50 a 5.09 a 5.22 a 5.13 a 0.484
A ccep tab ility13 - 6.6 a 6.3  a 6 .4  a 6.5 a 0.115

8 Means in a row followed by the same letter are not significantly different (p = 0.05). 
ND = not detected.
b By sensory test, 9 = like extremely, 1 = dislike extremely

8 Means in a row followed by the same letter are not significantly different (p = 0.05). 
ND = rot detected.

b By sensory test, 9 = like extremely, 1 = dislike extremely.

Table 4 —E ffect o f  irradiation on y ield  a n d  quality  o f  s to red  orange ju ice  
(stored  a t 5°C for 8 w k  a fter irradiation).a

D ose (Gy)
Param eter Units 0 75 300 600 S .E .
Ju ic e  yield %  w/w 59.0 a 58.5 a 58.9 a 59.2 a 0.689
“Brix 10.2 a 10.7 a 10.6 a 9.8 a 0.270
pH — 3.74 ac 3.63 b 3.68 be 3.79 a 0.031
A cid ity % 0.76 a 0.91 a 0.86 a 0.73 a 0.060
Settling m L 51.8 a 48.8 a 46.0 a 43.2 a 2.325
V isco sity CP 32.0 a 27.6 a 37.4 a 33.2 a 2.979
C o lo u r L — 49.5 a 50.5 a 48.7 a 50.2 a 0.437
C o lo u r a - 10.5 ab 11.2 b 9.8 a 10.8 b 0.277
C o lo u r b — 56.9 a 57.3 a 54.5 b 56.6 a 0.656
Pectin este ra se PEU 2.12 a 2.53 b 2.52 b 2.98 c 0 .124
Total V itam in C m g/100 m L 42.30 a 41.16 a 40.76 a 39.52 a 1.277
D eh yd ro asco rb ic m g/100 m L 3.62 a 5.34 a 5.24 a 6.16 a 0.903
Fru cto se g/100 m L 1.67 a 1.54 a 1.48 a 1.02 a 0.186
G lu co se g/100 m L 1.52 a 1.40 a 1.34 a 0.91 a 0.173
S u cro se g/100 m L 3.40 a 2.94 a 2.76 a 1.95 a 0.366
Citric m g/m L 9.86 a 11.00 a 11.39 a 9.53 a 0.714
M alic m g/m L 4.00 a 3.67 ab 3.45 b 3.51 b 0.123
Tartaric m g/m L ND ND ND ND —

A ccep tab ility5 - 6.4 a 6.7 a 6.3 a 5.0 a 0.441
8 Means in a row followed by the same letter are not significantly different (p = 0.05). 
ND = not detected.
b By sensory test, 9 = like extremely, 1 = dislike extremely

the  ce lls  o f  the flesh  have been  reported  w eak en ed  (A hm ad 
and H assa in , 1973; U rb a in , 1986).

T he ex ten t o f  these  changes w o u ld  depend  on  irrad ia tion  
dose em p lo y ed . In ou r study  ap p aren tly  the doses em ployed  
w ere  not su ffic ien t to  cause  such  changes and h en ce  cause  
increased  ju ic e  y ie ld s. T he y ie ld s reco rded  fo r the  th ree  c o m 
m o d itie s , (4 5 .5  to  6 0 .1 % ) w ere  lo w er than  ex p ected  from  n o r
m al ju ic e  ex trac tio n  (T ressle r and Jo s ly n  1971). T h is  cou ld  b e  
a ttribu ted  to  the p ilo t-sca le  nature  o f  the  ex trac tio n  p ro ced u re . 
A s ex p ec ted , y ie lds o f  ju ice  fo r sto red  fru it w ere  lo w er than  
those  fo r u nsto red  fru it (T ressle r and Jo s ly n  1971). T ab le  5 
show s 5%  lo w er ju ice  y ie ld  fo r 600  G y trea ted  g rap es th an  fo r 
non -irrad ia ted  g rap es . K iss et al (1974) reco rd ed  y ie ld  in 
creases o f  0 to  7 .1 %  fo r five  v a rie tie s  o f  w in e  g rap es irrad ia ted  
at 5 0 0  G y . T he co n flic tin g  resu lts  m ay. have  b een  due to  v a r
ietal d iffe ren ces .

Effects on juice quality

For u nsto red  app lies (T able  1), in creasin g  irrad ia tio n  dose 
produced significant (p < 0 .0 5 )  decreases in pH , settling , H unter 
’L ’ v a lu e  (b righ tness) and ’a ’ v a lu e  (g reen ess). In s to red  ap 
p les, increasing irradiation dose resulted in a significant (p < 0 .0 5 )  
decrease  in  °B rix , ac id ity  and pec tin este rase  ac tiv ity  (T ab le  2). 
Ju ice  from  600  G y trea ted , sto red  app les w as  sig n ifican tly  
m ore v isco u s than  th a t from  all o th er trea tm en ts . T aste  panel 
sco res from  app le  ju ic e  w ere  lo w , w ith  p an elis ts  in d ica tin g  a 
m eta llic , p ro cessed  type flav o u r. T h is w as p ro b ab ly  due to  the
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m ethod  o f  p rep ara tio n  o f  the  ju ic e  ex trac t. E ric  e t al. (1970) 
reco rded  flavor and  co lo r d iffe ren ces in  G ran n y  S m ith  app les 
fo llo w in g  irrad ia tion  at 2 5 0 , 5 0 0  and 1000 G y . T h ey  also  re 
po rted  no sig n ifican t (p > 0 .0 5 )  changes in  v itam in  C  due to 
irrad ia tion  at 205 o r 5 0 0  G y.

C hanges o ccu rrin g  in ju ic e  from  u n sto red  and sto red  o ran g es 
w ere m inim al. Sensory  assessm ent o f  ju ice  from  600 G y treated 
unsto red  o ran g es sh ow ed  it w as sig n ifican tly  (p < 0 .0 5 ) less 
accep tab le  than  ju ic e  from  any o th er trea tm en ts  (T ab le  3 ). T he 
600 G y treated  ju ic e  also  had  a s ig n ifican t ( p < 0 .0 5 )  increase  
in  deh y d ro asco rb ic  acid . In s to red  o ran g es , in creasin g  ir rad ia 
tion  dose w as assoc ia ted  w ith  sig n ifican t (p < 0 .0 5 )  in crease  in 
pec tineste rase  activ ity  and  decrease  in m alic  acid  (T able  4 ). 
M acF arlane  and R oberts (1968) rep o rted  o n ly  m in im al changes 
fo r flav o r, B rix , ac id ity  and  v itam in  C  in  V alen cia  o ranges 
irrad ia ted  at 250  to  1000 G y . N ag a i and M o y  (1985) reported  
V alencia  o ran g es trea ted  w ith  750  and 1000 G y w ere  s ig n ifi
can tly  (p < 0 .0 5 )  lo w er in  flav o r sco res th an  co n tro ls  o r fru it 
irrad ia ted  at 300  o r 500  G y.

F or g rape  ju ic e , the o n ly  sig n ifican t (p < 0 .0 5 ) changes re 
co rded  w ere  fo r co lo u r, w ith  an  increase  in  H un ter ’L ’ (b rig h t
ness) and ’b ’ (y e llo w n ess) v a lu es  and  a d ec rease  in  ’a ’ v a lu e  
(g reeness) a ssoc ia ted  w ith  in c reasin g  irrad ia tio n  dose  (T able
5 ). Irrad ia tion  trea tm en t resu lted  in  a sig n ifican t (p < 0 .0 5 )  d e 
crease  in  pec tin este rase  ac tiv ity  fo r s to red  app les and a s ig n if
icant (p < 0 .0 5 )  increase fo r stored oranges. Pectinesterase activity  
increases c la rifica tio n  o f  fru it ju ic e . T his resu lts  w h en  p ec ti
nesterase  d em th y la tes  p ec tin  w h ich  in  tu rn  b rin g s abou t fo r
m ation o f calcium  pecta te and subsequent colloidal and physical 
changes cau sin g  c la rif ica tio n  (T ressle r and  Jo s ly n  1973). Ir
rad ia tion  o f  fru it p rev io u sly  has b een  show n  to  cause  increases 
in w a te r so lub le  p ec tin  and hence in creases in  ju ice  v isco sity  
(D ennison  and A h m ed  1966; Jo sep h so n  and F rankfo rt 1967). 
T h is w as found  in all sam ples.

CONCLUSIONS

L O W  D O S E  IR R A D IA T IO N  (<  600 G y) d id  no t ap p ear to 
resu lt in in creased  ju ice  y ie ld . Irrad ia tio n  trea tm en t resu lted  in 
sig n ifican t d ecreases in  ju ic e  y ie ld s fro m  app les and grapes 
and no change  in  ju ic e  y ie ld  from  o ran g es . Irrad ia tion  trea t
m en t caused  o n ly  no m in al ch an g es in  fru it ju ic e  co m p o sitio n .
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Orange Juices and Concentrates Stabilization by a Proteic 
Inhibitor of Pectin Methylesterase

D. CASTALDO, A. LOVOI, L. QUAGLIUOLO, L. SERVILLO, C. BALESTRIERI and A. GIOVANE

------------------------------- A B S T R A C T --------------------------------
A  proteic inhibitor o f  pectin  m ethylesterase (PM E), recently  discov
ered in kiw i, w as used to stabilize cloud o f  orange ju ice  concentrate 
w ith “ C u t-back ,”  42° B rix. To concentrated and pasteurized orange 
ju ice  w ere added increasing am ounts o f fresh ju ice  (12° Brix) w ith 
PM E 0 .8  U /m L  at the fresh to pasteurized ratios 6 .6  to 38% . The 
PM E inhibitor (65%  pure), from  kiw i, w as added at 50 m g/L . A fter 
8  m o at 5“C sam ples w ere  com pared w ith  controls containing the sam e 
am ount o f  fresh ju ice  w ith  PM E inhibited by pasteurization . Pasteur
ized sam ples w ere not different from  those treated w ith  PM E inhibitor. 
C onversely, w here PM E w as not inhibited, cloud stability  decreased 
w ith increasing am ounts o f  fresh ju ice . Use o f kiw i PM E inhibitor in 
fruit ju ice  production has potential advantages.

IN TR O D U C TIO N
F R U IT  JU IC E S  and co n cen tra tes  are b ip h asic  sys tem s m ade 
up o f  a liqu id  p h ase , g en era lly  te rm ed  “ se ru m ”  and a solid  
phase  w h ich , in o ran g e  ju ic e , is te rm ed  “ c lo u d .”  A  m ain  
ob jec tive  o f  c itru s ju ice  tech n o lo g y  is p reserv a tio n  o f  physical 
charac teris tics  o f  c lo u d . So lub le  p ec tin  is tha t p a rt o f  ju ic e  that 
stab ilizes  c lo u d . W h en  th is co llo id  is d em eth y la ted  b y  pectin  
m ethy leste rase  (P M E ), na tu ra lly  p resen t in  ju ic e , it causes c la r
ifica tion  o f  the ju ice  b ecause  o f  rap id  sed im en ta tio n  o f  the  so lid  
phase . T h is is due to  fo rm atio n  o f  free  ca rboxy l g ro u p s by  
PM E  ac tion  on pec tin . T hese  ca rboxy l g ro u p s react w ith  c a l
cium  ions p resen t in the ju ice  (P rim o Y ufera  et a l . ,  1961; 
B aker et a l . ,  1969). S ince  the resu ltin g  ca lc ium  pec ta te  is in 
so lu b le , it p rec ip ita tes , destab iliz in g  cloud  w ith  co n sequen t 
c la rifica tion  (S tevens et a l . ,  1950; K rop  and  P iln ik , 1974). 
Several tech n o lo g ica l ap proaches have been  used  to  so lve  the 
p rob lem  o f  ju ice  c la rifica tio n . T he y a re  su m m arized  as fo l
low s: T h erm al trea tm en t (105—1 15°C) to  inac tiva te  P M E . T h is 
is the m ost com m on  tech n o lo g y  used  fo r c loud  stab iliza tion . 
H o w ev er, care  m ust be taken  to  avo id  change  in  ju ic e  flavor 
from  the  therm al p rocess (C ruess, 1914; Ir ish , 1928). In h ib i
tion  o f  P M E  b y  s to rin g  ju ice s  at low  tem p era tu re . T h is is 
u su a lly  em p lo y ed  fo r “ F ro zen ”  p ro d u c ts , o b ta ined  by  m ix ing  
con cen tra ted  ju ic e  w ith  fresh  un p asteu rized  ju ic e . D egradation  
o f  P M E  su b stra te . T h is  is no t freq u en tly  used . It co nsists o f  
deg rad in g  so lub le  pectin  to  a low  degree  o f  m eth y la tio n , w ith  
enzym es such  as p ec tin  lyase  o r p o ly g a lac tu ro n ase  th a t p reven t 
pectin  p rec ip ita tion  b y  ca lc ium  th rough  red u ctio n  o f  pectin  
m o lecu lar w e ig h t (B aker and B ru em m er, 1969; 1972; B ak er,
1977). Inac tiva tion  o f  P M E  by  p ro teo ly tic  en zy m es. R ecen tly  
W ob b en  and T an  (1983) pa ten ted  a p ro cess to  stab ilize  cloud  
in c itru s  b ev erag e  by  su b jec tin g  pasteu rized  co n cen tra te , o r 
s in g le  s tren g th  ju ic e , to  one  o r m ore  enzym es w ith  p ro tease  
ac tiv ity . T h ey  c la im ed  c loud  stab ility  d ep en d ed  on  the  deg ree  
o f  p ro te in  h y d ro lysis in the ju ic e .

O ur o b jec tiv e  w as to  exp lo re  a novel w a y  to  p rese rv e  cloud  
stab ility . W e ap p lied  o u r recen t fin d in g  tha t k iw i fru it con ta ins 
a p o w erfu l p ro te ic  inh ib ito r (B ales trie ri e t a l . ,  1990). T h is 
su b stan ce , w h ich  w e  d em o n stra ted  to  be a g ly co p ro te in , w as

A u th o r s  G io v a n e , Q u a g lin o lo , S erv iz io , a n d  B a le s tr ie r i  a r e  w ith  
th e  D e p t, o f  B io c h e m is tr y  &  B io p h y s ic s ,  U niv. o f  N a p le s  Via 
C o s ta n tin o p o li  16, 8 0 1 3 8  N a p o li, Ita ly. A u th o r s  C a s ta ld o  a n d  Lo- 
v o i  a r e  w ith  th e  E x p e r im e n ta l  S ta t io n  fo r  th e  F o o d  P r e s e r v in g  
In d u s try , P a rm a , D e p t, o f  F ruit J u ic e s  a n d  T o m a to  P r o d u c ts ,  Via 
N a z io n a le  1 2 1 /1 2 3  A n g r i, S a le rn o , Italy.

p artia lly  p u rified  and used  as an ad d itiv e  to  “ c u t-b a c k ”  ju ice  
in  ju ic e  co n cen tra tes  in o rd e r to  stab ilize  c lo u d  th ro u g h  PM E  
in h ib ition .

M ATERIALS &  METHODS
Reagents

Citrus pectin  and orange PM E w ere purchased from  Sigm a C hem 
ical C o. (St. L ouis, M O ). Q -sepharose w as obtained from  Pharm acia 
(U ppsala, Sw eden). All o ther reagents w ere analytical grade.

Determination of pectin and PME activity

PM E activity  w as determ ined titrim etrically  by  the m ethod o f  V as 
et a l. (1967) estim ating free carboxyl groups form ed in pectin  as a 
result o f  enzym e action. The am ount o f  0 .01M  N aO H  required to 
m aintain the substrate at pH  7 .0  (30“C ), w as m easured  using an au
tom atic titrator. The enzym e substrate w as a 1% citrus pectin  solution 
containing 0 .15M  N aC l. O ne unit o f  PM E  w as defined as the am ount 
o f enzym e w hich  released 1 pm ole o f  carboxyl g roups/m inute. The 
pectin content in orange ju ice  w as determ ined according to the m ethod 
o f Rouse and A tkins (1964).

Purification of PME inhibitor from kiwi fruit

Pectin  m ethylesterase inhibitor (PM EI) w as partially  purified from  
kiw i fruit essentially  as described by  B alestrieri et al. (1990). B riefly , 
15 kg o f kiw i w ere  w ashed and hom ogenized in w ater, the suspension 
w as then passed through a depulper w ith  a 0 .4  m m  filter. T he filtrate 
w as centrifuged and the supernatant adjusted to pH  7 .5  by  adding 
N aO H . A fter dialysis against Tris 10 m M , pH  7 .5 , 100 m M  N aC l, 
the solution w as m ixed w ith  Q -Sepharose resin equilibrated in the 
sam e buffer. A fter m ixing 3 hr at 4°C, the slurry  w as poured onto a 
colum n (5 x  70 cm ) and the resin w as allow ed to se ttle . The colum n 
w as w ashed  w ith  buffer containing 10 m M  Tris-H C l pH  7 .5 , 100 m M  
N aC l, and PM EI w as eluted w ith  a linear g radient for 100 to 400 m M  
N aC l. Fractions contain ing  PM EI activ ity  w ere  pooled and concen
trated by  u ltrafiltra tion . The concentrated so lu tion , free o f  po lygalac
turonase and proteinase activity , w as used as a source o f PM E I. From  
15 kg o f  fru it, 600 m g o f  proteins w ere ob tained, and 65%  w as PM E I.

Samples preparation

T o evaluate PM EI ability to stabilize orange ju ices , sam ples w ere 
prepared from pasteurized concentrated orange juices (COJ) at 62“Brix. 
Fresh unpasteurized orange ju ices at 12°Brix, previously  depulped by 
filtration , w ere  than added to the pasteurized concentrates. T he PM E 
activity  in the depulped ju ice  w as 0 .8 4  U /m L,' w hereas no activity  
w as found in the concentrated/pasteurized ju ice . T he final concen tra
tion in the “ cut-back”  concentrates w as 42°Brix and the am ount o f 
the added unpasteurized orange ju ice  ranged from  6 .6  to 38% . Figure 
1 outlines the preparation schem e for sam ples. A t the indicated con
centration o f  fresh ju ice , each sam ple w as separated in to  three lots 
and treated as follow s: Sam ples labeled P: pasteurized  at 100“C for 7 
m in . Sam ples labeled NP: unpasteurized. Sam ples labeled I: con tain 
ing enough PM EI (50 m g/L) to com pletely inhib it PM E in the ju ice . 
Each batch w as treated w ith  2000 ppm  benzoic acid and 1000 ppm  
sulfur dioxide and divided into 2 0  sam ples, stored in sealed tubes at 
5°C.

Cloud index determination

Concentrated ju ices at 42° B rix (20g) w ere diluted w ith  w ater to 
12° B rix. A fter centrifugation at 2000 x  g for 10 m in , supernatant 
transm ittance at 660 nm w as determ ined (Loeffler, 1941).
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Fig. 7 - S c h e m e  o f  s a m p le  p r e p a r a t io n  fo r  c lo u d  s ta b i l i ty  te s t .

RESULTS &  DISCUSSION

T H E  D IS C O V E R Y  and p u rifica tio n  o f  a p ro te ic  in h ib ito r in 
k iw i fru it suggested  to  us tha t it m ay  have  p o ten tia l in  b io 
techno logy  p ro cesses, such  as those  reg ard in g  o range ju ic e s , 
fo r in h ib ition  o f P M E  ac tiv ity . T he effec ts  o f P M E I addition  
to  co n cen tra tes  w ith  “ C u t-b ack ”  ju ic e s  are rep o rted  in  T ab le  
1. N o P M E  activ ity  w as  d e tec tab le  in  e ith er pasteu rized  o r in 
PM E I added  ju ic e s  at the b eg in n in g  o r at the end o f  the o b 
serva tion  p erio d . O n the  o th e r h an d , in sam ples p repared  by  
m ix ing  p asteu rized  and fresh  ju ic e s , the  re la tiv e ly  h igh  P M E  
activ ity  at the  start o f  the period  d ecreased  to  zero  du rin g  the 
8 m o sto rage  at 5°C  (T ab le  1). T h is e ffec t, o f  a g radual loss 
o f  P M E  activ ity  w ith  tim e in ju ic e , has been  rep o rted  by  K oen 
M osse et al. (1 9 6 0 ). M o reo v er, th ey  a lso  ob serv ed  a faste r 
d ecrease  o f  P M E  ac tiv ity  in sto red  ju ices w ith  in creased  s to r
age tem pera tu re .

T he effect o f  PM E I add ition  on p ec tic  frac tions in vario u s 
“ cu t-b ack ”  sam ples is rep o rted  in T ab le  2 . N o te  tha t “ c u t
b ack ”  ju ice s  co n ta in in g  fresh  ju ic e  w ith  added P M E I, had  the 
sam e com p o sitio n  o f  p ec tic  frac tions as the  pasteu rized  sam 
p les . C o n v erse ly , in “ c u t-b ack ”  co n cen tra tes  co n ta in in g  fresh  
ju ic e  w ith o u t P M E I ad d itio n , the p ec tic  frac tion  com p o sitio n  
d ram atica lly  ch an g ed . T h ey  had an increase  o f  sod ium  hexa- 
m etap h o sp h ate  so lub le  p ec tin s (calc ium  pec ta tes) and a no 
ticeab le  decrease  in  the w a te r so lub le  frac tio n , w h ereas the 
N aO H  so lub le  frac tion  (p ro topectin ) rem ain ed  u n ch an g ed . T he 
sam e resu lt w as  o b ta ined  w h en  pH  o f  the  v a rio u s  sam ples w as 
m easu red . W e fo u n d  no pH  d iffe ren ce  be tw een  ju ice s  w ith  
added  PM E I and p asteu rized  ju ic e s . In co n tras t, the  pH  o f 
sam ples w ith  fresh  ju ic e s , w ith o u t P M E I, w as n o tab ly  low er 
(in som e sam ples as m uch  as 0 .2  u n its). T h ese  resu lts  reem 
p h asized  the PM E I inh ib ito ry  e ffec tiv en ess on  P M E  activ ity  
even fo r lo n g  tim e p erio d s.

M any  reports have  been  pu b lish ed  (C randall et a l . ,  1983; 
W en zel et a l . ,  1951; R o thsch ild  et a l . ,  1975) co n cern in g  fac 
tors affec ting  c loud  s tab ility  o f  c itru s  ju ic e s  and co n cen tra tes . 
T hese  essen tia lly  co v ered  effects o f  on  fru it v a rie ty , seed  co n 
ten t, pu lp  q uality  and q u an tity , co n cen tra tio n  d eg ree , sto rage  
tem p era tu re  and residual P M E  activ ity . O n the o th e r h an d , the 
c la rifica tio n  process in a ju ic e  co n cen tra te  is know n to depend  
on to ta l so lub le  so lid s , w ith  o th e r  fac to rs  con stan t (i .e . pu lp

Table I - P M E  residual activity in concentra tes containing "Cut-back" juices 
(42° Brix) s to re d  at 5°C

PM E activ ity  (U/m L x  102)

S a m p le 8
Sto rag e  (day)

0 240
1P 0 0
1NP 5 0
11 0 0
2P 0 0
2NP 8 trace
21 0 0
3P 0 0
3NP 17 trace
31 0 0
4P 0 0
4NP 34 trace
41 0 0
5P 0 0
5NP 43 .trace
51 0 0
8 P=* Pasteurized, NP = Not pasteurized, I = Containing pectinmethylesterase inhibitor.

Table 2 -P e c t ic  fraction com position o f  concentra tes with "cut-back" ju ices  
after 240 d ays a t 5°C____________________________________________________________________________

_________________________________Pectin content (mg/kg ju ice)_________________________________

S o lu b le  in 

So d iu m
S a m p le 8 W ater h exam etap h o sp h ate N aOH
IP 1030 210 320
1NP 1020 220 340
11 996 230 340
2P 1097 198 298
2NP 620 686 310
21 1010 286 287
3P 1066 257 386
3NP 543 734 389
31 937 411 428
4P 1000 270 407
4N P 298 860 447
41 972 326 435
5P 1008 412 448
5NP 223 1052 407
51 978 462 417
8 P = Pasteurized, NP = Not pasteurized, I = Containing pectinmethylesterase inhibitor.

co n ten t, residual P M E  ac tiv ity , sto rage  tem p era tu re ). P a rtic 
u larly , C otton  et al. (1947) ob serv ed  tha t h ig h er g é lifica tion  
and c la rifica tion  occured  w h en  to ta l so lub le  so lid s co rre 
sponded  to  3 0 -4 0 °  B rix , w h ereas ju ic e s  w ith  lo w er o r h igher 
so lub le  so lid s ap p eared  m ore  s tab le . T h ere fo re , on  the  basis 
o f  those  fin d in g s, P M E I w as assayed  u n d er co n d itio n s o f  lo w 
est ju ice  stab ility , i .e . ,  on those  a round  40° B rix  o r h ig h er w ith  
increasing  con ten ts o f P M E  ac tiv ity , o b ta in ed  b y  increasing  
the added  fresh  ju ic e . C loud  stab ility  cu rves fo r v a rio u s  “ c u t
b a c k ”  ju ice s  p rep ared  in th is m an n er a re  rep o rted  in  F ig . 2. 
O n ly  sam ples w ith  fresh  ju ic e  added  at a co n cen tra tio n  u p  to 
6 , 6% (P M E  activ ity  abou t 0 ,9  U /m L ) w ere  stab le  th ro u g h o u t 
the observ a tio n  p e rio d . W h en  p ercen t o f  fresh  ju ic e  in  the 
“ c u t-b ack ”  co n cen tra te  w as above  tha t v a lu e , d ecreased  s ta 
b ility  o f  the  ju ic e  w as fo u n d . H o w ev e r, add itio n  o f  P M E I to 
sam ples w ith  the sam e fresh  ju ic e  co n ten t co m p le te ly  p reserved  
c lo u d  stab ility . T hose  ju ic e s  appeared  the sam e as co rre sp o n d 
ing  p asteu rized  ju ice s  th ro u g h o u t the  o b se rv a tio n  p e rio d . T ech 
n o log ical u se  o f  the inh ib ito r is no t lim ited  to  o ran g e  ju ic e . 
R ecen tly , w e  d em o n stra ted  that the  in h ib ito r w as eq u a lly  active  
in  b lo ck in g  PM E  activ ity  in o th e r fru it ju ic e s  (C asta ld o  e t a l.,
1990).

CONCLUSIONS

T H E  K IW I P M E I cou ld  b e  su ccessfu lly  u sed  to  contro l PM E  
ac tiv ity  in o range ju ic e  even o v er long  s to rag e . T his p rocedure
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Fig. 2 - Effect of storage time on concen
trated orange juices. Samples, prepared 
according to Fig. 1, contained unpasteur
ized juice at 6.6%, 10%, 20%, 30% and38%. 
Cloud stability for, samples pasteurized
(•------- •), unpasteurized (+--------\-j and
with PMEi added (*------- *).

o f  P M E  inac tiva tion  cou ld  allow  low er therm al ju ic e  trea tm en t 
inasm uch  as therm al P M E  inac tiva tion  requ ires tem pera tu res 
h igher than  those  needed fo r p asteu riza tio n . Such m ild er th e r
m al trea tm en t shou ld  resu lt in b e tte r flav o r quality . M o reo v er, 
the inh ib ito r cou ld  also  be usefu lly  em ployed  in frozen  p roduct 
tech n o lo g y . A fte r long-term  sto rage at 5°C , our resu lts  show ed  
that, in the presence o f PM E I, the ju ice  did not undergo changes 
ch arac teris tic  o f  P M E  ac tio n . T h u s , add ition  o f  P M E I m ight 
allow  the  sto rage  o f  frozen  p ro d u cts at h ig h er tem p era tu res .
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Filter, Fourier Transform Infrared, and Areometry, for 
Following Alcoholic Fermentation in Wines

A. DAVEN EL, P. G REN IER, B. FOCH, J.C . BOUVIER, P. V ERLA Q U E, and J. POURCIN

------------------------------- A B S T R A C T --------------------------------
A reom etry, filter near infrared spectrom etry  (FIR ), and Fourier trans
form  near infrared spectrom etry (FTIR ), have been com pared for fo l
low ing total sugar and ethanol during ferm entations. S tandard errors 
o f  calibration (SEC) and prediction (SEP) have been estim ated , re
spectively , w ith 4 and 2 ferm entations, using as reference sugar and 
ethanol enzym atic analysis. W ith the first 4 ferm entations, the least 
rectangles m ethod w as applied for a m ore thorough com parison be
tween FIR , FTIR , and areom etry . FIR w as m ore com plex and m ore 
accurate than density  m easurem ent, and less com plex, but as accurate 
as FTIR spectrom etry. Sm all SEP can be achieved w ith  FIR spectro
m etry: 2 .5  g /L  for total sugars and 0 .15%  (v/v) for ethanol.

IN TR O D U C TIO N

W IN E  is m ade  by  tran sfo rm in g  sugars in to  a lcoho l du rin g  fe r
m entation  o f  g rap e  m u sts . In  all w in e  fe rm en ta tio n  p ro cesses, 
the w in em ak e r m ust dec ide  to  re frigera te  the  m u st to  slow  
dow n the fe rm en ta tio n  p ro cess  w h en  co n tro llin g  q u a lity  o f  the 
w in e .

T he d ecis ion  to  re frig era te  the fe rm en tin g  m ust takes in to  
accoun t the  fe rm en ta tio n  evo lu tio n  ra te . T h is is d escribed  as 
p ilo ting  the fe rm en ta tio n  b y  m eans o f  tem p era tu re  con tro l (Sa- 
b lay ro lles et a l . ,  1987). H o w ev er, trad itio n a l p rac tice  has been  
an art because  o f  the lack  o f  adequate  sen so rs . T em p era tu re  
p robes and m anual den sity  m easu rem en ts  ( i .e . sp ec ific  g rav ity ) 
several tim es per day  have been  the o n ly  data  ava ilab le  from  
w hich  the stage o f the fe rm en ta tio n  and the evo lu tio n  ra te  cou ld  
be estim a ted . C on tinuous o n -line  au to m atic  ind ica tio n s o f  fe r
m en ta tion  stage  and ev o lu tion  rate  w o u ld  be g rea t im p ro v e
m e n ts  in  w in e  fe rm e n ta t io n  te c h n o lo g y . A u to m a tin g  th e  
trad itional density  m easu rem en ts  needs fu rther research  to 
evalua te  its b enefits  such as op tim al co st, re liab ility , and p re 
c is ion . In fac t, any phy sica l m easu rem en t w h ich  w o u ld  enab le  
estim ation  o f  the  sugar o r a lcoho l co n cen tra tio n s du ring  fe r
m entation  m igh t be a m ore  ap p licab le  sen so r. M easu rem en t o f 
C 0 2 p roduction  has been  recen tly  im p lem en ted  (E l H alou i et 
a l., 1987), b u t w in em ak e rs  o b jec t to  the req u ired  c lo s in g  o f 
the tanks.

R efrac to m etry  is less p rec ise  than  d en sity  becau se  accu racy  
o f  labora to ry  in strum en ts in sugar de term in atio n  is less. In 
add ition , in  a fe rm en tin g  m u st, a lcoho l p ro d u ctio n  coun terac ts 
partly  the  action  o f  sugar co nsum ption  on the  changes in  re 
frac to m etry  in d ex , w h ile  a lcoho l p ro d u ctio n  reen fo rces the  ac 
tion o f sugar con su m p tio n  on the ch an g es in  d en sity . T hese  
facts affect the  range  o f  v a ria tio n  in re frac tiv e  in d ex , m ak in g  
it re la tiv e ly  less than  the den sity  range  du rin g  ferm en ta tio n . 
T h ere fo re , d en sity  is m ore  adequate  fo r estim a tin g  fe rm en ta 
tion and evo lu tion  ra te . F rom  E l H a lou i et al. (1 9 8 7 ), fo llo w in g

A u th o r s  D a v e n e l, G ren ie r, a n d  F o ch  a r e  w ith  CEM AGREF, D i
v is ion  G én ie  d e s  E q u ip e m e n ts  A g r ic o le s  e t  A lim e n ta ire s , B P  5035 , 
3 4 0 3 3  M o n tp e lllie r  C e d e x  1, F rance. A u th o r  B o u v ie r  is  w ith  INRA, 
S ta tio n  O e n o lo g iq u e , A v e n u e  C h a r le s  d e  G a u lle , 1 1 1 0 0  N a r
b o n n e , F ra n ce . A u th o r s  V e r la q u e  a n d  P o u rc in  a r e  w ith  U n ive r
s i t é  d e  P r o v e n c e ,  P h y s i q u e  d e s  I n t e r a c t i o n s  I o n i q u e s  e t  
M o lé c u la ir e s  (C N R S, UA 773), C e n tr e  d e  S a in t-J é r ô m e , 1 3 3 9 7  
M a r s e il le  C e d e x  13, F ran ce.

the d ensity  o f  fe rm en tin g  m u st p erm its e stim a tio n  o f  sugar 
co n cen tra tio n  ev o lu tion  w ith  a s tan d ard  dev ia tio n  o f  8 g /L .

L ow  reso lu tion  N M R  w as used  b y  T e llie r et a l. (1989) to  
d e term in e  residual su g ar and a lcoho l in  the  co u rse  o f  fe rm en 
ta tio n . T h e ir ob serv ed  lin ear co rre la tio n s b e tw een  N M R  signal 
and to ta l su g ar co n ten t a t 0 -2 0 0  g /L , and b e tw een  N M R  signal 
and e thano l con ten t at 0 - 1 2  % (v /v ), can  be used  to  p red ic t 
co m p o sitio n  o f  the  fe rm en tin g  m ed iu m  (standard  dev ia tions 
w ere 4 -8  g /L  for total sugar and 0 .05  to 0 .1  % (v/v) fo r ethanol). 
T he ca lib ra tion  cu rv es can  be u sed  to  fo llo w  the  k in e tic s  o f 
en o lo g ica l fe rm en ta tio n . T he rap id ity  o f  the  m easu rem en t (3 .5  
m in) and  the  easy  sam ple  p rep ara tio n  m ake  th is tech n iq u e  su it
able fo r o n -line  con tro l o f  fe rm en ta tio n . H o w ev er, the  m e th 
o d o lo g y  needs to  be im proved  to  b e  co m p etitiv e .

N IR  sp ec tro m etry  in s tru m en ts  h av e  b een  ap p lied  to  sugar 
content m easurem ent in  dry  m ixtures (G iangiacom o et a l., 1981), 
in aqueous m ix tu res (G ian g iaco m o  and D u ll, 1986; D um o u lin  
et a l . ,  1987), in  fru it (D avenel et a l . ,  1988), and in  in tac t fru it 
(L anza and  L i, 1984). It has also  b een  app lied  to  estim ate  sugar 
co n ten t in  w in es (K affka and Je sk en szk i, 1984; C ab an is  et a l.,
1983). F erm en tin g  m usts have b een  fo llo w ed  b y  m ean s o f  a 
T ech n ico n  400  an a ly ser (B ouv ier, 1988), and stan d ard  d ev ia 
tions w ere  less than  5 g/1 fo r to ta l su g ar and  less than  1%  (v/ 
v ) fo r e th an o l. T he w o rk  o f  G ian g iaco m o , D av en e l, L an za , 
and K affk a  w as done w ith  g ra tin g  in s tru m en ts , w h ile  th a t o f 
D u m o u lin , C ab an is , and B o u v ier u sed  filte r in s tru m en ts . G ra t
ing  in s tru m en ts  p ro d u ce  co m p le te  sp ec tra  and perm it se lection  
o f  w av e len g th s o f  in te rest fo r fu rth e r w o rk  w ith  filte r in s tru 
m en ts.

M ore recen tly , N IR  sp ec to m etry  u sing  F o u rie r transfo rm  
m ethod  (F T IR ) has been  used  fo r on  line m easu rem en ts  in food  
p ro cessin g  (D avenel e t a l . ,  1988; D av en e l, 1990). A s low  
reso lu tion  F T IR  sp ec tro m eters  (s ligh t d isp lacem en ts  o f  m o v 
ab le  m irro r) beco m e availab le  a t lo w er co st, the ir consid era tio n  
is w o rth w h ile  fo r fo llo w in g  w in e  fe rm en ta tio n  p ro g ress  b u t no 
such  a ttem p t has been  reported .

W e d ec ided  to  focus o u r s tu d y  on d en sity , F T IR , and F IR  
m easu rem en ts  fo r tw o  reaso n s. T h ey  are am o n g  the  m o st ac 
cu ra te  phy sica l m ethods fo r sugar and  e th an o l e s tim a tio n . T hey  
have m ajo r d iffe ren ces , a reom etry  b e in g  s im p le , trad itio n a l, 
and ch eap , and near in frared  sp ec tro m e try  b e in g  co m p lex  and 
co stly . F o r F IR , filte r in s tru m en ts  w ere  p re fe rred  o v er g ra ting  
in s tru m en ts  because  th ey  are  b e tte r adap ted  to  in d u stria l c o n 
d itions.

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

TH E FERM ENTING T A N K  w as a 150L stainless steel cylinder, coated 
for reproducing the therm al inertia o f a 5000L  industrial tank o f  sam e 
height. The tank w as filled to 130 L . N o m echanical m ixing w as used, 
as the tank content w as hom ogenous because o f  ferm entation activ ity .

Instrumentation

Four areom eters, specific gravity  or density  m anual m easurem ent 
tools based on buoyancy, D ujardin-Salleyron (Paris, F rance), cover
ing the range of the m ust density evolution during fermentation (1 .090- 
1 .060 , 1 .0 6 0 -1 .0 3 0 , 1 .0 3 0 -1 .0 0 0 , 1 .0 0 0 -0 .9 7 0 ) w ere used for m an
ual density  m easurem ents o f  uptakes four tim es per day (precision 
0.0001).
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Table 1 —M ain ph ysica l a nd  chem ica l characteristics o f  m u s ts  befo re  fer
m en ta tio n

Fermentation F1 F2 F3 F4
Temperature (°C) 16.8 31.0 24.5 19.6
Specific gravity (g/L) 1088.2 1077.0 1089.6 1091.6
Ref-active index 1.3655 1.3600 1.3670 1.3674
Eth3nol (vol %) 0 0 0 0.5
Sugar (g/L) 200.4 163.4 227.6 228.3
Glycerol(g/L) 4 0 0.9 3.2

T w o N IR spectrom etry techniques w ere tested: a 400 Infralyser 
(Technicon C o, D um ont, France) equipped w ith 19 filters (popular in 
the food industry), and a Fourier transform  in terferom etric spectrom 
eter, the N icolet 7199 (N icolet C o, U SA ). Sam ples w ere analysed 
w ith the Infralyser at 22°C. The m ain operating param eters o f the 
N icolet 7199 spectrom eter, equipped especially  for N IR (separator 
C a ?2 , detector InA s cooled), w ere from  a previous theoretical study 
(D avenel, 1989): m axim um  optical path length difference o f  0 .0315 
cm , no apodization, 1 0 0  scans per spectrum , 1  m m  thick quartz cell. 
Absorbance data w ere obtained relative to a background scan for water. 
M easurem ent cells w ere kept at 22°C w ith in  ±  0.5°C . Each sam ple 
w as scanned 1 0 0  times in 1  min and interferogram s w ere averaged to 
give a sim ple transm ittance spectrum  after Fourier transform ation. 
N IR data w ere processed to lo g ( l/T ), because no significant back 
ground variations arose, and because the second derivative m ethod 
deteriorated the signal to noise ratio.

Fermentations
A  calibration study w as carried out w ith 4 ferm entations involving 

C arignan cultivar and conducted so that tem peratures w ere not allowed 
to exceed 30°C, except for the ferm entation F2. T he m ain character
istics o f initial m usts are presented in Table 1. Initial m usts w ere 
reconstituted from  concentrated ju ices (80 % vo lum e reduction). T hir
teen g /hL  o f  S acch a ro m yces c e r e v is ia e , strain K1 (IN R A , M ontpel
lier, France), inoculated 130L prepared m ust. To avoid foam ing, 10 
g /hL  o f  Silicone 426 (Prolabo C o ., Paris, France) w ere added. Som e 
glycerol w as in all m usts before the experim ents, except F 2 , and in 
addition the F4 m ust contained a significant am ount o f ethanol. This 
indicated the start o f ferm entation during storage o f  the concentrated 
ju ices in all cases but F2 (especially  F4). T he prediction study used 
2 extra ferm entations, w ith  M acabeu and C arignan cu ltivars, w hich 
w ere conducted sim ilarly  to ferm entation F I .  C oncentrated m usts fu r
ther diluted w ith  w ater (m aking grape ju ice ) w ere used , because they 
provided yearound experim entation and required sm aller storage v o l
um es. A lthough this experim ental procedure should be extended to 
fresh grape ju ices , it provided a good w ay  o f investigating ferm en
tation kinetics and sensors.

There w ere , on average, 4 uptakes o f  0 .5L  m ust per day . D ensity 
w as m easured 2 m in after uptaking, allow ing foam  to disappear. A 
non sterile filtration o f 100 m L  o f m ust clarified it and it w as sterilized 
w ith 2 drops o f  allylisothiocyanate (M erck C o, H ohenbrunn bei 
M ünchen, G erm any). For each sam ple 3 subsam ples w ere kept at 4°C 
for enzym atic analyses and further NIR m easurem ents. E ighty-seven 
uptakes w ere taken for calibration as follow s (for ferm entations F I ,  
24, F2, 13, F3, 25 , and F4, 25), and 30 for prediction (15 and 15).

Reference enzymatic analyses

The enzym atic analyses o f  ethanol, glucose, fructose and glycerol 
w ere autom ated (60 sam ples/hr) according to the techniques im ple
m ented by Battle and Bouvier (1986), w ith  a precision o f 3 g/L  sugar, 
0.1 g /L  g lycerol, and 0 .1 % (v/v) ethanol.

Statistical methods for calibration and comparison

Each physical m ethod com pared to the reference enzym atic analysis 
w as calibrated w ith linear least squares regressions. T he selection o f 
the spectrom eter w avelengths w as m ade using a forw ard stepw ise 
regression (O sborne et a l„  1986). C alibrations o f  each sensor had 
correlation coeffic ients above 98%  for the instrum ental response and 
the reference values. Thus the fit w as estim ated by the Standard Error 
o f C alibration (SEC) (O sborne et a l., 1986). A ccuracies betw een 
m ethods w ere com pared using the least rectangles m ethod as recom 
m ended by Fcinbcrg (1984), w ho referred to Danielli (1973), since 
this technique is perfectly  sym m etrical about both variab les, as op 
posed to the least squares m ethod.

W A V E L E N G T H S

Fig. 7 -  In fra re d  F o u r ie r  T ra n sfo rm  (FTIR) s p e c t r u m  in  th e  d o 
m a in  o f  o v e r to n e s  o f  f e r m e n tin g  m u s t s  s a m p l e s , f r o m  s ta r t in g  
u n til e n d  o f  fe rm e n ta tio n  ( L S = w a v e le n g th s  o f  FTIR s p e c tr a  u s e d  
fo r  s u g a r  a n a ly s is ;  F S  =  f i lte r s  o f  T ec h n ic o n  4 0 0  u s e d  fo r  s u g a r  
a n a ly s is ) .

Fig. 2 —In fra r e d  F o u r ie r  T ra n sfo rm  (FTIR) s p e c t r u m  in  th e  d o 
m a in  o f  c o m b in a t io n s  o f  f e r m e n tin g  m u s t s  s a m p le s ,  fr o m  s ta r t 
in g  u n til  e n d  o f  f e r m e n ta t io n  (LE a n d  L S  =  w a v e le n g th s  o f  FTIR 
s p e c t r a  u s e d  fo r  e th a n o l  a n d  s u g a r  a n a ly s is  r e s p e c t iv e ly ;  FE a n d  
F S = f i l t e r s  o f  th e  T ech n ic o n  4 0 0  u s e d  fo r  e th a n o l  a n d  s u g a r  
a n a ly s is  r e s p e c t iv e ly ) .

RESULTS &  DISCUSSION 

Calibration o f N IR  spectrometers

F T IR  spec tra  show ed  that w a te r p resen ted  th ree  m ain  ab 
so rp tion  zones in the  dom ain  s tu d ied , aro u n d  1450 , 1960 , and 
2400  nm . S pectra l m od ifica tions due to  the p resen ce  o f  so lu te  
appeared  be tw een  these  w av e len g th s . T h ey  co rresp o n d ed  to  
the v ib ra tio n s o f  p ro to n s in  the  g roups C -H  and O -H , and to  
the dom ain  o f  the ir com b in atio n s w ith  C -C  o r C - 0  g roups . 
T he F T IR  w av e len g th s and the filte rs  w h ich  w ere  se lec ted  for 
v a rio u s reg ressions ap p ear in F ig . 1 and 2 . F o r e th an o l m ea 
su rem en t, the reg ressions con cern ed  e ssen tia lly  the  s tro n g  ab 
so rp tion  zone cen te red  on  2270  nm  as in d ica ted  in p u b lished  
reports. For sugar determ ination , the large zone centered  around 
2130  nm  had an am plitude  stro n g ly  co rre la ted  to  sugar co n 
cen tra tio n . T he S E C  o b ta ined  fo r all fe rm en ta tio n s  are given 
in T ab le  2 . T he S E C  w as sig n ifican tly  lo w er w h en  a larger
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Table 2 - A lcoho l a n d  sugar d e term ina tions b y  NIR spec trom etry . SEC  
for all ferm en ta tio n s (figures in p a re n th esis  ind ica te  n u m b er  o f  w a ve
leng ths in each correlation!.

C om p on en ts
Equ ipm en t

Ethanol 
(voi % )

Su g ar
(g/D

FTIR Sp ectro m eter 0.15 4.6 2.6
(3‘) (49 (9«)

Filter Sp ectro m eter 0.15 4.0 2.4
(2b) (4d) O')

■ 2129-2269-2289 nm 
*> 2207-2270 nm 
c 1692-2129-2269-2338 nm 
d 1818-2207-2269-2345 nm
» 1595-1692-2129-2243-2269-2281-2289-2309-2338 nm 
1 1445-1680-1722-1735-1818-2139-2230-2270-2345 nm

nu m b er o f  w av e len g th s w as u sed , p ro b ab ly  b ecau se  the in fo r
m ation  about the  sugar co n cen tra tio n  w as  sp read  ou t in  the 
spec trum .

T he sp ec ific  ca lib ra tions fo r ind iv idual fe rm en ta tio n s gave  
low er SE C  than  w hen  all fe rm en ta tio n s w ere  considered : from  
0 .0 1 7  to 0 .1 3 6  % (v/v) fo r e thano l and from  0 .3  to  1 .8  g /L  
fo r sugars. T he sta tistica l s ig n ifican ce  o f  these  resu lts  w as re 
duced  by  the lim ited  nu m b er o f  sam ples p e r fe rm en ta tio n  (15 
to  2 5 ). In  ad d itio n , the estim ated  accu racy  w as  v e ry  c lose  to 
the en zy m atic  m easu rem en ts; th erefo re  the  d iscu ssio n  is lim 
ited to  T ab le  2 . For the  fo u r ca lib ra tio n  fe rm en ta tio n s (87 sam 
p les), S E C  is about 0 .1 5  % (v /v) o f  e th an o l, and 4 g /L  o r 2 .5  
g /L  o f  sugar w h en  u sin g  fo u r o r n ine  w av e len g th s , re sp ec
tive ly , on  e ith er sp ec tro m eter.

Calibration o f areometers

T ab le  3 show s the m ain  resu lts  o f  ca lib ra tio n s o b ta ined  w ith  
den sity  m easu rem en ts . T he ferm en ta tio n  F2 w as done in  a 
d ifferen t w ay  than the  o th ers: it had  a low  (1 .0 7 7 ) in itial d en 
sity  and a h igh  ferm en ta tio n  tem p era tu re  (m ore than  30°C ), 
and ended in  48  h r. E x ten siv e  sed im en ta tion  w as observ ed  at 
the end as d etec ted  by  a d rop  in d ensity  at con stan t e thanol 
co n cen tra tio n . W hen  tak ing  in to  acco u n t in itia l co n d itio n s o f 
fe rm en ta tio n  and co n sid e rin g  all fe rm en ta tio n s , S E C  o f  about 
0 .3  % (v /v) e thanol and 4 g /L  sugar co u ld  be o b ta ined  w ith  
density  as con tro l v a riab le .

Prediction

T w o ex tra  fe rm en ta tio n s w ere  co nducted  s im ilarly  to  F I ,  
respec tive ly  w ith  M acabeu  (w hite  g rapes) and C arignan  (red 
grapes) concentrated m usts. Prediction o f total sugar and ethanol 
concen tra tions fo r these  2  fe rm en ta tio n s had a stan d ard  error 
o f  6 g /L  sugars and 0 .4  % (v/v) e thano l fo r d en sity , and 2 .5  
g /L  sugars and  0 .1 5  % (v /v) e thano l fo r each  N IR  m easu rem en t 
(using  9 filters o r w av e len g th s). P red ic tion  eq uations w ere  the 
ca lib ra tion  eq uations w h ich  y ie ld ed  the lo w est S E C  in T ab les 
2 and 3 . P red ic tions w ere  in  the sam e range  o f  m ag n itu d e  as 
those c ited  fo r den sity  and F IR  (E l H alou i et a l . ,  1987; B ou- 
v ie r , 1988). T h ey  w ere  im proved  h ere , p ro b ab ly  b ecau se  o f 
the sim ilarity  b etw een  the m u sts  used  fo r ca lib ra tion  and those  
used  for p red ic tio n . T h ey  w ere  a ll co n cen tra ted  ju ic e s  o b ta ined  
by  evap o ra tio n  and d ilu ted  w ith  w a te r to  reco n stitu te  grape 
ju ice  ju s t befo re  fe rm en ta tio n . T h is  also  m ay  be due  to  the  fac t 
that on ly  tw o fe rm en ta tio n s w ere  used  fo r p red ic tio n . C o n se
quen tly , the p rec ise  nu m erica l v a lu es  o b ta in ed  are no t as im 
p ortan t as the d iffe ren ces be tw een  F IR , F T IR  and d ensity .

Comparison of SEC

W ith o u t d iffe ren tia tin g  F2 from  o thers and w ith o u t tak ing  
in to  acco u n t the m ust in itial co n d itio n s , N IR  spec trom eters 
w ere  as p recise  as re feren ce  en zy m a tic  an a ly ses w h en  carefu lly  
se lec ted  filters or w av e len g th s w ere  u sed . T w o  o r th ree  w ere  
enough  fo r e thanol de te rm in a tio n , w h ile  n ine  w ere  necessary

Table 3 - A lc o h o l  a n d  su g a r d e term ina tions b y  areom etry. SEC for all 
fe rm en ta tio n s a n d  for all e x c e p t F2__________________________________

C o m p o n en ts Ethanol (vol % ) S u g ar (g/L)
Ferm en tation s all F 1 .F3 .F4 all F ,F3 ,F4
s.g .* 1.0 0.61 11.3 5.7
s.g . +  s .g 0* 0.39 0.17 4.6 3.6
s.g . +  S 0»» 0.25 0.15 3.6 2.2

* (specific gravity, s.g. and initial specific gravity, s.g.o) 
** (macrocomponents concentration in initial must)

Table 4 -  Com parison o f  a lcohol a n d  su g a r a n a lyses b y  NIR sp e c tro m e try  
(FTIR,FIR) a n d  b y  specific  gravity

C o m p o n en ts Ethanol (vol % ) S u g a rs  (g/L)
Ferm entations all F1 ,F3 ,F4 all F 1 ,F3 ,F4
FTIR/FIR 0.06 0.04 1.6 1.5
FT IR/Speclfic 0.15 0.08 2.3 1.7

gravity
FIR /Sp eciflc  gravity 0.16 0.07 2.7 1.5

fo r sugars (T able 2 ). A b o u t 16 g /L  o f  sugars w ere  con su m ed  
w h en  1% (v/v) e thanol w as  p ro d u ced . S im ila rly , the  S E C  o f 
N IR  analyses o f su g ar and e thano l co n ten ts  w ere  in  the sam e 
ra tio : 16 to  1. T h is cou ld  lead  to  a llo w in g  one  estim atio n  o f 
either sugar o r ethanol content. M easuring  both  sugar and ethanol 
con ten ts  g iv es m ore deta il abou t the  fe rm en ta tio n  ev o lu tio n , 
because the b iochem ical ratio o f  ethanol production versus sugar 
co n su m p tio n  depends on  the  p h y sio lo g y  o f  the  y eas ts .

F T IR  and F IR  g av e  a v e ry  c lose  S E C  fo r the  sam e n u m b er 
o f  w av e len g th s o r f ilte rs . T he s tro n g  im p ro v em en t o f  s ignal to 
no ise  ratio  p ro v id ed  by  F T IR  in the  m idd le  in frared  reg ion  
d isappeared  in  N IR . In  the near in frared  it w as no t poss ib le  to 
open the  op tical d iap h rag m  as w id e ly  as req u ired , b ecau se  o f 
the lum inous sou rce  and the risk  o f  sa tu ra tin g  the  d e tec to r.

S p ecific  g rav ity  (o r d ensity ) m easu rem en ts  sh o w ed  an im 
p roved  S E C  fo r su g ar as w e ll as fo r e th an o l, w h en  F 2  is not 
con sid ered  o r w h en  in itia l co n d itio n s o f  fe rm en tin g  m u sts  are 
taken  in to  accoun t (T able  3 ). T h e  ra tio  be tw een  S E C  fo r sugar 
and S E C  fo r e thano l ran g ed  fro m  12 to  15. T h u s , as den sity  
g iv es o n ly  one physica l m easu rem en t, su g ar co n ten t is b e tte r 
estim ated  fro m  it than  e thano l co n ten t, w h ich  can  th en  b e  d e 
duced  by  ru le  o f  th u m b . W h en  co n sid e rin g  each  ferm en ta tio n  
sep ara te ly , N IR  m easu rem en ts  g av e  a S E C  ran g in g  from  0 .0 1 7  
to  0 .1 4  % (v/v) fo r e thano l and 0 .3  to  1 .8  g /L  fo r su g a r, the 
b ig g er S E C  co rresp o n d ed  to  F 2 . R esu lts in  T ab le  2  do  no t 
m ake  a d is tin c tio n  b e tw een  a ll fe rm en ta tio n s , and all b u t F2 
fe rm en ta tio n s . W e ex p ect th a t, w ith o u t the  F 2  da ta , the  S E C  
o f  N IR  m easu rem en ts  w o u ld  b e  less than  w h en  all fe rm en ta 
tions are co n sid e red . T ak in g  F2 ferm en ta tio n  ou t and  tak ing  
in to  acco u n t the in itia l m u st co m p o s itio n , the  S E C  o f  density  
(T able  3) w as as low  as tha t o b ta in ed  w ith  N IR  sp ec tro m etry  
w h en  a ll fe rm en ta tio n s w ere  co n sid e red  (T able  2 ). T h ere fo re  
w e  co n firm ed  tha t N IR  m easu rem en ts  had  an accu racy  ad v an 
tage o v er d ensity .

Comparison o f techniques by least rectangles method

A  con trib u tio n  o f  co m p ariso n  accu rac ies o f  the  N IR  and 
den sity  tech n iq u es w as m ade  u sin g  the  least rec tang les m ethod  
(T ab le  4 ). C o n sid e rin g  all fe rm en ta tio n s , F T IR /F IR  residuals 
w ere  0 .0 6  % (v/v) e thanol and 1 .6  g /L  su g ar. O n  av erag e , 
a cco rd in g  to  p rac tice , 1 % (v /v) o f  e thano l is p ro d u ced  w hen  
16 g /L  su g ar is co nsum ed  durin g  w in e  a lco h o lic  fe rm en ta tio n . 
T h ere fo re , the F T IR  and F IR  gave c lo se r estim ates  o f  e thano l 
than  o f sugar co n ten ts . R em o v in g  F 2  d a ta  d id  n o t sig n ifican tly  
ch an g e  residuals be tw een  the tw o  tech n iq u es. F T IR /d en sity  
and F IR /d en sity  show ed  v e ry  s im ila r res id u als  w h e n  co m p ar
ing  them  fo r e thano l as w ell as su g ar co n ten t e stim ation  co n 
sidering all ferm entations and all except F2. FT IR /FIR  residuals 
for e thano l co n ten t e stim ation  w ere  sm alle r than  either F T IR / 
den sity  o r F IR /d en sity  res iduals w h en  all ferm en tations w ere
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co n sid e red . T h ey  w ere  abou t equal w h en  all bu t F2 fe rm en 
ta tions w ere  co n sid e red .

W e co n c lu d ed  that least rec tan g les  residuals be tw een  tech 
n iques w ere  sm all co m p ared  to  the accu racy  o f  the reference 
en zy m a tic  an a ly ses. A lso  they  w ere  sm alle r than  the S E C  o f 
each  tech n iq u e  fo r e thano l and su g ar con ten t e stim a tio n , le ad 
ing  us to  suspect the q u a lity  o f  ou r re feren ce  an a ly ses. F IR  
and F T IR  gave v e ry  c lose  estim ations o f  e thano l and co u ld  be 
c lea rly  d is tin g u ish ed  from  d ensity  m easu rem en ts . M ore ex 
perim en ts  are needed  to  ev a lu a te  w h e th e r F IR  and F T IR  are 
d efin ite ly  c loser to  each o th er than  to  d en sity  fo r e stim ation  o f 
su g ar co n ten t. F T IR  and F IR  g av e  c lo se r estim a tes  o f  e thanol 
than  o f  sugar co n ten t. T h is suggests tha t th ey  m ay  have a 
h igher accu racy  fo r e thano l than  fo r su g ar co n ten t. T h is  w as 
a lready  sug g ested  b y  the necess ity  o f  u sin g  n ine  w av e len g th s 
o r filters fo r o b ta in in g  a sa tisfac to ry  sugar p rec is io n  w h ile  tw o 
o r th ree  w ere  enough  fo r e thano l d e term in atio n .

Comparison of SEP

T h e  SE P  o f  e thanol and sugar fo r F IR  and F T IR  w ere  s ig 
n ifican tly  sm alle r than  fo r d ensity . T h is m ean t den sity  w as 
d efin ite ly  less accu rate  than  N IR  tech n iq u es. T h is w as  not 
con trad ic to ry  to  the  con clu s io n s b etw een  N IR  and d ensity  tech 
n iques m ade  th rough  S E C  co m p ariso n  and the leas t rec tang les 
m e:h o d , and in fu ll ag reem en t w ith  pu b lish ed  find ings (E l H a- 
lou i et a l . ,  1987). T h is lack  o f  p rec ision  o f  d en sity  com pared  
to  N IR  techn iques m ay  be exp lained  by the  sen sitiv ity  o f  d en 
sity  to  d ry  ex tract w h ich  com p o sitio n  w as  v a riab le  from  one 
ferm en ta tion  to  ano ther b ecau se  o f  d iffe ren ces in  cu ltiv a rs . It 
reconfirm s the need  for fu rth er w o rk  w ith  fresh  grape  ju ice s .

Synthesis
D ensity  and F IR  appeared  as tw o  ch a llen g in g  techn iques fo r 

e thanol and sugar con ten ts  e stim ation  du ring  w in e  a lcoho lic  
fe rm en ta tio n . W h en ev er a 6 -8  g /L  o f  sugar and 0 .4  to  0 .6  % 
(v/v) e thano l stan d ard  o f  e rro r p red ic tio n  is enough  fo r p ro 
duction  q u a lity , then  den sity  is the lo w -co st m ethod  to  app ly . 
W hen ev er a h igher accu racy  is n eed ed , F IR  shou ld  be used  
anc  w ill ach ieve  SE P va lu es around  0 .1 5  % (v/v) fo r e thanol 
anc  2 .5  g /L  fo r to tal su g ar. N ev erth e less , FT IR  app lied  to  the 
m id  in frared  reg ion  sho u ld  be investiga ted  fo r feas ib ility  o f  
g a in in g  m ore p rec is io n . T h is m ay  be w o rth y  in  spec ific  eno- 
log ical co n d itions w h ere  1 g /L  o f  residual sugar at th e  end o f 
the fe rm en ta tion  is im portan t to  d etec t.

CONCLUSION
T H E  E Q U IV A L E N T  A C C U R A C IE S  in ca lib ra tio n  and p re 
d ic tion  o f  bo th  N IR  sp ec tro m etry  tech n iq u es show ed  tha t the

g en era l p rec ision  ad van tages o f  F T IR  d isap p eared  in  the  N IR . 
A bso rp tio n  sp ec tro m eters  in the  N IR  have been  sig n ifican tly  
m ore p rec ise  than  areom eters fo r su g ar and e th an o l co n ten t 
de term in atio n  du rin g  w in e  a lco h o lic  fe rm en ta tio n . W h en ev e r 
the  p red ic tio n  accu racy  o f  den sity  fo r to ta l su g ar o r e thanol 
con ten ts  is no t sa tisfac to ry , F IR  sp ec tro m e try  is the  reco m 
m ended  a lte rn a tiv e  fo r ach iev in g  s tan d ard  erro rs  o f  p red ic tion  
as sm all as 2 .5  g /L  fo r to ta l su g ar and  0 .1 5 %  (v /v ) fo r e thano l. 
W hile  m ore  co m p lex  and m ore  co stly , b u t a lso  m u ch  m ore 
accu rate  than  areo m etry , F IR  sp ec tro m e try  is a g o o d  tech n o 
log ical so lu tion  fo r ach iev in g  sm all S E P  in p red ic tin g  total 
sugar and  e thanol du rin g  w in e  a lco h o lic  fe rm en ta tio n .
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Degradation Kinetics of Chlorophylls and Chlorophyllides

FATIMA L. CANJURA, STEVEN  J. SCHW ARTZ, and RAUL V. NUNES

------------------------------- A B S T R A C T ---------------------------------
Therm al degradation o f  chlorophylls and chlorophyllides in spinach 
puree w as studied from  100 to 145°C (2 -2 5  m in) for chlorophylls and 
from  80 to 115°C (2 .5 -3 9  m in) for ch lorophyllides. T he derivatives 
form ed w ere: pheophorbides, pyropheophorbides, pheophytins and 
pyropheophytins. D egradation kinetics o f  chlorophylls and chloro- 
phyllides followed a first-order kinetic model. Reaction rate data showed 
that the a  form  o f both chlorophylls and chlorophyllides degraded 
m ore rapidly than the b  form . C hlorophyllides w ere less stable than 
chlorophylls. A ctivation energies ranged from  15.0  to 22 .8  K cal/m ol. 
A  kinetic com pensation effect w as observed for both chlorophylls and 
chlorophyllides w ith  an isokinetic tem perature o f  160 .8°C. T he rela
tive stability o f  these com pounds suggests that m ethods to m axim ize 
chlorophyllides w ould not be effective for im proving green color sta
bility.

K ey W ords: degradation, k inetics, vegetables, ch lorophyll, ch loro
phyllides, spinach

IN TR O D U C TIO N

T H E R M A L L Y  P R O C E S S E D  green  v eg e tab les  ex h ib it poor 
co lo r q uality  as com pared  w ith  fresh  ones. R esearchers (M ac- 
k in n ey  and W east 1940; G o ld  and W eck e l, 1959) have re 
ported  that co lo r ch an g es (from  b rig h t g reen  to  o live-b row n) 
o ccurring  du rin g  p ro cessin g  cou ld  be a ttribu ted  m ostly  to  co n 
vers io n  o f  ch lo ro p h y lls  to  p h eo p h y tin s . B lanch ing  o f  v e g e ta 
b les has b een  show n to induce fo rm ation  o f  C -10  ep im ers 
d esignated  as ch lo rophy lls a' and b' (K atz  et al. 1968). D uring  
p ro longed  heat trea tm en ts such  as can n in g , ch lo rophy lls are 
converted  to  p h eophy tins a and  b. In  ad d itio n , the fo rm ation  
o f C -10 d ecarb o m eth o x y la ted  deriva tives know n as p y ro p h eo 
phytins a and  b, m ay  o ccu r (P enn ing ton  et a l . ,  1964; S chw artz  
et a l . ,  1981).

T he k in e tics o f  ch lo ro p h y ll deg rad atio n  has b een  s tud ied  
ex tensive ly . S tud ies at d iffe ren t tem p era tu res  sho w ed  the  rate  
o f  th is deg rad atio n  fo llo w ed  a firs t-o rd e r k in e tic  m odel (M ac- 
k inney  and Jo s ly n , 1941). L a jo llo  et al. (1971) reported  that 
ch lo rophy ll a deg raded  2 .5  tim es fas te r than  ch lo ro p h y ll b at 
37°C  and at a w a te r activ ity  o f  0 .3 2 . D u rin g  sto rage  o f  asep- 
tica lly  p ro cessed  sp inach  p u ree , S ch w artz  and L o ren zo  (1991) 
show ed tha t the  a fo rm  deg rad ed  4  to  10 tim es fas te r than  the 
b fo rm . O ther researchers also  rep o rted  the g rea te r su scep ti
b ility  to  deg rad atio n  o f  the  a fo rm  w ith  respec t to  the b fo rm  
(Tan and F ran c is , 1962; B uck le  and E d w ard s, 1970; S chw artz  
and von  E lbe , 1983).

V arious m ethods to  p reserv e  green  co lo r o f  v eg e tab les  have 
been p ro p o sed . C on tro l has been  used  to  m ain ta in  pH  at h igh 
levels du rin g  h ea t trea tm en ts  and s to rag e . T h is p ro ced u re  w as 
b en efic ia l afte r p ro cessin g  bu t ev en tu a lly  du ring  sto rage  the 
conversion  o f  ch lo ro p h y lls  to  p h eo p h y tin s  o ccu rs , cau sin g  d ra 
m atic  co lo r changes (M aleck i, 1964). H ig h -tem p era tu re  short- 
tim e (H TST) treatm ents have been used to p reserve green color. 
H T S T  y ie ld s go o d  resu lts  im m ed ia te ly  after p ro cess in g , bu t a 
rap id  ch lo ro p h y ll deg rad a tio n  occurs du rin g  sto rage  (T an and 
F rancis, 1962). R eduction  o f  w a te r activ ity  in d ried  p roducts 
can  low er the deg radation  rate  o f  ch lo ro p h y lls  to  p h eophy tins

AH a u th o r s  a r e  a ff 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 , P. O. 
B o x  7624 , N o r th  C aro lin a  S ta te  U n iv ., R a le ig h , N C  2 7 6 9 5 -7 6 2 4 .

(D u tton  et a l . ,  1943; L ajo llo  et a l . ,  1971). A d d itio n  o f  m eta ls 
such  as co p p er and z in c  have been  used  to  fo rm  a ph eo p h y tin - 
m eta l co m p lex  w ith  a reg reen in g  e ffec t on  p ro cessed  v e g e ta 
b les  (S chanderl et a l . ,  1965; Jo n es et a l . ,  1977; v o n  E lb e ,
1989). A ssu m in g  tha t g reen  ch lo ro p h y llid es w e re  m o re  stab le 
than  ch lo ro p h y lls , a p ro cess  w h ich  p ro m o tes co n v ers io n  o f 
ch lo ro p h y lls  to  ch lo ro p h y llid es (v ia ch lo ro p h y llase ) has been  
p roposed  to  enhance  g reen  co lo r o f  can n ed  v eg e ta b les  (B o ro 
d in , 1882; T h o m as, 1928; L esley  and  S h u m a te , 1937). C ly 
desd ale  and  F rancis (1968) p ro d u ced  ch lo ro p h y llid es in  p lan t 
tissue by  activ a tin g  the  enzym e ch lo ro p h y llase . P reserv a tio n  
o r im p ro v em en t o f  g reen  co lo r in  the p ro d u c t w as m in im al, 
b ecau se  o f  the sm all am o u n t o f  ch lo ro p h y llid es p ro d u ced . 
C h lo ro p h y llid es w ere  rep o rted  to  be s lig h tly  m ore  stab le  than  
ch lo ro p h y lls . H o w ev er, the ir s tud ies w e re  no t co n c lu s iv e  b e 
cause  o f  the  d ifficu lty  in  p ro d u c in g  large  qu an tities  o f  ch lo 
rophy llides and the lack  o f  a sim ple  and sen sitiv e  separa tion  
techn ique  to  m o n ito r th e ir d eg rad a tio n .

O ur s tu d y  describ es the  k ine tics o f  deg rad a tio n  o f  ch lo ro 
p h y lls and ch lo ro p h y llid es at v a rio u s  p ro cess in g  co n d itio n s in 
o rd e r to  de term ine  the  stab ility  o f  the  d iffe ren t co m p o u n d s 
du rin g  th erm al trea tm en ts . K in e tic  p a ram ete rs  such  as reaction  
o rd er, reac tion  ra te  con stan ts  and ac tiv a tio n  en erg ies  w ere  d e 
te rm in ed  to  define  deg rad atio n  reac tio n s .

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

Sample preparation
Fresh spinach (S p in acia  o le r a c e a , m elody  variety) from  local m ar

kets w as used. It w as w ashed , drained and chopped in sm all pieces 
(about I cm 2) . Spinach leaves (30g) w ere w eighed in a 500 m L  Er- 
lenm eyer flask, covered w ith  70g o f  w ater and incubated at 65°C for 
30 m in in a w ater bath (H aake A 81 , B erlin , W est G erm any) to activate 
endogenous chlorophyllase. A fter incubation , the m ixture w as cooled 
to room  tem perature, and blended for 4 m in resulting  in a hom oge
neous puree. A fter b lending, the puree w as deaerated in a g lass cham 
ber using vacuum . A  batch o f  4  kg o f  puree w as p repared , quick- 
frozen in 25 m L  test tubes using liquid n itrogen, and kept frozen 
( -2 0 ° C )  until use. Sam ples w ere thaw ed im m ediately before therm al 
processing.

Extraction of pigments

Spinach puree (5 g) w as w eighed in a 25 m L  E rlenm eyer flask, 
and 18.8 m L  o f acetone added. T he m ixture w as ground in a T ekm ar 
tissum izer, m odel T R -10Z  (Tekm ar C o ., C incinnati, O H ) for 2 m in , 
filtered through W hatm an #  1 and W hatm an #  42 filter paper and 
brought to volum e w ith  solvent (80 :20 , acetone-w ater) in a 25 m L  
volum etric  flask. (Schw artz et a l., 1981). B efore injecting 30 p L  of 
the sam ple onto the H PLC  colum n, the extract w as filtered through a 
0 .45  pm  nylon syringe filter (M icron Separations In c ., W estboro , 
M A ). T w o replicate extractions o f each sam ple w ere  perform ed and 
each extract w as analyzed by H PLC  in duplicate.

HPLC conditions

The H PLC  system  consisted o f a C-18 colum n, 5 p m  particles 4 .6  
m m  i.d . x  25 cm (M acM od A nalytical In c ., C hadds Ford , PA ), an 
U 6 K  injector and two m odel 510 pum ps (W aters A ssociates, M ilford, 
M A ). Pigm ents w ere  selectively  screened at 658 nm  using  a L inear 
UV IS M odel 203 detector (A nspec C o ., In c ., A nn A rbor, M I). The 
gradient system  o f solvents consisted o f ethyl acetate/m ethanol/w ater 
as follow s: solvent A , 15/65/20, and solvent B , 60/30/10. The gradient
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profile was controlled using a gradient controller model 680 (Waters 
Associates, Milford, MA) as described by Canjura and Schwartz (1991).

Chromatographic peak data

Chromatographic data was collected on an Apple 11+ computer 
equipped with an ADALAB data acquisition/control card. The area 
under the peaks was evaluated using commercial software CHRO- tr 
MA.TOCHART-AP version 2.16 (Interactive Microware, Inc., State 
College, PA). <

ma.
Thermal treatments

Glass tubes (0.98 mm external diameter, 1.38 cm length) were 
constructed using the method described by Nunes and Swartzel (1990).
The tubes had a capacity to hold 1.5 to 2.0 mL of puree. Samples 
were injected in the tubes with a 50 mL plastic syringe equipped with 
15G (stainless steel) needle and sealed using a double jet burner oxy
gen-propane torch for rapid sealing. The tubes containing the sample 
were kept in an ice-water bath during sealing to avoid heating the 
spinach puree prior to treatment. Thermal treatments of samples were 
performed by immersing the tubes in an oil bath MGU Lauda (Brink- 
mann Instruments, West-Germany). At each time-temperature com
bination, seven tubes were processed. After processing, samples from 
each treatment were combined, extracted and analyzed by HPLC to 
determine the content of chlorophylls and derivatives. For the kinetic 
analysis, experimental conditions were established to provide a wide 
temperature range of heating for chlorophylls 100-145°C and chlo
rophyllides 80-115°C. With increasing processing temperature range, 
the confidence interval has been shown to become smaller and deter
mination of kinetic parameters are more precise (Lund, 1983). Tem
peratures and times of treatment were as follows: For chlorophyllides:
Temp. °C (time in min), 80°C (9, 15, 21, 27, 33, 39); 90°C (3, 6, 9,
12, 15, 18); 100°C (2.5, 3, 4.5, 6, 7, 8); 115°C (2.5, 3, 3.5, 4, 5,
7, 10). For chlorophylls: 100°C (3, 6, 9, 12, 20, 25); U5°C (2.5, 4,
5, 6, 8); 130°C (2, 3, 4, 6, 8, 10); 145°C (2, 2.5, 3, 3.5, 4).

Time-temperature data acquisition

Two type T thermocouples were constructed and placed in a tube 
containing spinach sample, one outside (fast response) and the other 
inside. To avoid wall heating effects the internal thermocouple was 
carefully placed at the center of the tube (Nunes and Swartzel, 1990). 
The top part of the tube was sealed with silicone glue. Seals were 
previously tested at high temperature (145°C) to detect leaks. The 
thermocouples were calibrated between 10 and 145°C; therefore, tem
peratures to estimate kinetic parameters were corrected accordingly. 
Time-temperature curves for heating, holding and cooling were reg
istered for each time-temperature combination connecting the ther
mocouples to a DASH-8 data acquisition and control interface board 
(MetraByte Corporation, Tauton, MA) and an IBM personal computer 
running with a data acquisition software Labtechnotebook System ver
sion 3.0 (Laboratory Technologies Corporation, Wilmington, MA).

Kinetic data analysis

A modified steady-state procedure was used in which data were 
collected only in the isothermic portion of heating. Samples were 
heated to reach the processing temperature and held for the desired 
time (Nunes and Swartzel, 1991). A traditional two-step method was 
used to calculate activation energies. This method of analysis required 
plotting the log percent of compound remaining vs time:

In (C) = ln(Co) + k (TO t, + J; (1)

to fit a kinetic model and to obtain the reaction rate constants from 
regression lines.

The activation energies were evaluated using the Arrhenius equa
tion:

In k = -  Ea/RT + In k,, (2)

where Ea is activation energy, R the universal gas constant and k0 the 
frequency factor. Regressing the logarithm of the rate constants vs 1/T, 
the slope and intercept were obtained using least squares linear regres
sion. From the slope of the line, Ea/R was obtained. Enthalpy (AH*)

TH 1

Fig. 1 -Time-temperature curve for sample treated at 130°C  for 
4 min. TH 1, thermocouple located outside of tube. TH 2, ther
mocouple located at center of tube.

and entropy (AS*) were obtained by plotting the equation derived 
from transition state theory, i.e.,

In (k/T) = In (M i) + AS*/R -  AH*/R (1/T) (3)

where kB is Boltzman’s constant and h is Planck’s constant. From the 
slope and intercept of this line AH* and AS* respectively were ob
tained.

A compensation effect can be linearly expressed by a relationship 
between enthalpy (AH*) and entropy (AS*), which compensate each 
other, to produce small changes in the free energy of a reaction. 
Another way to express compensation is use of kinetic parameters 
such as activation energy (Ea) and frequency factor (Iq,) (Zsakó, 1976; 
Garn, 1976; Rhim et al., 1989). For a series of reactions, the change 
in activation energy is accompanied by the parallel increase of the 
frequency factor:

In lq, = AEa + B (4)

where A = l/RTiso. Tiso is known as the isokinetic temperature, char
acteristic of a family of reactions and is not an experimental temper
ature. At this temperature, reaction rate constants are equal for all 
reactions involved. Some researchers (Krug et al., 1976a,b) have shown 
that under certain conditions compensation effect may occur acciden
tally as a computational artifact from experimental errors. To test the 
validity of the compensation effect for a reaction, a statistical method 
has been developed, which consists of comparing the isokinetic tem
perature, Tiso with the harmonic mean temperature Thm- The harmonic 
temperature is defined by:

T hm =  n / 2 " - i  (1/Ti) (5)

if they are significantly different (T ^^T ^), the existence of true 
compensation is suggested for the reactions involved (Krug et al., 
1976a,b; Rhim et al., 1989).

RESULTS &  DISCUSSION

F IG U R E  1 S H O W S  a typ ical tim e-tem p era tu re  cu rv e  fo r  a 
sam ple  from  room  tem p era tu re  to  130°C , held  fo r 4  m in  and 
co o led  in  an  ice-w ater ba th . T h in -w all g lass  tu b es w ere  e m 
ployed  to  m in im ize  the  tim e to  reach  p ro cess in g  tem p era tu re . 
T h e  com e-up  tim e at each  p ro cessin g  tem p era tu re  w as  140 ±  
4  sec . F igu re  2  show s typ ical H P L C  ch ro m ato g ram s fo r sp in 
ach  pu ree  heated  at 100°C  fo r 3 m in  and at 145°C  fo r 2  m in . 
T hese  ch ro m ato g ram s show ed  ch lo ro p h y ll and  its deriva tives 
and in d ica ted  tha t th erm al trea tm en ts  in d u ced  c h lo ro p h y ll deg 
rada tion  to  fo rm  pheo p h y tin s  and p y ro p h eo p h y tin s . S im ilarly , 
ch lo ro p h y llid es deg raded  to  fo rm  p h eo p h o rb id es  and pyro- 
p h eo p h o rb id es. T he deg rad atio n  p ro d u c ts  w e re  in agreem ent
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Fig. 2 - H P L C  c h r o m a to g r a m s  o f  c h lo r o p h y l l  d e r iv a t iv e s  in  h e a t  
p r o c e s s e d  s p in a c h  p u r e e .  [T o p  (145°C , 2  m in );  B o tto m  (10C°C, 
3  m in )] P e a k  1 = c h lo ro p h y llid e  b ', p e a k  2 = c h lo r o p h y l l id e  a, p e a k  
2 ' =  c h l o r o p h y l l i d e  a ' ,  p e a k  3  =  p h e o p h o r b i d e  b , p e a k  
3 ' = p h e o p h o r b i d e  b ',  p e a k  4  = p y r o p h e o p h o r b i d e  b , p e a k
5  =  p h e o p h o r b i d e  a ,  p e a k  5 '  =  p h e o p h o r b i d e  a ',  p e a k
6  =  p y r o p h e o p h o r b i d e  a, p e a k  7  =  c h l o r o p h y l l  b, p e a k  
7'= c h lo r o p h y ll  b', p e a k  8 = c h lo r o p h y l l  a, p e a k  8 '= c h lo r o p h y l l  
a', p e a k  9  =  p h e o p h y t i n  b, p e a k  9 ' = p h e o p h y t i n  b', p e a k  
1 0  =  p y r o p h e o p h y t i n  b, p e a k  1 1  =  p h e o p h y t i n  a' p e a k  
1 1 '= p h e o p h y t in  a' a n d  p e a k  1 2  =  p y r o p h e o p h y t in  a.

w ith  p rev io u s find ings (M ack in n ey  and Joslyn  1941; L ajo llo  
et a l . ,  1971; S ch w artz  et a l . ,  1983).

U sing  the  H P L C  sep ara tio n  tech n iq u e , 12 ch lo rophy ll d e 
rivatives w ere  reso lv ed , bu t o n ly  fo u r co m p o n en ts  w ere  q u an 
t i ta te d  f o r  th e  k in e t ic  a n a ly s is  ( c h lo r o p h y l l s  a, b a n d  
ch lo rophy llides a, b). T he k in e tic  s tu d y  w as b ased  on  d eg ra 
dation  o f  ch lo ro p h y lls  and ch lo ro p h y llid es, ra th e r than  on fo r
m ation  o f  deg rad ativ e  co m p o u n d s. In  F ig . 3 , the p ercen t o f 
ch lo rophy ll a and  b rem ain in g  v s . im m ersio n  tim e is p lo tted  
on  a sem ilo g arith m ic  sca le . F rom  the  slope o f  this lin e , the 
reaction  ra te  con stan t (k) w as  o b ta in ed  u sin g  linear reg ression  
fo r each  p ro cessin g  tem p era tu re . T he stra ig h t lines confirm ed  
that deg radation  reac tions o f  ch lo ro p h y lls  a and b fo llo w ed  a 
firs t-o rd er reac tion  k in e tic  m o d e l, i .e . ,  In ( C ) =  k t +  In (C o). 
R esu lts ag reed  w ith  rep o rted  d a ta  (G o ld  and W eck e l, 1959; 
G upte  et a l . ,  1964; S ch w artz  et a l . ,  1983).

F igure  4  show s deg rad atio n  cu rves fo r ch lo ro p h y llid es p lo t
ted  as a p ercen t o f  ch lo ro p h y llid e  rem ain in g  v s . im m ersion  
tim e. A  linear re la tio n sh ip  w as o b ta ined  d em o n stra tin g  that 
ch lo rophy llides a and  b fo llo w ed  a firs t-o rd e r k in e tic  m odel. 
T ab le  1 lists the reaction  rate  con stan ts  and the co rre la tion  
co effic ien ts  for deg rad atio n  o f  ch lo ro p h y lls  and ch lo rophy l-

Fig. 3 — C h lo r o p h y ll d e g r a d a t io n  r a t e s  in  h e a t  p r o c e s s e d  s p in a c h  
p u r e e .

lides w ith  th e ir resp ec tiv e  stan d ard  dev ia tio n s at d iffe ren t te m 
peratures. T he relative degradation o f  chlorophyll a w ith  respect 
to b sh ow ed  tha t ch lo ro p h y ll a deg rad ed  2  to  6 tim es faster 
than  ch lo rophy ll b d ep en d in g  on tem p era tu re . R esu lts  w ere  in 
ag reem en t w ith  p rev io u s rep o rts . L a jo llo  e t a l. (1971) rep o rted  
that ch lo ro p h y ll a deg rad ed  2 .5  tim es fas te r than  ch lo ro p h y ll 
b, w h ile  S ch w artz  and L o ren zo  (1991) rep o rted  th is ratio  to 
be 4 to  10 tim es in sp inach  pu ree  d u rin g  s to rag e . A  sim ilar 
trend  w as  fo u n d  in  ou r s tu d y  fo r re la tiv e  deg rad a tio n  ra tes o f 
ch lo rophy llide  a w h ich  deg rad ed  1 to  3 tim es fa s te r th an  ch lo 
rophy llide  b at p ro cess in g  tem p era tu res  80  to  115°C . A t h igher 
te m p e ra tu re s ,  d if fe re n c e s  w e re  le s s  p r o n o u n c e d . C o n s e 
q u en tly , less deco m p o sitio n  o f  b o th  ch lo ro p h y ll a and  c h lo 
rophy llide  a occu rred  du rin g  H T S T  trea tm en ts  su g g estin g  this 
trea tm en t cou ld  be used  to  m ax im ize  p ig m en t co n ten t after 
p ro cessin g .

C o m p arin g  reac tion  ra te  data  at 115°C , ch lo ro p h y llid e  a d e 
g raded  2.0  tim es fas te r than  ch lo ro p h y ll a and  ch lo ro p h y llid e  
b deg rad ed  4 .0  tim es fas te r than  ch lo ro p h y ll b. H o w ev er, food  
p roducts a re  g en era lly  p ro cessed  at tem p era tu res  above  115°C . 
H eating  o f  ch lo ro p h y llid es w as co n d u cted  at lo w er tem p era 
tu res because  o f g rea te r su scep tib ility  to  th erm al trea tm en ts . 
In o rd er to  com pare  the  re la tive  th erm al in s tab ility  o f  ch lo ro 
phy llid es co m p ared  to  ch lo ro p h y lls , an ex trap o la tio n  o f  lines 
in the  A rrh en iu s p lo t w as p e rfo rm ed . W e assu m ed  that ac ti
v a tio n  en erg y  w o u ld  be con stan t w ith in  the  ex perim en tal tem 
pera tu re  range . T h is  y ie ld ed  the reac tio n  rate  constan ts at 130 
and 145°C . F u rth er d iffe ren ces w ere  n o ticed  w hen  com paring
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Fig 4 —C h lo r o p h y llid e  d e g r a d a tio n  r a te s  in  h e a t  p r o c e s s e d  
s p in a c h  p u r e e .

Table 1 — R eaction ra te co n sta n ts  a n d  correlation coeffic ien ts o f  chloro- 
phylls  a, b, an d  chlorophyllides  a, b degradation____________________________________

Tem p eratu re
(°C)

Form  a 
(k ± sd ) x  10~3 

(1/sec)
Correlation
coefficient

Form  b 
(k ± sd ) x  10~3 

(1/sec)
Correlation
coefficient

Chlorophyll
100 2 .2 ± 0 .1 0.99 0 .4 ± 0 .0 1.00
115 5 .2 ± 0 .6 0.98 1.2 ±  0.1 0.98
130 1 1 .9 ± 0 .7 0.99 3.5 +  0.2 1.00
145 19.3 + 3.5 0.97 9 .8 ±  1.0 0.99

Chlorophyllide
80 0 .9 ± 0 .2 0.95 0.3 + 0.1 0.92
90 1.8 ± 0.1 1.00 0 .7 ± 0 .1 0.99

100 4 .2 ± 0 .3 0.99 1.7 ±0.1 1.00
115 10.1 ± 1 .3 0.99 5.0 ± 0 .3 0.99

these  va lu es re la tive  to  reaction  ra tes found  fo r ch lo ro p h y lls  a 
and b at the sam e tem p era tu res . C h lo ro p h y llid e  a deg rad ed  2 .0  
to 3 .7  tim es fas te r than  ch lo rophy ll a and ch lo ro p h y llid e  b 4 .1  
to 4 .9  tim es fa s te r than  ch lo rophy ll b at 130 and 145°C , re 
spec tiv e ly . T hese  resu lts  confirm ed  that ch lo ro p h y llid es are 
m ore lab ile  to therm al treatm en ts than  ch lo ro p h y lls  w h ich  is 
in d isagreem ent w ith  som e reported suggestions (B orodin , 1882; 
T h o m as, 1928; L esley  and S h u m ate , 1937; C ly d esd ale  and 
F ran c is , 1968). T he d iffe rence  be tw een  ou r experim en ta l data 
and p u b lish ed  reports m ay  be due to  the successfu l activation  
o f  :he  en zy m e ch lo ro p h y llase , the sensitive  H P L C  separation

Fig. 5 - K in e tic  c o m p e n s a t io n  e f f e c t  o f  c h lo r o p h y l ls  a n d  c h lo 
r o p h y ll id e s .

Fig. 6 - A r r h e n iu s  p lo t  fo r  c h lo r o p h y lls  a n d  c h lo r o p h y l l id e s .

Table 2 —A ctiva tion  energy, freq u en cy  factor, en th a lp y  an d  en tro p y  for 
chlorophylls a n d  chlorophyllides___________________________________________________________

C om p ou nd

E a a
(two step  
m ethod) 
(Kcal/m ol

Intercept Correlation  
(In Ko)a co efficein t1

A S * b
(Cal/m ol K)

A H * b
(Kcal/m ol

Chlorophyll
a 15.0 ± 0 .9 14.2 0.995 - 3 3 .0 14.2 +  1.0
b 22.0 + 0.3 21.8 0.999 - 1 8 .6 2 0 .9 ± 0 .2
Chlorophyllide
a 19.7 ± 0.1 21.1 0.999 - 2 0 .7 1 8 .4 ± 0 .7
b 22.8 ± 0 .4 24.4 0.999 - 0 .8 7 22.0 ± 0 .4

3 Values obtained from the slopes of Arrhenius plot. 
b Values obtained from transition state theory equations.

tech n iq u e  used  and the k in e tic  ana lysis w e  p erfo rm ed . F u rth e r, 
w a te r so lub le  ch lo rophy llides are m ore  likely  to  co n tac t the 
p ro tic  aqueous en v iro n m en t m ore  so  than  the  lip id  so lub le  
ch lo ro p h y lls . T h u s , deg radation  due to  loss o f  M g  fro m  the 
po rphyrin  rin g  and d isp lacem en t by  tw o  p ro to n s m ay  b e  a m ore  
favored  reaction  w ith  w ater-so lu b le  co m p o u n d s such  as c h lo 
ro phy llides.

P rev ious stud ies on  sp inach  puree  rep o rted  a w id e  ran g e  o f 
activation  energ ies fo r deg radation  o f  ch lo ro p h y ll a and  b. For 
ch lo ro p h y ll a, th ey  ran g ed  from  12 .5  to  2 5 .2  (K cal/m ol) and 
fo r ch lo rophy ll b, from  7 .5  to  2 2 .5  (K ca l/m o l, M ack in n ey  and 
Jo s ly n , 1941; G upte  et a l . ,  1964; H errm an n , 1974; S ch w artz  
et a l . ,  1983). T ab le  2  lists  ac tiva tion  en erg ies  w ith  respective  
standard  d ev ia tions and co rre la tion  co effic ien ts , freq u en cy  fa c 
to rs, en tropy  and en th a lp y  o f  ch lo ro p h y lls  and ch lo ro p h y llid es. 
A ctiv a tio n  energ ies fo r ch lo rophy ll deg rad atio n  are in ag ree 
m ent w ith  reported ranges (M ackinney and Joslyn , 1941; G upte 
et e l . ,  1964; S ch w artz  et a l . ,  1983). T he ac tiv a tio n  en erg y  for 
ch lo rophy ll a (1 5 .0  K cal/m ol) w as less than  th a t fo r ch lo ro 
phyll b (2 2 .0  K cal/m o l). T h is w as in co n tras t to  p rev iously
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reported  v a lu es  w h ich  ind ica ted  the ac tiva tion  en erg y  o f  the b 
form  w as less than  tha t o f  the  a fo rm  (G upte et a h ,  1964; 
H errm an n , 1974; S ch w artz  et a l . ,  1983). T hese  v a ria tio n s  b e 
tw een  rep o rted  va lu es and ex p erim en ta l v a lu es  m ay  be a ttrib 
uted  to d iffe ren t sam ple  m ateria ls  w ith  v a ry in g  pH  v a lu es , 
d ifferen t tem pera tu re  ran g es , and d iffe ren t analy tical m ethods 
used  to quan tify  p ig m en ts . A ctiv a tio n  energ ies o f ch lo rophy l- 
lides a and  b w ere  h igher than  those  o f  ch lo ro p h y lls . A  h igher 
activation  energy  im plies tha t a sm aller tem p era tu re  change is 
needed to  deg rade  a sp ec ific  com pound  m ore  rap id ly . T h e re 
fo re , ch lo ro p h y llid es are m ore su scep tib le  to  th erm al d eg ra 
dation  than  ch lo ro p h y lls .

F igure  5 illu stra tes a p lo t o f  In (k„) v s . E a/R  w h ich  ind icates 
linear co m pensa tion  be tw een  these  k in e tic  pa ram ete rs . T h is 
p lo t includes o u r fo u r ex p erim en ta l va lu es and tw o reported  
values (Schw artz et a l., 1983). T he isokinetic tem perature (T iso) 
de term ine  from  the s lope  o f  the line  w as 1 6 0 .8°C  (r2 =  0 .9 7 4 ) 
w h ile  the m ean  harm o n ic  tem p era tu re  (T hm, see  fo rm u la  5) 
w as ca lcu la ted  as 112°C . C o n seq u en tly , T iso=£Thm w h ich  su g 
gests ex is tence o f  a true  co m p en sa tio n  e ffec t fo r deg radation  
o f  ch lorophylls and ch lo ro p h y llid es (K rug  et a l . ,  1976 a ,b ) . 
E x trapo la ting  the lines in  the A rrh en iu s p lo t (F igure  6), tw o 
in tersec tion  po in ts w ere  o b se rv ed , w h ich  y ie ld ed  sim ilar T iso, 
bu t unex p ected ly  d iffe ren t k iso (reaction  rate  at T iso) fo r d eg 
radation  o f  bo th  ch lo ro p h y lls  and ch lo ro p h y llid es. R eactions 
w h ich  ex h ib it com p en sa tio n  b u t show  d iffe ren t reac tio n  rates 
at the isok ine tic  tem p era tu re  have been  reported  p rev io u sly  
(R anganathan  et a l . ,  1977). T o  exp lain  th is fo r ch lo ro p h y ll and 
ch lo rophy llide  d eg rad a tio n , fu rth er research  is needed  to  study  
the s ign ificance o f  d iffe ren t para lle l co m p en sa tio n  lines and 
the ir re la tionsh ip  to  phy sica l and chem ica l p ro p ertie s . A m o n g  
o th er fac to rs , the s tu d y  o f  ch lo ro p h y lls  and ch lo rophy llides 
deg radation  at d iffe ren t pH  va lu es m ay  be u sefu l to  d em o n 
stra te  the ex is ten ce  o f  a true  co m pensa tion  effect on d eg rad a
tion o f  these  co m p o u n d s.

CONCLUSIONS

C O N T R A R Y  to p rev io u s rep o rts in sp in ach  p u ree , ch lo ro 
p hy llides w ere  found  less stab le  than  ch lo ro p h y lls  du ring  th e r
m a l p r o c e s s in g .  T h e r e f o r e ,  p r o c e d u r e s  to  m a x im iz e  
ch lo rophy llide  fo rm atio n  from  ch lo ro p h y ll w o u ld  not be e ffec 
tive in m ain ta in in g  op tim u m  green  co lo r. T h u s , v eg etab les  
co n ta in ing  ch lo ro p h y llid es w o u ld  be expected  to degrade faste r 
du ring  sto rage  than  those  co n ta in in g  ch lo ro p h y lls . H ow ever 
o th er v eg etab le  p roducts need  to be tested  to  confirm  th is co n 
clusion . E x istence  o f  an ap p aren t com p en sa tio n  effect fo r d eg 
radation o f chlorophylls and chlorophyllides suggested that these 
co m pounds degrade by  s im ila r m ech an ism s, h o w ev er fu rther 
stud ies are needed  to  p ro v id e  m ore co n clu s iv e  resu lts .
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Lipid Changes during Frying of Frozen Prefried Foods

M.C. PEREZ-CAMINO, G. MARQUEZ-RUIZ, M.V. RUIZ-MENDEZ, and M.C. DOBARGANES

------------------------------- A B S T R A C T --------------------------------
Fat absorption, lipid interchange and preferential adsorption o f  polar 
com pounds on food surfaces w ere studied during fry ing  of frozen 
prefried foods. Four frying oils w ere used to fry  frozen potatoes and 
battered hake. M ajor and m inor changes in food fats and fry ing  oils 
w ere determ ined. Lipid determ ination after fry ing  dem onstrated sig 
nificant differences in fat absorption due to the physical structure o f 
foods. F rom  quantitation o f m ajor fatty  acids, lipid interchange b e 
tw een frying oils and food fats could be determ ined. Polar com pound 
concentrations and distributions dem onstrated no preferential adsorp
tion on food surfaces during frying of these prefried foods.

K ey W ords: frying frozen-foods, prefried, lip ids, fatty-acids fats/oils

IN TR O D U C TIO N

T H E  IN C R E A S E  in the co nsum ption  o f  fro zen  foods is p ro 
m oting  d ev elo p m en t o f  new  p roducts o f  h igh  added  v a lu e  ch ar
acterized b y  the presence o f  used frying fat in  their com position . 
Such  frozen  p re-fried  foods need  to  b e  p rep ared  b efo re  in g es
tion ; one o f the  m ost com m on  m ethods o f  co o k in g  b e in g  deep- 
fat fry in g  (H aum ann , 1987). S everal d iffe ren ces be tw een  p re 
fried  fo o d  fry ing  and fresh  food  fry ing  are n o tab le . P refried  
food  fa t u su a lly  con ta in s a s ign ifican t am o u n t o f  p o la r co m 
p o u n d s w h ich  can  have  an  in flu en ce  on  fin a l food  qu ality  and 
on  sub seq u en t b eh av io r o f  fry ing  o ils . T h e  ty p e  o f  o il o r fat 
u sed  fo r p refry in g  m ain ly  depends on  av a ilab ility  and  price  
(O rth o efer, 1987). T h ere fo re , the  com p o sitio n  o f  som e fried  
food  fa t m ay  b e  u n p red ic tab le . F in a lly , d ilu tion  o f  p refried  
food  fat in  fry in g  o il m ust be m uch  h ig h er than  in fresh  food  
fry ing  since  the  fat is fo u n d  in the su rface  layers o f  the  fried  
substra te  (P o k o rn y , 1980).

V arious in te restin g  p rev io u s s tud ies on  fry in g  o f  p refried  
p o ta toes have been  carried  ou t. T om a et al. (1986) reported  
the in flu en ce  o f  the  food  surface  trea tm en t on oil ab so rp tio n . 
D egradation  o f  fry ing  fats has b een  d e term in ed  u sin g  d ifferen t 
fa ts and co n d itio n s . R esu lts have suggested  the  su itab ility  o f  
fats w ith  low  unsa tu ra tio n  (K eijbets et a l., 1985 , 1986). T hey  
a lso  show  the  necess ity  o f  co n tro llin g  tw o v ariab les  — am ount 
o f  fried  food  and rep len ish m en t o f  o il in  the  fry e r — in o rder 
to  m ain ta in  qu ality  o f  o ils (T hom pson  and A u st, 1983).

W ith  respect to lipid in terchange, Sebedio et al. (1990) found 
sim ilar levels o f  po lar co m p o n en ts  and po ly m ers in b o th  fried  
po ta to es and fry ing  o ils . A u st and T ho m p so n  (1981) rep o rted  
tha t co m position  o f  fried  po ta to es resem bled  tha t o f  the fry ing  
oil, due  to  a b ig  increase  in  o il co n ten t du rin g  fry in g . N ev er
th e less , qu an tita tiv e  data on lip id  changes in  b o th  d irec tions - 
food  fat re leased  to  the  fry in g  o il and  fry in g  o il re ta ined  by  
the food  - have no t b een  rep o rted . A lso  re feren ces on  fry ing  
o f p refried  fo o d s o th e r than  po ta to es have  not been  found .

T he o b jec tiv e  o f  o u r s tu d y  w as to  d e term in e  the in fluence 
o f bo th  d eg ree  o f  u n sa tu ra tio n  and a lte ra tio n  level o f  fry ing  
o ils , as w e ll as ty p e  o f  fo o d , on lip id  in te rch an g e  and p re fe r
entia l ad so rp tio n  o f  fat on  food  su rfaces. F o r th is p u rp o se , a 
m athem atica l ca lcu la tio n  w as  app lied  to d e term in e  the  level o f

A ll  a u th o r s  a r e  a f f i l ia te d  w ith  th e  I n s titu to  d e  la  G ra sa  y  s u s  
D e r iv a d o s  (C .S .I.C .), A v d a  P a d r e  G arc ía  T e jero  n o  4 , 4 1 0 1 2  S e 
villa , S p a in .

lip id  in te rch an g e . F u rth e rm o re , a new  ap p ro ach  w as used  to 
p ro v id e  in fo rm atio n  on p referen tia l ad so rp tio n  on  fo o d  su r
faces .

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

Initial samples
Four frying oils (olive and sunflow er, both w ithou t heating  and 

after discarding in dom estic frying) w ere used to fry  com m ercially  
available frozen prefried potatoes and battered hake. F resh o ils w ere 
supplied by  an industrial m anufacturer. The discarded o ils cam e from  
previous experim ents carried out w ith  the collaboration o f  1 0  house
w ives (Pérez-C am ino et a l., 1987). For industrial processing  o f  p re
fried potatoes slightly  hydrogenated palm  oil w as used w hile  the p re
fried hake w as prepared w ith  sunflow er o il. C hem ical characteristics 
o f  initial oils and of the lipids extracted from  prefried foods are given 
in T ables 1 and 2.

Frying procedure
E ight fryers (4 oils x  2  foods) each containing 1L o f  oil w ere used 

to prepare 1 .2  kg  (6  lots x  200g) o f  prefried food in each lot. T em 
perature w as held at 185°C and a 6  m in period w as established for 
each operation after w hich  sam ples o f 2g w ere  taken . A t the end of 
the experim ent, the 52 sam ples o f frying o ils and 18 sam ples o f  lipids 
extracted from  prefried foods and from  fried food after the first and 
last fry ing , w ere  packaged under nitrogen and stored at -  25°C until 
required.

Analytical methods

M oisture o f prefried and fried foods w as determ ined using the v ac
uum  oven m ethod (A O A C , 1990). Food lipids w ere  obtained by  5 hr 
Sohxlet extraction (A EN O R , 1980), using diethyl e ther as solvent. 
D ry lipid-free m atter w as calculated by  subtracting m oisture and lipid 
contents o f  each sam ple from  1 0 0 .

Q uantitative analysis o f  fatty  acids w as carried out by gas liquid 
chrom atography (GLC) follow ing transesterification o f  the sam ples 
w ith  C h3O N a and H CI-CH 3O H . The colum n w as 2m  long and 0 .3 2  
cm i.d . packed w ith  15% diethylene glycol succinate (D EG S) on Su- 
pelcoport 80-100 m esh at 180°C. M ethyl heptadecanoate w as used as 
internal standard (D obarganes and Pérez-C am ino, 1988).

Concentrations and distribution o f  polar com pounds w ere deter-

Table 1 -  Q uantitation o f  polar co m p o u n d s in the  initial frying oil a n d  in 
lipids from  pre fried  foods (mg/g)

I n i t i a l  s a m p l e s

T o t a l  p o la r  
c o m p o u n d s "  
( %  f a t  b a s i s )

D i s t r i b u t i o n  o f  p o l a r  
p o u n d s  ( m g / g ) b

c o m -

T G  P o x  T G D G F A

U n h e a t e d  o l i v e  o i l 4 .8 3 .9 7 .6 3 0 . 4 5 .9
( 0 .2 1 ) ( 0 .2 5 ) ( 0 .8 9 ) ( 1 .3 7 ) ( 0 .4 8 )

U s e d  o l i v e  o i l 1 8 .6 6 2 .3 6 9 .9 4 4 . 0 10.1
( 0 .4 0 ) ( 1 .3 0 ) ( 1 .5 2 ) ( 2 .6 9 ) ( 0 .4 0 )

U n h e a t e d  s u n f l o w e r  o i l 4 .8 10.8 1 8 .1 1 3 .0 6.0
( 0 .1 8 ) ( 0 .9 7 ) ( 1 .3 1 ) ( 1 .3 6 ) ( 0 .5 5 )

U s e d  s u n f l o w e r  o i l 2 3 .2 1 2 4 .8 7 8 .3 2 1 .9 7 .3
( 0 .2 1 ) ( 1 .4 6 ) ( 1 .8 7 ) ( 1 .3 9 ) ( 0 .4 5 )

P r e f r i e d  p o t a t o  l i p id s 1 9 .6 4 2 . 4 6 3 .5 8 4 . 4 5 .3
( 0 .5 0 ) ( 1 .3 7 ) ( 0 .8 9 ) ( 3 .4 2 ) ( 0 .2 5 )

P r e f r l e d  b a t t e r e d  h a k e 1 3 .9 5 5 .0 4 6 . 8 2 4 .5 1 2 .7
l i p id s ( 0 .5 3 ) ( 1 .1 1 ) ( 2 .0 4 ) ( 1 .8 5 ) ( 0 .4 7 )

3 Means of three determinations.
Numbers within brackets are standard deviations (Sx). 

b Abbreviations: TG P -Triglyceride polymers; ox TG -Oxidized triglyceride mono
mers; DG -Diglycerides; FA -Fatty acids.

1644-JOURNAL OF FOOD SCIENCE-Volume 56, No. 6, 1991



Table 2-Quantitation of major fatty acids before and after first frying (wt% on fat basis)

Sample C16:0 C1S:0 C18:1 C18:2
Other 

fatty acids
Total nonaltered 

fatty acids
Before Unheated olive oil 10.4 3.2 76.3 8.3 0.7 98.9
frying Used olive oil 11.4 3.6 71.2 7.7 1.0 94.9

Unheated sunflower oil 6.9 4.3 22.2 65.2 0.2 98.8
Used sunflower oil 8.1 4.5 23.3 56.2 0.7 92.8
Prefried potato lipids 43.4 6.8 40.9 2.9 1.2 95.2
Prefried battered hake lipids 7.1 4.4 28.9 52.8 1.6 94.8

Potato Unheated olive oil 12.4 3.5 73.4 7.9 0.9 98.1
lipids Used olive oil 13.8 3.9 68.4 7.3 1.3 94.7
after Unheated sunflower oil 9.5 4.6 24.7 58.9 0.1 97.8
1st frying Used sunflower oil 10.8 5.0 25.0 51.8 1.0 93.6
Battered Unheated olive oil 10.3 3.3 72.3 11.5 0.9 98.3
hake Used olive oil 11.1 3.7 68.0 10.6 1.0 94.4
lipids after Unheated sunflower oil 7.0 4.0 23.1 63.7 0.2 98.0
1st frying Used sunflower oil 7.8 4.8 24.2 55.3 1.0 93.1

Table 3 - Concentrations (%) o f  frying oils in food  lipids after first frying

Prefried foods Sample

Application of Eq. (1) 
to significant fatty 

acids
Cl6:0 Cl8:1 (-18:2 xa S?

Unheated olive oil 93.9 91.8 — 92.8 1.48
Used olive oil 92.5 90.8 — 91.7 1.20

Potatoes Unheated sunflower oil 92.9 - 89.9 91.4 2.12
Used sunflower oil 92.4 - 91.7 92.1 0.49

Battered hake Unheated olive oil — 91.6 92.8 92.2 0.85
Used olive oil - 92.4 93.6 93.0 0.85

8 Means of the two determinations 
b Standard deviations

m ined in initial sam ples and in fry ing  oils and food lipids after the 
1st and 6 th fry ings. Polar com pounds w ere determ ined by  silica co l
um n chrom atography, fo llow ing the m ethod proposed b y  the IU PA C 
(W altking and W essels, 1981), w ith  tw o slight m odifications: hex- 
anerethyl e ther (90:10) w as used to elute the nonpolar fraction to 
obtain a sharper separation (D obarganes et a l., 1984; Perrin  et a l., 
1984) and a final elution o f  the colum n w as m ade w ith  CH 3OH to 
im prove recovery  o f  the sam ple (B illek et a l., 1978; G randgirard and 
Julliard , 1984). S econdly , distribution o f  polar com pounds w as per
form ed b y  high perform ance size exclusion chrom atography (HPSBC) 
(D obarganes et a l., 1988).

Sam ples w ere  analyzed in a K onik  M odel 500 A  chrom atograph 
(K onik S .A ., B arcelona, Spain), w ith  a 10 p,L sam ple loop, a H ew lett 
Packard 1037 A  refractive index detector (H ew lett P ackard , P itts
burgh, P A , U SA ) and tw o 100 A and 500 A U ltrastyragel colum ns 
(W aters A ssociates, M ilford , M A ), connected in series and operated 
at 35 °C. The colum ns w ere  25 cm  x  0 .7 7  cm  i .d .,  packed w ith  
porous, h ighly  cross-linked styrenedivinylbenzene copolym er ( £  1 0

pm ). H PLC -grade tetrahydrofuran served as the m obile phase w ith  a 
flow -rate o f  1 m L/m in and the sam ple concentration  w as betw een 15 
and 20 m g/m L  in tetrahydrofuran.

RESULTS &  DISCUSSION

T A B L E  1 and  the  u p p er p a rt o f  T ab le  2  su m m arize  the  ch em 
ical ch a rac teris tics  o f  the  in itia l fry in g  o ils  and o f  the  lip ids 
ex trac ted  from  the  p re fried  fo o d s . T h e  fresh  o ils and  those  
used  b efo re  hand  in  fry in g  d iffe red  c lea rly  in  lev e l o f  a ltered  
fa tty  ac id s , a lthough  the  p o la r co m p o u n d s w ere  in  no  case  
h ig h er th an  the  2 5 -3 0 %  sug g ested  in  som e cou n tries  as c rite ria  
fo r d iscard in g  the  o il (C astan g , 1981; M ey er, 1979; D o b ar
g an es e t a l . ,  1989). A t the  sam e tim e , th e  se lec tio n  o f  o live  
and su n flo w er o ils  inc lu d ed  sam p les o f  d iffe ren t deg rees o f  
u n sa tu ra tio n . In  re la tion  to  the  lip ids ex trac ted  fro m  th e  p re 
fried  fo o d s , in  b o th  cases the  am oun t o f  p o la r co m p o u n d s w as 
a lso  lo w er th an  2 5% .

T he p o la r  co m p o u n d  d is trib u tio n  d e term in ed  b y  m ean s o f 
H P S E C  a llow ed  d iffe ren tia tio n  o f  the  m ain  g ro u p s o f  co m 
p o u n d s p resen t and estab lish m en t o f  the  re la tiv e  in flu en ce  o f 
the  th ree  deg rad atio n  p a th w ay s p red o m in an t in  fry ing : h y 
d ro ly sis , po ly m eriza tio n  and  o x id a tio n . T o ta l p o la r co m p o u n d s 
and p o la r co m p o u n d  d is trib u tio n  w e re  an a ly zed  in  trip lica te  in  
the  in itia l fa ts . R ep ro d u c ib ility  w a s  ex ce llen t fo r to ta l p o la r 
co m p o u n d  d e te rm in a tio n , the  co effic ien t o f  v a ria tio n  b e in g  less 
th an  4 .4 % . W ith  resp ec t to  p o la r co m p o u n d  d is trib u tio n , d ig 
ly cerid es are u su a lly  de term ined  w ith  th e  h ig h est e rro r b y  th is 
procedure, though the coefficient o f  variation  w as alw ays low er 
th an  1 0 .5 % .

D esp ite  the  s im ila r co n cen tra tio n s o f  p o la r  co m p o u n d s in

Table 4 - M a jo r  ch a n g es during th e  frying o f  p re fried  fo o d s (wt%  on pre fried  fo o d  basis)
____________________________After frying

Frozen Before Unheated Used Unheated Used
prefried foods Analysis frying olive oil olive oil sunflower oil sunflower oil

Moisture 66.9a 23.2 24.4 23.1 23.6
(0.34) (0.50) (0.43) (0.40) (0.46)

Lipids 4.6 8.5 8.3 9.1 .8.3
(0.11) (0.28) (0.82) (0.24) (0.39)

Potatoes Dry, lipid-free matter 28.5 29.9 28.5 28.4 30.0
T o ta l .................................. 100.0 61.6 61.2 60.6 61.9

(0.24) (0.26) (0.24) (0.26)

Moisture 58.2 42.1 41.3 41.5 42.0
(0.93) (0.21) (0.26) (0.58) (0.53)

Lipids 6.6 13.5 14.2 14.1 13.0
Battered (0.70) (0.45) (0.43) (0.52) (0.36)

hake Dry, lipid-free matter 35.2 35.7 35.1 35.6 35.3
T o ta l .................................. 100.0 91.3 90.6 91.2 90.3

(0.42) (0.56) (0.57) (0.76)

8 Means of six determinations.
Numbers within brackets are standard errors (SJ .
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LIPID C H A N G E S  D U R I N G  P R E F R I E D  F O O D  F R Y I N G .  . .

Table 5 — Total po lar co m p o u n d s in fry ing oils a n d  in fo o d  lipids (wt%  
on fa t basis)

P otatoes Battered hake

Before
frying

1st
frying

6th
frying

1st
frying

6th
frying

U nh eated  o live oil frying oil 4.7 7.9 9.5 8.3 11.7
food lip ids a 7.4 9.7 8.5 12.9

U sed  o live oil frying oil 18.7 20.3 20.4 19.9 19.9
foo d  lip ids 8 20.2 20.1 20.9 20.7

U nheated  su n flo w er frying oil 4.8 7.9 10.1 9.8 12.6
oil food lipids a 8.1 10.6 8.9 11.3

U sed  su n flo w er frying oil 23.4 24.3 27.5 24.5 28.1
oil foo d  lip ids a 24.0 28.5 23.9 26.6

a Total polar compounds in food lipids before frying: Potatoes: 19.5% Battered hake: 
14.1%.

the in itia l fresh  o ils  ( = 5 % ) ,  d ig lycerides w ere  the  m ajo r co m 
pounds in  the  o live  o il (T able  1) w h ile  the  o x id ized  trig lyceride  
m o n o m ers stand  ou t in  the su n flo w er o il. A fte r use  in  dom estic  
fry in g , a sub stan tia l in crease  w as  ob serv ed  in  the  am oun ts o f 
po ly m eriza tio n  and o x ida tion  co m p o u n d s. A lso  a  h ig h er ratio  
o f  po ly m ers/o x id ized  trig lycerides o ccu rred  fo r the sun flow er 
o il due  to  its h igh  co n ten t in  p o ly u n sa tu ra ted  fa tty  acids.

T ab le  2  show s quan tita tio n  o f  the m ajo r fa tty  ac id s in  the 
in itial o ils  and in  the  lip ids ex trac ted  from  the fo o d s afte r first 
fry in g . F a tty  acid  com p o sitio n  w as  d e term in ed  ro u tin e ly  in  our 
lab o ra to ry , rep ro d u c ib ility  b e in g  ch eck ed  w eek ly . T h e  s tan 
dard  dev ia tio n  fo r the  d iffe ren t fa tty  acids w as b e lo w  0 .3 1  for 
6 determ in atio n s and hence the  co effic ien t o f  v a ria tio n  w as 
less than  5%  fo r those  fa tty  acids w ith  co n cen tra tio n s h igher 
than  6 .2 % . F rom  T ab le  2 , the food  lip id s w e re  v e ry  sim ilar to  
those  o f  the  in itia l fry ing  o ils , a lthough  the  in flu en ce  o f  the 
fa t o f  the  p refried  p ro d u c t w as  still n o tab le . T h is  w as  c lea rly  
observ ed  in  all fa tty  acids w h ere  d iffe ren ces be tw een  food  
lip ids and fry ing  o ils  w ere  g rea te r than  3 0 % . T h ese  co rre 
spo n d ed  to  p a lm itic  and  o le ic  acids fo r the  po ta to es fried  w ith  
o live  o il, pa lm itic  and lin o le ic  acids fo r p o ta to es fried  w ith  
su n flo w er o il, and o le ic  and lin o le ic  ac id s fo r fish  fried  w ith  
o liv e  o il.

G iven  the  d iffe ren t fa tty  acid  com p o sitio n  o f  the  perfried  
fo o d  lip ids and  o f  the  o ils u sed  in fry in g , the  am oun t o f  fat 
abso rbed  fro m  the  fry er b y  the  fried  food  cou ld  b e  ca lcu la ted  
m ath em atica lly  fro m  the  fo llo w in g  ex pression :

100 X w t%  o f  C* in  fried  fat =  a x  w t%  o f  C*
in fry in g  o il +  (100  — a)w t%  o f C* in p re fried  food  fa t ( 1 )

in  w h ich

a =  w t%  o f  fry in g  o il in  fried  fo o d  fa t 
C x =  fa tty  acid

T ab le  3 show s co n cen tra tio n s o f  fry in g  o il in  fried  fo o d s , 
ca lcu la ted  fro m  the  fa tty  acids w h ere  d iffe ren ces be tw een  food  
lip ids and fry ing  o ils  w ere  g rea te r than  3 0 % . T h is ca lcu la tion  
can n o t b e  ap p lied  to  the  com b in atio n  b a tte red  hake  /  su n flo w er 
o il as su n flo w er o il w as  also  used  in  in d u stria l p re fry in g . C o n 
seq u en tly , th ere  w as no  d iffe ren ce  b e tw een  fa tty  acid  co m 
positions o f  the tw o oils involved and reproducible results could 
n o t b e  expected .

Irresp ec tiv e  o f  the  fry in g  o il u sed  and o f  fo o d  su b jec ted  to  
fry in g , m ore  th an  90%  o f  the  fried  p ro d u c t fa t cam e from  the 
fry in g  o il. N o te  the p rec is io n  and rep ro d u cib ility  o f  the  m ethod  
u sed , as p rac tica lly  id en tica l resu lts  w ere  o b ta ined  in  in d ep en 
den t ca lcu la tio n s fro m  tw o fa tty  acids in  each  case . T h e  resu lts 
w ere  v e ry  d iffe ren t from  those  rep o rted  in  the  fry ing  o f  fresh  
fa tty  foods (G all e t a l . ,  1983; M ai et a l . ,  1978) w h ere  the  final 
fa t o f  the fo o d  seem ed  to  have a v e ry  h igh  p ro p o rtio n  o f  the 
in itia l fa t. T h is  co u ld  have b een  due to  the  g rea te r d ifficu lty  
fo r fa t in te rch an g e  w h en  the fa t w as  n o t p resen t in  the surface  
lay ers  o f  the  fo o d . T h u s , resu lts  (T able  3) show ed  tha t the 
q u a lity  o f  the  fr ied  food  d epended  b as ica lly  on  the o il u sed  in

UNHEATED OLIVE OIL

UNHEATED SUNFLOWER OIL

Frying
Oil sa

CNJ
ox TG

r-T^n-------------r
0 10 15

R e te n t io n  t im e  (m in )

Food s
Lipids -

I >Y I' -  r
0 10 15

R e te n t io n  t im e  (m in )

Fig. 1—D is tr ib u tio n  o f  p o la r  c o m p o u n d s  in  fry in g  o il  a n d  f o o d  
l ip id s  f r o m  f r ie d  p o t a t o e s  a f te r  th e  l a s t  fry in g , a s  d e t e r m in e d  b y  
h ig h  p e r fo r m a n c e  s i z e  e x c lu s io n  c h r o m a to g r a p h y . A b b r e v ia 
t io n s :  TG P  - T r ig ly c e r id e  p o ly m e r s ,  o x  TG - O x id iz e d  t r ig ly c e r id e  
m o n o m e r s ,  D G  -D ig ly c e r id e s , FA - F a tty  a c id s .

its fina l p rep ara tio n . H o w ev er, th ere  w as  no  in d ica tio n  o f  the 
am oun t o f  in itia l food  lip ids re ta in ed  b y  the  fr ied  fo o d . S im ilar
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Table 6 - Distribution o f polar compounds in frying oils and food lipids after frying of prefried potatoes (mg/g)a
A fter 1st frying A fter 6th frying

T G  P o x  T G  DG FA T G  P ox T G  DG FA
U nheated  o live oil 

U sed  o live oil 

U nh eated  sun flow er oil 

U se d  su n flo w er oil

frying oil 
foo d  lip ids  

frying oil 
food lip ids

frying oil 
foo d  lip ids

frying oil 
foo d  lip ids

13.8 
12.2

70.4  
73.2

22.9
23.4

131.6
126.0

19.6
20.4

73.5  
76.1

32.9
29.3

78.3
83.6

40.8
36.3
51.4
46.8

17.4
19.1

25.2
23.4

4.7
5.1

7.7
5.9

5.7
9.2

7.9  
7.1

24.8  
27.2

79.5
71.5

38.8  
41.4

144.3
150.5

28.4
30.6  

70.8
73.6

39.3
42.5

95.6
98.4

38.1
35.2

47.8  
49.4

17.2 
18.6

26.8  
29.6

3.7  
4.0  

5.9
6.4

5.7
4.5  

8.3
6.5

8 Abbreviations: TG P - Triglyceride polymers; ox TG - Oxidized triglyceride monomers; DG- Diglycerides; FA - Fatty acids.

Table 7—Distribution o f  po lar com pou n ds in frying oils an d  food  lipids after frying o f  p re fr ied  b a tte red  hake (m g/g)a

A fter 1st frying A fter 6th frying
T G  P ox T G DG FA T G  P ox T G DG FA

U nheated  o live oil frying oil 17.5 24.3 34.1 7.1 38.3 32.9 39.8 6.1
food lip ids 16.6 29.6 30.4 8.4 41.0 44.8 36.8 6.4

U sed  o live oil frying  oil 83.2 63.7 42.8 9.4 75.3 70.1 45.3 8.3
food lip ids 78.9 70.4 47.2 12.5 77.2 76 .4 46.1 6.8

U nh eated  su n flo w er oil frying  oil 33.0 35.5 18.8 10.1 57.8 46.9 14.4 7.0
foo d  lip ids 34.8 31.5 14.3 8.4 50.4 40.1 16.2 6.3

U sed  su n flo w er oil frying oil 125.3 83.9 26.1 9.7 146.5 94.1 31.2 9.2
foo d  lip ids 132.1 76.0 22.4 8.5 150.0 84 .4 24.6 6.7

8 Abbreviations: TG P - Triglyceride polymers; ox TG - Oxidized triglyceride monomers; DG- Diglycerides; FA - Fatty acids.

in fo rm ation  on the  am o u n t o f  fo o d  lip ids th a t have p assed  to  
th e  fry er w o u ld  b e  in te res tin g . H o w ev er, th e  am o u n t o f  food  
fa t w as no t en o u g h  to  sig n ifican tly  m o d ify  the  fa tty  ac id  co m 
p osition  o f  the  fry in g  o il. T h e  fa tty  ac id  co m p o sitio n s o f  the 
o ils  after the  firs t fry in g  w e re  no t inc lu d ed  as th ey  w ere  p rac 
tica lly  id en tical to  the  in itia l o ils.

C on tam ination  o f  the  fry er o il b y  the  fo o d  c o u ld , ho w ev er, 
be de term ined  from  the  am oun t o f  fa t p resen t in  the  p refried  
and fried  fo o d s . T ab le  4 show s the  quan tita tiv e  ch an g es in  the 
m ajo r co m p o n en ts  o f  the  fo o d . T h e  resu lts  fo r fr ied  fo o d s w ere  
expressed  on  the  food  w e ig h t o b ta ined  fro m  100 g  o f  p refried  
fo o d . T h u s , from  the  v a lu es  show n in T ab le  4 , bo th  the  loss 
o f  m oistu re  and the  n e t g a in  o f  lip ids can  be d irec tly  d e te r
m in ed  b y  su b trac tio n . A s can  b e  seen , the  changes tha t o c 
cu rred  d epended  c lea rly  on  the  food  su b jec ted  to  fry in g , as the 
final p ro cess  o f  fry in g  w as the  sam e fo r b o th  p ro d u c ts . T he 
b a tte red  h ak e , w ith  lo w er su rface /v o lu m e and su rface /w eig h t 
ra tio s , had  a lo w er lo ss o f  to ta l w e ig h t and w a te r  w e ig h t. 
H o w ev er, su rp ris in g ly , the  am oun t o f  fa t ab so rb ed  w as  m uch  
h igher than  th a t re ta in ed  b y  th e  p o ta to . O n the  o th er h an d , d ry , 
lip id -free  m a tte r rem ain ed  co n stan t in  the  tw o  p ro d u c ts .

In o rd er to  d e term in e  w h e th e r sig n ifican t d iffe ren ces (P  <  
0 .0 5 ) o ccu rred  be tw een  m ean  v a lu es  o f  fried  food  fa t due  to  
type  o f  o il, the  level o f  a lte red  fa tty  ac id s and  the  ty p e  o f  fo o d , 
i-tests w ere  ap p lied . T h e  te s t w as b ased  u p o n  24 p a irs  o f  data  
in  the  case  o f  th e  type  o f  fo o d  and h ig h ly  sig n ifican t d iffe ren ces 
(P  <  0 .0 1 ) w ere  fo u n d  b e tw een  po ta to es and  fish . F o r the  type 
o f  o il and the  level o f  a lte red  fa tty  acids th e  tes ts w ere  b ased  
upon  12 pairs o f  d a ta  and no  sig n ifican t d iffe ren ces w ere  found  
e ither fo r po ta to es o r fo r f ish . T ak in g  in to  acco u n t the  am oun t 
o f  food  fa t deriv ed  fro m  the  fry ing  o il (= 9 2 .0 % )  and the  m ean  
q u an tities o f  fa t in  b o th  fo o d s (4 .6  and  6 .6 %  in p refried  foods 
and  8 .5  and 13 .7%  in fried  fo o d s), w e  cou ld  d e term in e  tha t 
85%  and 83%  o f  p re fried  food  lip ids had b een  re leased  in to  
the  fry in g  o il. T h u s , n o t o n ly  d id  the  fry in g  o il in flu en ce  the  
na tu re  o f  the  p ro d u c t, b u t at the  sam e tim e the food  lip ids 
g rad u a lly  m o d ified  the  na tu re  o f  the  fry in g  o il.

T ab le  5 show s the  resu lts  o b ta in ed  fro m  quan tita tio n  o f  the 
polar altered fatty  acid com pounds after the first and last frying. 
A s can  b e  seen , b o th  the  sam ples o f  lip ids ex trac ted  from  the 
fried  foods and the  fry in g  o ils  have  been  eva lua ted  to  analyze 
the  p o ss ib ility  o f  a p re fe ren tia l ad so rp tion  o f  p o la r com pounds 
on  th e  su rface  o f  the  p ro d u c t. T he resu lts  ind ica ted  c lea rly  that

the  am o u n ts  o f  a lte red  co m p o u n d s w ere  h ig h er w h en  an  u n 
h ea ted  o il w as  used  in  the  fina l p rep ara tio n  o f  the  fo o d . H o w 
ev er, no  ap p rec iab le  d iffe ren ces w ere  o b se rv ed  b e tw een  the 
food  lip ids and the  fry in g  o ils.

A  m ore  tho ro u g h  analysis o f  the  d iffe ren ces in  a lte red  co m 
pounds co u ld  be carried  o u t co m p arin g  the  d is trib u tio n s o f  
p o la r co m p o u n d s. F ig . 1 show s the  e ff ic ien cy  o f  the  separation  
o b ta ined  b y  m eans o f  H P S E C  w h ere  no  d iffe ren ces w e re  o b 
served  be tw een  fry in g  o ils and  lip id s from  p o ta to es afte r the 
las t fry in g . N ev erth e less , d is trib u tio n  o f  m in o r g ly ce rid e  co m 
p o n en ts  d epended  on  th e  fry in g  o il, as p o ly m ers and o x id ized  
trig ly cerid es w ere  h ig h er w h en  su n flo w er o il w as  used  in  the 
fina l p rep ara tio n  o f  the  foods.

N ote that differences in  distribution o f  polar com pounds could 
be assoc ia ted  w ith  d iffe ren ces in  n u tritio n a l s ig n ifican ce  o f  the 
fa ts . W h ile  d ig ly cerid es and  fa tty  ac id s are the  u su a l co m 
po u n d s o rig in a tin g  du rin g  fat m e tab o lism , p o ly m ers and o x i
d ized  trig ly cerid es con tain  m o d ified  acy l g ro u p s w h ich  w o u ld  
im p air the  n u tritiona l v a lu e  o f  th e  fa ts . T h u s , am o n g  the  o ils 
w e  u sed , fo o d s fried  w ith  o liv e  o il are b e tte r from  a n u tritiona l 
s tandpo in t.

Q uan tita tiv e  resu lts  are g iven  in  T ab le  6 and 7 , fo r po ta to es 
and b a tte red  h ak e , re sp ec tiv e ly . A s ev id en t fro m  co m p ariso n  
w ith  in itia l o ils  (T ab le  1), p o ly m ers and o x id ized  trig ly cerid es 
w ere  the  m ajo r co m p o u n d s w h ich  o rig in a ted  d u rin g  fry in g , 
w h ich  dem o n stra tes  the  im p o rtan ce  o f  tem p era tu re  and  o x y 
g en . C hanges in  the  am oun ts o f  d ig ly ce rid es w ere  lo w er, re 
gard less  o f  the  h ig h  m o istu re  co n ten t o f  the  fo o d s . O n th e  o ther 
h an d , the  resu lts  in d ica ted  tha t th ere  w as  no  p re fe ren tia l ad 
so rp tio n  du rin g  the  fina l p rep ara tio n  o f  p refried  foods fo r any 
o f  the m o st sig n ifican t a ltered  fa t co m p o u n d s . A s p referen tia l 
ad so rp tion  o f  fa tty  ac id s and  o x id ized  p ro d u cts  in  the  ex ternal 
layers o f  certa in  fresh  foods d u rin g  fry in g  has b een  reported  
(P o k o rn y , 1980), o u r resu lts  cou ld  be due  to  the  n a tu re  o f  the 
foods fr ied . P o ss ib ly  the  ad so rp tion  o f  p o la r co m p o u n d s o c 
cu rred  du rin g  the p re fry in g  p h ase , w ith  the  su rface  b e in g  in 
ac tiv a ted  afte rw ard s, du ring  fina l p rep ara tio n  o f  the  fo o d .
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Interactions Among Oil Components During Adsorption: 
Effects on Carotenoids and Peroxides

JO R G E F. TORO-VAZQUEZ

------------------------------- A B S T R A C T ---------------------------------
Soybean, cottonseed, corn and squash seed oils w ere  treated for 3 h 
w ith activated carbon (1% , 2 .5% , and 5% ) in a batch adsorption 
system  at 50 and 90°C. Peroxides (Pa) and carotenoids (Ca) w ere 
determ ined after adsorption. Equations that described the Pa and Ca 
variability  w ere developed through discrim inatory m ultiple regression 
analysis using as independent variables chem ical characteristics o f the 
oils (iodine and saponification index, peroxides, carotenoids and free 
fatty  acids, saturated/unsaturated fatty acids ratio), process tem pera
ture and adsorbent concentration. V ariables in the m odels explained 
= 85%  and = 93%  of the total variability  observed in the Pa and Ca 
concentrations respectively , independent o f  oil source.

IN TR O D U C TIO N

L IPID  A U T O X ID A T IO N  and the p ro d u cts  o f  p erox ides d e 
co m position  are am o n g  the con tam in an ts  w h ich  m ost g rea tly  
in flu en ce  o il/fa t q ua lity  and stab ility  (Paik  et a l . ,  1976; Y osh- 
ioka et a l . ,  1974; Y o sh id a  and K an ed a , 1974). C u rren t re fin ing  
tech n o lo g y  p a rtia lly  e lim inates p roducts o f  o x ida tion  (F edeli, 
1987a, 1987b). A u tox id a tio n  o f  fa t/o il p ro ceed s v ia  typ ical free 
rad ical m ech an ism s (C ash  e t al. 1988; N aw ar, 1985). T he 
reac tio n s invo lved  are a ffected  by  severa l fac to rs  includ ing  
fa tty  acid  co m position  (N aw ar, 1985; M iy ash ita  and T ak ag i,
19 8 6 ) , p resence  o f  p ro -o x id an ts  (M iyash ita  and T ak ag i, 1986; 
Y an ish liev a  and K o rten sk a , 1989) o r an tiox idan ts (W arner and 
F ran k e l, 1987; Lai et a l . ,  1989). W arn er and F rankel (1987) 
have show n  that stab ility  o f  refined  soybean  o il exposed  to 
ligh t w as  increased  by  the add ition  o f  1 to  20  ppm  o f  (3- 
caro ten e . T he p -ca ro ten e  has been  regarded  as a sing le t oxygen  
q u en ch er (N aw ar, 1985). T h is q u en ch in g  effec t seem ed  to  d e 
pend  on the p resen ce  o f to co p h ero ls , w h ich  p ro tec t p -ca ro ten e  
from  free radical autoxidation (W arner and Frankel, 1987; N iki,
1 9 8 7 ) . M iyash ita  and T akag i (1986) de term ined  the induction  
periods fo r au tox ida tion  o f  m ethy l esters as 1860 h for m ethy l 
o lea te , 91 h fo r m ethy l lin o lea te , and 34 h fo r m ethy l linolen- 
a te . T he sam e au th o rs , reported  that free fa tty  acids accelera ted  
perox ide  d ecom position  in m odel system s (M iyash ita  and T ak 
ag i, 1986).

T he p rocess o f  b leac h in g , m a in ly  designed  fo r p ig m en t re 
m oval (T ay lo r et a l . ,  1989), has also  had effec ts on  the rem oval 
o f trace  m eta ls , phosp h o lip id s (B row n and S n y d er, 1989), p e r
ox ides (N kpa et a l . ,  1989; T o ro -V azq u ez , 1990; T oro -V az- 
quez et a l., 1990) as w ell as products o f  peroxide decom position 
(B oki et a l . ,  1989, 1990). B leach in g  is th e  o n ly  step  in  the 
re fin ing  o f  v eg e tab le  o ils  that u ses ad so rp tio n . A lth o u g h  acid- 
ac tiva ted  m o n tm o rillo n ite  is the  standard  b leach in g  c lay  used  
by  the food  o ils  in d u stry , the reaso n s fo r its dom in an ce  over 
o th e r adso rben ts is no t c lea r (T ay lo r et a l . ,  1989). T h ere  is 
in terest in exam in ing  o th er m ateria ls  as a lte rna tives to  co n v en 
tional b leach in g  c lays (N kpa et a l . ,  1989; P a lan iap p an  and 
P ro c to r, 1990; P rocto r and P a lan iap p an , 1989; T ay lo r et a l.,
1989). A c tiv a ted  carb o n  is one o f  the m ost w id e ly  used  ad-

A u th o r  T o ro -V a zq u e z  i s  a f f i l ia te d  w ith  C e n tro  d e  I n v e s tig a c ió n  
y  E s tu d io s  d e  P o s g r a d o  d e  la  F a c u lta d  d e  C ie n c ia s  Q u ím ic a s  
(CIEP-FCQ), U n iv e r s id a d  A u tó n o m a  d e  S a n  L u is P o to s! . A v . Dr. 
M a n u a l N a v a  6, 7 8 2 4 0 . S a n  L u is P o to s i , M é x ico .

so rben ts b ecau se  o f  its low  p rice , and w id e  sp ec tru m  o f  ad 
sorption capability , unm atched by  o ther m aterials (W eber, 1985). 
H o w ev er, th ere  is little  in fo rm atio n  reg ard in g  u se  and ad so rp 
tion  b eh av io r o f  ac tiva ted  carbon  fo r v eg e ta b le  o ils .

T he p rocess o f adso rp tion  inv o lv es sep ara tio n  o f  a substance 
( i .e . ,  adso rbate) from  one phase  acco m p an ied  b y  its accu m u 
lation  o r co n cen tra tio n  on  the surface  o f  the  ad so rb in g  phase . 
A  qu an tita tiv e  eq u ilib rium  b etw een  the  ad so rb a te  co n cen tra tio n  
in each p h ase  is defined  fo r each  co m b in a tio n  o f  sp ec ific  ad 
so rb a te , ad so rb en t, and co n d itions o f  tem p era tu re , p H , and 
ion ic  s treng th  (W eber, 1985). B row n and S n y d er (1989) and 
T o ro -V azq u ez  (1990) have  po in ted  o u t tha t the  study  o f  se lec 
tive adso rp tion  o f  u nw an ted  co m p o n en ts  from  u n re fin ed  o ils 
cou ld  lead  to  increased  effic ien cy  o f  re fin in g  m eth o d s . B ette r 
unders tan d in g  o f  b leach in g  p ro ced u res, as w e ll as b e tte r co n 
trol o f  p h y sico ch em ica l/fu n c tio n a l p ro p ertie s o f  re fined  o ils 
cou ld  also  resu lt. O ur ob jec tiv e  w as to  study  the e ffec ts  o f  
som e chem ica l com ponen ts o f  u n refined  o ils  on  pero x id es and 
caro ten o id  co n cen tra tio n s du rin g  an ad so rp tion  p ro cess  w ith  
ac tiva ted  carbon .

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

A d so rp tio n  ex p e rim en ts

S oybean, co m , and cottonseed unrefined oils w ere  ob tained from  
local processors. Tw o batches o f  squash (C u cú rb ita  m o sch a ta )  seed 
oil w ere extracted follow ing the procedure described by T oro-V azquez 
et al. (1990). B riefly , a m ixture o f  dry m illed seed and n-hexane (ratio 
1:4) w as m agnetically  stirred for 30 m in , filtered (W hatm an paper 
# 2 )  and the solvent evaporated (60°C under vacuum ) from  the filtrate.

The oils w ere distributed in aliquots (200 m L) in am ber bottles, 
and stored under nitrogen atm osphere and refrigeration (4°C). The 
unrefined oils w ere analyzed for iodine index (1IU), saponification 
value (SV U), percentage o f  free fatty  acids (FFA U, as oleic acid) and 
peroxide value (P„) (A O A C , 1980). The ratio  o f  unsaturated to sa tu 
rated fatty  acids (U FA /SFA ) of each unrefined oil w as calculated from  
reported data (Sw ern, 1982; T oro-V azquez, 1990). C arotenoids (C u) 
w ere determ ined by absorbance at 417 nm  o f an oil solution in hexane 
(= 2 .5 %  w /v); the Zscheile et al. (1944) equation w as used:

m g carotenes (absorbance at 417 nm) (sam ple vo lum e, m L) 

kg o f  oil (0 .204) (sam ple w eigh t, g)

To elim inate secondary effects such as particle size, m oisture con
tent, e tc, the sam e lot o f activated carbon (C larificantes M exicanos; 
Santa C lara, Estado de M éxico, M ex.) w as used in all experim ents 
after sieving (U .S . standard , - 1 4 /  +  24), w ash ing  (m ixing for 24 hr 
in 2 volum es o f  deionized w ater), filtering and drying (100°C for 24 
hr). Factorial com binations o f  process tem perature (50 and 90°C) and 
activated carbon (AC) concentration (1, 2 .5 , and 5%  w /w ) w ere  d is
tributed am ong the oil bottles (soybean, corn , cottonseed and squash 
seed) in a com plete random ized experim ental design w ith  2 replicates. 
A dsorption w as done under vacuum  in a rotary evaporator (Biichi RE 
110; Biichi Laboratorium s-Technik A G , F law il, Sw itzerland); P ro 
portions o f  oil and adsorbent w ere w eighed in the evaporator flask 
(1L), to obtain 200g final w eight. A fter 3 hr constant stirring , the 
m ixture w as centrifuged (5000 rpm /15 m in), filtered and the oil ana
lyzed for peroxides (Pa) and carotenoids (C a).

Statistical analysis

M ultiple regression analysis w as used to develop equations that 
described the variability  in Pa and Ca, using as independent variables
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Table 1 -  Descriptive statistics of the vegetable oils chemical properties

na M ean
Std
d ev M inim um M axim um

U nrefined  O ils
P eroxide va lue  
(m Eq/kg oil) 5 18.09 22.11 2.04 56.24
C arotenoid s  
(mg/kg oil) 5 68.67 51.10 16.13 128.01
Free  fatty acid s  
(%  a s  ole ic acid) 5 0.99 1.04 0.17 2.79
ll/SV» 5 0.46 0.15 0.37 0.73
S F A A JFA 5 4 0.24 0.09 0.17 0.36

A d so rb e d  o ils
Peroxide va lue  
(m Eq/kg oil) 53 11.01 8.57 0.20 38.05
C aro ten o id s  
(mg/kg oil) 53 37.94 35.17 4.67 107.99

3 Number of replicates; each replicate was done In duplicate. 
b Ratio Iodine Index to saponification value.
c Ratio of saturated fatty acids concentration to unsaturated fatty acids concentration.

the chemical characteristics of the unrefined oils, the process temper
ature (T°), the AC concentration, their quadratic effects and linear 
interactions. A regression model is a separation of each observation 
into two parts. One is the predictable portion, which can be assigned 
to sources (i.e., explanatory variables) known to affect the response 
variable. The other, the residual portion, is assumed to be due to 
random variability. The variable selection for regression modeling was 
made under the basis of residual analysis, as well as the magnitude 
of the “ variance constant”  (Vc) for the estimated (3-regression coef
ficients of explanatory variables in the model (Allen and Cady, 1982). 
The standard error of the estimated (¡-regression coefficients, is given 
by

Standard error of (3; = [(MSRes) (Vq)]1/2

where (3j is the regression coefficient for the independent (or explan
atory) variable Xi5 MSRes is the mean square of the residuals in the 
model and Vc; = l/2(Xy -  Xy), where “ j ”  = the different values 
of Xj, and ^¡j represents the magnitude of X,j that can be predicted 
by other independent variables previously fitted into the model. There
fore, a good criterion to select a reduced model (i.e., the model with 
the least number of variables that provided an acceptable determina
tion coefficient, R2>0.80), is to evaluate the magnitude of the MSRes 
and the Vq in the reduced model with respect to their values in the 
general model (e.g., model with higher number of variables than the 
reduced model). If the Vq for the regression coefficients decrease 
without significant change in the MSRes, the effect might be a de
crease in standard error of the 3 estimates, and therefore in the stan
dard error of the prediction. Additionally, the smaller the Vc of the 
variables fitted in the model the higher the independence (i.e., non
correlation) among explanatory variables.

RESULTS & DISCUSSION

OIL COMPOSITION data were analyzed independently of 
source, i.e., the data were considered as all from the same 
source. This assumption generalized the inference obtained from 
statistical analysis, because the application of the regression 
models obtained were not restricted by the oil source. The 
descriptive statistics of the oils chemical properties are shown 
in Table 1. The reduced models that best described the vari
ability in Pa and Ca are shown in Table 2. Several reduced 
models were developed essentially as well as those shown; 
however, the models in Table 2 were those with the greatest 
R2, and the lowest Vq and standard deviations.

In the models evaluated, the T° effect did not explain a 
meaningful amount of the Pa and Ca variability. Using squash 
seed oil, Toro-Vazquez (1990) observed no significant differ
ence between the 50 and 90°C peroxides and carotenoids ad
sorption isotherms with activated carbon. With peroxides, the 
regression model indicated the Pa was mainly a function of the 
FFAU, as well as of linear interactions among the Pu, the AC, 
the Cu and the IIU/SVU. The sign of the (3 coefficients indicates 
whether the respective variable (or interaction) had a decreas
ing ( - )  or increasing ( + ) effect on Pa (or Ca) (Table 2). The

Table 2 - Regression models that described the variability in peroxides 
(PJ and carotenoids (CJ concentration in vegetable oils (soybean, cot
tonseed, corn, and squash seed) after an adsorption treatment (3 hr at 
50 and 90°C) with activated carbon at concentrations of 1, and 2.5, and 
5% w/w
D ep end ent V ariab le C oeffic ient Std Pd Ft2 of
variab le d escrip tio n 3'6 (P) error5

oIIC
O

. m odel

P. C onstant 3.5810 0.9409 0.0004 0.8495

~
n II CO CD CO Pu 0.8519 0.2329 0.0006

s .d .’  =  2.34; PUA C -0 .0 8 5 1 0.0135 0.0000
n = 53) Pu-Cu - 0 .0 0 8 7 0.0015 0.0000

P u - IV S V u 1.6419 0.5827 0.0071
F F A U - 3 .0 1 6 0 0.8342 0.0007

c , Con stan t 10.4900 1.8587 0.0000 0.9323
F = 1 5 6 4 ; c „ 2 0.0063 0.0003 0.0000
s.d . = 9.33; 
n = 53)

A C -C U -0 .0 6 6 1 0.0095 0.0000

a Variance constant of the independent variables in the models < 0.13. 
b Pu, peroxides value (mEq/kg of oil) in unrefined oils; AC, activated carbon (% w/ 

w); Cu> carotenoids in unrefined oils (mg/kg oil); llu/SVu, iodine index/saponification 
value in unrefined oils; FFAU, percentage of free fatty acids (as oleic) in unrefined 
oils.

c Standard error associated with each of the (3 coefficients. 
d Probability that the (3 coefficients equal zero.
0 Standard deviation of the model.

variables included in the model explained =85% (R2 =  0.8495) 
of the total variability observed in Pa; this indicated that ad
ditional variables should be considered in order to develop 
predictive models.

Previous results (Toro-Vazquez, 1990; Toro-Vazquez et al.,
1990), have suggested that the peroxides behavior during the 
adsorption process might be the result of a balance between 
peroxide formation (Nawar, 1985), decomposition (Nawar, 
1985; Nkpa et al., 1989; Pardun et al., 1968), and adsorption 
(Boki et al., 1989; Wiedermann, 1981). The significance of 
the Pu and PUTIU/SVU effects, as well as the sign of their re
spective p coefficients, might point out the importance of per
oxide formation during the adsorption process. This could be 
through the effects of peroxides concentration, type and degree 
of fatty acid unsaturation (measured indirectly as the ratio IIU/ 
SVU) on reaction rates of the initiation and propagation auto- 
catalytic reactions. The interaction Pu-Cu and the sign of the 
respective p coefficient, indicated that as the oil carotenoids 
concentrations were lower the oils Pa were higher. This seemed 
to indicate the significance of the carotenoids antioxidant ac
tivity (Warner and Frankel, 1987) during the adsorption process, 
probably through limiting the occurrence of initiation reac
tions.

The importance of a decreasing linear effect of the FFAU in 
the Pa model, was in agreement with the FFA pro-oxidant 
activity (Miyashita and Takagi, 1986). Presumably, the FFA 
catalyzed the peroxides homolytic cleavage (Miyashita and 
Takagi, 1986). Finally, the importance of the peroxides ad
sorption factor was accounted for in the model through the 
presence of the PU-AC interaction. Boki et al. (1989) have 
shown that the original peroxides concentration (i.e., Pu), as 
well as the adsorbent concentration (i.e., AC) determine per
oxide adsorption from vegetable oils.

In contrast with the Pa, the Ca behavior was a function of a 
quadratic effect of the Cu and a linear interaction between the 
Cu and the AC concentration (Table 2). The model explained 
= 93% (R2 =  0.9323) of the total variability observed in Ca. 
The positive sign of the p coefficient for the Cu2 effect, indi
cated that carotenoids decreased in a quadratic relation toward 
adsorption equilibrium. The amount of carotenoids adsorbed 
was a function of the original carotenoids concentration (i.e., 
Cu) and the adsorbent concentration (i.e., AC) (Table 2).

CONCLUSIONS
FROM THE VARIABLES and interactions in the models de
veloped we concluded that, the decrease in carotenoid concen
tration in oils was mainly due to the adsorption. In contrast,
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the peroxides concentration after adsorption, was described by 
a balance among peroxide formation, decomposition, and ad
sorption. Predominance of any of these depends upon the in
teraction among several variables, mainly, the adsorbent 
concentration (i.e., AC), stage of oxidation (i.e., Pu), suscep
tibility of the fatty acids to react with oxygen (i.e., IIU/SVU), 
and the presence of compounds with antioxidant (i.e., Cu) or 
pro-oxidant (i.e., FFAU) activity. The study of factors that 
determine selective adsorption, rates of adsorption equilibrium 
and chemical reactions in the process will promote use of ad
sorption in oil refining.
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Ascorbyl Palmitate Efficacy in Enhancing the Accelerated 
Storage Stability of Canola Oil

L.M. McMULLEN, Z.J. HAWRYSH, C. LIN, and B. TOKARSKA

------------------------------A B ST R A C T ----------------------------- -
The effect of various levels of ascorbyl palmitate (AP) and of buty- 
lated hydroxyanisole/toluene (BHA/BHT) on the accelerated storage 
stability of canola oils was determined by sensory, gas liquid chro
matographic (GLC) and chemical evaluations. In Schaal oven tests 
(65°C, 0-16 days), chemical, GLC and trained sensory panel data 
indicated that 200 ppm AP retarded autoxidation in stored canola oils. 
Monoglyceride citrate (MGC) addition to oils containing 200 ppm AP 
did not enhance oil stability. Fluorescent light tests (7500 lux, 24°C, 
0-24 hr) showed that 200 ppm AP, with or without MGC, had a 
limited effect in protecting canola oil from photooxidation. BHA/ 
BHT, at 100 ppm each, with MGC, did not improve canola oil sta
bility.

Key Words: canola-oil, storage-stability, ascorbyl-palmitate, sensory, 
antioxidants

INTRODUCTION

CANOLA OIL, with its relatively high proportion of polyun
saturated fatty acids has the potential to develop undesirable 
odors and flavors during storage. The primary and secondary 
oxidation products of polyunsaturated fatty acids have been 
implicated as the major cause of unpleasant flavors in stored 
oils (Dupuy et al., 1977; Jackson and Giacherio, 1977; Wait- 
king and Goetz, 1983; Frankel et al., 1984; Stevenson et al., 
1984; Vaisey-Genser and Eskin, 1987).

Reported research is limited on the efficacy of antioxidants 
in improving the oxidative stability of canola oil. The antiox
idants studied have either proven to be ineffective, as with a 
combination of BHA/BHT and MGC (Vaisey-Genser and Yli- 
maki, 1985; Hawrysh et al., 1988), or were not licensed for 
use in Canada. Although both tertiary butylhydroquinone and 
anoxomer were effective in extending canola oil storage sta
bility, they cannot be added to vegetable oils produced for sale 
in Canada.

Reports have suggested that addition of ascorbyl palmitate 
(AP) to oils (such as soybean, corn and peanut) is effective in 
promoting autoxidative stability during storage (Cort, 1974). 
In comparing the effectiveness of 2000 ppm AP, 200 ppm 
BHA and 200 ppm propyl gallate in stored (28°C) sunflower 
and rapeseed oils, Sedlacek (1968) concluded that AP was the 
best for oil stabilization. Similar conclusions were also made 
by Ahmad et al. (1983). AP may offer advantages over other 
antioxidants in terms of efficacy, safety and positive labelling 
connotations. In addition, AP is licensed for use as a food 
additive in Canada. However, evaluations of the effectiveness 
of AP in retarding autoxidative changes in canola oil are lack
ing.

Our objective was to evaluate the efficacy of varying levels 
of AP and of a combination of BHA and BHT in retarding 
oxidation of canola oils subjected to accelerated storage con
ditions, specifically the Schaal oven (at 65°C) and fluorescent 
light tests.

The authors are with the Dept, o f Foods & Nutrition, The Uni
versity o f Aiberta, Edmonton, Alberta, Canada T6G 2M8

MATERIALS & METHODS
FULLY REFINED, bleached and deodorized canola oil, containing 
no antioxidants or citric acid, was obtained from Canbra Foods (Leth
bridge, Alberta). AP was provided by Hoffman-LaRoche (Etobicoke 
Ontario); BHA, EHT, and MGC were obtained from Griffiths Lab
oratory (Toronto, Ontario).

The quality of the fresh canola oil was confirmed via analyses for 
fatty acid composition (Bannon et al., 1982) and iodine (IUPAC,
1987) and peroxide values (PV) (AOCS, 1979). Three separate lots 
of oil were obtained to represent three replicates. The following treat
ments (T) were prepared for each of the three replicates: T l, canola 
oil with no antioxidant (control); T2, canola oil with BHA/BHT (100 
ppm of each) and MGC (containing 50 ppm citric acid); T3, canola 
oil with AP (100 ppm); T4, canola oil with AP (200 ppm); T5, canola 
oil with AP (200 ppm) and MGC (50 ppm citric acid); T6, canola oil 
with no antioxidant - frozen (-30°C ) at the time of treatment prep
aration. Samples of T6 were used as blind controls and bland refer
ences for sensory evaluations.

For each treatment within each replicate, the oil was heated to 80°C 
in the presence of air and the antioxidant was incorporated (BHA, 
BHT, MGC were added neat as per industry practice). Due to its low 
solubility in canola oil, it was necessary to incorporate AP as a 5% 
solution in ethanol. Each oil treatment was stirred for 30 min at 80°C, 
and for an additional 30 min while cooling. The oil was placed into 
amber glass bottles (500 mL), flushed with nitrogen and held over
night at 5°C for use the following day. For each replicate, sufficient 
oil for each treatment was prepared for use in both storage tests. 
Procedures for the Schaal oven and fluorescent light tests were similar 
to those previously reported (Hawrysh et al., 1988) with the following 
changes. Oil samples for the Schaal oven test were stored for 0, 4, 
8, 12 and 16 days. For the fluorescent light test, samples were re
moved for analysis after 0, 8, 16 and 24 hr of illumination. After each 
storage period, oil samples were divided into 3 200 mL glass vials, 
flushed with nitrogen and frozen ( -  30°C) for later sensory, chemical, 
and gas liquid chromatographic (GLC) analyses (Schaal oven samples 
only). Prior to analyses, samples were kept in a dark area while thawed 
in water (23°C) for 5 min.

Sensory evaluations were conducted by seven trained panelists who 
had been screened on the basis of 12 triangle tests. Selected panel 
members were intensively trained for 7 wks according to the proce
dures of Cross et al. (1978). During training, judges learned to quan
tify overall odor and flavor intensities of a range of prepared canola 
oil samples which were similar in quality to those expected during the 
experiments. They also identified and quantified the strength of spe
cific odor and flavor notes such as buttery, fishy, grassy, nutty, painty, 
rancid, and sweet in the prepared oil samples.

During the experimental period, panelists evaluated the overall odor 
and flavor intensity of six randomly presented oil samples (T1-T6) 
and two reference samples (identical to T6, the hidden control) using 
the AOCS 10-point intensity scale (10 = bland, 1 = extremely intense, 
Warner, 1985). Odor and flavor intensity values (OIV and FIV, re
spectively) for individual notes were obtained using a 6-point scale 
(0 = none, 5=very strong). Details of procedures for sensory analysis 
appear in Hawrysh et al. (1988). For each replicate, panelists evalu
ated Schaal oven samples stored for 0, 8, 12 and 16 days and all 
samples from the fluorescent light test. All panel evaluations were 
conducted in an atmospherically controlled sensory panel room equipped 
with individual booths and red fluorescent lighting.

Chemical analyses of the oils included determinations of PV, thiob- 
arbituric acid (TEA) values at 452 nm (Fioriti et al., 1974), and UV 
absorbance (E icrl) at 234 nm using the IUPAC method (IUPAC,
1987). Off-flavor volatiles in oil samples subjected to Schaal oven 
storage were determined by GLC using the method described by To- 
karska et al. (19S6). Data for sensory evaluation and chemical anal
yses were subjected to analyses of variance according to a strip-plot
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|  T1, no antioxidant 
gg T2, BHA/BHT + MGC 
g  T 3 ,100 ppm AP

Days at 65°C

Fig. 1 -E ffe c t o f antioxidants on painty flavor developm ent in 
canola oils stored at 65°C.

Table 1—Fatty acid composition of canota oil upon receipt
Fatty acid P ercen tage of Total

Palm itic acid (C 16:0) 3.6
Palm itoleic acid (C l 6:1 ) 0.2
S tearic  acid (C l 8:0) 1.6
O le ic  acid (C l 8:1 ) 59.3
Lin o leic  acid (C18:2) 20.3
U n o le n ic  acid (C18:3) 10.6
A ra ch id ic  acid (C20:0) 0.6
G a d o le ic  acid (C 2 0 :l) 1.7
B ehen ic  acid (C22:0) 0.3
Eru c ic  acid (C 2 2 :1 ) 0.8

experimental design as outlined by Milliken and Johnson (1984). Where 
appropriate Student-Newman Keul’s Multiple Range test was used to 
identify significant differences among treatment means.

RESULTS & DISCUSSION

THE CANOLA OIL was similar in initial fatty acid compo
sition (Table 1) to that reported for canola oil by Vaisey-Genser 
and Ylimaki (1985) and Hawrysh et al. (1988). The PV of the 
fresh oil was 0.21 and the iodine value was 119.

Schaal oven test

Data for the sensory analysis of canola oils subjected to 
Schaal oven storage (Table 2) showed that AP protected the 
canola oil from oxidation during the accelerated storage test. 
In comparison, T2 (BHA/BHT + MGC treated oil) was inef
fective in inhibiting canola oil degradation. After 8 days of 
storage, T1 and T2 were described as mild to moderately in
tense in odor and flavor while T6 (the hidden control) was 
bland. The odor and flavor intensity of the AP treated samples 
(T3, T4 and T5) were also scored as relatively bland. At 12 
days, the odor scores for the samples treated with 100 ppm 
AP (T3) declined, while those for oils treated with 200 ppm 
AP (T4 and T5) remained high. At 16 days odor scores for T4 
and T5 decreased but were higher (P<0.05) than T1 and T2. 
At 12 and 16 days storage, flavor scores for the oil samples

T1, no antioxidant 
T2, BHA/BHT + MGC

Days at 65°C
Fig. 2 -E ffe c t o f antioxidants on peroxide developm ent in can
ola oils stored at 65°C.

showed trends similar to those described for odor scores. Al
though the flavor scores for T4 and T5 declined gradually 
throughout storage, they remained significantly better than those 
for T1 and T2.

To further characterize each of the canola oil samples, a 
sensory profile was obtained consisting of odor and flavor de
scriptions (notes) and note intensities (intensity values). The 
predominant odor and flavor description given to stored oils 
was painty. The presence of painty odor and flavor notes was 
indicative of the severe deterioration in oil quality that occurred 
during Schaal oven storage (Cowan et al., 1970; Mounts et al,
1978). The development of painty flavors (Fig. 1) clearly showed 
the effectiveness of AP in promoting canola oil stability. After 
8 days, painty flavor intensity values (FIV) for T1 and T2 
were moderately intense (scores of about 3 on the 6-point scale). 
At 12 days, the painty FIV for T3 (100 ppm AP) increased to 
slightly intense, while those for T4 and T5 (200 ppm AP) 
remained relatively low. The production of painty odor fol
lowed identical trends to those described for painty flavor de
velopment.

Results for chemical analyses (Fig. 2 and Table 3) also in
dicated that AP delayed oxidation of canola oils. Peroxide 
development (Fig. 2) during storage was not affected by BHA/ 
BHT + MGC but was markedly retarded by AP. Vaisey-Genser 
and Ylimaki (1985) and Hawrysh et al. (1988) also concluded 
that BHA/BHT was ineffective in promoting canola oil stabil
ity. Peroxide values indicate that both levels of AP were ben
eficial in delaying oxidation. The induction period for peroxide 
development was extended to 8 and 12  days by the presence 
of 100 or 200 ppm AP (with or without MGC), respectively. 
After storage of up to 12 days, the oil samples stabilized with 
200 ppm AP (T4 and T5) had PV in the range of 2.4 to 3.6 
meq/kg. Researchers (Vaisey-Genser and Ylimaki, 1985) have 
concluded that canola oils with PV of 24 meq/kg were still of 
good sensory quality. In our present study the oils treated with 
200 ppm AP and stored for 12 days could still be considered 
of good quality.

Data for TBA values for canola oils exposed to the Schaal 
oven test (Table 3) showed that during storage T1 (the un
treated control) and T2 (BHA/BHT + MGC treated) developed
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Table 2 -  Odor and flavor intensity scores for canola oil, with and without antioxidant, following accelerated storage at 65°C. Means and standard errors
C an o la  oil trea :m en t

Storage Untreated B H A/BH T A P A P A P Blind
tim e control (100 ppm  ea) (100 ppm) (200 ppm) (200 ppm ) control

C haracteristic (days) (T1) + M G C  (T2) (T3) (T4) + M G C  (T5) (T6) SEM<
O verall odor 0 9.8 9.7 9.6 9.5 9.4 9.8 0.24

intensity^ 8 5.1 = 5.6= 8 .7ab 9,0»b 8 .1b 9.5» 0 .2 4 ***
12 4 .5s 4.7» 6 .9d 9 .0 b 8.2= 9.8» 0 .2 0 ***
16 3 .5d 4.6= 5.0= 6 .9 b 6 .8 b 9.8= 0 .3 3 ***

O verall flavor 0 9.8 9.7 9.5 9.4 9.4 9.8 0.10
Intensity^ 8 4.2= 4.9= 8 .0b 8 .1b 7.5» 9.5» 0 .2 7 ***

12 3 .8s 4 .7 d 6.3= 7 .6b 6 .8b= 9.5» 0 .2 6 ***
16 3 .5d 4.4=d 5 .5b= 6 .7 b 6.6» 9.7» 0 .4 0 ***

a'e Means within the same row sharing a common letter are not significantly different at P>0.05. 
f Standard error of the mean.
9 Ten point intensity scale where 10 = bland, 1 = extremely intense. Means are averages of 21 scores {7 panelists, 3 replications). 
#,**,*#» Significant differences among canola oil treatments at P<0.05, P<0.01 and P<0.001, respectively.

Table 3 - Chemical analyses of canola oil, with and without antioxidant, following accelerated storage at 65°C. Means' and standard errors

Characteristic

Storage
tim e

(days)

C an o la  oil treatm ent
Untreated

control
(T1)

BH A/BH T  
(100 ppm  ea) 
+ M G C  (T2)

A P
(100 ppm ) 

(T3)

A P
(200 ppm ) 

(T4)

A P
(200 ppm ) 

+ M G C  (T5) SEM 8
T B A  Value» (452 nm) 0 5.81» 6.00» 6.94» 7.09» 7.14» 0 .2 3 **

4 12.43» 11.80» 7.50» 8.14» 7.90» 0 .8 3 **
8 18.37= 17.38» 8.49» 8.36» 8.23» 0 .8 9 ***

12 18.14» 17.69» 14.97» 8.55» 9.02» 1 .2 3 **
16 19.78» 20.01» 18.23» 16.19» 15.81» 0 .4 4 ** *

E ’ ?cm (234 nm)' 0 4.04 4.08 4.09 4.06 4.05 0.03
4 4.70» 4.58» 4.19= 4.16= 4.13= 0 .0 3 ***
8 5.80» 5.67» 4.21» 4.18» 4.17» 0 .0 5 ***

12 6.81 = 6.65» 5.52= 4.22» 4 .4 2 d 0 .0 4 ***
16 7.78» 7.72» 6.78» 5.84= 5.76= 0 .0 8 ** *

abcde Means within the same row sharing a common letter are not significantly different at P&0.05.
f Means are averages of 6 determinations (2 per each of 3 replicates).

9 Standard error of the mean.
h Thiobarbituric acid value.

i Not corrected for triglyceride absorption.
**' '"••Significant differences among canola oil treatments at P<0.01 and P<0.001, respectively.

Table 4— Off-flavor volatiles in canola oil, with and without antioxidant, following accelerated storage at 65°C. Means»
C an o la  oil treatm ent

Storage Untreated BH A/BH T A P A P A P
Tim e Contro l (100 ppm  ea) (100 ppm ) (200 ppm ) (200 ppm )

Com pounds» (days) (T1) + M G C  (T2) (T3) (T4) + M G C  (T5)
Total vo latiles 0 6.50 6.50 7.87 3.37 3.76

4 9.36 9.47 1.71 2.92 2.75
8 77.86 42.05 8.25 4.52 4.02

12 120.40 84.56 58.97 9.19 10.02
16 148,27 107.97 109.52 30.46 28.92

Butane/Pentane 0 0.12 0.12 0.15 0.20 0.08
4 5.14 3.58 0.27 0.38 0.41
8 48.36 20.97 1.49 1.81 1.28

12 51.07 30.84 25.81 2.79 3.37
16 62.26 43.80 46.27 12.81 9.76

2 ,4-decad iena ls 0 - — — — —

4 0.35 0.38 - — _

8 5.56 2.88 0.43 0.33 0.26
12 19.95 12.93 12.68 0.78 0.97
16 24.29 19.31 14.62 3.48 3.45

a Means are averages of 6 analyses (3 replicates, duplicate analyses). 
b Determined as ppm from GLC analyses.

dienals (Jacobson et al., 1964) at a much faster rate than T3, 
T4, and T5 (the AP treated oils). Samples containing 100 ppm 
AP (T3) had marked increases in TBA values at 12 days. 
However, TBA values for the samples with 200 ppm AP (T4 
and T5) remained low until 16 days. Increases in TBA values 
for BHA/BHT + MGC treated canola oils were also noted by 
Hawrysh et al. (1988). Results for absorbance (E1* ^ ) at 234 
nm (Table 3) showed trends similar to those described for PV 
and TBA analyses. Since the absorbance (E1* ^ ) at 234 nm 
indicates the state of autoxidation of an oil (IUPAC, 1987), 
findings similar to those obtained for PV were expected.

GLC data (Table 4) supported the results of sensory and

chemical analyses. Results for total volatiles, butane/pentane 
and 2,4-decadienals, which have been identified as major “ off- 
flavor”  volatiles in stored canola oils (Tokarska et al. 1986), 
showed that 200 ppm AP, with or without MGC, was effective 
in delaying formation of volatiles. At such storage time, oil 
samples treated with 200 ppm AP had substantially lower lev
els of volatiles than either the untreated control (Tl) or the 
BHA/BHT + MGC treated (T2) canola oils.

Thus, data indicated that the addition of 200 ppm AP to 
canola oil was more effective than 100 ppm AP in promoting 
stability. Pongracz (1973) also reported that the incorporation 
of increasing amounts of AP into sunflower oils resulted in
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Table 5—Odor and flavor intensity scores for canola oil, with and without antioxidant, following exposure to fluorescent light (7500 lux). Means'* and 
standard errors

C an o la  Oil Treatm en t

C h aracterist ic

Storage
tim e
(hr)

Untreated
control

(T1)

B H A/BH T  
(100 ppm  ea) 
+ M G C  (T2)

A P
(100 ppm ) 

(T3)

A P
(200 ppm) 

(T4)

A P
(200 ppm ) 

+ M G C  (T5)

H idden
contro l

(T6) S E M d

O verall odor 0 9.7 9.8 9.6 9.5 9.4 9.8 0.20
intensity* 8 7.3» 7.3» 7.8» 8.8'» 8.5»» 9.7» 0.34*»

16 5.9» 6.7» 6.9» 7 .1b 7.0» 10.0» 0 .3 8 ***
24 5.7= 5.7' 6 .4 ' 7.1» 7.3» 9.7» 0 .2 2 ***

O verall flavor 0 9 .6sbc 9.8ab 9.5»' 9 .4 ' 9 .4 ' 9.8» 0 .08*
intensity' 8 7.2» 7.1» 7.0» 7.0» 7.1» 10.0» 0 .3 4 ***

16 5.8» 6.1» 6.0» 6.2» 6.5» 10.0» 0 .3 3 ***
24 5.3» 5.0» 5.9» 6.0» 5.5» 9.7» 0 .2 7 ***

abc Means within the same rcw sharing a common letter are not significantly different at P2:0.05. 
d Standard error of the mean.
0 Ten point intensity scale where 10 = bland, 1 = extremely intense. Means are averages of 21 scores (7 panelists, 3 replications). 
#,#*,*** Significant differences among canola oil treatments at P<0.05, P<0.01 and P<0.001, respectively.

Table 6 - Chemical analyses of canola oil, with and without antioxidant, followed exposure to fluorescent light (7500 lux). Meanse and standard errors
C an o la  Oil Treatm ent

Storage Untreated B H A 'B H T A P A P A P
tim e control (100 ppm  ea) (100 ppm) (200 ppm ) (200 ppm )

C h aracteristic (hr) (T1) +  M G C  (T2) (T3) (T4) + M G C  (T5) SEM<

P ero xide  va lue 0 0.43 0.38 0.34 0.33 0.32 0.02
(meq/kg) 8 4.44» 4.44» 3.66» 3.61» 3.44» 0 .1 1 ** *

16 7.74» 7.56» 5.92» 5.57» 5.44» 0 .1 5 ** *
24 13.79= 12.76» 9.85» 8.80» 8.82» 0 .3 8 ** *

T B A  values 0 4.93» 4.76» 6.03» 5.78» 5.77» 0 .2 1 **
(452 nm) 8 8.89 8.15 8.43 7.97 8.02 0.24

16 10.49» 10.02»» 9.44»' 9 .06' 8.70» 0 .2 0 **
24 11.63» 11.34» 10.53» 10.24» 9.42 ' 0 .1 6 ***

E ’ ?cm (234 nm)» 0 4.10 4.16 4.10 4.15 4.09 0.03
8 4.28 4.26 4.20 4.20 4.20 0.03

16 4.44 4.43 4.35 4.28 4.28 0.05
24 4.62» 4.59» 4.36» 4.37» 4.28» 0 .0 4 **

abcd Means within the same row sharing a common letter are not significantly different at P>0.05.
8 Means are averages of 6 determinations (2 per each of 3 replicates). 
f Standard error of the mean.
9 Thiobarbituric acid value.
h Not corrected for triglyceride absorption.
#,##,*** Significant differences among canola oil treatments at P<0.05, P<0.01 and P<0.001, respectively.

increased protection from oxidation. Our data suggested that 
AP efficacy was not enhanced by the addition of MGC.

Fluorescent light test

The effects of AP and BHA/BHT + MGC on the sensory 
quality of canola oils exposed to fluorescent light (7500 lux 
for up to 24 hr) are shown in Table 5. After storage, odor and 
flavor scores for each of the illuminated samples were lower 
than those for T6. After 24 hr, samples treated with 200 ppm 
AP had a significantly less intense overall odor than the other 
oil treatments. However, the addition of AP (at 100 or 200 
ppm) to canola oils cid not retard development of off-flavor 
in the fluorescent light exposed samples. In contrast, Mc
Connell and Esselen (1947) noted that AP inhibited off-flavor 
development in illuminated corn and cottonseed oils.

The predominant odor note detected in oils subjected to flu
orescent light storage was rancid. The addition of AP to canola 
oil inhibited rancid odor development up to 8 hr. Slightly in
tense rancid odors (2 on the 6-point scale) were present in all 
samples following 16 hr illumination. The predominant flavor 
notes detected by panelists were fishy, grassy, painty, and 
rancid. Antioxidant (either BHA/BHT + MGC or AP with or 
without MGC) addition to canola oil did not inhibit production 
of the off-flavor notes.

Chemical determinations of oil quality (PV, TBA, and ab
sorbance (E,1/^) at 234 nm) (Table 6) generally showed that AP 
inhibited canola oil photooxidation to some extent. However, 
numerical differences among treatments were minimal when 
compared to those obtained for Schaal oven data. After 24 hr 
exposure, oils treated with AP (T3, T4, and T5) had lower 
PV, TBA, and absorbance (234 nm) values than the untreated

Table 7—Pearson correlation coefficients (r) between sensory evaluation 
data and chemical data for accelerated storage tests

S ch a a l oven  
sto rage (N = 60)

F lu o re scen t light 
sto rag e  (N = 60)

T e st
O dor

sco re s
Flavor
sco re s

O d o r
s c o re s

Flavor
sco re s

P ero xide  v a lu e s  
T B A  value» (452 nm) 
E '?cm (234 nm)
Total vo latiles
Pentane/Butane
2 ,4-D ecad ien als

- 0 .9 4 * * *  
- 0 .7 8 * * *  
- 0 .9 4 * * *  
- 0 .9 3 * * *  
- 0 .9 4 * * *  
- 0 .8 7 * * *  -

- 0 .8 8 * * *
- 0 .7 6 * * *
- 0 .8 8 * * *
- 0 .8 7 * * *
- 0 .9 0 * * *
- 0 .8 1 * * *

- 0 .8 7 * * *
- 0 .9 1 * * *
- 0 .7 4 * * *

- 0 .8 6 * * *
- 0 .9 1 * * *
- 0 .7 3 * * *

“ Thiobarbituric acid value. 
*** Significant at PcO.001.

control (Tl) and the BHA/BHT + MGC treated (T2) oils. In 
an earlier investigation of canola oil quality, Hawrysh et al.
(1988) also found few treatment differences for antioxidant 
treated canola oils subjected to fluorescent light tests. Corre
lation coefficients for both accelerated storage tests (Table 7) 
showed highly significant relationships between sensory and 
chemical data. Negative correlations were as expected. All 
coefficients were excellent (above 0.76) or good (between 0.51 
and 0.75) (Leporiere, 1976).

CONCLUSIONS
THE SCHAAL OVEN storage test indicated that 200 ppm AP, 
with or without MGC, was effective in promoting canola oil 
stability in oils subjected to accelerated storage at 65°C for up 
to 12 days (Schaal oven test). Addition of BHA/BHT + MGC 
to canola oil resulted in a slight improvement in canola oil 
stability during storage. Results from the fluorescent light test

-C ontinued  on page 1659
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Extraction of Annatto Seed Pigment by Supercritical
Carbon Dioxide

A.J. DEGNAN, J.H. VON ELBE, and R.W. HARTEL

------------------------------A B ST R A C T -------------------------------
Operating pressures ranged 3000-7000 psi and temperatures 40-55°C. 
Maximum solubility of pure bixin was 0.003 and of annatto seed 
pigment 0.26 mg/g C 02. Analyses of annatto seed pigment from su
percritical carbon dioxide extractions showed only a- and P-bixin 
present. Only bixin was extracted from mixed samples consisting of 
bixin and norbixin. No thermal degradation product was detected in 
samples extracted within the temperature range we used. Increased 
temperature resulted in increased pigment/g C 02 at all pressures. Iso
thermal increases in pressure did not increase pigment/g C 0 2. Effi
ciency of annatto pigment extraction was increased in the presence of 
an oil.

INTRODUCTION
THE NUMBER of certified food colorants, as defined under 
the 1960 Color Additive Amendment to the Food, Drug and 
Cosmetic Act of 1938, is limited. In recent years synthetic 
dyes have been closely scrutinized for their potential toxic 
hazard (Ingram and Francis, 1969; Bhalkar and Dubash, 1983). 
The lake of FD&C Red Number 3, for example, is the latest 
food color removed from use because of safety. Hence, natural 
colorants, exempt from certification, are of interest.

Annatto is a carotenoid-type food colorant which occurs nat
urally in the seed of the tropical annatto tree (Bixa orellana). 
Organic solvents such as chloroform, dichloroethane, or ace
tone are used commercially to extract pigment from the seed. 
Heat is generally applied to the extract to reduce solvent res
idue within tolerable limits. High temperatures (>50°C) are 
known to degrade the pigment to yellow artifacts of low tinc
torial strength (Mckeown and Mark, 1962).

The use of supercritical carbon dioxide (SC-C02) as solvent 
in annatto seed pigment extraction has the potential for pre
cluding need for organic solvents or elevated processing tem
peratures. The objectives of our study, were to determine the 
solubility of annatto pigments in SC-C02 and to determine the 
quality of annatto pigment obtained with a SC-C02 extraction 
process.

M ATERIALS & METHODS
Materials

Carbon dioxide, 99.9% pure, was obtained in 50-lb cylinders from 
Liquid Carbonic (Chicago, IL). Analytical Reagent grade chloroform 
was obtained from OmniSolv (Gibbstown, NJ). Annatto seeds and 
97% pure bixin was donated by Chr. Hansen’s Laboratory, Inc. (Mil
waukee, Wi).

Extraction

Figure 1 shows a schematic of the SC-C02 extraction apparatus. 
All parts contacting solvent and/or solute were machined from 316 
stainless steel. Annatto seed (3g), or bixin (97% pure, 0.5g) were 
placed into the 11.8 ml vessel. Whole seeds were used because pre
vious experiments using crushed seeds or glass beads (for increased 
sample surface area) did not increase concentration of pigments in 
SC-C02. Likewise, the pigment concentration from a sample of pure 
bixin was not increased by packing in glass beads. Soybean oil was 
used as an entrainer and, when included in the system, about 50 mL

were placed into the 300 mL vessel. The system was then pressurized 
with C 02 (between the compressor and valve V!). System temperature 
equilibrated within 30 min.

Sample collection was accomplished by gently opening the inlet 
valve (V!) and allowing solvent to flow into the sample chamber at a 
rate which enabled the pump to maintain extraction pressure. V2 re
mained open until the sample chamber reached extraction pressure 
and was filled with solute-saturated SC-C02. Closing Vj partitioned 
the sample between V3 and V2. The extract was brought back to 
atmospheric pressure by slowly opening valve V2, allowing escape of 
gaseous C 02 and precipitation of the solute in the chamber. Traces of 
pigment carried by the released C 02 were recovered when the outlet 
gas passed through a 250 mL Erlenmeyer flask containing CHC13. 
Additional CHC13 (about 45 mL) was used to wash solute from the 
sample chamber. The pigment contained in the CHC13 represented the 
amount extracted by 6.80 mL of SC-C02 at operating P at the given 
conditions. The CHC13 was used only for thorough recovery of the 
extracted pigment. It did not contribute to extraction and would not 
be required in a continuous system.

Time allowed for equilibration between solvent and solute was de
termined empirically by analyzing the extract periodically until a max
imum concentration was reached and maintained.

Analytical methods

The method of Mckeown and Mark (1962) was used in determining 
seed pigment content, calculated as % (wt) bixin. The method in
volved repeated extractions of seeds with CHC13. The total extract 
was measured and the pigment content was calculated based on light

temperature controlled Uj 
luaterbath

double-inlet ualue

Authors Degnan, von Elbe, and Hartel are with the Dept, o f Food 
Science, Univ. o f Wisconsin, Madison, Wi 53706.

G pressure guage 1*2 single-inlet ualue
Fig. 1 — Supercritical fluid extraction apparatus.
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Fig. 2 —Isothermal solubilities o f pure bixin (97%) in CO?

absorption of the extract at 501 nm and application of a 1% absorp
tivity value of 2826.

Seed oil content was quantified by extracting about 2g of finely 
ground seeds with 50 ml CHC13 while stirring and heating at 40°C. 
Five such extractions were sufficient to remove all CHC13 extractable 
material. The combined extracts were filtered through Whatman no. 
1 filter paper and the total volume was measured. Ten mL portions 
of the total volume were evaporated to dryness in aluminum weighing 
pans for gravimetric analysis. The seed oil content was expressed as 
a percentage of weight of chloroform extractable material.

The concentration of bixin extracted by SC-C02 was determined 
by first dissolving the extracted pigment in CHC13 and calculating the 
content as described. The following equation was then used to cal
culate the concentration as mg bixin/g SC-C02.

bixin (mg/g C 02) = (a x 1 x 103)/(A x 6.8 x d) (1)

where a = absorbance at 501 nm; 1 = total volume (liters) of the 
CHC13 used to wash the sample collection vessel; 103 = conversion 
from (g) bixin to (mg) bixin; A = 1% absorptivity value 2826 (liters 
CHCyiOg bixin); 6.8 = volume (mL) of sample collection vessel; 
d = density (g/ml) of C 02 at extraction P and T for conversion to g 
C 0 2 (Weast, 1970).

The quantity of annatto seed oil extracted with SC-C02 was mea
sured as described by determining gravimetrically the amount of oil 
in 10 mL of the CHC13 used to dissolve the extracted pigment. The 
pigment to oil was about 1/100 by weight and therefore pigment weight 
was ignored in the calculation.

Seed oil (g/gC02) = (v x s)/(.01 x 6.8 x d) (2)

where v = total volume (liters) of CHC13 to dissolve the extracted 
sample; s = weight (g) of residual oil after evaporation of CHC13; .01 
= sample volume (liters); 6.8 = volume (mL) of sample vessel; d = 
density (g/ml) C 02 at extraction P and T for conversion to g C 02.

Norbixin was prepared by combining lg  pure bixin with 200 mL 
5% potassium hydroxide (KOH) in ethanol (EtOH). The mixture was 
refluxed 15 min, cooled, and acidified with acetic acid. Resulting red 
crystals were further purified by washing with diethyl ether, followed 
by washing with 1% acetic acid. The crystals were then dissolved in 
diethylformamide (DEF) and methanol (MeOFl) (1:1) for HPLC 
analysis.

Methyl bixin was synthesized by adding lg  bixin to 3g diazome
thane in chloroform (CHC13). The solution was evaporated at ambient 
temperature and the red/purple crystals were dissolved in DMF and 
MeOH for HPLC analysis.

The reverse phase HPLC method of Smith et al. (1983) was used 
to separate a- and p-bixin, norbixin, and methyl bixin. A mobile phase 
of McOH/2% acetic acid (8.7:1.3) at 1 mL/min was used with a 
stationary phase Nova Pak C18 Radial Pak Cartridge column (Waters 
Assoc. Co., Milford, MA). Twenty p,L of a dilute solution of equal 
amounts of norbixin, bixin, and methyl bixin in DEF/MeOH (1:1) 
were injected into the HPLC mobile phase to determine retention

B e ta -  ( t r a n s ) - b i x i n  
R= -COOCH3

B e t a -  ( t r a n s ) - n o r b i x i n  
R= -C 00H

= 3

A l p h a - ( c i s ) - b i x i n  
R= -COOCH3

A l p h a - ( c i s ) - n o r b i x i n  
R= -C 00 H

Fig. 3 —Molecular structures o f or, fFbixin, and norbixin.

times. A Vari-Chrom VUV-10 (Varian Assoc., Palo Alto, CA) var
iable wavelength detector at 500 nm monitored the pigment. Chro
matograms were recorded on a series A-5000 Omniscribe strip chart 
recorder (Houston Instrument, Austin, TX).

The C17 degradation product had a maximum light absorbance at 
403 and 428 nm (Mckeown, 1961) and therefore was not detected in 
the HPLC analysis. Detection was achieved by obtaining a visible 
light absorption spectrum between 520 and 370 nm using a Bausch 
and Lomb 2000 (Rochester, NY) spectrophotometer.

RESULTS & DISCUSSION
Pigment or oil composition of annatto seeds

Annatto seeds used in this study had been stored for 10 
months at 2°C. The pigment and oil contents were 1.37% ± 
0.09 (wt) and 11.6% ±  0.3 (wt), respectively. This pigment 
value was within the 0.76-3.70% range reported by Dendy 
(1966) and Bhalkar and Dubash (1983).

Solubility of bixin (97% pure) in SC-C02

Figure 2 represents the isothermal solubility of bixin (97% 
pure) in SC-C02 at 40, 50, and 55°C. Bixin concentrations 
ranged from 0.0010 ± 0.0001 mg bixin/g C 0 2 at 3000 psi, 
40°C to 0.0033 ± 0.0002 mg bixin/g C 0 2 at 7000 psi, 55°C. 
These values were low compared to solubilities of some food 
com ponents in S C -C 0 2, such as hop resin (3 .4  mg/g 
C 02)(Vitzthum et al., 1978), water (1 mg/g C 02), lactic acid 
(5 mg/g C 02), and glycerol (0.5 mg/g C 02) (Blenford, 1983). 
The three isotherms were nonlinear and pigment solubility at 
any pressure increased with temperature. Extent of temperature 
effect on solubility however varied at any pressure studied. 
The difference in solubility at 40 and 55°C at 3000 psi was 
only 25% while at 4000 it reached 60% and at 7000, 30%. 
McHugh and Paulaitis (1980) reported similar solubility char
acteristics for biphenyl in SC-C02.

Analysis of bixin solubilized by SC-C02

Bixin, C2S H30 0 4, is a twenty-carbon conjugated chain with 
a terminal carboxyllic acid group and a terminal methylester 
group (Fig. 3). Isomerization around the 15,16-carbon atoms 
results in trans and cis forms, called p and a , respectively 
(Zechmeister and Escue, 1944). Other derivatives of bixin in
clude norbixin, which has a carboxyllic acid group at each
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Fig. 4 - HPLC chromatogram o f p igm ent extract from sam ple o f 
bixin and norbixin by SC-COz  4300 psi, 50°C.

w a v e le n g t h  A b s o r b a n c e  

503 nm .410

Fig. 5 —Light spectrum  o f pigm ent from pure bixin (97%) solu
bilized by SC-CO2, 4300 psi, 50°C.

terminal end of the twenty-carbon conjugated chain; methyl 
bixin, which has a methylester group at each terminal end; and 
the thermal degradation product of bixin, 4,8-dimethyltetra- 
decahexaenedioic acid monomethylester.

An HPLC chromatogram of the extracted bixin sample is 
shown in Fig. 4. Peaks shown are characteristic for a- and (3- 
bixin, based on our retention times of 2 min 50 sec for a-, 4 
min for p-norbixin; 6 min 10 sec for a-bixin; and 7 min 5 sec 
for p-bixin. A spectrophotometric scan, between 520 and 400 
nm, of the extracted pigment is shown in Fig. 5. The spectrum 
was similar to that reported by Mckeown and Mark (1962) for 
pure bixin. The absence of visible light absorption in the 400 
nm region by the SC-C02 solubilized pigment indicated no 
thermal degradation product of bixin was present.

The solubility of bixin derivatives in SC-C02 was of interest 
to ascertain the influence of solute polarity. A sample was 
prepared containing 0.5g of the more polar norbixin (compared 
to bixin) and 0.5g of the less polar methyl bixin and subjected 
to SC-C02 extraction. Methyl bixin is the dimethyl ester of 
bixin and does not occur naturally in annatto seeds. The HPLC 
chromatogram of the sample after extraction is shown in Fig.
6. The chromatogram suggested that norbixin was not ex
tracted under the experimental conditions and that methyl bixin,

n

Fig. 6 - HPLC chromatogram o f p igm ent from sam ple o f bixin 
and m ethyl bixin by SC-COz  4300 psi, 50°C.

Pressure (psi)

Fig. 7-Iso therm a l solubilities o f annatto seed  pigm ent in CO?

based on peak heights, was extracted in greater quantities than 
bixin. The concentration of methyl bixin in SC-C02 at 4300 
psi and 50°C was calculated as 0.25 ±  0.02 mg methyl bixin/ 
g C 02. This was about 100 times gerater than the concentration 
of pure bixin extracted under the same conditions. The result 
shows that SC-C02 solubilized nonpolar substances preferen
tially over polar substances, and suggested that if annatto seeds 
were extracted, only bixin would be solubilized. The com
pound polarity data agreed with those reported by Rizvi (1986).

Solubility of seed pigment in SC-C02

Figure 7 shows the isothermal solubility of annatto seed 
pigment after the first pass of SC-C02 at 40, 50, and 55°C. 
The shape of the isotherms and the effects of temperature on 
pigment solubility were the same as those for pure bixin. The 
concentration of pigment in SC-C02 however, was about 10 
times greater when annatto seeds, compared to pure bixin (97%), 
were used. Concentrations of annatto seed pigment ranged be
tween 0.013 ± 0.001 at 3000 psi, 40°C to 0.027 ±  0.002 
mg bixin/g C 0 2 at 7000 psi, 55°C.

The increase in solubility of the pigment when annatto seeds 
were used was attributed to the seed oil extracted simulta
neously. Bixin is relatively soluble in edible oils and com
mercial preparations contain up to 1.5% bixin (Bauernfeind 
and Klaui, 1981). Concentrations of annatto seed oil in SC-
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Fig. 8 - Annatto seed  oil or p igm ent in COz  4300 psi, 50°C with 
consecutive sampling. Solvent flow rate 0.3g C02/mln.

Table 1 -A n n a tto  seed pigm ent or o il in supercritical carbon dioxide at 
various conditions o f pressure and temperatures

psi

Annatto seed
Pigment 

(mg/g C 02)»
Oil

(mg/g C 02)“
40°C 50°C 55°C 40°C 50°C 55°C

3000 0.011 0.012 0.014 0.3 0.5 0.6
3850 0.016 0.020 0.023 1.3 1.7 2.0
4500 0.017 0.023 0.026 1.5 1.9 2.3
7000 0.018 0.024 0.027 1.7 2.1 2.5
» ± 0.001

C 0 2 ranged from 0.030 ±  0.001 at 3000 psi, 40°C to 0.026 
± 0.002 dg oil/g C 0 2 at 7000 psi, 55°C. Table 1 shows pig
ment and oil concentrations of samples extracted at each con
dition of pressure and temperature.

Figure 8 shows the concentration of pigment and oil with 
consecutive sampling when annatto seeds were extracted at 
4300 psi, 50°C. The parallel decrease in concentration of both 
oil and pigment as extraction proceeded was evidence that 
pigment solubility in C 0 2 was influenced by presence of seed 
oil. The oil concentration was 100 times that of the pigment 
concentration. As oil concentration approached zero, the con
centration of pigment or oil reached a steady state. The con
centration of pigment approached a value similar to that of 
pure bixin in SC-C02. About 50% of total seed oil was ex
tracted after 130g of C 02 had been used. An additional 200g 
was required to remove 75%. We presumed that the concen
tration of oil decreased with each sample taken, because the 
readily available oil near the surface was depleted and the 
distance of oil migration through the seed increased.

Isothermal and isobaric extraction of seed pigment

Figure 9 shows the total pigment recovered from annatto 
seeds with sequential SC-C02 extractions under isobaric and 
isothermal conditions. Data show changes in extraction pres
sure did not change quantity of pigment/g C 0 2 at isothermal 
conditions. However at each pressure studied the pigment con
centration (or extraction efficiency) was affected by tempera
ture, (275g SC-C02 at 55°C, compared to 40°C, extracted about 
25% more pigment).

Data implied that removal of pigment or oil was independent 
of pressure during supercritical fluid extractions. However, 
extraction pressure influenced the rate of solute removal. Con
centration of solute per unit volume C 0 2 increased at condi
tions of higher C 0 2 density (ie. 7000 vs 3700 psi). Therefore, 
at constant mass/volume flow rates the extraction pressure which 
produced the greatest mass of C 02/unit voume would contain 
the most pigment/sample.

P 7000 psi; 55 C 

♦ 4300 psi; 55 C 

■ 3700 psi; 55 C

♦ 7000 psi; 40 C 

■ 4300 psi; 40 C

C02 (g)

Fig. 9 —Recovered annatto seed pigm ent as function o f C02 used  
during SC-C02 extractions at isobaric and isotherm al condi
tions.

Fig. 10—Extracted annatto seed  p igm ent 4300 psi, 50°C with and  
without soybean oil entrainer.

Analysis of seed pigment by SC-C02 extraction

The HPLC chromatogram and the spectrophotometric scan of 
annatto seed pigment obtained by SC-C02 extraction were similar 
to those shown in Fig. 4 and 5. Peaks in the chromatograms, 
based on retention times, were characteristic of a- and p-bbdn 
and the lack of other peaks indicated other forms of bixin were 
not extracted. The spectra were similar to those for a- and (3- 
bixin and the absence of light absorption at 400 nm indicated 
that the C17 thermal degradation product was not present.

Solubility of seed pigment in SC-C02 with oil entrainer

An oil entrainer was included in the extraction system be
cause an increase in concentration of annatto seed pigment in 
SC-C02 was attributed to the presence of annatto seed oil. 
Soybean oil was selected as an oil entrainer from a group of 
edible oils, monoglycerides, and diglycerides currently used 
in annatto preparations (Preston and Rickard, 1980). Phase 
equilibration of soybean oil in SC-C02 occurred within 30 min 
and concentrations agreed with those determined by Stahl et 
al. (1980). Phase equilibration was accomplished in less than 
1 hr when annatto pigment was extracted using the 11.8 mL 
vessel and SC-C02 at 2500 psi and 40°C. This method was 
tested using biphenyl and SC-C02 at 2200 psi and 45.4°C. 
Phase equilibration was accomplished in less than 1 hour and
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concentrations of biphenyl in SC-C02 determined by this method 
agreed with those obtained by McHugh and Paulaitis (1980). 
The concentration of annatto seed pigment in SC-C02 at 4300 
psi and 50°C with a soybean oil entraîner was 0.030 ±  0.002 
mg pigment/g C 02. Figure 10 shows the total pigment re
covered at these conditions when seeds were extracted with 
and without an oil entraîner. Ninety grams of C 0 2 were re
quired to extract 2.7 mg pigment when the oil entraîner was 
used compared to 350g C 02 with no entraîner. The consistency 
of pigment concentration during the extraction was attributed 
to the unlimited supply of entrainment oil compared to the 
decreasing availability of oil when the process depended on 
the seed oil. This consistency was also indicated by the line
arity of the extraction curve. The concentration of oil extracted 
simultaneously with pigment by SC-C02 (4300 psi, 50°C) was 
calculated as 0.021 ±  0.002 dg oil/g C 02.

The data suggested that use of an oil entraîner with SC-C02 
extraction would increase extraction efficiency. Analysis of 
annatto seed pigment extracted by SC-C02 containing an oil 
entraîner, as with the previous extract, contained only a- and 
(3-bixin and showed no traces of Cn  degradation product.
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Optimization of Extraction of Peanut Proteins with Water by 
Response Surface Methodology

ISMAIL Y.S. RUSTOM, M.H. L6PEZ-LEIVA, and BABOO M. NAIR

------------------------------A B ST R A C T -------------------------------
Water extraction of peanut proteins was optimized to maximize pro
tein extraction, Y3 and protein concentration in the extract, Y2. A 
central composite design involving solids-to-water ratio (Xj), pH (X2), 
temperature (X3) and time (X4) was used, and second-order models 
for Yi and Y2 were employed to generate response surfaces. The 
optimum conditions to obtain Yt a  85% and Y2 a  2.5% were X] = 
1:8; X2 = 8.0; X3 = 50 °C; X4 = 30 min. Estimates of Y! and Y2 
at the optimum were 85.29% and 2.7%, respectively. Experimental 
verification gave values of Y] = 84.39% ± 0.78 and Y2 = 2.80% 
± 0.02. Yj and Y2 were further maximized, as measured by absor
bance of solution following centrifugation of the extract, when papain 
(0.05% g/g peanuts) was added and extraction was carried out at the 
optimum conditions.

INTRODUCTION
THE SHORT SUPPLY and high cost of animal milk in some 
parts of the world, or lactose intolerant consumers have created 
a need for developing milk substitutes and nutritious beverages 
based on oilseeds and nuts (Swaminathan and Parpia, 1967). 
Peanut beverages have been studied using different preparation 
methods (Chompreeda et al., 1989; Rubico et al. 1989; Schmidt 
et al., 1978). The economic feasibility of such products de
pends partially on maximization of protein extraction from pea
nuts with water.

Extraction of peanut proteins with water was reported to be 
influenced by pH, ionic strength, pre-soaking, temperature, 
time and solids-to-water ratio (Elahi and Ali, 1971; Rhee et 
al., 1972). In a preliminary study at our laboratory, seven 
potential factors were screened for effects on water extraction 
of peanut proteins. Temperature, pH, solids-to-water ratio, and 
papain treatment of peanuts were reported significant in in
creasing solids extraction (Rustom et al., 1991). Increasing the 
water increased recovery of peanut solids in solution, but re
duced solids in the extract. Optimization could be used to 
maximize extraction and solids concentration in the extract.

When many factors and interactions affect desired re
sponses, response surface methodology (RSM) is an effective 
tool for optimizing the process (Hunter, 1959). RSM uses an 
experimental design such as the central composite design (CCD) 
to fit a model by least squares technique. If the proposed model 
is adequate, as revealed by the diagnostic checking provided 
by an analysis of variance (ANOVA) and residual plots, con
tour plots can be usefully employed to study the response sur
face and locate the optimum.

The purpose of our current work was to optimize extraction 
of peanut proteins with water, and to study the effect of op
timum extraction conditions on the extent of hydrolysis of pea
nut proteins with papain.

Authors Rustom  and Lopez-Leiva are with the Dept, o f Food 
Engineering, Chemical Center, Univ. o f Lund, P.O. Box 124, 221 
00 Lund, Sweden. Author Nair is with the Dept, o f Applied Nu
trition, Chemical Center, Univ. o f Lund, P.O. Box 124, 221 00 
Lund, Sweden.

MATERIALS & METHODS

Materials
Peanuts, Arachis hypogaea L. , of unknown variety, imported from 

China (Asien Trading Co., Malmö, Sweden) were used as raw ma
terial for preparation of peanut extract. Papain (papainase; EC 3.4 22. 
2), no. P 3375, (Sigma Chemical Co., Malmö, Sweden) was used to 
hydrolyze peanut proteins.

Experimental design

Three responses were measured: Percent of protein extracted (Y3), 
defined as the ratio of total amount of protein in the extract (g) to 
total amount of protein in the peanuts (g) expressed as a percentage, 
concentration of protein in peanut extract (Y2), and absorbance (400 
nm) of solution phase following centrifugation of the extract (Y3). 
Each of the variables to be optimized was coded at 5 levels: —2, — 1, 
0, 1, and 2. Table 1 shows the variables, their symbols and levels. 
The selection of variable levels was based on conclusions drawn from 
a previous study (Rustom et al., 1991).

A central composite design (CCD), shown on Table 2, was arranged 
to allow for fitting of a second-order model (Hunter, 1959). The CCD 
combined the vertices of a hypercube whose coordinates are given by 
the 2" factorial design (runs 1-8 and 11-18) with the “ star”  points 
(runs 21-28). The star points were added to the factorial design to 
provide for estimation of curvature of the model (Joglekar and May,
1987). Six replicates (runs 9, 10, 19, 20, 29, and 30) at the center of 
the design were used to allow for estimation of the “ pure error”  sum 
of squares. Experiments were randomized in order to minimize the 
effects of unexplained variability in the observed responses due to 
extraneous factors.

Statistical analysis

A software package (STATGRAPHICS, 1988) was used to fit the 
second-order models and generate response surface plots. The model 
proposed for each response (Y) was:

Y = b0 + 2  b„X„ + 2  bnn XI + 2  bnm X„ Xm
n = l n = 1 n̂ m«=l

Where b0 is the value of the fitted response at the center point of the 
design, that is point (0,0,0,0). bn, b„n and bnm are the linear, quadratic 
and cross-product regression terms respectively. The regression analy
sis was conducted using the “ Stepwise Variable Selection—Backward 
Elimination”  module (STATGRAPHICS, 1988). The criteria for 
eliminating a variable from the full regression was based on “ F-to- 
remove”  value of 2.0, 0.9 and 3.0 for Y1; Y2 and Y3, respectively.

Table 1 -  Variables and their levels for centraI composite design

Coded-variable levels3
Variable Symbol - 2 - 1 0 1 2

Solids-to-water *1 1:6 1:7 1:8 1:9 1:10
pH *2 7.0 7.5 8.0 8.5 9.0
Temperature (°C) x3 30 35 40 45 50
Time (min) x4 10 20 30 40 50
8 Passage from coded variable (Xj) level to natural variable (Xj) level is given by the 

following equations: 1:xi = 1:(Xi + 8); x2 = 0.5X2+ 8.0; *3 = 5X3 + 40; X4 =
10X4 + 30.
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Absorbance measurementTable 2 - Central co m p o s ite  des ig n  a rra n g em en t a n d  re sp o n ses

Run
V ariab le  levels* R e sp o n se s6

X , X 2 X 3 x 4 Y , y 2 y 3
1 - 1 - 1 - 1 1 83.14 3.01 0 .874
2 - 1 -1 1 - 1 82.67 2.90 0.975
3 - 1 1 - 1 - 1 77.83 2.85 0.944
4 - 1 1 1 1 86.79 2.13 1.000
5 1 - 1 - 1 - 1 74.22 2.11 1.011
6 1 - 1 1 1 85.41 2.46 1.533
7 1 1 - 1 1 83.69 2.30 1.202
8 1 1 1 - 1 83.91 2.33 1.962
9 0 0 0 0 83.17 2.61 1.013

10 0 0 0 0 79.39 2.48 1.020
11 - 1 - 1 - 1 - 1 80.78 2.85 1.209
12 - 1 - 1 1 1 82.41 3.07 1.572
13 -1 1 - 1 1 85.51 3.09 1.089
14 - 1 1 1 - 1 80.65 2.93 1.052
15 1 - 1 - 1 1 84.47 2.34 0.868
16 1 - 1 1 - 1 84.75 2.25 0.873
17 1 1 -1 - 1 81.41 2.18 1.261
18 1 1 1 1 85.55 2.33 1.187
19 0 0 0 0 83.57 2.57 0 .764
20 0 0 0 0 84.00 2.58 1.070
21 2 0 0 0 86.33 2.18 0.966
22 - 2 0 0 0 78.81 3.55 1.082
23 0 2 0 0 85.47 2.64 1.602
24 0 - 2 0 0 83.04 2.61 0.768
25 0 0 2 0 83.62 2.75 0.985
26 0 0 - 2 0 81.96 2.50 1.158
27 0 0 0 2 85.87 2.72 0.859
28 0 0 0 - 2 81.72 2.38 1.187
29 0 0 0 0 84.55 2.68 0.791
30 0 0 0 0 85.65 2.63 1.181

a Coded variables.
b Yi = extracted protein (%) = (protein in the extract (g)/protein in peanuts used 
(g)) x  100 . Y2 = protein concentration in the extract (%). Y 3 = absorbance of solu
tion following centrifugation of the extract.

Peanut extract preparation

Peanut kernels (5.00% moisture, 22.04% protein, 48.23% fat, 2.62% 
ash, and 22.11% carbohydrates) were manually blanched and ground 
twice in a kitchen meat mincer (Braun AG, Braun, Frankfurt, Ger
many). The water extracts were prepared by suspending 15g of meal 
in a beaker in distilled water according to the level of solids-to-water 
(see Table 1). Crude papain powder, activated by dissolving in water 
at 37°C, was then added to the suspension (0.05% g/g peanuts) to 
hydrolyze peanut proteins. The pH was adjusted with IN NaOH or 
0.1N HC1. Extraction temperature was controlled by positioning the 
beaker in a temperature-controlled water bath (Julabo Paratherm II, 
Juchheim Labortechnik, Schwarzwald, Germany). A mechanical stir
rer continuously mixed the suspension. Conditions of each experiment 
are shown in Table 2. After treatment, the mixture was filtered through 
muslin cloth and then through an oil filter paper (Moulinex Microfilter 
System, Moulinex, France). The residual cake was discarded and the 
filtrate, (peanut extract) was stored at -10°C  until analyzed.

Protein assay

Peanut extract was analyzed for nitrogen content using a Kjeltic 
Auto 1030 Analyzer (Tecator AB, Hoganas, Sweden). A Kjeldahl 
factor of 5.46 was used to calculate protein content (Woodroof, 1969). 
Results were expressed as % protein extracted (Yi) and concentration 
of protein in the extract (Y2).

Preliminary absorbance measurements of solutions following cen
trifugation of hydrolyzed and unhydrolyzed extracts were made to 
establish adequate centrifugation conditions and best UV wavelength. 
Peanut extract contained in 10 mL-tubes were centrifuged at 5000 x 
g  for 20 min at 20°C. A three-phase separation was obtained: top 
layer—fat, bottom layer—sediment, and middle layer—solution. The 
solution was transferred into disposable cuvettes. The absorbance of 
the solution was measured at 400 nm, using an UV-Visible Spectro
photometer (DMS 80, Varian Techtron Pty. Ltd., Mulgrave, Aus
tralia) vs distilled water.

RESULTS & DISCUSSION 
Diagnostic checking of the fitted models

ANOVA for the regression was performed to assess the 
“ goodness of fit.”  Only terms found significant by the ANOVA 
were included in the model. The models for Yl5 Y2, and Y3 
were:

Yt =  83.25 + 0.78 X2 +  0.51 X2 +  1.02 X3 +  1.63 X,
-  0.30 X I + 0.66 X3X3 -  0.90 X3X4.

Y2 =  2.60 -  0.34 X2 +  0.01 X2 +  0.05 X3 +  0.08 X4
+ 0.06 XI -  0.02 XI -  0.01 XjX2 +  0.01 X2X3 -
0.01 XjX4 -  0.01 X2X4.

Y3 = 1.10 + 0.04 X , +  0.10X2 -  0.03 X4 +  0.12 X ,X 2
-  0.10X2X4.

The result of ANOVA is shown on Table 3. The models 
fitted for Y3 ar.d Y2 were significant by the F-test at the 5% 
confidence level. The lack of fit test measures the failure of 
the model to represent data in the experimental domain at points 
which are not included in the regression. None of the models 
exhibited lack of fit. The coefficient of determination (R2) is 
the proportion of variability in the data explained or accounted 
for by the model (Montgomery, 1984). The coefficient of var
iation (CV) is the ratio of the standard error of estimate to the 
mean value of observed response expressed as a percentage. 
It is a measure of reproducibility of the models. As a general 
rule, a model can be considered reasonably reproducible if its 
CV is not greater than 10% (Joglekar and May, 1987).

Table 3 shows that models for Y2 and Y2 may represent the 
data and can be used to generate response surface plots for 
optimization. Although only 58.1% of variability in Y3 (R2 =  
0.581) was accounted for by the model, it could still be ac
cepted to represent the data since it was significant by the F- 
test at the 5% level. Furthermore, investigation of assumptions 
underlying the validity of the F-test (i.e. the residual is a ran
dom independent variable normally distributed with constant 
variance) confirmed that conclusion (see e.g. Montgomery,
1984).

The model fitted for absorbance (Y3) was significant at the 
10% level and had a low R2 value and a relatively high CV. 
This may be attributed to difficulties in obtaining a represent
ative sample for absorbance measurement. The CV of Y3 in
dicated that the reproducibility of absorbance measurements 
was less than 80%. The model exhibited no lack of fit. Normal

Table 3 —ANO VA for th e  fitted  m o d e ls

So u rce

Y1 Y2 Y3

df SS F df SS F df SS F

M odel 7 131.69 4 .3 6 * 10 3.21 127.81* 5 0.67 2 .2 3 **
Residual 22 94.98 19 0.05 24 1.45

Lack  of fit 17 71.22 0.88 14 0.02 0.18 19 1.22 1.38

Pure error 5 23.67 5 0.03 5 0.23
Total 29 226.67 29 3.26 29 2.12

R2 0.581 0.985 0.315
C V (% ) 0.02 1.90 22.32

* Significant at the 5% level.
** Significant at the 10% level.
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OPTIMUM EXTRACTION OF PEANUT PROTEINS. . .

Fig. 1 — fa) Response surface contours for percent o f protein extracted (Y,). Time = 30 min; pH  = 8.0 Shaded area represents Y, > 
85%. (b): Response surface contours for concentration o f protein in peanut extract (YJ. Time = 30 min; pH  = 8.0. Shaded  area 
represents Y2 > 2.5%. (cj: Overlap area (shaded) o f superimposing contours o fY 2 a  2.5% over Y, > 85%.

probability plot of residual, plot of residuals vs estimated val
ues for Y3, and plot of residuals vs random order of runs 
revealed that the residual satisfied the assumptions of normal
ity, independence and randomness. Based on these we ac
cepted model Y3.

Response surface plotting

Variables giving quadratic and interaction terms with the 
largest absolute coefficients in the fitted models were chosen 
for the axes of the contour plots to account for curvature of 
the surfaces. Temperature and solids-to-water ratio were se
lected for the vertical and horizontal axes respectively for the 
contour plots of Y 1 and Y2, while time and pH were measured 
at different levels. Contour plots considered in the optimization 
are shown on Fig. 1.

Optimization based on Y t and Y2

The models Yi and Y2 are useful in indicating the direction 
in which to change variables in order to maximize protein 
extraction and concentration of protein in the extract. The model 
for Y[ indicated that temperature and time were the major 
variables affecting extraction of peanut proteins; they showed 
significant first order and two-factor interaction terms (X3, X4 
and X3X4). The positive slopes: b3 = 1.02 and b4 =  1.63, 
indicated protein extraction increased with increased temper
ature and time. However, high temperature (>  60 °C) is not 
recommended. Increasing temperature from 20 to 60 °C de
creased protein extraction notably (Rustom et al., 1991).

Solids-to-water ratio (X3) had significant effect on protein 
extraction (Y3). Its positive slope (bx = 0.78) indicated protein 
extraction increased with increased solids-to-water ratio. Rhee 
et al. (1972) reported that peanut protein extraction could be 
increased if solids-to-water ratio was increased to 1:20. The 
model for Y2 indicated that solids-to-water ratio was the most 
significant variable affecting concentration of protein in the 
extract; it had the greatest slope (b! =  -0 .3 4 ). The negative 
sign indicated that protein concentration in the extract de
creased as solids-to-water ratio increased.

The pH (X2) also had a significant effect on (Y,) with a 
positive slope (b2 = 0.51). Peanut proteins are 90% globulins 
and 10% albumins; their solubility in water can be increased 
by increasing pH above 7.0. However, above pH 8.2 no sig
nificant peanut protein solubilization could be achieved (Na- 
tarajan, 1980).

In a previous investigation we concluded that the optimi
zation of the extract of peanut solids extraction with water for 
production of a peanut beverage could be based on the maxi

mum amount of protein extracted and suitable beverage com
position (Rustom et al. 1991). Figure 1(b), however, indicates 
that the solids-to-water ratio is crucial for protein content in 
the extract. An acceptable compromise utilized the following 
criteria: Y3 > 85% [shaded area on Fig. 1(a)] and Y2 >  2.5% 
[shaded area on Fig. 1(b)]. The region which satisfies both 
conditions was obtained by superimposing contour plot Y2 over 
Yj to obtain the shaded area shown on Fig. 1(c). A combi
nation of optimum working conditions can be selected from 
this area. The point at pH = 8.0, time = 30 min, temperature 
= 50°C, and solids-to-water =  1 : 8 can be recommended as 
a practical optimum. The estimated values for Y, =  85.29% 
and Y2 =  2.70% were obtained at those conditions.

A verification experiment at the optimum conditions, con
sisting of 6 runs, was performed (following the described pro
cedure of extract preparation) using 60 g peanuts in each run. 
The result was: Y, =  84.39% ±  0.78; Y2 =  2.80% ± 0.02. 
The value obtained for Yx (84.39%) was less than the accept
ance criterion (Yj > 85%). By using “ hypothesis testing”  
technique (Montgomery, 1984), this difference was shown to 
be nonsignificant at the 5% level. Comparing the value of Y3 
obtained in the verification experiment to the one estimated by 
the model for Yx indicated the model was 99% efficient.

Papain treatment

Enzymatic hydrolysis of peanut proteins prior to extraction 
was reported to increase their protein solubility in water due 
to degradation of large-molecular weight globulins, and to im
prove some functional properties most desired in beverage sys
tems (Sekul and Ory, 1977; Sekul et al., 1978). Rustom et al.
(1991) found that extraction of peanut proteins significantly 
increased when they were hydrolyzed with papain as compared 
to unhydrolyzed samples.

Change in absorbance is commonly used to detect extent of 
conversion in enzyme reactions (Dixon and Webb, 1958). Fig
ure 2 indicated that the solution following centrifugation of 
unhydrolyzed extract had higher absorbance than solution from 
hydrolyzed extract at any wavelengths examined. This differ
ence was maximum at 400 nm. Accordingly, increase in extent 
of hydrolysis of peanut proteins was detected by a decrease in 
absorbance at 400 nm.

In the model for Y3, pH (X2) was the major variable af
fecting absorbance; it had the greatest slope (b2 =  0 .10), and 
had significant interaction with solids-to-water ratio (b12 = 
0.12) and time (b24 = -0 .1 0 ). The pronounced effect of pH 
on extent of hydrolysis was attributable to its influence on 
papain activity. Enzyme activity changes with pH due to changes 
in ionization of the enzyme or the substrate. Crude papain has
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Wave length (nm)
Fig. 2 -A bsorbance  o f solution following centrifugation (5000 
x g; 20 min; 20°C) o f peanut extract prepared using solid-to- 
water = 1:8; pH  = 8.0; tem p  =  40 °C; tim e = 30 min. □— □ 
unhydrolyzed; hydrolyzed (papain cone = 0.5%, g papain/  
g peanuts).

pH
Fig. 3 - Response surface contours for absorbance (400 nm) o f 
solution following centrifugation o f peanut extract (Yd- So/ids- 
to-water = 1:8.

a broad workable pH range (pH 5.0 to pH 9.0, Adler-Nissen, 
1986).

Solids-to-water ratio (X3) is a measure of substrate concen
tration, [S], for reaction of papain with peanut-water mixture; 
[S] is inversely proportional to X,. The positive slope of Xt 
(b3 =  0.04) in the model for Y3 revealed the dependence of 
extent of hydrolysis on substrate concentration; decreasing X1 
(i.e. increasing [S]) decreased the absorbance (i.e. increased 
extent of hydrolysis). This was in agreement with the Michae
lis model describing the kinetics of enzyme reactions (Guil-

bault, 1970); for low-concentration substrates, the reaction rate 
was proportional to substrate concentration.

Time (X4) had a negative slope (b4 =  -  0.03) in the model 
for Y3. This indicated that when time was increased absorbance 
was decreased (i.e. extent of hydrolysis was increased). How
ever, increase in extent of hydrolysis is limited when equilib
rium is reached. Sekul and Ory (1977) reported that hydrolysis 
of defatted peanut flour with papain (flour-to-water = 1:19; 
papain concentration = 0.5% w/v; temperature =  45 °C) 
reached equilibrium in 15 min.

The response surface of absorbance (Fig. 3) exhibited a 
“ symmetrical saddle;”  contours were symmetrical hyperbo
las. There was a “ minimax;”  i.e. a minimum at the bottom 
of the saddle, whereas the surface tended to rise at the edges 
(Edgar and Himmelblau, 1988). The point at pH = 8.0; time 
=  30 min; solids-to-water = 1:8, which was recommended as 
the optimum, provided suitable conditions for hydrolysis. It 
was located in the bottom of the saddle where the absorbance 
was minimum; i.e. where extent of hydrolysis was maximum.

CONCLUSIONS

OPTIMUM EXTRACTION of peanut proteins with water for 
processing of peanut beverage can be achieved by extracting 
1 part of peanuts with 8 parts water (w/v ratio) at pH = 8.0 
and temperature = 50 °C for 30 min. Papain added to the 
mixture (0.05% g papain/g peanuts) increased solubilization 
of peanut proteins. Such conditions resulted in extraction of 
84.39% of proteins contained in peanut solids, and protein 
concentration of 2 .8% in the extract.
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Functional and Sensory Properties of Salad Dressing 
Containing Fermented Peanut Milk

CHAN LEE and LARRY R. BEUCHAT

------------------------------A B ST R A C T -------------------------------
The effects of substituting peanut milk fermented with mixed cultures 
of Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus sal- 
ivarius subsp. thermophilus for buttermilk on chemical, physical and 
sensory properties of ranch-style salad dressing were investigated. 
Increased amounts of fermented peanut milk in dressing resulted in 
decreased lightness, creamy flavor, oil emulsion capacity and consis
tency. Changes were dependent upon the commercial brand of dress
ing mix. Fermented peanut milk can be substituted for buttermilk in 
salad dressing at levels up to 25% without substantial reduction in 
sensory qualities.

INTRODUCTION
THE FUNCTIONAL PROPERTIES of legume proteins as af
fected by physical and chemical treatments have been studied 
extensively in attempts to develop new food ingredients (Beu- 
chat et al., 1975; Puski, 1975; Quinn and Beuchat, 1975; 
Beuchat, 1977; Ahmed and Schmidt, 1979; Canella et al., 
1984; Ponnampalam et al., 1987; Ahmed and Ramanatham,
1988). Changes in functional properties of peanut milk treated 
with enzymes have also been investigated (Chiou et al., 1985).

Peanut milk fermented with lactic acid bacteria has potential 
use as an ingredient in a variety of foods. It could be used 
alone or as a substitute for fermented dairy products such as 
buttermilk to enhance sensory qualities. One product in which 
fermented peanut milk might be successfully incorporated is 
salad dressing. Salad dressings can be defined as semi-solid 
foods generally containing edible vegetable oil, acidifying in
gredients (usually vinegar or lemon juice), egg yolk, starch 
and specific seasoning or flavoring ingredients. A creamy 
mouthfeel and the unique fermented dairy flavors associated 
with salad dressings containing buttermilk are considered to be 
important sensory attributes. The distinct acid note character
istic of buttermilk is also desirable. Therefore, if fermented 
peanut milk is to be incorporated into salad dressing formulas, 
flavor as well as mouthfeel and other physical properties should 
not be adversely affected.

Chemical and sensory qualities of peanut milk change sig
nificantly upon fermentation with Lactobacillus delbrueckii 
subsp. bulgaricus and Streptococcus salivarius subsp. ther
mophilus. Major changes in headspace gas volatiles in fer
mented peanut milk include a decrease in hexanal content and 
an increase in acetaldehyde (Lee and Beuchat, 1991). These 
changes correlated with changes in sensory qualities as deter
mined by trained panelists. Changes were accompanied by a 
significant decrease in green/beany flavor and a significant 
increase in creamy flavor. These observations enhanced the 
prospect of using fermented peanut milk as a substitute for 
buttermilk in salad dressings.

Emulsion capacity, foamability and water absorption of freeze- 
dried fermented peanut milk powder were studies by Schaffner
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and Beuchat (1986a,b). However, information on functional 
properties of fermented peanut milk when incorporated in food 
systems is meager. The objectives of our investigation were to 
determine the effects of incorporating fermented peanut milk 
into ranch style salad dressing on functional and sensory prop
erties of the dressing and to compare these properties to those 
of dressings containing buttermilk.

M ATERIALS & METHODS
Seed and source

Florunner cultivar peanuts [Arachis hypogaea L.) were purchased 
from the University of Georgia College of Agriculture, Southwest 
Branch Experiment Station, Plains, GA. Upon receipt, seeds were 
stored at 7°C and 60% relative humidity until used.

Preparation of peanut milk

The procedure for preparing aqueous extracts of peanuts (peanut 
milk) is described in another report (Lee and Beuchat, 1991).

Bacterial strains and culture methods

Mixed cultures of L. bulgaricus (now L. delbrueckii subsp. bul
garicus) and S. thermophilus (now S. salivarius subsp. thermophilus 
were provided by Miles Inc. (Culture 9085; Biotechnology Products 
Division, Madison, WI) and Chr. Hansen’s Laboratory (Culture 14128; 
Milwaukee, WI). Strains of each bacterium undoubtedly differed 
somewhat in metabolic capabilities; however, a comparison of bio
chemical characteristics was not made. Pure cultures were isolated, 
activated and adapted to a peanut milk based medium according to 
protocol described in a previous report (Lee and Beuchat, 1991).

Fermentation procedure

Active cultures served as inocula (1% each for each strain). Cultures 
were added to 200-mL quantities of sterile peanut milk which had 
been supplemented with 2% glucose and adjusted to 43°C. Fermen
tation was carried out at 43°C.

Formulation of salad dressing

Two commercial brands of powdered ranch-style salad dressing mix 
were purchased from a local supermarket. Brand A (Hidden Valley 
Ranch Dressing Mix, The HVR Co., Oakland, CA) contained salt, 
monosodium glutamate, maltodextrin, dehydrated garlic, dehydrated 
onion, dehydrated parsley, spice, carrageenan, calcium stearate, soy
bean oil and sulfiting agents; brand B (Good Seasoning Ranch Dress
ing Mix, General Foods Corp, White Plains, NY) contained corn 
syrup solids, salt, monosodium glutamate, cultured buttermilk solids, 
gum arabic, whey, modified corn starch, onion powder, garlic pow
der, lactic acid, parsley flakes, hydroxypropylmethylcellulose, spice, 
citric acid, whole milk solids, guar gum, partially hydrogenated cot
tonseed and soybean oil, and natural and artificial flavors. To l l g  of 
brand A dressing mix and 25g of brand B dressing mix, 227g (8 oz) 
of buttermilk (brand A), whole fat cow’s milk (brand B) or fermented 
peanut milk (brands A and B) and 227g of mayonnaise (Best Foods, 
CPC International, Inc., Englewood Cliffs, NJ) were combined and 
thoroughly mixed. Buttermilk and fermented peanut milk were ad
justed to 8°C before formulations were prepared.

A third series of formulations was prepared using powdered brand 
C ranch dressing mix (Heller Seasonings and Ingredients, Inc., Bed
ford Park, IL), which contained salt, monosodium glutamate, mal-
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Table 1-Intensity scores by a trained panel and preference ratings by an untrained panel for ranch-style salad dressings containing buttermilk, milk 
and fermented peanut milk_______

Brand A Brand B

T yp e  of S e n so ry Butter-

Ferm en ted  
peanut milk

Ferm ented  
peanut milk

panel attribute milk 9085» 14128» Milk 9085» 14128»
Trained C o lo r

W h iten ess 6.1 5.5 5.4 6.2 5.3 5.1
Flavor

C re am y 4.2 4.9 4.7 4.8 3.8 3.9
Beany/G reen 0.9 c» 3.1 a 3.7 a 1.5 be 2.3 ab 2.5 ab
S p icy 6.6 6.2 6.4 6.0 5.6 5.7
S o u r 3.4 3.2 3.6 3.0 3.9 4.0
S w eet 2.2 2.1 2.1 2.2 1.8 1.8
A stringent 1.8 1.5 1.5 1.2 1.4 1.7

M outhfeel
Chalky 1.3 1.3 1.5 1.5 1.4 1.1
C o n s is te n cy 5.5 b 6.1 b 6.2 b 8.6 a 5.4 b 4 .8  b
G u m m y 0.6 0.8 0.8 1.1 0.7 0.8
S m o o th n e ss 2.8 4.3 4.2 3.9 4.4 3.1

Untrained A p p e a ra n ce 10.5 10.7 10.6 10.0 10.6 10.2
C o lo r 11.0 11.5 11.6 10.8 11.0 10.7
Flavor 9.6 a 7.9 b 7.5 b 8.7  ab 8.4 ab 8.2 ab
C o n siste n cy 8.9 b 9.0 b 8.8 b 12.4 a 9.7 b 8.9 b

a Numbers (9085 and 14128) indicate sources of lactic acid bacteria cultures.
b Mean values in the same row which are not followed by the same letter are significantly different (P ^ 0.05).

todextrin, dehydrated onion, dehydrated parsley, spice, carrageenan, 
calcium stearate and soybean oii. The control formula consisted of 
227g of buttermilk, 23 mL of vinegar (120 grain) and l l g  (0.4 oz) 
of mix. Fermented peanut milk was substituted for buttermilk at 25, 
50, 75, and 100% levels to result in four test formulations. All for
mulations were adjusted to 8°C before subjecting to chemical, physical 
and sensory analyses.

Analyses

pH and titratable acidity. The pH of dressings was determined 
using an Accumet pH meter (Model 805MP; Fisher Scientific Co., 
Pittsburgh, PA). The titratable acidity was measured by titrating but
termilk, fermented peanut milk and formulated salad dressings with 
0.1 N NaOH using 1% phenolphthalein as an indicator. Titratable 
acidity was calculated and expressed as percent lactic acid.

Color. Color was measured using a Gardner Colorimeter (Pacific 
Scientific Co., model XL 800, Gardner Laboratory Division, Be- 
thesda, MD) equipped with an XL 845 circumferential sensor. The 
reference plate used for salad dressing was of white hue with color 
coordinate values of L = 94.11, a = -0 .9 9  and b =  0.89.

Emulsion capacity. Emulsion capacity was determined by a mod
ified procedure adapted from those described by Carpenter and Saffle
(1964) and Inklaar and Fortuin (1969). Buttermilk or fermented peanut 
milk (138 mL, combined volume, in ratios of 1:0, 3:1, 1:1 and 1:3 
[percentages of 100/0, 75/25, 50/50 and 25/75, respectively]), 7g of 
brand C ranch dressing mix and 14 mL of vinegar (159g of base 
formulation) were deposited in a glass jar (500 mL) in which a 1-cm 
diam hole had been cut in the bottom. Peanut oil (Planters LifeSavers 
Co., Winston-Salem, NC) was added at the rate of 0.3 mL/sec from 
a 100-mL buret through the 1-cm diam hole in the inverted blender 
jar and blended at low on an Osterizer blender (No. 965-04F). The 
emulsion capacity was defined as the minimum amount of oil needed 
to reach the emulsion breakpoint. The emulsion breakpoint was sub
jectively defined as a sudden loss in the apparent consistency of the 
emulsion.

Sensory evaluation of salad dressing. Descriptive sensory analysis 
of ranch style salad dressings prepared from brand A, brand B and 
brand C mixes was conducted using ten trained panelists. Sensory 
attributes were rated for intensity using a 15-cm unstructured scale. 
Standards representing five flavor intensities were provided to each 
trained panelist for judgment of flavor terms (Meilgaard et al., 1987) 
characteristic of raw fermented milk, i.e., creamy, beany/green, spicy, 
sour, sweet, and astringent; the anchor for each characteristic was 
weak/strong (0-15). Ratings for color using a white tile as a standard 
and mouthfeel using milk of magnesia as a standard were also deter
mined using the 15-cm scale. Anchors for mouthfeel characteristics 
were chalky (absent/present), consistency (thin/thick), gummy (ab- 
sent/strong) and smoothness (smooth/lumpy). Anchor points for color 
(whiteness) were light/dark. Preference ratings for brands A and B

dressing formulas were done using twenty-four ungrained panelists. 
A 15-cm unstructured scale (0 = dislike, 15 = like) was used.

Consistency. Consistency (apparent viscosity) of ranch style salad 
dressing was determined using a RVT Synchro-lectric Brookfield vis
cometer (Brookfield Engineering Laboratories, Inc., Stoughton, MA) 
equipped with a T-spindle number TB and a Helipath stand. The 
spindle speed was 50 rpm and the maximum depth of penetration was 
3 cm. The viscometer dial reading was converted to centipoise units 
by multiplying it by the manufacturer-supplied factor of 80. The data 
obtained with the T-spindle were not suited for rigorous mathematical 
analysis involving shear rates and stresses; however, data can be used 
for relative comparison of viscosity characteristics of a liquid as long 
as the same spindle and rpm settings are employed (Cooley et. al., 
1954).

Emulsion stability. The stability of emulsions prepared from salad 
dressing formulas was determined. Dressings were deposited in 100- 
mL graduate cylinders and the volume (mL) of fluid which separated 
on the top of the emulsion phase was recorded over a 21-day period 
at 5°C.

Statistical analysis. Values reported represent means of three rep
licate trials. A Statistical Analysis System (SAS, 1985) program was 
used to analyze data. Analysis of variance (ANOVA) was done ini
tially to determine the main and interaction effects. For experiments 
involving dressings prepared from brand A and brand B mixes, sig
nificance of mean differences was determined by Duncan’s Multiple 
Range test. For experiments designed to evaluate the effects of partial 
substitution of fermented peanut milk for buttermilk (brand C for
mulations), when F values were significant, mean differences were 
compared by using least significant differences (LSD) at the 5% level 
of probability.

RESULTS & DISCUSSION

THE WHITENESS of ranch-style salad dressings was unaf
fected by the presence of fermented peanut milk in dressings 
prepared from brand A and brand B dry mixes (Table 1). The 
beany/green flavor in brand A salad dressing containing fer
mented peanut milk produced using both types of lactic cul
tures (9085 or 14128) was scored significantly higher compared 
to the brand A buttermilk and brand B milk control formula
tions. No significant differences in beany/green flavor were 
noted in brand B dressing when fermented peanut milk was 
substituted for milk. The consistency (a texture attribute) of 
the control formulation of brand B salad dressing, which con
tained cow’s milk, was significantly thicker than that of all 
other formulations as determined by both trained and untrained 
panelists. This was in agreement with results from instrumental 
analysis (Table 2).

With the exception of consistency and beany/green flavor,
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PEANUT MILK SALAD DRESSING PROPS. . .

Table 2 —P hysical a n d  chem ica l m e a s u re m e n ts  for ranch s ty le  sa lad  d ress in g  conta in ing  butterm ilk, m ilk  a n d  fe r m e n te d  p e a n u t m ilk

Brand A B rand B

Ferm en ted Ferm en ted
peanut milk p ean ut m ilk

m ilk 9085a 14128“ Milk 9085 14128

C o n s is te n cy
(cps) 17.80 d b 14.20 d 16.90 d 93.20 a 28.70 c 35.40 b

C o lo r
L 87.92 ab 88.37 a 88.06 a 85.75 d 87.02 c 87.20 be
a - 4 .1 3 - 4 .0 9 - 4 .0 2 - 3 .3 6 - 3 .6 2 - 3 .4 3
b 14.35 b 13.57 c 13.56 c 15.21 a 13.94 be 13.95 be

C hrom a 14.95 ab 14.18 b 14.15 b 15.58 a 14.40 b 14.37 b
Hue 105.92 106.72 106.45 102.43 104.55 103.80
pH 4.50  ab 4 .48  ab 4.53 a 4.42 b 4.03 c 4.01 c
T itratable

acid ity  (% ) 0.60 c 0 .36  d 0.34 d 0.70 b 0.76 a 0.76 a

a Numbers (9085 and 14128) indicate sources of lactic acid bacterial cultures.
b Mean values in the same row which are not followed by the same letter are significantly different (P < 0.05).

trained panelists did not detect significant differences in sen
sory attributes of the six formulations (Table 1). Untrained 
panelists rated flavor of brand A dressings containing fer
mented peanut milk significantly lower in intensity compared 
to the buttermilk control. Untrained panelists were unable to 
detect significant differences in appearance and color of the 
six formulations (Table 1).

The significantly higher consistency values for brand B for
mulas were apparently due to the thickening effect of hydrox- 
ypropylmethylcellulose and guar gum (Table 2). Lightness (L) 
of salad dressing containing cow’s milk (brand B control for
mulation) was significantly lower than all others tested, but 
had a high chroma value which indicated an increase in satu
ration. Incorporation of fermented peanut milk into formula
tions had a lightening effect, although differences in lightness 
were not significant in dressings based on the brand A mix. 
Significantly decreased b  values in formulas containing fer
mented peanut milk indicated a significant decrease in yellow
ness.

The titratable acidity of salad dressings containing brand B 
mix and fermented peanut milk was significantly higher than 
that of the brand B control dressing. The opposite effect oc
curred in brand A formulations. A significant decrease in pH 
corresponded with the increase in titratable acidity of brand B 
formulations. The pH of brand A buttermilk (control) and fer
mented peanut milk formulas was not significantly different, 
suggesting a difference in buffering capacity of various brand 
A and B formulas.

Separation of emulsions prepared using brand A mix was 
detected within 4 days of storage at 5°C (Table 3). The amount 
of fluid released was greater in emulsions containing fermented 
peanut milk compared to the buttermilk control. Thus, the 
breaking of emulsions within this relatively short time could 
be considered as a problem since shelf life longer than 4 days 
would normally be desirable. Emulsions prepared using brand 
B dressing mix were quite stable over the 21-day storage pe
riod, thus reflecting a more effective performance of the sta
bilizing system compared to that in brand A formulas. The 
presence of buttermilk solids in brand B mix could also have 
aided emulsion stability.

In a separate series of experiments using brand C dressing 
mix, the effect of various ratios of buttermilk and fermented 
peanut milk on sensory, physical and chemical properties was 
determined. Results of sensory analyses by a trained panel are 
summarized in Table 4. Whiteness increased whereas creamy 
flavor and consistency decreased significantly as the substitu
tion level of fermented peanut milk was increased. Creamy 
flavor is a very desirable attribute of ranch style dressing. This 
sensory quality clearly was adversely affected by substituting 
fermented peanut milk for buttermilk at a level of 50% or more 
in brand C dressing.

A significant decrease in consistency occurred in dressings 
in which buttermilk was substituted with 50% or more fer-

Table 3 -E m u ls io n  stability  o f  ranch-style sa la d  d ress in g  con ta in ing  b u t
term ilk, m ilk  a n d  fe rm e n te d  p e a n u t m ilk  w hen  sto red  a t 5°C up to  21 days

D ays of 
Storage

m L of fluid sep ara ted  from  em u lsio n  p h a se

B rand A B rand B

Butter
m ilk

Ferm ented  
peanut milk»

Milk

Ferm en ted  
p ean ut m ilk3

9085 14128 9085 14128

2 0 0 0 0 0 0
4 0.5 2.0 2.5 0 0 0
6 0.5 3.0 3.0 0 0 0
8 0.5 4.5 4.5 0 0 0

10 0.5 5.5 5.5 0 0 0
12 0.5 6.5 6.5 0 0 0
14 0.5 7.5 7.0 0 0 0
21 1.5 9.5 9.0 0 0.5 0.5
3 Numbers (9085 and 14128) indicate sources of lactic bacterial cultures.

mented peanut milk. Smoothness, however, appeared to be not 
greatly affected by amount of fermented peanut milk in the 
formulation. Such textural characteristics are very important 
in terms of quality since they can also affect flavor release and 
pourability. For these reasons, it would be advisable not to 
exceed a fermented peanut milk substitution level of about 
25%, particularly when using the brand C mix. Lightness (L) 
of dressings decreased substantially as amount of fermented 
peanut milk in the formula was increased (Table 5). This was 
contrary to results from subjective evaluation of lightness (Ta
ble 4). However, chroma and hue angle of dressings were not 
greatly influenced by substituting fermented peanut milk for 
buttermilk.

Substitution of fermented peanut milk at a level of 25% or 
more resulted in significant decrease in emulsion capacity (Ta
ble 5). Crenwelge et al. (1974) observed that comparing emul
sion capacities of various materials was quite difficult and 
differences in results may occur due to the technique rather 
than to true differences in functional properties. The action of 
proteins as emulsifiers is influenced by concentration, speed 
of mixing, type of oil and type of emulsification system. In 
our study, differences in amount of oil required to reach the 
emulsion breakpoint of various formulations were relatively 
great. However, the oil emulsion capacity decreased as the 
substitution level of fermented peanut milk was increased. The 
pH and titratable acidity of salad dressing formulations con
taining various amounts of buttermilk and fermented peanut 
milk were not greatly affected except in the formulation con- 
tainin no buttermilk. The slightly lower titratable acidity of 
fermented peanut milk (0.35 %) compared to buttermilk (1.0 
%) caused this difference.

Brand C salad dressing containing various percentages of 
buttermilk and fermented peanut milk was subjected to emul
sion stability tests at 5°C. No separation of fluid was detected 
within 2 1  days of storage in formulations containing 1 0 0 % 
buttermilk or 75% buttermilk plus 25% fermented peanut milk.
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Table 4-Intensity scores for ranch style salad dressing (brand C) containing various percentages of buttermilk and fermented peanut milk as judged
by a trained panei_____________

S e n so ry  _______________Peanut m ilk ferm ented  w ith culture 9085b______________  ______________ Peanut m ilk ferm ented  w ith culture 14128b
attribute o

  ̂
o O

 I

75/25 50/50 25/75 0/100 100/0 75/25 50/50 25/75 0/100
Co lo r

W h iten ess 5.5 d b 6 .2  cd 7.1 be 7.7 b 9 .2  a 6 .3  cd 6 .5  cd 7.7 b 8.1 ab 9.1 a
Flavor

C ream y 5.5 a 4.9 ab 3.3 bed 2.6 cd 1.3 d 5.4 a 5.2 ab 3.1 bed 2.6 cd 1.1 d
B eany/Green 2.8 2.2 2.3 2.3 2.0 3.3 3.2 3.4 3.2 2.5
S p icy 7.6 a 7.0 a 6.2 a 6.3 a 3.8 b 7.5 a 7.5 a 6.7 a 6.7 a 3.9 b
S o u r 6 .2  a 6 .0  a 5.1 a 6 .0  a 3 .0  b 5.9 a 6.1 a 6.1 a 6 .0  a 2.6  b
S w e e t 2.3 ab 1.8 ab 2.2 ab 1.7 ab 0.9 b 2,6 a 2.1 ab 2.3 ab 2.1 ab 1.5 ab
A stringent 2.2 2.2 2.3 2.0 1.4 2.3 2.4 2.1 2.1 1.4

M outhfeel
Chalky 1.5 1.6 1.9 1.6 1.3 1.9 2.0 1.6 2.2 1.3
C o n siste n cy 9.0 a 8 .2  a 5 .4  b 2.9 d 0.9 e 8.7 a 7 .7  a 4 .9  be 3 .4  cd 1.2 e
G u m m y 1.2 1.4 1.1 0.9 0,8 1.4 1.3 0.9 0.8 0.7
S m o o th n e ss 3.0  ab 2.9 ab 2.6  ab 3 .0  ab 1.7 ab 2.8  ab 3 .2  a 2.7 ab 2.8 ab 1.4 b

a Percentages of buttermilk/fermented peanut milk.
b Mean values in the same row which are not followed by the same letter are significantly different (P s  0.05).

Table 5 —P hysical a n d  ch em ica l m e a s u re m e n ts  for ranch s ty le  sa la d  d ress in g  (brand C) conta in ing  various p ercen ta g es  o f  b u tterm ilk  a n d  fe rm en ted  
p e a n u t m ilk___________________________________________________________________________________________________________

P ean ut m ilk ferm ented  w ith culture 9085 Peanut m ilk ferm ented w ith culture 14128

M easu rem en t 100/0" 75/25 50/50 25/75 0/100 100/0 75/25 50/50 25/75 0/100
C o n s is te n cy

(eps) 810 a b 730 a 405 b __C — 740 a 670 a 310 b — —

Color
L 70.65 a 68.62 ab 63.15  bc 58.71 c 48.57 d 72.29 a 70.40 a 63.01 bc 58.79 c 46.82 d
a - 5 .8 7 - 6 .0 7 - 6 .6 9 - 5 .6 0 - 5 .4 3 - 6 .7 4 - 5 .3 1 - 6 .0 5 - 5 .7 1 - 4 .6 6
b 17.32 ab 19.41 a 19.74 a 18.72 ab 17.78 ab 16.70 ab 16.83 ab 18.68 ab 18.01 ab 15.73 b

Chrom a 18.33 abc 20.35 ab 20.84 a 19.54 abc 18.59 abc 18.11 abc 17.66 bc 19.66 ab 18.91 abc 16.40 C
Hue 108.87 107.31 108.71 106.60 106.97 111.81 107.43 108.15 107.62 106.62
Em ulsio n

cap acity11 128 a 116 b 108 cd 105 cd 102 cd 125 a 110 bc 107 cd 105 cd 101 d
pH 4.61 a 4.51 ab 4 .46  ab 4 .48  ab 4 .37  b 4 .58  a 4.48 ab 4 .46  ab 4 .49  ab 4.37 b
Ti tratable

acid ity  (%) 0.78 ab 0.77 abcd 0.77 abed 0.76 bed 0.76 bed 0.78 a 0.77 abc 0.77 abc 0.77 abc 0.75 d

a Percentages of buttermilk/fermented peanut milk.
b Mean values in the same row which are not followed by the same letter are significantly different (P s  0.05). 
c Values were out of range when the same spindle number and rpm were used. 
d Expressed as mL oil/159g base formulation.

Table 6 -E m u ls io n  stab ility  o f  ranch s ty le  sa lad  d ress in g  (brand C) con
taining various percen tages o f  butterm ilk an d  fe rm en ted  p ea n u t m ilk which  
w a s s to red  a t 5°C up to  21 days____________________________________________________________

D ays of 
storage

m L of flu id sep ara ted  from  em ulsio n  ph ase

Peanut milk ferm ented with  
culture 9085

Peanut milk ferm ented with  
culture 14128

50/50» 25/75 0/100 50/50 25/75 0/100

2 1.0 1.5 2.5 0.5 2.0 2.0
4 2.0 3.0 6.0 0.5 5.5 5.5
6 2.5 4.0 8.0 1.0 8.0 9.5
8 2.5 4.0 10.0 1.0 9.0 11.0

10 3.0 4.5 10.0 1.0 9.5 11.0
12 3.0 5.0 10.0 2.0 10.5 11.5
14 3.5 6.0 10.0 2.0 11.5 11.5
21 4.0 6.5 10.0 3.0 11.5 11.5

a Percentages of buttermilk/fermented peanut milk. No fluid separation occurrec in 
100/0 and 75/25 ratio formulas.

Substitution of buttermilk with fermented peanut milk at a 50% 
level or more caused separation of fluid from emulsions within 
2 days storage (Table 6 ). Stability was greater in emulsions 
containing peanut milk fermented with the 9085 culture com
pared to emulsions containing peanut milk fermented with the 
14128 culture. This was in agreement with observations on 
emulsion stability of dressings containing brand A and brand 
B mixes (Table 3). The marked decrease in consistency as 
determined instrumentally (Table 5) may correlate with the 
decrease in emulsion fluid-holding capacity.

CONCLUSIONS

INCORPORATION of fermented peanut milk into ranch style 
salad dressings prepared from three commercial brands of mixes

resulted in decreased lightness (L, determined objectively), 
creamy flavor, oil emulsion capacity and consistency. De
creased consistency as determined instrumentally appeared to 
be correlated with low sensory scores for creamy flavor. The 
three brands of dressing mixes had different chemical, func
tional and sensory qualities of products produced from them. 
This was expected and indicated additional modifications to 
successfully facilitate incorporation of fermented peanut milk 
into ranch-style salad dressing would appear to have greater 
potential. Ranch-style salad dressing with acceptable quality 
can be made using fermented peanut milk substituted for but
termilk at a level up to 25%.
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Modification of Fruit Flavors by Aspartame and Sucrose

J.J. WISEMAN and M.R. McDANIEL

------------------------------A B ST R A C T -------------------------------
Power functions for fruitiness intensity of fruit flavored (orange and 
strawberry) solutions unsweetened and sweetened with equi-sweet 
concentrations of aspartame and sucrose were developed using nine 
experienced panel members to assess any modification of fruit flavor 
by sweeteners. Enhancement (at low flavor levels) of fruitiness was 
observed in the aspartame sweetened systems even though the power 
functions of both flavorants were lowered by the addition of aspar
tame. The enhancement was more pronounced in the orange flavored 
system, suggesting a flavorant effect.

Key Words: fruit, flavors, aspartame, sucrose, sweeteners, flavorants

INTRODUCTION

DURING the last decade, the popularity of aspartame (APM) 
as an alternative to carbohydrate and other high potency sweet
eners has increased. This has prompted many studies focusing 
on sensory properties of aspartame in simple and complex sys
tems. Several references have been made to aspartame’s ability 
to enhance or modify flavors, particularly fruit flavors (Beck, 
1974; Cloninger and Baldwin, 1970; Homier, 1984; Mc
Cormick, 1975; Ripper et al., 1986). The earliest references 
to this observance were made in connection with chewing gum 
application patents. In those patents, Bahoshy et al. (1976) 
reported that aspartame produced longer-lasting sweetness and 
flavor and Bahoshy et al. (1977) found fruit flavors such as 
orange, lemon and grapefruit were enhanced and extended by 
aspartame.

Baldwin and Korschgen (1979) found that orange and cherry 
fruit flavors were more intense when sweetened with APM 
than with sucrose. However, they found no significant differ
ences between APM or sucrose sweetened strawberry flavored 
beverages or the three flavored gelatin systems. It was ob
served from a time-intensity study by Larson-Powers and 
Pangborn (1978) that the maximum fruit flavor was higher in 
APM sweetened vs other sweetened lemon and strawberry fla
vored model systems. The results of Larson-Powers and Pang- 
born (1978) did not agree with Baldwin and Korschgen (1979) 
for the strawberry system. However, it is not known how the 
time intensity relationship of maximum intensity reported in 
the Larson-Powers and Pangborn (1978) study would be ex
pected to relate to the intensity measurements in the Baldwin 
and Korschgen (1979) study.

Psychophysical relationships that relate physical concentra
tion of a stimulus to sensory perception in the form of power 
functions were used in some of the earliest work on relative 
sweetness (Stone and Oliver, 1969; Moskowitz, 1970a, 1970b). 
Changes in the slope or elevation of these power functions 
were good indices of how an attribute was affected by other 
components in the system. Frank and Archambo (1986) used 
power functions as a baseline of sensory perception and then 
determined how the addition of another stimulus over the con
centration range would affect intensity ratings. Schiffman (1984)
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ogy, Oregon State Univ., Wiegand Hall, Corvallis, OR 97331- 
6602. Author Wiseman, formerly with Oregon State Univ., is 
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also developed power functions to compare taste properties of 
aspartame to other sweeteners. Orange and strawberry flavors 
were chosen in our study to help determine if citrus flavors vs 
other flavors were affected differently by the sweeteners. Be
cause Baldwin and Korschgen (1979) found no enhancement 
with strawberry flavors as opposed to Larson-Powers and 
Pangborn (1978) whose work showed an enhancement of fla
vor by aspartame, our study had the objective of clarifying the 
issue. To further investigate and quantify the enhancement ca
pability of aspartame in comparison with sucrose, the objec
tives of our study were to develop sweetness power functions 
for sucrose and APM in spring water allowing equi-sweetness 
determination and then to develop fruitiness power functions 
for orange and strawberry flavored spring water unsweetened 
and sweetened with two equi-sweet levels of APM and su
crose. From these psychophysical relationships, it would be 
possible to quantify the modification of each flavor when com
bined with either APM or sucrose.

MATERIALS & METHODS
Sample preparation

The following materials were used: aspartame (APM) from The 
NutraSweet Company (No. AD0120, GD. Searle Food Resources Inc., 
Skokie, IL), sucrose (My-Te-Fine from Fred Meyer, Inc., Portland, 
OR), natural orange flavor WONF (No. 24627, Food Materials Inc., 
Chicago, IL), natural strawberry flavor WONF (No 9157L, Borden 
Industrial Food Products, Columbus, OH), and spring water (5 gallon 
carboys, Aqua Cool, Salem, OR).

Solutions were prepared 24 hr in advance, stored at 5°C and brought 
to ambient temperature (22°C) prior to serving. Solutions were pre
pared in spring water and concentrations for each stimulus are pre
sented in Table 1. The concentration range for each stimulus was 
based on a reasonable usage level of sweetener or flavorant in this 
system. Orange and strawberry flavorants were also prepared with 
equi-sweet levels of APM (0.04 and 0.093% w/v) and sucrose (5.0 
and 10.0% w/v). Equi-sweetness was determined by use of the sweet
ness power function for each sweetener. References of sucrose (8.5% 
w/v) for sweetness intensity and unsweetened orange (0.95% w/v) or 
strawberry (1.2% w/v) flavorants for fruitiness intensity were available 
at all times.

Sensory method

Magnitude estimation was used by panelists to rate solution intens
ities. Panelists were instructed to taste the reference sample and assign 
its intensity a value of 50. After rinsing, they tasted the first sample 
and assigned it any value (except 0) corresponding to its ratio of

Table 1 — Concentrations of sweeteners and fruit flavorants in single and 
binary solutions__________________________________________

Attribute ______________Stim uli co n ce n tra tio n s11
rated" Stim uli 1 2 3 4 5

S w e e tn e ss APM 0.03 0.041 0.056 0.07 0.10
S u cro se 3.00 5.00 8.50 11.20 15.00

Fruitiness" O range 0.40 0.60 0.90 1.30 2.00
Straw berry 0.60 0.90 1.20 1.70 2.50

8 With a reference of sucrose (8.5% w/v) for sweetness and unsweetened orange 
(0.90% v/v) or strawberry (1.20% v/v) flavorants for fruitiness. 

b All sucrose and APM concentrations were % w/v and flavorant (orange, strawberry) 
concentrations were % v/v.

c Also combined with equi-sweetness concentrations of aspartame and sucrose at 
0.04, 0.093% w/v and 5.00, 10.00% w/v, respectively.
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Fig. 1 -P o w er  functions o f sw eetness in sucrose (SUC) and as
partame (APM) sw eetened  spring water.

Table 2 - Parameters from regression analysis of sweetness perception 
versus sweetener concentration and of fruitiness perception versus f/a- 
vorant concentration for sweetened and unsweetened orange and straw- 
berry solutions______

Sweetener 
added to 
flavorantx Y-Interceptyv

Slope
(n)

Coefficient
of

detm (r2) p-value
Sweetener

Sucrose -1 .5 6 1.79= 0.99 0.000
APM + 1.67 1.39b 0.98 0.001

Orange flavorant
none -0.021 0.59= 0.98 0.000
sucrose(5.00) -0 .0 3 5 0.46= 0.92 0.010
sucrose(10.00) + 0.019 0.48= 0.94 0.006
APM(0.04) + 0.119 0.20b 0.72 0.059
APM(0.093) + 0.076 0.21b 0.74 0.052

Strawberry flavorant
none -0 .1 3 4 1.08a 0.97 0.C03
sucrose(5.00) -0 .1 1 5 0.72= 0.87 0.021
sucrose(10.00) -0 .1 0 5 1.20= 0.98 0.002
APM(0.04) -0 .0 8 4 0.77= 0.95 0.005
APM10.093) + 0.032 0.55» 0.90 0.014
x All sweetener concentrations are % w/v. 
y Y-intercept expressed in log values.
a<b Slopes with the same letter are not significantly (p<0.05) different.

sweetness or fruitiness intensity to the reference. For example, a 
sweetness intensity three times that of the reference was assigned a 
value of 150. All stimuli in the session were rated in the same manner 
and panelists rested 15-20 min between sessions. When fruitiness 
intensity was rated, panelists were instructed to ignore sweetness and 
concentrate only on the fruit flavor perceived.

Panelists

Nine students and staff from Oregon State University’s Food Sci
ence & Technology Department were selected on the basis of expe
rience with magnitude estimation for intensity ratings of solutions as 
well as motivation. Eight females and one male participated in an 
orientation session involving reviews of magnitude estimation, testing 
times and length of the study. During this session a series of sucrose 
solutions were judged by panelists and results were discussed in order 
to answer questions about procedure.

Fig. 2 —Power functions o f fruitiness in orange flavored spring 
water sw eetened  and unsw eetened  with two levels o f sucrose 
(SUC) and aspartame (APM). Concentrations for sw eeteners are 
expressed in % w/v.

Design

A randomized complete block design was used for each stimuli 
series (sucrose or aspartame and orange or strawberry flavor unsweet
ened and sweetened with sucrose or aspartame). The five-concentra
tion series was presented in random order to each panelist along with 
the corresponding reference for evaluation at each session. Aspartame 
and sucrose sweetened solutions were evaluated on separate days and 
orange or strawberry flavored systems were tested on different weeks 
to facilitate panelist concentration on the specific fruit flavor. Two 
reps were completed.

Statistical analysis

In all experiments, magnitude estimates were normalized by geo
metric mean normalization (McDaniel and Sawyer, 1981). A three- 
way ANOVA was used to compare panelist, treatment, replication 
and panelist by treatment interaction effects for each experiment. In
dividual panelist regressions were adjusted by the least squares method 
to the best fitting line and slopes were compared by multiple regression 
to determine if differences were significant. Combined data regres
sions for each solution were adjusted by the least squares method to 
the best fitting line; then slopes and elevations for each experiment 
were compared by multiple regression.

RESULTS & DISCUSSION 
Sweetness power functions

A three way ANOVA determined no significant differences 
(p>0.05) in panelist or replication main effects and signifi
cance (p<0.05) in the treatment main effect as well as panelist 
by treatment interaction. The significant interaction was due 
to a magnitude difference in panelists’ ratings of solution in
tensities. All data were combined to construct the power func
tions presented in Fig. 1. Table 2 contains the intercept, slope, 
and coefficient cf determination (r2) for each power function. 
The slopes for both power functions were higher than other 
published values (Moskowitz, 1970a, 1970b, 1971); however, 
the sucrose slope was appreciably higher than the aspartame 
slope, which agreed with previous research. This difference in 
slope value could have been due to the concentration range of 
the sweeteners used, the panelists themselves or testing con
ditions. Two sweetness levels were selected by drawing two 
lines intersecting both power functions (Fig. 1), resulting in 
two equi-sweetnsss levels for each sweetener. These levels 
were not tested formally for equi-sweetness in the system with 
added orange or strawberry flavor.

Environment

Testing took place in the Sensory Science Laboratory at Oregon 
State University. Samples were evaluated in individually partitioned 
booths, with red lights to mask color differences. The series of five 
solutions (20 mL) were served in 85 mL plastic cups, with an unlim
ited amount of the corresponding reference for each assessment.

Orange fruitiness power functions

Results for the regression analysis of orange flavor power 
functions are presented in Table 2 and graphically represented 
in Fig. 2. The linear model was significant (p<0.05) for all 
formulations except the 0.040% and 0.093% w/v aspartame 
sweetened solutions. However, the linear model fit both levels
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Fig. 3 —Power functions o f fruitiness in strawberry flavored spring 
water sw eetened  and unsw eetened with two levels o f sucrose 
(SUC) and aspartame (APM). Concentrations for sw eeteners are 
expressed in % wfv.

of the APM sweetened systems data better than other models. 
The slopes for both aspartame sweetened systems were very 
low (0.20 , 0.2 1 ) and there was no significant difference in 
fruitiness rating among data points across flavorant levels. 
Multiple regression was conducted to test differences in slope 
and elevation caused by addition of both sweeteners. The slope 
of the unsweetened flavorant was not significantly lowered by 
either level of sucrose but was lowered (p<0.05) by both levels 
of aspartame. No significant difference in fruitiness was found 
for either system sweetened with sucrose as compared to the 
flavorant alone, but fruitiness of both systems sweetened with 
aspartame was significantly enhanced below the 0.040% and 
0.06% v/v flavorant concentration. The difference in magni
tude and growth of fruitiness perception is easily seen in Fig. 
2 where sweetening with aspartame greatly enhanced initial 
fruitiness by as much as 100%. Fruitiness intensity of APM 
and sucrose sweetened solutions were not significantly differ
ent at higher flavor levels due to the low slopes of fruitiness 
power functions for APM sweetened systems.

Strawberry fruitiness power functions

Results for the regression analysis of strawberry flavored 
power functions are presented in Table 2 and graphically rep
resented in Fig. 3. All systems were significantly (p<0.05) 
described by a linear model. Multiple regression resulted in 
no significant differences in slopes of fruitiness power func
tions except at the 0.093% APM sweetened system which was 
different (p<0.05) from all other slopes. The magnitude of 
fruitiness perception was increased by the lower level of su
crose and both levels of aspartame but was significant only for 
the 0.093% aspartame sweetened system at 0.60 and 0.90% 
v/v flavorant concentrations. The differences in fruitiness mod
ification is evident in Fig. 3 where the greatest increase in 
initial fruitiness perception is produced by the higher level of 
aspartame. As with the orange-flavored system, APM sweet
ened fruitiness power functions had lower slopes than the su
crose or unsweetened systems; therefore, differences in fruitiness 
intensity were not significantly different among higher flavor
ant levels. The modification of slope and elevation was less in 
the strawberry-flavored system than in the orange-flavored sys
tem, which indicated a possible flavorant difference.

Key to this study was the determination of equi-sweetness 
without any influence from the fruit flavor; therefore, equi- 
sweetness was determined based on taste only. Subsequent 
addition of flavorant might influence the previous sweetness 
rating as well as adding fruitiness. In addition, the rating of 
fruitiness might be influenced by any additional sweetness per
ception. One possible explanation for the enhancement of frui
tiness by aspartame is the mutual enhancement of sweetness

and fruitiness in the sweetened and flavored system. This could 
only be tested by setting equi-sweetness levels prior to adding 
flavorant.

The fruitiness slopes of the aspartame sweetened systems 
were flat, but all points were at a high fruitiness level. There
fore, even at the lowest flavorant levels for aspartame sweet
ened systems, the fruitiness was as high as the highest flavorant 
level samples for the sucrose sweetened systems. Again, this 
may have been the result of mutual enhancement of fruitiness 
and sweetness, although only fruitiness was measured.

Our results provide useful information for future investiga
tions as well as possible applications in the food industry. The 
orange and strawberry flavorants were modified by sucrose and 
aspartame. As in the Larson-Powers and Pangborn (1978) and 
the Baldwin and Korschgen (1979) studies, the enhancement 
effect appeared stronger in orange than in the strawberry fla
vored systems. This may have been due to the fact that there 
was more of a retronasal sweetness aromatic component in 
orange flavor than in strawberry flavor. More sweetness aro
matics in the orange flavored system would account for the 
larger effect of sweetening with aspartame than observed in 
the strawberry system. This lower level of sweetness aromatics 
in the strawberry flavored systems could also account for the 
lack of enhancement by aspartame on strawberry flavor re
ported by Baldwin and Korschgen (1979). Aspartame sweet
ened solutions showed as much as 100% increased fruitiness 
perception from 0.40 to 0.90% flavorant level in the orange 
system and from 0.60 to 1 .20% flavorant level in the straw
berry flavored system. Sucrose sweetened solutions did not 
show this enhancement of either orange or strawberry fruiti
ness.
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Accelerated Kinetic Study of Aspartame Degradation 
in the Neutral pH Range

MENEXIA N. TSOUBELI and THEODORE P. LABUZA

------------------------------A B ST R A C T -------------------------------
The degradation of aspartame in solution as a function of temperature 
(70-100°C), buffer concentration (0.01-0.1M phosphate), and pH (6- 
7) was studied in order to estimate losses during thermal processing 
and storage of aseptic milk-based drinks. Prior data have been mostly 
on acid carbonated beverages. First order rate constants were obtained 
in all the conditions with activation energies in the range 14-20 kcal/ 
mole. An increase in both pH and buffer concentration caused an 
increase in rate of loss. These data were used to predict losses that 
would occur during pasteurization and sterilization conditions. Ex
periments at 4 and 30°C showed significant losses would occur during 
4 and 30°C temperature storage and extrapolation from high temper
atures predicted faster degradation rates than those found.

Key words: pH, degradation, kinetics, accelerated storage

INTRODUCTION
THE DIPEPTIDE sweetener, aspartame (N-L-a-aspartyl-L- 
phenylalanine-l-methyl ester, a-APM), is regulated by the FDA 
as a flavor enhancer and nutritive sweetening agent. Aspartame 
is about 180 times sweeter than sucrose (Homier, 1984), and 
has been approved for use in many applications such as dry 
foods, carbonated beverages and refrigerated flavored milk 
beverages (FDA, 1988). Aspartame has limited stability in 
aqueous solutions (Mazur, 1976; Schertz et al., 1983; Homier, 
1984; Prudel et al., 1986; Stamp, 1990) as well as in inter
mediate moisture systems (Bell, 1989; Bell and Labuza, 1991b). 
Its stability is affected significantly by both pH and tempera
ture of the system, and decomposition follows pseudo-first 
order kinetics. The maximum stability occurs in the pH range 
3 to 5 (Prudel et al., 1986; Stamp, 1990).

A variety of methods have been used to detect and identify 
aspartame and its decomposition products including thin layer 
chromatography (Daniels et al., 1984; Sherman et al., 1985; 
Ozol, 1987). High Performance Liquid Chromatography (Schertz 
et al., 1983; Prudel et al., 1986; Stamp and Labuza, 1989b) 
and Fourier Transform InfraRed spectrometry (Chess and Ger- 
son, 1986). Aspartame decomposition follows acid-base ca
talysis in solution with formation of 3,6-dioxo-5-phenylmethyl- 
2-piperazineatic acid (DKP), the major decomposition product 
(Furda et al., 1975). This is produced by intramolecular cy- 
clization of aspartame with loss of methanol whereas a-L- 
aspartyl-L-phenylalanine (a-AP) forms by base catalyzed hy
drolysis of the methyl ester with loss of methanol (Stamp and 
Labuza, 1989a). These are the only products produced in the 
basic pH range. At acid pH other products such as L-phenyl- 
alanine-l-methyl ester, L-aspartic acid and L-phenylalanine 
(Schertz et. al., 1983; Prudel et al, 1986; Stamp and Labuza, 
1989a) as well as the structural isomer of aspartame, (3-APM 
(Stamp and Labuza, 1989a) were also produced. All of the 
decomposition products are non-sweet so that decomposition 
leads to loss of initial sweetness (Homier, 1984).

Since the approval of aspartame for use in refrigerated, fla
vored milk beverages, the study of the decomposition kinetics 
of aspartame in products like aseptic dairy drinks is of interest.

Authors Tsoubeli and Labuza are with the Dept, o f Food Science 
& Nutrition, Univ. o f Minnesota, St. Paul, MN 55108.

The objective of our study was to systematically obtain kinetic 
data for aspartame degradation under higher (accelerated) tem
perature conditions (70-100°C), as a function of pH (6.0, 6.5,
7.0), and buffer concentration (0.01-0.1 M/L phosphate buffer). 
Knowledge of the reaction rate constants and activation ener
gies under those conditions could then be used to predict losses 
occurring during both processing and storage of milk-based 
drinks. Degradation of aspartame was also studied at 4 and 
30°C as a function of buffer concentration of pH 7.0, and 
results were compared to shelf life predicted from higher tem
perature studies.

MATERIALS & METHODS

a-L-ASPARTYL-L-PHENYLALANINE-l-METHYL ester (a-APM) 
and 3,6-dioxo-5-phenyl-methyl-2- piperazineacetic acid were obtained 
from the NutraSweet Co. (Skokie, IL). a-L-aspartyl-L-phenylalanine 
(a-AP) was obtained from Sigma Chemical Co. HPLC grade aceto
nitrile and monosodium and disodium phosphate were obtained from 
Fisher Scientific Co. (Fair Lawn, NJ). Organic free water was pro
duced by a Milli-Q purification system (Millipore, Bedford, MA). 
HPLC grade 85% phosphoric acid was obtained from Fisher (Fair 
Lawn, NJ). HPLC grade sodium salts of 1-heptanesulfonic acid were 
obtained from Eastman Kodak Co. (Rochester, NY).

The HPLC method of Stamp and Labuza (1989b) was used. The 
column was an analytical NovaPak C18 (15 cm x 3.9 mm; Waters 
Associates, Natick, MA) containing an “ endcapped”  4 mm spherical 
stationary phase. The HPLC system used to isolate the aspartame 
decomposition products consisted of a CP8810 precision isocratic pump 
from Spectra-Physics, a 757 absorbance detector and a Hewlett Pack
ard 3396A integrator. The aqueous component of the mobile phase 
was composed of equal 5 mM amounts of 1-heptanesulfonic acid and 
monosodium phosphate in 1 L of organic free, HPLC grade water. 
This was then mixed with HPLC grade acetonitrile in the ratio of 
20:80 (v/v%). The pH of the solution was adjusted to 3.0 with HPLC 
grade 85% phosphoric acid. A flow rate of 1.0 mL min-1 was used, 
with detection by UV absorbance at 214 nm.

Aqueous solutions of aspartame consisted of mono and disodium 
phosphate buffer and 2 mM (600 ppm) aspartame. The buffer con
centration was 0.C1M/L, 0.05M/L or 0.1 M/L and at a pH of 6.0,
6.5 or 7.0 for 0.01M/L and 0.1M/L and 6.5 or 7.0 for 0.05M/L. 
Temperature ranged from 70 to 100 °C for all conditions. Aliquots (2 
mL) of each aspartame solution were sealed into 2 mL glass ampules 
and placed in a (HAAKE E52) circulating temperature-controlled oil 
bath (±  0.01 °C). At predetermined time intervals, samples were 
removed and immediately cooled for 2 min.in an ice water bath. After 
opening the ampuies, an aliquot (1 mL) was diluted with 5 mL of 
monosodium phosphate at pH 3 and then stored at 4 °C to inhibit 
further decomposition until analysis could be completed. HPLC stan
dards at four concentrations were made and evaluated each day of 
analysis. Based on the procedures of Labuza (1984), at least six data 
points over two half lives (75% loss) were collected and the 95% 
confidence limits and r2 values were calculated by linear regression 
of the proper concentration function vs. time. If the 95% confidence 
limits of a given slope (k-rate constant for ln(amount) vs time; or EA- 
Ink vs 1/T) did no: overlap that of another slope for a different con
dition, then the two slopes were different (p > 0.05). Generally, 
because of analytical capacity, more data points were collected under 
conditions where the reaction was slower.

For the 4 and 30°C temperature studies, the buffer concentration 
was either 0.1 M/L or 0.01M/L at pH of 7. At a given temperature 
and buffer concentration that is the most severe condition where as
partame degrates fastest. Therefore it was used as an indicator of the
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Time (hr)
Fig. 1 -D egradation o f aspartame as influenced by temperature 
at 0.01M buffer concentration and pH 7.

Table 1 -R a te  constants t±95%  confidence lim its) fo r aspartame deg
radation, effects o f acidity and temperature»______________________

Sy ste m  Rate co n stan ts (h r-1)

M PH
70 °C  

(r2)
80 °C  

(r2)
90 °C 

(r2)
100 °C  

(r2)

0.01 7.0 1 .2 0 * 0 .2 0 2 .4 0 * 0 .1 4 3 .8 0 * 0 .3 2 7 .5 0 * 1 .0 3
(0.98) (0.99) (0.99) (0.98)

0.01 6.5 0 .1 6 ± 0 .0 4 0 .3 6 * 0 .1 4 1 .1 0 *0 .0 1 1 .4 0 * 0 .2 2
(0.98) (0.96) (0.99) (0.96)

0.01 6.0 0.01 ± 0 .0 0 2 0 .0 3 *0 .0 0 1 0 .0 7 * 0 .0 1 0 .1 5 * 0 .0 3
(0.93) (0.93) (0.97) (0.94)

0.05 7.0 3 .1 0 * 0 .2 0 4 .8 0 * 1 .0 0 1 1 .2 0 *2 .9 0 2 0 .7 0 * 6 .6 0
(0.99) (0.95) (0.94) (0.91)

0.05 6.5 1 .0 * 0 .0 5 2 .1 0 * 0 .2 0 4 .6 0 * 0 .9 0 8 .9 0 * 1 .4 7
(0.99) (0.99) (0.95) (0.97)

0.1 7.0 5 .7 * 0 .9 0 9 .3 0 * 1 .3 0 1 6 .6 0 * 5 .6 2 8 .6 0 * 1 0 .1 3
(0.97) (0.98) (0.89) (0.96)

0.1 6.5 1 .9 5 * 0 .0 8 4 .2 0 * 0 .7 0

oo+1o

1 2 .2 0 * 2 .5 0
(0.99) (0.97) (0.97) (0.95)

0.1 6.0 0 .4 1 * 0 .0 2 1 .0 4 * 0 .0 6 2 .3 0 * 0 .1 2 5 .9 0 * 0 .9 0
(0.99) (0.99) (0.99) (0.97)

a All rates significantly different at p>0.05 as a function of temperature increase, 
buffer concentration increase and pH decrease.

least shelf life at 4 and 30°C. The same experimental procedure was 
followed, but instead of the oil bath, an incubator with temperature 
at either 4 or 30 ±0.5°C was used.

RESULTS & DISCUSSION

THE DEGRADATION of aspartame as a function of temper
ature at pH 7.0 in 0.01 M phosphate buffer is shown in Fig. 
1. The decomposition of aspartame can be represented as a 
pseudo first order reaction (Bell and Labuza, 1991a,b; Prudel 
et al., 1986) by the equation:

ln{[APM]/[APM0] } = —kobst (1)

Thus a semilog plot of the percentage of aspartame remaining 
vs. time was a straight line with slope k ^ .  Table 1 summarizes 
rate constants for all conditions employed. Table 2 shows the 
same results reported as half life, for easier comparison. As

1/T
Fig. 2 —Arrhenius plot for aspartame degradation at 0.01M and  
pH 7.

Table 2 —H alf life fo r aspartame degradation as affected by acidity and  
temperature w ith Irate increase factor as compared to lowest pH  tested)

S y ste m  ____________________________ Half life (min)

M pH 70 °C 80 °C 90 °C 100 °C

0.01 7.0 35  (112) 17 (68) 11 (38) 5.5 (56)
0.01 6.5 208 (15.7) 115 (12) 38 (14.5) 30 (5)
0.01 6.0 4158 1386 594 278

0.05 7.0 13 (3.5) 9 (2 .1 ) 3 .7  (2.7) 2 (2.7)
0 .05 6.5 42 20 9 5

0.1 7.0 7 (14.6) 5 (8.4) 2 .5 (9) 1.5 (7)
0.1 6.5 22 (4.3) 10 (4.2) 6 (3.6) 3 .4 (1.9)
0.1 6.0 104 40 18 7

noted, except for pH 6.5 or less and 0.01M buffer concentra
tion, the half life was generally less than 1 hr. At the same 
buffer concentration and temperature, aspartame had a greater 
rate of decomposition as pH increased, indicating base catal
ysis. At constant buffer and pH, there was a statistically sig
nificant higher rate of degradation at each higher temperature 
as expected from Arrhenius kinetics.

The temperature dependence of a system is best represented 
by the Arrhenius activation energy (Ea) at any given solution 
composition condition. Figure 2 shows an Arrhenius plot for 
0.01M buffer concentration at pH 7. Table 3 shows the cal
culated Ea and Q10 values for each composition tested. At 
0.01M and pH 7, the Ea was 15.40 ± 1 .5  kcal/mol. This value 
was statistically similar (Labuza, 1984) to the value of 16.7 
kcal/mol reported by Stamp (1990) for the same composition, 
which was calculated using data over the 50 to 100 °C range. 
It was also statistically equivalent to the value of 15.2 ± 0.8 
kcal/mole found by Bell and Labuza (1991b) over the 25-37°C 
range for a system consisting of microcrystalline cellulose, 
water and aspartame at water activity very near 1 and pH 7.

As can be seen from Table 3, the activation energy increased 
significantly as pH decreased from 7 to pH 6, i.e. the reaction 
rate became more temperature sensitive as pH decreased. How
ever differences were not significant if we consider only a 0.5 
pH difference (e.g. between 6.5 and 7) as compared to 6 to

1672-JOURNAL OF FOOD SCIENCE-Volume 56, No. 6, 1991



Table 3-Activation energies and Q10 (70 to 100 °C) for aspartame deg
radation in solution as affected by acidity (±95% confidence limits)

System
M pH E a (kcal/m ole) Qio

0.01 7.0 15.4 + 1.5» 1.80
0.01 6.5 1 8 .8 ± 3 .3 "b 2.10
0.01 6.0 22.2 ±2.8» 2.40

0.05 7.0 16.2 + 3.4» 1.98
0.05 6.5 18.7 ±1.8» 2.06

0.1 7.0 13 .8 ± 2 .2 * 1.84
0.1 6.5 15.2±2.1» 1.81
0.1 6.0 2 2 .6 ± 1 .2 b 2.40
»■» Values with similar superscripts not significantly different at p>0.05 for the same 

buffer concentration or pH.

7. Bell and Labuza (1991b), found that at water activity 0.68 
(moisture limited system), the activation energy at pH 3 was
23.5 ± 1.6 kcal/mol while at pH 7 in the same limited mois
ture system, it was 16.5 ± 1.3 kcal/mol. This suggested that 
the temperature sensitivity of the system depended on both the 
composition and water activity and that the EA probably de
creased above and below the isoelectric point of aspartame, 
pH 5.4. This is very common for acid base catalyzed degra
dation reactions as with certain pharmaceuticals (Conners et 
al. 1986).

Based on our results, both buffer concentration and pH are 
important in degradation of aspartame. Such degradation being 
both acid and base catalyzed, is expected to be most stable 
near the isoelectric point with the rate increasing at higher and 
lower pH. As seen in Table 1, the rate constant for degradation 
significantly increased as pH increased in the range 6 to 7 as 
expected from base catalysis. Similar results were obtained in 
solutions by Stamp (1990) and Homier (1984) and by Bell and 
Labuza (1991b) above pH 5, in intermediate moisture model 
systems.

Since aspartame degradation is an acid-base catalyzed re
action, the dependence of pH on rate of reaction, assuming 
three independent interactions of water and its ions, results in:

k0bs =  ko +  kH+[H+] + k OH~[O H _] (2)

If the ionization constant of the water is taken into consider
ation, which by definition is:

Kw= [H +][OH-] = 10-14Mol2 L2 (3)

then kobs is given by the following relationship:

k0bs = kQ + kH+[H+] + k0H-{Kw(l/{[H+]} (4)

This suggests that a plot of kobs vs pH would produce a ‘bell
shaped’ curve with a minimum which corresponds to maxi
mum stability of aspartame, a region below the isoelectric point 
which defines acid catalyzed reactions, kH+, and another re
gion above the isoelectric point which defines base catalyzed 
reactions, kOH„. Thus in taking the logarithm of equation (4) 
for the acid region (pH<5) and assuming that the base cata
lyzed and water catalyzed steps in the equation are negligible, 
the resulting equation gives a straight line with slope — 1 be
cause:

log kobs = log kH+ +log [H+] = Cj -  pH (5)

Equation (5) indicates that a ten fold decrease in reaction rate 
for each decline by one pH unit should be expected. Con
versely, for the basic region, assuming all other reactions in 
Eq. (4) are negligible except for base catalysis, then:

log kbos = log kOH_ + log K ^ -lo g  [H+] = c + pH (6) 

and as pH increases by one unit above the isolectric point the

pH
Fig. 3 -R a te  constant o f aspartame degradation as a function 
o f pH  (basic range), at 0 .1M phosphate buffer at different tem 
peratures.

Time (hr)
Fig. 4 —Degradation o f aspartame as influenced by phosphate 
buffer concentration at 70 °C, pH  6.5.

rate increases ten fold. For a 1/2 unit pH change, given the 
above considerations, the rate increases by 3.2 times.

Figure 3 shows the effect of pH on the rate constant for the 
0.1M buffer concentration at 70-100 °C, and Table 2 sum
marizes the increase in rate for a pH change from the lowest 
value tested (in parentheses). As seen in Table 2, changes in 
rate as a function of pH did not follow the theoretical predic
tions of equation (6) for the 0.01M buffer concentration but 
were the right magnitude for the 0.05 and 0.1M buffer con
centrations. At low buffer concentration (0.01M), due to pH
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Fig. 5 -D ecrea se  in pH as function o f time for the 0.01 M phos
phate buffer system , pH  6 and 110 °C.

Fig. 6 —Shelf life plot o f aspartame stability of function o f tem 
perature for all system s studied.

lowering that occurred during a test as shown in Fig 5, Eq.
(6) was not followed and the rate decreased significantly.

The buffer concentration effect for pH 6.5 and 70 °C is 
shown in Fig 4, which indicates that the rate increased as buffer 
concentration increased from 0.01M to 0.1M. This is defined 
as specific base cayalysis (Jencks, 1976). Similar results were

Table 4 —Predicted aspartame loss under pasteurization and sterilization 
conditions at 0 .1M phosphate buffer concentration, pH  7

T em p erature
PC) T im e

A sp artam e  lo ss  
(% )

FD A  p a ste u riza tio n
63

req u irem en t
30 min 83

72 15 se c 2.5
88 1 se c 0.4
96 0.05 se c 0.03

100 0.01 se c 0.0
U H T  p a ste u riza tio n

138 >2 se c 8.8

U H T  S te riliza t io n
140 6.5 se c 28
150 4 se c 26

obtained for all conditions examined (Table 1). For example, 
the half life of aspartame for pH 6.5 at 70 °C and 0.01M was 
258 min, at 0.05M it was 42 min while at 0.1M it decreased 
to 24 min. Thus there was more than a tenfold increase in rate 
for a tenfold increase in buffer concentration. This occurred 
because the buffer ion directly participated in the reaction by 
donating a proton as well as by interacting with the charge on 
the amine group of aspartame. This stable, but presumably 
weak, complex (depending on type of anion), is shown in the 
following equations:

HB<=sH+ + B~ (7)

APM + H +-» degradation (8)

APM-NH3 +  B- -» APM-NH^- - B -  (9)

As the concentration of buffer increases, concentration of the 
HP04 =  ions, (when phosphate buffer is used), increases. Thus 
the reaction of interchanging protons with the amine group of 
the aspartame molecule is enhanced leading to faster cycliza- 
tion to DKP. The H P04 =  ions are not consumed throughout 
the reaction, if the buffering capacity is high enough, and thus 
could be converted back to HB. At 0.01M buffer concentration 
and pH 6, the pH decreased throughout the reaction passing 
into the acid catalyzed region (Fig 5). This can be attributed 
to the limited buffering capacity at that buffer concentration 
and pH. Phosphate buffer in the pH range studied has a max
imum buffering capacity at its second pKa of 7.2, while its 
minimum buffering capacity is at pH 6 (Jencks, 1976). Thus 
at pH 6, one should expect minimal buffer catalysis; and since 
the buffer capacity is at its minimum, the pH would decline, 
decreasing the loss rate. At the same low buffer concentration, 
but at pH 6.5 or greater, the buffering capacity would be enough 
to prevent this pH decrease. In those cases, the pH always was 
within 0.1 pH unit of the initial value at the end of the exper
iment. Stamp (1990) found the same effect in solution exper
iments.

Figure 6 shows a semilog shelf life plot of half life vs. 
temperature based on the method of Labuza and Kamman (1983). 
From a comparison of half lives the stability of aspartame was 
almost the same for 0.01M, pH 7.00, 0.05M at pH 6.50 and 
0.1M and pH 6.00. This shows the flexibility in formulation 
of food products to protect aspartame, since the same shelf life 
could be achieved with different compositions with variations 
in pH and buffer concentration. Extrapolation of the rate con
stant for both pasteurization and UHT sterilization conditions, 
as well as for refrigerated and 30°C temperature storage was 
done in order to predict loss of aspartame under thermal 
processing and typical storage conditions of aseptic dairy based 
beverages. Data for 0.1M, pH 7.00 were used which represents 
the most severe of all conditions.

Table 4 summarizes results from extrapolation to pasteuri
zation and sterilization conditions. Pasteurization was based 
on FDA requirements for milk (21 CFR 131.3) and the steri
lization conditions were typical for aseptic milk packaging.
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Table 5 —P red icted  h a lf lives for a sp a rta m e degradation  in a sy s te m  a t 
3 .5  or 30°C

System
Half life 
(days) 
3.5 °C

kobsid-1)
(r2)

Half life 
(days) 
30 “C

kobs
(r2)M pH”

0.01 7.0 6.0 0.5
0.01 6.5 120 6.4
0.01 6.0 6108* 188.5*
0.01 7.0
experim ental 32.1 0.022 ± 0 .0 0 4 1.5 0.48 + 0.09
va lue (0.97) (0.96)

0.05 7.0 3.6 0.3
0.05 6.5 21.5 1.10

0.1 7.0 0.8 0.1
0.1 6.5 3.4 0.3
0.1 6.0 
0.1 7.0

204.4 5.6

experim ental 4.8 0 .14  + 0.03 0.1 5 .1 + 0 .6 3
value (0.96) (0.99)

8 pH decreases throughout the reaction

The loss of aspartame was negligible for pasteurization tem
peratures, other than the low temperature (63 °C) where, with 
the required 30 min processing time, it was 83%. This would 
require a significant overrun of aspartame to maintain sweet
ness. At sterilization conditions, the loss of aspartame was 
about 26-28% in the 4 to 6.5 sec period of processing, which 
is important. One must also take into consideration the time 
required for the system to reach the desired temperature (come- 
up time) as well as the time needed for cooling, which will 
depend very much on system design and would contribute to 
further aspartame loss. Our data along with time/temperature 
profiles could be used to adjust initial aspartame concentrations 
to account for prospective losses.

The estimate of shelf life of aseptic aspartame sweetened 
dairy beverages at refrigerated (3.5°C) and 30°C storage con
ditions was based on the definition that the end of shelf life 
was the loss of a 50% overun of aspartame concentration set 
above the “ just acceptable”  sweetness level. Table 5 sum
marizes predictions and true results for stability of aspartame 
at the two temperatures. As shown, the shelf life of aspartame 
was relatively short at pH 6 to 7 for room temperature storage. 
This indicated that without some type of protecting system, 
aspartame would not be stable in liquid dairy systems unless 
specific buffer and pH conditions compatable with the other 
ingredients could be used (e.g., pH 6 and 0.1M buffer for a 
refrigerated product). Thus the pH/buffer concentration rela
tionship is very important in determining shelf life of products 
sweetened with aspartame.

In comparing true results from the low temperature study 
with those of the accelerated shelf life (ASLT) prediction (Ta
ble 5), several predictions were far too low. For instance, the 
predicted half life at 0.01M buffer, pH 7 was 6 days whereas 
the experiment gave a half life of 32 d, more than 5 times 
larger. This was also reported by Stamp (1990) who attributed 
the difference to lack of data at 3.5°C, which was not the case 
here. Those low predictions could be explained by the fact that 
aspartame degradation, at near neutral pH, proceeds in two 
parallel reactions with two separate rate constants with differ
ent activation energies, 16.6 for DKP formation and 20.0 kcal/ 
mol for a-AP formation (Stamp, 1990). If activation energies 
for the individual reactions from these higher temperature stud
ies differ and the rates were similar, then extrapolation to lower

temperatures may not be valid due to a change of slope in the 
Arrhenius plot from high to low temperature regime. However 
at pH 6-7, the rate of DKP formation ranged from 10 to 20 
times greater than a-AP formation over 100 to 30°C, thus some 
unknown factor may have caused the decreased rate at 3.5°C. 
Note that the predictions made for pasteurization conditions in 
Table 4 using data from the high temperatures regime study 
would not be expected to result in error, since the pasteuri
zation temperature range overlaps the temperature range used 
in the experiments. In addition, prediction for aspartame loss 
under UHT pasteurization and sterilization conditions at (138— 
150°C) should not result in similar kinetic prediction errors 
since the crossover of Arrhenius lines for the two degradation 
steps based on the data of Stamp (1990) was greater than 200°C. 
Thus for the temperature range 138 to 150 °C, activation ener
gies of the two degradation steps should not differ significantly 
and therefore the prediction would not be expected to result in 
much error.
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Water and Molecular Weight Effects on Glass Transitions in 
Amorphous Carbohydrates and Carbohydrate Solutions

YRJO ROOS and MARCUS KAREL

------------------------------A B ST R A C T -------------------------------
The effects of water, freeze-concentration and effective molecular 
weight (Me) on glass transition (Tg) of maltose and maltodextrins were 
studied, and methods to predict Tg were used to establish state dia
grams. Tg of maximally freeze-concentrated solutes (T^ and onset of 
ice melting (T^) increased with Mt, and for high molecular weight 
polysaccharides Tg and 7 ^  were predicted to have the same temper
ature value. Ice formation at Tg< T < T„ was time dependent. Unfrozen 
water in maximally freeze-concentrated matrices was about 20% in
dependently of Me. The state diagrams can be used to evaluate phys
ical state of frozen and dehydrated foods.

Key Words: Carbohydrates, molecular weight, glass-transition, freeze- 
concentration, water

INTRODUCTION
DEHYDRATED and frozen food materials often exhibit phase 
transitions typical of amorphous polymers (e.g. Parks and 
Thomas, 1934; Kauzmann, 1948; White and Cakebread, 1966; 
Levine and Slade, 1986; Roos, 1987; Slade and Levine, 1991). 
In foods, glass transition and crystallization of amorphous 
components affect their physical state. Changes in physical 
state including crystallization are often controlled by glass tran
sition temperature (Tg) above which they may occur time-de- 
pendently (Roos and Karel, 1990; Roos and Karel, 1991a). 
Most amorphous food components are miscible with water which 
acts as a plasticizer causing decreasing transition temperatures 
with increasing water content (e.g. Levine and Slade, 1986; 
Roos, 1987; Roos and Karel, 1990; Slade and Levine, 1991). 
Thus an increase in temperature or water content may cause 
changes in physical state which are observed as stickiness, 
collapse and crystallization in dehydrated foods (Tsourouflis 
et al., 1976; Downton et al., 1982; Roos, 1987; Roos and 
Karel, 1991a,b).

The T„ is specific to each anhydrous material, although it 
may slightly vary depending on thermal history and experi
mental conditions (e.g. Tant and Wilkes, 1981; Wunderlich, 
1981). Water decreases the Tg which at high water contents 
theoretically approaches that of pure water (Luyet and Ras
mussen, 1967; Franks et al., 1977; Levine and Slade, 1986). 
At freezing temperatures ice formation leads to separation of 
plasticizing water as ice thus leading to an increased solute 
concentration, increased T^ of the unfrozen matrix, and de
creased melting point of ice (Luyet and Rasmussen, 1968; 
Rasmussen and Luyet, 1969; Bellows and King, 1973; Levine 
and Slade, 1986; 1988; Roos and Karel, 1991c,d). Ice for
mation in the unfrozen matrix may occur during rewarming of 
rapidly cooled materials (e.g. Luyet and Rasmussen, 1968; 
Simatos et al., 1975; Williams and Carnahan, 1989; Roos and 
Karel, 1991d; Slade and Levine, 1991) causing a concurrent 
increase of the effective Tg (Levine and Slade, 1986; Roos and 
Karel, 1991c,d). At maximum freeze-concentration glass tran
sition (Tg) and onset of ice melting (T„() occur at constant 
temperatures which are independent of initial solute concen-
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tration (Franks et al., 1977; Levine and Slade, 1986; Roos and 
Karel, 1991c,d). Theoretically T  ̂and T„( should coincide (Franks 
et al., 1977; Levine and Slade, 1986; Slade and Levine, 1991). 
However, an exact transition temperature is not typical of glass 
transitions which usually occur over a temperature range of 10 
to 20°C, and the onset temperature of T^ and T„ may be dif
ferent (Roos and Karel, 1991d).

Franks et al. (1977) proposed the use of state diagrams to 
characterize the physical state of amorphous materials as a 
function of concentration. In such diagrams Tg and melting 
point (Tm) values are shown as a function of concentration. 
Tg and the corresponding solute concentration (Cg) of the un
frozen matrix are observed at the point where Tg and Tm curves 
coincide (Levine and Slade, 1986). Most reported state dia
grams have been presentations of glass transition and melting 
curves with experimental component Tg, T ' and C' values 
(Levine and Slade, 1988). For some materials state diagrams 
with several experimental T values at varying water contents 
have been developed (Blond, 1989; Izzard et al., 1991; Roos 
and Karel, 1991d).

The glass transition temperature of food components gov
erns physical properties like diffusivity which may also affect 
rates of deteriorative reactions (Vrentas and Duda, 1978; Sim
atos and Karel, 1988). Therefore the physical state of an amor
phous matrix in frozen and dehydrated foods may greatly 
influence their stability, and affect both physical and chemical 
changes during food processing and storage (Levine and Slade, 
1988; Roos and Karel, 1991a,b). In polymers molecular weight, 
composition and plasticizers are the main factors affecting T 
(Fox and Flory, 1950; Gordon and Taylor, 1952; Tant ana 
Wilkes, 1981). They are also important for characterization of 
amorphous food components (Levine and Slade, 1988; Roos 
and Karel, 1991b).

Several empirical and theoretical equations relating mechan
ical properties of polymers, composition and molecular weight 
to T have been reported (e.g. Fox and Flory, 1950; Gordon 
and Taylor, 1952; Williams et al., 1955; Couchman, 1978; 
Tant and Wilkes, 1982; Lin et al., 1989). Prediction of Tg of 
amorphous food components as a function of composition and 
molecular weight have been reported by Orford et al. (1989,
1990) and Roos and Karel (1991b). Such prediction capability 
would be useful for food process and product development, 
and for studies of the effects of physical state on deteriorative 
changes as a function of temperature, water content and time. 
In spite of considerable recent work on glass transitions in 
amorphous food components (e.g. Levine and Slade, 1986; 
Roos, 1987; Orford et al, 1989; Roos and Karel, 1991a; Slade 
and Levine, 1991) data and correlations needed for prediction 
of the physical state are unavailable or controversial. We have 
previously shown that annealing treatment at T ^ T c T ^  was 
necessary to obtain the maximally freeze-concentrated state in 
sucrose solutions (Roos and Karel, 1991b,d). In our current 
study we applied similar rigorous procedures with the objective 
to determine the effect of time-dependent freeze-concentration 
and molecular weight on the physical state of amorphous food 
components. Determination of thermal behavior at vaiying water 
contents allowed us to predict Tg of polymers for estimating 
changes in physical state as a function of temperature, water 
content and molecular weight. We also established state dia-
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grams based on the quantitative experimental and predicted 
data.

MATERIALS & METHODS
Preparation of samples

Maltose (Sigma, Hydrate Grade I) and maltodextrins (produced 
from corn starch) of various dextrose equivalents (DE) (Maltrin M040, 
DE5; M100, DE10; M200, DE 20; M365, DE 35: Grain Processing 
Corp.) were dissolved in HPLC water (Fisher) as 20% solutions. These 
were frozen, freeze-dried, dehydrated over P20 5, and rehumidified to 
varying water contents over saturated salt solutions (Roos, 1987; Roos 
and Karel, 1991b). Samples for studies of Tg and concentration at 
maximum freeze-concentration (Cg [% solute] or Wg [gH20/g  solute]) 
were made by weighing the solids and water to obtain solutions with 
20, 30, 40, 70, 75, and 80% of maltose and 20, 30, 40, and 80% 
solids of maltodextrins. When heating was necessary for solubiliza
tion, the solutions were reweighed after a clear solution was obtained, 
and the amount of evaporated water was added back (Roos and Karel, 
1991d). The initial water content of maltodextrins was determined 
from samples (2g) which had been freeze-dried and dried over P20 5. 
Since maltose and maltodextrins contained 2-5% water, corrected 
concentrations were used for solutions. Samples of waxy corn starch 
(Amioca, 98% amylopectin; National Starch and Chemical Corp.) 
were made by weighing water and starch in DSC pans. The pans were 
hermetically sealed and the starch was gelatinized in the DSC cell (5 
min at 85°C).

Determination of Tg

The glass transition temperature (Tg) and change of specific heat at 
the Tg region (Acp) were determined using differential scanning ca
lorimetry (DSC, Mettler DSC30S) calibrated as reported by Roos and 
Karel (1991b,d). A scanning rate of 5°C/min was used to analyze 
samples (10-25 mg in hermetically sealed 40p.L aluminum pans; Met
tler) over the Tg region as reported by Roos and Karel (1991b). So
lutions with 20, 30, and 40% solids were cooled at the maximum 
(about 30°C/min) rate to -80°C , heated (10°C/min) to an isothermal 
holding (annealing) temperature, cooled (10°C/min) to -80°C , and 
scanned from -80°C  to 20°C at 5°C/min. Samples were annealed 
above Tg but below T^ to create maximum freeze-concentration for 
determination of Tg, T^ and latent heat of melting (AHm) as shown 
in Fig. 1 and 2, and reported by Roos and Karel (1991d). All solutions 
were studied for Tg and Tm in nonannealed state, and for the effect of 
annealing before setting the temperature cycles. The isothermal hold
ing temperature was then set slightly below the concentration-invariant 
T^ (15 min at -13°C  M040, -15°C  M100, -20°C  M200, -30°C  
M365, and — 33°C maltose). Gelatinized samples of starch (about 20, 
30, and 40% solids) were cooled to -  30°C (uncontrolled rate), heated 
(10°C/min) to — 5°C, annealed 15 min at — 5°C, cooled (10°C/min) 
to -80°C , and scanned from -80°C  to 20°C at 5°C/min. Solutions 
with 70, 75, and 80% solids were cooled to -  100°C and scanned at 
5°C/min to 0°C, and analyzed for Tg onset (T |), midpoint (Tg1), end
point (T|), and Acp (Fig. 2). The glass transition temperature was 
defined as the Tg onset value. When Tg values were determined the 
onset temperature of glass transition was used as Tg because melting 
occurred before conclusion of the second order transition (Fig. 2). All 
determinations were made in triplicate, and average values were used 
as transition temperatures.

Prediction of Tg

Gordon and Taylor equation (Eq. 1) relates Tg of miscible polymer 
blends to the weight fractions and Tg values of component compounds 
(Gordon and Taylor, 1952). We used Eq. (1) to relate the weight 
fractions of solute and water (w2 weight fraction of solute; w2 (w2 = 
1 -  w,) weight fraction of water) and their Tg (Tgl for solute (K); 
Tg2 for water (138K, Johari et al., 1987)) to the Tg values observed 
at varying water contents. Couchman (1978) and Couchman and Kar- 
asz (1978) showed that the k value in Eq. (1) was equivalent to the 
ratio of the change of component compound specific heats (k = Acp2/ 
ACpi) at their Tg. However, the Tg values predicted with k values 
calculated using Acp values (Table 1) and those of water varying from 
0.11 J/g°C to 1.94 J/g°C reported by Hallbrucker et al. (1989) and 
Sugisaki et al. (1968), respectively, correlated poorly with our ex
perimental Tg values. Therefore experimental Tg values were used to 
calculate empirical k values. The Tg values developed using empirical

T E M P E R A T U R E  ( °C)
Fig. 1 — Thermal behavior o f 40% solutions o f maltose, malto
dextrins and starch annealed 15 min betw een  7"' and (Fig. 
2) cooled to -8C°C and scanned at 5°C/min to 20°C. Glass tran
sition preceded onset o f ice melting, observed as a step  change 
followed by the main melting endotherm. Integration o f melting  
endotherm s is show n by dashed lines to determine latent heat 
o f ice melting (AH„J.

values correlated with experimental data, and were used to establish 
the state diagrams.

T = wtTgl + kw2Tg2 
g Wj + kw2 (1)

Calculation of effective molecular weight

Maltodextrins are starch hydrolysis products with a wide molecular 
weight distribution (those we used contained 0.2-6.7% monosacchar
ides, 0.3-27.8% disaccharides, 0.6-15.4% trisaccharides, 0.6-9.2% 
tetrasaccharides, and 40.9-98.3% higher than tetrasaccharides de
pending on DE) and their true Tg values may be lower than those 
based on average molecular weights. Roos and Karel (1991b) reported 
that Tg values of M200 were equivalent to those of maltotriose (M = 504 
g/mol) and M040 to those of maltohexose (M = 991 g/mol). Thus Tg 
values of maltose, M200 and M040 were analyzed against inverse 
values of their effective molecular weights (Me) which according to 
Fox and Flory (1950) predicts the effect of molecular weight of ho
mopolymers on Tg (Eq. 2). The calculated Me values (Table 1) were 
used to relate Tg and T„ values to molecular weights.

T g =  T g ( - )  -  ^  (2 )

where Tg(®) is glass transition of limiting molecular weight (243°C 
was obtained for maltodextrins) and Kg is a constant (52800 (g/ 
mol)x(°C) was obtained for maltodextrins). Tg(®) was also used as 
Tg for starch.
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- 7 0  - 6 0  - 5 0  A O  - 3 0  - 2 0  -10 0

T E M P E R A T U R E  ( °C)
Fig. 2 —Expanded thermograms for m altose and maltodextrins 
showing T'g and T o f  annealed (15 min at T'g<T<TJ) 40% (w,1 
w) solutions obtained at 5°C/min (solid lines). The dashed curves 
show  thermograms obtained at 5°C/min for sam ples with solute 
concentrations (77-80% w/w) near the m axim um  freeze-con
centration. T° onset, T™ midpoint, and T‘ endpoint o f glass tran
sition region. A cp values are changes in specific heat for solutions 
with 77 to 80% solute.

RESULTS

Glass transition temperature
The Tg values for maltose and maltodextrins dried over P20 5 

are given in Table 1 with respective Acp values. The decrease 
of Tg with increasing water content was substantial as shown 
in the state diagrams (Fig. 3 and 4). Ice formation was not 
likely in samples containing more than 80% solids (Fig. 2). 
We were not able to determine Tg values for completely un
frozen matrices with 20, 30 or 40% solids because ice for
mation occurred even in samples quenched in liquid nitrogen.

Tg of freeze-concentrated matrices

Annealing of solutions with 20, . 30 and 40% solute led to 
constant, initial-concentration-independent T„ and Tm values. 
The constancy of these values was considered an indication of 
maximum ice formation. No devitrification (crystallization of 
unfrozen water) exotherms were observed in the rewarming 
thermograms of the annealed samples (Fig. 1 and 2). Thus the 
T and Tm values were considered as Tg and T„, respectively. 
The T ' values were near the Tg values of 78-80% solutions 
(Fig. 2) which remained unfrozen.

Effect of molecular weight on Tg

The Tg of maltodextrins increased with increasing molecular 
weight in agreement with the Fox and Flory -equation (Eq. 2) 
when effective molecular weights based on equivalent Tg val
ues of maltodextrins, maltotriose and maltohexaose were used. 
Tg of high molecular weight maltodextrins decreased more 
steeply with increasing water content than that of maltose or 
maltodextrins with lower molecular weights (Fig. 3 and 4). 
The Tg values of maltodextrins increased with increasing ef
fective molecular weight (Fig. 1). Both Tg and Tn', increased 
with increasing molecular weight (Fig. 2) and showed linearity 
with inverse effective molecular weight (Fig. 5) as reported 
by Levine and Slade (1986). This relationship indicated that 
T  ̂ and T„( for high molecular weight maltodextrins should 
coincide at — 1.0°C corresponding to an effective molecular 
weight of 5265 g/mol.

Determination of unfrozen water

The amount of unfrozen water decreases with increasing freeze- 
concentration, and annealing above Tg but below should lead to 
maximally freeze-concentrated state of the solutes (Roos and Karel, 
1991c,d). Therefore samples were annealed at that temperature range 
before the amount of unfrozen water was determined. The unfrozen 
water content was then determined from the linear relationship be
tween latent heat of melting (AHm, [J/g solute] obtained as shown in 
Fig. 1) and water content [g/g solute], which was extrapolated to 
AHm = 0 J/g as reported by Simatos et al. (1975) and Roos and Karel 
(1991d). The unfrozen water contents at maximum freeze-concentra
tion were also calculated from experimental Tg values using Eq. (1), 
and the w t values were converted to Cg and Wg values.

Prediction of glass transition temperature

Prediction of Tg values of polymer mixtures with Eq. (1) 
required component Tg values, weight fractions and k values. 
The k values obtained using component Acp values were much 
lower than the empirical k values (Table 1) which would have 
led to highly erroneous Tg values if used for Tg prediction. 
However, the Acp values of maltodextrins decreased with in
creasing molecular weight (Table 1) which should lead to in
creasing k values with increasing molecular weights. The 
empirical k values resulted in a prediction for specific heat 
change of water of 3 ± 0.5 J/g°C at Tg.

Table 1 -Effect of molecular weight on glass transition (TJ and change of specific heat at Ta (Acp, ACc) for anhydrous maltose and maltodextrins

C om p ou nd
M»

(g/mol)
M ,

(g/mol)
T 0

<°C)
A c p
(J/g)

— r.p i . 1 ------
A C P

(J/mol) kd k8
W ater 18.0 18.0 — 135c C

M altose 343.2 343.2 87 0.61 209 6 3.2 (0.18)
M 365 500 370 100 0.58 215 6 3.3 (0.19)
M200 900 504 141 0.45 227 6.5 4 .3  (0.24)
M1Q0 1800 640 160 0.40 256 7 4 .8  (0.28)
M 040 3600 991 188 0.30 297 7.7 6 .5  (0.37)
a Molecular weight or that indicated by manufacturer. 
b Effective molecular weight.
c Tg = -135°C  (Johari et al., 1987); A cP2 = 1.94 J/g°C (Sugisaki et al., 1968) and 0.11 J/g°C (Hallbrucker et al., 1989). 
d Empirical k value for Eq. (1).
e k = A cP2/A cpi ; Values in parenthesis are those with A cP2 = 0.11 J/g°C.
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WEIGHT FRACTION OF SOLIDS (%)
Fig. 3 -S ta te  diagram for maltose. Tg curve predicted by the 
Gordon and Taylor equation (Gordon and Taylor, 1952). Below  
Tg maltose solutions are in the glassy state. Maximally freeze
concentrated solutions show  constant T'g (onset o f glass tran
sition) and (onset o f ice melting) values. The T,m o f maltose 
was at the endpoint region o f Tg M aximum ice formation oc
curred at tem peratures Tg<T<T^ Tm values are from Weast 
(1974).

WEIGHT FRACTION OF SOLIDS (%)
Fig. 4 - State diagram for ma/todextrins. 7"g decreased with de
creasing molecular weight and increasing water content. Above 
50% the Tg values were predicted to be alm ost independent o f 
molecular weight. The T'g value increased with increasing m o
lecular weight but was predicted to becom e constant for high 
molecular weight maltodextrins.

Unfrozen water at maximum freeze-concentration

The unfrozen water contents were obtained by plotting AHm 
values [J/g solute] against water content [gH20/solute] and 
extrapolating to AHm = 0 J/g solute (Table 2). The slope 
increased with increasing T ' and T„( values, which indicated 
decreasing latent heat of melting with decreasing melting tem
perature. Note that integration of melting peaks of annealed 
samples was done from T<T„( as shown in Fig. 1. Annealing 
of starch solutions probably did not result in maximum freeze- 
concentration.

The use of T ' values and Eq. (J) was considered as the most 
precise methocf for prediction of unfrozen water contents of

Fig. 5 - S ta te  diagram for starch based  on Tg at 243°C and ex
perim ental data of Ze/eznak and H oseney (1987). The T'g and  
Tf„ values o f high molecular weight solutes were predicted to 
have the sam e temperature value as shown in the inset figure 
(Tg<T^J. Solute concentration o f maximally freeze-concentrated 
state was predicted lower than that o f maltodextrins. The pre
dicted values o f Marsh and Blanshard (1988) are show n for com 
parison.

the maximally freeze-concentrated matrices (Table 2) since Tg 
values were extremely sensitive to changes in water content 
(Fig. 2 to 5). The Tg values increased with increasing molec
ular weight but the Cg was almost constant (about 80% for 
maltose and maltodextrins, Fig. 3 and 4). The unfrozen water 
content calculated for starch was higher (about 27%, Fig. 5) 
in agreement with the measured 27% reported by Slade and 
Levine (1987).

State diagrams
State diagrams were developed for maltose (Fig. 3) and for 

maltodextrins (Fig. 4). T'g and T^ were clearly separated with 
maltose (Fig. 1) and ice melting had onset at the end point 
region of glass transition. Maltodextrins showed decreasing 
temperature differences between Tg and Tn( with increasing 
molecular weight (Fig. 5), and for starch T ' =  T^ was as
sumed. The state diagrams were constructed with both pre
dicted and experimental Tg values for the entire concentration 
range (Fig. 3 to 5). The projected Tg of anhydrous starch was 
243°C. Tg values reported for native wheat starch by Zeleznak 
and Hoseney (1987) were used to determine k for starch (Fig.
5), and k = 5.2 was used in calculations.

DISCUSSION
PHYSICAL CHANGES e.g. crystallization of amorphous sug
ars, stickiness ar.d collapse of dehydrated materials are directly 
related to T„ (Levine and Slade, 1986; Roos and Karel, 1990; 
Roos and Karel, 1991a). Roos (1987) pointed out that the Tg 
of freeze-dried strawberries decreased linearly with increasing 
vapor pressure of water used for rehumidification of samples 
at 25°C (water activity, aw). This was later reported also for 
amorphous sugars, sugar mixtures and maltodextrins although 
through the total aw range the relationship was found to be 
sigmoid (Roos and Karel, 1991a,b). The linearity between aw 
and Tg in the a„ range 0.1-0.8 allows prediction of Tg at the 
a* range typical of dehydrated and intermediate moisture foods. 
It is useful when materials are evaluated for drying character
istics or stability at varying storage conditions (Roos, 1987; 
Slade and Levine, 1991).

Food composition is often modified to improve material
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GLASS TRANSITIONS IN CARBOHYDRATES. . .

Table 2 - Glass transition temperature (Tj, ice melting temperature, (T'J, and unfrozen water (Gg, Wg) of maximally freeze-concentrated solutions
% W’

Tg T m A H JW (%  solute) (gH20/g  solute)
C o m p o u n d T O (°C) (J/gH20 ) lb II' lb II'
M altose - 4 1 - 3 1 295 75.2 82.5 0.33 0.23
M 365 - 4 3 - 2 8 297 78.1 79.4 0.28 0.26
M 200 - 3 1 - 1 9 308 78.7 79.7 0.27 0.25
M 100 - 2 3 - 1 3 314 78.1 81.1 0.28 0.23
M 040 - 1 5 - 1 1 323 70.9 82.0 0.41 0.22
Starch - 6 313 79.4 72.9 0.26 0.37
8 Estimated latent heat of ice melting.
b Extrapolated concentration from AHm values.
c Calculated concentration using Eq. (1): Tg = (wi x 100)% at Tg'

characteristics in processing and storage. In our study we have 
reported results for T values of food components of varying 
molecular weights and methods for prediction of Tg over a full 
concentration range. Eq. (1) is one of the basic relationships 
used to predict Tg values for polymer mixtures. Several mod
ifications of the equation have been reported (Couchman, 1978; 
Couchman and Karasz, 1978; Lin et al., 1989) and used for 
food related materials (To and Flink, 1978; Marsh and Blan- 
shard, 1988; Orford, 1989; Roos and Karel, 1991b). Ellis (1988) 
reported a good correlation between experimental and pre
dicted Tg values for Tg of amorphous polyamides as a function 
of water content. They used component Acp values in Eq. (1), 
and the value reported by Sugisaki et al. (1968) (1.94 J/g°C) 
was used for water. Orford et al. (1990) also used component 
Acp values to correlate predicted and experimental Tg values 
of amorphous carbohydrates. A linear relationship between mole 
fractions of water and Tg was observed but the correlation with 
experimental and predicted Tg values was poor. Also a wide 
range of Acp values have been reported for amorphous water 
which makes the use of Acp values controversial. Our results 
showed that empirical k values can be successfully used for 
prediction of Tg as a function of water content.

In some cases Tg values of high molecular weight materials 
are difficult to analyze because of broadening of the transition, 
relatively small Acp, and decomposition (Zeleznak and Hos- 
eney, 1987; Roos and Karel, 1991b). Broadening of Tg is 
typical of polymer mixtures (Ellis, 1988). We noticed broad 
Tg regions for dehydrated maltodextrins (Roos and Karel, 1991b) 
and for freeze-concentrated maltodextrin solutions (Fig. 2). 
Thus prediction of Tg values is important in analysis of com
positional and molecular factors on Tg. The effect of molecular 
weight on Tg can be used to predict Tg values of homopoly
mers. Our predicted Tg for anhydrous starch (243°C) was 100°C 
above T used by Marsh and Blanshard (1988) (Fig. 5) but 
comparable with 250°C proposed by Biliaderis et al. (1986) 
and 227°C predicted for amylose and amylopectin by Orford 
et al. (1989). Gelatinization of starch occurs typically at a 
temperature range of 50-90°C and the minimum water needed 
for gelatinization is about 30% (Biliaderis et al., 1986; Slade 
and Levine, 1987). Thus the T of gelatinized starch solutions 
(gelatinization occurs in solubilization) are below -  20°C but 
the effective Tg controlling gelatinization before solubilization 
may be considerably higher (Biliaderis et al., 1986; Slade and 
Levine, 1987).

Tg is the effective glass transition for maximally freeze
concentrated matrices at temperatures below T„(. Partially freeze
concentrated solutions can persist only at temperatures below 
Tg or above T„( (Roos and Karel, 1991d). Freezing to a max
imally freeze-concentrated state was considered time-depen
dent and to require annealing at a temperature favoring maximum 
ice formation (Roos and Karel, 1991c,d). We expected that 
maximum amount of ice could be obtained only by annealing 
at a temperature above T ' but slightly below T„. These tem
peratures were considered as limits for maximum freeze-con
centration because crystallization of water below T  ̂ probably 
proceeds only to a concentration having Tg at that temperature. 
Above T„( melting dilutes the unfrozen matrix. Maltose and

low molecular weight maltodextrin solutions had relatively low 
T  ̂ and T„( values. As shown by the Tm curve (Fig. 3) the 
equilibrium solute concentration of partially freeze-concen
trated maltose solutions at -  20°C was about 70% with effec
tive T at about — 70°C. According to Williams-Landel-Ferry 
(WLF) relationship (Williams et al., 1955) at 50°C above Tg 
viscosity is decreased from 1011 Pa s to 102 Pa s (Roos ana 
Karel, 1991d). This may lead to Arrhenius type temperature 
dependence of deteriorative changes in partially freeze-con
centrated low molecular weight carbohydrate solutions above 
T„(. Tg and T„ values of high molecular weight maltodextrins 
were confirmed to be relatively high, and in this case storage 
at normal freezer temperatures and below T ' may improve 
shelf life as proposed by Levine and Slade (1986, 1988).

Low molecular weight compounds in carbohydrate mixtures 
may significantly decrease the effective Tg of high molecular 
weight compounds (Orford, 1990; Roos and Karel, 1991b). 
The T^ increased with increasing molecular weight but based 
on Eq. (1) fairly high amounts of high molecular weight com
pounds must be added to materials with low Tg to increase the 
effective T^ to normal frozen food storage temperatures. How
ever, Muhr and Blanshard (1986) showed that crystallization 
of water in sucrose solutions was delayed by addition of poly
saccharides. In frozen foods the effective Tg may be relatively 
low but the viscosity can be increased by addition of high 
molecular weight compounds which may delay crystallization 
or other diffusion limited changes. High molecular weight sol
utes in our study also seemed to increase T„ values, and Tg 
values were probably related to the specific materials freezing 
point depression of water.

The temperature difference between Tg and T„( decreased 
with increasing molecular weight, and Tg and T^ for high 
molecular weight compounds were predicted to have the same 
temperature value. Although starch solutions were annealed at 
— 5°C melting was observed at about — 6°C. This may have 
been caused by nonequilibrium conditions during a simulta
neous first order (ice melting) and second order (glass transi
tion) phase transition, which caused annealing at Tg = T„( to 
become ineffective. T'g of starch at — 5°C could not be proven 
with a solution having an approximate concentration of the 
maximally freeze-concentrated state. However, our Tg value 
agreed with Tg ( -  5°C) reported for starch and those of low 
DE maltodextrins (Levine and Slade, 1986; Slade and Levine, 
1987). This was also consistent with our prediction showing 
that above a certain molecular weight the T^ and T„( values 
became independent of the molecular weight of solute as was 
also pointed out by Levine and Slade (1986). Generally our 
T  ̂ midpoint values were lower than those reported by Levine 
and Slade (1986, 1988). They were found to be slightly above 
our T™ (e.g. for maltose T ' was - 4 r C  and T„( was -31°C ) 
while Levine and Slade (1988) reported l g at -29.5°C .

As indicated solute concentration at maximum freeze-con
centration was determined by extrapolation of AHm values to 
AHm = 0 J/g, and from state diagrams. However, when un
frozen water was calculated from single AHm values (334 J/g 
for water) as proposed by Levine and Slade (1986, 1988) it 
decreased with increasing concentration as previously reported
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by Simatos et al. (1975), Roos (1987), Blond (1989), and Roos 
and Karel (1991d). Unfrozen water estimated by extrapolation 
of AHm values was in most cases higher than that determined 
from state diagrams (Table 2). Solute concentration estimated 
from state diagrams was about 80% independently of molec
ular weight, the unfrozen water contents by extrapolation agreed 
reasonably well with those from Eq. (1). However, the AHm 
values depend on annealing treatment.

Second order transitions in food components are most im
portant to processes in which water is removed by evaporation 
or freezing, and to physical properties of materials produced 
with such methods (e.g. Levine and Slade, 1986; Roos, 1987; 
Roos and Karel, 1991a,b; Slade and Levine, 1991). In food 
dehydration the rapid change of Tg with minor changes in 
moisture content may cause significant changes to product quality 
(Roos and Karel, 1990; Slade and Levine, 1991). In freezing, 
an intermediate amount of moisture remains in the unfrozen 
matrix which contains most of the compounds capable of caus
ing deterioration during storage. In our study state diagrams 
based on both experimental and predicted transition tempera
tures were established. State diagrams showing the Tg values 
over a wide concentration range have been reported on few 
compounds because of the uncertainty of T values of unfrozen 
matrices with concentrations lower than C„. Knowledge of the 
Tg values of partially freeze-concentratecf states is extremely 
important for studies of frozen food stability. However, values 
of Tg at concentrations well below Cg are difficult to obtain 
because of rapid freeze-concentration. Predicted Tg values at 
high water contents seemed to become almost equal and in
dependent of molecular weight (Fig. 4). Thus the temperature 
of frozen food storage may significantly affect stability above 
Tg (Levine and Slade, 1986) and T„(. State diagrams showing 
Tg of food components over the entire concentration range are 
needed for successful control of second order transition in food 
engineering operations.
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Water Retention Capacity and Viscosity Effect 
of Powdered Cellulose

JIT  F. ANG

---------------------------ABSTRACT---------------------------
Powdered cellulose is a natural beta-1,4-glucan polymer. It is 99% 
total dietary fiber (dwb) and has many uses as a low-calorie food 
ingredient. Depending on its fiber length, cellulose can retain 3.5 to 
10 times its weight in water. Temperature and pH exerted small effects 
on water rentention capacity. A powdered cellulose with a 110-micron 
fiber length significantly increased viscosity. Its ability to increase 
viscosity was further magnified in solutions containing low amounts 
of stabilizers. This fiber may act synergistically with other stabilizers 
to increase viscosity.

Key Words: cellulose, viscosity, water-retention, thickening-agent, 
low-calorie

INTRODUCTION
DIETARY FIBER and low-calorie foods have recently re
ceived considerable attention from nutritionists, medical au
thorities, and food processors, as well as the general public. 
Coupled to this increasing awareness and interest is an expan
sion in the market for related food ingredients. More recently, 
ingredients such as wheat bran, oat bran, potent sweeteners, 
fat substitutes, and other similar products have been studied 
for properties and potential applications in foods.

Powdered cellulose, a natural beta-1,4-glucan polymer, has 
been used as a food ingredient for many years (Ang et al.,
1988). Since it is an insoluble fiber with an average total di
etary fiber content of not less than 99% (dwb), powdered cel
lulose is also considered to be noncaloric (FDA, 1987). This 
principal structural component of trees and other plants is the 
most abundant source of complex carbohydrate in the world. 
Although some studies have been conducted on the use of 
cellulose as a food, most of them were focussed on its phys
iological effects (Reiser, 1984) rather than its properties as a 
food ingredient. Due to its chemical composition, powdered 
cellulose is widely used as a non-caloric bulking agent in re
duced-calorie foods. Since water also plays a significant role 
in such products, our objective was to investigate some phys
ical properties of powdered cellulose: water retention capacity 
and effect on viscosity.

MATERIALS &  M ETH OD S

Materials

Samples of powdered cellulose (Solka-FlocR) with varying average 
fiber lengths were obtained from Fiber Sales and Development, Ber
lin, NH. Fiber lengths reported represent the most typical values (from 
data collected over 2 yr). Variations in fiber length are normally lim
ited to ±20%. Guar gum (Uniguar 80) was obtained from Celanese, 
Clifton, NJ; carboxymethylcellulose (CMC 9M31XF) from Hercules, 
Wilmington, DE; and xanthan gum (E415) from Jungbunzlauer, Ger
many. The pH buffers were purchased from Fisher Scientific (Pitts
burgh, PA). All other chemicals were of analytical or food grade.

A uthor A ng is with Fiber Sales and Development, Solka-FlocR 
Division, 650 Main St., Berlin, NH 03570.

Water retention capacity

Using a glass rod, 2g samples of powdered cellulose were mixed 
with 30 mL of distilled deionized water contained in 50 mL centrifuge 
tubes. The slurry was allowed to stand for 10 min, then centrifuged 
at 2000 x g  for 15 min in an International Centrifuge (Model SBV). 
After centrifugation, the supernatant solution was drained and the wet 
cellulose precipitate was weighed. Since powdered cellulose is not 
soluble (FCC, 1981), results were expressed as g water retained/g 
sample.

To study the effect of pH on water rentention capacity (WRC), 
similar experiments were carried out. However, slurries were made 
with commercial buffers (pH 2 to 10) standardized vs reference ma
terials from the National Bureau of Standards. The pH of each slurry 
was checked with a pH meter prior to centrifugation, and adjustments, 
if necessary, were made using 0.1N HC1 and/or 0.1N NaOH.

To study the effect of temperature on water retention, distilled 
deionized water at two different temperatures (4°C and 70°C) was 
used. In these experiments, a Beckman L5-65B Ultracentrifuge was 
used and the temperature of the centrifuge chamber was set to maintain 
the temperatures studied.

Corn oil retention capacity

The procedure for this test was similar to those described for water 
retention capacity. Using a glass rod, 2 g samples of powdered cel
lulose were mixed with 30 mL liquid com oil. This slurry was treated 
as outlined above. Results were expressed as g com oil retained/g 
sample.

Viscosity measurements

Solutions containing 1, 2, and 3% (w/v) cellulose were prepared 
by blending appropriate amounts of cellulose in distilled deionized 
water. An even dispersion was achieved with the aid of a Brookfield 
counter-rotating mixer. Viscosities of the slurries were then measured 
with a Brookfield digital viscometer (Model DV-1) fitted with spindle 
No. 1 at 60 rpm. All experiments were carried out at room temperature 
and results were expressed in cps.

To study the effect of powdered cellulose on viscosities of solutions 
containing low amounts of stabilizers, cellulose at 1, 2, and 3% (w/ 
v) was added to solutions containing 0.1%, 0.2%, and 0.3% (w/v) 
guar gum, carboxymethylcellulose (CMC), or xanthan gum. Apparent 
viscosities were measured at 6 to 60 rpm with a No. 1 spindle.

Statistical analysis

Analysis of variance on the data was made using the Multiple Com
parison Test. Significant differences (p < 0.05) among sample means 
were determined by the Tukey’s Test. A minimum of 6 duplicate runs 
were conducted on separate occasions.

RESULTS &  DISCUSSION 

Water and corn oil retention capacities

The data depicting the effect of fiber length on the WRC of 
powdered cellulose are presented in Fig. 1. Average fiber lengths 
were determined by staining cellulose fibers with “ C”  Stain 
(Graff, 1940) and then measured under a light microscope 
(Kluchnik, 1981). WRC was observed to increase with in
creasing fiber length. Eight fiber lengths were used (11, 17, 
22, 35, 50, 60, 110, and 290 microns). Depending on its fiber 
length, powdered cellulose retained about 4.0 to 10 times its
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Fig, 1 — Effect o f fiber length on the water and corn oil retention
capacities o f pow dered cellulose, ■---------■ water; • ------- •  corn
oil.

Fig. 3 - Effect o f 110-micron pow dered cellulose on the viscosity 
o f guar gum  solutions. 9  0.1% Guar; ■  0.2% Guar; EiO.3% Guar.

i i
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Fig. 2 - Effect o f pH  on the water retention properties o f pow 
dered cellulose. |g---------m 22 micron; «— * 60 micron; ■ ............■
110 micron; • ------ •  290 micron.

Table 1 -Viscosities of powdered cellulose suspended in water 
. iBnath _______ Concentration of cellulose (% w/v)

of cellulose (g) 0 1 2 3
35 1.0» 0.8, 1.0* 0.7*
60 1.0* 1.5* 1.3» 1.5*
110 1.0* 5.0» 10.4' 27.3d
*'d Means having the same superscript do not differ significantly (p < 0.05).

weight in water. Two plateaus were observed in Fig. 1. The 
WRC of cellulose with fiber lengths greater than 110 microns 
did not vary as much as those with fiber lengths between 35 
and 100 microns. Below 35 microns, WRC was also less de
pendent on fiber length.

A similar pattern was obtained when water was substituted 
with liquid corn oil (Fig. 1). However, retention capacities for 
corn oil were generally lower than those for water. Powdered 
cellulose with fiber lengths between 22 and 290 microns re
tained only about 2.5 to 8.5 times its weight in corn oil.

Cadden (1987) reported that decreasing the particle size of 
certain fibrous ingredients, such as wheat bran, decreased their 
WRC. However, other fibers including oat bran and micro
crystalline cellulose also reported demonstrated higher WRC 
when their particle sizes were reduced. Figure 1 indicates that

the WRC of powdered cellulose was more similar to those of 
wheat bran. The data also demonstrate the importance of phys
ical structure on WRC. Cellulose is a porous fiber and if this 
fiber matrix is altered, its water imbibing properties would be 
affected. Since powdered cellulose is a mixture of amorphous 
(30%) and crystalline cellulose (70%) (Penner, 1989), a sub
stantial portion of the fiber exists in the porous matrix form. 
On the other hand, microcrystalline cellulose is comprised of 
mostly crystalline cellulose (more than 80%). Therefore the 
role of this porous matrix in WRC for microcrystalline cellu
lose is not as important.

Effects of pH and temperature on W R C

The effect of pH on WRC is shown in Fig. 2. Cellulose 
with various fiber lengths was analyzed, but for the sake of 
clarity, only 4 fiber lengths are reported, i.e. 22, 60, 110, 290 
microns. Data obtained suggested that pH had a small effect 
on WRC. Powdered cellulose was observed to retain more 
water at higher pH. In addition, the effect of pH on WRC was 
greater in cellulese with longer fiber lengths. Parrott and Thrall 
(1978) reported that the WRC of a 120-micron powdered cel
lulose was unaffected by pH. In addition, they reported that 
cellulose with a fiber length of about 40 microns exhibited 
maximum and minimum WRC at specific pH values. Results 
in Fig. 2 did not confirm the findings of Parrott and Thrall 
(1978). We also observed that within the range 4 to 70°C, 
temperature had no significant effect on WRC (data not shown).

Viscosity

With the exception of cellulose with a 110-micron fiber length, 
powdered cellulose did not appear to have thickening proper
ties when suspended in water (Table 1). The viscosities of 
suspensions containing a 110-micron cellulose fiber increased 
significantly with increasing cellulose concentrations. With a 
1% suspension, viscosity was magnified 5-fold, while in a 3% 
suspension viscosity increased about 27 times. However, we 
observed that, upon setting without agitation, the cellulose fi
bers settled out of suspension. Therefore, we concluded that 
over a long period of time, the use of other stabilizers was 
needed to hold cellulose fibers in suspension.

The effect of this 110-micron cellulose on viscosity was 
further investigated in solutions containing low amounts of 
conventional stabilizers. Results depicting the effect of this 
fiber on solutions containing guar gum (Fig. 3), CMC, (Fig.
4), and xanthan gum (Fig. 5) are shown. In all cases, solution
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PROPERTIES OF POWDERED CELLULOSE. . .

Fig. 4 - Effect o f 1 1O-micron pow dered cellulose on the viscosity Fig. 5 —Effect o f 110-micron pow dered cellulose on the viscosity
o f CMC solutions. S3 0.1% CMC; ■ 0.2% CMC; £30.3% CMC. o f xanthan gum  solutions. H 0.1% Xanthan; UO.2% Xanthan; 0

0.3% Xanthan.

viscosities were significantly increased by addition of this 110- 
micron cellulose. The viscosity for 3% cellulose in 0.3% xan
than solution was not reported since the resulting viscosity was 
in excess of the measurable range.

Data suggest that the use of thickening agents in combina
tion with this cellulose fiber may act synergistically, increasing 
viscosity in a nonlinear manner. These findings are interesting 
since no previous research relating the effect of powdered cel
lulose on solution viscosity has been reported.
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Rheological Changes in Oatmeal Suspensions 
During Heat Treatment

KATARINA WIKSTROM JANSSON and LENNART LINDAHL

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

Two amylases from fungal and bacterial source were added to oatmeal 
suspensions in concentrations varying from 0.0125 to 0.64%. Changes 
in viscosity, phase angle and elastic modulus during heating were 
followed together with sedimentation and flow properties. The com
plete pasting behavior could be followed without sedimentation prob
lems. The hydrocolloidal properties of (3-glucans appeared to be 
important. The bacteria/enzyme reduced peak viscosity much more 
rapidly than the Fungamyl enzyme at low concentrations. The flow 
properties of a Fungamyl treated oat meal suspension with the peak 
viscosity reduced > 90% were pseudoplastic.

Key Words: rheology, oatmeal suspensions, viscosity, sedimentation, 
enzymes, amylase

IN T R O D U C T IO N

THE COMPOSITION and nutritional value of oats indicate 
that it is a food substance of great importance (Lockhart and 
Hurt, 1986). The reports on lowering of blood cholesterol level 
combined with a more stable glucose level are of special in
terest. Those benefits are reported to be a result of the high 
fiber content of (3-glucans (cf. Malkki et al., 1990). A cereal 
with such advantages needs to be further characterized in order 
to facilitate increased human consumption. The utilization of 
food oats is dominated by rolled oat flakes and whole oatmeal. 
Oats are also used as animal feed, which accounts for over 
90% of the harvest in e.g. Sweden and the United States.

The purpose of our study was to follow the rheological changes 
which occur in an oatmeal suspension during heating. Few 
fundamental rheological measurements on oats are published. 
The equipment most frequently used, the amylograph, registers 
the resistance to shear in Brabender Units, BU, which is not 
a standard viscosity unit (Atwell, 1986). Direct comparisons 
of viscosity in appropriate terms with other polysaccharide or 
polymeric liquids could be valuable.

A dry matter content of 15 to 20% whole oat flour was 
chosen to simulate a level used in industrial processes, such 
as gruel production. The parameters were chosen to simulate 
fast heat treatment of an oatmeal suspension such as that which 
occurs in a scraped surface heat exchange. In earlier studies, 
lower concentrations of purified starch or preheated starch sus
pensions’ were used above gelatinization temperature before 
rheological measurements began (Evans and Haisman, 1979; 
Bagley and Christianson, 1982).

Addition of a-amylase enzymes to the oat meal suspensions 
was also studied. High dry matter content was achieved with 
an acceptable increase of viscosity in the oat meal suspension 
during heating. The type and behaviour of the amylase is very 
important for the resulting breakdown of oat starch into smaller 
carbohydrates and ensuing rheological changes (Lindahl, 1989). 
A suitable a-amylase combined with desired rheological changes 
also may contribute to the natural sweetening of the food.

Oscillatory measurements during heating of an oatmeal sus
pension were also used in our study in order to determine the

Author Jansson is with the Dept, o f Food Engineering and A u
thor Lindahl is with the Dept, o f Food Technology, Univ. of 
Lund, P.O.B. 124, 5-221 00 Lund, Sweden.

viscosity with very small deformations. This has the benefit 
of being nondestructive to the gel when small amplitudes are 
used. Such results have been reported for pure starch suspen
sions from samples other than oats (Eliasson, 1986).

MATERIALS &  M ETH OD S

Oatmeal
Oatmeal composed of Swedish oat varieties for commercial use was 

supplied by Kungsörnen AB, Järna, Sweden. The oat kernels were 
treated by allowing them to descend slowly through a tower (Darre/ 
Granotherm, Btihler, Switzerland). At the top of the tower the oats 
were treated with directly injected steam at 100°C to inactivate lipid 
oxidizing enzymes. After 1 hr of passage through the tower the kernels 
were cooled to room temperature. Before the kernels were rolled to 
flakes, they were treated again with steam to soften them. The flakes 
were then ground to oatmeal. Chemical analyses provided by the 
Swedish Cereal Laboratory gave a composition of 12.2% protein 
(AOAC, 1980), 71.6% starch (Äman et al., 1989), 8.3% fat (OJEC, 
1982), 6.5% damaged starch (AACC, 1960), and 1.7% sugars (method 
developed by the Swedish Cereal Laboratory). In house assays using 
standard methods resulted in: 2.0% ash (AACC, 1960) and 9.4% 
moisture (AOAC, 1980).

Enzymes

The a-amylases were purchased from Novo Industry Enzyme Di
vision, Denmark. Amylases of fungi and bacterial origin were used. 
Fungamyl 800 L is a purified fungal a-amylase produced from a 
selected strain of Aspergillus oryzae. Optimum temperature was 55°C. 
The residual activity of this enzyme is close to zero after 15 min at 
70°C. BAN 120 L is a bacterial a-amylase produced by submerged 
fermentation of a selected strain of Bacillus subtilis. The optimum 
relative activity temperature is 72°C. Its residual activity is 95% after 
15 min at 70°C.

Sample preparation

Suspensions of oatmeal were prepared from 15 to 20% (w/w) with 
tap water at room temperature (22.5 ± 1°C). The oatmeal/water sus
pensions (30 mL) were held at 50°C while stirring for 5 min before 
being poured intc the measuring cylinder of the rheometer. All ad
ditions of amylases were done into 20% (w/w) oat meal/water mix
tures. The bacterial amylase (BAN 120 L) was added from 0.025% 
to 0.42% of the total sample weight and the fungi amylase (FUN
GAMYL 800 L) from 0.025% to 0.64%.

The Fungamyl enzyme was added prior to and the BAN enzyme 
was added after the oatmeal suspensions were warmed. For compar
ison, experiments were carried out with the addition of the Fungamyl 
enzyme after the oatmeal suspensions were warmed. The separate 
addition of the amylases was due to their different temperature optima, 
55°C for the fungal and 72°C for bacterial amylases. Activity exper
iments were carried out using 0.1% BAN enzyme. The enzyme was 
heated at 95°C for 10 min and then added to a 20% oatmeal suspen
sion. Viscosity was measured in the rheometer.

Differential scanning calorimetry (DSC)

A Perkin Elmer DSC II calorimeter was used for determination of 
thermal transition enthalpies. The samples were weighed into DSC 
aluminium pans and mixed at a ratio of 1:4 (oatmeal to water, w/w). 
After sealing the pans, they were heated from 22 to 102°C at 10°C/ 
min. An empty pan was used as reference.
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Rheological measurements

The rheological properties were analyzed in the Bohlin Rheometer 
System (Bohlin Reologi AB, Lund, Sweden). A wide-gap concentric- 
cylinder system, (i.e. with a ratio between the radii of the inner and 
the outer cylinders less than 0.97) was used; the outer cylinder rotated 
during measurements (Barnes et al., 1989). The inner cylinder had a 
conical bottom with an angle of 150°.

Viscosity measurements below pasting temperature. A wide-gap 
system with ratio between radii of the inner and outer cylinders of 
0.51 was used with a sample volume of 30 mL. The viscosity was 
measured at a fixed shear rate, 1.72 sec-1. The measurements were 
done on a 20% oatmeal suspension without added enzyme. The tem
perature was held constant at 22°C. Viscosity was measured contin
uously for 3‘/2 hr, then the sample was resuspended and the viscosity 
measured for an additional 15 min. For comparison a similar exper
iment was carried out at 50°C in which viscosity was measured con
tinuously for more than 1 hr.

Viscosity measurements during pasting. A wide-gap system with 
a ratio between the radii of the inner and outer cylinders of 0.51 was 
used with a sample volume of 30 mL. The viscosity was measured at 
a fixed shear rate, 1.72 sec-1. The rheological equipment was warmed 
to 60°C before measurement began. During measurements the tem
perature was increased from 60 to 90°C, held at 90°C for 10 min, and 
then decreased to 30°C (Wikstrom Jansson, 1990). The temperature 
gradient was 6°C/min, the maximum capacity of the equipment. The 
viscosity was measured continuously.

Oscillatory measurements. The oscillatory measurements were 
performed using a wide-gap system with a ratio between the radii of 
the inner and outer cylinders of 0.91 on a 20% oatmeal suspension 
without added amylase. A sample volume of 15 mL was used. The 
frequency was 0.5 Hz at a strain of 8 • 10-3. The viscosity was 
calculated from the relation

G"
T] = —

U)

where G" is the loss modulus and w is the frequency in rad/sec. The 
phase angle, 8, was calculated by the equation

G"
tan 8 = —

G'

where G' is the elastic modulus. The temperature was increased from 
52°C to 90°C at 6°C/min and held at 90°C for 10 min.

Flow behavior. A wide-gap system with a ratio between the radii 
of the inner and outer cylinders of 0.51 was used with a sample 
volume of 30 mL. The viscosity was measured during an increase of 
the shear rate from 6.86 • 10-2 sec-1 to 1.72T02 sec-1, while the 
temperature was held constant at 60°C. The measurements were car
ried out on a pregelatinized 20% oatmeal suspension with 0.2% Fun- 
gamyl added. Other conditions were the same as those used in viscosity 
measurements.

RESULTS &  DISCUSSION 

DSC measurements

The initial gelatinization temperature, Ti; and the gelatini- 
zation temperature, T„, of oatmeal suspensions were deter
mined to be 53 .2±0.8  and 60.1±0.6°C, respectively, in the 
DSC measurements. Published values are: gelatinization and 
pasting temperatures varying between 53-72°C for pure oat 
starches (Gudmundsson and Eliasson, 1989; Paton, 1977; 
Lineback 1984). According to Donovan (1979), the gelatini
zation temperature is defined as the phase transition from order 
to disorder in the starch granule. This phase transition is en
dothermic and the heat uptake is registered during DSC mea
surements. On the other hand, the pasting temperature can be 
defined as the temperature at which the flow properties of the 
starch suspension change drastically as the suspension becomes 
a dispersion of swollen granules in a continuous matrix of 
predominantly amylose (Zobel, 1984). The initial pasting tem
perature registered in an Amylograph (Brabender) is generally 
somewhat higher than the gelatinization temperature registered 
by DSC. The gelatinization temperature can also differ be
tween pure starches and flour, as has been shown for wheat 
(Eliasson, 1980). Both the protein content and the rather high

Time (min)
Fig. 1 -  Change in viscosity with time in a 20% oatm eal suspen
sion at (a) 22°C and (b) 50°C with a constant shear rate o f 1. 72 
sec~’. Arrow indicates break in m easurem ent where sample was 
carefully resuspended.

fat level in oatmeal can influence gelatinization temperature. 
The amount of damaged starch is also of importance (Stevens, 
1971). Differences in water content between the DSC samples, 
75% (w/w) water and rheological analyses, 80-85% (w/w), 
should not have affected the results (Eliasson, 1980; Donovan,
1979).

The influence of pregelatinized starch must also be consid
ered when the oatmeal is prepared from oat flakes. Several 
different methods can be used to analyze the amount of pre
gelatinized starch. However, the DSC measurements seem to 
give the highest values for pregelatinized starch in a compar
ative study of analysis methods (Mahnke et al., 1989). Analy
sis of relative gelatinization enthalpy of the oatmeal compared 
to untreated oat kernels indicated a pregelatinization of 20% 
starch. This value has also been reported in DSC measurements 
of commercially prepared oat flakes by Mahnke et al. (1989).

Rheological measurements

Viscosity measurements below pasting temperature. The
aim of the experiment was to observe any gradual decrease in 
viscosity with time which would indicate sedimentation. The 
enzymes, amylase and glucanase, that might interfere with 
such an observation were inactivated during the preserving heat 
treatment of the flour. The results from the measurements are 
shown in Fig. 1. At 22°C a slow increase in viscosity with 
time was registered. After 3% hr the rheometer was stopped 
for 4 min and the sample was carefully resuspended. After 
resuspension the viscosity continued to increase very slowly, 
3% during 15 min. The increase in viscosity was hypothesized 
to have two causes: early swelling of pregelatinized starch, 
and leakage and swelling of (3-D-glucans. At 50°C the slope 
of the curve was higher. This could be explained by an in
creased leakage of (3-glucans at increased temperatures (Wood 
et al., 1978). At 50°C, “ cold swelling”  of the damaged starch 
granules could also be of importance (Lindahl, 1989). Since 
no viscosity decrease with time was observed and no sudden 
viscosity increase occurred after resuspension we concluded 
that sedimentation did not occur.

Flow behavior. The shear sweep was carried out at 60°C 
on a pregelatinized 20% oatmeal suspension treated with 0.2% 
Fungamyl. This sample was chosen for two reasons. The Fun- 
gamyl enzyme was completely deactivated during the pasting 
cycle and could not interfere with the results. Second, with 
0.2% Fungamyl enzyme added the peak viscosity was reduced

1686-JOURNAL OF FOOD SCIENCE-Volume 56, No. 6, 1991



2

o>o

1

0

-1
- 2 - 1 0 1 2 3 Concentration (w/w %)

log shear rate
Fig. 2 -Log-log plot o f shear stress as a function o f shear rate 
o f a pregelatinized 20% oatm eal suspension treated with 0.2% 
Fungamyi at 60°C. The shear rate varied betw een 6.86 ■ 10-2 
s e c - ’ and 1.72 ■ 102 s e c - ’.

Time (sec)

Fig. 3 -P a stin g  behavior o f (a) 15%, (b) 17.5%, (c) 20% oatmeal 
suspension during heating cycle from 60 to 90°C, constant tem 
perature 10 min, then cooling.

Fig. 4 — Changes in peak viscosity with oatm eal concentration. 
Concentration interval = 15-20% oatmeal.

log Enzyme concentration (%)
Fig. 5 - A log-log plot o f the peak viscosity as a function o f in
creasing enzym e content in a 20% oatm eal suspension. •  Fun
gam yi added before preheating; A BAN added after preheating; 
□ Fungamyi added after preheating; x  0.1% BAN heated  for 10 
min at 95°C.

over 90%. Larger enzyme additions caused only minor changes 
in peak value. The suspension had a pseudoplastic behavior, 
which can be seen in Fig. 2, where the log-log relationship 
between the shear stress, t ,  as a function of the shear rate, -y, 
is illustrated. When -y is between 0.069 and 68.68 sec-1 the 
curve is well described (r2 > 0.99) by the power law equation

t  =  K  • y"
where the material constant K = 0.65 and the power law 
coefficient n = 0.65. When-y > 68.6 sec-1 there is a flattening 
of the curve, which may be caused by wall slip.

Pasting behavior for pure oatmeal suspensions. The past
ing behavior for 15, 17.5 and 20% oatmeal suspensions is 
shown in Fig. 3. The viscosity peak occurred after 17 min. 
Increased concentration gave an earlier rise in viscosity and 
higher peak values. The peak values indicated that a majority 
of the starch granules had gelatinized. A susceptibility to shear 
and a development of high set-back values during cooling has 
been reported for many pure oat starch pastes (Paton, 1977; 
MacArthur and D’Appolonia, 1979). This could not be verified 
with the measuring technique used. All samples in the range 
15-20% oatmeal had similar profiles, and differed only in peak 
value (Fig. 4). The relationship between peak value and oat

meal concentration was near linear in the given range (R2 > 
0.99). This indicated predictable behavior of suspensions of 
this particular oatmeal in that concentration range. The gela- 
tinization process and the resulting gel formation were inde
pendent of the true water content but also indicated limitations 
for practical purposes with fast increasing viscosity values.

Addition of amylases. Figure 5 shows the dependence of 
peak viscosity values on the amount of amylase (BAN 120L 
or Fungamyi 800L) added to a 20% oatmeal suspension. Whether 
the addition of Fungamyi 800L was done before or after the 
oatmeal suspensions were heated did not affect the peak val
ues. This was due to the fact that the preheating temperature 
was 50°C, i.e. below the initial gelatinization temperature of 
the native starch. However, if the degree of pregelatinization, 
measured by DSC, was as much as 20%, then differences in 
initial viscosity values would occur. This could not be con
firmed. The ungelatinized starch granules were inaccessible to 
the Fungamyi amylase. Undamaged starch granules must be 
exposed to an amylase for a few hours before any hydrolytic 
effects are observed (Kuracina et al., 1987). The activity ex
periment was carried out because BAN is a thermostable am
ylase. This could be a disadvantage, as residual activity after 
the heat treatment would allow hydrolysis to continue. How-
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T a b l e  1 —  C a r b o h y d r a t e s ,  p e r c e n t  o f  d r y  s u b s t a n c e  i n  e n z y m e  t r e a t e d  o a t  m e a l  s u s p e n s i o n s

Enzyme
(%i

Saccharose
(%)

Maltose
(%)

Raffinose
(%)

Stachlose
<%)

Glucose
(%)

Fructose
(%)

Untreated suspension - 1.3 # 0.3 0.1 * #
BAN 120L 0.025 0.9 * 0.3 trace * *
BAN 120L 0.050 1.1 * 0.3 0.1 * *
BAN 120L 0.100 1.1 * 0.3 trace * *
BAN 120L 0.420 1.2 0.7 0.4 0.2 * #
Fungamyl 800L 0.100 1.3 3.4 0.6 0.2 0.1 0.03
Fungamyl 800L 0.160 1.2 5.0 0.6 0.2 0.2 0.03
Fungamyl 800L 0.640 1.1 11.4 0.7 trace 0.5 0.02
* Below detectable limit

Time (sec) Tlme (sec>

Fig. 6 —Pasting behavior o f a 20% oatm eal suspension with enzym e added. The sam ples were heated  6°C/min from 60°C to 90°C, 
held at constant temperature for 10 min, and then cooled. (A! Fungamyl additions: (aj 0%, (b) 0.025%, (c) 0.050%, (d) 0.075%, (e) 
0.2%. (B) BAN additions: (a) 0%, (b) 0.1% heated  for 10 min, (c) 0.05%, (d) 0.1 %, (e) 0.42%.

ever, heat treated 0.1% BAN enzyme solution had a residual 
activity comparable to less than 0.01% native BAN enzyme.

At small additions of enzyme much greater reductions in 
peak values for the BAN treated samples than for the Fungamyl 
treated ones were observed. This was due to their different 
temperature optima and also to differences in behavior. They 
were both endoamylases and hydrolyze 4-a-glucosidic link
ages in amylose and amylopectin, but they give different end- 
products (Table 1). The BAN enzyme hydrolyzes randomly 
and causes rapid reduction in the viscosity of the gelatinized 
starch. The end-products are mainly dextrins of varying chain 
lengths. The Fungamyl enzyme appears to work more specif
ically, since it does not give rise to rapid reduction in viscosity. 
The end-products contain large amounts of maltose and small 
amounts of glucose and fructose. An interesting observance 
was that the oatmeal suspensions treated with small additions 
of Fungamyl (0.025-0.075%) had an earlier increase in vis
cosity with increasing addition relative to the untreated sample 
(Fig 6a).This was not the case with the BAN enzyme (Fig. 
6b). This indicated that small additions of the Fungamyl en
zyme facilitated the gelation process. When the starch granules 
are heated, they start to swell and the amylopectin crystallite 
structure starts to break up. The liberated side chains of amy
lopectin become hydrated and start to swell (French, 1984). 
The Fungamyl enzymes might then hydrolyze these side chains 
and facilitate diffusion of amylose out of the granule and water 
diffusion into the granule. This could explain the early vis
cosity rise.

Oscillation test. The oscillation measurement in Fig. 7 shows 
the continuous increase of viscosity in an oatmeal suspension 
during heat treatment. The strains used were probably not de
structive to the starch gel in the oatmeal suspension which 
resulted in a much higher peak value for viscosity, 800 Pas. 
This, in combination with a test volume of 15 mL (half the 
volume used in viscosity measurements), gave an earlier max
imum value for the gelatinization peak. However, the most

200 400 600 800

time (sec)

Fig. 7 -O scillation m easurem ents perform ed on a 20% oatm eal 
suspension. Changes in temperature (a), phase angle (b), vis
cosity fc), and elastic m odulus (d) are p lo tted  versus time. The 
temperature was increased from 52°C to 90°C and held at 90°C 
for 10 mm.

valuable information during the gelatinization process was de
rived from values of the phase angle. The initial phase angle 
value of about 35° was in agreement with a slightly overmixed 
bread dough (Lindahl and Eliasson, 1991). But in our system 
no gluten proteins were available, and continuous viscoelastic 
gluten phase as occurs in wheat flour could not form. How
ever, the water hydration capacity of the oat proteins was sim
ilar or even greater than that of wheat gluten (Quinn and Paton,
1979). The continuous phase in the oatmeal was therefore de
pendent on this water-binding capacity in the proteins, com
bined with the immediate swelling of pregelatinized starch. It 
also depended on swelling of the p-glucans, and to a lesser 
extent on the cold-swelling of damaged starch at the initial 
temperature of 52°C. When the gelatinization really begins,
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there is an increase of 10 degrees in phase angle. This indicates 
a lower ordered structure which is a result of the temporary 
disorder occurring in the first minutes of gelatinization. The 
peak viscosity indicates gelatinization of a majority of the starch 
granules, which leads to a new and more rigid structure in the 
system. Phase angle values below 10 degrees at 90°C confirm 
this explanation.

CONCLUSIONS
RHEOLOGICAL EXPERIMENTS have been carried out on 
whole flour instead of pure starch. This is of interest for in
dustrial applications where whole flour is part of the production 
of different foodstuffs such as gruels for infants and adults. 
Complete pasting behavior of 15—20% oatmeal suspensions 
could be followed in the rheometer. Sedimentation, usually a 
problem in fundamental rheological measurements of pure un
gelatinized starch suspensions, did not occur in spite of low 
shear rates. Very likely the hydrocolloidal properties of the (3- 
D-glucans together with the pregelatinized starch were impor
tant in this. These properties could be very useful in further 
rheological characterization of starch suspensions during ge
latinization. How peak viscosity is affected by changes in con
centration during gelatinization of the oatmeal suspensions is 
of industrial importance. In pumping, drying or storing of 
products it is of economical interest to have the highest con
centration possible. Viscosity is a limiting factor. Treatment 
with amylases to lower viscosity makes it possible to increase 
the concentrations. Different enzymes give different results in 
viscosity and sweetness, enabling production of several dif
ferent products for use as soups, grains, gruels, drinks, etc.
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Viability and Performance of Pure Yeast Strains in Frozen
Wheat Dough

R. BAGUENA, M.D. SORIANO, M.A. MARTiNEZ-ANAYA, and C. BENEDITO DE BARBER

----------------------- A B S T R A C T ------------------------
Freezing and subsequent storage of wheat doughs containing Saccha
romyces cerevisiae, S. fructuum  or Candida boidinii after undergoing 
a bulk fermentation step, reduced the viability of yeasts, depending 
on the species. Freezing and storage of doughs without bulk fermen
tation had no effect on viability. Gassing power was affected most by 
frozen storage, depending on storage time and species. Changes in 
acidification capability were small, and only significant for total ti- 
tratable acidity. Changes in sugars and leavening were closely related. 
Results showed that the use of less active yeast species (S. fructuum), 
with high freezing tolerance in frozen dough processes would be of 
practical interest.

Key Words: Yeast, strains, wheat, dough, viability, freezing

INTRODUCTION
TRADITIONALLY, breadmaking has been a time-consuming 
process, in which most of the work must be done at night. 
This fact, along with need for lower labor costs and greater 
market areas, has led bakers to use new technologies and de
velop new breadmaking methods. Lately numerous procedures 
for refrigerating or freezing bread doughs have been developed 
and become widespread to other baked goods in many coun
tries. However, the application of low temperatures in dough
making presents problems, many of which remain unsolved. 
Usually, frozen doughs show variable performance after thaw
ing. Considerable effort has been made to establish quality 
parameters affecting frozen doughs. Important advances have 
been attained through a careful study of dough formulation, 
yeast characteristics, fermentation period before freezing, and 
freezing-thawing rates. In practice, most of these parameters 
are interrelated and their importance is not fully understood 
(Wolt and D’Appolonia, 1984).

Yeast is a very widely studied subject (Holmes and Hose- 
ney, 1984; Taguchi et al., 1975; Hino et al., 1987). How to 
maintain the viability and gassing power of frozen yeasts has 
proved to be the most important problem in the freezing of 
dough. Both yeast cell viability and fermentative activity are 
drastically affected by the freezing-thawing cycle (Hsu et al., 
1979; Maitre and Calvel, 1985), the overall effect depending 
on the species and strains of yeast (Oda et al., 1986; Hino et 
al., 1987).

Several factors influence yeast performance in frozen doughs, 
such as cell age, protein and sugar contents of cells and yeast 
stability. There is disagreement concerning the effect of cell 
age on freezing damage in frozen doughs (Maitre and Calvel, 
1985; Lloyd, 1980). Some authors recommended freezing 
( -  150°C) (Nourigeon, 1983) or refrigerating ( + 4°C) (Tanaka 
et al., 1980; Hsu et al., 1979) the yeast before its addition to 
the dough. Those treatments increased freeze-tolerance of yeasts. 
Prestoring the yeast at +4°C delays yeast budding, preventing 
growth and decreasing sensitivity to freezing. Protein and sugar 
contents of yeast cells appear to be directly related to gassing 
power and viability, respectively (Hsu et al., 1979; Oda et al.,

The authors are affiliated with Laboratorio de Cereales. Instituto 
de Agroquimica y Tecnología de Alimentos fCSIC), C/Jaime Roig, 
11. E-46010, Valencia, España.

1986; Tanaka et al., 1980). Yeast protein content over 57% 
was associated with good performance after freezing (Hsu et 
al., 1979), whereas high levels of trehalose stabilized mem
brane cell lipids and reduced rehydration (Oda et al., 1986; 
Tanaka et al., 1980).

Yeast stability in frozen doughs was inversely related to the 
time of active fermentation undergone by yeast before freezing 
(Oda et al., 1986; Hino et al., 1987; Briimmer, 1984). This 
is considered the most decisive factor in frozen dough stability 
(Hino et al., 1987; Pizzinato, 1979; Kline and Sugihara, 1969; 
Holmes and Hoseney, 1987). Metabolites, such as ethanol and 
other volatile compounds, formed during fermentation, nega
tively affect fermentative activity of living cells (Tanaka et al., 
1976; Hsu et al., 1979). Preparation of cool doughs (18-20°C), 
addition of yeast at the end of mixing, a reduction of proofing 
and/or an increase in yeast amount (5-6% flour basis) are some 
feasible solutions (Maitre and Calvel, 1985; Briimmer, 1984; 
Nourigeon, 1983).

As a result of the low ability of commercial baker’s yeast 
to withstand subfreezing temperatures, studies aimed at de
velopment of new freeze-tolerant yeast strains for breadmaking 
have been reported (Nakatomi et al., 1985; Uno et al., 1987; 
Oda et al., 1986; Hino et al., 1987). The objective of our 
study was to determine the influence of dough freezing and 
storage time at freezing temperatures on viability and func
tional properties (fermentative and biochemical characteristics) 
of three species of yeasts isolated from wheat sourdoughs. It 
also provided useful information about the potential use of 
yeast strains other than S. cerevisiae for frozen doughs.

MATERIALS & METHODS
THREE STRAINS of pure yeasts: Candida boidinii (strain P-40), 
Saccharomyces cerevisiae (P-2), and S. fructuum  (P-7) isolated from 
wheat doughs (Barber et al., 1983; Barber and Baguena, 1988) were 
used. Details referring to microbial mass production and preservation 
have been described by Barber et al. (1989). Each yeast was individ
ually used for making wheat doughs. The basic formula of the dough 
consisted of lOOg wheat flour (moisture, 15.45%; water absorption 
(farinograph), 52.9%; specific deformation work (alveograph), 135 
(x  103 ergs); P/L (tenacity/extensibility ratio (alveograph)), 0.31);
54.6 mL water; lg  glucose; 2g salt and 4g yeast (75% moisture). One 
kg flour was mixed in a Hobart mixer (n-50, ML-337) for 18 min. 
Dough temperature, after mixing, was 25 ± 1°C.

A portion of each dough was divided into 30 g pieces and frozen 
at -  18°C (NBFD). The remaining dough was allowed to ferment 
(bulk fermentation) in a fermentation cabinet (National Mfg, Co. Lin
coln, NE, mod. 505/55/2/3) at 28°C and 85% relative humidity (RH) 
to a volume increase (A V) of 1.8 its original size. Then it was divided 
into 30 g pieces and frozen as described above (BFD). Unfrozen 
doughs (UFD) were prepared in the same manner and used as control. 
Frozen doughs were stored at -  18°C for periods of 1, 7 and 30 days, 
after which samples were thawed in a proofing chamber (28°C, 75- 
85% RH) until they reached a temperature of 25°C in the center of 
the piece. Thawed and unfrozen doughs were assayed for viability 
and fermentative activity.

Viable cell counts

Viable yeast cells were determined just before freezing and after 
thawing by the plate count method with Sabouraud dextrose agar (Har-
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Table 1 -  Effect of freezing and storage at -18°C on the viability ( x  10a
cfu/g dough ww) of pure yeasts

Yeasts

Frozen
storage
(days)

Bulk fermentation
Without
(NBFD)0 With (BFD)0

S .  f r u c t u u m 0 (UFD)0 4.85±0.21b 13.00±0.87
1 8.86±0.31 40.10 + 2.04
7 2.30± 1.30 13.80±2.01

30 11.20 ±0.21 1.04±0.17
S .  c e r e v i s i a e 0 (UFD) 1.54±0.28 15.40 ±3.99

1 1.83±0.19 4.13 ± 1.52
7 0.75 + 0.11 1.30±0.17
30 1.22 ±0.07 0.21 ±0.01

C .  b o i n i n i i 0 (UFD) 1.82 + 0.32 1.52±0.12
1 0.17 + 0.05 0.46 ±0.03
7 5.40±0.56 0.44±0.01

30 1.19±0.06 0.46 ±0.03
0 UFD = unfrozen dough; NBFD = dough without bulk fermentation; BFD = dough 

after 1 hr bulk fermentation. 
b standard deviation.

rigan and McCance, 1979). Plates were incubated at 30°C and colonies 
counted after 72 hr.

Fermentative activity

Gassing power, pH and total titratable acidity (TTA) evaluations 
were carried out by previously described procedures (Barber et al., 
1983; 1988) and recorded during 3 hr.

Acetic acid

Acetic acid contents of doughs were measured by enzymatic meth
ods as reported by Martinez-Anaya et al. (1989). Reagents for en
zymatic analysis were purchased from Boehringer Mannheim S.A. 
Biochemicals, Barcelona, España.

Chromatographic analysis of sugars

Mono- and disaccharides were determined as methylsilyl deriva
tives by capillary gas chromatography (Martinez-Anaya et al., 1989). 
Chemicals used were from Sigma Chemical Co., St. Louis, Mo.

Statistical analysis

Statistical data analysis was carried out on a Microvax II (VMS/ 
VAX) computer (Digital Equipment Co., Maynard, MA) by using the 
statistical package BMDP (analysis of variance 7D, 2V). Interactions 
among operative factors were determined.

RESULTS & DISCUSSION 
Yeast cell viability

Freshly mixed UFD gave viable cell counts of similar mag
nitude for the three yeasts. Values ranged from 1.54 x 10s 
colony forming units (CFU)/g dough wet weight (ww) for S. 
cerevisiae to 4.85 x 10s CFU/g for S. fructuum (Table 1). 
Freezing and storage of doughs at -  18°C without bulk fer
mentation (NBFD) for 30 days did not significantly influence 
the viability of yeasts. Viable cell counts after thawing were 
of the same order as those of UFD (Table 1).

During bulk dough fermentation up to 1.8 times its volume, 
yeast cell number increased (P<0.05) to 1.3 x 109 CFU/g 
and 1.54 x 1C9 CFU/g for 5. fructuum and S. cerevisiae, 
respectively, whereas C. boidinii did not propagate (Table 1). 
Freezing and subsequent storage of BFD resulted in a decrease 
in survival of yeast, which depended on the species. C. boidinii 
was more sensitive to the freezing process than to storage; the 
effect was evident after 1 day storage, and no further changes 
were noticeable up to 30 days. S. fructuum was not influenced 
by freezing nor storage time up to 7 days; after 30 days a

mL gas/g yeast dry wt x 3 hr ppm, dough dry wt
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Fig. 7 — Effect o f dough freezing and storage at -18°C  on gas
sing power during fermentation o f doughs made with pure yeasts; 
(a) doughs frozen without bulk fermentation (NBFD); (b) doughs 
frozen after bulk fermentation (BFD); 0*: unfrozen dough (UFD). 
(-i----- F = deviation from mean).

s to ra g e  tim e, d a ys
Fig. 2 —Effect o f dough freezing and storage at -  18°C on acetic 
acid contents after fermentation o f doughs m ade with pure 
yeasts; (a) doughs frozen without bulk fermentation (NBFD); (b) 
doughs frozen after bulk fermentation (BFD); 0*: unfrozen dough 
(UFD). (+ -  + = deviation from mean).
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Fig. 3 —Effect o f dough freezing and storage at -18°C  on the evolution o f sugars during fermentation o f doughs m ade with pure 
yeasts; (a) doughs frozen without bulk fermentation (NBFD); (b) doughs frozen after bulk fermentation (BFD); 0*: unfrozen dough 
(UFD). f-t----- 1- = deviation from mean).

decrease (P<0.05) in viability was noticed. Viability of S. 
cerevisiae was affected (P<0.05) by both the freezing process 
and storage time. After 30 days storage, survival rates were 
2.12 x 107 CFU/g. This confirmed the importance of dough

fermentation before freezing on yeast viability as pointed out 
by others (Hino et al., 1987; Wolt and D’Appolonia, 1984; 
Godking and Cathcard, 1949). However, the effect was de
pendent on the yeast species.
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Table 2 -■Influence of dough freezing and storage at -  18°C on pH‘ developed during fermentation of doughs made with pure yeasts

Frozen
storage
(days)

Bulk ferm entation

W ithout (NBFD)» W ith (BFD)»
Y e asts pH 1 pH 2 pH 1 pH 2

S. fructuum 0 (U FD )b 5 .5 6 ± 0 .0 6 c 5.40 ± 0 .0 3 5.61 ± 0 .0 2 5.43 ± 0 .0 2
1 5 .5 5 ± 0 .0 3 5.47 ± 0 .0 3 4 .49  ± 0 .0 5 5 .36 ± 0 .0 1
7 5.72 + 0.02 5.56 + 0.03 5.47 ± 0 .0 2 5 .48 ± 0 .0 1

30 5.59 ± 0 .0 3 5.39 ± 0 .0 3 5.62 ± 0 .0 4 5 .5 3 ± 0 .0 2
S. cerevisiae 0 (UFD) 5.44 + 0.03 5 .2 0 ± 0 .0 2 5.27 ±0.01 5 .2 9 ± 0 .0 4

1 5 .3 1 + 0 .0 1 5 .25 ± 0 .0 1 5.40 ± 0 .0 4 5.21 ±0.01
7 5.48 + 0.01 5.21 ±0.01 5.40 ± 0 .0 4 5.21 ± 0 .0 3

30 5 .4 7 ± 0 .0 2 5.30 ±0.01 5.33 + 0.03 5 .2 5 ± 0 .0 1
C. boininii 0 (UFD) 5.76 + 0.05 5 .3 5 ± 0 .0 3 5.43 ± 0 .0 2 5 .3 9 ± 0 .0 1

1 5.63 ± 0 .0 4 5 .45 ± 0 .0 1 5 .47 ± 0 .0 1 5.51 ±0.01
7 5.70 ± 0 .0 2 5.58 ± 0 .0 2 5 .5 4 ± 0 .0 2 5.44 ± 0 .0 2

30 5.70 ± 0 .0 2 5.58 ±0.01 5 .5 5 ± 0 .0 1 5 .5 0 ± 0 .0 2
8 pH 1 = immediately after thawing; pH 2 = after 3 hr fermentation at 30°C and 85% RH.
b UFD = unfrozen dough; NBFD = dough without bulk fermentation; BFD = dough after 1 hr bulk fermentation.
c Standard deviation.

Table 3 - in flu e n c e  o f  dough  freezing  a n d  sto ra g e  a t — 18°C on to ta l titratable aciditya-b (TTA) d evelo p ed  during ferm entation of d o ug hs m ad e with pure
yea sts

Bulk ferm entation

storage W ithout (N BFD )3 W ith (BFD )3
Y e asts (days) TTA1 T T A 2 TTA 1 T T A 2

S. fruc tuum 0 (U FD )' 5 .2 4 ± 0 .2 4 d 4,50 ± 0 .0 8 4.62 ±0.51 3.21 ±0.11
1 4.70 ± 0 .3 4 4.47 + 0.26 3.80 ± 0 .0 8 3 .4 4 ± 0 .0 5
7 4.19 ± 0 .1 2 3 .6 5 ± 0 .1 8 3 .74  ± 0 .3 4 3.58 ± 0 .3 3

30 3 .2 8 ± 0 .1 2 3 .1 8 ± 0 .1 2 3 .84  ± 0 .3 2 3 .9 9 ± 0 .1 6
S. cerevisiae 0 (UFD) 4 .34  ± 0 .0 9 3 .6 5 ± 0 .2 5 4 .5 4 ± 0 .2 7 3.45 ± 0 .0 6

1 4.69 ± 0 .0 8 3 .84  ± 0 .1 0 4 .25  ± 0 .0 3 3.96 ± 0 .1 0
7 5 .1 6 ± 0 .1 5 3 .9 8 ± 0 .2 9 3 .8 8 ± 0 .1 0 4.40 ± 0 .0 8

30 3 .8 5 ± 0 .1 6 4.48 ± 0 .0 8 4 .3 3 ± 0 .1 5 4.01 ± 0 .1 9
C. boininii 0 (UFD) 4.67 + 0.17 4.81 ±0.61 4.11 ± 0 .2 0 4 .3 8 ± 0 .2 1

1 4.40 ± 0 .3 9 4.51 + 0 .0 8 4.11 ± 0 .0 8 4.32 ±0.11
7 4.93 ± 0 .6 7 4 .30  ± 0 .1 8 4 .5 6 ± 0 .1 6 4 .39  ± 0 .2 3

30 5 .8 2 ± 0 .2 7 3 .9 9 ± 0 .2 0 3 .9 0 ± 0 .0 8 3 .9 2 ± 0 .1 2
8 mL 0.01 N NaOH/100 g dough ww.
b TTA1 = immediately after thawing; TTA2 = after 3 hr fermentation at 30°C and 85% RH. 
c UFD = unfrozen dough; NBFD = dough without bulk fermentation; BFD = dough after 1 hr bulk fermentation. 
d standard deviation.

Fermentative activity

Gassing power. As reported previously (Martinez-Anaya et 
al., 1989), S. cerevisiae was the most active yeast in UFD 
followed by S. fructuum and C. boidinii. Gas production after 
3 hr fermentation was 710 mL C 02/g dry yeast, 473 mL and 
337 mL, respectively, in UFD without bulk fermentation (Fig. 
la). UFD which underwent a bulk fermentation step gave lower 
gas volumes after 3 hr, but relative amounts produced by each 
yeast were maintained (Fig. lb). Those doughs underwent a 
longer total fermentation period (4-5 hr) than the former (3.5 
hr), and gas production decreased (P<0.05) mainly because 
of a lack of directly fermentable sugars (Fig. 3).

The freezing of NBFD caused a decrease (P<0.05) of 28% 
in gas production after 3 hr fermentation for thawed dough 
prepared with S. fructuum but not with S. cerevisiae nor C. 
boidinii (Fig. la). Storage at -  18°C up to 30 days did not 
result in further changes with S. fructuum but with the other 
two yeasts different trends were observed. C. boidinii showed 
a continuous loss of gassing power as storage time increased. 
Gas production ability of S. cerevisiae was not affected during 
short storage periods (7 days), but a drastic decrease (36%) 
was detected after 30 days storage (Fig. la).

When BFD was defrosted, the total gas produced after 3 hr 
fermentation was considerably lower than that of NBFD (Fig. 
la,b). S. cerevisiae was the species most stressed by bulk 
fermentation prior to freezing (Fig. lb). S. fructuum produced 
the highest amount of C 02 after 30 days of frozen storage. 
The loss of viability found for S. cerevisiae in BFD (Table 1) 
after 30 days storage could be responsible for the weakening 
of gassing power. However, other factors such as partial cell

damage and interference with metabolic mechanisms should 
also result in the yeast being unable to ferment sugars. This 
would affect its leavening ability during long storage times in 
NBFD.

Changes in pH and TTA. Changes in the pH of UFD 
during 3 hr fermentation were small for both doughs with and 
without a bulk fermentation stage for the three species tested 
(Table 2). S. cerevisiae reached the lowest pH (5.20) after 
fermentation, but C. boidinii underwent the greatest decrease 
(0.41) in the same time. Freezing and the subsequent storage 
of doughs did not have, in general, any effect (P<0.05) on 
the pH developed by thawed doughs during fermentation (NBFD 
and BFD).

Larger differences were detected in the TTA of doughs after 
freezing treatment. Although the magnitude of changes was 
small (Table 3), the differences were significant (P<0.05) in 
many cases. Yeasts showed different behaviour: S. cerevisiae 
tended to increase TTA after fermentation with the freezing 
and storage of doughs, in both samples, NBFD and BFD. C. 
boidinii showed an opposite tendency, and TTA decreased after 
treatments. Finally, for S. fructuum TTA was different de
pending on the degree of fermentation of doughs before freez
ing (Table 3). However, the overall practical significance of 
those changes was very small.

Biochemical Characteristics

Production of acetic acid. As small amounts of lactic acid 
were produced by the yeasts under study (Martinez-Anaya et 
al., 1989), only the production of acetic acid was measured.
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Levels of this acid after fermentation (3 hr) of UFD varied 
with the species. Doughs with S. cerevisiae contained 1012- 
1038 ppm (dry wt.) of acetic acid, C. boidinii, 941-959 ppm, 
and S. fructuum, 616-644 ppm, when unfermented and bulk 
fermented doughs, respectively, were considered (Fig. 2). This 
agreed with the findings reported by Martinez-Anaya et al.
(1989). Neither the freezing process nor the length of frozen 
storage modified the ability of S. cerevisiae to produce acetic 
acid during 3 hr fermentation (Fig. 2) of NBFD and BFD. C. 
boidinii and S. fructuum had a tendency to give slightly higher 
amounts of acetic acid after freezing, although this varied with 
period of storage. However, differences in acetic acid produc
tion between UFD and frozen doughs (NBFD and BFD) never 
exceeded 10%, and were not, in general, significant. These 
results were in agreement with those for pH and TTA of doughs.

Changes in individual sugars. Glucose and fructose levels 
in freshly mixed UFD made with S. fructuum or S. cerevisiae 
were higher (0.74-0.81g glucose/lOOg dough dry wt, and 0.52- 
0.32% fructose, respectively) than those of doughs prepared 
with C. boidinii (0.62 and 0.04%) (Fig. 3). Flour contains low 
amounts of these sugars (Magoffin and Hoseney, 1974; Pom- 
eranz and Finney, 1975), so different hydrolytic activities of 
S. cerevisiae and S. fructuum invertases on sucrose, raffinose 
and/or glucofructans from flour (Pomeranz and Finney, 1975; 
Biltcliffe, 1972; Nilsson et al., 1987) seemed the most prob
able source of differences. The higher level of glucose came 
from the glucose included in dough formulation. Sucrose was 
not detected in doughs with S. cerevisiae or S. fructuum. C. 
boidinii is unable to ferment either sucrose or maltose (Lodder 
and Kreger-van Rij, 1984), which could explain the presence 
of sucrose after mixing (0.21%). The sucrose values coincided 
with those reported in flour by Pomeranz and Finney (1975), 
and because of the lack of hydrolysis of sucrose, the lower 
values found for glucose and fructose. Maltose contents of 
doughs ranged from 0.50% to 0.73% for the three yeasts and 
resulted from flour amylase action on damaged starch (Ma
goffin and Hoseney, 1974), which increased maltose levels up 
to 10-15 times its value in flour during mixing (Pomeranz and 
Finney, 1975).

Changes in sugar contents during 3 hr fermentation of UBD 
related well to C 02 production (Fig. 2). Glucose consumption 
by yeast ranged from 96.4 to 98% of that found after mixing. 
The greatest decrease in glucose was observed with S. cere
visiae (Fig. 3). Fructose decreased at a lower rate than glucose 
(Koch et al., 1954), but after 3 hr fermentation, fructose con
sumption was close to 96% for 5. cerevisiae and 5. fructuum, 
C. boidinii used 68% of the fructose present after mixing.

Sucrose levels in doughs with C. boidinii after fermentation 
were similar to those detected after mixing. Maltose content 
decreased to about 85% of its initial value after fermentation 
of dough with S. cerevisiae but increased in doughs with the 
other yeasts, which did not ferment the sugar (Lodder and 
Kreger-van Rij, 1984). Final levels were higher for S. fructuum 
than for C. boidinii (1.38 and 0.97%, respectively). In general, 
no differences were observed in the final amounts of sugars 
after fermentation between UFD with and without a bulk fer
mentation step. Results were in agreement with those reported 
previously (Martinez-Anaya et al., 1989) for other strains of 
the same yeasts.

Freezing did not influence the levels of glucose and fructose 
remaining after 3 hr fermentation as compared with those ob
served for UFD. Storage of frozen doughs for long periods (30 
days) caused a decrease (P<0.05) in consumption of both sug
ars by S. cerevisiae and C. boidinii (Fig. 3). This could be 
attributed to the reduced viability and leavening activity showed 
by these yeasts after long frozen storage periods (Table 1 and 
Fig. 1). Fermentation of doughs prior to freezing (BFD) did 
not influence the residual content of glucose and fructose in 
relation to NBFD.

The amount of sucrose in fermented doughs increased after 
freezing (UBFD) and subsequent storage (UBFD and BFD) of

frozen doughs (Fig. 3) with C. boidinii. This could be due to 
the sugar produced by hydrolysis of raffinose or glucofructans 
(Biltcliffe, 1972; Nilsson et al., 1987) from flour during the 
freezing-storing-thawing cycle and the inability of this yeast 
to utilize sucrose. Maltose contents of fermented doughs after 
freezing were also higher than those detected in UFD (Fig. 3). 
Differences were greater in BFD than in NBFD, specially with 
C. boidinii and S. cerevisiae and at long periods of storage. 
This was consistent with the data for viability and gassing 
power.

Combinations of yeasts 5. cerevisiae and S. fructuum in 
unfrozen wheat doughs (Martinez-Anaya et al., 1990) have 
had a positive synergistic effect on gas production resulting 
from their interaction. Because of its inability to ferment mal
tose, S. fructuum will not compete with S. cerevisiae for mal
tose which during fermentation and storage of frozen doughs 
reached noticeable levels. Since maltose is the most important 
available substrate during fermentation, associations of both 
yeasts could offer potential interest in the making of frozen 
doughs without or after a bulk fermentation stage previous to 
freezing. More work must be done to confirm these assump
tions and establish any technological advantages of using other 
yeast species naturally present in wheat doughs together with 
baker’s yeast.

CONCLUSION

FREEZING and storage up to 30 days of frozen unfermented 
doughs did not adversely affect the survival of S. cerevisiae, 
S. fructuum and C. boidinii. Fermentation of doughs prior to 
freezing had a deleterious effect on viability and gassing power 
of S. cerevisiae and C. boidinii, whereas S. fructuum main
tained high survival and gassing power rates.
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Optimization of Extrusion Cooking Process for Chickpea (C/cer 
arietinum, L.) Defatted Flour by Response Surface Methodology

JOSÉ PASCHOAL BATISTUTI, ROSA MARIA CERDEIRA BARROS, AND JOSÉ ALFREDO GOMES ARÊAS

----------------------- A B S T R A C T ------------------------
Response surface methodology was employed to optimize the pro
duction of a snack food from chickpea. The independent variables, 
process temperature (123-137°C) and feed moisture (13-27% d.s.b.) 
were selected at five levels (rotatable five level composite design: 
— V2» - 1 ,  0, 1, + V2) in the extrusion of defatted chickpea flour. 
Response variables were expansion ratio, shear strength of the extru- 
date and sensory preference assessed by an untrained panel. Expansion 
ratio increased steadily with decrease in feed moisture similar to cereal 
extrusion. Regions of maxima were observed for sensory preference 
and shear strength, and these two product attributes were linearly 
related. The most acceptable chickpea snack was rated higher than a 
commercial corn snack.

INTRODUCTION
PROTEIN MALNUTRITION prevalent in several populated 
regions requires an increase in both dietary protein intake and/ 
or protein biological value of foodstuffs. The high production 
costs and the low efficiency of protein conversion by livestock 
make vegetable protein more suitable for this purpose. Re
markable progress has been made in the utilization of new 
protein sources such as oilseed, cereal, leguminous seed, leaf 
and single cell proteins (Altschul, 1974; Kinsella, 1978). Leg
umes are an important source of food protein and other nu
trients (Chavan and Salunkhe, 1986; Milner, 1974; Salunkhe, 
1982). Among legumes chickpea (Cicer arietinum, L.) is fifth 
in world production (Chavan and Salunkhe, 1986). Protein 
contents of cultivars of this bean range from 20 to 31%. The 
nutritional value of chickpea protein is superior to those of 
soybean, cowpea, mung beans, peas, dry bean, lentils, faba 
bean, pigeonpea and black gram (Khan et al, 1979; Pak and 
Barja, 1974; Chandrasekharappa, 1979).

Chickpea, consumed mainly in Eastern countries is not very 
popular in Europe and the U.S. (Chavan and Salunkhe, 1986). 
Use of this bean in Western foods may be implemented through 
extrusion to produce either a functional protein food ingredient 
or a snack product. The high starch content of chickpea (Chavan 
and Salunkhe, 1986) favours extrusion to produce expanded 
snack products. The advantage of such a product over the 
traditional corn snack would be its higher protein content and 
superior protein nutritional quality. The objective of our work 
was to optimize the extrusion cooking process for production 
of a chickpea snack.

MATERIALS & METHODS
Materials

Chickpea (Cicer arietinum, L.), provided by “ Instituto Agronom- 
ico de Campinas, SP” , strain “ IAC Marrocos”  was originally a geno-
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da Universidade Esta dual Paulista "Julio de Mesquita Fiiho" - 
UNESP, Departamento de Alimentos e Nutrigáo, Rúa Humaitá, 
1680 - CEP 14800, Araraquara, SP, Brasil. Authors Barros and 
Areas are with Facuidade de Ciencias Farmacéuticas da Uni
versidade de Sao Paulo, Departamento de A limentos e Nutrigáo 
Experimental, Cx. Postal 30786 - CEP 01051, Sao Paulo, SP, Bra
sil.

type from the “ Service de la Recherche A gronom ique et de 
PExpérimentation Agricole de Robat” , Morocco. The sample for ex
trusion was prepared by grinding the beans in a hammer mill (Mod. 
TP3 - Máquinas Cordeiro, Brasil) followed by defatting wth ethyl 
ether in a Soxhlet apparatus.

Methods

Proximate composition. The following conventional methods were 
used: desiccation at 105°C, for moisture; calcination at 550°C, for 
ash; defatting in Soxhlet apparatus with 2:1 chloroform/methanol, for 
lipids; and microkjeldahl for protein (N x 6.25) (AOAC, 1980). Fibre 
was determined as insoluble fraction in neutral detergent (Van Soest 
and Wine, 1967) and carbohydrate content was estimated by the dif
ference from 100, of the sum of percentages of moisture, ash, lipid, 
protein and fiber.

Expansion ratio. Expansion ratio was reported as the ratio of ex
truded product diameter and the diameter of the die hole. Values 
reported were averages of 24 measurements.

Shear strength. The force necessary to shear completely the ex- 
trudates was determined using an Instron equipment (Mod 1000 - 
Instron Corp. - USA) with a Wamer-Bratzler device. The crosshead 
speed was 500mm/min and values reported were averages of 10 de
terminations.

Sensory preference. A nonnumeric scale of 100mm (Pangborn, 
1984a; Land and Shepherd, 1988) was used by panelists to compare 
sensory properties of extmdates with a commercial brand of com 
based snacks. The panel consisted of eight untrained persons recruited 
from the students and staff of our Department.

Extrusion. A single-screw extruder (Miotto Ltda, Sao Paulo, Bra
sil) with a length-to-diameter ratio 20:1 was employed. The barrel 
(smooth) was divided into three independent electrically heated zones 
cooled by water. Conditions during extrusion were fixed at: 200 rpm 
screw rotation; 4:1 screw compression ratio; 4mm die diameter. The 
feed end of the barrel was set at 10°C less than the central zone and 
the die end of the barrel was set at 20°C less than the central zone. 
This arrangement produced a temperature profile which started at am
bient in the feed zone, followed by a rapid increase up to maximum 
in the second zone, and a decrease in the die. This final temperature 
decrease in the exit of the molten mass provided higher viscosity of 
the dough in the die when compared to the second zone, which pre
vented evaporation of superheated water before the exit of the material 
(Smith et al, 1982). A screw operated feed hopper fed the extruder 
at a feed screw speed of 20 rpm. Feed rate was 73.5 g/min. Extrusion 
parameters as independent variables were: temperature of the central 
zone of the barrel and moisture content of the feed.

Partial size of the feed was 1 mm. This was obtained by sieving to 
uniform particle size defatted flour which was hydrated with 4X the 
necessary water for the required feed moisture, dried at 65°C in fluxing 
air for 4h, and ground in a paddle homogenizer (Am S/A - Brasil). 
The moisture content of the powder was determined, and water was 
added in a homcgenizer (Model Planetaria-Arno S/A, Brasil) to the 
required moisture level. The hydrated feed materials were kept in a 
refrigerator overnight in sealed plastic bags. Defatted soya grits (pro
vided by Sanbra S/A, Brasil; Prosam F) with previously determined 
optimum moisture content for extrusion, (Barros et al., 1987) were 
fed until steady-state was achieved. Then the chickpea feed was in
troduced.

Optimization. The process was optimized for maximum values of 
expansion ratio and sensory ratings for extrudates; and to minimum 
values of shear strength. Initial experiments at feed moistures 10 to 
25% (d.b.) and, central section temperature 130-160°C, showed that 
good expansion could be obtained at 130°C and 25% moisture. At 
10% feed moisture the extruder stopped. Minimum feed moisture for 
proper operation of the extruder was 13%. Based on these preliminary
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Table 1 — Specifica tion  m atrix  o f  th e  se c o n d  order design  X ,: m o istu re  
1% d.s.b .); X p  tem p era tu re  (°C)

A ssa y  
n o .3

C o d ed  variab les

1(X, — '201/5 ] [(X2 -  1301/5]

O riginal va riab les  

X , (%  M) X 2 (T)

1 - 1 - 1 15 125
2 + 1 - 1 25 125
3 - 1 + 1 15 135
4 + 1 + 1 25 135
5 - V 2 0 13 130
6 + V 2 0 27 130
7 0 - V 2 20 120
8 0 + V 2 20 140
9 0 0 20 130

10 0 0 20 130
11 0 0 20 130
12 0 0 20 130
13 0 0 20 130

a Does not correspond to order of processing

Table 2 - ■Proximate com position  o f  ch ickpea  floura

M oisture A sh Lip ids Protein Fiber Carb ohydrate

O riginal 16.30 2.79 8.60 14.10 16.79 41.42
flour ± 0 .2 3 ± 0 .1 3 ± 0 .6 0 ± 0 .4 8 ± 0 .9 2 ± 1 .0 8
Defatted 5.74 3.46 2.90 20.27 18.37 49.26
flour ± 0 .0 9 ± 0 .5 0 ± 0 .4 9 ± 1 .5 0 ± 0 .9 7 ± 1 .8 6

3 Average of three determination ± st dev, % carbohydrate by difference.

Table 3 - E xpansion ratio (y,), se n so ry  p re fe ren ce  (y2) a n d  sh e a r  force  
(yd o f  th e  extruda tes
A ssa y

no.8
M oisture  

X, = (M-201/5
T em p erature  
x 2 = (T-130)/5 y,b

y2c
(mm)

V3d
(N)

1 - 1 - 1 3.07 39.56 28.47
2 1 - 1 2.43 6.50 73.48
3 - 1 1 2.80 37.56 29.20
4 1 1 2.17 17.00 64.83
5 - V 2 0 3.19 51.44 13.66
6 V 2 0 2.01 8.31 106.72
7 0 — V 2 2.67 26.75 63.06
8 0 V 2 2.28 31.44 34.23
9 0 0 2.66 33.44 41.80

10 0 0 2.72 35.75 32.90
11 0 0 2.75 34.31 34.16
12 0 0 2.57 39.13 35.50
13 0 0 2.68 24.00 30.10

8 Does not correspond to order of processing. 
b Average of 24 determination 
c Average of 8 panelists 
d Average of 10 determination

experimental data, a randomly assigned five level design ( -  \J2, 
- 1, 0, 1, \/2 )  (Myers, 1971; Cochran and Cox, 1957) was employed 
(Table 1). Results were fitted to a second order polynomial:

y = B0 + B1x] + B 2x 2 +  B i 2x i x 2 + Bnx,2 + B22x22 + E

where y = dependent variable (expansion ratio, shear strength or 
sensory preference); Xj = feed moisture; x2 = temperature of the 
central zone of the barrel; E = experimental error with normal dis
tribution, mean zero, and variance o-2.

The order of processing was chosen by randomizing feed moisture 
levels at increasing levels of temperature. Operation started from the 
lowest temperature and operation continued without stopping between 
samples. Statistical analysis and graphics were done using the statis
tical package program STATGRAPHICS (Statistical Graphics Cor
poration. USA, STSC Inc., 1987).

RESULTS & DISCUSSION

THE PROXIMATE COMPOSITION of the chickpea flour 
(Table 2) was in the range of published reports (Chavan and 
Salunkhe, 1986). Table 3 presents results for expansion ratio, 
sensory scores and shear strength of extrudates. Fig. 1 shows 
the extrudates for all temperatures and feed moisture conditions 
assayed.

Response surface methodology has been successfully used 
for optimization of several food processes (Aguilera and Ko-

Table 4 —A nalysis o f  variance for th e  full regression  o f  th e  2 nd deg ree  
po lynom ia l for th e  response: E xpansion ratio (y,)

S o u rce Coefficient t-value
S ig n ifica n ce

level
Con stan t 2.675999 69.6552 0.0000
X, - 0 .3 6 7 3 4 8 - 1 2 .0 9 4 9 0.0000
x 2 - 0 .1 3 5 1 9 4 - 4 .4 5 1 2 0.0030
X ,2 - 0 .0 1 7 9 9 9 - 0 .5 5 2 6 0.5977
X22 -0 .0 8 0 5 0 1 - 2 .4 7 1 6 0.0427
x ,-x 2 0.00250 0.0582 0.9552

Su m  of M ean
sq u a re s  DF sq u are F-Ratio P-value

M odel 1.27127 5 0.254253 34 .4534 0.0001
Error 0 .051657 7 0 .0073796

R2 = 0.9610

Fig. 1—Extruded chickpea in all conditions o f m oisture and tem 
perature.

Fig. 2 -R e sp o n se  surface for the effect o f feed  moisture and  
process temperature on expansion ratio o f chickpea extrudates.

sikowski, 1976; Oliveira and Silva, 1983; Hauly et al., 1980; 
Bastos and Areas, 1990; Barros et al., 1987; Frazier et al., 
1982). In extrusion cooking process, a 2nd order polynomial 
has accounted for more than 90% of the variation observed 
(Aguilera et al., 1976; Frazier et al., 1982). Table 4 shows 
the analysis of variance of the response variable expansion 
ratio. The results indicated that linear effects of both moisture
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Table 5 - A n a ly s is  o f  variance for th e  full regression  for th e  2 nd degree  
po lynom ia l for th e  re sp o n se : S en so ry  p re fe ren ce  ( y j

S o u rce Coefficient t-value
Sig n ifican ce

level
Constant 33.326033 15.0224 0.0000
X, - 1 4 .3 2 6 9 4 3 - 8 .1 6 9 0 0.0001
*2 -1 .8 9 1 5 9 3 - 1 .0 7 8 6 0.3165
X ,2 - 2 .8 0 8 0 5 2 - 1 .4 9 3 0 0.1791
x 22 - 3 .1 9 8 0 6 - 1 .7 0 0 4 0.1329
X,-X2 3.12500 1.2599 0.2481

S u m  of M ean
sq u are s  DF sq u are  F-Ratio P-value

M odel 6952.61 5 1390.52 16.3868 0.0010
Error 593.99 7 84.86
R2 = 0.9213

Table 6 - A na lysis o f  variance for th e  full regression  for th e  2 nd deg ree  
polynom ia l for th e  re sp o n se : S h ea r  force f y j

S o u rce C oeffic ient t-value
Sig n ifican ce

level
Constant 34.892042 8.4697 0.0001
Xl 26.530936 8.1462 0.0001
x 2 - 6 .0 8 6 4 8 2 - 1 .8 6 8 8 0.1039
X ,2 11.293477 3.2335 0.0144
X22 5.520866 1.5807 0.1580
Xi-X2 - 2 .3 4 5 0 0 0 - 0 .5 0 9 1 0.6263

S u m  of M ean
sq u are s  DF sq u are  F-Ratio P-value

Model 1821.36 5 364.273 14.8036 0.0013
Error 172.25 7 24.607
R2 = 0.9136

and temperature were significant and the second order effect 
of temperature was significant. A resultant polynomial for this 
variable is:

y! = 2.676 -  0.367 x t -  0.135 x2 -  0.081 x22

The response surfaces for this variable are presented in Fig.
2. It is worth noting that as moisture decreased, expansion 
ratio increased linearly up to the limit of moisture for the proper 
operation of the equipment. This behaviour is typical for ex
trusion of cereals and is caused by their high starch content 
(Guy and Horne, 1988). In our case, the high level of starch 
of the chickpea flour was responsible for the observed pattern. 
High starch fractions isolated from legumes also show good 
expansion. The reported temperatures of better expansion were 
near those observed in our work (Gujska and Khan, 1990). A 
possible commercial application of extruded chickpea, as with 
extruded cereal products, is a snack foods. In that case, the 
force necessary for completely shearing the sample would be 
important for sensory acceptance of the product (Voisey and 
Stanley, 1979).

The variance analysis of the 2nd degree polynomial for sen
sory preference and force to shear the extrudates are presented 
in Tables 5 and 6, respectively. Sensory preference was de
fined as the measure in mm of the distance from origin as
signed by the panelist in a nonnumeric scale of 100mm with 
the central position marked as the standard product (a com
mercial brand of corn snacks). The panelists were instructed 
to consider only the texture aspect since the extruded chickpea 
was plain, without added flavor. Results were consistent for 
each panelist and reproducible in different sessions. The var
iance analysis of the sensory preference (Table 5) showed sig
nificant (p < 0.05) linear effects of moisture but not of 
temperature; and quadratic effects of moisture and temperature 
when they were near significance levels. As sensory preference 
always tends to a maximum or minimum when any sensory 
stimulus varies (Pangborn, 1984b), the quadratic coefficients 
were necessaiy to the model. In this case, those two coeffi-

Fig. 3 —Response surface for the effect o f feed  m oisture and  
process temperature on sensory preference o f chickpea extru
dates.

Fig. 4 —Response surface for the effect o f feed  m oisture and  
process temperature on force to shear the chickpea extrudates.

cients ( -2 .8 0 8  and —3.198) (Table 5) were kept (acceptance 
level thus > 82%) due to their importance to the process and 
the polynomial was defined as:

y2 = 33.326 -  14.327 Xj -  2.808 Xj2 -  3.198 x22

The response surfaces of this variable are presented in Fig.
3. A region of maximum response can be seen from this plot. 
The partial derivatives of sensory preference in respect to mois
ture and temperature indicated that the conditions of processing 
for maximum acceptance of the product were 7.25% moisture 
and 130°C. However, at that moisture content the equipment 
was not operative and the minimum moisture usable was 13%. 
Maximum sensory preference of the product was 13% which 
corresponds to assay number 5 in Table 3 where, in fact, max
imum scores were assigned by panelists, indicating higher 
preference than the standard.

The same significance levels (>82%) were applied to the 
analysis of variance of force to shear the sample (Table 6). In 
that case, linear and quadratic effects were significant for both 
moisture and temperature and the resultant polynomial was:

y3 = 34.892 + 26.531 x, -  6.086 x2 + 11.293 xx2 + 
5.521 x22

That response surface for this variable is presented in Fig.
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4. A region of minimum, shear force was observed and the 
partial derivatives showed that the independent variables for 
this minimum were 14% moisture and 133°C. Those conditions 
are near those for processing chickpea which resulted in max
imum observed acceptance. This suggested that the two vari
ables could be related. Regression analysis tests showed a linear 
correlation between sensory preference and force to shear the 
extruded sample with a high correlation level (p< 0.00007). 
For these snacks, maximum acceptance occurred in the highly 
expanded snacks where minimum forces were necessary to 
shear the product.

Our work demonstrated the high potential for use of ex
truded chickpea as an alternative snack food with the advantage 
of higher protein level compared to corn or cereal products 
(Chavan and Salunkhe, 1986). Moreover, nutritional quality 
of chickpea protein is superior to cereals or to other leguminous 
seeds (Chavan and Salunkhe, 1986). Preliminary assays in our 
laboratories for the most acceptable product (assay number 5 
of Table 3) showed a very good nutritional value for the protein 
with PER value of 2.60, near that of casein 2.94, and digest
ibility coefficient of 84%.
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Sensory and Nutritional Properties of Cookies Based on 
Wheat-Rice-Soybean Flours Baked in a Microwave Oven

A. GONZALEZ-GALAN, S.H. WANG, V.C. SGARBIERI, and M.A.C. MORAES

----------------------- A B S T R A C T ------------------------
Three formulas of cookies prepared from 50:45:5 (I), 50:40:10 (II) 
and 50:35:15% (III) wheat flour, broken rice flour, and defatted soy 
flour, respectively, baked in a microwave oven (2450 MHz) for 240 
sec, were rated as the best of six formulas for flavor and texture by 
a trained panel. Cookies of formulas I and II were preferred over 
formula III by a consumer-type panel. Cookies of all three formulas 
showed no significant differences in nitrogen balance, apparent bio
logical protein value and apparent net protein utilization. Apparent 
protein digestibility and protein efficiency ratio were significantly higher 
in formulas II and III than in formula I.

Key Words: cookies, nutrients, sensory evaluation, wheat flour, rice 
flour, defatted soy flour

INTRODUCTION
COOKIES comprise a major category of snacks by virtue of 
their general acceptability, convenience and long shelf life (Tsen,
1976). In many countries cookies are prepared with fortified 
or composite flour (Buck et al., 1987; Lorenz, 1983; Sam- 
bucetti et al., 1976). Replacing part of wheat flour with rice 
flour and soy flour is likely to improve the nutritive value of 
the product due to the complimentary nature of the amino acid 
profiles derived from these raw materials (Bakar and Hin, 1985; 
Cheryan et al., 1979; Suarez, 1958; Vargas et al., 1985). It 
also decreases the cost of the final product in countries where 
soybean and rice are abundant and wheat flour for the baking 
industry is imported (Akobundu et al., 1988).

Conventional baking of cookies and other flour products 
causes significant nutritonal losses through thermal degrada
tion and Maillard reaction (Sambucetti et al., 1976; Tsen et 
al., 1977). Microwave baking may be an interesting alternative 
method for preventing nutrient degradation. Heating is more 
uniform and efficient, permitting baking the product in a much 
shorter time than conventional baking (Aref, 1968; Jeppson, 
1964; Lorenz et al., 1973; Tsen, 1980). The objectives of our 
study were to determine the rheological properties of blended 
flours containing different proportions of wheat, rice and soy
bean and to evaluate the flavor and texture quality and the 
protein nutritive value of cookies prepared with these flours 
after baking in a microwave oven.

MATERIAL & METHODS

Raw materials

Commercial wheat flour, broken rice flour and defatted soy flour 
were used to produce blended flours. The flours were passed through 
a Produtest Sieve (Brazilian industry) corresponding to 20, 35, 60, 
80, 100, 150 and 200 mesh to obtain the particle size distribution. 
Protein, fat and ash were determined according to the AACC (1969) 
methods and crude fiber according to Van de Kamer and Van Ginkel 
(1952).

Authors Gonzalez-Galán and Wang are with Depto. de Ciencia 
dos Alimentos, Escola Superior de Agricultura, ESAL-37200 
Lauras, M.G., Brasil. Authors Sgarbieri and Moraes are with Dept, 
de Nutrigáo, FEA, UNICAMP, 13.081 Campinas, SP, Brasil.

Blended flours and rheological properties

Blended flours were prepared as follow: commercial wheat flour 
(50%) was combined with 45:5, 40:10, 35:15, 30:20, 25:25 and 20:30% 
broken rice flour and defatted soy flour, respectively, and designated 
as formulas I, II, III, IV, V and VI in the same order. The flours 
were then mixed for 10 min in a planetary mixer (Amo model BPA- 
E).

Water absorption, arrival time, departure time, dough development, 
stability and mixing tolerance index were determined for the blended 
flours in Brabender Farinograph according to the constant flour method 
54-21 of AACC (1976). Three hundred grams flour was mixed at 
optimum water absorption and the farinograph curve was centered on 
the 500 BU line.

Dough preparation

The ingredients used for preparation of the cookies were: blended 
flour (60%), sugar (22%), margarine (16%), salt (1%), baking powder 
(Royal, 1%), and water in the proportions of 9, 10, 11, 12, 13, and 
14 mL/lOOg of formulas I, II, III, IV, V and VI, respectively. Sugar 
and margarine were creamed for 10 min in a planetary mixer (Amo 
model BPA-E). Then water was added with mixing for an additional 
5 min. In the same manner, salt and baking powder were added to 
the blended flour and mixed for 10 min. After addition of all ingre
dients, mixing continued another 15 min. The prepared dough was 
put in polyethylene bags to rest for about 1 hr, flattened manually 
using a wooden roller into a sheet about 2.50 ±0.05 mm thick, and 
then cut into spherical pieces measuring 3.5 cm in diameter.

Baking in microwave oven

Rectangular Pyrex glass (22 x 35 x 4 cm) was utilized for baking in 
the domestic Sanyo-Climax microwave oven (model EM90038). Bak
ing times were: 180, 210, 240 and 270 sec. Baked cookies were 
cooled and placed in polyethylene bags until analysis.

Sensory evaluation

The cookies were initially submitted to overall sensory evaluation 
by a trained panel, taking into consideration the following descriptors: 
color, flavor, and texture. A rating scale of 1 to 9 points (1 = ex
tremely poor; 9 = excellent) was used to select the best baking time. 
Samples with an overall quality score equal or superior to 7.5 (be
tween 7 = good and 8 = very good) were again submitted to sensory 
evaluation for flavor and texture by the same panel, using the same
9-point scale. The trained panel consisted of 10 members selected 
randomly from students, laboratory staff and lecturers of the faculty. 
They were trained and instructed to rate the score of overall quality, 
flavor and texture of the cookies. The tests were conducted in indi
vidual booths in a Sensory Evaluation Laboratory. Cookies were pro
duced 24 hr before the panel test. A consumer-type preference test 
was carried out with samples that showed higher scores of flavor and 
texture, using 75 untrained consumer-type panelists and the ranking 
procedure (Kahan et al., 1973).

Nutritional evaluation

Nutritional evaluation was done on the selected cookie formulas by 
proximate analysis (AACC, 1969) and biological assays with rats. 
Diets were prepared according to AOAC (1975) except for protein 
content which was 8% (average = 8 .1 8 ± 0 .10, coefficient of variation 
= 1.22%) instead of 10%. Wistar male rats (7 rats per treatment) 
weighing 46 to 56g were used. They were maintained individually in 
metabolic cages with free access to diet and water. The laboratory
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W HEATIRICEISOYBEAN COOKIE PRO PERTIES. . .

Table 1 - P r o x im a te  com position  (d.b.) o f  w heat, broken rice a n d  de fa tted  
so y  flours____________________________________________________________________________________________

C o m p osition

Flour

W heat
Broken

rice
Defatted

so y

Protein (%) 12.35 8.69 50.18
Ether extract (%) 0.91 0.97 1.11
A sh  (%) 0.76 0.52 5.75
Crud e fiber (%) 0.45 0.73 2.69
C arb o h yd rate8 (%) 85.53 89.09 40.27

a Calculated by difference.

temperature was 22±2°C with alternating light-dark periods of 12 hr. 
Protein nutritive value was determined by PER (AOAC, 1975), nitro
gen balance, apparent protein digestibility and biological value (Mitchell, 
1924), and net protein utilization (Bender and Miller, 1953). Feed 
efficiency was also calculated according to Dutra de Oliveira and 
Scatena (1967).

Statistical analysis
The experimental design was a complete block for sensory tests 

with four samples and an incomplete block for sensory tests with six 
samples according to Cochran and Cox (1957). Statistical differences 
between samples were determined by analysis of variance with com
parison of means by Tukey’s test. The significance for ranked data 
was analyzed using the Kramer table (Kahan et al., 1973).

RESULTS &  DISCUSSION 

Characteristics of the flours

The particle size distribution for the three flours was: wheat 
flour, 80% from 80 to 200 mesh; broken rice flour, 76.8% 
from 35 to 80 mesh; defatted soybean flour, over 94.0% of 
the particles were < 100 mesh. The proximate composition of 
the three flours is shown in Table 1. The defatted soy flour 
had the highest and the broken rice flour the lowest protein 
content. Wheat and broken rice flours had similar fiber, ash 
and carbohydrate contents while the defatted soy flour was 
lowest in carbohydrate and highest in fiber and ash content. 
The broken rice flour composition was similar to that reported 
by Bakar and Hin (1985) while the composition of wheat and 
defatted soy flours was similar to data reported by Yanez et 
al. (1982).

Rheological properties of blended flours

The rheological properties of different blended flours and of 
wheat flour (control) are shown in Table 2. We verified that 
water absorption capacity increased as defatted soy flour in
creased (20 to 30%) in the mixture and the broken rice flour 
decreased (30 to 20%). The wheat flour (control) absorbed 
57% water compared with 64.8% for the blended flour with 
30% soy and 20% rice. The arrival time was greater for the 
blended flours than for wheat flour. The values increased as 
the proportion of defatted soy flour increased. Results were in 
general agreement with values reported by Gonzalez-Agramon 
and Serna-Saldivar (1988). The blended flours had increased 
departure time compared with the wheat flour. The highest

values were found for formula II (41 min) and formula III (35 
min). All other formulas had departure time of 28 min, com
pared to 10 min for wheat flour (Table 2).

Time for dough development was also higher for the blended 
flours (all formulas) than for wheat flour. However, no definite 
trend could be observed by changing composition of the flour. 
Various investigators (Gonzalez-Agramon and Serna-Saldivar, 
1988; Serna-Saldivar et al., 1988; Yânez et al., 1982) reported 
a decrease in time of dough development by mixing soy flour 
with wheat flour. In our work the highest time for dough de
velopment was observed when the defatted soy flour contri
bution (10-15%) to the mixture was low and the broken rice 
flour (40-35%) was high. This suggested that rice flour con
tributed to increased time of dough development.

Dough stability decreased in formulas with high proportions 
(25-30%) of defatted soy flour and increased in formulas with 
high proportions (45-35%) of broken rice flour and low pro
portions (5-15%) of defatted soy flour. Formula IV, with 30% 
broken rice flour and 20% defatted soy flour, had the same 
dough stability (9.5 min) as the wheat flour (control). The 
tolerance index (10 B.U.) was constant for the various for
mulas and lower than for wheat flour (30 B.U.).

Sensory evaluation

In a preliminary sensory evaluation test, the overall quality 
of the cookies was considered for the various heat-treatments 
(180, 210, 240, 270 sec) in the microwave oven. The criterion 
of selection was overall score above 7.5 on a scale of 1 to 9 
points. Based on this criterion, the cookies selected were: for
mula I 45:5, formula II 40:10, and formula III 35:15% of 
broken rice and defatted soy flours, respectively, mixed with 
50% wheat flour and baked in the microwave oven for 210 
and 240 sec (Table 3).

The sensory evaluation scores for flavor and texture of cook
ies made with formulas I, II and III and baked for 210 and 
240 sec in the microwave oven are shown in Table 4. The 
scores indicated that baking for 240 sec generated the best 
flavor and texture of all three formulas. Cookies from these 
three samples were submitted to consumer-type preference test 
with 75 untrained panelists (Table 5). The scores indicated that 
formulas I and II composed of 50:45:5 and 50:40:10% of 
wheat, broken rice and defatted soy flours, respectively, ranked 
first in preference.

Nutritional evaluation

Proximate composition of cookies produced with the 3 se
lected formulas appears in Table 6. Protein, ash and fiber con
tents increased with increasing proportion of defatted soy flour 
in the formula. Diet efficiency ratio, PER and the main indices 
of nitrogen utilization are shown in Table 7. The feed effi
ciency, i.e., diet consumed per unit of body weight gain was 
significantly better for the formula I diet, worse for the casein 
diet and intermediate for formulas II and III diets. On the other 
hand, the PERs of the cookies were inferior to that of casein. 
Formula I cookies presented the lowest PER. Similar results

Table 2 —R heological p roperties  o f  b len d ed  flours a n d  w h ea t flour (control)

Fo rm u la3

W ater
absorption

(%)

A rrival
tim e
(min)

D eparture
tim e
(min)

D ough
d evelo pm ent

(min)
Stability

(min)

T o le ra n ce
index
(B.U.)»

i 50.9 7.5 28.5 20.0 21.0 10
h 53.0 10,0 41.0 25.5 31.0 10
in 56.0 17.0 35.0 24.0 18.0 10
IV 60.0 18.5 28.0 21.0 9.5 10
V 62.5 21.0 28.0 22.5 7.0 10
VI 64.8 23.0 28.0 25.5 5.0 10
Contro l 57.0 0.5 10.0 1.5 9.5 30
3 See text for components. 
b Brabender Units.
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Table 3 - S c o r e s  o f  overall quality  o f  cookies p rep a red  from  w heat, bro- 
ken  rice, a n d  d e fa tted  s o y  flours b y  m icrow ave  baking for various tim es  

O verall quality' of co o k ies  
m icro w ave-b ak ed  for va rio u s tim es (sec)

Fo rm u la ’ 180 210 240 270 LSD9
I 6 .93b 7.87» 7.83» 6.40' 0.49
II 6 .8 7 b 7.57» 7.67» 5.93' 0.57
III 6 .8 7 b 7.53» 7.63» 5.73' 0.51
IV 5.83' 6 .43b 7.10» 5.37' 0.49
V 5.33 ' 5 .77b 6.47» 4 .40d 0.31
VI 4 .9 3 b 5 .33ab 5.47» 4.27 ' 0.48
a'd Means followed by different superscripts in a row significantly different at P  <, 

0.05.
0 See text for components.
'Rating scale (1= extremely poor; 9 = excellent).
9 Least significant difference.

Table 4 —S en so ry  evaluation  o f  flavor a n d  tex tu re  for cookies p rep a red  
from  w heat, broken rice, a nd  d e fa tted  so y  flours b y  m icrow ave baking  

Baking tim e
Fo rm u la9______________________ (sec)__________ Flavor' Textures

210 7 .8 2 'd 7 .08b
240 8.04» 7.96»
210 7 .8 0 'd 7 .00b

II 240 7 .98ab 7.88»
210 7 .74d 6 .96b

111 240 7.88»' 7.80»
L S P s______________________________ - __________________________0 1 3 ________________________0.12
a'd Means followed by different superscripts in a column significantly different at P  

< 0.05.
9 See text for components.
'Rating scale (1 = extremely poor; 9 = excellent).
9 Least significant difference.

Table 5 —S co res o f  th e  rank order o f  co n su m er-typ e  p re feren ce  te s t  o f  
cookies

Baking tim e S c o re s  of ranked order
Form ula" (sec) 1 2 3 T o ta lb
I 240 29 60 48 137
II 240 31 54 51 136
III 240 15 36 126 177
S u m  of total 450
3 see text for components
b Rank totals required for significance at p < 0.05 for 3 treatments and 75 panelists 

are 135-165; therefore, formula III (less preferred) was significantly different from 
formulas I and II (more preferred).

Table 6 —P roxim ate com position  (m oisture  basis) o f  p re fe rred  cookies

C om p o sitio n  (%)

Fo rm u la11 M oisture Protein
Ether

extract A sh
Crude
fiber

C arb o h y 
drate»

1 2.98» 7.82 ' 12.08» 0.93' 0.43» 75.76»
II 3.00» 9 .16b 12.12» 1.50b 0.49» 73.73»
III 3.06» 10.41» 12.19» 1.73» 0.56» 72.05 '

LSD ' 0.39 0.49 0.21 0.13 0.14 1.07

a‘c Means followed by different superscript in a column are significantly different at 
Ps;0.05.

d See text for components.
9 Calculated by difference.
' Least significant difference.

were reported by Gonzalez-Agramon and Sema-Saldivar (1988): 
PER values of 2.10 and 2.11 for tortillas fortified, respec
tively, with 11.1% defatted soy flour or 5.6% isolated soy 
protein, which were inferior to 2.77 for casein, but superior 
to 1.06 for tortillas made with wheat flour. Suarez (1958) 
reported an increase of 9.1% in the PER of bread made with 
70% wheat and 30% rice, compared with 100% wheat bread. 
Results indicated that replacement of wheat flour by rice and 
defatted soy flour improved the PER value of the mixture.

There was no difference in nitrogen retention (Table 7) in 
replacement of wheat flour by broken rice and defatted soy 
flours in the mixtures. Apparent protein digestibility, biolog
ical value and NPUa were superior for the casein diet over

Table 7-Nutritional quality o f cookies prepared from blends of wheat,
broken rice and defatted soy flours by microwave baking

Fo rm u lad FE< PER9
N Bb
(g)

D .1
(% )

BV,i
(%)

N PUak
(%)

1 7.03» 1.75' 0.58» 92.31 ' 85.41» 78.84»
II 6.04» 2.06» 0.58» 92.98»' 85.18» 79.22»
III 5.48» 2.26» 0.67» 93.77» 88.92» 83.35»
Casein» 4.53= 2.67» 0.68» 95.89» 94.29» 90.41»
L S D 1 0.78 0.31 0.12 1.21 4.88 4.77
a'c Means followed bv different superscripts in a column significantly different at P 

s  0.05.
d See text for components.
9 Commercial casein with 84.6% purity.
' FE-feed efficiency.
9 PER-protein efficiency ratio.
h NB-nitrogen balance, nitrogen retained by 7 rats during 5 days.
‘ Da-apparent protein digestibility, 
i BVg-apparent biolog cal value. 
k NPUa-net protein utilization.
1 Least significant difference.

formulas I, II and III blends (Table 7). However, no statisti
cally significant differences were found between the three for
mulas. According to the Protein Advisory Groups of the United 
Nations System (PAG, 1971), the NPUa value for milk and 
cereal based product should be 60 minimum. Therefore, the 
formula cookies seemed to be adequate in terms of protein 
content and utilization.

Our results support the conclusion that a blended flour with 
50% wheat, 40% broken rice and 10% defatted soy flours or 
35% broken rice and 15% defatted soy flours, baked in a mi
crowave oven for 240 sec, could be used to produce cookies 
with good sensory properties, acceptability and adequate nu
tritive quality. Tsen et al. (1977) demonstrated that baking 
bread with microwaves improved protein nutritive value when 
compared with conventional baking.
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Starch Gelatinization in Chemically Leavened Bread Baking

B. ZANONI, D. SMALDONE, and A. SCHIRALDI

----------------------- A B S T R A C T ------------------------
Differential scanning calorimetry was employed to assess the kinetics 
of the starch gelatinization in bread doughs. The process of gelatini
zation, which depended on the depth from the surface of the sample, 
followed the same first order kinetics in the baking treatment and in 
the calorimetric scan, its progress was predictable when the local 
temperature could be suitably recorded. Accordingly, thorough tem
perature control allowed monitoring starch gelatinization and bread 
baking.

Key Words: starch, gelatinization, leavening, bread, calorimetry

INTRODUCTION
GELATINIZATION can be referred to as the disaggregation 
of starch granules within an aqueous environment at suitable 
temperature. This change takes place in many processes in 
food technology, where, as in baking, it is relevant to the final 
quality of the product. The gelatinization change is simple and 
peculiar. At a given temperature within the 50-70°C range, 
depending on the kind of starch and its origin, the starch gran
ules undergo a progressive swelling due to hydration. Their 
boundaries appear less clearly defined, while the typical bire- 
fringency vanishes and a more or less homogeneous gel is 
eventually formed.

In spite of the large number of studies directed toward a 
better insight of the process, only in the last decade have X- 
ray diffraction and differential scanning calorimetry (DSC) al
lowed development of reliable models for starch structure and 
its gelatinization (Biliaderis et al., 1980, 1986). According to 
one hypothesis, starch is a dispersion of amylose and amylo- 
pectin crystals within a non-crystalline matrix. This matrix in 
turn is formed by amorphous polysaccharides and semicrys
talline material. X-ray diffraction has allowed the recognition 
of different crystal structures, according to the origin of the 
starch and its previous thermal history. These structures have 
been designated as A, B, C, and V forms (Zobel, 1988). Pre
vious thermal treatment and the presence of either water or 
alcohols and lipids would allow transitions among those crystal 
types (Zobel, 1988).

In the temperature range where gelatinization occurs, DSC 
traces show a broad peak which has generally been interpreted 
as a sign of simultaneous changes (i.e., accounting for the sum 
of a large number of small contributions), such as swelling of 
the amorphous regions of the starch granules and melting of 
crystalline areas (Biliaderis et al., 1980, 1986). Such melting 
behavior would depend on hydration and swelling of the for
mer. When hydration is large, i.e., 80-90%, swelling would 
destabilize the crystalline region which undergoes melting at 
about 60°C. In such cases, the DSC trace shows a single well 
defined endothermic peak. When hydration remains below 70%, 
the fusion is still in progress at 70°C and is exhausted only at 
higher temperature (about 100°C). In those cases, the DSC 
trace can show a double peak. More extreme conditions of 
hydration are again characterized by a single endothermic peak, 
which is, however, shifted beyond 100°C.

Regarding kinetics of starch gelatinization, the studies of

The authors are with DtSTAM, Sezione Tecnologie Alimentari, 
Università' di Milano, Via Ce/oria, 2 - 20133 - Milano, Italy.

simple water/starch systems (Kubota et al., 1979; Lund and 
Wirakartakusumah, 1984) support tentatively a first order ki
netics, i.e.,

(1 — a) =  exp ( —Kt)

where a is the gelatinized fraction, K is the kinetic constant 
and t the time after onset of the process.

Some kinetic results relating to gelatinization in baking have 
been reported (Donovan, 1977; Mizukoshi et al., 1979; Woot- 
ton and Bamunuarachchi, 1980; Ghiasi et al., 1982; Olsson 
and Skjoldebrand, 1983; Horton et al., 1990; White and Lauer,
1990). The objective of our work was to assess the kinetics of 
starch gelatinization during chemically leavened bread baking 
by means of differential scanning calorimetry.

MATERIALS & METHODS
Bread preparation and baking

Samples of leavened bread were obtained from doughs [in the pro
portion: flour (100 g), aqueous solution of baking powder (58.5g 
water and 6.0g baking powder), NaCl (1.5 g)] which were stirred for 
5 min in a Hobart N50 G kneading machine (speed 1). pH of the 
aqueous solution of the baking powder was 6.83. Dough samples 
(about 205g) were placed in Pyrex glass cylinders (9.2 cm diam, 10 
cm height) and, after 15 min rest at room temperature (about 20°C), 
baked at 205°C for 28 min in an electric oven (Moretti model Mikro 
- Italy). To minimize the heat supplied by radiation, the incandescent 
heating elements on the back wall of the oven were screened by a 
cement panel. A glass holder was used to support the sample over the 
bottom to reduce the heat supply by conduction. The heat transfer to 
the sample could thus be considered to be due principally to convec
tion. Air flow across the specimen was about 1.4 m/sec. The simple 
cylindric shape of these specimens (4.6 cm radius, 5.7 cm height) 
before baking allowed quick and reproducible sample preparation.

Calorimetric determinations

Differential calorimetry determinations were carried out on samples 
of both fresh and partially baked doughs corresponding to different 
baking times, i.e., 3, 5, 7, 10, 12, 14, 16 and 18 min. Loaves were 
sliced to obtain specimens of the central core, under-crust (1.3 cm 
depth) and crust.

The instruments employed were a Mettler DSC 20 (Mettler Instru
ment AG, Switzerland) and a differential flux calorimeter Setaram 
C80 (Setaram, France). These differed in the kind of cells used (sealed 
aluminum pans and screwed stainless steel cylinders, respectively), 
sensitivity (5 and 2 J/g), scanning rates (5 and 0.5°C/min) and sample 
mass (40 and 1000 mg). An empty cell and an A120 3 loaded cell were 
employed as references in the Mettler and Setaram calorimeter, re
spectively. The A120 3 load (about 2.6 g) was defined to counterbal
ance the overall heat capacity of the sample under study. The Mettler 
calorimeter was calibrated by checking temperature and enthalpy of 
fusion of indium, lead and zinc. The calibration of the Setaram cal
orimeter was carried out by means of a special device (Setaram power 
unit EJ2) capable of producing a given Joule effect. A further cali
bration was carried out by determination of the heat capacity of pure 
water throughout the temperature range adopted.

Recordings were obtained over the 30-110°C range with both cal
orimeters. For evaluation of the thermal effect due to gelatinization, 
the two instruments appeared to produce equivalent results. Therefore, 
most results were obtained with the Mettler DSC 20 which was sim
pler and faster. On the other hand, recordings with the SETARAM 
C80 calorimeter (which required more than 3 hr for the same tem
perature scan) had no notable “ noise”  and were, therefore, suitable
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Fig. 1 — Calorimetric traces o f fresh dough samples obtained with 
the Mettier DSC 20 (upper) and SETARAM C80 (lower) calorim
eters.

for direct analysis of the peak profile, which was stored in an on-line 
data processor.

Comparison between two samples of the same fresh dough inves
tigated with the two calorimeters is shown in Fig. 1. In both cases 
the peculiar double peak appeared and its area accounted for 3.4 ± 
0.3 J/g.

Determination of temperature and moisture

The temperature of the core, under-crust and crust during baking 
was measured in triplicate by five copper-constantan thermocouples 
(2 mm diam, 0.1°C sensitivity) connected to an ATS-6 amplifier/ 
transmitter provided with a ATI-2 display (Ing. C. Pavone, Italy). 
The moisture of the samples was determined during baking (0, 7, 14, 
21, 28 min) as follows: they were sliced, quenched in liquid nitrogen 
(to minimize water loss) and stored frozen at -20°C . Each moisture

Fig. 2 — Temperature (T) vs baking tim e (t) for crust (0), under
crust (k) and core (o). Bars correspond to confidence limits.

Fig. 3 — % H20  v s  baking time ( t )  for crust (<>), under-crust (k) 
and core (o). Bars correspond to confidence limits.

value was the average of three results, obtained after drying in an 
oven at 105°C to constant weight.

RESULTS & DISCUSSION 
Gelatinization degree

The process of starch gelatinization during baking appeared 
to depend on the depth from the surface of the sample, prob
ably due to differences in heat and mass transfer. The greater 
the depth from the surface, the slower the baking rate. The 
temperature increase at the surface (crust) was much faster than 
at medium-depth (under-crust) and in the core region (Fig. 2), 
while moisture showed a substantial decrease only in the crust 
(Fig. 3). Experimental evidence (see below) suggested that 
both parameters would directly affect the gelatinization process, 
which did not start until a minimum critical temperature was
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STARCH GELATINIZATION IN BREAD BAKING...

T e m p e r a t u r e / ° C

Fig. 4 - Differential calorimetry traces o f partially baked under
crust sam ples (at different baking tim es 5, 7, 10, 14 min). The 
point o f intersection with the base line represents the initial 
gelatinization temperature (Ti).

reached and could progress only in the presence of adequate 
moisture.

Dough specimens were characterized by their calorimetric 
trace where the endothermic peak of gelatinization occurred. 
The area of this peak corresponded to the heat of gelatinization 
as follows: when the moisture content was adequate to fully 
gelatinize the starch, the peak area was maximum. Doughs 
which had previously undergone partial baking in the oven 
showed traces with smaller gelatinization peaks, since part of 
their starch content had already gelatinized. The DSC inves
tigation, therefore, revealed the amount of gelatinization which 
took place during the scan (Fig. 4 and 5). Fully baked samples 
showed flat calorimetric traces (not shown in the figures).

Crust, under-crust and core samples removed after different 
baking times, were examined. After 5 min, no peak appeared 
in the trace from crust samples, while the traces obtained from 
undercrust and core samples were like those reported in Figs. 
4 and 5, respectively. Table 1 summarizes the experimental 
data.

Samples of less gelatinized doughs gave traces with a double 
endothermic peak. This was in agreement with the results re
ported for starchy systems with analogous moisture content 
(Biliaderis et al., 1980) and interpreted as two-phase processes. 
The relevant gelatinization peak areas decreased with increas
ing baking time along with a progressive shift of the peak onset 
toward higher temperature. This might be explained by con
sidering that the process of baking implies the propagation of 
a gelatinization front and a decrease in available water. The 
split of the peak became progressively less evident and, for

T e m p e r a t u r e /  ° C

Fig. 5 -  Differential calorimetry traces o f partially baked core 
sam ples (at different baking tim es 3, 5, 7, 10, 12, 14 min). The 
point o f intersection with the base line represents the initial 
gelatinization temperature (Ti).

Table 1 - Relation between initial gelatinization temperature (Ti), gelatin- 
ization degree (a), and baking times (t)

C ru st U nder-crust C o re

T Ti Ti Ti
(Min) PC) a PC) a PC) a

0.00 60.00 0.00 60.00 0.00 60.00 0.00
3.00 61.00 0.50 n.e." n.e." 60.50 0.00
5.00 - 1.00 60.00 0.16 61.40 0.00
7.00 — — 71.00 0.24 59.50 0.00

10.00 - - 76.80 0.31 63.30 0.06
12.00 — — n.e. n.e. 71.40 0.15
14.00 — — 85.00 0.72 74.00 0.36
16.00 — - — 1.00 80.00 0.61
18.00 - - - 1.00

8 n.e. = not evaluated.

the under-crust sample baked for 14 min, it changed to a single 
- peak signal at high temperature. This also was in agreement 
with observation reported (Donovan, 1977) for drier starchy 
products.

The shift of peak onset, i.e., the start of gelatinization process,
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1

Fig. 6 —Gelatinization degree (a) vs baking time (t) for crust (0), 
under-crust (k) and core (oj.

may be described as follows. The temperature of the initial 
gelatinization (Ti), close to 60°C for better hydrated samples 
(i.e., fresh doughs), showed a shift for partially baked samples 
with a two-phase trend. In the early phase of baking, 7 min 
for the core and 5 min for the undercrust, it remained close to 
60°C. After that phase it increased with baking time, t ,  ac
cording to:

Ti/°C = 42 + 3.9 x  10-2 r/sec (1)
Ti/°C =  51 +  4.2 x  10-2 T/sec (2)

for the core and the under-crust, respectively.
The only significant difference, therefore, dealt with the 

length of constant-Ti period, which was shorter for the under
crust than for the core. The calorimetric data were treated in 
terms of gelatinization degree defined as:

a  (t )  = 1 — Q(T)/Qmax (3)
where Q(t) and Qmax were the thermal effects evaluated for 
the calorimetric scan of partially baked and fresh dough sam
ples, respectively. They were related to the residual starch 
gelatinization after t  and zero baking times, respectively, in a 
given region of the dough.

The experimental a  =  a  ( t )  trends were different for the 
various dough regions (Fig. 6). The crust underwent a quicker 
gelatinization than the deeper regions, since the faster the heat 
transfer, the shorter the time to attain T = Ti. In spite of the 
fact that the time required for complete baking was 28 min, 
starch gelatinization appeared complete in all dough regions 
after only 18 min.

Kinetics of starch gelatinization

The trend of a  vs time and temperature can be drawn from 
a single scan of a fresh dough sample in the Setaram C80

0.5

50 100 t y/m in

85 110 J  j °  C

Fig. 7 -Gelatinization degree (a) o f a fresh dough sam ple vs 
scanning time ft) and temperature (T) in the SETARAM C80 
calorimeter. The plot directly corresponds to the integration o f 
the trace peak during the scan. The results are obtained from  
the on line processor.

calorimeter by mathematical analysis of the peak profile (Fig.
7). It was assumed, as a first approximation and as reported 
by others (Lund and Wirakartakusumah, 1984), that starch 
gelatinization would follow first order kinetics, i.e.,

(1 -  a) =  exp ( -K t)  (4)

where t is the time elapsed from the starch of the gelatinization 
process, i.e.,

t =  t  -  t’ (5)

t’ being the time required to attain the temperature of initial 
gelatinization Ti [see above Eq. (1) and (2)].

According to the Arrhenian behavior of K, the following 
expression could be drawn:

log (1 -  a) =  -  K° (t  -  t’) exp (-E a/R T ) (6)

K° and Ea being the preexponential term and the activation 
energy, respectively.

For practical use, Eq. (6) was rewritten in a log form, i.e.,

F(T) = log ( -  log (1 -  a)/(t - 1’)) =  log K° -  Ea/RT (7)

which is a straight line in the plot F(T) vs 1/T.
The fit of the experimental data gave:

K° = 6.21 x  10® sec-1 and Ea = 93 KJ mol-1

in agreement with published reports (Lund and Wirakartaku
sumah, 1984; Zcbel, 1988).

We verified that the above kinetic model would also apply 
to gelatinization during baking, as shown by the data obtained 
from a series of partially baked doughs (Table 1). The results 
for the core are shown in Fig. 8, where the experimental data 
are compared with the trend reported in Fig. 7. The analogous 
plot for under-crust and crust samples appeared much more 
scattered due to the larger error range (not reported).

These trends could be considered satisfactory since the ki
netics of gelatinization in the oven are obtained from data 
relevant to various samples, corresponding to different gela-
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STARCH GELATINIZATION IN BREAD BAKING...

T /°C
Fig. 8 —Gelatinization degree (a) vs temperature (T). Continuous 
line corresponds to the plot o f Fig. 7, whereas data points are 
obtained from the calorimetric analysis o f five partially baked  
samples.

tinization fractions, whereas that in the calorimeter derives 
from one sample undergoing the entire process. This would 
support the conclusion that, at least for the early steps of the 
process ( t < 1 8  min), baking and gelatinization correlated with 
each other, i.e., the progress of the one could be assessed by 
defining the increase of the other. These results showed a direct 
correlation between gelatinization degree (a) and temperature 
(T) (for T>Ti), both in the oven and in the calorimeter (Fig. 
8).

Kinetic analysis (Fig. 8) has thus shown that, once started,

the starch gelatinization would progress in a way that would 
be predictable, if the local temperature were suitably recorded. 
Temperature monitoring would, therefore, allow a reliable 
control of starch gelatinization and the corresponding baking 
progress. Further investigations have been recently undertaken 
to verify the possibility of analogous conclusions for more 
complex starchy systems where extra-ingredients would sig
nificantly affect starch gelatinization.
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Monitoring Freeze-Drying by Low Resolution Pulse NMR: 
Determination of Sublimation Endpoint

J.P . MONTEIRO M ARQUES, C. L E  LOCH, E. W OLFF, and D.N. R U TLED G E

----------------------- A B S T R A C T ------------------------
An NMR method was developed for detection of the sublimation pe
riod endpoint during the freeze-drying of potato pieces. Longitudinal 
(T,) and transverse (T2) relaxation times were estimated using rapid 
NMR methods. Samples were immediately examined to determine 
presence of a frozen core. The plot of Tj vs T2 showed an abrupt 
increase at a point corresponding to the complete elimination of the 
frozen core. Similar T2 vs T2 curves were observed when monitoring 
freeze-drying of a single potato piece inside the NMR probe-head. 
The detection of an anomalous freeze-drying is possible by monitoring 
the T], the T2 or the free induction decay signal.

INTRODUCTION
FREEZE-DRYING is a low temperature drying process where 
most of the water is eliminated by sublimation from a thin 
front on the surface of a frozen core which gradually recedes 
into the product. This process leads to high quality products 
(color, shape, aroma, rehydration). However, the development 
of freeze-dried foodstuffs entails relatively high production costs. 
The sublimation of the water requires a reduction of the tem
perature and partial vapor pressure in the product to values 
below those of the triple point of water (0.01°C and 610.7 Pa 
for pure water), and a heat supply for the change of phase 
(2800 J/g of ice at 0°C).

At present, the piloting of industrial freeze-drying is largely 
empirical and this incurs very wide security margins. Any im
provement in productivity of freeze-drying would require bet
ter knowledge of the process. Modeling of the dehydration 
kinetics can be used to predict advancement of the process as 
a function of operative parameters (King, 1971; Wolff et al.,
1989). However, simple practical modeling methods which 
could be used under industrial conditions, are based on sub
limation-related phenomena and do not take into account other 
water desorption processes (Wolff et al., 1989). As a conse
quence, such models cannot accurately predict the sublimation 
phase endpoint. However, at that point the pressure and tem
perature settings could be optimized to reduce energy con
sumption and equipment operation time.

One possibility for detecting the sublimation phase endpoint 
would be by means of indirect measurements, such as the 
partial pressure of water (Bouldoires, 1969). Such methods are 
however still in the experimental stage. Another approach is 
to sample and analyze the product during the freeze-drying 
process. Freeze-drying equipment manufacturers are at present 
developing such sampling devices. Thus, the development of 
rapid analytical methods which provide direct information re
lated to the binding strength and mobility of water molecules 
is of great importance. Nuclear magnetic resonance (NMR) is 
one of the methods that has been used to determine the state 
of water in foods (Berendsen, 1975; Beall, 1983; Labuza,
1985).
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Analytique, institut National Agronomique 16, rue Claude Ber
nard, F 75231 Paris Cedex 05, France. Authors Loch and Wolff 
are with i.N.R.A. Lab. Génie des Procédés Biotechnologiques 
Agro-Alimentaires, I.N.A.-P.G., F 78850 Thivervai-Grignon, France.

Detailed NMR studies of water mobility require the use of 
170  as the probe nucleus in order to avoid the chemical ex
change and cross-relaxation effects encountered with proton 
NMR (Richardson and Steinberg, 1987). However, with in
dustrial drying it is impossible to use 170 , its natural abundance 
being so low, especially at lower water contents (Richardson 
et al., 1987). Proton low resolution pulse NMR, although in
fluenced by factors related to nonwater constituents, provides 
valuable information on the mobility of the water molecules. 
In fact, its response depends on the different proton popula
tions present, their size and relaxation characteristics — which 
in turn depend on their mobility. The mathematical treatment 
of the proton NMR signals of food products can serve to define 
different water fractions and has been used in the study of 
samples at various water contents (Leung et al., 1976, 1979; 
Brosio et al., 1933, 1984; Ratkovic, 1987).

The freezing behavior of water reflects the general physico
chemical state of the water in the product (Simatos and Karel,
1988). Nagashima and Suzuki (1985) developed a computer 
method to study the state of water, based on the fact that 
protons in the liquid and solid phases can be distinguished by 
pulse NMR, and that the “ bound water”  does not freeze below 
0°C. This definition of “ bound water”  is widely used, as is 
the application of pulse NMR techniques to quantification of 
liquid protons in sub-zero temperature samples (Toledo et al., 
1968; Leung and Steinberg, 1979; Weisser and Harz, 1984). 
At sub-zero temperatures the “ free water”  is frozen, and prac
tically all the macromolecular protons are immobilized, so that 
only part of the water of hydration is sufficiently mobile to 
give an NMR signal (Nagashima and Suzuki, 1985).

Our objective was to develop a pragmatic approach for mon
itoring the hydration state during freeze-drying of potato sam
ples. The specific objective was to define a rapid NMR method 
correlated with the presence of ice, in order to determine the 
sublimation period end point.

M ATERIALS & METHODS
Sample preparation

Potatoes were prepared by stamping out cylinders (diam = 7 mm; 
h = 3 cm). Size was chosen to fit 10 mm outside diameter NMR tubes, 
to have the greatest possible signal intensity and the smallest possible 
random errors. The cylinders were cooled to -20°C  for at least one 
day, and freeze-dried in a single layer using the traditional vacuum 
freeze-drying contact process on a USIFROID SMH15 model machine 
(Maurepas, France), previously described by Wolff et al. (1989). 
Identical experiments were carried out over different times, with plate 
temperature 50°C and condensing plate temperature -  65°C, working 
pressure 50 Pa measured by capacitive sensor. At the end of the drying 
time, care was taken to rapidly transfer the cylinders to pre-cooled 
NMR tubes and to store them at -  20°C to avoid melting of the frozen 
core or diffusion of water. After storage for 2 days at -  20°C, samples 
were stabilized in a water bath at -  7°C for 15 to 18 hr, before being 
analyzed by NMR, examined for presence of a frozen core and water 
content determined. Three replicates of this experiment were carried 
out (results in Figs.2, 3 and 4 correspond to one).

For the study of the external dry layer, potatoes were cut into par
allelepipeds (1 cm2 x 3 cm) and freeze-dried over different times as 
described. After freeze-drying, the samples were cooled to -20°C and 
the external dry layer was carefully separated from the frozen core 
using a cutter and then transferred to pre-cooled NMR tubes. Five
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MONITORING FREEZE-DRYING BY NMR. . .

Fig. 1 -E xperim enta l setup for freeze-drying in the NMR appa
ratus.
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Fig. 2 —Evolution o f T„ and disappearance o f the frozen core, 
as a function o f water content during the freeze-drying o f potato 
cylinders in a pilot plant.
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parallelepipeds were used to prepare each sample for a given freeze
drying time. After storage for 6 days at -20°C , the samples were 
stabilized in a water bath at -7 °C  for 15 to 18 hr, before being 
analyzed by NMR and the water content determined.

NMR measurements

A low resolution pulse NMR apparatus was used (Minispec pcl20 
Bruker, Rheinstetten, West Germany). To avoid condensation inside 
the sample probe and on the outer walls of NMR tubes, a continuous 
flow of dried air was used. The temperature in the sample probe was 
maintained at — 7°C. An audio filter bandwidth of 1 MHz, a diode 
detector, a tenfold signal to noise ratio enhancement (ENH) and a 1.5 
sec relaxation delay (RD) between repetitions of the pulse sequence 
were used. An ENH = 6 and an RD = 1 sec were preferred for moni
toring freeze-drying experiments carried out inside the NMR apparatus 
sample probe. In such cases the sample is not in equilibrium and 
measurements must be done as quickly as possible.

The amplitudes of the signal 11 psec after a 90°-i-90° pulse se
quence, used for estimation of longitudinal relaxation time (T2), was 
designated as M,. The amplitude of the free induction decay (FID) 
signal x  p.sec after the first 90° pulse was FID*. Tj estimates were 
calculated using FIDn and M, values, for t equal 7 and 80 msec, as 
the quantity log(FIDn -M ,) is a linear function of t with slope - 1 /  
Tj. Transverse relaxation time (T2) estimates were calculated from 
FIDn and FID22 as the logarithm of FID* is a linear function of x  with 
slope -  1/T2 (Farrar and Becker, 1971). Two separate pulse sequences 
were used to obtain FlDn and M7, and FID22 and M80.

For the above values of x , the T2 estimate depends mainly on the
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Fig. 3 —Evolution o f T2 as a function o f water content during the 
freeze-drying o f potato cylinders in a pilot plant.

fast relaxing protons, whose transverse relaxation is usually best de
scribed by a gaussian model. However, for carrots and potatoes with 
water contents above 10%, the FID curves between 11 and 25 p,sec 
are best fitted using an exponential model (Monteiro Marques et al., 
1991), probably because of magnetic communication between the dif
ferent proton populations present (Bryant and Shirley, 1980).

Note that what we designated T! and T2 are in fact empirical pa
rameters related to weighted averages of distributions of T2 and T2 for 
the different proton populations. However, the NMR methods we used 
have the advantage of not requiring determination of sample weight 
and are very rapid. Total time for acquisition of data to calculate both 
T2 and T2 was < 80 sec when ENH = 6 and RD = 1 sec.

Detection of frozen cores

After NMR measurements, the cylinders were cut open and both 
sections were rapidly examined. When a frozen core was present, 
there was a clear demarcation between it and the external dry layer. 
The water content was determined by weight loss, after drying for 20 
hr at 105°C, and expressed in kg water/100 kg freeze-dried product. 
After performing NMR measurements, the tared NMR tube was opened, 
weighed on an analytical balance and placed in the oven.

Freeze-drying in the NMR apparatus

To monitor the freeze-drying in real time, the process was carried 
out inside the probe-head, as described in Fig. 1. A parallelepiped of 
potato was frozen at -  20°C and placed in an NMR tube connected 
to a vacuum pump with an upstream trap at -  30°C. The pressure was 
regulated at 100 Pa by air injection through a micro-valve and mea
sured by a capacitive sensor. When the operative pressure was reached, 
the tube was introduced into the NMR apparatus probe-head, ther- 
mostated at 25°C. For NMR monitoring of freeze-drying we used a
program (EX P___SUP, Bruker) to define measurement conditions
for determining T2 and T2, to set the interval between relaxation time 
determinations, and to manage data.

Parallelepipeds were preferred to cylinders for in situ freeze-drying, 
because fusion invariably occurred in the cylinders. Fusion also oc
curred in 3 of the 6 experiments with parallelepipeds.

RESULTS &  DISCUSSION

Development of a rapid method for monitoring the 
freeze-drying process

Cylindrical potato samples were dried in a freeze-drying 
pilot plant and analyzed by low resolution NMR just before 
visual examination for the presence of a frozen core and water 
content determination. As shown in Fig. 2, T2 increased by a 
factor 4 for water contents between 12 and 5%. Tx could be 
of use for rapid determination of water content. In fact, the
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Fig. 4 — Characteristic NMR curve for monitoring the freeze-drying 
o f potato cylinders in a pilot plant.

precision of the method was probably better than it appears 
from Fig. 2, because of the errors due to manipulation that 
preceded the water content determination. During an industrial 
freeze-drying process many samples must be analyzed to mon
itor the process and to take into account the distribution of 
water contents of the product. It would thus be possible to 
follow the average water content during the last phase of drying.

The abrupt increase in Tx as the water content dropped below 
14% approximately corresponded to the complete elimination 
of the frozen core, that is, to the sublimation period end point 
(see Fig. 2). At that point the drying process could be contin
ued at atmospheric pressure without deforming the product and 
with obvious economic advantages: lower energy consumption 
and less time in the freeze-drying chamber.

The localization of a particular point on a curve obviously 
requires two values. Unfortunately, in this case the drying time 
could not be used because small differences in samples lead 
to different water contents for a given drying time. The water 
content also could not be used as its determination for each

sample would complicate automation of the system and in
crease the response delay. As can be seen in Fig. 3, the T2 
was almost proportional to water content. It could thus be used 
as the second value to follow the evolution of Tj (Fig. 4). The 
T2 has the additional advantage that it can be calculated from 
data obtained during the same pulse sequence used for deter
mination of Tj. Consequently, by using a rapid method of 
determining both Tj and T2 it was possible to follow a freeze
drying experiment. Moreover, this method could be used to 
determine a point of technological interest, the end of the sub
limation period.

M o n ito rin g  freeze-d ry ing  in  th e  N M R  p ro b e-h ead

Figure 5 shows the evolution of Tx as a function of T2 ob
served during two freeze-drying experiments. Curve A is sim
ilar to Fig. 4 whereas curve B is completely different. The 
examination of the samples after freeze-drying showed that 
curve A corresponded to successful freeze-drying while curve 
B corresponded to a sample which had undergone fusion and 
become deformed. As a consequence of the greater water mo
bilities that resulted from the fusion of ice the Tj, the T2 and 
the FID signal all increased. The fusion was probably complete 
when curve B attained the Tt maximum. From that point on, 
the curve was similar to those observed for samples dehydrated 
by other methods (Zimmerman and Lasater, 1958; Leung et 
al., 1976; Nakano and Yasui, 1979; Ratkovic, 1987; Monteiro 
Marques et al., 1989). These present a Tj minimum as ex
plained by the theory of Bloembergen, Purcell and Pound 
(Bloembergen et al., 1948).

The detection of an anomalous freeze-drying would be pos
sible by monitoring either the Tl5 the T2 or directly from the 
FID signal. In fact, the observation of the FID signal on an 
oscilloscope was quite informative. If fusion occurred the sig
nal intensity increased, instead of decreasing as shown in Fig.
6. This presents the evolution of the FID during a normal 
freeze-drying process. The decrease in signal intensity of slow 
relaxing protons, as drying proceeds, may be due to existence 
of magnetic communication between mobile water protons and 
solid protons (Bryant and Shirley, 1980), the latter being grad
ually removed by sublimation. It could also be from the de
sorption of unfreezable water, or of relatively slow relaxing 
protons, from the “ dry layer”  in the periphery of the sample. 
Figure 7 and the results presented in Table 1 agree with the

Fig. 5 —Characteristic NMR curve for monitoring the freeze-drying o f potato sam ples in the NMR apparatus. Curve A (squares) 
corresponds to a successfully freeze-dried sample, curve B (triangles) to one in which fusion occurred. The arrows indicate the 
progression o f the freeze-drying process. Curve A is shown in m ore detail on the right.
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Table 1 — Evolution o f  w a ter  co n ten t a n d  T, o f  dry layers o f  p o ta to e s  a s
a function o f  freeze-drying  tim e

Freeze-dry ing  tim e  
(hours)

W ater content 
(% , w et basis)

T ,
(m sec)

2 11.1 90
3 8.5 137
3.5 5.8 213
4 4.7 223
8 4.3 354

desorption theory as they show that during drying, the state of 
the water in the dry layer changed and the dry layer water 
content decreased. These results conclusively demonstrated that 
both desorption, i.e. removal of the residual water from the 
dry layer, and sublimation occur simultaneously.

In a product with initial water content around 75%, the ma
jority of the protons would be in the frozen core during most 
of the freeze-drying process. Those protons do not change their 
characteristics until the end of sublimation because diffusion 
of unfrozen water is very restricted at the low temperatures of 
the frozen core. Therefore, while the quantity of water protons

Fig. 8 - Evolution o f T, and T2 as a function o f tim e during the 
freeze-drying o f a potato parallelepiped in the NMR apparatus.

decreased, their “ qualities,”  or their T, and T2 values, should 
nevertheless remain unchanged. Figure 8 presents the Tj and 
T2 values used in Fig. 5-curve A plotted as a function of drying 
time. As expected, the T, and the T2 hardly varied initially. 
A slight T! minimum was nevertheless apparent. For hydrated 
lysozyme powders, changes in the mobility of water molecules 
are theorized to be at the origin of the observed minimum for 
T, as a function of temperature (Bryant and Shirley, 1980). 
The phenomenon observed here may be explained if we as
sume that the molecular correlation time (t c) for which the Tx 
relaxation is most efficient (Bloembergen et al., 1948) is close 
to the t c values of relatively mobile water molecules, but dis
tant from the t c values of frozen and tightly bound water mol
ecules. Even though desorption of water from the “ dry layer” 
occurs, the proportion of mobile water molecules increased 
during the sublimation period. This would explain the slight 
decrease in T, observed in Fig. 8. Soon after complete elim
ination of the frozen core, T: increased sharply (see Fig. 2) 
due to desorption of the last remaining mobile water molecules 
from the “ dry layer” .

Tj increased abruptly with drying time between 90 and 120 
min (see Fig. 8); afterwards this increase slowed down, just 
as did the decrease in T2. Since the slope of T, vs water content 
increased with decreasing water contents (see Fig. 2), this de
celeration could be explained by the water content beginning 
to decrease more slowly, that is, by a change in drying kinet
ics. It seems logical to hypothesize that after the elimination 
of the frozen core the drying rate stays relatively high until the 
desorption of the more mobile water is complete. This point, 
at which the drying rate clearly decreases, may have important 
technological repercussions.

CONCLUSION

ANY IMPROVEMENT in modeling of freeze-drying kinetics 
would require a description of the mechanisms of desorption 
of water remaining in the “ dry”  part of the product. That 
desorption and sublimation occur simultaneously is a signifi
cant finding. Whatever the future developments in modeling 
the process, NMR is well suited to the monitoring of freeze
drying. Estimations of Tx and T2 using rapid methods can be 
useful for detection of sublimation end points which afford 
obvious technological and economic advantage. Moreover, a 
change in drying kinetics, which occurs after the sublimation 
end point, can be detected, as well as the fusion of the frozen 
core, an important freeze-drying anomaly. However, suitable 
sampling devices need to be developed prior to industrial ap
plication of these results. -C ontinued on page 1728
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Color Development in a Model System During Frying: Role 
of Individual Amino Acids and Sugars

M.A. RO E and R.M. FA U LK S

----------------------------ABSTRACT-----------------------------
The color of fried potato products is limited by reducing sugars, but 
can be affected by free amino acids. Filter paper discs saturated with 
solutions of amino acids in combination with glucose, fructose and 
sucrose were fried in oil to investigate color formation. Four phases 
of color development were identified; equilibrium, lag, rapid and slow 
phase, corresponding to the water content of the system. Lysine, y- 
aminobutyric acid and glycine produced most color and glutamic acid 
least. Fry color of glucose and fructose systems was very similar, but 
sucrose systems produced less color. Glucose and fructose systems 
were not affected by pH changes, but there was a slight effect on 
sucrose systems.

Key Words: frying, color, amino acids, sugars

INTRODUCTION

THE CONTENT of reducing sugars and amino acids has been 
shown to have an effect on the color of fried potatoes (Habib 
and Brown, 1956; Schallenberger et al., 1959). The disap
pearance of amino acids has been found to accompany the 
disappearance of reducing sugars during browning, indicating 
that the color produced was probably due to the Maillard Re
action between reducing sugars and amino acids (Townsend 
and Hope, 1960; Fitzpatrick et al., 1965). Excessive browning 
during frying produces an undesirable color and a bitter taste, 
which are unacceptable in fried potato products. The potato 
processing industry uses reducing sugar levels as a predictive 
test of the suitability of material for processing, since reducing 
sugars are normally the limiting factor in color development 
(Dahlenburg, 1982; Marquez and Anon, 1986). Relationships 
between fry color and reducing sugar content have varied con
siderably and this variation has been ascribed to the differences 
in free amino acid concentrations in the potato (Habib and 
Brown, 1957; Hope et al., 1960). The free amino acid pool 
of potato tubers varied with different levels of nitrogen fertil
isation (Eppendorfer, 1978; Hoff et al., 1971; Rexen, 1976) 
and with the effect of post harvest storage (Fitzpatrick and 
Porter, 1966). More recently changes in the relative propor
tions of the sugars and free amino acids present have been 
reported in potatoes grown under different nitrogen regimes 
(Roe et al., 1990).

Of the many investigations of the Maillard Reaction most 
have measured color produced in solutions. Where browning 
has been investigated during frying, filter paper discs impreg
nated with potato juice or solutions of amino acids and sugars 
have been used (Townsend and Hope, 1960; Dahlenburg, 1982; 
Nam and Kim, 1984; Leskowiat et al., 1990), however such 
systems have not been used to investigate the role of individual 
amino acids and sugars. The color produced during flying may 
not be entirely due to the Maillard Reaction between reducing 
sugars and amino acids. Sucrose can have an effect on color 
development if conditions are favorable for hydrolysis. Schal
lenberger et al. (1959) and Townsend and Hope (1960) found 
that conditions favoring hydrolysis of sucrose could occur dur
ing frying, although sucrose alone has not correlated well with

Authors Roe and Faulks are with the AFRC Institute o f Food 
Research, Norwich Laboratory, Colney Lane, Norwich. NR4 7UA, 
England.

fry color. Caramelization of sugars can occur simultaneously 
with the Maillard Reaction and this may contribute slightly to 
total color. Buera et al. (1987) found that color due to cara
melization was not generally important when compared with 
Maillard browning. Other factors such as pH (Wolfrom et al., 
1974; Ashoor and Zent, 1984; Buera et al., 1987), buffer ions 
(Burton and Mcweeny, 1963; Saunders and Jervis, 1966) and 
water content (Eichner and Karel, 1972) have also been shown 
to affect color development. However Nam and Kim (1984) 
reported that the effects of pH were obscured at normal frying 
temperatures (ca 180°C). Recent work where amino acids were 
ranked in order of browning potential has shown that although 
browning may be influenced by physical conditions, the 
browning potential of individual amino acids was relatively 
unaffected (Ashoor and Zent, 1984; Ames, 1986).

Because of the variable ratios and total amounts of sugars 
and amino acids present in potatoes and the lack of data on 
high temperature-short time processes, model frying experi
ments were carried out to identify factors that influence color 
development. Our objective was to determine the degree of 
browning in fried filter paper discs saturated with solutions of 
amino acids and sugar. We also wanted to determine the rel
ative contributions and influence of specific amino acids, su
crose and pH.

MATERIALS & METHODS

AMINO ACIDS (y-aminobutyric acid, arginine, asparagine, aspartic 
acid, glutamic acid, glutamine, glycine, lysine, phenylalanine and 
valine) and sugars (D-glucose, D-fructose and sucrose) were analytical 
grade and were obtained from a range of suppliers. Analytical grade 
buffer salts, disodium hydrogen orthophosphate and sodium dihydro
gen orthophosphate were obtained from BDH (Poole, Dorset, En
gland). Glass distilled water was used throughout to make up the 
solutions. Filter paper discs, Whatman No 17 (5.5cm dia.) were used 
without prior treatment. Frytol vegetable oil (commercial oil blend 
supplied by Herbert Freeston Ltd., Norwich, Norfolk, England) was 
used for frying.

Stock solutions (0.2M) of amino acids and sugars were prepared in 
0.1M phosphate buffer in the range pH 4-8. To prepare working 
solutions, equal aliquots of sugar and amino acid solutions were mixed 
and diluted to 0.02M with the appropriate 0.1M phosphate buffer and 
the final pH adjusted by the addition of 0.1M HC1 or 0.1M NaOH. 
The working solutions were used to saturate weighed filter paper discs, 
excess solution was wiped off with absorbent paper. Duplicate satu
rated wet or freeze-dried discs were placed between two pieces of thin 
wire mesh with 1 cm2 openings and immediately fried in oil at 180°C 
for 10 to 120 sec. Filter paper discs saturated with buffer were fried 
as controls. Immediately after frying, the filter paper discs were plunged 
into liquid nitrogen to prevent further evaporative loss of water and 
placed in small covered petri dishes to warm up to room temperature 
prior to weighing. The color of the fried filter paper discs was mea
sured on a Hunter Labscan (HunterLab, Reston, VA) using the Hue 
angle (6) (a measure of the relative intensities of color components) 
as defined by the manufacturers. After color measurements the fried 
filter paper discs were dried to constant weight at 103°C in a fan 
assisted oven. From the weights, the amount of water present in the 
filter paper and the fat uptake were calculated.

RESULTS & DISCUSSION
The choice of amino acids and sugars was based on those 
present in greatest amounts as free compounds in potato tuber
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COLOR DEVELOPMENT DURING FRYING. . .

Fig. 1 -D eve lopm en t o f color, % o f original water remaining and  
% of m axim um  oil uptake for system s o f 0.02M glucose with 
0.02M lysine, glutamine and glutamic acid at pH  6.0. A  % of 
original water remaining; ■ % o f m axim um  oil uptake; o 0.02M 
glucose/0.02M lysine; •  0.02M glucose/0.02M glutamine; A 0.02M 
giucose/0.02M glutamic acid.

tissue (Davies, 1977; Burton, 1966). The concentration of sug
ars was similar to that found in the expressed sap of stored 
tubers (0.36% w/v) but the concentration of individual amino 
acids was much higher than that normally found (Synge, 1977). 
A much higher concentration of amino acids was used to obtain 
a molar ratio of 1:1, sugar:amino acid, the stoichiometry of 
the initial stage of the Maillard Reaction (Ellis, 1959). Al
though not physiologically representative this ratio was used 
also to maximize color production by avoiding limitations in 
the concentration of either component. This helped enable 
identification of those systems with the greatest potential to 
produce colored products. The pH (6.0) corresponded to the 
average pH for potato tuber sap which has been reported to 
vary between pH 5.5 and 6.5 (Burton, 1966).

The general shape of the curves relating color development, 
accompanying water loss and oil uptake were similar for all 
systems. Examples of the curves obtained with D-glucose and 
some amino acids are shown in Fig. 1. Clearly, color devel
opment had four distinct phases. First, a slight but rapid in
crease in color up to about 15 sec, then a lag phase of variable 
duration of 15 to 22 sec. The third phase was a rapid increase 
in color between 22 and 40 sec and finally a plateau between 
40 and 120 sec where little additional color was formed.

In the first phase, although the color appeared to be increas
ing rapidly, this was due to an effect of oil on the surface of 
the filter paper which changed the optical characteristics. Any 
changes after this initial period of equilibriation were caused 
by true changes in color. The lag phase occurred once the paper 
was oil saturated, but no color developed because of the high 
water content. Perhaps there was sufficient steam generation 
during this high moisture phase to prevent the paper temper
ature rising much above 100°C, at which the Maillard Reaction 
is relatively slow (Ellis, 1959).

The onset of rapid color development (3rd phase) occurred 
once about 20% of the original water was left. This would 
cause a fivefold increase in concentration of the substrates and 
the reduced water content probably allowed the temperature of 
the paper to rise, greatly increasing the rate of the Maillard 
Reaction. The beginning of the fourth phase, during which no 
further color developed, coincided with the point at which 
almost none of the original water was left. The lack of water 
to solvate substrates may well be the reason that no further 
color developed, however it was not clear whether all reactants 
had been consumed. Saturated filter paper discs which were 
freeze-dried before frying, developed color, although to a lesser 
extent, despite the lack of water. This could have been a result

Fig. 2 —Developm ent o f color in sys tem s o f 0.02M glucose, fruc
tose and sucrose with 0.02M y-aminobutyric acid at pH  6.0. •  
0.02M glucose, A 0.02M fructose, o 0.02M sucrose.

Table 1 - M e a n  H ue A ng le  (8) o f  duplicate fry  te s ts  o f  am in o  acid-sugar  
so lu tions a fter frying for 2  m in  (in order o f  decreasing  fry color)______________

G lu co se* Fru ctose* S u c ro s e b

Lysine 50.52 50.55 61.31
y-A m in ob utyric  acid 52.39 52.24 61.60
G lycine 54.90 55.22 64.21
Glutam ine 57.23 59.47 60.29
A sp artic  acid 58.50 62.72 62.49
A rgin ine 59.11 59.92 69.98
V aline 59.37 61.22 72.90
Phenyla lan in e 61.13 62.24 75.56
A sp arag in e 62.30 63.11 74.24
G lutam ic acid 65.24 64.24 67.39

8 Columns with different superscripts are significantly different (P< 0.01) using paired
t-tests.

Table 2 - M ean H ue A n g le  (6) o f  sugar-g lycine so lu tions a t p H  4.0, 6.0
an d  8 .0  a fter frying fo r 2 m in

pH ± S D  m ean*

4.0 6.0 8.0
G lu co se/G lycin e
Fru ctose/G lycin e
Su cro se /G lyc in e

55.30 ± 2.03  
54.87 ± 0.59  
57.78 ± 1.99

54.57 ± 0.39  
56.41 ± 1.99 
65.83 ± 0.89

54.31 ±  
58.07 ±  
74.54  ±

1.55 N S  
1.87 N S  
0.51 p < 0.01

8 Significance of pH assessed by oneway analysis of variance. NS = not significant.

of the high concentration of reactants in the dry system, car- 
amelization of sugars, or reactions between components in the 
oil and the sugars and/or amino acids (Kwon et al., 1965; 
Montgomery and Day, 1965). These findings agreed with the 
known Maillard mechanism for non-enzymic browning, where 
ketoseamines are formed in low yields in dilute solutions and 
in maximum yields in mixtures with about 18% water content 
(Reynolds, 1970). Discs saturated with blank solution (phos
phate buffer pH 6.0) or individual sugar solutions produced 
no color (0 = -8 0 .0  after 120 sec). The phases of color 
development appeared to be related to the rate of heating, 
amount of water (concentration of reactants) and the course of 
the Maillard Reaction under changing conditions.

Comparison of the browning effects of the different sugars 
(Table 1) showed that both D-glucose and D-fructose gave 
similar and significantly higher color than sucrose with each 
amino acid. Very little difference occurred in the order of 
ranking between the amino acids with D-glucose and with D- 
fructose. Lysine, -y-aminobutyric acid and glycine were the 
highest browning amino acids and may therefore be the most 
important in browning of potato chips. With D-glucose, the 
lightest colors formed were similar to the darkest color formed 
with sucrose.

A representative plot of comparitive rates of color devel
opment for different sugars is given in Fig. 2. Both D-glucose
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and D -fru c to se  reac ted  as expected  bu t su c ro se , w h ich  does 
not partic ipa te  in the  M ailla rd  R eaction  as su ch , sho w ed  m uch 
less co lo r p ro d u ctio n  in the  th ird  (rap id ) p h ase . A d d itio n a lly , 
w ith  sucrose  there  w as no  p la teau  and co lo r co n tin u ed  to  be 
genera ted  up  to  120 sec . T he co lo r reac tion  th erefo re  co n tin 
ued , un like  the  M ailla rd  R eaction  w ith  red u cin g  su g ars . T he 
reasons are u n clea r bu t it m ay  have b een  due to  the  hydro lysis 
o f  sucrose  to  reac tive  m o n o m ers, caram eliza tio n  o r o th e r u n 
specified  reac tions w ith  co m p o n en ts  in the o il at 180°C  in the 
v irtua l absence  o f  w a te r (S ch allen b erg er et a l . ,  1959; T o w n 
send and H o p e , 1960).

A  co m p ariso n  o f  the  e ffects o f  pH  on co lo r d ev elopm en t 
w ith  se lec ted  am ino  ac id s show ed  no  s ig n ifican t d iffe rence  
w ith  D -g lucose or D -fruc tose  b u t pH  had a sig n ifican t e ffect 
on  co lor d ev elo p m en t w ith  sucrose  (T able  2 ). F o r the  reac tion  
b etw een  su cro se  and g ly c in e  the  g rea test final co lo r (0 =  58) 
occurred  at pH  4 .0  and the least (0 =  76) a t pH  8 .0 . T his 
suggested  tha t at least som e sligh t h y d ro lysis o f  su cro se  m igh t 
o ccu r and the  resu ltin g  red u cin g  sugars m ay  have  partic ip a ted  
in  the M ailla rd  R eactio n . H o w ev er, the change  in p H  from  4 .0  
to  8.0  cou ld  resu lt in a 10 4 decrease  in  reac tion  ra te  since  the 
hydro lysis o f  su cro se  is an ac id -ca ta ly zed  p ro cess . T h e  rate- 
lim iting  step  w o u ld  be hy d ro ly sis  ra th er than  the M ailla rd  R e
action . T he h y dro lysis ra te  cou ld  be ex p ected  to  ch an g e  b y  104 
betw een  pH  4 .0  and 8 .0  w ith  resu ltin g  changes in co lo r d e 
v e lo p m en t o f  the sam e o rd er. H o w ev er, th is did no t occur 
p robab ly  b ecause  o f  the  lim iting  am oun t o f  w a te r in the  sy s
tem . T h u s sucrose  co n trib u ted  o n ly  m arg in a lly  to  co lo r d ev e l
opm en t th rough  its h y dro lysis p ro d u cts .

P re lim in ary  stud ies w ere  u n d ertak en  using  m ix tu res o f  tw o 
o r m ore  am ino  acids w ith  D -g lu co se . In those  sy s tem s , a m ean  
fry  co lo r w as o b ta ined  w h ich  cou ld  b e  p red ic ted  from  resu lts  
o f  the sing le am ino  acid  - D -g lu co se  sy s tem s. N o syn erg istic  
o r d ep ressive  e ffec ts  w ere  no ted  in such  m ixed  sy s tem s, su p 
p orting  the fin d in g s o f  N afis i and M ark ak is (1983).

CONCLUSIONS
D IF F E R E N C E S  o ccu rred  in the  d eg ree  o f  b ro w n in g  be tw een  
different am ino acids and sugars under frying conditions. There 
w as no s ign ifican t d iffe rence  in  co lo r fo rm ation  o f  g lucose- 
am ino  acid  o r fru c to se -am in o  acid  sy s tem s, b u t sucrose  sy s
tem s p roduced  m uch  less co lo r. In  po ta to es am ino  acids are 
p resen t in excess o f  sugars and the d iffe ren ce  in co lo r fo rm ed 
b y  d ifferen t am ino  acids w as re la tiv e ly  slig h t. T h u s th ere  w ere  
no ind ication  o f  p a rticu la r am ino  acids reac tin g  p referen tia lly . 
D eterm ination  o f  the  am o u n t o f  free  am ino  acids p resen t in 
potatoes w ould  not likely im prove the predictability  o f fry  color 
(R oe et a l . ,  1990).
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S i m u l t a n e o u s  H e a t  P r o c e s s i n g  o f  H i g h -  a n d  L o w - A c i d  

F o o d s  i n  S e m i r i g i d  C o n t a i n e r s — A  T h e o r e t i c a l  A n a l y s i s

KAN-ICHI HAYAKAWA, JIANJUN WANG, and SEYM OUR G. G ILB ER T

---------------------------ABSTRACT---------------------------
A one meal-set of military ration consists of heat sterilized, high- and 
low-acid foods in semirigid containers. These foods are processed 
separately because of large differences in lethality requirements. We 
examined the feasibility of simultaneously processing a meal-set con
sisting of chili con came, white rice, and sliced peach in syrup to 
minimize costs. Simultaneous processing was not possible by adjust
ing initial temperatures according to computer-simulation using food 
temperature data collected experimentally. However, it was possible 
when the container for peaches was insulated properly with expanded 
polystyrene. Proper insulation thickness was slightly dependent on z 
value of the target factor.

Key Words: acid foods, semirigid containers, packaging, computer- 
simulation, thermal processing

INTRODUCTION
H E A T  STER IL IZ E D  foods in sem irigid, plastic containers have 
been  accep ted  by  consum ers because  o f the ir easily  reco g n iz 
able package  p ro files and o f  their sh e lf life  stab ility . T herm al 
p rocesses fo r foods in those  co n ta in ers are d escribed  in several 
artic les (D ah lg ren , 1985; W ach te l, 1987). A  tray -se t o f  d if
fe ren t, th erm ally  p ro cessed  foods in  sem irig id  co n ta in ers has 
been  served  as a co m p le te  m eal fo r m ilita ry  feed in g  due to  
conven ience  fo r m ass feed in g . H igh- and low -ac id  foods u su 
ally  are included  in one  set. T hese  pack ag ed  food  co m ponen ts 
are p rocessed  sep ara te ly  because  o f  g rea tly  d iffe ren t target 
p rocess le th a lities . T he sim u ltan eo u s p ro cessin g  o f one co m 
p lete  m eal-se t cou ld  g rea tly  reduce p ro d u ctio n  co sts  o f  m ilita ry  
ra tions. T he ob jec tiv e  o f  ou r w o rk  w as to  analyze feas ib ility  
fo r s im ultaneously  p ro cessin g  h igh- and low -ac id  foods packed  
in sem irig id  con ta in ers .

MATERIALS & METHODS

A MEAL-SET consisting of chili con came, white rice, and peach 
slices in syrup was used. The first two are low acid foods and the 
remaining high acid food. Two approaches for accomplishing simul
taneous processing of the three foods were examined. The first was 
to adjust initial food and retort temperatures. The second was to apply 
a layer of insulation to containers for peach slices, which required the 
least process for lethality. A computer program, a modified version 
of one previously developed for evaluation of thermal processes (Hay- 
akawa, 1977), was used. The target process lethality and the heat 
transfer parameters of packaged foods were required for this. They 
were obtained as described below.

Thermal death time characteristics

A target sterilizing value, Fp, of each food was obtained from the 
experimental temperature data for each food, which has been sub
jected to a proper thermal process (Table 1, data provided by U. S. 
Army Natick RD&E Center). All heat penetration experiments were 
done in a still retort manufactured by the Berlin Food Processing

Authors Hayakawa, Wang, and Gilbert are with the Food Sci
ence Dept., N ew  Jersey Agricultural Experiment Station, Cook 
College, Rutgers Univ., P. 0. Box 231, N ew  Brunswick, N J 08903.

Equipment Co. The heating medium was hot water pressurized with 
air.

The following equation calculates the sterilizing values (Ball and 
Olson, 1957):

i
tend

1 0 <T-T,yz dt

Using experimentally determined temperature data, an Fp values 
were calculated by numerical integration using Simpson’s rule (a gen
eral method).

It is clear from Eq. (1) that the proper values of z, and T„ must be 
chosen to estimate an Fp value. Since chili con carne and white rice 
are low-acid foods, the target microorganism for thermal processing 
of both foods is Clostridium botulinum spores. Therefore, a standard 
z value of 10 C° was used. There was no published information avail
able on target microorganisms of peach slices in syrup. However, one 
reference book (Lopez, 1981) stated vegetative bacteria (e.g., Bacillus 
thermoacidurans, Clostridium pasteruianum, Lactobercillus sp., Leu- 
conostoc sp.), yeasts (only in case of gross underprocessing) or molds 
(Byssochlamys fulva) are the target organisms for thermal processing 
of high acid foods. The z values of these microorganisms are likely 
within the range between 4.2 C° and 12 C° according to published 
reports (Hugo, 1971; Norwig and Thompson, 1986). The following 
three z values were used for peach slices in syrup, 4.2, 10.0, and 12 
C° (10 C° for comparison).

As for T„ 121.11° C is commonly used to estimate Fp for thermal 
processes of low-acid foods. It is a common practice to use a Tr below 
100° C for high-acid food. However, 121.11° C was used as the Tr 
for peach slices for the following reasons. First, an Fp based on Tr 
may be converted easily to another Fp based on another T, by:

FP2 = 10<T' - T*>'* Fpl (2)

Second, one obtains final conclusions identical to those based on dif
ferent Tr values when enough significant digits are retained in esti
mated Fp values (very small values). This may be accomplished through 
double precision computations.

Heat penetration param eters

Empirical parameters, f  and j values, for heat transfer in packaged 
food were estimated from 6 temperature history curves for each food 
provided by the U. S. Army Natick RD&E Center. Parameters f  and 
j are related to the slope and intercept of the linear part of a semilog- 
arithmic temperature history, Eq. (3).

logio (|T. -  T|) = -  t/f + log10 0(|T„ -  Tj|)] t > t* (3)

The f and j values of a semilogarithmic heating curve (fh and jh) were 
estimated by using a computer program developed previously (Hay
akawa et al., 1981) after making a correction for come-up heating 
(Ball and Olson, 1957). The f and j values of the semilogarithmic 
cooling curve (fc and jc) were determined through similar computa
tions. Conduction heat transfer in the food was assumed. Justification 
for this is presented later.

Tem perature response properties of peach slices in syrup

The principles of heat transfer were used to estimate f and j values 
of peach slices in a syrup package with an applied layer of insulation 
material. For this, the inside space configuration of the container was 
approximated by a rectangular parallelepiped (a brick shape) with an 
identical volume. The parameters f  and j of a rectangular parallele
piped, 2L x2W x2H , are related to respective heat penetration param-
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Table 1—Processing conditions of selected foods in semirigid containers
Net weight

g
To
X

T,
°C

P.
x 105Pa

tUp
min

tb
min

Peach slices 227 (136a) 24.8 104.4 1.082 7.0 16.0
White rice 227 30.3 118.1 2.324 31.0 38.0
Chili con carne 326 34.2 115.6 2.234 11.0 49.0
3 Drained weight

eters of infinitely wide plates of thicknesses 2L, 2W, and 2H (Ball 
and Olson, 1957 and Pflug et al., 1965).

1/fp = l/fL + 1/fw + l/fH (4)

jp =  jL ' jw ' jtt (5)

The parameters f and j of an infinite plate may be estimated from 
the analytical formula when thermal diffusivity, a , and Biot number, 
Bi, are available. For example, the f and j values of an infinite plate 
of thickness 2H may be estimated by:

fH = H2 (In 10)/(pfH a) (6)

Jh = j Hc cos (p1H x/H) (7)

Where p1H is the first positive root of the following equation.

p tan p = BiH (8)

In Eq. (7) jHc is the j value on the center plane of the plate which 
may be estimated by (Pflug et al., 1965):

•Ihc = 2BiH sec P1H/{BiH (BiH + 1) + PfH} (9)

slices in an insulated container, fpn, and f of those in noninsulated 
containers, fp.

f /f = [(L/PiL)2 + (W/plw)2 + (H/Pih)2]
pn p [(L/p1Ul)2 + (W/plw„)2 + (H/p1Hn)2] 1 ’

Similarly, a relationship between j values of peach slices in insu
lated and noninsulated containers is obtained from Eq. (15).

jpn/jp = 4« (BShJAIt (Bi„) (19)

where: i|t (BiH) = Bi?, sec p1L sec p]w sec p,H/[{SL BiH (SL Bi„
+ 1) + Pil} {Sw BiH (Sw BiH + 1) + p?w} {BiH (BiH + 1) + Pih}]

(20)

vp (BiHn) is defined by replacing Bi„, P,L, P,w, and P1H by Bi„, P1U, 
P,w„, and P1H„, respectively.

For each assumed thickness of insulation material, BiHn, was esti
mated by Eq. (16) and (17). Then constants P1H„, P,Ln, and Plw„ were 
estimated using Eq. (8), (11), and (14) where BiH in these equations 
was replaced by BiHn. The values of fh, fc, jh, and jc applicable to an 
insulated container package were estimated using Eq. (18) and (19).

From Eq. (4) and (6), we obtained:

1/fp = («/In 10) {(L/p1L)2 + (W/plw)2 + (H/Pih)2} (10)

where P1L and Plw are the first positive roots of the following 
equations.

P1L: P tan P = SL BiH (11)

Plw: P tan P = Sw BiH (12)

The central j value, which is required to estimate center tempera
tures, may be obtained using Eq. (7) and (9).

jp — 8Bi? Sl * Sw sec P,w * sec Pih/[{Sl BiH (SL BiH + 1)
+ Pil} {Sw BiH (Sw BiH + 1) + p2w} {BiH (BiH + 1) + p2w}]

(13)

The values of BiH and of first positive roots P1L, Plw, and P1H were 
determined by substituting an experimentally determined j value into 
Eq. (13) [only one unknown because of all roots related to BiH as 
shown by Eq. (8), (11), and (12)]. The effective thermal diffusivity 
a  of peach slices in syrup was estimated substituting an experimental 
f value and the roots into Eq. (10).

The effective thermal conductivity of the food, k, was determined 
from the definition of a  and the estimated density, p, and specific 
heat, Cp, of the food.

k = a Cp p (14)

The food was assumed to be equilibrated with a 15% sugar solution 
(mass basis) to estimate p and Cp. Thus, Cp was obtained from a 
Mollier chart for sugar solutions (Burke, 1954). The same chart shows 
the refractive index, n, of the solution. The density p was estimated 
using the following empirical formula (Dickerson, 1968).

p = 0.00452 (n2 -  l)/(n2 + 2) (15)

The value of effective Bi is changed when a layer of insulation 
material is applied to all outside surfaces of a container since an 
effective, convective surface heat conductance is reduced from h to 
U, Eq. (16).

1/U = 1/h + I„/kn (16)

BiH„ = UH/k (17)

For the present analysis, expanded polystyrene was chosen as an in
sulation material.

Equation 10 gives a relationship between the value of f for peach

Estimation of Fp

A modified version of a computer program developed previously 
(Hayakawa, 1977) was used to estimate Fp values. This program has 
an option of specifying either conductive or convective food being 
processed. Because of an assumption previously stated, the option of 
heat conductive food was used.

RESULTS & DISCUSSION
TABLE 2 shows the actual sterilizing values calculated from temper
ature histories provided by the U.S. Army Natick RD&E Center. The 
Fp of chili con came and white rice are typical values for low-acid 
foods. The Fp of peach slices in syrup was highly dependent on the z 
value used. Since the temperatures of peach slices were below Tr, a 
smaller z value resulted in smaller values of integrand of Eq. (1) and 
thus a smaller Fp value.

The examination of the true temperature data revealed that temper
atures of all three foods continued to increase during initial cooling 
periods. This implied the food was conduction heated and cooled since 
there was no temperature increase during a cooling phase for convec
tive heating food. With chili con came and white rice, this was ex
pected. With peach slices in syrup, there was a relatively small height 
profile of a container for peach slices, with an average inside height

Table 2 -  Target sterilizing values (Ff ) of three products in semirigid con
tainers

z Value (C°) Fp (min)
Chili Con Carne 10.0 7.5
White Rice 10.0 7.5
Peach Slices in Sy-up 4.2 4.30 X 1 0 -5

10.0 0.0500
11.9 0.152

Table 3—Average heat penetration parameters of three products in Army
ration containers

Food
Parameters Chili Con Carne White Rice Peach Slices“

3 
3 26.49 (0.318)b 

35.78 (1.11) 
1.235 (0.035) 
1.209 (0.022)

28.30 (0.348) 
59.25 (3.66) 
1.375 (0.049) 
1.431 (0.280)

18.32 (0.624) 
31.35 (3.10)
1.17 (0.085)
1.17 (0.011)

• Actual values of packs in uninsulated containers. 
b Values in pairs of parentheses are standard deviations.
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Table 4—Effective inside dimensions (mm) of containers
Container

for
Height

(2H)
Width
(2W)

Length
(2L)

Peach Slices 30 70 118
Chili Con Carne 26 92 136
White Rice 30 70 118

of 30 mm, causing the reduced convective flow of the syrup. Based 
on the above observations, all foods were assumed to be thermally 
conductive.

Table 3 shows the values of heat penetration parameters and stan
dard deviations. Effective inside dimensions of containers are shown 
in Table 4. The dimensions of the containers for chili con carnc and 
white rice are given for comparison although they were not required 
for analysis.

Simulation for adjusted initial food temperatures

The heating time, tb, should be reduced for the low-acid food and 
increased for the high-acid food for simultaneous processing. There
fore, the initial temperature, T0, of white rice and chili con came were 
adjusted between 29.4 and 82.2 °C and T0 of peach slices between
1.6 and 15.6 °C. Analyses were performed for two retort temperatures,
110.0 and 121.1 °C. Results are summarized in Table 5.

With retort temperature 110°C, the tb of both low-acid foods were 
reduced slightly when T0 were increased from 29.4 to 82.2°C, about 
a 9% reduction. Note that the tb of both foods were nearly identical 
although their fh values differed. This was due to the fact that the fg 
of white rice is considerably greater than the fc of chili con carne. 
The larger fc value resulted in higher food temperature during the 
cooling phase because of a slower rate of cooling. Therefore, there 
was a greater cooling phase lethality for white rice as compared to 
that of chili con carne. This compensated for a lesser heating phase 
lethality of white rice.

The tb of peach slices were 15 to 20% of those of the low acid 
foods depending on the peach z value, 20% for the smallest z value 
and 15% for the largest z value. There was no significant increase in 
tb when the initial food temperature was lowered to 1.6°C.

With the retort temperature of 121.1°C, relative differences in the 
tb of the low and high acid foods became less than those at the lower 
retort temperatures, a 35 to 40% difference. There were relatively 
large reductions in heating times for low-acid food when initial tem
peratures were increased (20% reduction). However, there were no 
significant increases in required heating times for the high-acid food 
with lowered initial temperature. The z values did not significantly 
influence the high-acid food heating times. Clearly, from Table 5, the 
simultaneous processing of all foods is not possible by adjusting the 
retort or initial temperatures.

Simulation for insulated high-acid food containers

The simulation required the effective thermophysical property val
ues of peach slices in syrup. The estimated values are:

a = 2.07 mm2/sec (a mean of six values, ± 10%)

Cp = 3.81 J/(gC°) n = 1.356

p = 0.001060 g/mm5 k = 0.00836 W/(mmC°)

The thermal conductivity of expanded polystyrene is 4.19 x  10~5 
W/(mm C°) (Anonymous, 1988). The effective thermophysical prop
erty values of peaches in syrup and the insulation material were used 
to convert the experimentally determined f and j values of peach slices 
in a noninsulated container to those in an insulated container as pre
viously described.

Proper thicknesses of expanded polystyrene layer on the peach con
tainer were determined through iterative computations. The following 
two different sets of results were obtained: (1) Different initial tem
peratures yielding virtually identical, required heating times (less than

Table 5-Predicted heating times of three rations of different TQand different T,a
T , = 110°C T  = 121.i r e

To Z tb To z
Foodb (°C) (C°) (min) Foodb <°C) <C°) (min)

C 29.44 10.0 137.0 c 29.44 10 44.74
37.78 135.7 37.78 43.64
65.56 130.1 65.56 38.97
82.22 124.7 82.22 34.87

R 29.44 10 137.0 R 29.44 10 45.65
37.78 136.6 37.78 44.48
65.56 130.6 65.56 39.50
82.22 124.9 82.22 35.11

P 1.67 4.2 27.14 P 1.67 4.2 17.69
4.44 26.99 4.44 17.61

10 26.68 10 16.67
15.56 25.62 15.56 16.49

P 1.67 10 20.91 P 1.67 10 15.62
4.44 20.70 4.44 15.44

10 20.27 10 15.06
15.56 19.76 15.56 14.64

P 1.67 12 21.86 P 1.67 12 16.26
4.44 21.66 4.44 16.08

10 21.22 10 15.67
15.56 20.77 15.56 15.26

3 Cooling water temperature was assumed to be 12°C.
bC = chili con carne, R = white rice, P = peach slices.

Table 6-Simulation for insulated peach containers with three different peach z values and with different or same initial food temperaturesa
P e a c h  __________________________ _____________________________  __________________ Peach Parameters21__________________ tb

— Z C R P lm fh fc jh ic C R P
(C°) Different' Sam e' rc ) <°C) (°C) (min) (min) (min) ( - ) ( - ) (min) (min) (min)
4.2 0 18.3 26.7 27.2 1.23 60.0 72.8 1.054 1.077 49.10 49.07 49.08
4.2 0 23.9 23.9 23.9 1.23 60.0 72.8 1.054 1.077 48.45 49.43 49.47

10.0 0 18.3 26.7 23.1 1.65 74.0 86.2 1.044 1.064 49.10 49.07 49.02
10.0 0 23.9 23.9 23.9 1.65 74.0 86.2 1.044 1.064 48.45 49.43 48.66
12.0 0 18.3 26.7 23.9 1.62 73.1 85.3 1.045 1.065 49.10 49.09 49.03
12.0 0 23.9 23.9 23.9 1.62 73.1 85.3 1.045 1.065 46.45 49.43 49.03

* Column headings: C -ch ili con carne, R-w hite  rice, P -p each  slices in syrup: T, = 120°C and Tw = 11.7°C for all processes. 
b Heat penetration parameters for peach slices In syrup in an Insulated container. See Table 3 for the other foods. 
c Different = different initial temperatures; same = same initial temperatures.
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0.1% difference); and (2) The same initial temperature yielding slightly 
different, required heating times.

The estimated initial food temperatures, insulation thickness and 
processing times (heating time) are shown in Table 6. With the peach 
z value of 4.2 C°, virtually identical processing times (heating times) 
were obtained when the initial food temperatures were 18.3°C for chili 
con came, 26.7 for rice, and 27.2 for peach slices. When initial 
temperatures of all foods were equal to 23.9°C, slightly different 
processing times at 120°C resulted, 49.5 (min) for peach slices, 48.2 
for chili con carne, and 49.4 for rice. Therefore, the three foods may 
be processed simultaneously for 50 min at 120°C, (less than 1 min 
difference in estimated tb.

When the z value for peach was 10 °C, the required insulation 
thickness was 1.65 mm. Required initial food temperatures for vir
tually similar processing times were 18.3°C for chili con carne, 23.1 
for peach, and 26.7 for rice. When the initial temperatures of all foods 
were set to 23.9°C, the estimated processing times were 48.5 min for 
chili con carne, 48.7 for peach, and 49.4 for rice. Therefore, all three 
foods with 23.9°C initial temperatures may be processed for 50 min 
at 120 °C, identical to the least peach z process.

With the peach z value of 12 C°, the required insulation thickness 
was 1.62mm. The required initial temperature for nearly the same 
processing times for chili con carne and rice were identical to those 
of the two previous peach z values. The initial temperature of peach, 
23.9°C was slightly above that for the peach z of 10 C°. When the 
initial temperature of all foods was 23.9°C, the required processing 
time of peach was 49.0 min, slightly longer than that for the peach z 
of IOC“. Again, all foods could be processed simultaneously for 50 
min at 120°C when their initial temperature is 23.9°C.

The above analysis assumes no contact resistance between the in
sulation layer and outside surface of the peach container. A thinner 
layer of insulation is required when there is significant contact resis
tance. The time invariable thermal conductivity of expanded poly
styrene during processing was another assumption. A thicker insulation 
layer is required if there is an increase in the thermal conductivity 
owing to moisture permeation. Thus, a closed cell structure is nec
essary for insulation.

The required insulation thickness for the two larger peach z values 
was about 0.4 mm greater than that for the smallest z value. However, 
the insulation thickness for the largest peach z value (12 C°) was not 
greater than that for the peach z value of 10 C° (0.04 mm less). This 
could be due to interactive influence of heat penetration parameters 
on process lethalities.

The application of insulation material to the peach container intro
duces additional statistical variability in the process lethality. There
fore, a brooder safety factor is required for simultaneous processing 
of the three foods.

NOMENCLATURE
B i B io t nu m b er =  h-6Vk.
B i„  =  hH /k .
Cp S p ecific  heat o f  food .
f  S lope in d ex  o f  sem ilo g arith m ic  tem p era tu re  h is

to ry  curve.
Fp S teriliz in g  v a lu e .
H O n e -h a lf o f  e ffec tive  in side  h e ig h t o f  co n ta in er

w h o se  shape is ap p ro x im ated  b y  a b rick  sh ap e .
h O vera ll heat tran sfer from  heat exchange  m edium

to food  su rface .
In Insu la tion  th ick n ess.
j E m p irica l heat p en etra tio n  p a ram ete r re la ted  to  the

in tercep t o f  sem ilo g arith m ic  tem p era tu re  h is to ry  
curve.

k  T h erm al cond u ctiv ity .
L  O n e -h a lf o f  e ffec tive  in side  side  d im ension  o f  c o n 

ta in er w h o se  shape  is ap p ro x im ated  b y  a b rick  
shape.

€  H a lf  th ick n ess o f  a p la te .
n R eflec tive  index .
P a pressure
p t F irst po sitiv e  roo t o f  p tan  p  =  B x.
SL =  L /H .
Sw =  W /H .

T
T a

T¡

T0
T,
T w
t
U

W

x

z
a
P
M )
Subscript
b
c
end
H
h
€

L
n
P

up
W
1,2

T em p era tu re .
T em p era tu re  o f  su rro u n d in g  heat ex ch an g e  m e 
d iu m .
Food tem perature at the beg inn ing  o f  heating  phase 
(iden tical to  T 0) o r at the  b eg in n in g  o f  coo ling  
phase .
F ood  tem p era tu re  a t b eg in n in g  o f  th e rm al p ro cess . 
H o ld in g  tem p era tu re  o f  h ea tin g  m ed iu m . 
T em p era tu re  o f  co o lin g  w a te r.
T im e .
O verall co effic ien t fo r h ea t tran sfe r th rough  in 
su la ted  co n ta in e r w a ll.
O ne h a lf  o f  e ffec tiv e , in s ide  side  d im en sio n  o f 
co n ta in e r w h o se  sh ap e  is ap p ro x im ated  b y  a b rick . 
L ocation  v a riab le . D istan ce  m easu red  fro m  cen tra l 
p lane  o f  in fin ite  p la te .
S lope in d ex  o f  th erm al d ea th  tim e cu rv e  (C°).
T h erm al d iffu siv ity .
d ensity .
F unction  defin ed  b y  E q . (20 ).

D eno tes p ro cess tim e.
C oo ling  p h ase  o f  p ro cess .
E n d  o f  p ro cess  (end o f  C oo lin g  p h ase).
R ela ted  o f  p la te  o f  th ick n ess  2H .
H eating  phase  o f  p ro cess .
R elated  to  tim e span  o f  in itia l cu rv ilin ea r po rtion  
o f  hea tin g  o r co o lin g  cu rv e .
R elated  to  p la te  o f  th ick n ess 2L .
Insu la tio n .
R ectan g u lar p ara lle lep ip ed .
R eference  v a lu e .
C o m e-u p  h ea tin g .
R elated  to  p la te  o f  th ick n ess 2 W .
F irst and  seco n d  v a lu e s , re sp ec tiv e ly .
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C a n  M a t e r i a l  I n f l u e n c e  o n  t h e  P e r f o r m a n c e  o f  R o t a t i n g  C o o k e r s

SHAHED ZAMAN, ENRIQUE ROTSTEIN, and KENNETH J. VALENTAS

----------------------- A B S T R A C T ------------------------
The rotational performance of ETP (electro-tin-plated) and TFS (tin- 
free-steel) cans was studied in pilot and commercial cookers, and in 
a cooker simulator. TFS cans rotated less than ETP cans in both 
commercial and pilot cookers. Commercial cookers showed less can 
rotations than corresponding pilot scale experiments. The simulator 
predicted an exponential decay in lethality with decreased can rpm. 
Polymer coated cans conditioned the cooker surface and the extent 
depended on contact time. Heat transfer depended on can rotation and 
could be predicted with a suitable correlation. The correlation was 
used to predict lethality' performance as well as exit temperature of 
processed foods.

INTRODUCTION
A X IA L  R O T A T IO N  o f  cans w h ich  have been  filled  leav ing  a 
head sp ace  is a v e ry  effec tive  m eans o f  increasing  h ea t p en e 
tra tion . W h en  the  food  m ateria l is h igh ly  v isco u s e ffec tiveness 
o f th is p ro ced u re  m ay  b e  red u ced . T h ere fo re , it is im portan t 
to  u n ders tand  the lim ita tions o f  such  a p ro cess .

B erry  et al. (1979) carried  ou t a p io n eerin g  s tudy  w h ere  
c ream  sty le corn  (C S C ), a h ig h ly  v isco u s non -N ew to n ian  food  
m ateria l, w as p rocessed  in a S terito rt (F M C  C o rp ., C ann ing  
M ach in ery  D iv .,  San Jo se , C A ). T he s tu d y  ind ica ted  the in 
fluence o f  head sp ace , ree l speed  and p ro d u ct co n sis ten cy  on 
ste riliza tion  p e rfo rm an ce . T h e  S terito rt is p ilo t-sca le  eq u ip 
m en t, co rresp o n d in g  to  the  full scale  S terilm atic  co o k er (FM C  
C o rp .)

In the S terito rt and S terilm atic  cans are indexed  in to  pockets 
on a revo lv ing  ree l. A s the reel ro ta tes the cans beco m e free- 
ro lling ; th is p rov ides can  ro ta tion  and resu lting  ag ita tion . R e
cen tly , the am ount o f  ro ta tion  has been  fo u n d  sen sitiv e  to  lid 
m ateria l o r fin ish . R otste in  et al. (1988) p ro v id ed  q uan tita tive  
data  sho w in g  tha t e lec tro n ica lly  tin p la ted  (E T P) cans ro ta ted  
m ore than  tin free steel (T FS) can s, w h en  p ro cessed  in the 
sam e co o k er. T h ey  p rov ided  som e early  ana lysis o f  the  le 
thality  im p lica tions o f  a decrease  in can  ro ta tio n . S ag u y  and 
K ip locks (1989) d esigned  a dev ice  to  m easu re  can  revo lu tion  
w ith in  a S terito rt and fo u n d  sig n ifican t ro ta tion  d iffe rences 
b etw een  E T P  and 2-p iece  and 3 -p iece  T FS  can s. R asm ussen  
et a l. (1991) p a ten ted  a m ech an ica l ro ta tion  co u n ter w h ich  can 
be used  in S terito rts  o r S terilm atics . T h is dev ice  w as  reported  
by  R otste in  et al. (1988).

A  d ecrease  in  le th a lity  due to  ro ta tion  d ec rease  cou ld  lead  
to unsafe  co n d itio n s . T he ob jec tiv e  o f  our w o rk  w as to  fu rth er 
quan tify  the decrease  in  ro ta tio n , b o th  in p ilo t and com m erc ia l 
coo k ers . O n the b asis o f  these  da ta , w e  ana lyzed  the  effec t on 
heat tran sfer and le tha lity  due to  changes in in s tan tan eo u s rpm  
and to ta l ro ta tions. F u rth e r, w e  w an ted  to  c la rify  the co n 
stra in ts w hen  sca ling  up  from  a p ilo t to  a co m m erc ia l un it. 
T h e  study  focused  on  p ro cessin g  C S C  because  its v isco u s  p ro p 
erties m ade  the  p rocess h igh ly  ro ta tio n -co n tro lled .

TH EO RETICA L CONSIDERATIONS 
Can rotation and reel rotation

C onsider a can  o f  d iam ete r D , w h ich  ro ta tes on  a shell o f  
d iam ete r D r, d riven  b y  a reel ro ta tin g  at N r rpm  (F ig . 1). T he

Authors Zaman, Rotstein, and Valentas are affiliated with The 
PiUsbun/ Company, 23J1 Piitsbury Center, Minneapolis, MN 55402.

m ax im u m  in s tan taneous can  rp m , N °, c o rre sp o n d s  to  the  n o n 
slip  s itu a tio n , in w h ich  case  the  lin ear v e lo c ity  o f  the  can 
su rface  equals the  perip h era l v e lo c ity  o f  the  reel:

resu ltin g  in:

ttN °D  =  ttN A

N° =  N rD r/D

(1 )

(2)

T h e  tim e fo r one  ree l ro ta tion  is:

t i  =  1/N r (3)
If  the  reel a rc  o v er w h ich  can  ro ta tion  o ccu rs  is 0 (F ig . 2 ) , the 
tim e d u rin g  w h ich  a can  ro ta tes  fo r ev e ry  reel ro ta tio n  w ill be:

too  =  (1 /N r)(0/36O) (4)

T he cans w ill no t ro ta te  the  ba lan ce  o f  the  tim e b e tw een  tG0 
and tj ,  i .e . :

tsTOP =  ti — tG0 (5)

O n the  b asis o f  the  ab o v e , the ideal m ax im u m  n u m b er o f  
ro ta tions tha t accum ula te  o v er a p ro cess in g  tim e t w ill be:

n° =  N° t 6 /360  (6)

and the to ta l can  ro ta tion  tim e is:

trot =  tGo N r t (7)

In p rac tice , severa l fac to rs  w ill resu lt in  an  ac tu a l in s tan tan eo u s 
rpm  N < N °  and an accu m u la ted  nu m b er o f  ro ta tio n s n < n ° .  
T h ere  w ill b e  som e slip  on  su rfaces, w h ich  w ill d ep en d  o n  the
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Fig. 2 - Cooker simulator

nature  and ch arac teris tics  o f  the  can  and ree l su rfaces. T here  
m ay  be a d iffe ren t po ck et ang le  o r o th e r m ech an ica l de ta ils . 
A  d iffe ren t sta te  o f  w ea r o f  the  su rfaces co u ld  o ccu r as w ell 
as o th er d iffe ren ces fro m  one cooker to  an o th er. T hus:

N  =  fN ° (8)

n =  f  N°t0/36O (9)

w here  f < l  is a co effic ien t acco u n tin g  fo r the  above fac to rs . 
B y  the sam e reaso n in g , 0 w ill p ro b ab ly  be d iffe ren t fo r d if
fe ren t can  m ateria ls  and co o k ers . T h e  av erag e  freq u en cy  o f 
can  ro ta tio n , N av, is:

an d , as su ch , are b ased  on can  size  and  rp m . B o th  R ao e t a l.
(1985) and  R o tste in  e t a l. (1988) used  ree l rp m , N r, to  accoun t 
fo r ro ta tio n . T h is  w as d o n e  on  the  b asis  that:

N r =  K  N  (15)

w h ere  ks is a fu n c tio n  o f  can  m ateria l and  size  and p roduct 
ch arac te ris tic s . In  p rac tice , it is easy  to  m o n ito r ree l rpm  w h ile  
can  rpm  are  d ifficu lt to  m o n ito r on  a ro u tin e  b as is . T h u s , it is 
im p o rtan t to  show  how  the  h ea t tran sfe r co rre la tio n  can  be 
w ritten  in  te rm s o f  N r in s tead  o f  N . E q u a tio n s (2) and (8) 
p rov ide  a w a y  to  red efin e  the  d im en sio n less  n u m b ers  in  term s 
o f  reel ro ta tio n , lead in g  to  reel rp m -b ased  R e, P r and G r. (N ew  
defin itio n s are sho w n  in  N o m en c la tu re ) .

T h e  N u sse lt n u m b ers  can  n ow  b e  w ritten :

N u nc =  8 ' G r32 P r53 (16)

w here

S ' =  5 : ftl-m )(282- 83) (17)

and

N u fc =  a '  R e“2 P r"3 (D /L )“4 |
1 )“ (18)

w here

a '  =  a x f(2- m)“2 -(1 - m)“3 (19)

B o th  a j  and 8X are  fun ctio n s o f  f. F u rth e rm o re , in  each  cycle 
o f  the  ree l fo rced  con v ectio n  tak es p lace  d u rin g  tGO and  natural 
con v ectio n  du rin g  (tx - tGO). T h ere fo re  the  N u sse lt n u m b er w ill 
be g iv en  by :

N av =  f  N° 6 /360  (10)

The heat transfer problem
U sin g  the  equation  o f  ch an g e  in  a su itab le  d im ension less 

fo rm  (B ird  et a l . ,  1960) it is po ss ib le  to  p red ic t the  shape  o f 
a co rre la tion  fo r heat p ro cess in g  o f  v isco u s  m ate ria ls  in  ax ia lly  
ro ta ting  can s. T ak in g  in to  acco u n t that cans ro ta te  and cease  
ro ta tion  p erio d ica lly , one shou ld  expect tha t the  heat tran sfer 
co rre la tio n  d escrib in g  the ac tion  w o u ld  be o f  the  fo rm :

N u =  N u nc +  N ufc (11)

w here  the  n a tu ra l co n v ec tio n  N usse lt nu m b er w o u ld  be g iven  
by a co rre la tion :

N u nc =  8X (G r ')52 (P T )53 (12)

and the fo rced  con v ectio n  N usse lt num ber:

N ufc =  a j  (R e ')“2 (P r ')"3 (D /L )"4 l ^ j  (F r ')“6 (13)

N otice  tha t a co rre la tio n  o f  the sh ap e  o f  E q . (11) w as p resen ted  
by  R ao e t al. (1 9 8 5 ). In  the  eq uations above the  d im en sio n less  
nu m b er D /L  accoun ts fo r can  g eo m etry ; (H /L ), fo r head  space . 
N u ',  R e ',  P r ',  G r ' and F r ' a re  the  fam ilia r N u sse lt, R ey n o ld s, 
P rand tl, G rash o f and  F ro u d e  n um bers (defined  in  N o m en c la 
tu re). T he g en era lized  v isco sity  fo r ro ta tion  flow  o f  a pow er- 
law  flu id  is:

(14)

In p rac tice , ex p erim en ts  in  a g iv en  co o k e r w ill y ie ld  a c o rre 
la tion  b ased  on E q . (1 1 ), tak in g  in to  acco u n t E q . (16) th rough
(20):

N u =  8 G r*2 P r53 +  a  R e“2 P r“3 (21)

w here

and

£ § j fil-m )(282- 83)

a ___  n f(2 —m)tt2-(l —m)«3
360  1

(22)

(23)

E qu atio n s (22) and  (23) sh o w  th a t E q . (20) w o u ld  b e  sp ec ific  
fo r the  g iv en  co o k er and  p ro d u c t. T o  use  it in an o th er co o k er 
w o u ld  requ ire  a kno w led g e  o f  f , 0 and  the  p ro d u c t flo w  b e 
hav io r index .

Heat transfer coefficient calculation
H eat tran sfe r to  a can  is d escrib ed  b y  the  eq u atio n :

m ccp ^  =  U A ( T R -  T ) (24)

E arlier w o rk  (R o tste in  et a l . ,  1988) sh ow ed  th a t use  o f  the 
F roude nu m b er d id  no t im p ro v e  the  co rre la tio n .

E quations (12) and (13) resu lt from  h ea t tran sfe r to  a can

w h ere  m c is the  m ass o f  the can  co n ten ts , c p its sp ec ific  hea t, 
U  the overa ll h ea t tran sfe r , A  the  h ea t ex ch an g e  a rea , T R the 
re to rt tem pera tu re  and  T  the  b u lk  tem p era tu re . In tegration  o f
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ROTATING COOKERS PERFORMANCE. .

E q. (24) fo r a m ean  or con stan t c p be tw een  t =  0 , T  =  T 0 
and t =  t, T  =  T , resu lts  in:

w here

U  t (25)

(26)

For th in  w a lls  the  o v era ll heat tran sfe r co effic ien t is g iv en  by :

1
U tout hout

+
tout tjn

+
1

(27)

w h ere  rout, rin, hout and h a re  ex terna l and  in ternal can  rad ii 
and heat tran sfer co effic ien ts , resp ec tiv e ly . F o r h ig h ly  v isco u s 
m ateria ls and co n d en sin g  steam  as the  hea tin g  m ed iu m , w h ich  
is the  case  in th is w o rk

U  =  h (28)

fo r all p rac tica l p u rp o ses.
E qu atio n  (27) w as used  by  R ao  et a l. (1985) and R otste in  

et al. (1988) for cans in Steritort. F rom  the standpoint o f  cooker 
design  and  an a ly s is , it is u sefu l to  approach  the p rob lem  co n 
sid erin g  the cooker as a h ea t ex ch an g er. T h en :

Q =  w  cp (T out -  T in) =  hm S (T r -  T )m (29)

w h ere  w  is m ateria l flo w ra te , (T R — T )m the m ean  heat e x 
change d iffe ren ce , T out ex it tem p era tu re , T in in itia l tem p era 
tu re , S m ateria l heat exchange  area and hra a m ean  heat tran sfer 
co effic ien t. F o r a co o k er p ro cessin g  c cans p e r m inu te:

w  =  P V canc (30)

S =  c  t A  (31)

U sing  E q . (30 and (31) in (29) leads to:

n V c T  — Ti _ r  T can vp xout____ in
m ~  A t  (T r — T )m l j

w h ere  the v a lu e  o f  hm depends on  the defin itio n  o f  (T R -  T )m.

M ATERIALS & METHODS
SEVERAL EXPERIMENTS were carried out on bench, pilot and 
commercial scale. On bench scale we simulated the stop-go mode of 
can rotation that occurs in commercial cookers. On a pilot cooker we 
determined the heat transfer coefficient of canned CSC and measured 
can rotation of tin-plated and tin-free lid cans. This rotation difference 
was also measured in commercial cookers under different conditions. 
In all cases we used either ETP or TFS cans. The latter have lids 
coated with polymeric lacquer. Can size was 300 x 407.

Cooker simulator

A positively driven can rotation assembly was designed to study 
the effect of different stop and go cycles, trying to reproduce condi
tions in actual rotary cookers. The simulator consisted of a can rotation 
assembly made of three stainless steel rollers driven by a variable 
speed motor (Fig. 2). The cans were placed in the cradle of two 
adjacent rollers. The drive motor turned the rollers, which in turn 
rotated the cans in contact. Any instantaneous can rpm, N, could be 
obtained by adjusting the drive motor speed. The motor was connected 
to a digital relay switch which turned the motor on and off in a cyclical 
manner to simulate the GO and STOP situations of cans in a cooker. 
The ON/OFF time could be varied on the relay switch to simulate 
different rotation angles, as well as different reel rpm. The roller 
assembly was installed inside a lab model FMC still retort. Test cans 
were fitted with standard Ecklund thermocouple fittings used in Ster- 
itorts. Thermocouple wires were connected to a data logger and a 
computer for automatic time-temperature data collection.

We simulated a cooker of Dr = 1.486 m. For a D = 3 in cans and

Nr = 8 rpm this results, Eq. (2), in N° = 156 rpm. In the first set 
of tests, the instantaneous can rpm was varied for a constant cycle 
time q = 7.5 sec (corresponding to a reel rotation Nr = 8 rpm) and 
a rotation time tG0 = 2.5 sec (corresponding to a rotation angle 0 of 
120°) resulting in a no-rotation time tST0P = 5.0 sec. We changed N 
from 84 to 133 rpm, corresponding to changing f from 0.538 to 0.853. 
In the second set of experiments, N was kept constant at 132 rpm, q 
= 7.5 sec and tGO was varied between 1.43 and 2.50 sec. This cor
responded to Eq. (4) (changing 0 between 69° and 120°). Process 
conditions were as follows: Retort temperature of 132.2°C, cooling 
water temperature of 15.6°C, product initial temperature of 82.2°C 
and process time of 15.25 min. Product used was cream-style corn, 
with a viscosity of 32 ±  2 FMC Brabender units (Paddle B at 82.2°C) 
in 300 x 407 cans. Lethalities were calculated by the Ball formula 
method, taking into account both heating and cooling periods.

Pilot scale cooker

To obtain the heat transfer correlation based on Eq. (21), we used 
a Steritort pilot cooker (FMC Corp. Canning Machinery Div., San 
Jose, CA) installed at the pilot plant facility of The Pillsbury Com
pany, Le Sueur, MN. All experiments involved cream style com, in 
ETP or TFS 300 x 407 cans with a 42 pocket reel. Heating was done 
with steam, venting the Steritort until steam became visible. Heating 
time was 15 minutes, followed by a blow-down and cooling with a 
high pressure water spray. Ecklund copper-constant thermocouples 
were installed along the center line of each of six cans used per batch. 
The thermocouples were connected to a rotary contactor and lead 
wires transmitted the reading to a Toshiba 1100 portable computer via 
a Hanz-on data logger (Hanz-on Data, Inc., Woodenville, WA). Re
tort temperature was set at 132.2°C and monitored throughout the 
process. The experiments were made spanning 5, 6.5, 8, and 10.6 
reel rpm; 3.2 mm., 6.3 mm., and 11.1 mm head spaces; 6.5, 8.5 and 
11 Adams consistencies, measured at 82.2°C. Actual values for K, 
M, p and cp were measured as shown in Oudot et al. (1988).

The pilot unit simulated only the rotational motion of the commer
cial scale unit (see below) but not its spiral forward pattern. In another 
set of experiments, designed to compare can rotation in pilot and 
commercial cookers, the pilot unit was fit with a spiral that simulated 
the additional motion. ETP and TFS cans were processed and rotations 
counted using a mechanical counter (Rotstein et al., 1988, Rasmussen 
et al., 1989). All runs were at reel rpm N, = 8 rpm, cooking time t 
= 15.25 min and retort temperature 132.2°C. The reel diameter was 
Dr = 1.283 mm.

Commercial cookers

We used Sterilmatic cookers (FMC Corp., Canning Machinery Div., 
San Jose, CA). In these machines cans enter the cooker and are in
dexed into a revolving reel; the cans move through the machine in a 
spiral pattern, rotating around their axis as they travel the lower section 
of each spiral. The cookers used were FMC commercial installations 
belonging to The Pillsbury Company (Tecumseh, Canada, Le Sueur, 
MN and Glencoe, MN) and Stokely USA (Cobb, WI). While all 
Pillsbury cookers had 42 pocket reels, Stokely USA cookers had a 47 
pocket reel.

To understand the can material-cooker interaction, can rotation was 
measured under TFS conditioning or ETP burnishing. The first refers 
to a cooker were TFS cans have been processed for 100 hr. The 
second, to a cooker where ETP cans have been processed for at least 
100 hr. A partially burnished condition was also experimented in Le 
Sueur. In a different experiment we verified the burnishing effect. 
Starting with a TFS conditioned cooker (Le Sueur cooker #1) we 
processed ETP cans up to 64 h, counting the accumulated rotations 
of ETP cans and TFS cans at 3.5 and 64 hr. The experimental con
ditions were 10.67 rpm reel frequency, 132.2°C retort temperature 
and 11.4 min processing time. The cans were 300 x 407 containing 
commercial CSC.

RESULTS & DISCUSSION 
Can rotation and reel rotation

Figure  3 illu s tra tes  d ifferen t co m b in atio n s o f  f  and  6 v a lu es  
w h ich  resu lt in  n  =  663 ro ta tio n s. A  d ecrease  in  n fo r g iven  
v a lu es  o f  N° and t co u ld  b e  ex p la in ed  by  a ch an g e  in  0 an d / 
o r a change  in f. T h e  resu ltin g  ro ta tion  p erfo rm an ce  w o u ld  be 
v e ry  d iffe ren t, as illu s tra ted  in  T ab le  1. T h e  case  con sid ered
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f
Fig. 3 —f, 6 combinations yielding the sam e n = 663 rotations.

changing f.

Table 1 -Exam ples of alternative ways for a decrease In accumulated 
rotations from 775 to 411‘

tG0 sec/reel tr0„ N Nav
n f 0 cycle min rpm rpm

775 1.00 120.0° 2.500 5.00 155 51.67
411 1.00 63.6° 1.325 2.65 155 27.67
411 0.53 120.0° 2.500 5.00 82 27.38
411 0.80 79.5° 1.656 3.33 124 27.38
a Basis Nr = 8 rpm, t = 15 min.

is one in w h ich  N r =  8 rp m , D r =  1 .4 7 6 m , D =  0 .0 7 6 m  
and t =  15 m in . F o r f  =  1, 0 =  120° th is resu lts  in n =  775 
ro ta tions. A  decrease  to  n =  411 accu m u la ted  ro ta tio n s w as 
exp lo red  co n sid e rin g  the  th ree  op tio n s show n: ch an g in g  0, 
chan g in g  f  o r ch an g in g  b o th ; tGG, t rot and N  w ere  ca lcu la ted  
using  E q . (4), (7) and (8), re sp ec tiv e ly . T h ere  w as a su bstan tia l 
d iffe rence  be tw een  the th ree  a lte rna tive  p o ss ib ilitie s , as in d i
cated  b y  the  resu lting  trol and N , even  if  N av w as  a lm ost the 
sam e. A t th is stage w e  do no t know  w h ich  m echan ism  o ccu rs , 
bu t w e could  exp lo re  the  im p lica tio n s using  the  co o k er s im u 
lator.

A
N - 107 RPM

B
N * 155 RPM

0 17 75 92. 150 167 225  SECONDS
Fig. 5 —Instantaneous can rpm as a function o f time, for Nav = 
35.6 rpm and N° = 155 rpm. Case A: f  = 0.69, 6 = 120°. Case 
B: f  = 1.0, 6 = 82.7°.

Table 2 —Change in rotation when scaling-up’
ETP Cans TFS Cans

Equipment n s.d % fe n s.d % fe
Steritort 674 82 100 118.6 631 101 94 111.0
Steritort w/Spiral 570 37 85 100.3 563 20 84 99.1
Sterilmatic

(LeSueur #1) 540 29 80 95.0 502 20 74 88.3
Sterilmatic

(Tecumseh #1) 479 18 71 84.3 441 32 65 77.6
a Conditions: N r =  8 rpm, t =  15.25 min, Dr =  50.5 in, T r =  132.2°C, ETP bur

nished Steriimatics, 42 pocket reel, 300 x  407 cans.

Cooker simulator studies
T o fu rth e r ex p lo re  the  issu es, w e  sim u la ted  a lte rna tive  ro 

ta tion  p a tte rns in  the  co o k er s im u la to r (as in d ica ted  in  M  & 
M ). T h e  resu ltin g  ste riliz in g  v a lu es  fo r  ch an g in g  0 and  c h an g 
ing  f  are show n  in F ig . 4 . B o th  cases sh ow ed  an exponen tia l 
d ecay , b u t it w as  m ore  p ro n o u n ced  fo r ch an g in g  f. P rev ious 
data  sh o w ed  tha t N° w as  n o t ach ieved  (R o tste in  et a l . ,  1988), 
i .e .  f < l .  W e d oub ted  tha t th ere  w as  o n ly  one  p o ss ib le  v a lu e  
fo r 0 , fo r d iffe ren t cans and co o k ers . T h u s , it is reaso n ab le  to 
assum e th a t in  a rea l sys tem  w e  w o u ld  h av e  a co m b in a tio n  o f 
bo th  cases . N o tice  tha t ch an g in g  f  im p lied  ch an g in g  the  in 
stan taneous can  ro ta tion  fo r con stan t tGO, O n the  o th e r hand , 
if  f  =  1 and 0 d ec reased , w e  had  a co n stan t N  w h ich  w as  active 
fo r less tim e . T he d iffe ren ces are illu s tra ted  in F ig . 5 .

Pilot and industrial scale experiments
B ecause  can  ro ta tion  d ec is iv e ly  in flu en ces ste riliza tio n  p e r

fo rm an ce , it w as im p o rtan t to  d e term in e  h ow  ro ta tion  in  a p ilo t 
cooker com pared w ith  that in the corresponding full scale cooker. 
T ab le  2  show s resu lts  o f  accu m u la ted  ro ta tions u sin g  E T P  and 
T FS  300  x  407  can s. F ig u res re fer to  15 .25  m in . p ro cessin g  
tim e and percen tag e  figu res co rresp o n d  to  co n sid e rin g  E T P  
cans in the  S terito rt as a b ase  100 . T h e  S terilm a tic  runs w ere  
all m ade  in  E T P  b u rn ish ed  co o k ers . T h ere  w as  a su bstan tia l 
d ecrease  in  ro ta tions fro m  p ilo t to  fu ll sca le , fo r any  can  m a 
teria l. T he d iffe ren ce  in  ro ta tion  b e tw een  E T P  and  T FS  cans 
w as no t sub stan tia l. W e th eo rized  th is w as  due to  the  cookers 
b e in g  E T P  bu rn ish ed .
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ROTATING COOKERS PERFORMANCE. . .

Table 3 —Scaling-up with ETP  Cans at Nr = 10.67 rpm°

Equipment n s.d % f0
Steritort
Sterilmatic

699 24 100 92.2

(LeSueur #1) 
Sterilmatic

629 17 90 83.0

(Tecumseh #1) 616 40 88 81.3
3 Conditions: t = 11.4 min., Tr = 132.2°C, ETP burnished Sterilmatics, 300 x 407

cans.

Table 4 - TFS and ETP  300 x  407 cans rotation, m easured in com m ercial
cookers0

Nr ETP TFS
description min rpm n s.d. fe n s.d . fe
Tecumseh #1a, 14.6 
TFS Conditioned

8.7 622 33 105.1 505 65 85.3

LeSueur # 1b, 11.4 10.67 585 5 103.2 516 26 91.1
Partially Burnished 
LeSueur #3°, 11.4 10.67 608 19 107.3 576 8 101.6
Partially Burnished 
Glencoed 15.06 8.1 630 19 110.8 572 21 100.6
TFS Conditioned 
Cobb #2* 18.0 
TFS Conditioned

7.34 625 51 101.5 543 39 88.2

Cobb #3' 18.0 
T F S  C o n d i
tioned

7.34 593 57 96.3 545 22 88.5

a f Preheater and cooker temperatures: (a), (b) and (c): 111.1, 129.4°C; (d): 121.1, 
121.1°C., (e): 126.7,126.7°C, (f): 128.9,128.9°C. Number of pockets per turn; a,b,c 
and d: 42; e and f: 47. Fig. 6— C h a n g e  in  h,m a n d  h am w ith  r e s id e n c e  tim e .

Table 5 - Can rotation changes with ETP burnishing (LeSueur Cooker 
#11’

ETP Cans TFS Cans
Time n fe n fe

3.5 hr 585 103.2 517 91.2
64.0 hr 629 111.0 602 106.2
3 300 x 407 cans, t = 11.4 min, Nr = 10.67 rpm, preheater and cooker temperatures, 

111.1 and 129.4°C respectively.

Table 6 - Can rotation changes with ETP burnishing lLeSueur Cooker
#3)’

ETP Cans TFS Cans
Time n fe n fe

2.4 hr 607 107.1 576 101.6
70.0 hr 616 108.7 616 108.7
8 300 x 407 cans, t = 11.4 min, Nr = 10.67 rpm, preheater and cooker tempera

tures, 111.1 and 129.4°C respectively.

N ote the f0 p ro d u ct w h ich  ch arac terized  the  can -co o k er in 
te rac tion . T his v a lu e  w as calcu la ted  using  E q . (9 ). It decreased  
fo r the sam e eq u ip m en t w h en  T FS  cans w ere  used  in stead  o f 
E TP can s. M o reo v er, it w as sig n ifican tly  d iffe ren t in  go in g  
from  one  S terilm atic  to  an o th er, even if  b o th  co o k ers w ere  
essen tia lly  the sam e in size  and nu m b er o f  po ck ets .

T o exp lo re  the in fluence  o f  a change  in reel rp m , som e o f 
the tests w ere  repeated  w ith  E T P  cans at N r =  10 .6 7  rpm . 
(T able  3 ). T he d ecrease  in  ro ta tion  w as su b stan tia l, a lthough  
less steep  than  at 8 rpm . T he ch arac teris tic  p ro d u ct f0  also 
decreased  in a less p ron o u n ced  m anner.

Rotation of different cans in commercial cookers
T ab le  4  show s resu lts o f  ro ta tion  m easu rem en ts  o f  300 x  

407  E T P  and T FS  cans in d iffe ren t com m erc ia l co o k ers . R o
tation  d ecreased  from  E T P  to T FS  in all cases , the  e ffect be ing  
very  sensitive to the specific com bination o f  conditioning, cooker 
and can  m ateria l. T h e  f0 p ro d u c t w as d iffe ren t fo r all cookers 
and all can s. T he tw o L eS u eu r cookers d iffered  in the va lue  
o f  this in teraction  fac to r. C om paring  the  data  in  T ab le  4 w ith  
that in T ab le  3 fo r the L eS ueur # 1  S te rilm a tic , the fu lly  b u r

n ished  co o k er sh ow ed  a larger f 0 and  hence m ore  ro ta tions 
than  the  sam e w h en  p a rtia lly  b u rn ish ed .

Time dependence of cooker conditioning
T ab le  5 and  6 show  th a t the  ro ta tion  p erfo rm an ce  o f  E TP 

cans im p ro v ed , as accum ula ted  tim e o f  p ro cess in g  the  cans 
in creased . T h e  sys tem  beh av ed  as if  the  cans ch an g ed  the  n a 
ture o f  the  in te rac tion  su rface , in  a m an n er than  in creased  
ro ta tio n . W e term ed th is e ffec t o f  E T P  can s on  th e  co o k e r, 
b u rn ish in g . In the  tab le , tim e zero  is the  tim e at w h ich  the 
cooker, after processing  TFS cans for a long tim e, w as sw itched 
to  p ro cessin g  E T P  can s. It fo llo w s fro m  the  d a ta  tha t b o th  n 
and f0 im p ro v ed , no t o n ly  fo r E T P  cans b u t also  fo r T FS  can s. 
It has b een  suggested  tha t the E T P  can s c lean ed  o u t any  T FS  
d eposit from  the  co o k er shell and perh ap s d ep o sited  sm all 
am oun ts o f  tin , w h ich  accu m u la ted  and ac ted  as lub rican ts  
a llow ing  im proved  p erfo rm an ce .

Heat transfer
P flug  (1987) has ind ica ted  tha t it is im p o rtan t to  co n sid e r 

the heat tran sfe r p ro cess  in  a p reserv a tio n  p ro b lem . E quation  
(32) p resen ts the question  o f  w h ich  is  the  m ore  adequate  d e f
in ition  o f  hm. F igu re  6 show s rep resen ta tiv e  resu lts  o f  change  
in hm as a function  o f residence tim e . T he a rith m etic  m ean  
heat tran sfer co effic ien t, ham, line co rresp o n d ed  to  u sin g  the 
a rith m etic  m ean :

(T r -  T ).
T r T out +  T r T in 

2
(33)

w h ile  the lo g arith m ic  m ean  heat tran sfer co effic ien t, co rre 
sponded  to:

A s it has been  ob serv ed  in tubu lar heat ex ch an g ers  (B ird  et 
a l . ,  1960) h lp tends to  approach  an asy m p to tic  v a lu e  as res i
dence tim e in c reases. C o n v erse ly , h ara co n tin u ed  ch an g in g .
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T o u t  ’ T
Fig. 7—F„ Tout correspondence at changing consistencies. Rel
ative consistencies are show n in graph as % figures. Basis 100% 
is K = 4.68 Pa secm. Case is a continuous 42 pocket cooker, t 
= 15 min, Tr = 132.2°C, N, = 8 rpm.
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K ■ 2 0 5  P o sm

60
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K • 4 7 8  Pas m

K ■ 7 5 2  P a sm 

K ■ 1025 P o sm

20

46 48 50

(Tout ~TjpT C
Fig. 8 - Sterilizing value as a function o f (Toul - T J  in a 42 pocket 
cooker. TR = 132.2°C, t  -  15 min, consistencies are given at 
85.6°C. T,n range is 82.2-88.9°C.

Figure  6 co rresp o n d s to  C S C  in a S terito rt w ith  N r =  5 rpm , 
H =  11.1 m m . and 9 .5  A d am s v isco sity . A t lo w er ag ita tion  
in tensities the h,m asym pto te  w as de lay ed , w h ile  it w as reached  
so o n er at h igher ag ita tion  in ten sity . It w as thus co n v en ien t to  
use  h lm, bearin g  in m ind  tha t a m in im u m  res id en ce  tim e w as 
needed  fo r the asym pto te  to  b e  estab lish ed . In that case , re
p lacing  E q . (34) in E q . (32) and using  the net w e ig h t o f  can 
co n ten ts , h lm is g iven  by:

him =  ^  In I R ~  T in (3 5 )

T h e  head-space  n u m b er can  be ca lcu la ted  b y  m easu re  or 
from :

- 0 .0 9  and H /L  0 .0 6  - 0 .2 1 . S tartin g  from  the  m odel E q . (31 ), 
several co rre lad o n s w ere  tes ted . T he b es t fit co rresp o n d ed  to:

N u =  0 .4 9 2  R e0-667 P r0-37 (H /L )0-848 (37)

w ith  r2 =  0 .9 7 7 , ind ica tin g  a neg lig ib le  co n tribu tion  from  
natural co n v ec tio n . S epara te  ru n s co n firm ed  tha t the  co rre la 
tion  did  n o t im prove using  the F roude  n u m b er.

Heat transfer and lethality
T he p red ic tiv e  cap ab ility  o f  E q . (37) p ro v id ed  a too l to  ex 

p lo re  several issu es. In p a rticu la r, w e  w ere  in te rested  in  d e 
te rm in in g  ev idence  o f  ex is ten ce  o f  m ax im u m  o r m in im um  
le th a lities  and the  p ro cess  con tro l im p lica tio n s o f  re la tio n sh ip s 
be tw een  tem p era tu re , h lm and F 0. T o  do th is , w e  fo cu sed  for 
sim p lic ity  on  a p ro cess  w h e re  hea tin g  w as fo llo w ed  b y  in s tan 
taneous co o lin g , i .e . ,  th ere  is no  added  le th a lity  fro m  coo lin g . 
In  that case  (R otste in  et a l . ,  1988):

F„ =
_  m cc p S 

him A expiî - 1 0 ^ -  250» (3*)

w here

s  =  2 ( - i  )!
i = l

(T r -  T„) (In 10) 

18

] 0̂-ihinv4//mcCp_i)

i x  i!
(39)

and I is the num ber o f  su m m atio n  te rm s needed  to  ob ta in  
co n v erg en ce . B y  equating  the  partia l deriv a tiv es 3F0|3Nr and 
3F0|3H  to zero , w e  found  there  w as  no  m ax im u m  or m in im um  
w ith in  the ran g e  o f  v a riab les  ex p lo red  (5 - 10 .6  ree l rpm  and 
3 .2  to  11.1 m m  in head sp ace). T h e  N r dep en d en ce  is not 
tr iv ia l. E quation  (37) show s tha t at in creasin g  reel rpm  the  heat 
tran sfer coeffic ien t w ill increase .

B ecause F0 =  F0 (h , t) , at con stan t p ro cess tim e th ere  w as 
un eq u iv o ca l co rresp o n d en ce  b e tw een  F0 and  h . E qu atio n s (35) 
and (38) su g g ested , th e re fo re , tha t th ere  w as  co rresp o n d en ce  
be tw een  F0 and  T in and T oul, o r F 0 and  T oul at co n stan t T in, 
w h en  all o th er v a riab les  rem ain ed  u n ch an g ed . F ig u re  7 illu s
tra tes th e  v a lu e  o f  F0 co rresp o n d in g  to  T ou„ in d ica tin g  the 
co rresp o n d in g  change in co n sis ten c ies , w h en  T in w as  k ep t co n 
stan t. T h is im p lied  th a t, o n ce  the  ran g e  o f  co n sis ten c ies  w as 
d e fin ed , T out cou ld  in p rin c ip le  b e  u sed  to  m o n ito r F 0. F igure  
8 show s h ow  F 0 v a ried  w ith  (Toul - T in) fo r d iffe ren t co n sis t
enc ies. A n o th er w ay  o f  lo o k in g  at the  issue is g iven  b y  F ig . 
9. W e have selected a base case (T in =  82 .2°C , T R =  132.2°C , 
A  =  0 .0 3 6 1 m 2, c  =  3 ,3 8 9  J/k g  K , t =  15 m in .,  N r =  8 
rp m , K„ =  0 .0 1 5 2  P asm, H /L  =  0 .1 4 ) . T h is resu lted  in  an 
u p p er v a lu e  h  =  248 J /sm 2K , T out =  146°C , F0 =  7 7 .4  m in . 
T his is an asy m p to tic  v a lu e  and w e  cou ld  sp ecu la te  tha t the 
sam e v a lu e  cou ld  be ap p ro ach ed  by  a p ro d u c t w ith  d iffe ren t 
p ro p ertie s , resu ltin g  in  a d ifferen t h and  F 0. F ig u re  9 w as 
con stru c ted  assu m in g  in s tan tan eo u s co o lin g , u sin g  d ecreas in g  
h v a lu es  and o b ta in in g  the  co rresp o n d in g  F0 w ith  E q . (38 ). If 
the p ro cess w ere  such  tha t w e  ex p ec ted  to  o b ta in  T out =  
1 31 .67°C  and the p rec ision  o f  o u r ex it tem p era tu re  read in g  is 
such  that w e  can  recogn ize  a d iffe ren t T oul =  13 1 .7 2 °C , this 
w o u ld  resu lt in  F 0 =  6 2 .9  m in , co rresp o n d in g  to  h =  216  J/ 
sm 2K . U sing  E q . (37) w e  see  th a t th is cou ld  h ap p en  e ither 
b ecau se  there  w as a 14 .4%  loss o f  ro ta tio n , o r a 15%  d ecrease  
in H /L  o r a 5 7 .9 %  increase  in co n sis ten cy , all o th e r v ariab les  
b e in g  equal b u t the  one  ind ica ted  in  each  case . O f co u rse , the 
fu rth e r aw ay  from  the asy m p to te , the  less feas ib le  it w ou ld  
beco m e fo r T OJ1 to  m isrep resen t F0.

H 4 m c

L prrD2 L
(36)

T he range o f  va lu es o f  experim en ta l v a riab les  resu lted  in Re 
b etw een  4 and 268 , P r 414  - 1 2 ,3 3 9 , G r 27  - 9 ,4 1 4 , F r 0 .0 2

CONCLUSIONS
T FS  cans ro ta :e  less than  E T P  can s, the d ec rease  d ep end ing  
on the  leng th  o f tim e the  T FS  cans are  u sed . T h e  d ifference 
can b e  a ttribu ted  to  slip p ag e  w ith  resp ec t to  ideal instan taneous
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ROTATING COOKERS PERFORMANCE.. .

T o u t ,
h.

H Head-space
h Heat transfer coefficient

n 2 K ham Arithmetic mean heat transfer coefficient
hfc Forced convective heat transfer coefficient
him Logarithmic mean heat transfer coefficient
hnc Natural convective heat transfer coefficient

184 hm Mean convective heat transfer coefficient
K Consistency of food material
k Thermal conductivity of food material

152 K Constant characterizing can and product
L Can height

136
m Flow behavior index
mc Mass of can contents
N Instantaneous can Rotation frequency
Now Average can rotation frequency

120 Nr Reel rotation frequency
N° Ideal can rotation frequency (f =  1)
Nu = h D/k, Nusselt number
Nunc = hnc D/k, natural convection Nusselt number
Nufc = hfc D/k, forced convection Nusselt number

104 n Total can rotations during the process time.
Pr’ = Cp-q/k, Prandtl number based on can rotation
Pr = /  4 ir \m 1

cp K (N, Dr/D)m 1 j

88

Fig. 9 -  Change in F0 when Tou, changes due to a change in h. 
Base case, h = 248 J/m sec2K.

rpm , and /o r a change in ang le  span n in g  free ro ta tio n . In all 
cases the resu lt is an exponen tia l decay  in  F 0. T he resu lting  
po ten tia l dan g er m akes it adv isab le  to  m o n ito r can ro tation  
w hen  the  situation  w arran ts  it. W h atev er the  can  m ateria l, there 
m ay be a su bstan tia l d ecrease  in  can  ro ta tions from  p ilo t to 
full sca le  co o k ers . S im ilar com m erc ia l co o k ers m ay  also  d iffer 
in can  ro ta tions. T he ro ta tion  p e rfo rm an ce  o f  cans in  co m 
m ercia l cookers tends to  im prove w ith  tim e . In  T FS  co n d i
tioned  co o k ers , T F S  cans a lw ays und erp erfo rm  E T P  can s. In 
E T P  burn ish ed  co o k ers , th is w as tru e , ex cep t in  one  case  w here  
T FS  cans equaled  E T P  cans afte r 70  h o f  b u rn ish in g . T h e  heat 
tran sfer co effic ien t depends on  p hysical p ro p ertie s , head sp ace , 
can geom etry  and ree l ro ta tio n . W e cou ld  p red ic t its v a lu e  
using  E quation  (37 ). T he log arith m ic  m ean  heat tran sfe r co ef
fic ien t w as a m ore  su itab le  p red ic to r th an  the  a rithm etic  m ean  
one. I f  phy sica l p ro p ertie s  cou ld  b e  kep t w ith in  a narrow  range 
o f  v a riab ility , w e  cou ld  use  the p ro d u ct ex it tem p era tu re  as an 
ind ica to r o f  accom plished  F0. O th erw ise , w e  can  on ly  do  tha t 
if  w e  have w ays to  m o n ito r phy sica l p ro p ertie s  o n -line .

A
c
cp
D
Dr 
Fo 
Fr' = 
f
Gr' 
Gr =

NOMENCLATURE
Heat exchange area
Cans per minute through cooker
Specific heat of food material
Can diameter
Reel diameter
Sterilizing value
N2 D/g, Froude number based on can rotation 
Coefficient accounting for non-ideal can rotation 
p2gD3pAT()/ri2, Grashof number based on can rotationp2 pjl + 2m p g ATo

K2 (Nr Dr)2m- (S)2m-2’

Re' = 
Re =

în
Guts
T
Tin
Tout
Tr
t
tl
'go
trot
tsTOP
U
v’ canw

Prandtl number based on reel rotation 
D2Np/r|, Reynolds number based on can rotation 
(NrDr)2~m Dm p

‘ ( S f  ’
Reynolds number based on reel rotation 
Internal can radius 
External can radius 
Total material heat exchange area 
Temperature
Can temperature entering the cooker 
Can temperature leaving the cooker 
Retort temperature 
Processing time 
Time for on full reel rotation 
Time, during a reel rotation, in which cans rotate 
Total can rotation time inside the cooker 
Time, during a reel rotation, in which cans do not rotate 
Overall heat transfer coefficient 
Can volume 
Material flow rate

Greek notation
(3 Coefficient of volumetric expansion
t) Generalized viscosity of food material
0 Angle describing the length of reel arc over which cans

rotate.
p Density of food material
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M e m b r a n e  R e a c t o r  f o r  E n z y m i c  D e a m i d a t i o n  o f

F o o d  P r o t e i n s

J .S . HAMADA

----------------------- A B S T R A C T ------------------------
A soy protein hydrolysate was deamidated with peptidoglutaminase 
(PGase) retained within a 30kd spiral membrane. Reactor was oper
ated at 30°C and 6.5 L/m2/hr flux in recycle mode to 60% conversion, 
then in diafiltration mode for 2 hr. Time course, predicted by a Mi- 
chaelis-Menten equation integrated for mixed zero- and first-order 
kinetics with the corrections for the ultrafiltration (UF) interactions, 
matched that measured experimentally. The equation could be used 
to predict the potential activity and performance of PGase in UF re
actors to achieve control of reactions for the optimal enzymic process. 
At the end of the run, 96% conversion and 99% of PGase were ob
tained. This method has the potential of being scaled-up for the pro
duction of enzyme-free deamidated proteins.

Key Words: membrane-reactor, enzymes, deamidation, proteins

INTRODUCTION
P E P T ID O G L U T A M IN A S E  (PG ase) has b een  used  in  d eam i
dation  o f  case in  and w h ey  p ro te in  h y d ro ly sa tes  (G ill e t a l.,
1985) and m an y  food  p ro te in s and p ro te in  h y d ro ly sa tes  (H a- 
m ad a , 1991a). E n zy m ic  deam id a tio n  o f  fo o d  p ro te in s im proves 
so lub ility  and o th e r fu n ctio n al p ro p ertie s  u n d er m ild ly  acid ic  
(pH  4 -6) co n d itions (H am ada and M arsh a ll, 1989). U se o f 
u ltra filtra tion  (U F) in en zy m e im m o b iliza tio n  ind ica tes the  
p hysical co n fin em en t o r re ten tion  o f  en zy m es in  a defined  re 
g ion  o f  space w ith  re ten tion  o f  the ir ca ta ly tic  fun ctio n s (C heet- 
ham , 1986). B ecause o f  the selective nature o f  the U F  m em brane 
th is type reac to r can  be used  fo r carry in g  ou t enzym e reactions 
using  m em branes tha t are im p erm eab le  to  the enzym e bu t 
p erm eab le  to  its substra tes and p ro d u c ts . B u tte rw orth  et al. 
(1970), A b b o tt et a l. (1976) and D esslie  and C heryan  (1981) 
w ere  am ong  the p io n eers  w h o  d eveloped  con tin u o u s m ethods 
for enzym ic  h y d ro lysis o r p ro cessin g  o f  sta rch , p ro te in s and 
o th er m olecu les in a U F  reac to r. C ham bers et al. (1976) re 
v iew ed  the  ad v an tag es o f U F  im m o b iliza tio n  over co n ven tional 
im m obiliza tion  o f  en zy m es. D z iezak  (1990) em p h asized  the 
un lim ited  p o ten tia l o f  u sin g  m em b ran es in food  b io tech n o lo g y  
for enzym e ex trac tio n , p u rifica tio n  and im m o b iliza tio n .

H am ada (1991b) em ployed  a U F  p ro cess to  reco v er 97%  o f  
P G ase afte r b e in g  reused  4  x  in a 2 -h r deam id atio n  reac tion  
at 30°C , u sin g  a 30 -k d  m o lecu la r w e ig h t cu t-o ff  (M W C O ) 
m em b ran e . T he en zy m e cou ld  b e  used  at 2 5 -3 0 °C  fo r 16 hr 
w ith o u t lo ss o f  ac tiv ity . T he im m o b iliza tio n  o f  P G ase b y  co n 
ta inm en t w as po ss ib le  b ecau se  o f  the  re la tiv e ly  h igh  m o lecu lar 
w eig h t o f  P G ase  (an d /o r its d isso c ia ted  subun its) and the  e n 
zym e stab ility . C h am b ers e t a l. (1976) rev iew ed  the  p rep a ra 
tion , an a ly s is , and p e rfo rm an ce  o f  U F  im m o b ilized  enzym es 
em phasiz ing  the in te rac tio n  o f  k in e tic s  w ith  U F  e ffec t. C heet- 
ham  (1986) a lso  rep o rted  ex ce llen t rev iew s o f  en zy m e k inetics 
and how  they  can  be u sed  in  industria l b io tech n o lo g y  in  g en 
era l, and in m em b ran e  b io reac to rs  in  pa rticu la r. T h e  ob jec tive  
o f  the cu rren t inv estig a tio n  w as to  d evelop  the  k in e tics fo r the 
large-scale  deam id atio n  o f  food  p ro te in s o r p ro te in  h y d ro ly 
sates w ith  P G ase  im m obilized  in a 30 -k d  m em b ran e .

Author Hamada is with the USDA-ARS, Southern Regional Re
search Center, P.O. Box 18687, N ew  Orleans, LA 70179-0687.

M ATERIALS & METHODS
Preparation of PGase

B. circulans (ATCC #21590) cells were grown, harvested and ex
tracted as previously described (Hamada et al. 1988). Cell extract, in 
0.002M sodium phosphate buffer (pH 7.0), was ultrafiltered with a 
30-kd spiral membrane (Amicon Corp., Lexington, MA) at 5°C in 
diafiltration mode at 10 mL/min flux. The retentate was freeze-dried 
and stored at -  20°C until used.

PGase activity

Reaction mixtures containing 0.50 mg PGase and 10-20 micromoles 
amides from CBZ-L-Gln, t-BOC-L-Gln-L-Pro or Peptone type IV 
(Hamada, 1991b) were incubated at 30°C for 60 min and the ammonia 
content was determined as previously described (Hamada et ah, 1988). 
The effects of buffer concentration and pH on PGase activity were 
studied. The progress of the PGase deamidation reaction of peptone 
IV in 0.05M phosphate buffer (pH 7.0) as a function of time was 
measured at 25 and 30°C.

Time course of peptone reaction

The PGase reaction time course using peptone type FV as a substrate 
was determined as previously described (Hamada, 1991a). The re
action was initiated by adding 50 mL solution containing 40 mg PGase 
to 850 mL peptone solution in 0.05M buffer (pH 7.0) containing 15.Og 
peptone. The reaction mixture was incubated at 30°C and 2 samples 
(10 mL each) were removed for ammonia analysis initially and every 
30 min thereafter. Progress of the reaction was plotted as a function 
of time.

Reaction time course in UF recycle mode

A 900-mL solution containing 15g peptone, 40 mg PGase and 40 
mmoles sodium phosphate buffer (pH 7.0) was ultrafiltered by the 30- 
kd membrane at 30°C for 4 hr in a recycling mode (Fig. 1) at a 
predetermined permeate flux rate of 6.5 L/m2/hr. The recycling mode 
was a concentration mode with both retentate and permeate recircu
lated to the reaction mixture reservoir. Samples from the reservoir 
were analyzed for ammonia content and progress of the deamidation

Fig. 1 -S c h e m a tic  diagram o f the operational m odes o f a UF 
reactor system .
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UF REACTOR FOR PGASE DEAMIDATION. . .

was calculated. Extent of deamidation at any point of the progress 
curve was expressed as the degree of conversion, X, which is (S0-S ) /  
S0, where S0 is substrate concentration at 0 time and S, at t time. 
Releasing 0.40 mmoles ammonia from lg  peptone (on protein basis) 
was equivalent to 100% conversion or X value = 1.00 (Hamada, 
1991b). The effect of UF on the reaction time course was expressed 
as an operational effectiveness factor (ti0), i.e., the ratio of amide 
conversion (at any point in the progress curve) to the corresponding 
point on the progress curve measured in the absence of the UF device.

Reaction time course in UF recycle and diafiitration modes

A solution (880 mL) consisting of 8g peptone and 24 mg PGase 
was placed in the 30-kd spiral membrane reactor, which was operated 
at 30°C at a flux rate of 6.5 L/m2/hr in recycle mode for 2 hr and 
diafiitration mode for 2 hr (Fig. 1). Samples were removed from the 
reaction vessel to monitor the peptone deamidation in both UF modes. 
Another operational effectiveness factor, tió, was calculated for the 
second half of the curve as the conversion obtained with the UF mod
ule in diafiitration mode, divided by the conversion with the UF in 
recycle mode.

Maximizing conversion

The Michaelis-Mentcn equation integrated for mixed zero- and first- 
order kinetics (Hamada, 1991a) with effectiveness factors being in
corporated into it (Eq. 5, Nomenclature) was used to calculate the 
amount of PGase required to complete the reaction at the end of the 
UF process. The reaction time course was determined as described, 
except for the amount of enzyme used (27.5 mg) and the starting time 
for the diafiitration (when X = 0.6), which was 105 min (calculated 
by Eq. 4, Nomenclature).

RESULTS & DISCUSSION 
Parameters affecting PGase activity

T he activ ity  o f  an enzym e is d e term in ed  by  its co n cen tra 
tion , the substrate concentration and availability , ionic strength, 
pH , and tem p era tu re . E nzym e k in e tic s , the  study  o f  these  p a
ram eters and  how  th ey  affect en zy m e ac tiv ity , p rov ides an 
u n d ers tan d in g  o f  the  reactions con cern ed  and h e lp s con tro l to 
be dev e lo p ed . T he sp ec ific  ac tiv ities o f  P G ases I and II in 
0 .0 2 5  to 0 .2 M  p h osphate  b u ffe r, at pH  6 - 9  av erag ed  8 and  22 
ixm oles/m g/hr b u t reduced  stead ily  to  4  and 16 p ,m oles/m g/hr 
at pH  4 .0 . T he data  w ere  in  ag reem en t w ith  o rig in a l reports 
o f  K ikuch i and S akaguch i (1973) w ho  ind ica ted  tha t o p tim um  
pH  o f  P G ase  I in  T ris-H C l b u ffe r w as ab o u t 8 .0  and P G ase  II 
had  a b road  pH  profile  o f  re la tiv e ly  h igh  ac tiv ity , abou t 5 -1 1 , 
w ith  an o p tim um  at 8 .0 . W hen  so y  p ep tone  w as  used  as su b 
stra te , resu lts rem ain ed  b asica lly  u n ch an g ed  as the o p tim al pH  
range  o f  PG ase activ ity  (20 p ,m oles/m g/hr) w as 6 - 9 .  T h e  ac 
tiv ity  reduced  to  16 p ,m oles/m g/hr at pH  4 . T h e  o p tim al m o 
larity  o f  the  p h o sp h ate  b u ffe r (pH  7 .0 ) w as  0 .0 2 5 -0 .2 0 0  in 
w h ich  activ ity  rem ained  at 20  |xm oles/m g/h r. A s ex p ected , 
p ep tone  d eam idation  progressed  faste r at 30°C  than  at 25°C  
(F ig . 2 ). A c tiv ity  o f  P G ase , and hence the p ro g ress  o f  pep tone 
d eam id a tio n , ten d s to  v a ry  d ep end ing  on com p o sitio n  and co n 
d itions. T hus in in itial v e lo c ity  determ in atio n s used  in  d esig n 
ing  and o p tim iz in g  a U F  reac to r, these  p aram eters  w ere  kept 
constan t.

Effect of recycling on PGase kinetics
T h e  tim e course  o f  p ep tone  deam id atio n  by  P G ase is p re 

sen ted  in F ig . 3 (A ). T he p ro g ress  o f  the  reaction  as a function  
o f  tim e w as  de term ined  w ith  the U F  m o d u le  in  recycle  m ode 
at 6 .5  L /m 2/h r  flux  th ro u g h o u t the course  o f  the reac tion  (B in 
F ig . 3 ). C o m p arin g  F ig . 3 B w ith  A , the recy c lin g  apparen tly  
increased  activ ity , w h ich  cou ld  have been  due to  b e tte r m ix ing  
o f  reac tan t and en zy m e . T he recycle  b io reac to r is u su a lly  o p 
erated  under co m p le te ly  m ix ed  co n d itio n s b ecau se  o f  the  w ide 
ran g e  o f  d is tribu tion  o f  res id en ce  tim es in the  system  (C h ery an ,

Fig. 2 - Effect o f reaction temperature on PGase deamidation of 
Peptone IV: (A) 25°C; (B) 30°C.

Fig. 3 -E ffe c t o f ultrafiltration (UF) in recycling m ode on PGase 
activity toward Peptone IV: (A) No transm embrane pressure ap
plied, i.e. no UF; (B) Recycling at 6.5 L/m2/hr flux.

1986). T he e ffec tiv en ess fac to r (t|0) av erag ed  1 .0 4  fo r the  first 
h a lf  and 1 .15  fo r the seco n d  h a lf o f  the  reac tio n .

H am ad a  (1991a) p rev io u sly  u sed  a M ich ae lis-M en ten  eq u a 
tion  fo r m ixed  zero - and firs t-o rd er reac tio n s (E q . 1, N o m en 
c la tu r e )  to  a c c u r a te ly  p r e d ic t  th e  t im e  c o u r s e  o f  P G a s e  
d eam idation  o f the  soy  p ro te in  h y d ro ly sa te , w h ich  w a s  m e a 
sured  ex p erim en ta lly  (curve A  show n  in F ig . 3 ). K m and  V max 
v a lu es  o f  1 .6 7  x  1 0 -4  M  and 0 .4 7  p m o le s /m in /m g  w ere  used  
to  so lve  the eq u a tio n . A s suggested  b y  C h am b ers et a l. (1976) 
and C heetham  (1 9 8 6 ), the e ffect o f  U F  on en zy m e k in e tics 
cou ld  be d escribed  by  E q . (1 ), bu t w ith  in c lusion  o f  the  o p 
e ra tiona l e ffec tiveness fac to r (ti0) as in  E q . (2) and  (3 ). T h e re 
fo re , t|0 in the eq uations co rrec ts  fo r the  in crease  in am ide 
h y dro lysis cau sed  b y  the c ircu la tio n  o f  the  reac tion  m ix tu re . 
T h is m ust be used  in  p red ic tin g  the tim e co u rse  o f  the  reac tio n  
for a given substrate quantity  (Eq. 2) and calculating the am ount 
o f  enzym e requ ired  fo r its co m p le te  deam id atio n  (E q . 3 ).

Kinetics in recycle and diafiitration modes
T he en zy m e w as recovered  b y  sw itch in g  from  recy cle  to 

frac tio n a tio n  m o d e . A t least 2  h r w ere  requ ired  to  co m p le te ly  
separa te  the en zy m e fro m  the  p ro d u cts  in  th is reac to r. A c
co rd in g ly , the  c u t-o ff tim e fo r the  sw itch  w as  2  h r . T h e  d ia 
fiitra tion  w as  a lso  u sed  to  com ple te  the  reac tio n  to  th e  desired  
d eg ree  o f  con v ers io n  (X ). In  th is reac to r, th e  U F  d ev ice  w as 
first opera ted  at 30°C  and 6 .5  L /m 2/h r  flu x  in  recy c lin g  m ode 
fo r 2 h r, then  in  the  d iafiitra tio n  m ode fo r 2  h r. T h e  pep tone
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Time, min

Fig. 4 -P rogress  curves for Peptone IV deamidation by im m o
bilized PGase in recycling m ode (PM) and diafiltration m ode  
(DM): (A) RM, E0 = 22 m g; (B) RM for 120 min, DM for 120 min, 
E0 = 22 m g; (C) RM for 105 min, DM for 135 min, E0 = 26 mg.

substra te  co n ta in ed  1 .5 m m o les am ide w h ich  requ ired  22  m g 
P G ase , ca lcu la ted  b y  E q . (3), to  atta in  co m p le te  con v ers io n  in  
4  hr. T h e  tim e co u rse  o f  th is reac tio n , w ith  the  m odu le  in tw o 
m odes (B in  F ig . 4) w as  co m p ared  to  the p red ic ted  cu rve  (A  
in F ig . 4) tha t w as ca lcu la ted  by  E q . (2) w h ile  the m odu le  w as 
o n ly  in recycle  m o d e . T he fo llo w in g  is an exam ple  o f  so lv ing  
E q . (2) to  ca lcu la te  the  tim e req u ired  to hyd ro ly ze  a certain  
num ber o f  am ide  g ro u p s , e .g . ,  0 .5  m m o l., by  P G ase:

V  =  830 m L  (co n ta in in g  7 .5 5  g  p ep tone  o r 1 .75  m m ol 
am ide).

X  =  0 .5 /1 .7 5  =  0 .2 8 5 7
S0 =  2 .1 0 8 4  |i,m oles/m L
K m =  0 .1 6 7  p ,m oles/m L
V max =  0 .4 7  x  2 2 .6 4  =  1 0 .6 4  p .m oles/m in /m L
%  =  1 .029  (from  F ig . 3).

=  830  [(2 .1 0 8 4  x  0 ,2 8 5 7 ) +  (0 .1 6 7  x  In 1 .4 )]

1 0 .6 4  x  1 .029
=  4 9 .9  m in

T he activ ity  o f  the  en zy m e in b o th  cu rves (A  and B) con tinued  
basica lly  at the sam e ra te  un til abou t 60%  o f  the  substra te  w as 
converted  to p ro d u c t. T he ac tiv ity  th ereafte r d ecreased  du ring  
the  course  o f  reac tion  and the  dec line  w as m ore in  B than  in 
A . A cco rd in g ly , o p era tin g  in  a d ia filtra tio n  m o d e  reduced  the 
rate  o f  d eam idation  in the second  h a lf  o f  the cyc le  (p rogress 
curve) to  an av erag e  o f  13%  as co m p ared  to  tha t in  recycle  
m ode. T h u s , the  o p era tiona l e ffec tiveness fac to r fo r th is part 
o f  the cycle  ( p / )  w as 0 .8 7 . A t the  end o f  th is b a tch  tes t a 
conversion  o f 0 .8 5  w as o b ta ined  ( ^  =  0 .8 5 ). T h e  dec line  in 
activ ity  cou ld  have been  due  to  the co m b in ed  effects o f  the 
p resence  o f  the m em b ran e  and p erm ea tio n . T h ere fo re , the  p e r
fo rm ance  o f im m o b ilized  P G ase  m ust be d e term in ed  b y  in 
c lu d in g  the  in te rac tio n  o f  the  en zy m e k in e tics w ith  such  U F  
effects as suggested  by  C h am b ers et al. (1976) and C heetham
(1986). F o r o u r sy s tem , the  in te rac tio n  o f  PG ase k in e tics and 
U F  and p erm eatio n  effec ts  cou ld  be easily  d escribed  u sin g  E q . 
(2) and (3) w ith  inco rp o ra tio n  o f  rio , i .e . ,  E q . (4) and (5), 
respec tive ly .

Maximizing PGase deamidation
A s ind ica ted  earlie r , a h ig h er co n cen tra tio n  o f  en zy m e w as 

needed  to  m ain ta in  the  ra te  o f  reac tio n , so  tha t co m p le te ly  
co n v erted  substra tes (X  =  1 .00) cou ld  b e  o b ta ined  in  4  hr. 
Ind u stria lly , the  rate  o f  reac tion  is u su a lly  co n tro lled  by  v a ry 
ing  the  enzym e co n cen tra tio n  and /o r the  p erio d  o f  reac tio n , in 
o rder to  ach ieve the d esired  d eg ree  o f  co nvers ion  at a fixed  
reaction  rate  (C h ee th am , 1986). T h e  en zy m e req u ired  fo r c o m 
p lete  deam idation  at the  end o f  a U F  te s t, 26  m g , w as  ca lc u 

la ted  by  E q . (5) w ith  an v a lu e  o f  0 .8 5 . T h e  cu t-o ff  tim e fo r 
sw itch in g  from  recycle  to  d ia filtra tio n , b ased  upo n  X  =  0 .6 0 , 
w as 105 m in , as ca lcu la ted  by  E q . (4 ). T h e  reac tio n  ra te  w as 
slig h tly  h ig h er in  those  m ix tu res  w ith  g rea te r  am o u n ts  o f  en 
zym e (F ig . 4 , C ). T h e  m ax im u m  co n v ers io n  w a s , how ev er, 
abou t 0 .9 6  at the  end o f  the  p ro cess . T h e re fo re , it is im perative  
to  u se  a  slig h tly  h ig h er co n cen tra tio n  than  tha t ca lcu la ted  by  
E q . (5) (w h ich  sh ou ld  be reg ard ed  as the  m in im al level re 
q u ired ). F u llb ro o k  (1983) em p h asized  tha t the  en zy m e co n 
centration calculated b y  this M ichaelis-M enten  expression should 
be reg ard ed  as the  m in im al lev e l req u ired , since  it is un like ly  
tha t the  en zy m e w o u ld  m ain ta in  its fu ll ac tiv ity  du rin g  the 
en tire  co u rse  o f  the tes t. '

Industrial application
A n average o f  99%  o f  P G ase  w as  reco v ered  a fte r each  run . 

T he m ajo r ad v an tag e  o f  m em b ran e  b io reac to rs  o v er co n v en 
tiona l ba tch  enzym e ca ta lysis is tha t the  en zy m e is re ta ined  
w ith in  the  sy s tem  and can  b e  reu sed  m an y  tim es , thus in c reas
ing  p ro d u c tiv ity  (C h ee th am , 1986). S p ira l m em b ran e  offers 
h igh  p ro d u c t reco v ery  b ecau se  o f  the  low  ad so rp tio n  o f  the 
m em b ran e . C o n cen tra tio n  p o la riza tio n , the  in crease  in  the  con
cen tra tio n  o f  so lu te  ad jacen t to  the  m em b ran e , cau ses the f i l
t r a t io n  ra te  to  d e c l in e  lo g a r i t h m ic a l ly  w i th  in c r e a s in g  
concen tra tio n  o f  b u lk  so lu te . T he con tro l o f  co n cen tra tio n  p o 
la riza tio n  is critica l to  the  su ccess  o f  the b io reac to r (C h ery an ,
1986). B u tte rw orth  e t al. (1970) rep o rted  co n cen tra tio n  p o la r
ization  p ro b lem s, w h ich  resu lted  in sev ere  fo u lin g  o f  the  m em 
brane. U se o f  the spiral-w ound m em brane apparently  overcam e 
th is p ro b lem , since  the  reac to r cou ld  be o p era ted  at 30°C  fo r 
severa l hours w ith o u t ap p aren t lo ss in  P G ase  ac tiv ity . T he use 
o f  Y M  hydro p h ilic  sp ira l m em b ran e  cou ld  b e  an im p o rtan t 
fac to r con trib u tin g  to  the red u ctio n  o f  en zy m e loss b y  ad so rp 
tion  or in ac tiv a tio n . T h e  Y M  series o f  m em b ran es (m arketed  
by  A m ico n  C o rp ., L ex in g to n , M A ) are m ore  h y d ro p h ilic  and 
have v e ry  little  o r no  net ch arg e , w h ich  m ay  p rov ide  a p ractical 
so lu tion  to  enzym e in ac tiv a tio n  b y  ad so rp tio n , co m p ared  to 
P M  po ly su lfo n e  m em b ran es (C h ery an , 1986). F u rth e rm o re , as 
no ted  by  D ziezak  (1 9 9 0 ), sp ira l-w o u n d  m em b ran e  is the  m ost 
p o p u la r fla t m em brane  co n fig u ra tio n  fo r in d u stria l separa tions. 
Its design  induces tu rb u len ce  o f  flo w  w h ich  keeps the  m em 
b ran e  c lean .

U sing  the  U F  m od u le  and  M ich ae lis-M en ten  k in e tic s , b o th  
o rig in a lly  desig n ed  fo r in d u stria l reac to rs , a llow s the  p o ss ib il
ity  o f  sca le-u p  o f  th is U F  lab o ra to ry  m eth o d  fo r la rg e r scale  
p ro d u ctio n  o f  enzy m a tica lly  d eam id a ted  p ro te in s . T h is tech 
n o lo g y  w o u ld  enab le  p ro cesso rs  to  w o rk  w ith  la rg e  v o lu m es, 
n on-destruc tive  co n d itio n s and m in im al e ffec t on  the  m ic ro 
en v iro n m en t (D ziezak , 1990). It also  w o u ld  lead  to  im proved  
p ro d u ct quality ', h igh  en erg y  effic ien cy  and  co st sav in g s. A d 
d itio n a lly , u sin g  the  p ro cess  w o u ld  resu lt in an en zy m e-free  
p ro d u c t. T h is is im p o rtan t to  the  food  p ro cesso r since  enzym es 
used  in  m o d ifica tio n s are co n sid e red  food  add itives (C h ery an , 
1986).

CONCLUSIONS
A  M E T H O D  w as d eveloped  fo r the  P G ase deam id a tio n  o f  a 
soy  p ep to n e  h y d ro ly sa te , in  w h ich  U F  w as ap p lied  in  the  re 
cy c lin g  m ode un til 60%  o f  th e  substra te  w as co n v erted  and 
then  in  a d iafiltra tio n  m o d e  u n til h y d ro ly sis  w as  co m p le te . T o 
co rrec t fo r the  in flu en ce  o f  U F  on p ro g ress  o f  th e  d eam idation  
reac tio n , an  e ffec tiveness fac to r w as in co rp o ra ted  in to  the  M i
ch ae lis-M en ten  k in e tics equation  in teg ra ted  fo r m ix ed  zero - 
and firs t-o rd e r ra tes . T h u s the  b eh av io r o f  the  reac to r and  the 
en zy m e level req u ired  fo r co m p le te  deam id atio n  c o u ld  b e  p re 
d ic ted .
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Nomenclature and Equations
t =  V  {So X  +  K m In [ 1 / (1 -X ) ]} /V max (1)

t =  V  {S0 X  +  K m In [1/(1 -  X )]}/V max rt0 (2)

E 0 =  V  {S0 X  +  K m In [1/(1 -  X )]}/t V max tu, (3)

t =  V  {S0 X  +  K m In [1/(1 -  X )]}/V max t|0 t,0. (4)

E 0 =  V  {So X  +  K m In [1/(1 -  X )]}/t V max t v  (5)

E 0 the enzym e quan tity  (in m g) p resen t at zero  tim e. V max 
=  E K 2, w h ere  E K 2 is the p ro d u ct o f  the en zy m e p re s 
ent and its ac tiv ity  (v)

t|q the  o p era tiona l e ffec tiveness fac to r fo r recycling
t|d. the o p era tiona l e ffec tiv en ess fac to r fo r d ia filtra tion
K ra M ich aelis-M en ten  co n stan t, exp ressed  in |xm oles/m L
S0 the in itia l su b stra te  concen tra tio n  (|xm oles/m L )
t tim e o f  reac tio n , m in
v  the  in itia l ra te  o f  en zy m e-ca ta ly zed  reac tion  (ixm oles/ 

m in)
V  the  to ta l v o lu m e o f  reaction  m ix tu re  (m L ) includ ing  

the  flu id  in the circu la tion  tube o r the  m em brane  
V max m ax im u m  v e lo c ity  o f  en zy m e-ca ta ly zed  reac tio n , e x 

p ressed  in [im o les/m in  (per 1 .0  m L ) fo r E q . (1 ), (2) 
and (4) and in  p ,m oles/m in /m g fo r E q . (3) and (5)

X  C o nversion ; X  =  (S 0- S ) / S o

REFEREN CES
Abbott, B.J., Cerimele, B., and Fukuda, D.S. 1976. Immobilization of a 

cephalosporin acetylesterase by containment within ultrafiltration de
vice. Biotechnol. Bioeng. 18: 1033.

Butterworth, T.A., Wang, D.I.C., and Sinskey, A.J. 1970. Application of 
ultrafiltration for enzyme retention during continuous enzymatic reac
tion. Biotechnol. Bioeng. 12: 615.

Chambers, R.P., Cohen, W., and Baricos, W.H. 1976. Physical immobili
zation of enzymes by hollow-fiber membranes. Meth. Enzymol. 44: 291.

Cheetham, P.S.J. 1986. Principles of industrial enzymology: Basis of uti
lization of soluble and immobilized enzymes in industrial processes. In 
Handbook of Enzyme Biotechnology, (Ed.) A. Wiseman, p. 54. Ellis Hor- 
wood Limited Publishers, New York, NY.

Cheryan, M. 1986. Ultrafiltration applications. In Ultrafiltration Hand
book, p. 231. Technomic Pub. Co., Inc., Lancaster, PA.

Desslie, W.D. and Cheryan, M. 1981. Continuous enzymatic modification 
of proteins in an ultrafiltration reactor. J. Food Sci. 46: 1035.

Dziezak, J.D. 1990; Membrane separation technology offers processors un
limited potential. Food Technol. 44(9): 107.

Fullbrook, P.D. 1983. Practical applied kinetics. In Industrial Enzymology. 
(Ed.). T. Godferey and J. Reichelt, p. 8. The Nature Press, New York.

Gill, B.P., O’Shaughnessey, A.J., Henderson, P., and Headon, D.R. 1985. 
An assessment of potential of peptidoglutaminase I and II in modifying 
the charge characteristics of casein and whey proteins. Irish J. Food Sci. 
Tech. 9: 33.

Hamada, J.S. 1991a. Peptidoglutaminase deamidation of proteins and pro
tein hydrolysates for improved food use. J. Am. Oil Chem. Soc. 68: 459.

Hamada, J.S. 1991b. Potential of ultrafiltration for multiple reuse of pep
tidoglutaminase in protein deamidation J. Food Sci. 56(6):1731.

Hamada, J.S. and Marshall, W.E. 1989. Preparation and functional prop
erties of enzymatically deamidated soy proteins. J. Food Sci. 54: 598.

Hamada, J.S., Shih, F.F., Frank, A.W., and Marshall, W.E. 1988. Deam
idation of soy peptides and proteins by Bacillus circulons peptidoglutam
inase. J. Food Sci. 53: 671.

Kikuchi, M. and Sakaguchi, K. 1973. Peptidoasparaginase-I and II: Iso
lation in homogeneous form. Agr. Biol. Chem. 37: 827.

Ms received 3/7/91; revised 5/16/91; accepted 6/16/91.

MONITORING FREEZE-DRYING B Y  NM R. . .F r o m  p a g e  1 7 1 0

REFEREN CES
Beall, P.T. 1983. States of water in biological systems. Cryobiology 20: 

324.
Berendsen, H.J.C. 1975. Spécifie interactions of water with biopolymers. 

In Water, a Comprehensive Treatise, F. Franks (Ed.), Vol. 5, p.293. Plenum 
Press, New Yorlk.

Bloembergen, N., Purcell, E.M., and Pound, R.V. 1948. Relaxation effects 
in nuclear magnetic resonance absorption. Phys. Rev. 73: 679.

Bouldoires, J.P. 1969. Etude experimentale des transferts de chaleur et de 
masse en cours de lyophilisation par mesures diélectriques et par me
sures de pression de vapeur. Symposium of Thermodynamic Aspects of 
Freeze-Drying, International Institute of Refrigeration, Commission X, 
Lausanne, Switzerland.

Brosio, E., Altobelli, G., Yu, S.Y., and Di Nola, A. 1983. A pulsed low 
resolution NMR study of water binding to powdered milk. J. Fd. Technol. 
18: 219.

Brosio, E., Altobelli, G., and Di Nola, A. 1984. A pulsed low resolution 
NMR study of water binding to milk proteins. J. Fd. Technol. 19: 103.

Bryant, R.G. and Shirley, W.M. 1980. Dynamical deductions from NMR 
relaxation measurements at the water-protein interface. Biophys. J. 34:
3.

Farrar, T.C. and Becker, E.D. 1971. Pulse and Fourier Transform NMR. 
Introduction to Theory and Methods. Academic Press, New York and 
London.

King, C.J. 1971. Freeze-Drying of Foods. CRC Press, Cleveland, OH.
Labuza, T.P. 1985. Water binding of humectants. In Properties of Water 

in Foods, D. Simatos and J.L. Multon (Ed.), p.421. Martinus Nijhoff 
Publishers, Dordrecht.

Leung, H.K., Steinberg, M.P., Wei, L.S., and Nelson, A.I. 1976. Water 
binding of macromolecules determined by pulsed NMR. J. Food Sci. 41: 
297.

Leung, H.K. and Steinberg, M.P. 1979. Water binding of food constituents 
as determined by NMR, freezing, sorption and dehydration. J. Food Sci. 
44: 1212.

Leung, H.K., Magnuson, J.A., and Bruinsma, B.L. 1979. Pulsed nuclear 
magnetic resonance study of water mobility in flour doughs. J. Food Sci. 
44: 1408.

Monteiro Marques, J.P., Rutledge, D.N., and Ducauze, C.J. 1991. Low res
olution pulse NMR detection of the mobilization point of solutes during 
the drying of carrots. Lebensm.-Wiss. Technol. 24: 93.

Monteiro Marques, J.P., Rutledge, D.N., and Ducauze, C.J. 1989. Moni
toring the drying of carrots by low resolution NMR. Proceedings of Euro 
Food Chem V. September 27-29, Versailles. Vol. 2: 582.

Nagashima, N. ana Suzuki, E. 1985. Computed instrumental analysis of 
the behavior of water in foods during freezing and thawing. In Properties 
of Water in Foods, D. Simatos and J.L. Multon (Ed.), p. 555. Martinus 
Nijhoff Publishers, Dordrecht.

Nakano, H. and Yasui, T. 1979. Pulsed NMR studies of water in myosin 
suspension during dehydration. Agric. Biol. Chem. 43: 89.

Ratkovic, S. 1987. Proton NMR of maize seed water: the relationship be
tween spin-lattice relaxation time and water content. Seed Sci. Tecnnol. 
15: 147.

Richardson, S.J. and Steinberg, M.P. 1987. Applications of nuclear mag
netic resonance. In Water Activity: Theory and Applications to Foods,
L.B. Rockland and L.R. Beuchat (Ed.), p. 235. Marcel Dekker Inc., New 
York and Basel.

Richardson, S.J., Baianu, I.C., and Steinberg, M.P. 1987. Mobility of water 
in starch powders determined by nuclear magnetic resonance. Starch 39
(6): S. 198.

Simatos, D. and Karel, M. 1988. Characterization of the condition of water 
in foods - physico-chemical aspects. In Food Preservation by Moisture 
Control, C.C. Seow (Ed.), p. 1. Elsevier Applied Science Publishers Ltd. 
London and New York.

Toledo, R., Steinberg, M.P., and Nelson, A.I. 1968. Quantitative determi
nation of bound water by NMR. J. Food Sci. 33: 315.

Weisser, H. and Harz, H.-P. 1984. NMR studies at sub-freezing tempera
tures. In Engineering and Food. Vol. 1. Engineering Sciences in the Food 
Industry, B.M. McKenna (Ed.), p. 445. Elsevier Applied Science Publish
ers Ltd., London and New York.

Wolff, E., Gibert, H., and Rodolphe, F. 1989. Vacuum freeze-drying kinet
ics and modelling of a liquid in a vial. Chem. Eng. Process. 25: 153.

Zimmerman, J.R. and Lasater, J.A. 1958. NMR relaxation studies of ad
sorbed water on silica gel. III. J. Phys. Chem. 62: 1157.

Ms received 9/11/90; revised 4/01/90; accepted 4/28/91.

We are grateful for the financial support given by the SPABORTIZ (France) to C. 
Le Loch and by the JNICT (Portugal) and the Commission of the European Commu
nities to J.P. Monteiro Marques.

1728-JOURNAL OF FOOD SCIENCE-Volume 56, No. 6, 1991



L a c t o c o c c u s  G e n u s :  A  s e l e c t i v e  a n d  D i f f e r e n t i a l

A g a r  M e d i u m

N. A L-ZO R EKY and W .E. SANDINE

----------------------- A B S T R A C T ------------------------
An agar medium (Alsan), was selective for Lactococcus lactis subsp. 
lactis and Lactococcus lactis subsp. lactis biovar. diacetylactis. The 
former developed white or yellow colonies; the latter gave blue-green 
or blue colonies. Eleven strains of L. lactis subsp. cremoris did not 
grow in this medium. The medium contained phenylethanol agar, 
lactose, glycine anhydride, lithium chloride and trimethoprim. In 
comparison with M17 medium, Alsan was not significantly different 
(P > 0.05) in recovering either bacterium. Furthermore, the medium 
inhibited the common food genera Pseudomonas, Escherichia, Leu- 
conostoc, Enterococcus and Lactobacillus. Bacteriophage plaque sizes 
of 0.4-0.5 cm were demonstrated on the medium using a lactococcal 
bacteriophage.

INTRODUCTION
SPE C IE S  o f  the  Lactococcus, Pediococcus and  Leuconostoc 
g en era  are im portan t in  the m an u fac tu re  o f  fe rm en ted  food  
p ro d u c ts , in c lud ing  ch eeses , b u tte rm ilk , y o g u rt, p ick les  and 
sausage (T am im e and R o b in so n , 1988; T u eb er and G e is , 1981; 
V a le rie , 1987). T h ey  are used  fo r lac tic  acid  p ro d u c tio n , pH  
low ering , the p ro d u ctio n  o f  arom a co m p o u n d s such  as d iace 
ty l, ripen ing  o f  cheese  and the  p ro d u ctio n  o f  substances w h ich  
inh ib it u ndesirab le  o rg an ism s (A l-Z o rek y  e t a l . ,  1991; C h am 
pagne et a l., 1990; D aesch e l, 1989; D aly  et a l . ,  1972; E lliker 
et a l., 1964; K laenham m er, 1988; Perdigon et a l., 1990). T hese 
g en era  are nu tritio n a lly  fas tid o u s and requ ire  a w e ll-b u ffe red  
m edium  fo r good  g ro w th . T he d a iry  m eso p h ilic  lac tic  acid 
b acteria  (L A B ) are reco g n ized  as Lactococcus lactis subsp . 
Lactis (L L ), L. lactis su b sp . cremoris (LC ) an d L . lactis subsp . 
lactis b io v ar. diacetylactis (LD ) (S an d in e , 1988 , 1989). S ev 
eral ag ar m ed ia  are b e in g  used  to  g ro w  these  o rg an ism s (K em - 
p ler and M cK ay , 1980; S p eck , 1984; T erzag h i and S and ine , 
1975; T eu b er and G eis, 1981; T h o m as, 1973). H o w ev er, a 
selective  m ed iu m  fo r th e ir iso la tion  has no t been  d ocum en ted .

T he ob jec tive  o f  ou r research  w as to  evalua te  the  e ffic ien cy  
o f a new  m ed iu m , A lsan , to  reco v er Lactococcus sp p , and to 
d ifferen tia te  be tw een  those  tha t u tilize  c itra te  and those  n eg a 
tive for this trait.

M ATERIALS & METHODS
Cultures and activation

Twenty-two strains from the Lactococcus genus were used (Table 
1). Each culture was activated in M17 broth [Baltimore Biological 
Laboratory, Baltimore, MD] (BBL) at 30°C for 18-24 hr. Between 
transfers, strains were maintained in M17 agar deeps at 2-5°C.

Experimental medium and quantitative analysis

The newly developed medium (Alsan) contained the following in
gredients per liter of distilled water: Phenylethanol agar (Difco), 35.5g; 
glycine anhydride (Sigma), lOg; lithium chloride (Sigma), 0.5g; so
dium acetate anhydrous, 5g; potassium phosphate monobasic (J.T. 
Baker), 2g; ammonium citrate dibasic (J.T. Baker), 2g; arginine mo-

Author Al-Zoreky is with the Dept, o f Food Science & Technol
ogy, and author Sandine is with the Dept, o f Microbiology, Or
egon State Univ., Corvallis, OR 97331. Oregon Agricultural 
Experiment Station Technical Paper No. 9524.

nohydrochloride (NB Corporation), 5g; bromocresol purple (Sigma), 
0.02g; and a-lactose (Sigma), 5g. After autoclaving at 121°C for 15 
min and tempering to 45°C in a water bath, 10 mL of 10% potassium 
ferricyanide solutton and 10 mL of ferric citrate (FC) - sodium citrate 
(SC) solution (lg  of FC + lg  of SC dissolved in 40 mL of distilled 
water) were added. The solutions were steamed for 30 min before 
being added to the tempered agar in order to detect citrate utilization 
(Kempler and McKay, 1980). Also, 5 mL of filter sterilized solution 
containing 10 mg trimethoprim (Sigma) was added to each L of me
dium. The final pH of the medium as required for citrate permease 
induction (Kempler and McKay, 1981; Reddy et al., 1971) was 5.9 
± 0.1. The other medium used for comparison was M17 (BBL) (Ter
zaghi and Sandine, 1975), a widely used medium for the cultivation 
of mesophilic LAB and their phages.

Each active bacterium was diluted in 0.1% sterile peptone water to 
give about 104 to 105 colony forming units (CFU) per mL before 
surface plating onto media using the Spiral Plater System (Model D; 
Spiral System). Inoculated plates were incubated at 30°C for 48 h in 
a Gas-Pak (BBL) anaerobic System. Colonies were counted using the 
designed counting grid and at least three replicates, each in duplicate, 
were counted on each sample. Statistical analysis was conducted using 
the analysis of variance, WormStat® program from Small Business 
Computers, Amherst, NH.

Mixed culture study

Combinations of strains of LL, LD and LC were mixed in sterile 
peptone water to give 104 to 105 CFU/mL before plating (Spiral Sys
tem) onto M17 agar and Alsan. Plates were incubated at 30°C for 48 
hr in a Gas-Pak and then examined for numbers and colony appear
ance.

Screening bacteria for growth on Alsan

Several organisms (Table 2) were surface plated onto Alsan (Spiral 
Plater) after being activated in BHI broth or MRS broth and diluted 
in peptone water. Plates were incubated at 30°C or 37°C for 48 hr in

Table 1—Recovery o f Lactococcus spp. on A lsan seiectN e agar as com- 
pared to M17 agar’'__________________________________________________________________

Organism Strain

Percent
recovery

(%)
Lactococcus lactis ATCC 7962 99

LM 2306 101
C2 0
F2D2 100
NCDO 497 96
A T C C 11454 100
ATCC 11955 96

Lactococcus diacetylactis 18-16 99
26-2 99
DRC 1 98
222 101

Lactococcus crem oris P2 0
BK 5 0
107/6 0
205 0
KH 0
163 0
196 0
189 0
819 0
203 0
224 0

a Count in M17 agar was considered 100%.
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DIFFERENTIAL A G A R  MEDIUM FO R LACTO CO CCU S. . .

Table 2 -S e le c t iv ity  o f Alsan agar as indicated by the presence or ab
sence o f growth o f se lected  bacteria after incubation at 30°C or 3 T C  for 
48 hr ___________________________

Organism3 Growth on Alsand
S trep tococcus thermophilus CR5b -
Leuconostoc crem oris J —
Lactobacillus bulgaricus Y b -
Lactobacillus isolateb —
Pseudom onas aeruginosa ATCC 419 -
Escherichia coli V517 —
Listeria m onocytogenes Scott A -
Enterococcus faecalis CG 110 ■+■ C

Staphylococcus aureus ±
Salmonella typhimuriumb +

a E a c h  o r g a n i s m  h a d  a b o u t  4 - > 6  C F U  ( l o g ,o )  p e r  m l  w h e n  s u r f a c e  p l a t e d  ( S p i r a l  

P l a t e r )  o n t o  M 1 7  o r  T r y p t i c  S o y  A g a r .  

b I n c u b a t i o n  a t  3 7 ° C  f o r  4 8  h r .  

c O n l y  p i n p o i n t  c o l o n i e s  w e r e  f o u n d .  

d + = P r e s e n t ,  — =  a b s e n t

a Gas-Pak except plates of Pseudomonas aeruginosa which were in
cubated aerobically. Control media for this phase of the study were 
M17 agar and Tryptic Soy Agar (TSA).

RESULTS & DISCUSSION 
Medium productivity and differential ability

C olon ies o f  L L  appeared  w h ite  o r y e llo w  against a y e llo w  
back g ro u n d  though  stra ins L M 2306  and N C D 0 4 9 7  fu rth e r m e 
tabo lized  arg in ine  w ith  resu lting  h ig h er pH  (v io le t m ed ium ) 
due to  am m o n ia  p ro d u c tio n . O n the o th e r h an d , LD  g rew  as 
b lu e-g reen  or b lue  co lon ies due to  c itra te  m etab o lism  (F ig . 1). 
C o lo r o f  the m ed ium  w as e ither y e llo w  or v io le t o r a co m b i
n a tion . B oth  L L  and LD g rew  in the m ed ium  w ith o u t add ition  
o f lac to se , p ro d u cin g  a strong  v io le t co lo r due to  a rg in ine  m e
tabolism  and am m onia liberation. C om parison betw een the C FU / 
m L  recovered  o f  L L  and LD  on M 17 and A lsan  is show n in 
T ab le  1. S ta tis tica l analysis rev ea led  no  sig n ifican t d iffe rence  
(P > 0 .0 5 ) b etw een  the tw o m ed ia . H o w ev er, A lsan  did not 
support the g row th  o f  L C  stra ins (T able  1). A n  agar m edium  
has been d eveloped  to  d iffe ren tia te  L L  and L C  b ased  on a r
g in ine  m etabo lism  (T hom as, 1973). A lso , a d iffe ren tia l b ro th  
w as fo rm u la ted  b y  R eddy  et a l . ,  (1971) to  sep ara te  L L , L C  
and LD  stra ins on the  basis  o f  c itra te  u tiliza tion  and C 0 2 p ro 
du ctio n . O ur fu rth er in v estiga tions rev ea led  th a t L C  205 and 
K H  stra ins w ere  inh ib ited  b y  lith ium  ch lo rid e  p resen t in  the 
A lsan  m ed iu m  (u n pub lished  da ta , A l-Z o rek y  and S and ine ,
1991). T h is is an  im portan t fin d in g , th ough  stud ies o f  the sen 
sitiv ity  o f  d a iry  sta rte rs to  o th er inh ib ito rs and an tib io tics  have 
been reported (O rberg and Sandine, 1985; R einbold and R eddy,
1974).

W ith  one  ex cep tio n , a ll L L  stra ins g rew  w ell on A lsan ; 
stra in  C 2, how ev er, w as inh ib ited  on  the  new  m ed iu m  (T able  
1). N otew orthy in this regard w as that R ibosom al R N A  (rRN A ) 
from  stra in  C 2 also  h ybrid ized  w ith  16S rR N A  pro b es specific  
for L C  (S alam a et a l . ,  1991). T h is ind ica ted  th a t L L  0 2 w as 
m ore c lo se ly  re la ted  to L C  than  L L . A ll stra ins o f  LD  grew  
as ligh t b lu e  or d a rk  b lue  co lon ies due to  c itra te  m etab o lism . 
A  m edium  previously  described by  K em pler and M cK ay (1980) 
a llow ed  d iffe ren tia tion  be tw een  c itra te  po sitiv e  and negative  
v arian ts  o f  L D . H o w ev er, bac te ria  o f  o th er g en era , such  as 
Leuconostoc and  Lactobacillus, are k now n  fo r the ir u tiliza tion  
o f  c itra te  and p ro d u ctio n  o f  d iace ty l (B ed n arsk i and H am m o n d , 
1990; B ed n arsk i et a l . ,  1989; K em p ler and  M cK ay , 1980; 
T eu b er and G eis, 1981). C itra te  ass im ila tion  by  such  o rg an 
ism s can  resu lt in  a fa lse  po sitiv e  id en tifica tion  as LD on K M  
agar. O th er m ed ia  have been  developed  for L A B  (S p eck , 1984; 
T eu b er and G eis, 1981), bu t none w ere  found  se lec tive  fo r the 
m esoph ilic  g ro u p . F u rth e rm o re , it w as  found  tha t A lsan  m e 
d ium  w ith o u t b ro m o creso l p u rp le , fe rricy an id e , FC  and SC  
supported  bac te rio p h ag e  p laque  sizes o f  0 .4  - 0 .5  cm  w h en  L L  
A T C C  7962  p hage  w as tes ted . O th er m ed ia  w ere  fo u n d  to 
re su lt in sm alle r p laq u e  sizes (T erzagh i and S an d in e , 1975).

Fig. 1.-Appearance o f colonies o f Lactococcus lactis/47'CC 7962 
(white to grey in color) center area and  Lactococcus diacetylactis 
18-16 (light to dark blue in color) periphery on a spiral plate.

Mixed cultures
A fte r in cu b a tio n , co lo n ies  fro m  m ix ed  cu ltu res  o f  L L , LD 

and L C  d evelop ing  on A lsan  w ere  o f  tw o  ty p es . T h e  firs t w as 
b lu e-g reen  o r b lue  in  co lo r ind ica tin g  id en tity  as L D . Y e llo w  
o r w h ite  co lo n ies  w ere  L L . In  co m p ariso n  w ith  M 17  p la tes , 
less dense  g row th  w as  found  on A lsan  as a resu lt o f  the  in h i
b itio n  o f  L C  stra ins (u n pub lished  da ta , A l-Z o rek y  and S an d in e ,
1991), and the co u n t o f  M 17 m inus the  A lsan  co u n t p ro v id ed  
an estim ation  o f  the L C  co u n t. C o n seq u en tly , b o th  L L  and  LD  
w o u ld  be se lec tiv e ly  en u m era ted  in  the m ed iu m  w h en  presen t 
a long  w ith  L C  in a m ix ed  o r m ultip le  stra in  s ta rte r o r p ro d u c t 
derived  th erefro m . T h is m ay  decrease  co st and ex p ed ite  the 
tim e req u ired  to  iso la te  pu re  cu ltu res fro m  stra in  m ix tu res . 
F u rth e rm o re , the  absence o f  g row th  o f  L C  on A lsan  em p h a 
sizes add itiona l d iffe ren ces tha t ex is t be tw een  g ro u p  N  lacto - 
cocci to  those  k n ow n a lready  (R ed d y  e t a l . ,  1971; S p eck , 
1984; T eu b er and G e is , 1981; T h o m as, 1973).

Selection effectiveness of Alsan
R esu lts ind ica ted  tha t A lsan  co m p le te ly  in h ib ited  Leucon

ostoc, Streptococcus thermophilus, and  Lactobacilli (T ab le  2). 
S uch  L A B  m ay  be p resen t in  cheeses and  fe rm en ted  m ilk  a long  
w ith  L L , L C  and L D . C o n seq u en tly , A lsan  can  se lec tiv e ly  
a llow  g row th  o f  L L  and L D  to ob ta in  pu re  cu ltu res . In  co n tra s t, 
M 17 w h ich  is no t se lec tiv e , a llow s th e  g ro w th  o f  all o rg an ism s 
tested . W hile  Escherichia coli, Pseudomonas aeruginosa, and  
Listeria monocytogenes w ere  co m p le te ly  in h ib ited  b y  A lsan , 
Enterococcus faecalis and  Staphylococcus aureus g rew  poo rly  
and p ro d u ced  o n ly  p inp o in t co lo n ies  w h ich  w ere  h a rd  to  co u n t. 
In te restin g ly , Salmonella typhimurium g rew  on the m ed iu m , 
though  A lsan  co n ta in ed  phen y le th an o l w h ich  is in h ib ito ry  to 
g ram  n egative  b ac te ria .

T he n ew ly  d ev elo p ed  m ed ium  w ill be h e lp fu l in m o n ito rin g  
the g ro w th  o f  g ro u p  N  lac to co cc i, esp ec ia lly  w h en  co -cu ltu red  
w ith  certa in  food  spo ilage and  p a th o g en ic  o rg an ism s fo r e v a l
u a ting  th e ir p o ten cy  to  inh ib it such  un d esirab le  m ic ro o rg a n 
ism s. In th is reg ard , it is w e ll k n ow n  tha t the in h ib itio n  o f  
harm fu l o rg an ism s is dependen t on  the  n u m b er o f  certa in  L A B  
p resen t, as reported  b y  C ham p ag n e  et a l . ,  (1 9 9 0 ), S ch aack  and 
M arth  (1988) and E llik er et a l., (1964).
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U l t r a f i l t r a t i o n  f o r  R e c o v e r y  a n d  R e u s e  o f  

P e p t i d o g l u t a m i n a s e  i n  P r o t e i n  D e a m i d a t i o n

J.S. HAMADA

----------------------- A B S T R A C T ------------------------
Ultrafiltration (UF) of B. circulans cell extract using a lOOkd hollow- 
fiber membrane had no effect on peptidoglutaminase (PGase) activity 
and allowed 34 and 26% of PGases I and II to permeate. UF, with 
30kd spiral membrane, slightly increased PGase activity in retentate 
but no activity was detected in permeate. Retentate was used to se
quentially deamidate four batches of a soy protein hydrolysate at 30°C 
for 2 hr, then PGase was recovered by UF. The lOOkd membrane 
resulted in substantial PGase loss in sequential tests due to permeation 
and inactivation. A 100% conversion and 97% of PGase were obtained 
after tests with the 30 kd membrane. Multiple recovery and use of 
PGase by a suitable membrane is possible.

INTRODUCTION
IM M O B IL IZ A T IO N  o f  b io ca ta ly s ts  by  a ttach m en t to  so lid  su r
faces , o r en trap p in g  th em  in a confined  reg ion  w ith  m em 
b ran es , a llow s m ore effic ien t con tin u o u s p ro cesses w ith  reuse 
o f biocatalysts (C heryan, 1986b). T his can low er enzym e costs, 
im prove p rocess co n tro l, and the e ffec tive  use o f  enzym es in 
food  p rocessing . U ltra filtra tio n  (U F ), an approach  d ifferen t 
from  the conven tional con cep tio n  o f  im m o b iliza tio n , has b een  
used  as a m eans o f  reco v erin g  and reu sin g  enzym es in  co n tin 
uous reactors (P itch er, 1980). B latt et a l. (1968) reported  the 
p o ten tia l o f  u s in g  U F  m em b ran es fo r separa tion  o f h igher- 
m o lecu lar-w eig h t b io lo g ica lly  active  su b stan ces from  low er- 
m o lecu lar-w eig h t so lu tes . B u tte rw orth  et al. (1 9 7 0 ), A b b o tt et 
al. (1976), and D esslie  and  C heryan  (1981) w ere  am o n g  p i
oneers w ho  d eveloped  co n tin u o u s m ethods fo r enzy m a tic  h y 
d ro lysis o r p ro cessin g  o f  s ta rch , p ro te ins and o th e r m olecu les 
in a U F  reacto r. N o te  also  that U F  p ro cessin g  is g a in in g  ap 
p lica tion  in the food  ind u stry  due to  advances in m em brane 
techno logy  (M odler and  Jo n es , 1987). D z iezak  (1990) stressed  
the un lim ited  po ten tia l o f  u sin g  m em b ran es in food  b io tech 
n o logy  for en zy m e ex trac tio n , p u rifica tio n  and im m o b iliza tio n .

P ep tid o g lu tam in ase  (P G ase) p ro d u ced  by  Bacillus circulans 
has recen tly  been  used  in the  deam id atio n  o f  case in  and w h ey  
protein  h ydro lysa tes (G ill et a l . ,  1985) and m an y  food  p ro te ins 
and hydrolysates (H am ada et a l., 1988; H am ada, 1991a). PG ase 
deam idation  o f  soy  pro te in  im proved  so lu b ility  and em u lsify 
ing  propertie s u n d er m ild ly  ac id ic  co n d itio n s (H am ada and 
M arsh all, 1989). In d eco m p o sin g  h ig h -m o lecu lar-w eig h t p ro 
tein substra tes fo r P G ase d eam id a tio n , red u cin g  p ro te in  size  is 
an essen tia l s tep . H am ad a  and  M arshall (1988) rep o rted  a 
quan tita tive  re la tio n sh ip  be tw een  the ex ten t o f  d eam idation  and 
the deg ree  o f  p ro te in  h y d ro lysis co m b in ed  w ith  h ea t trea tm en t. 
P ro teo lysis w ill p roduce  p o ly p ep tid es m an y  tim es sm alle r than  
PG ase. K ikuch i and S akaguch i (1973) rep o rted  the m o lecu lar 
w eig h t (M W ) o f  PG ase I, h y d ro ly z in g  C -term inal G in , and 
PG ase II, h y d ro ly z in g  a ll o th er G in , to  be 200  kd  in a n o n 
d issoc ia ting  sa lt and pH  en v iro n m en t and 90  kd  and 125 k d , 
resp ec tiv e ly , in  d isso c ia tin g  co n d itio n s o f  0 .1 M  KC1 and  pH
10 .9 .

A cco rd in g ly , a U F  m em b ran e  w ith  a su itab le  po re  s ize , e .g . ,  
100 k d  M W  c u t-o ff (M W C O ), sh o u ld  b e  im p erm eab le  to  u n 
d issoc ia ted  P G ase b u t p erm eab le  to  food  p ro te in s and d eam i
dated  p ro d u cts. T h u s , em p lo y in g  U F  in PG ase reco v ery  fo r

Author Hamada is with the USDA-ARS, Southern Regional Re
search Center, P.O. Box 19687, N ew  Orleans, LA 70179-0687.

recy clin g  w o u ld  a llow  the p ro d u c tio n  o f  en zy m a tica lly  d eam 
idated  food  p rc te in s  w ith  enh an ced  so lu b ility  and functional 
p ro p ertie s . T h e  ob jec tiv es o f the  cu rren t inv estig a tio n  w ere  to 
s tu d y  the effec t o f  U F  on the  sp ec ific  ac tiv ity  o f  a B. circulans 
cell ex trac t and d e term in e  w h e th e r U F  m em b ran e  tech n o lo g y  
cou ld  be used  to  sep ara te  P G ase  from  d eam id a ted  pep tid es and 
p ro v id e  m eans fo r m ultip le  reuse  o f  the  en zy m e in con tin u o u s 
reac to rs .

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

Materials
B. circulans (ATCC #21590) was obtained from the American 

Type Culture Collection, Rockville, MD. Peptone type IV and CBZ- 
L-glutamine were purchased from Sigma Chemical Co., St. Louis, 
MO. t-BOC-L-glutaminyl-L-proline was purchased from Peptides In
ternational, Louisville, KY. The BCA (bicinchoninic acid) protein 
assay reagent was purchased from Pierce Chemical Co., Rockford, 
IL. Other chemicals were reagent grade of the highest purity obtain
able.

Preparation and assay of PGase

B. circulans cells were grown and harvested and then used to pre
pare PGase cell extract as reported (Hamada et al., 1988). The cell 
extract and its UF fractions were evaluated for PGase I and II activities 
using the synthetic substrates CBZ-L-glutamine and t-BOC-L-glutam- 
inyl-L-proline, respectively. The deamidating ability of PGase prep
arations towards a commercial soy protein hydrolysate was assessed 
using peptone type IV as substrate. To 5 mL substrate containing 25- 
50 p.moles amides in 0.05M phosphate buffer (pH 7.0), 1 mL enzyme 
preparation containing 0.5-1.0 mg protein was added and the reaction 
mixtures were incubated at 30°C for 2 hr. The ammonia content of 
the samples was determined with a model 95-10 ammonia electrode 
(Orion Research Inc., Cambridge, MA). One unit of enzyme activity 
releases l|xm ammonia from substrate after 2 hr incubation at 30°C.

PGase purification by ultrafiltration

A hollow-fiber membrane (H1P100-43), with MWCO of 100 kd 
and a spiral-wound S1-Y30 membrane with MWCO of 30 kd, both 
from Amicon Corp (Lexington, MA), were used to purify 400 mL of 
cell extract containing 0.05% protein. Membranes were mounted to 
a CH2 Amicon system. Based on the manufacturer’s recommendation, 
the 100 kd membrane was first coated with ovalbumin prior to use to 
prevent protein binding, but the spiral membrane (purchased while 
UF experiments were in progress,) was not. The UF unit was operated 
at 5°C in the diafiltration mode, (see Fig. 1, Hamada, 1991 a),in 
which the ultrafiltrate was replaced by the continuous addition of 
0.01M phosphate buffer (pH 7.0) from a separate reservoir, for 2 hr 
at an average flux of 20.0 L/m2/hr for the 100 kd membrane and 6.5 
L/m2/hr for the 30 kd membrane (3 buffer volumes). Specific activities 
of PGase in the retentate and permeate fractions were measured.

UF recovery for multiple reuse of PGase

The 100 kd MWCO or the 30 kd MWCO membrane was used to 
ultrafilter about 1500 mL of 5% peptone solution prior to its use in 
PGase deamidation. This was to avoid contamination of enzyme with 
relatively high-MW peptones rejected by the membrane. A 1% pep
tone solution (750 mL in 0.05M phosphate buffer, pH 7.0), made of 
the prefiltered peptone, was deamidated by incubation with 50-60 mg 
PGase (obtained from retentate) for 2 hr at 30°C. The enzyme cor
responded to an initial E/S ratio 1.5 x higher than that required for 
complete peptone deamidation. The enzyme was separated from the
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UF FOR MULTIPLE REUSE OF PGase. ..

Table 1- E f fe c t  o f ultrafiltration on activity and yield o f  peptidoglutam inase (PGase) using a 100 kd MWCO m embrane

Protein
(mg)

CBZ-GIn’ BOC-Gln-Prob Peptone IV
Total units 

(X  102)
Specific activity 

(units/mg)
Total units 

(X  102)
Specific activity 

(units/mg)
Total units 

(x 1 0 2)
Specific activity 

(units/mg)
Cell extract (feed) 186 47.4 25.5 52.6 28.3 51.2 27.4
Permeate 67 15.2 22.5 13.9 21.3 13.8 20.6
Retentate 119 26.4 22.3 36.4 30.6 36.9 31,0
3 N-Carbobenzoxy-L-glutamine used to assay PGase I. 
b N-tert-Butoxy-carbonyl-L-glutaminyl-L-proline used to assay PGase II.

Table 2 - E f fe c t  on ultrafiltration on activity and yield o f  peptidoglutam inase (PGase) using a 30 kd MWCO m embrane

CBZ-GIn” BOC-Gln-Pro» Peptone IV
Protein Total units Specific activity Total units Specific activity Total units Specific activity

(mg) (X  102) (units/mg) ( X 102) (units/mg) (X  102) (units/mg)
Cell extract (feed) 196 23.3 12.0 66.5 33.9 63.5 32.4
Permeate 40 0 0 0 0 0 0
Retentate 155 22.7 14.6 66.1 42.7 64.4 41.6
3 N-Carbobenzoxy-i-glutamine used to assay PGase I.
b N-tert-Butoxy-carbonyl-L-glutaminyl-L-proline used to assay PGase II.

Table 3 —Enzyme recovery and extent o f  peptone deamidation upon reuse o f PGase retained by PM-100 membrane

Activity (Units X 102) Peptone
deamidationSequ en tia l

test

PGase 1 PGase II
Feed Retentate Permeate Feed Reteníate Permeate g used %

i 13.5 10.2 3.3 18.1 13.6 4.0 7.5 59.0
2 9.5 6.9 2.3 12.7 9.2 2.7 7.0 57.8
3 6.4 3.8 1.5 8.6 4.9 1.7 6.5 32.0
4 3.5 1.2 0.9 4.5 1.1 1.0 6.0 25.0

deamidated peptone by UF using a 100 kd or 30 kd membrane at 20.0 
or 6.5 L/m2/hr flux, respectively, in diafiltration mode for 1 hr, fol
lowed by concentration mode for 1 hr at 25°C. At the end of each 
process, 1.2L of deamidated peptone and 150 mL retentate were ob
tained. This process of deamidation and UF separation of PGase was 
sequentially repeated three more times with volumes and peptone 
quantities adjusted for residual enzyme after sampling. Specific activ
ities of retentate and permeate were determined before and after each 
test. Peptone deamidation was determined by measuring the ammonia 
released enzymatically in the permeated peptone after each test. The 
extent of deamidation was calculated as the ratio of ammonia released 
enzymatically to either total amides in the peptone (% deamidation) 
or the fraction of peptone amides that could be deamidated by PGase 
(conversion ratio).

PGase immobilization by gel adsorption

Calcium phosphate gel was loaded by stirring 15g gel with 100 mL 
dialyzed cell extract containing 60 mg protein in a 0.005M phosphate 
buffer (pH 7.0), at 600 rpm mixing and 4°C for 1 hr. The immobilized 
enzyme was added to 200 mL of 1% peptone type IV in 0.025- 
0.085M phosphate buffer (pH 6.0-7.5) and the mixture was stirred at 
30°C for 30 min, then centrifuged. The ammonia in the supernatant 
was measured and the conversion of carboxyamide to carboxyl resi
dues was calculated. The gel was used 5 more times to deamidate 
peptone type IV and the residual activity was measured each time. In 
one experiment, peptone solutions, before use as a substrate, were 
dialyzed overnight at 4‘C against water using a cellophane membrane 
with molecular weight cut-off of 1 kd.

Chemical analyses

Protein content of the soy protein hydrolysate was measured by the 
Kjeldahl method (AOAC, 1980). Protein content of the PGase prep
arations was determined by the BCA method of Smith et al. (1985). 
The amide content of the soy protein .hydrolysate was measured ac
cording to Wilcox (1967).

RESULTS & DISCUSSION 
Partial purification of PGase by ultrafiltration

U F  u sin g  a 100 kd  M W C O  m em b ran e  to  frac tio n a te  Bacillus 
circulans cell ex trac t had no effect on the ac tiv ity  o f  PG ase

re jec ted  by  the m em brane  (T able  1). S ubstan tia l am o u n ts  o f 
PG ase w ere  lo st in  th is p ro cess  as 34%  o f  the  un its  o f  PG ase 
I and 26%  o f  II w ere  lost to  p erm eatio n  th ro u g h  th e  m em b ran e . 
T he perm eation  o f  PG ase cou ld  be due  to  the b road  po re  size 
d is trib u tio n  o f  the m em b ran e . P G ase had a no m in al average 
m o lecu lar w e ig h t o f  200  k d  and  cou ld  b e  d isso c ia ted  in to  90 
kd and 125 kd sp ec ies , d epend ing  on p H  and salt co n d itio n s 
as in d ica ted  by  K ikuch i and S akaguch i (1 9 7 3 ). T h e  b ro ad  pore  
size  d is tribu tion  o f  the  m em brane  (C h ery an , 1986a) m ay  have 
accoun ted  fo r the leakage tha t occu rred  th rough  the  100  kd 
M W C O  m em b ran e . T his h o llo w -fib e r P -1 0 0  m em b ran e  w as 
coated  p rio r to  its u se  in o rder to  fo rm  a seco n d ary  m em brane  
o f p ro te in  (M azid , 1988), w h ich  shou ld  p rev en t b in d in g  and 
m ay  increase  the pe rcen tag e  re jec tion  o f  the en zy m e by  the 
m em b ran e . T h ere  w as no ind ica tion  tha t th is approach  a ltered  
the e ffec tive  pore  size  o f  the  in itia l m em b ran e  in  a m an n er tha t 
m ig h t have reduced  leak ag e . S ince  the lo ss o f  b o th  P G ases I 
and II ac tiv ities in the u ltra filtra te  w as su b s tan tia l, the  use  o f 
a m em brane  w ith  M W C O  o f  less than  100 kd shou ld  b e  tested  
to  o v erco m e th is p rob lem .

T ab le  2 p resen ts  the sp ec ific  ac tiv ity  o f  P G ase  in the cell 
ex tract and its tw o U F  frac tio n s, u sing  a sp ira l m em b ran e  w ith  
a M W C O  o f  30  k d . T he spec ific  activ ity  o f  the  sta rtin g  cell 
ex trac t fo r th is m em b ran e  w as  d iffe ren t from  th a t o f  the cell 
ex trac t u sed  w ith  the  h igh  M W C O  (100  kd) m em b ran e  (T able  
1). T h is w as p ro b ab ly  due to  p rep ara tio n  co n d itio n s and /o r 
inac tiva tion  b y  freez in g  and th aw in g  upon  m ultip le  u se  o f  the 
en zy m e. U F  w ith  a 30  kd  M W C O  m em brane  inc reased  the 
sp ec ific  activ ity  o f  P G ase (I and II) in  re ten ta te  b y  1 .25  fo ld , 
w ith  99%  o f  the  ac tiv ity  b e in g  reco v ered  in the re ten ta te . N o  
activ ity  w as d etec ted  in  the pe rm ea te  frac tion  (T ab le  1). A p 
p aren tly , the  nom inal average m o lecu lar w e ig h t o f  P G ase w as 
greater than 30 kd , as no activity w as lost to  perm eation through 
the  m em brane .

Peptone deamidation and PGase recovery by 100 kd 
membrane

T he 100 kd M W C O  m em b ran e  w as used  fo r separa tion  o f  
PG ase from  reac tion  products in the  deam id atio n  o f  the  pep-
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Table 4 - Enzyme recovery and extent of peptone deamidation upon reuse
of PGase retained by S1-Y30 membrane

Sequential
test

Activity (Units x  102) Peptone
deamidationPGase la PGase lla

Feed Retentate Feed Retentate g used %
1 6.5 6.5 19.6 19.4 7.5 58.6
2 6.0 5.9 18.1 17.9 7.0 58.9
3 5.5 5.4 16.6 16.4 6.5 58.2
4 5.0 4.8 15.2 14.9 6.0 59.2

3 No PGase activity was detected in the permeate.

tone type IV  to d e term in e  w h e th e r en zy m e perm eation  w ou ld  
d im in ish  w ith  con tin u atio n  o f  the U F  p ro cess . T he re ten ta te  
w as used  4 x  to  deam id a te  fo u r ba tch es o f  the p ep to n e . E ach 
test con sis ted  o f  tw o step s , the firs t w as carried  ou t b y  in cu 
b a ting  P G ase m ixed  w ith  p ep to n e  at in itial E /S  ratio  that w as
1 .5  x  the am oun t su ffic ien t fo r co m p le te  deam id atio n  in  2  hr 
at 30°C . T he second  step  w as a U F  tes t that w as carried  ou t 
for rem oval o f  en zy m e from  the  d eam id ated  p ep to n e . T he rate 
o f  am ide con v ers io n  in the p ep to n e , as w e ll as the PG ase 
activ ity  in feed , re ten ta te  and p erm eate  fo r each  batch  ru n , are 
reported  in T ab le  3 .

W hen reaction  m ix tu res w ere  sub jec ted  to  sequen tia l U F  
tests to  reco v er the en zy m e , there  w as a sub stan tia l lo ss o f 
PG ase un its  th rough  p erm eatio n  and inac tiv a tio n . T he p e r
cen tages o f  in itia l en zy m e ac tiv ity  in the p erm eate  so lu tions 
w ere  2 5 , 24 , 24  and 25 fo r P G ase I and 2 2 , 2 1 , 20  and 22 for 
PG ase II. T h u s , an av erag e  o f  24  and 21%  o f  the to ta l ac tiv ity  
un its  o f P G ases I and II , re sp ec tiv e ly , in the feed  perm eated  
th rough  the m em brane  and w ere  lo st afte r each  run . A lso , there 
w as considerab le  reduction  in the activ ity  o f  P G ases in  the 
re ten tâ tes reco v ered  afte r the  3rd and 4th  tes ts . T he percen tag es 
o f in itial enzym e activ ity  in re ten ta te  so lu tio n s v a ried  fro m  one 
test to an o th er and w ere  7 6 , 7 2 , 59  and  35 fo r P G ase I and 
7 5 , 7 3 , 59 and 25 fo r PG ase II , re sp ec tiv e ly , in the  sequen tia l 
tes ts . T he add ition  o f  perm eatio n  pe rcen tag e  and re ten tion  p e r
cen tage w as co n sid e rab ly  less than  10 0 % fo r the  th ird  and the 
fourth  tes ts . T h is w as an ind ica tion  o f  enzym e inac tiva tion  
du ring  batch  p ro cesses, w h ich  ap p aren tly  s ta rted  afte r the 1 st 
test and con tinued  in to  the  fou rth  te s t. S p ec ific  ac tiv ités w ere  
2 2 , 18, 16, and 7 fo r P G ase I and  3 0 , 2 2 , 14, and 7  fo r PG ase 
II in the  p erm eates  co llec ted  after each  ba tch  tes t. D ue to  bo th  
p erm eation  and in ac tiv a tio n , 1 1  and  8% o f sta rtin g  un its  o f  
P G ases I and II w ere  on ly  reco v ered  in the  final re ten ta te .

E nzym e loss du rin g  seq u en tia l tests w as  p ro b ab ly  due to  the 
com bined  effec ts o f  b ro ad  pore  size d is tribu tion  o f m em brane  
(C heryan , 1986a), deco m p o sitio n  by  sh ear fo rces (K ennedy  
and W h ite , 1986) and the ch em ica l nature  o f  the base  po ly m er 
o f the m em b ran e , w h ich  co u ld  have  cau sed  substan tia l ad 
sorp tion  (C h ery an , 1986a; M azid , 1988). A p p aren tly  p re trea t
ing the fibers w ith  a lbum in  did  no t o v erco m e ad so rp tive  losses 
and the p ro te in  co a tin g  o f the P -1 0 0  m em brane  w as ineffective  
in that regard . P rotein  b ind ing  and fo u lin g  by  PM  (po lysu lfone) 
m em branes can cause  sev ere  enzym e in ac tiv a tio n  (C h ery an , 
1986a), even  afte r p ro te in  co a tin g  o f  the  m em brane  (M azid ,
1988). Such a secondary  m em b ran e  sh ou ld  no t attract fu rther 
ad so rp tion , bu t in rea lity , h o w ev er, the p ro te in  b ind ing  process 
could  prevail indefin ite ly  due to  random  pro te in  dénatu ration  
(M azid , 1988).

T he ex ten t o f  p ep tone  deam id atio n  afte r each  tes t is in d i
cated  in T ab le  3 . T he in itia l v o lu m e o f  the  p ep to n e  so lu tion  
w as reestab lished  befo re  each  ba tch  tes t to  accoun t for red u c
tion  in the am o u n t o f  en zy m e availab le  due to sam p lin g . T he 
conversion  o f  am ide  g ro u p s to  carboxy l g ro u p s in p ep tone  IV , 
con sid erin g  tha t an  average o f  5 8 .6 %  o f  the  am ides o f  the 
p ep tone  w as the m ax im u m  am o u n t o f  P G ase d eam id a tio n , w as
1 .0  fo r the firs t and second  tes ts , and 0 .6  and 0 .5  fo r the th ird  
and fourth  te s ts , re sp ec tiv e ly . T hose  levels o f  con v ers io n s co r
resp o n d ed  to 5 9 , 5 8 , 3 2 , and 25%  deam id atio n  o f  the p ep to n e . 
T h e  in itial E /S  ratio  w as su ffic ien t to  co m p le te  the  p ep tone

deam id atio n  and the  am o u n t o f  p ep to n e  used  in each  tes t w as 
dep en d en t on  :he  res idual en zy m e a fte r sam p lin g . H ence the 
d ec lin e  in co n v ers io n  w as due to  th e  d rop  in the  enzym e-to- 
substra te  ratio  in the  th ird  and the  fou rth  tes ts . A s d iscussed , 
the d ec reas in g  effectiveness o f  P G ase w as  due  to  activ ity  losses 
by  bo th  p erm eatio n  and in ac tiv a tio n . U F  m ay  still be a su itable 
tech n iq u e  fo r reco v erin g  sub stan tia l P G ase en zy m e after be ing  
used  in  the  deam id atio n  reac tio n . T h a t is , p ro v id in g  the loss 
o f  p ro te in  and en zy m e activ ity  can  b e  o v erco m e b y  using  a 
su itab le  m em b ran e . A  m em b ran e  w ith  a M W C O  o f  abou t 30 
k d -5 0  kd o f  m ore  h y d ro p h ilic  m a te ria l, m ay  b e  su itab le  to 
ensu re  no  loss o f  activ ity  as d eam id a ted  soy  p ro te in  h y d ro ly 
sate  is rem oved  in  the  u ltra filtra te .

Peptone deamidation and PGase recovery by 30 kd 
membrane

T h e  30  kd m em b ran e  w as u sed  to  f ilte r the  p ro te in  h y d ro 
lysate  so lu tion  to  rem ove spec ies w ith  m o lecu la r w e ig h ts  > 
30 k d  M W C O  in o rd er to  ach ieve  co m p le te  separa tion  o f  p ep 
tone from  enzym e at the  end o f  a U F  te s t. T h e  p e rm ea te  frac 
tion  con ta ined  9 9 .5 %  o f  the  p ep to n e  p ro te in . T h e  re ten ta te , 
from  P G ase p u rifica tio n  b y  the  30  kd  M W C O  m em b ran e , w as 
used  to  deam id ate  4  b a tch es o f  th e  p ep to n e . A s in the  100 kd 
M W C O  m em brane  tests runs , an  ex p erim en t w as designed  so 
tha t the firs t p ep to n e  b a tch  w as co m p le te ly  deam id a ted  before  
the enzym e w as reco v ered  by  the  U F  step . T h e  am ide co n 
v ers io n  in  the  p ep tone  w as  1 .0  and no P G ase  I o r II perm eated  
th rough  the m em brane  or w as  lo st to  inac tiv a tio n  a fte r each  
tes t as ev idenced  b y  the unch an g ed  sp ec ific  ac tiv ities  o f  14.5 
and 4 2 .7  u n its/m g  fo r P G ase I and P G ase  II (T able  4 ).

T he h igh  level o f  reco v ery  o f  P G ase , (97%  afte r the 4th 
te s t), dem o n stra ted  that th e  m em b ran e  w as e ffec tiv e  in  e lim i
n a tin g  the  loss o f  P G ase ac tiv ity  due to  perm eatio n  o r in ac ti
v a tio n . B o th  the M W C O  and the m ateria l o f  the m em brane  
m ay  have  been  responsib le  fo r the  co m p le te  recovery  and su c 
cessful reuse o f PG ase in this series o f sequential batch processes. 
T h e  use  o f  Y M  hydro p h ilic  m em b ran e , in stead  o f  the  PM  
p o ly su lfo n e  m em b ran e , co u ld  have b een  an im p o rtan t facto r 
co n trib u tin g  to  e lim ination  o f  enzym e loss by  ad so rp tio n  and 
inac tiv a tio n . T he Y M  series o f  m em b ran es (m ark eted  b y  A m i- 
con) are m ore  h y d ro p h ilic  and have  v e ry  little  o r no  net ch arg e . 
T h is m ay  prov ide a p rac tica l so lu tio n  to  en zy m e in ac tiv a tio n  
by  ad so rp tio n , co m p ared  to  PM  m em b ran es (C h ery an , 1986a). 
U F  w ith  the S 1-Y 30  m em b ran e  m ay  be a v e ry  su itab le  tech 
n ique  fo r reco v erin g  m ost o f  P G ase enzym e afte r b e in g  used  
several tim es in  the  deam id atio n  reac tio n  o f fo o d  p ro te in s or 
p ro te in  hydro ly sa tes  w ith  a no m in al av erag e  M W  o f less than  
30  kd.

Gel adsorption
P G ase cou ld  be p h y sica lly  adso rb ed  u p o n  ca lc iu m  p hosphate  

gel w ith  no  loss o f  ac tiv ity . H o w ev er, w h en  the  im m obilized  
PG ase w as used to  deam idate soy peptone by  stirring  the loaded 
gel and p ep tone  m ix tu re  at 30°C  fo r 30  m in , 87%  o f  P G ase 
activ ity  w as lo st u n d er m ultip le  u se  in  6 seq u en tia l b a tch  tests 
(F ig . 1). T rea tm en ts  such  as lo w erin g  io n ic  stren g th  and  pH  
did no t im prove the  ad so rp tio n  o f  P G ase  on  the gel (F ig . 1). 
T he data  sug g est tha t ca lc ium  p h o sp h a te  gel w as  an in ap p ro 
p ria te  sup p o rt fo r ad so rp tion  im m o b iliza tio n  o f  P G ase , in  spite 
o f  the poss ib ility  o f  reco v erin g  and  reu s in g  d eso rb ed  en zy m e.

CONCLUSIONS
IM M O B IL IZ A T IO N  o f  P G ase  b y  co n ta in m en t in  a U F  m em 
b ran e  w as  po ss ib le  tak in g  advan tage o f  the  re la tiv e ly  h igh  M W  
o f P G ase  and en zy m e stab ility . H o w ev er, p ro p er ch o ice  o f  
m em b ran e  pore  size  an d /o r m em b ran e  m ate ria l w ere  critica l to 
any  p rac tica l ap p lica tio n . P G ase w as re ta in ed  w ith in  a 30  kd 
M W C O  sp ira l m em b ran e  and co u ld  b e  reu sed  m an y  tim es at
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U F FOR MULTIPLE REUSE OF P Gase...

Fig. 1 -A c tiv ity  o f PGase immobilized on calcium phosphate gel 
toward soy protein hydrolysate upon multi-use at 30°C for 30 
min: (o) Undiaiyzed peptone in 0.050-0.085 M  phosphate buffer, 
pH  6.0-7.5; (•) Peptone in 0.025M phosphate buffer, pH  6.5 or 
/A/ peptone in 0.025M phosphate buffer, pH  6.1, both dialyzed 
against water in a 1,000 cutoff m embrane.

30°C  fo r 16 hr o r lo n g er w ith o u t any perm eation  o r d e te rio 
ration  in ac tiv ity . W ith  the  S1-Y 30  m em brane  co m p le te  re 
co v eries  o f P G ase  cou ld  be o b ta ined  w ith  each  sequen tia l run , 
re su lting  in com ple te  conversion  o f  g lu tam in e  am ides to  ca r
boxy l g ro u p s and a llo w in g  m ultip le  reuse  o f  P G ase . U se o f 
this p rocess w o u ld  increase  p ro d u ctiv ity  o f  the  system  and 
resu lt in an enzym e-free  p ro d u ct.
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----------------------- A B S T R A C T ------------------------
The combined effects of inoculum amount, temperature, pH, and food 
preservatives on growth of three varieties of heat-resistant mold Neo
sartorya fischeri cultured on a fruit juice-like medium was investi
gated. N. fischeri var. glabra growth occurred at 100 mg sodium 
benzoate/L at pH 3.5, a level that completely inhibited outgrowth of 
the other varieties. All were similarly affected by sulfur dioxide; com
pletely inhibited by 300 mg/L at pH 3.5. The inhibitory effect of 
preservatives was strongly affected by pH, inoculum amount, and 
temperature. Growth was significantly delayed when temperature was 
decreased from 32 to 25 to 18°C or pH from 4.5 to 3.5. This is the 
first report on the use of impedance microbiology to study the effects 
of environmental factors on molds.

INTRODUCTION
NEOSARTORYA FISCHERI (anam orph  Aspergillus fischeri- 
anus) is one o f  the m ost frequently  reported heat-resistant m olds 
cau sin g  spo ilage in  fru it ju ic e s  and o th e r heat p rocessed  fru it- 
b ased  p roducts (B eu ch at, 1986). A s the  hea t-resis tan t asco- 
spo res are w id e ly  d is trib u ted  in so il, the  spo ilag e  p ro b lem s 
p red o m in ate ly  o ccu r in  p roducts co n ta in in g  fru its  h arvested  
from  o r n ear the  g ro u n d  (H o ck in g  and P itt, 1984).

T he spec ies N. fischeri co nsists  o f  th ree  d is tin c t v a rie tie s ,
N. fischeri v a r . fischeri, N. fischeri v a r . glabra and  N. fischeri 
v a r . spinosa hav in g  c lea rly  d iffe ren t ascospore  o rn am en ta tio n s 
and p ro files o f  m yco to x in s and o th e r seco n d ary  m etabo lites 
(K o zak iew icz , 1989; S am son  et a l . ,  1990; N ielsen  and S am 
so n , 1991). T he ex trem ely  h ea t-resis tan t ascospores are b ico n 
v ex  w ith  tw o equato ria l c res ts . In  v a rie tie s  glabra and spinosa 
ascospore  surfaces are sm o o th  and sp in u lo se  resp ec tiv e ly , 
w h ereas v a rie ty  fischeri has asco sp o res w ith  a ch arac teris tic  
re ticu la te  su rface . N. fischeri v a r . fischeri has severa l s im ila r
ities w ith  Aspergillus fumigatus. B oth  p roduce  the stro n g ly  
trem orgen ic  fu m itrem o rg in s, w h ich  have b een  proven  to  cause  
ryegrass staggers (P a tte rso n  et a l . ,  1981) and acu te  to x ic  sy n 
drom e in b e e f  cattle  b e in g  fed  m old ed  corn  silage (C ole  et a l.,
1977). T h ey  also  p ro d u ce  co n id ia  ab u n d an tly  and are know n 
to cause  m ycosis in m an  (R ap er and F en n e ll, 1965; C orig lione  
et a l . ,  1990). T he o th e r v a rie tie s  have m uch  m ore  restric ted  
con id io g en esis . V arie ties fischeri and  spinosa p ro d u ced  high 
am oun ts o f  the p o ten tia lly  trem o rg en ic  try p to q u iv a lin es, w h ile  
none o f  the  la rg e  nu m b er o f  co m p o u n d s p ro d u ced  b y  v a rie ty  
glabra have been id en tified  as know n m yco to x in s (S am son  et 
a l . ,  1990).

O n ly  the v a rie tie s  glabra and  spinosa have positiv e ly  been 
iso la ted  from  spo iled  hea t-p ro cessed  fru it-b ased  p ro d u cts (K a
vanagh , 1963; M cE voy and S tuart, 1970; Jesenska et a l., 1984), 
w h ile  several o th e r au tho rs d id  no t rep o rt the N. fischeri v a rie ty  
cau sin g  food  spo ilag e  (B ag g erm an , 1984; C artw rig h t and 
H o ck in g , 1984; H o ck in g  and P itt, 1984; Jesen sk a  and Petri- 
k o v a , 1985; S co tt and B e rn a rd , 1989; S p litts to esser and 
S p litts to esse r, 1977; S p littso esse r and  C h u rey , 1989). A  num -
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b er o f  these  iso la tes w ere  reex am in ed  by  S am so n  et a l. (1990) 
and N ielsen  and S am son  (1991) and none b e lo n g ed  to  v a rie ty  
fischeri. R ecen t find ings in  o u r lab o ra to ry  have sh o w n  tha t the 
fischeri v a rie ty  ten d s to  do m in ate  in  so il (u n p u b lish ed  resu lts). 
K avanagh  et a l. (1963) also  found  v a r . fischeri to  b e  num erous 
in  so il bu t cou ld  not reco v er if  from  heat p ro cessed  fru it p ro d 
ucts.

S tud ies o f the food  sp o ilin g  cap ac ity  o f  these  o rg an ism s have 
so fa r o n ly  been  carried  ou t at spec ies level (i .e . n eg lec tin g  to  
d iffe ren tia te  be tw een  v a rie tie s). T he o rg an ism  used  to  study  
g row th  and m y co tox in  p ro d u ctio n  b y  N. fischeri u n d er a w id e  
range  o f  env ironm en ta l co n d itio n s by  N ie lsen  et a l. (1 9 8 8 , 
1989a, b) has la te r been  id en tified  as v a rie ty  fischeri, w h ich  
is now  con sid ered  to  be less food  re lev an t th an  the o thers 
(S am son  et a l . ,  1990). It is th erefo re  o f  g rea t in te rest to  in 
v estig a te  w h e th er the th ree  v a rie tie s  o f  N. fischeri have d if
fe ren t resistance  to w ards co m m o n ly  used  food  p rese rv a tio n  
techn iques o r o th er fac to rs in  the  co m p o sitio n  o f  a fo o d  p ro d 
u c t. T h is  in fo rm ation  m ay  be v a lu ab le  w h en  h an d lin g  fru it 
p ro d u cts and to  exp lain  d iffe ren ces in food  sp o ilin g  cap ac ity .

T h is s tu d y  w as designed  to  ev a lu a te  how  g ro w th  o f  the  v a 
rie ties o f  N. fischeri w as  affec ted  b y  the  co m b in ed  effec ts  o f 
inoculum  am ount, tem perature, pH , sodium  ascorbate and each 
o f  the  food  p rese rv a tiv es sod ium  b en zo a te , po tassiu m  so rba te  
and su lfu r d io x id e .

M ATERIALS & METHODS
Preparation of inoculum

Organisms are listed in Table 1. The test molds were cultivated for 
14 days on oat ir.eal agar (OA) plates (Samson and van Reenen- 
Hoekstra, 1988). Ascospores were harvested by flooding the surface 
of the mycelial mat with 2.5 mL of dilution water (lg  peptone, 8.5g 
sodium chloride and lg  Tween 80/L) and gently rubbing the mold 
surface with a sterile bent glass rod. Suspensions of asci were pipetted 
into a sterile glass tube. This procedure was repeated, combining the 
two suspensions, which were treated for 2 min in an ice cooled water 
bath sonicator to disrupt the asci and free ascospores. Cleistothecia 
and intact asci were allowed to settle for 2 to 3 min. before ascospores 
in suspension were filtered through sterile glass wool into a sterile 
tube. The ascospore suspensions were diluted to 106 ascospores per 
mL as determined by counting chamber and heat treated for 15 min 
at 75°C. This was done to inactivate conidial spores and mycelial 
fractions and to activate the ascospores. Three additional inocula were 
obtained by serial dilutions of the heat treated ascospore suspension 
to 105, 104 and 103 ascospores per mL. The number of viable asco-

Table 1 — Organisms exam ined’

Neosartorya fischen  
var. fischeri IBT 3023 ex soil Denmark

IMI 16143 ex soil UK
var. glabra IMI 102173 ex canned strawberries, Eire

IBT 3004 ex soil Denmark
var. spinosa IBT 3001 ex soil Denmark

CBS 483.65 ex soil Nicaragua
CBS 297.67 ex soil Pakistan

8 Culture collections: IBT: the collection at the Department of Biotechnology, Tech
nical University Denmark; CBS: Centraalbureau voor Schimmelcultures, Baarn, 
The Netherlands; IMI: International Mycological Institute, Kew, UK.
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N. FISCHERI VARIETES AS AFFECTED BY PRESERVATIVES. . .

HOURS
Fig 1 -  Capacitance change in a fruit juice-like media, PYS at pH
4.5 and 32°C, with time after inoculation o f 103 heat inactivated 
ascospores, N. fischeri var. glabra (7Ml 102173). Curves rep
resent increasing concentrations o f potassium  sorbate in mg/L 
0 (+) 25 (*), 50 (O) and 100 (X).

spores was determined by enumeration on PYS (see below) at pH 4.5 
and pH 3.5.

Microbial monitoring system

Experiments were carried out in a Bactometer® B123-2 (bioMirieux 
UK ltd., UK). The system consisted of 2 Bactomatic Processing Units 
(BPU) each having 2 accurately temperature-controlled incubators. 
Each incubator held 4 disposable Bactometer modules of 16 wells. 
The Bactometer was capable of monitoring fungal growth in all 256 
wells simultaneously, by applying a sinusoidal AC current across two 
stainless steel electrodes mounted in the bottom of each well and 
measuring the capacitance. At 6 min intervals, the instrument made 
1 reading in each well and stored the data. An advanced algorithm 
determined the detection time based on rate and magnitude of change 
in capacitance.

Substrate

Potassium dihydrogen phosphate yeast extract sugar agar (PYS) was 
used as a basic medium throughout. This medium was designed to 
contain a mixture of sugars typical of most fruit juices. It consists of 
(per L of distilled water) potassium dihydrogen phosphate, lOg; yeast 
extract (Difco), 7.5g; glucose, 30g; fructose, 30g; sucrose, 40g; and 
agar 20g. The medium was autoclaved at 121°C for 15 min. Filter 
sterilized (0.22 mg.) stock solutions of sodium ascorbate, sodium ben
zoate, potassium sorbate and sulfur dioxide (as sodium metabisulfite) 
were prepared and added to PYS to give 0 and 200 mg/L of sodium 
ascorbate (the level allowed in fruit juices in Denmark) in combination 
with 0, 25, 50 and 100 mg/L of sodium benzoate or potassium sorbate 
or 0, 50, 100 and 200 mg/L of sulfur dioxide. pH was adjusted to
3.5 and 4.5 with sterile HC1 and media were poured into disposable 
Bactometer modules, 0.80 mL in each well. In a preliminary exper
iment 100 and 300 mg/L of each preservative were added to PYS and 
pH adjusted to 3.5.

Inoculation procedure

Aliquots (100 gL) of the ascospore suspensions (106, 105, 104, and 
103 cfu/mL) were dispensed into prefilled wells and the modules were 
tipped to distribute the ascospore suspension on the agar surface. The 
number of ascospores in the Bactometer measuring cells were con
sequently 10s, 104, 103, and 102 CFU/well. Modules were incubated 
at 18, 25 and 32°C for 100 hr (4 days) in the Bactometer whereupon 
they were placed in separate incubators for additional 14 days.

Analyses

Detection time (=  time until growth was evident) was during the 
first 4 days recorded by the Bactometer (one reading every 6 min) 
and for the last 14 days by visual inspection every day. Data obtained 
in the last period was consequently more variable.

Fig 2 —Detection time (DT) as related to the logarithm o f the 
initial num bers o f viable ascospores o f N. fischeri var. glabra 
(IMl 102173), at pH  3.5 (•) and 4.5 (V).

Statistical analyses

The experiment was designed as a reduced factorial experiment at 
two levels (1/4 x 27), were inoculum amount was confounded with 
4 factor interactions (Box et al., 1978). The 4 levels of preservative 
concentration and inoculum size were obtained by combining 2 factors 
on 2 levels. This was done to simplify calculations. The temperature 
effect was examined by comparing 2 temperatures at a time (25 with 
18°C and 25 with 32°C). Due to the number of tests the experiments 
were divided into 3 parts (1 with each preservative). Detection time 
on media without preservatives in the 3 parts were used to calculate 
growth rate and length of lag phase. Analyses of the effect of pre
servatives were performed using the principles of Yates algorithm and 
reverse Yates algorithm described by Box et al. (1978) and the MGLH 
module in the software package SYSTAT (Systat Inc., II, USA). 
Factors at 4 levels were analyzed as orthogonal polynomials (Hicks, 
1982).

RESULTS & DISCUSSION
C U L T IV A T IO N  o f  Neosartorya fischeri v a rie tie s  on  the  ju ic e 
like m ed iu m  PY S resu lted  in con sis ten t and rap id  cap ac itan ce  
change  and go o d  p ro d u c tio n  o f  seco n d ary  m e tab o lite s . F igu re  
1 show s the  change  in e lec trica l cap ac itan ce  d u rin g  g ro w th  o f
N. fischeri v a r . glabra on PY S  su p p lem en ted  w ith  v a rio u s  
co n cen tra tio n s o f  po tassiu m  so rba te  at pH  4 .5 . D etec tio n  tim es 
w ere  co m p u ted  au to m atica lly  by  the B ac to m ete r by  an a ly z in g  
the rate  and m ag n itu d e  o f  change  in cap ac itan ce . W h en  the 
c rite ria  set in the  de tec tion  tim e a lgo rithm  w ere  m et, g row th  
w as d e tec ted . D etec tion  tim e m ay  be d e term in ed  v isu a lly  from  
the figu re  as the po in t w ere  the cu rves sta rt to  acce le ra te . 
D etec tion  tim e increased  w ith  increasing  p rese rv a tiv e  co n cen 
tra tio n , i .e . the  m old  g rew  slo w er.

W ith in  a certa in  ran g e , a linear re la tio n sh ip  ex is ts  be tw een  
the logarithm  o f  co lo n y  fo rm in g  u n its , log (C F U ) and the  d e 
tection  tim e (D T ) as m easu red  by  the B ac to m ete r (F ig . 2 ). 
W atso n -C ra ik  et a l. (1990) a lso  fo u n d  a lin ear re la tio n sh ip  
be tw een  detec tio n  tim e and log (C F U ) fo r a h igh  n u m b er o f 
food  spo ilage fu n g i. H o w ev er the  re la tio n sh ip  w as  spec ies- 
sp ec ific  due to  d iffe ren ces in  g row th  ra te . F irs ten b erg -E d en  
and  E den  (1984) fo u n d  tha t ch an g e  in  cap ac itan ce  fo llo w ed  
the  m etab o lism  o f m ed ia  co m p o n en ts  and  h en ce  d ep en d ed  on 
the  b io m ass and  m etab o lic  ra te /m ass u n it. A fte r germ in atio n  
and lag  p h ase , the  m old  b io m ass w ill in crease  ex p o n en tia lly  
at a  fixed  rate un til a d efic ien cy  o f  1 o r m ore  m ed ia  co m p o n en t 
occurs o r  u n til se lf  in h ib ition  tak es p lace . T h is  w ill m o st lik e ly  
not o ccu r b e fo re  the de tec tion  o f  g ro w th , as m old  g ro w th  first 
b ecam e v is ib le  sh o rtly  afte r d e tec tio n . T h e  capac itan ce  change  
cau sed  b y  fungal g ro w th  w o u ld  th e re fo re  in crease  ex p o n en 
tia lly  resu lting  in a sharp  increase  in cap ac itan ce  w h en  suffi-
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Table 2-G row th rate (f±) of Neosartorya fischeri v a r i e t i e s  ( h r - 1) a t  3  t e m p e r a t u r e s  a n d  2  p H  l e v e l s  ( 3 . 5  a n d  4 . 5 ) .

N. fischeri var. 
fischeri IBT 3032 0.35 0.16 0.27 0.40 0.65 0.68
glabra IMI 102173 0.32 0.21 0.20 0.31 0.61 0.53
glabra IBT 3004 0.24 0.22 0.21 0.35 0.46 0.49
spinosa IBT 3001 0.33 0.15 0.31 0.39 0.46 0.93

18°C 25°C 32°C
3.5 4.5 3.5 4.5 3.5 4.5

Table 3 -Le n g th  o f lag phase (hr) for N. fischeri varieties at 3 temperatures and 2 pH levels (3.5 and 4.51s
18°C 25°C 32°C

3.5 4.5 3.5 4.5 3.5 4.5
N. fischeri var.

fischeri IBT 3023 128.3 63.4 33.6 21.9 23.1 12.6
glabra IMI 102173 92.0 50.7 9.5 16.0 19.7 9.9
glabra IBT 3004 68.8 46.6 8.7 16.8 13.4 6.6
spinosa IBT 3001 92.1 48.3 21.4 18.9 14.2 15.2

a Estimated as detection time for cfu = 107.

d e n t  b iom ass w as  reach ed , and the in s tru m en t “ s ig n a ls”  
d e tec tio n . T h is  w ill th u s o ccu r ea rlie r w h e n  th e  in o cu lu m  co n 
tains a h igh  C F U  as co m p ared  to  a lo w er, as the  requ ired  
b io m ass w o u ld  b e  reach ed  earlie r . T he s lopes on  the  reg ression  
lines in  F ig . 2  rep resen t the  in crease  in  detec tio n  tim e at the 
tw o pH  v a lu es , w h en  th e  in itia l n u m b er o f  asco sp o res w as 
increased  b y  fac to rs  o f  10 (1 lo g  u n it). W e assum ed  the fungal 
b iom ass w as  in creasin g  ex p o n en tia lly  from  the  end o f  the  lag  
p h ase  u n til in h ib itio n  o ccu rred , so m etim e  afte r d e tec tio n , and 
the  m etab o lic  ac tiv ity  p e r b iom ass w as co n stan t du rin g  that 
tim e . T hen  the ra te  o f  in crease  in  m etab o lic  ac tiv ity , p,, m ay  
be expressed  as |x =  - ln (1 0 )/a  w h ere  a  is the slo p e . G row th  
ra te  o f  the o rg an ism  in te rm s o f  ra te  o f  increase  in  b io m ass/ 
u n it tim e is also  (i, as the  m etab o lic  activ ity  is p ro p o rtio n a l to 
b io m ass. D o u b lin g  tim e , g , fo r the  m etab o lic  ac tiv ity  is then : 
g  =  ln(2)|x  =  - a  log(2) «  - a  • 0 .3 0 1 . T h is  nu m b er rep resen ts 
the de lay  in detec tio n  tim e w h en  C F U  is d im in ish ed  b y  one 
ha lf. F igu re  2  show s a steep er s lope  at p H  3 .5  th an  at 4 .5  
ind ica ting  a s low er g row th  rate at the  lo w er pH .

T ab le  2 . lists g row th  ra te , p,, fo r each  o f  the 3 v a rie tie s  at 
the  3 tem p era tu res  and the  2  p H  lev e ls . W ith in  each  treatm en t 
no  s ign ifican t d iffe rence  (P < 0 .0 5 ) be tw een  v a rie tie s  w as 
o b serv ed . A t 25°C  the o rg an ism s appeared  to  g ro w  slo w er at 
p H  3 .5  than  at p H  4 .5 , w h ereas g row th  rates at 18°C  appeared  
h ig h er at pH  3 .5  than  at 4 .5  and o n ly  v a rie ty  sp in o s a  appeared  
d iffe ren t in g row th  at 32°C . H o w ev er, none o f  those  apparan t 
d iffe rences w as s ig n ifican t (P < 0 .0 5 ) . T em p era tu re  had  a 
m uch  stronger e ffec t e sp ec ia lly  at pH  4 .5 , w h ere  g row th  rates 
m ore than doubled w ith  increased tem perature from  18 to 32°C .

T em pera tu re  also  had a c lea r e ffec t on  de tec tion  tim e w h en  
a g iven  m ed ium  w as in ocu la ted  w ith  the  sam e n u m b er o f  a s
cospores as show n  in F ig . 3 . D ata  fo r the  th ree  v a rie tie s  have 
been  co m b in ed , as d issim ila ritie s  be tw een  v a rie tie s  w ere  in 
sig n ifican t. T h e  d iffe ren ce  in de tec tion  tim e at the tw o  pH  
levels m ay  acco u n t fo r d iffe ren ces in lag  tim e as g ro w th  rates 
o n ly  w ere  m o d era te ly  a ffec ted  b y  p H . T h e  sam e m ay  b e  the 
case  w ith  the large  d iffe ren ces in  de tec tion  tim e at d ifferen t 
tem p era tu res .

P re lim in ary  ex p erim en ts  have show n  tha t the  s tra igh tline  
re la tionsh ip  be tw een  log (C F U ) and de tec tion  tim e o n ly  ex isted  
w ithin a lim ited range (about 101 to 105 ascospores/w ell). A bove 
that inocu lum  lev e l the  cu rv es leve led  and the  de tec tion  tim e 
co nverged  to  a com m on  p o in t. T h is  de tec tion  tim e w o u ld  be 
a m easu re  o f  the  leng th  o f  the  lag  p h ase  as the  in strum en t 
detec ts im m ed ia te ly  a fte r the  asco sp o res have germ inated  and 
g row th  has b eg u n . A n estim ate  o f  that v a lu e  m ay  b e  ob ta in ed  
b y  ex trapo la ting  the de tec tio n  tim e fo r a w e ll co n ta in in g  10 7 
asco sp o res. T ab le  3 lists  the estim ated  leng th  o f  lag  p h ase  fo r 
each  v a rie ty . T he genera l ten d en cy  w as that the lag  phase  
d ecreased  w hen  pH  w as increased  from  3 .5  to  4 .5  and w hen  
the  tem pera tu re  w as in creased  from  18 to  25 to  32°C . O ut-

Fig 3 - Effect o f tem perature on detection time, (DT) at a fixed  
initial num ber o f viable ascospores (log(CFU) = 3.0) at pH  3.5
(-------- ) and 4.5 (------------- ). Bars represent 95% confidence
limits.

g row th  o f  v a rie ty  f i s c h e r i ascospores w ere  c lea rly  d e layed  as 
co m p ared  to  o th er v a rie tie s  at 18°C . T h is  m ay  fav o r g row th  
o f  the  v a rie tie s  g la b r a  and s p in o s a  o v er v a rie ty  f i s c h e r i  i f  p re s
en t in  a m ix ed  cu ltu re .

M ore rap id  g row th  at h ig h er tem p era tu res  is one  o f  the  ch ar
ac te ris tics o f  A s p e r g i l lu s  fu m ig a tu s  group  u n d er w h ich  N e o -  
s a r to y a  f i s h e r i  w as inc luded  b y  R ap er and F en n e l (1965). M ost 
fung i in  th is g ro u p  g row  w e ll at 37°C , som e ap p ro ach in g  a 
true  th e rm o p h ilic  ran g e . S am son  and  v an  R een en -H o ek stra
(1988) rep o rted  the  op tim u m  tem p era tu re  fo r g ro w th  w as  26  
to  45°C . T h is  range  w as n a rro w ed  so m ew h at b y  N ie lsen  et al.
(1988) w h o  rep o rted  the  tem p era tu re  o p tim u m  fo r g ro w th  w as 
n ea r 37°C .

Sodium ascorbate (200  m g/L ) d id  n o t a ffec t the  de tec tion  
tim e. H o w ev er, th is d id  no t ex c lu d e  the  p o ss ib ility  th a t a sco r
bate  cou ld  have  an effec t if  aera tion  had  b een  re s tric ted , as 
asco rb a te  u su a lly  is added  to  p roducts to  inh ib it o x id a tio n .

Preservative co n cen tra tio n  and p H  had  a c lea rly  s ign ifican t 
(P  < 0 .0 5 ) e ffect on de tec tion  tim e. H o w ev er, the v a rie tie s  o f
N . f i s c h e r i w e re  n o t equally  affec ted  as sh o w n  in T ab le  4 .

Sodium benzoate. O utgrow th  o f  asco sp o res o f  v a rie ty  f i s 
c h e r i and v a rie ty  s p in o sa  w as no t ob serv ed  a t sod ium  benzoate  
co n cen tra tio n s h ig h er than  5 0  m g /L  pH  3 .5  w ith in  the 20  day 
in cu b atio n . G row th  o f  v a rie ty  g la b r a  w as ev id en t, h o w ev er, 
at 100 m g /L  o f  sod ium  b en zo a te , p H  3 .5  afte r 4  to  11 days 
d ep en d in g  on tem p era tu re  and ino cu lu m  size . N o g row th  w as 
ob serv ed  at 300  m g /L , 25°C . D iffe ren ce  be tw een  v a rie tie s  m ay 
be seen  in  g rea te r deta il in  F ig  4 , sh o w in g  the  estim ated  de-
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Table 4 -M in im a i preservative concentration (mg/L) suppressing growth for more than 18 days at 3 temperatures at 2 pH  levels (3.5 and 4.5) 
Sodium benzoate Potassium sorbate______________ _________________Sulfur dioxide___________

18°C 25°C 32°C 18°C 25°C____________ 32°C____________ 18°C____________ 2 5 T ____________ 32°C
3.5 4.5 3.5 4.5 3.5 4.5 3.5 4.5 3.5 4.5 3.5 4.5 3.5 4.5 3.5 4.5 3.5 4.5

Neosartorya fischeri 
var. fischeri

IBT 3023 100 >100 100 >100 50 >100 25 100 300 50 100 >100 200 >200 300 >200 200 >200
IMI 16143 50 >100 50 >100 100 >100 25 100 50 >100 100 >100 200 >200 200 >200 100 >200

var. glabra
IMI 102173 >100 >100 300 >100 >100 >100 50 >100 300 >100 50 >100 200 >200 300 >200 200 >200
IBT 3004 >100 >100 300 >100 >100 >100 50 >100 300 >100 50 >100 >200 >200 300 >200 200 >200

var. spinosa
IBT 3001 100 >100 100 >100 100 >100 50 >100 300 100 50 >100 >200 >200 300 >200 100 >200
CBS 483.65 100 >100 100 >100 100 >100 50 100 50 >100 100 100 200 >200 200 >200 200 >200
CBS 297.67 mo >100 100 >100 100 >100 25 100 50 100 100 100 200 >200 200 >200 200 >200

Fig 4 —Sodium  benzoate e ffec t on detection tim e at pH  3.5 at 
18, 25, and 32°C. DT estim a ted  for log(CFUImL) = 3.0. Isolates
w ere  N. fischeri var. fischeri IBT 3023 (•---------•); var. fischeri
IMI 16143 fV----- V); var. glabra IMI 102173 (T------ r); var.
glabra IBT 3004 (□--------a); var. spinosa IBT 3001 (•■ ■ -m2);
var. spinosa CBS 483.65 (A -------- Al; var. spinosa CBS 297.67
(A-------- A). Molar concentrations o f undissociated acid (pJVI)
were calculated on the basis o f pKs = 4.19.

tec tio n  tim es fo r all iso la tes at pH  3 .5 . E ach  cu rve  w as es ti
m ated  from  32  read in g s. A s the  v a ria tio n  in de tec tion  tim e 
increased w ith  tim e, som e uncertainties w ere expected at longer 
de tec tion  tim es . T he iso la tes  o f  v a rie ty  fischeri w ere  som ew hat 
m ore  inh ib ited  by  sod ium  b en zo ate  than  v a rie ty  spinosa, es
p ec ia lly  a t 32°C . B o th  w ere  c lea rly  less res is tan t than  glabra 
w hich  w as a lm ost u n affec ted  b y  p reserv a tiv e  concen tra tio n . 
T he estim ated  de tec tio n  tim es a t pH  4 .5  are no t show n  as only  
a sligh t d e lay  in detec tio n  tim e w as o b se rv ed . T he m in im um  
p reserv a tiv e  concen tra tio n  (m g/L ) inh ib itin g  g row th  is listed  
in  T ab le  4 . B ased  on the  d isso c ia tio n  con stan ts  o f  b en zo ic  acid , 
p K d =  4 .1 9 , the  m o lar co ncen tra tions o f  u n d isso c ia ted  acid  at

Fig 5 -P o ta ssiu m  sorbate effect on detection time at pH  3.65 at 
18, 25, and 32°C. Molar concentrations o f undissociated acid 
(pM) were calculated on the basis o f pKa = 4.76. S ee  legends 
for Fig. 4.

an in itial concen tra tio n  o f  100 m g sod ium  b en zo a te /L  are 0 .5 8  
and 0 .2 3  |xm ol/L  at pH  3 .5  and 4 .5 , resp ec tiv e ly .

Potassium sorbate w as gen era lly  m o re  in h ib ito ry  than  s o 
d ium  b en zo ate  b u t som e in co n sis ten cy  w as ob serv ed  be tw een  
iso la tes o f  v a rie ty  fischeri and  spinosa. Inh ib itio n  b y  so rba te  
at 18°C , pH  3 .5  w as para lle l to  bu t so m ew h at stro n g er than  
by  b en zo ate . F igu res 5 and 6 show  the  estim ated  de tec tion  
tim es at p H  3 .5  and 4 .5 . M olar un d isso c ia ted  ac id  ca lcu la ted  
on the basis o f  the d isso c ia tio n  con stan t o f  so rb ic  ac id , p K a =  
4 .7 6 , is p resen ted  in  the figu res to  ease  co m p ariso n . V arie ty  
glabra sh ow ed  a c lea rly  h igher res is tan ce  at 18°C  than  the 
o th er v a rie tie s , w h ich  in tu rn  w ere  a lm o st eq u a lly  a ffec ted . A t 
increasing  tem pera tu res the in h ib ition  cu rve  fo r iso la tes  o f v a 
rie ty  glabra o n ly  sh ifted  m o d era te ly  w h ile  the o th e r v arie ties 
becam e m uch  less in h ib ited . T he tw o  iso la tes  o f  v a rie ty  fis-
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Fig 6 -P o ta ssium  sorbate effect on detection tim e at pH  4.5 at 
18, 25, and 32°C. Molar concentrations o f undissociated acid 
fpM) were calculated on the basis o f pKa = 4.76. See  legends 
for Fig. 4.

c h e r i show ed  a  m ark ed  d iffe ren ce  in  res is tan ce  at pH  4 .5  e s
p ec ia lly  at 25 and  32°C , w h ere  I M I 16143 sh ow ed  m uch  h igher 
resistance  than  IB T  3 0 2 3 . T h e  stra in  o f  v a rie ty  s p in o s a , IB T  
3 0 0 1 , also  show ed  so m ew h at h ig h er res is tan ce  than  the  o ther 
stra ins o f  v a rie ty  s p in o s a .

S u lf u r  d io x id e . A ll v a rie tie s  w e re  a lm o st eq u ally  a ffected  
by  su lfu r d io x id e . 200  m g /L  su lfu r d iox ide w ere  su ffic ien t to  
delay ascospore germ ination and subsequent outgrow th for m ore 
than  20  days at pH  3 .5 , 32°C  (F ig . 7). A t 25°C  all iso la tes 
w ere  d etec ted  afte r 10  days o n  the  sam e m ed ia  w h en  in ocu la ted  
w ith  105 C F U , b u t no t w ith in  20  days w h en  inocu lated  w ith  
less than  103 C F U . N one w as ab le  to  g ro w  at 300 m g /L . A t 
18°C  o n ly  1 iso la te  each  o f  v a rie ty  g la b r a  and v a rie ty  sp in o sa  
w as d etec ted  w ith in  20  days at tha t co n cen tra tio n  (T ab le  4 ). 
T w o iso la tes o f  v a rie ty  s p in o s a  (C B S 2 9 7 .6 5  and C B S  4 8 3 .6 5 ) 
show ed  a so m ew h at h ig h er resistance  tow ards su lfu r d iox ide 
at pH  3 .5  than  the  o th e r iso la tes e sp ec ia lly  at 32  and 25°C , 
(F ig  7 ). T he estim ated  detec tio n  tim es at pH  4 .5  are no t sh o w n , 
as detec tion  tim e in  g en era l less than  d oub led  w h en  su lfu r 
d iox ide w as in creased  from  0  to  200 m g /L . E x cep tio n s w ere  
the g row th  o f  v a rie ty  g la b r a  iso la tes at pH  4 .5  and 32°C , w h ich  
w ere  suppressed  fo r m ore  than  20 days w h en  in ocu la ted  w ith  
low  nu m b ers. H o w ev er th is o rg an ism  w as o n ly  slig h tly  in h ib 
ited  w h en  the  ino cu lu m  w as m ore  co n cen tra ted . T h e  m o lar 
co ncen tra tions o f  u n d isso c ia ted  su lfu ro u s acid  at pH  3 .5  and
4 .5  calcu la ted  on  the basis  o f  the  d isso c ia tio n  co n stan t, p K a 
=  1 .8 1 , w ere  0 .0 6 2  and  0 .0 0 6 4  jxm ol/L  resp ec tiv e ly  at an 
in itial concen tra tio n  o f  200  m g/L .

In genera l v a rie ty  f i s c h e r i g ro w th  w as m ore res tric ted  than  
g row th  o f  o th er v a rie tie s . V arie ty  g la b r a  g rew  at h ighest co n 
cen tra tio n s o f  so rba te  and b en zo ate  w h ereas v a rie ty  sp in o s a  
w as som ew hat m ore resistant tow ards sulfur dioxide. T he m uch

Fig 7-S u lfu r  dioxide effect on detection time at pH  3.5 at 18, 
25, and 32°C. Molar concentrations o f undissociated acid h±M) 
were calculated cn the basis o f pKa = 1.81. See  legends for Fig. 
4.

lo w er resistance  at pH  4 .5  as co m p ared  to  3 .5  w as in  go o d  
ag reem en t w ith  the g en era lly  accep ted  th eo ry  tha t the  u n d is
sociated m olecule w as the m ajor active antifungal agent (Cruess 
et a l . ,  1931; B ooth  and K ro ll, 1989). T he lo w er d issoc ia tion  
con stan ts  o f  su lfu rous and b en zo ic  acid  (pK d: 1 .81 and 4 .1 9  
resp ec tiv e ly ) as co m p ared  to  so rb ic  acid  (p K d: 4 .7 6 ) m ay  also 
exp la in  w h y  so rba te  still w as  qu ite  e ffec tive  a t p H  4 .5 . A n 
im portan t genera l observ a tio n  w as tha t res is tan ce  tow ards p re 
serv a tiv es tended  to  increase  w ith  inocu lum  am o u n t. In  o th er 
w o rd s a h igh ly  co n tam in ated  p ro d u c t is m ore  d ifficu lt to  p re 
serve than  a “ c le a n ”  p ro d u c t. H o w ev er it is no t c lea r w h e th er 
o u tg row th  at low  C F U  w as b locked  co m p le te ly  o r m ere ly  re 
s tra in ed , i .e . o u tg row th  m ay  also  o ccu r at lo w  C F U  after p ro 
lo nged  in cubation .

T he fu n g ista tic  e ffect o f  sod ium  b en zo ate  to w ard s N . f i s 
c h e r i v a r . f i s c h e r i on  C zap ek  y eas t ex trac t agar (C Y A ) at pH
3 .5  (g row th  at 5 3  b u t no t at 75 m g /L , N ie lsen  et a l . ,  1989a) 
w as  s im ila r to  data  fo u n d  fo r v a rie tie s  f i s c h e r i  and s p in o s a  in 
ou r s tudy . K ing  and  H a lb ro o k  (1987) rep o rted  tha t T a la ro -  
m y c e s  f l a v u s  cu ltu red  on  p o ta to  d ex trose  ag ar at pH  3 .5  w as 
to ta lly  inh ib ited  at 100 m g sod ium  b en zo a te /L . O th er heat- 
res is tan t m o lds (B y s s o c h la m y s  fu lv a  and B . n iv e a  are like  N . 
f i s c h e r i v a r. g la b r a  able to  w ith s tan d  so m ew h at h ig h er co n 
cen tra tio n s o f  b en zo a te . K ing  et a l. (1969) reported  tha t B. 
fu lv a  g rew  in reconstitu ted  grape  ju ic e  at room  tem pera tu re  
co n ta in in g  1000 m g  sod ium  b en zo a te /L . B eu ch at (1976) found  
tha t B . n iv e a  to le ra ted  up  to  1000 m g /L  w h en  cu ltu red  in  g rape 
ju ic e  at 30°C , w h ile  R o land  et al. (1984) found  the  sam e iso la te  
w as co m p le te ly  inh ib ited  fo r m ore  th an  25 d in  g rap e  ju ice  
co n ta in in g  5 0 0  m g  sod ium  b en zo a te /L . In  app le  ju ic e  g row th  
w as observed  at 500  m g /L  (R oland  and B eu ch a t, 1984).

T h e  iso la tes w e  exam ined  w ere  g en era lly  m ore in h ib ited  by
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so rba te  than  b en zo ate  at pH  3 .5 . T h e  d iffe ren ce  w as m ost 
p ronounced at 18°C w hereas on ly  N . f is c h e r i v ar. g la b ra  show ed 
a c lea r d iffe ren ce  at 25°C . P o tassium  so rba te  w as a lso  m ore 
in h ib ito ry  than  sod ium  benozate  to the h ea t res is tan t m o lds in 
gen u s B y s s o c h la m y s . K ing  e t a l. (1969) fou n d  tha t B . fu lv a  
g ro w th  cou ld  be co n tro lled  b y  500  m g  po tassiu m  so rbate /L . 
B eu ch at (1976) fou n d  com ple te  in h ib ition  at 400  m g /L  in grape 
ju ic e  and at 200  m g /L  in P D A , pH  3 .5 . 150 m g po tassiu m  
so rb a te /L  d e layed  g row th  o f  B . n iv e a  fo r m ore  than  25 d in 
app le  and grape ju ice  w h en  incubated  at 21°C , b u t no t at 30 
and 37°C  (R o land  and B eu ch at, 1984; R o land  et a l . ,  1984).

A ll v a rie tie s  o f  N . f i s c h e r i w e exam ined  g rew  at su lfu r d io x 
ide co ncen tra tions as h igh  as 200  m g /L , pH  3 .5 ,  b u t no t 300 
m g /L . W h en  cu ltu red  on  C Y A , pH  3 .5  g ro w th  o f  N . f i s c h e r i  
v a r. f i s c h e r i w as no t ob serv ed  at co n cen tra tio n s h igher than  
100 m g /L  (N ielsen  et a l . ,  1989a). B . n iv e a  did  no t g row  at 
su lfu r d iox ide co n cen tra tio n s h ig h er than  75 m g /L  in  apple 
ju ice  w ith  pH  around  3 .5  (R oland  and B eu ch a t, 1984). In  grape 
ju ice  g row th  w as d e layed  b u t occurred  at 100 m g /L  (R oland  
et a l . ,  1984). G row th  o f  the sam e B . n iv e a  iso la te  w as observed  
in g rap e  ju ic e  co n ta in in g  2 0 0 , b u t no t 300  m g  su lfu r d io x id e / 
L  w h en  incubated  fo r 60  d (B eu ch at, 1976). H o w ev er, g row th  
w as co m p le te ly  inh ib ited  w h en  the  o rg an ism  w as cu ltu red  on 
P D A , pH  3 .5  co n ta in in g  50 m g su lfu r d io x id e /L . T h e  large 
d iffe ren ces in  su lfu r d iox ide to le rance  ob serv ed  fo r the  sam e 
organism  cultured on different substrates w as m ost likely  caused 
b y  the b in d in g  o f  su lfu r d iox ide to  an thocyan ins and o ther 
flavanoids, sugars and other aldehydes (Booth and K roll, 1989). 
D ata  fro m  o u r s tu d y  m ay  be considered  rep resen ta tiv e  fo r fru it 
ju ic e s , as the sugar and p ro te in  co n ten t o f  the basic  m edium  
used  w ere  sim ilar to  con ten ts  o f  fru it ju ice s .

CONCLUSION
N . F IS C H E R I  V A R . G L A B R A  and v a r . s p in o s a  w ere  d em 
on stra ted  to  germ in ate  and g row  at h ig h er p reserv a tiv e  co n 
centrations than N . f is c h e r i v ar. f i s c h e r i . T he preservative levels 
requ ired  to  con tro l o u tg row th  w ere  co m p arab le  to  those  re 
quired for o ther heat resistant fungi. A lso w ith respect to grow th 
rate and lag  phase  at 18°C  th e  f i s c h e r i v a rie ty  w as  slow er than  
the o th e rs . T h is m ay  in  part exp la in  w h y  tha t v a rie ty  has no t 
been  id en tified  as a sp o ile r o f  h ea t-p reserv ed  food  p ro d u cts. 
O th er facto rs o f  im portance  m ay  be a tm o sp h eric  co m position  
and hea t-resis tan ce , w h ich  cu rren tly  are u n d er s tu d y  in o u r 
laborato ry .
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H e a t  R e s i s t a n c e  o f  S a l m o n e l l a  t y p h i m u r i u m  a n d  

L i s t e r i a  m o n o c y t o g e n e s  i n  S u c r o s e  S o l u t i o n s  o f  V a r i o u s

W a t e r  A c t i v i t i e s

S.S . SUMNER, T.M. SANDROS, M.C. HARMON, V.N. SCO TT and D.T. BERNARD

-------------------------- ABSTRACT---------------------------
The heat resistance of Salmonella typhimurium was determined in 
sucrose solutions with aw ranging from 0.98-0.83. The D65 6.c ranged 
from 0.29-40.2 min ( > 100-fold increase), with z value 6.5-7.7°C.
S. typhimurium was also heated in four chocolate syrups purchased at 
retail. The D65 6.c ranged from 1.2-3.2 min while the aw of the syrups 
ranged from 0.75-0.84. The heat resistance of Listeria monocytogenes 
was determined in sucrose solutions with aw ranging from 0.98-0.90. 
The Dfi5 6.c value shifted from 0.36-3.8 min (10-fold increase); the z 
value ranged from 7.6-12.9°C.

INTRODUCTION
SALMONELLA and  Listeria monocytogenes are bac te ria  o f  se 
rious concern  to  the  food  in d u stry . L. monocytogenes can  grow  
at re frig era tio n  tem p era tu res  (R o sen o w  and M arth , 1987), su r
v iv e  d ry ing  (D oyle  e t a l . ,  1985) and freez in g  (G olden  e t a l . ,
1988) and to lera te  h igh ly  a lka line  co n d itio n s (G ray  and K illin - 
g e r, 1966). L. monocytogenes can  also  cause  severe  m orb id ity  
and m orta lity  in  p a rticu la r su b p o p u la tio n s, m o st no tab le  b e in g  
the  im m u n o co m p ro m ised , n eo n ate s , and fe tuses o f  p regnan t 
w o m en . T he m o rta lity  rate  in  recen t fo odborne  ou tb reaks has 
ranged  from  2 9 -4 4 % . It has b een  estim ated  tha t 1 ,7 0 0  persons 
in  the U .S . su ffer Listeria in fec tions an n u ally  (G ellin  and 
B ro o m e, 1989), o f  w h ich  400  m ay  d ie . D ue to  such  s ta tistics, 
the  F D A  and U S D A  have  taken  a s tro n g  reg u la to ry  p osition  
on  the o ccurrence  o f  th is o rg an ism  in the food  sup p ly , resu ltin g  
in several p ro d u ct reca lls .

Salmonella co n tinues to  be a lead in g  cause  o f  fo odborne  
d isease  in the U .S . S u rv ival o f  Salmonella sp p . in  choco la te  
p roducts is a m ajo r concern  o f  the  co n fec tio n ery  in d u stry . T he 
increased therm al resistance o f Salmonella typhimurium (Baird- 
Parker et a l., 1970; G oepfert et a l., 1970; G ibson, 1973; C orry,
1974) and L. monocytogenes associa ted  w ith  d ec reas in g  w a te r 
activ ity  (aw) em phasizes the  n eed  to  define  adequate  therm al 
p rocesses to  e lim in ate  bo th  Salmonella and  L. monocytogenes.

T he in d u stry , th e re fo re , faces a ch a llen g e  in  co n tro llin g  the 
p resence o f  these  o rg an ism s in food  p ro d u ctio n  fac ilities and 
in e rad ica tin g  them  from  fin ish ed  p ro d u c ts . S p o re fo rm in g  o r
g an ism s such  as Clostridium botulinum do  no t g row  at a w a te r 
activ ity  < 0 .9 3  afte r m ild  h ea t trea tm en t (D en n y  e t a l . ,  1969). 
T herefo re  therm al p ro cesses fo r in te rm ed ia te  m oistu re  foods 
are usu a lly  b ased  on inac tiv a tio n  o f  o th er o rg an ism s o f  p ub lic  
health  co n cern , such  as Salmonella o r L. monocytogenes. B oth  
Salmonella and L. monocytogenes can  rem ain  v iab le  at w a te r 
activ ity  va lu es < 0 .9 3 . T h u s the  p o ten tia l fo r in fec tion  w h en  
such products are co nsum ed  b eco m es a fac to r to  b e  considered  
w hen  estab lish in g  p ro cessin g  o r h an d lin g  p rac tices . B ecause
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w ate r ac tiv ity  (aw) is u sed  in co m b in a tio n  w ith  o th er facto rs to 
control pathogenic and spoilage m icroorganism s, o ther processes 
such  as hea tin g  m ay  b e  n ecessa ry  to  in ac tiv a te  p o ten tia lly  p a th 
o g en ic  b u t non-m u ltip ly in g  o rg an ism s. T h e re fo re , ou r o b jec 
tive w as to  de term ine  the  e ffec t o f  aw on  h ea t re s is tan ce  o f  S. 
typhimurium and L. monocytogenes.

MATERIALS & METHODS
Organisms and culture conditions

S. typhimurium ATCC 13311 was obtained from the American Type 
Culture Collection, Rockville, MD. S. typhimurium was grown to 
stationary phase ir. 10-20 mL brain heart infusion broth (35°C for 24 
h). The cells were washed in 0.1M phosphate buffer (pH 6.5) and 
suspended in the test sucrose solution or 1 of 4 commercial chocolate 
syrups and allowed to adjust to the osmotic environment for 3 hr prior 
to heating. Counts on suspensions immediately after inoculation and 
at the end of 3 hr indicated initial loss of viability of 1-2 log cycles 
due apparently to osmotic effects (data not shown). Therefore the 
procedure was adjusted to allow for osmotic equilibration of cells after 
suspension in the test solution. Initial counts for calculating D values 
were determined via plating on trypticase soy agar after a 3 hr period 
to allow osmotic equilibration.

L. monocytogenes (Scott A, a clinical isolate from a 1983 Massa
chusetts outbreak (Fleming et. al, 1985)) was cultured at 30°C in 10- 
20 mL trypticase soy broth plus 0.6% yeast extract for 18 hr. The 
stationary phase cells were centrifuged and washed in 0.1M phosphate 
buffer (pH 7.0). The cells were suspended in the test sucrose solution 
and allowed to equilibrate for 3 hr. Initial counts were then determined 
using trypticase soy agar containing 0.6% yeast extract.

W ater activity of heating menstrua

Preliminary formulations of sugar solutions were based on results 
reported by Gibson (1973); the water activity was determined and 
adjustments were made as necessary to achieve appropriate aw levels. 
On the day of the test sucrose (heated 1 hr at 115.6°C to destroy 
competing microflora) was added to phosphate buffer to adjust water 
activity to 0.98 to 0.83. The water activity of the sugar solutions and 
the chocolate syrups was measured in duplicate with a Rotronics Hy- 
groskop DT electric hygrometer (Kaymont Instrument Corp., Hun
tington, NY) or a 3eckman Hygroline electric hygrometer (Beckman 
Instruments, Cedar Grove, NJ). The equipment was calibrated with 
saturated salt solutions from which standard curves were generated 
based on published a* values (Greenspan, 1977). The chocolate syrups 
had been irradiated to destroy competing organisms before the thermal 
death time (TDT) studies were conducted.

Thermal death time (TDT)

TDT testing was carried out by a modification of procedures out
lined by the National Canners Association (1968). Cells of S. typhi
murium or L. monocytogenes were diluted in 200-500 mL of sugar 
solution or chocolate syrup to a concentration of 1 x 107 CFU/mL for 
5. typhimurium and 1 x 105 CFU/mL for L. monocytogenes as deter
mined by counts at the end of equilibration. After equilibration to the 
osmotic environment, suspensions were distributed in 1 mL aliquots 
to sterile Pyrex glass TDT tubes (8 mm i.d. x 10 cm) in preparation 
for heating. The tubes were sealed using an oxygen torch. Five to 10 
tubes/time interval were tested. TDT tubes in metal holders strung on 
metal rods were immersed in a heated oil bath. All tubes for a single 
temperature were immersed at the same time. At the end of each time
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HEAT R E SISTA N C E  IN SU C R O SE . . .

Table 1 - D  and z  values o f  S. typhimurium strain ATCC 13311 in su crose
solu tions o f  various w a ter activities___________________________________

D-value (minutes)___________________
Temperature (°C) z value

a w 65.6 68.3 71.1 73.9 76.7 (°C)
0.98 0.29 0.12 0.05 0.02 0.01 7.6
0.94 1.4 0.61 0.27 0.12 0.05 7.7
0.89 4.8 1.9 0.74 0.29 0.12 6.9
0.85 19.2 7.3 2.8 1.1 0.40 6.5
0.83 40.2 17.4 7.5 3.3 1.4 7.6

interval a rod containing the 5-10 replicates was removed and the 
tubes immediately immersed in an ice water bath. Temperature data 
were collected with a copper constantan thermocouple located in the 
approximate center of the inoculum in a TDT tube strung on the rod 
containing the tubes for the longest time interval (last to be removed 
from the bath). Data from the thermocouple were recorded at 10 sec 
intervals using a Kaye Digistrip II potentiometer and a DEC Mini- 
MINC computer.

After heating and cooling, each tube was opened and the suspension 
poured into 9 mL of recovery medium. Suspensions containing 5. 
typhimurium were cultured in lactose broth and incubated at 30°C. 
The heat stressed L. monocytogenes were resuscitated in tryptose 
phosphate broth with 1% pyruvate and incubated at 30°C. After 48 hr 
any lactose broth tubes showing signs of growth were streaked onto 
Hektocn Enteric Agar for confirmation of the presence of Salmonella. 
After 48 hr, 1 wk and 2 wk incubation, positive tryptose phosphate 
broth tubes were plated on Modified Vogel Johnson agar (Buchanan 
et al., 1987) for confirmation of L. monocytogenes.

In order to choose appropriate heating times and temperatures for 
each sugar concentration or syrup, extensive small scale TDT tests 
were conducted for each sucrose solution or chocolate syrup. These 
were followed by more complete larger-scale experiments. The TDT 
data reported for S. typhimurium were based on results of TDT tests 
consisting of six different time intervals at each of 5 temperatures 
ranging from 65.6°C to 76.7°C. The TDT data reported for L. mon
ocytogenes were based on TDT tests consisting of eight different time 
intervals at each of four temperatures from 60°C to 68.3°C.

The temperature data collected at the time of heating were analyzed 
using the general method (Stumbo, 1973) to establish cumulative le
thality for each heating time interval. The general method formula 
used to establish cumulative lethality is:

— ■ f1^ )
where L = cumulative lethality in minutes, T = measured temper
ature, Tr = reference (targeted test) temperature, z = the number of 
Fahrenheit degrees for a thermal death time curve to traverse one log 
cycle (negative reciprocal of slope of the thermal death time curve). 
This formula results in the calculation of an accurate lethality value 
for the entire time interval, including come-up-time. This corrected 
time or lethality was used in Stumbo’s formula to calculate the decimal 
reduction (D) value at each time interval with surviving organisms:

log A -  log B

where t = corrected lethality in minutes (L in previous formula), A 
= initial microorganism concentration, B = number of surviving 
microorganisms [assuming one viable organism per tube, as per Stumbo 
(1973)]. The D values were then averaged for each temperature. A 
phantom TDT curve (semi-logarithmic plot of D value vs temperature) 
was drawn by linear regression and the slope of the curve was used 
to calculate a z value. Since cumulative lethality (L) is a function of 
the z value used in the general method formula, which is initially 
unknown, it was likely that this z value would not be the same as that 
derived from the regression plot of D values. Therefore, when the 
data were initially analyzed, an arbitrary z value based on past ex
perience was chosen to calculate lethalities. After the resultant phan
tom TDT curve was drawn the resulting z value was compared with 
the initial (arbitrary) z value. If there was a difference the calculated 
z value was substituted for the arbitrary z value and the entire cal
culation process was repeated. This was continued until the starting z 
value and calculated z value were essentially the same.

Table 2 - D  and z values of S. typhimurium ATCC 13311 in chocolate
syrup____________________________________________________________________________
Syrup

sample aw pH
D65.6°C
(min)

z value
m

A 0.83 5.10 1.2 6.2
B 0.84 5.10 2.6 7.6
C 0.75 5.65 2.7 8.3
D 0.83 5.35 3.2 7.7

Table 3 - D  an d  z  values o f  L  monocytogenes S co tt A in su cro se  solu
tions o f  various w a ter activities

aw

D-value (minutes)
z-value

(C°)60
Temperature (°C) 

62.8 65.6 68.3
0.98 2.0 0.74 0.36 0.15 7.6
0.96 2.9 0.97 0.52 0.30 7.9
0.94 5.6 3.0 1.1 0.47 7.6
0.92 7.6 5.3 3.1 1.6 12.3
0.90 8.4 5.9 3.8 1.9 12.9

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

T H E  H E A T  R E S IS T A N C E  o f  the S. typhimurium s tra in  in 
creased  as sucrose  concen tra tion  in creased  and w a te r  ac tiv ity  
d ecreased  to  a v a lu e  o f  0 .8 3  (T able  1). T h e  D S5 6.c  w as  0 .2 9  
m in  at aw 0 .9 8  and 4 0 .2  m in  at a^ 0 .8 3 . T h is  w as  co n sis ten t 
w ith  resu lts  o f  o th er researchers w ho  also  rep o rted  th a t as w ater 
activ ity  d ec reased , heat resistance  o f  Salmonella increased  
(G ibson , 1973; B aird -P arker e t a l . ,  1970; C o rry , 1974; G o ep 
fert et a l. 1970).

B aird -P ark er et a l. (1970) ob ta in ed  h ig h er heat re s is tan ce . 
U sing  heat res is tan t and heat sensitive  stra ins o f  S. senftenberg 
and S. bedford heated  in  so lu tions o f  h eart in fusion  b ro th  w ith  
su c ro se , they  o b ta ined  D  v a lu es  at 60°C  o f  4 to  1 2 .6  m in  at
0 .9 8  a „  and 4 6 .7  to  7 5 .2  m in  at a„  0 .9 0 . G ibson  (1973) re 
po rted  a D 65 6.c o f  0 .8 3  m in  at an aw o f  0 .9 4  (co m p ared  w ith
1 .4  m in  in th is study) and a D 65 6.c  o f  3 .5 3  m in  at an  a„  o f
0 .8 5  (com pared  w ith  1 9 .2  m in  rep o rted  h ere). D iffe ren ces b e 
tw een  the  data  o f  o thers and those  rep o rted  here  re flec t d iffe r
ences in  stra in s , as w e ll as ex p erim en ta l co n d itio n s . G oepfert 
et al. (1970) reported  tha t the response  o f  Salmonella to  d e
creas in g  aw w as no t u n ifo rm  am o n g  stra in s .

T he z  v a lu es  from  p h an to m  T D T  curves o f  S. typhimurium 
at each  aw level w ere  found  to  b e  re la tiv e ly  co n stan t, ran g in g  
be tw een  6 .5  and 7 .7 °C  (T able  1). T h is is in co n tras t to  the 
data  o f  G ibson  (1 9 7 3 ), w h o  rep o rted  z  v a lu es  o f  14 .5  to  17°C  
at aw levels o f  0 .9 4  to  0 .9 9  b u t a z  v a lu e  o f  20°C  at 0 .9 0  and 
23°C  at 0 .8 5  fo r S. typhimurium. S. senftenberg a lso  sh ow ed  
an increase  in z  v a lu e  at lo w er lev e ls , b u t the  ch an g e  w as 
less m ark ed  (1 0 .9 -1 3 .5 ° C  at aw 0 .9 4 -0 .9 9 , 16 .5°C  at aw 0 .9 0 , 
and 19 .7°C  at aw 0 .8 5 ).

T o  com pare  data  co llec ted  in  the  m odel h ea tin g  m en stru u m  
to data  g en era ted  u sin g  a food  p ro d u c t, tw o  th e rm al dea th  tim e 
experim en ts w ere  p erfo rm ed  u sin g  each  o f  fo u r ch o co la te  sy r
ups as the  hea tin g  m enstruum  (T ab le  2 ). S. typhimurium heated  
in  sy rup  A  had  a re la tiv e ly  low  D 65 6.c  o f  1 .2  m in  as co m p ared  
to  the o th e r th ree  sy rups (D 6S 6.C =  2 .6  - 3 .2  m in ). T h a t Sal
monella stra in  w as  abou t 3 tim es m ore  h ea t re s is tan t in  sy rup  
D than  sy rup  A . T he h ighest D 65 6.c  v a lu e  o f  Salmonella in 
choco la te  sy ru p , 3 .2  m in , w as co n sid e rab ly  lo w er than  the  heat 
res is tan ce  dem o n stra ted  in  the  su g ar so lu tio n  o f  co m p arab le  
w a te r activ ity  (T able  1). T h is p ro b ab ly  re flec ted  in  p a rt d if
fe ren ces in com p o sitio n  o f  the  sy ru p s, p a rticu la rly  sw ee ten ers . 
G oepfert et a l. (1970) fo u n d  that g ly ce ro l and  fru c to se  p ro 
v id ed  little  p ro tec tio n  to  Salmonella co m p ared  w ith  su cro se , 
and co ncluded  tha t su rv iva l o f  Salmonella d u rin g  h ea tin g  w as 
a fun ctio n  o f  co m position  ra th er than  a „  o f  the  env iro n m en t. 
A lth o u g h  ou r data  su g g ested  tha t b o th  co m p o s itio n  and 
affected  heat res is tan ce , w ith o u t in fo rm atio n  on  th e  co m p o si
tion  o f  the syrups w e could  d raw  no co n c lu s io n s . C om binations 
o f  p H , so lu te  ty p e , p rese rv a tiv es (type and am o u n t) m ay  in 
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REFEREN CESte rac t w ith  heat and a„  to  a ffect heat res is tan ce  o f  m ic ro o r
gan ism s.

T he heat res is tan ce  o f  L. monocytogenes inc reased  as su 
crose concentration increased and aw decreased (Table 3). T hese 
resu lts w ere  sim ilar to  the resu lts  fo r S. typhimurium, a lthough  
the m agn itude o f  the  increase  w as m uch  less. T h e  h ea t re s is 
tance o f  L. monocytogenes ap p eared  to  b e  com p arab le  to  that 
o f  S. typhimurium a t 6 5 .6 -6 8 .3 ° C  o v er the range  o f  a„  va lu es 
tested  (T ables 1 and 3 ). T h e  heat res is tan ce  o f  L. monocyto
genes at 0 .9 8  and  0 .9 6  aw w as con sis ten t w ith  data  o b ta ined  
b y  o ther researchers w h en  hea tin g  the  sam e o rgan ism  in m ilk . 
D onnelly  and B rig g s (1986) o b ta ined  D  v a lu es  at 6 2 .7 °C  o f
0 .3 5 -1 .0  m in . H o w ev er, ou r v a lu es  w ere  so m ew h at h igher 
than  those  o f  B rad sh aw  et a l. (1 9 8 5 , 1987), w h o  ob ta in ed  D 
va lu es at 63 .3 °C  o f  0 .2 2 -0 .5 8  m in  and at 66 .1 °C  o f  0 .1 0 -0 .2 9  
m in . O ur v a lu es  w e re  also  slig h tly  h ig h er than  those  reported  
b y  D onnelly  et al. (1 9 8 7 ), w h o  o b ta ined  D  va lu es at 62 .2 °C  
o f  0 .1 -0 .4  m in . A t lo w er aw levels (0 .9 0 -0 .9 4 )  the heat re s is 
tance o f L. monocytogenes w as no tab ly  g rea te r than  tha t re 
po rted  p rev io u sly . O f p articu lar no te  is tha t at aw levels o f
0 .9 0 -0 .9 2  the z  value  increased significantly , resulting in greater 
surv ival at h igher tem p era tu res  than  m ig h t be expected  from  
ex trapo lation  o f  data  from  h ig h er aw lev e ls .

CONCLUSIONS
T H E  H E A T  R E S IS T A N C E  o f  S. typhimurium and  L. mono
cytogenes increased  as su cro se  co n cen tra tio n  inc reased  and  a^  
decreased . D v a lu es  fo r S. typhimurium in ch oco la te  syrup  
w ere  10-fo ld  less than  those  fo r S. typhimurium in sucrose  
so lu tions o f  the  sam e aw b u t h ig h er than  those  at aw v a lu es
0 .9 8  and 0 .9 4 . T h u s a h ea t p rocess fo r ch o co la te  syrups based  
on heat resistance o f  S. typhimurium in  sucrose  so lu tio n s o f 
com parab le  aw w o u ld  b e  co n serv a tiv e . T he D  v a lu es  ob ta ined  
fo r L. monocytogenes d id  no t increase  w ith  decreas in g  a„  as 
m uch  as d id  D v a lu es  fo r S. typhimurium. N ev erth e less , w hen  
d e term in in g  p ro cesses fo r p ro d u cts  w ith  red u ced  aw the in 
creased  heat resistance  o f  L. monocytogenes at lo w er aw m ust 
be co n sid ered . T h e  in crease  in  z  v a lu e  show n  by  L. monocy
togenes at lo w er aw v a lu es  m u st also  b e  co n sid e red , as heat 
resistance  at h ig h er tem p era tu res  w o u ld  b e  g rea te r than  o b 
served  here  fo r S. typhimurium. A lso  no te  tha t w h en  p e rfo rm 
ing T D T  tests on  reduced  substra tes the  effec ts o f  chang ing  
the osm o tic  env iro n m en t m u st be con sid ered  w h en  estab lish in g  
the  experim en ta l p ro to co l.
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R h e o l o g y  o f  S o l - G e l  T h e r m a l  T r a n s i t i o n  i n  C o w p e a  F l o u r

a n d  S t a r c h  S l u r r y

P.E. OKECHUKW U, M.A. RAO, P.O. NGODDY, and K.H. M cW ATTERS

----------------------- A B S T R A C T ------------------------
A thermal scanning rigidity monitor was used to follow rheological 
changes during heating of cowpea flour and starch slurries. The ge- 
lantinization temperature of cowpea starch was in the range 67-78°C. 
For cowpea flour, in addition to starch gelatinization, a shallow pla
teau was observed. The starch gelatinization onset temperature shifted 
from 67°C for starch to 72°C for 25% cowpea flour that contained
12-15% starch. The modulus (G') of cowpea gels increased with flour 
concentration according to a power relationship. Rigidity of the cow
pea starch and flour gels decreased at temperatures higher than 78 and 
87°C, respectively.

Key Words: cowpea, flour, slurry, sol-gel, thermal-transition, rheol
ogy

INTRODUCTION
P R O T E IN  and starch  slu rries are k n o w n  to ex h ib it d ras tic  
changes in  flow  and d efo rm ation  p ro p ertie s on  transfo rm ation  
in to  g e ls . T h ese  ch an g es w h ich  m ay  b e  in d u ced  b y  h ea t are 
o ften  re ferred  to  as therm al tran sitio n s (H am an n , 1987; L un d , 
1984; W u et a l . ,  1 9 8 5 a ,b ; M o n te jan o  et a l . ,  1983; Patana- 
A n aek e  and F o eg ed in g , 1985; K im  e t a l . ,  1986). A  con tin u o u s 
non d estru c tiv e  p ro ced u re  u sin g  sm all stra in  rig id ity  scan  is one 
o f  the  m eth o d s em ployed  in  p ro b in g  the  tran sitio n  as the  slu rry  
trav erses  the  range  o f  p ro cessin g  tem p era tu res . T h e  in fo rm a
tion  sough t inc lu d es the  tran sitio n  tem p era tu re , transition  c h a r
a c te r is t ic s  as w e ll  as fa c to rs  in f lu e n c in g  g e la t io n .  T h is  
in fo rm atio n  is u sefu l in  the design  and ev a lu a tio n  o f  gel te x 
tu re .

H am ann  (1987) ob serv ed  th a t a lthough  sm all stra in  gel rig 
id ity  estim ates d id  no t co rre la te  w e ll w ith  senso ry  tex tu re  o r 
rup tu re  s tren g th , the  p rocedure  w as  adequate  fo r m o n ito rin g  
phy sica l p ro p erty  ch an g es in  the  gel tha t re la ted  to  m o lecu lar 
ch an g es. C hanges in  gel rig id ity  o r e las tic ity  p ro v id e  c ircu m 
stan tia l ev idence  reg ard in g  stru c tu ra l ch an g es in  the  gel du ring  
a reco rded  tim e and /o r tem p era tu re  in crem en t. T h ese  changes 
m ay  be re la ted  to  p ro te in  u n fo ld in g , b o n d in g  o f  m o lecu les , 
and starch  g e la tin iza tio n . C hanges o ccu rrin g  du rin g  hea t- in 
duced  g e la tin iza tio n  o f  sta rches have been  ex am in ed  b y  several 
researchers including E liasson (1986), O sorio and S teffe (1987), 
H ansen  et a l. (1 9 9 0 ), and E vans and H aism an  (1979).

T h e  ob jec tiv es o f  ou r study  w ere : to  de term in e  the  flow  and 
d efo rm ation  p ro p ertie s  du ring  the  so l-gel tran sfo rm atio n  o f  
cow pea  starch  and flou r s lu rries , and to  re la te  the  resu lts  to  
the  firm ness p ro files  o f  cow pea  g e ls  p ro d u ced  b y  therm al 
p rocessing .

Authors Okechukwu and Ngoddy are with the Dept, o f Food 
Science & Technology, Univ. o f Nigeria, Nsukka, Nigeria. Author 
Rao is with the Dept, o f Food Science and Technology, Cornell 
Univ., Geneva, NY 14456. Author McWatters is with the Dept, 
o f Food Science and Technology, Georgia Experiment Station, 
Univ. o f Georgia, Griffin, GA 30223-1797. Address inquiries to 
Dr. M.A. Rao.

M ATERIALS & METHODS
Conditioning and milling of cowpea

Cowpeas were conditioned, decorticated, and milled as described 
in detail elsewhere (Okechukwu et al., 1991).

Preparation of cowpea slurries and gels

Weighed amounts of cowpea flour, salt and peanut oil were added 
together and manually mixed using a plastic ladle with sufficient water 
to give desired concentrations of cowpea slurry that was held with 
intermittent agitation for 30-60 min at 70°C. To ensure thorough and 
even dispersion of the constituents, the slurry was passed through an 
850 micron sieve and oversize lumps were reduced and remixed with 
the main underflow slurry. After mixing, the slurry was left to stand 
for 1 hr to allow for adequate hydration; this also resulted in a lower 
slurry temperature. The cowpea slurries were sealed in 307 x 409 cans 
with 1.1 cm head space and heated in a stationary retort at 100°C for 
either 60 or 120 min to form gels.

Cowpea starch extraction procedure

The methods described by Cheng-Yi and Shin-ming (1981) and 
Schoch and Maywald (1968) provided the basis for extraction of starch 
from cowpea flour. At a liquid to solids ratio of 5:1, cowpea flour 
was mixed with 0.2% sodium sulfite and allowed to stand for 2 hr at 
about 20°C. The slurry was filtered through an ASTM No. 140 stan
dard sieve (Newark Wire Cloth Co., Newark, NJ) with pore size 106 
microns. The filtrate was collected and allowed to stand undisturbed 
for about 2 hr to allow the prime starch to sediment. The supernatant 
was decanted and the sediment reslurried with distilled water and 
allowed to sediment. The prime starch was washed (reslurried and 
allowed to settle) 3 times and finally collected in a stainless steel tray 
for drying in a vacuum oven at 35°C for 48 hr.

Dynamic rheological test

A tube and plunger Thermal Scanning Rigidity Monitor (TSRM) 
shown in Fig. 1 was used for dynamic tests that were designed to 
assess the rheological changes that occur in cowpea and starch slurries 
as temperatures gradually increased from ambient to 90°C. The TSRM 
consisted of a jacketed brass tube of internal diameter 20.1 mm and 
a brass plunger of external diameter 17.8 mm. The lower portion of 
the tube was covered with a Teflon plug bearing a type T thermocou
ple which was connected to a digital temperature display (Omega 
Engineering Inc., Stamford, CT). The Teflon provided a rigid support 
for the column of slurry in the annulus as well as insulation against 
heat loss. The plunger had two internal axial ducts for circulating a 
heating liquid and promoting heat transfer to the thin annular column 
of slurry.

The plunger was attached to a B load cell of the Universal Testing 
Machine (UTM), (Instron Engineering Corp., Canton, MA) and grad
ually lowered into the tube leaving a clearance of 2 mm above the 
Teflon plug. About 8 mL of slurry was injected into the annular space 
of the TSRM and gradually heated by circulating heating water from 
a variable temperature bath (Lauda K-2/R, Brinkman Instruments, 
Westbury, NY) through the jacket of the tube and the ducts of the 
plunger. The UTM was switched into an oscillatory mode with a cross 
head speed of 0.05 cm/min, plunger displacement of 0.1 mm, and a 
chart speed of 5 cm/min. The time required to attain each integer 
value of temperature of the gel was manually recorded starting from 
the moment the chart recorder was switched on. Heating rates during 
the tests ranged between 0.21-0.32°C/min. At the end of the test, the 
length of the plunger covered by the slurry was measured and used 
in estimating the apparent storage rigidity modulus, G '.
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heating fluid

heating fluid

Fig. 1 -  Tube and plunger Thermal Scanning Rigidity Monitor 
(TSRM).

Deformation (arbitrary units)
Fig. 2 - Dynamic force-deformation relationship for 25% cowpea 
slurry at 52°C. (Arrow show s direction o f plunger m ovem ent. Fs 
elastic force; Fw viscous force.)

Values of force as a function of plunger displacement for chosen 
cycles were obtained from the chart by using a digitizer (Summa- 
graphics Corp., Fairfield, CT) connected to a Macintosh Pius com
puter (Apple computer Inc., Cupertino, CA). Every oscillation of the 
initial portions of the force-time record was digitized, but later por
tions of the oscillations for digitizing were chosen at intervals of 1-2 
min. However, cycles which showed considerable base line drift were 
ignored. For each oscillation digitized, the force was plotted vs. plunger 
displacement and delineated for estimates of the storage (Fs) and vis
cous force (Fv) components of the peak force (Fig. 2) that are con
sidered typical components of a Kelvin viscoelastic model. Both the 
viscous force and the spring (solid) force are forced to move together 
at the start of deformation. However, the viscous force attains an 
instataneous constant value Fv (Mohsenin, 1986). Beyond this limiting 
value Fv, the force deformation response is entirely a reflection of the 
solid behavior. The areas under the force-displacement curves were 
numerically estimated (IMSL, Houston, TX). The storage force and 
the calculated areas were used to evaluate the storage rigidity modu-

Temperature (°C )
Fig. 3 -Variation o f peak force with temperature during thermal 
transition o f 10% cowpea starch and 40% cowpea flour using 
the Instron in dynamic mode.

lus, G', and the energy loss, respectively, according to the method 
outlined by Wu et al. (1985a) and Hamann (1987).

The rigidity modulus, G', defined as the ratio of shearing stress and 
elastic shearing strain (Mohsenin, 1986) can be evaluated for a thin 
section of gel of length L, at radial distance r, within the annular 
region of the TSRM. Over a small distance dr, G' can be expressed 
in terms of Eq. (1)

F, c ,dD
2irLr dr (1)

where D is the plunger displacement and L is the length of the plunger 
covered by the slurry. Equation (1) can be solved for the physical 
boundaries of shear given in Eq. (2) to give Eq. (3).

at r = Rlf deformation (D) = Dj and at (2)
r — R2, D = 0

where, Ri and R2 are the radii of the plunger and tube, respectively,

G' = Fs l R2 
2ttLD Rj

(3)

To compensate fcr the additional compressive force experienced by 
the plunger at the flat surface, Wu et al. (1985b) and Hamann (1987) 
modified Eq. (3) with an additional term given by Smith et al. (1949). 
This modified expression was used in evaluating G':

Fs /  R_2 _  Rj -  Rj\  
2irLD, l mRl R? + Rj/ (4)

The % energy loss for each cycle (%E,oss), defined as the percentage 
of the total energy input dissipated by viscous heating, was evaluated 
using Eq. (5):

„  Area! -  Area2 „„„ 
E h- = ------ 7----------- 2 x  100Arcâj (5)

where Area! and Area2 are the areas under the force deformation plots 
for the positive and negative displacements of the plunger for a cycle, 
respectively.

Firmness of cowpea gels. Firmness of cylindrical sections of the 
cowpea gel was determined by the puncture test using the Voland 
Texture Analyzer (Voland Corp., Hawthorne, NY) equipped with an 
aluminum probe of diameter 6.3 mm. Force deformation response 
was recorded on a strip-chart recorder (Honeywell Electronik 196). 
Firmness was measured as hardness 1 and rupture slope as described 
elsewhere (Rao e: al., 1989; Paulson and Tung, 1989).

RESULTS &  DISCUSSION 

Transition temperature of cowpea starch

Figure 3 illustrates the variation of peak force with defor
mation when a slurry of starch or cowpea flour was gradually
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Table 1 -Gelatirization and rigidity onset temperatures, and rigidity development rates for cowpea starch and flour slurries’
W ater/so llds* Rigidity o n set (°C) Tc Rigidity rate (Pa/°C) Peak  m o d u | u s c

M aterial ratio Plateau Starch (°C) Plateau Starch (Pa)

10%  starch 9.0 — 69 78 — 2.7 32.3
2 5 %  flour 3.4 69 72 87 0.5 2.6 65.4
3 0 %  flour 2.7 67 73 87 0.7 10.0 91.3
3 5 %  flour 2.2 64 73 87 1.3 15.3 135.3
4 0 %  flour 1.8 54 73 86 1.3 14.3 147.7

a Tc is final gelatinization temperature. 
b Water/solids ratios were based on dry weight of solids. 
c Maximum value of rigidity modulus.
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Fig. 4 -E n erg y  loss and apparent rigidity m odulus in 10% cow 
pea starch thermal transition f—app. rigidity delineation).

heated from about 40 to 90°C. Essentially, two segments which 
show an initial non-linear and a later linear relationship be
tween force and deformation are apparent. Similar trends have 
been reported by Wu et al. (1985a) and Hamann (1987) for 
thermal transitions in proteins. The peak force, Fp, can be 
resolved into 2 components: a viscous force Fv and an elastic 
or solid force, Fs. The eastic force shows a linear increase with 
increase in deformation.

Figure 3 also shows an initial lag followed by a steep linear 
increase in force with temperature. The increase terminated in 
a peak force from where a decrease was observed with increase 
in temperature. The decrease in force beyond the peak may be 
related to a structural breakdown as reported for protein gels 
(Stanley, 1987) or may reflect a property decrease with tem
perature similar to temperature response on viscosity in the 
Brabender amylograph (Schoch and Maywald, 1968). Since 
the force was monitored throughout the temperature span of 
40-90°C, the force changes should indicate heat-induced tran
sitions such as gelatinization within the span.

From Figure 3, the gelatinization temperature range for cow
pea starch was estimated as 67-78°C. Although the data were 
obtained for 10% starch slurry, the trends of the results would 
be applicable for other lower cowpea starch concentrations 
because the transition temperatures for starch are not signifi
cantly affected by concentration at high water/starch ratios (Lund, 
1984; Wu et al., 1985a). This gelatinization temperature range 
compared favorably with estimates of about 66-77°C for starches 
from navy beans at low concentration using the Kofler hot 
stage microscopic method and had about the 10° temperature 
range for most starches (Lund, 1984).

The variation of peak force with temperature for 40% cow
pea flour (Fig. 3) was typical of the trends observed also for 
25, 30, and 35% cowpea flour slurries. Several important fea
tures distinguish the cowpea slurry thermograph from that of 
cowpea starch. In the cowpea thermograph the peak was re
placed by a plateau which extends the gelatinization temper
ature range (Table 1). Because of the lack of additional data, 
such as with a differential scanning calorimeter, it is not pos
sible to identify the component(s) responsible for the observed 
plateau. At the onset of starch gelatinization, the plateau con

Fig. 5 —Variation o f apparent rigidity m odulus and energy loss 
during the thermal transition o f 40% cowpea slurry (Tp protein 
rigidity onset, Ts starch rigidity onset).

tributed about 20% of the maximum force recorded during the 
gradual heating of the 40% flour slurry. There was a shift in 
the onset temperature of starch gelatinization (T0) in the flour: 
67°C for starch to about 72°C for 25% cowpea slurry that 
contained about 12-15% starch (Table 1). The onset gelatini
zation temperature also increased slightly with decrease in water/ 
solids ratio for the cowpea dispersions (Table 1). This trend 
was consistent with the observed variation of T0 with moisture 
for rice starch (Lund, 1984) and it led to a slight decrease in 
the gelatinization temperature range with decrease in moisture. 
However, the final temperature, Tc, was apparently unaffec*ed 
by variations in moisture within 25-40% cowpea concentra
tion.

Rigidity development

Energy loss and apparent rigidity modulus (G') changed dur
ing thermal transition in 10% cowpea starch slurry (Fig. 4). 
The energy loss which measures the fraction of plunger energy 
lost as frictional dissipation (Rao, 1984) first increased from 
a measurable level of 42% to a maximum value of 51% at 
69°C and then decreased to practically zero. The initial in
crease in energy loss was due to an increase in viscous dissi
pation resulting from viscosity decrease with increase in 
temperature. The decline in energy loss following the maxi
mum value seemed to suggest the formation of elastic struc
tures within the suspension and also was an indication of the 
rigidity onset temperature. The temperature at maximum en
ergy loss coincided with the onset temperature indicated by 
delineation of apparent rigidity (Fig. 4).

Rigidity, measured by the apparent rigidity modulus, set in 
the starch dispersion at about 69°C, (a 2°C departure from the 
starch gelatinization onset, 67°C), increased sharply to a peak 
value at 78°C and decreased with further temperature rise. The 
decline in energy loss (energy damping) associated with the 
increase in rigidity modulus reflected the steady development 
of elastic structures in the course of starch gelatinization. The 
energy loss attained a near zero value very near to the tem-
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Fig. 6 —E n erg y  lo s s  c h a n g e s  w ith  te m p e r a tu r e  o f  25, 35, a n d  
40%  c o w p e a  flo u r  g e ls .

Rupture slope (N/mm)
Fig. 7 —A x ia l varia tion  o f  f ir m n e s s  in 20, 25, a n d  30%  c o w p e a  
g e ls  p r o c e s s e d  a t  100°C in  v er tica l 3 0 7 x 4 0 9  c a n s  fo r  6 0  m in ;  
( )  m e a s u r e d  te m p e r a tu r e s  in °C.

perature at peak rigidity. The attainment of almost 90% of the 
maximum gel rigidity at zero energy loss suggested that elastic 
development was associated with development of rigidity in 
cowpea starch gels.

The variation of apparent rigidity modulus and energy loss 
during the heating of 40% cowpea slurry is presented in Fig
5. The temperature at maximum energy loss coincided with 
the initial rigidity onset temperature. The development of rigid 
structures in the cowpea flour gel was seen to follow essentially 
a 2-stage process starting gradually from a rigidity onset tem
perature, lower than the onset temperature for cowpea starch. 
This slow initial step was followed by a steep phase of rigidity 
development that began at a temperature near the starch ge- 
latinization temperature. While it is difficult to identify com
ponents responsible for the first stage without additional data, 
the second stage was obviously due to starch gelatinization. 
This trend in variation of rigidity modulus for 40% cowpea 
slurry was also observed for 35, 30, and 25% cowpea disper
sions.

The rates of structural development with respect to temper
ature (Pa/°C) in both the initial plateau and starch gelatinization 
stages (Table 1) increased with increase in cowpea concentra
tion. However, the rate for the 40% cowpea appeared to be 
inhibited and may be indicative of shortage of water necessary 
to meet the transition requirement. The rates during starch 
gelatinization were 5-12 times the rates during the initial pla

teau development for cowpea levels of 25^40%. Further ex
amination of important features of the heat-induced transition 
revealed that the initial plateau development temperature de
creased by 1.1°C for each percentage increase in cowpea solids 
from 69°C at 22.5% solids to 54°C at 36% solids. Although 
there was a shift from 69°C for pure starch to about 73°C for 
cowpea flour, there was no substantial difference in rigidity 
onset for the starch gelatinization stage of the thermal transition 
for the cowpea slurries.

Starch gelatinization temperatures are known to increase with 
large increases in starch/water ratio (Lund, 1984; Wu et al., 
1985b). This phenomenon may have been responsible for the 
shift in start rigidity onset temperature as the starch/water ratio 
was increased. This information is particularly useful in process 
design intended to increase slurry viscosity to minimize settling 
and phase separation during heating when slurry energy loss 
was on the increase. Some rigidity sufficiently high to maintain 
uniform consistency within the slurry could be thermally in
duced by holding a cold slurry at temperatures just below the 
starch rigidity onset with occasional agitation. This may be the 
basis for the method of Ngoddy et al. (1986) in which moin- 
moin slurry was made by mixing all ingredients with hot water 
at 70°C.

Figure 6 shows the variation of energy loss with temperature 
for 25, 35, and 40% cowpea slurried during gel transformation. 
The energy loss increased initially to a maximum then fell 
rapidly and later at a slow rate to almost zero at about 78°C. 
Because the elasticity was at a maximum when the energy loss 
was zero, there was an almost complete transformation to an 
elastic gel at 78CC. Estimates on the apparent rigidity modulus 
show that at that temperature, 70, 55, 50, and 46% of the peak 
rigidity was developed in the 25, 30, 35, and 40% cowpea 
flour gels, respectively. For the cowpea starch gel with almost 
zero energy loss at 78°C, about 90% of the peak rigidity was 
attained at maximum elasticity. Substantial increase in rigidity 
was, therefore, seen for the cowpea flour gels beyond the at
tainment of maximum elasticity as shown in Fig. 5 for 40% 
cowpea concentration. This further strengthening of elastic 
structures in the gel may be attributed to interactions with the 
cowpea proteins. Similar protein starch interactions have been 
reported previously by Wu et al. (1985b) on fish actomyosin 
mixed with starch.

R ig id it y  v a r ia t io n  w ith  cow pea f lo u r  c o n ce n tra tio n

The peak rigidity modulus (G ') increased with increase in 
the % cowpea solids (C) in the gel (Table 1). Correlation of 
the data points in order to establish the concentration depend
ency suggested linear, quadratic, exponential and logarithmic 
relationships as possibilities. Equations (6) through (9) show 
that the four possibilities had good R2 values. An expression 
similar to Eq. (8) was reported for the concentration depend
ence of the rigidity modulus of corn starch gel on cooling 
(Hansen et a l., 1990).

G' = 6.5C -  80.4 R2 = 0.957 (6)
G' = -191.7 + 14.3C -  0.13C2 R2 = 0.964 (7)

Log G' = 1.21 + 2.75 x 10-2C R2 = 0.949 (8)
In G' = -1 .52 + 1.84 (In C) R2 = 0.966 (9)

R ig id it y  d ecrease

The apparent rigidity modulus of cowpea starch gel (Fig. 4) 
decreased with increasing temperature from 78°C. Similarly a 
decrease in rigidity of cowpea gels, called terminal decrease 
or weakening, was recorded (Fig. 5) for temperatures higher 
than 87°C. These trends were similar to the terminal decrease 
in elastic modulus observed during the thermal transition of 
potato and waxy barley starch suspensions by Eliasson (1986).
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A reduction in the magnitude of rigidity following the first 
transition peak was also observed for corn starch by Osorio 
and Steffe (1987) and for wheat and maize starches by Eliasson
(1986). Viscosity, another viscoelastic property, is also known 
to decrease for most starches beyond the peak in visco-amy- 
lograph studies (Wu et al., 1985a; Schoch and Maywald, 1968; 
Deffenbaugh and Walker, 1989; Varriano-Marston et al., 1980).

Terminal weakening of elastic structures in protein gels was 
reported by Hamann (1987), Kim et al. (1986), Wu et al. 
(1985a,b), and Montejano et al. (1983) at temperatures higher 
than 60°C. This weakness in fish protein gels has been attrib
uted by Kim et al. (1986) to a thermal effect of proteolytic 
activity. In soy protein gels terminal weakening of gel structure 
observed at temperatures above 80°C was traceable to damage 
of the gel microstructure (Furukawa et al., 1979; Stanley, 1987). 
Although the exact cause and mechanism of structural weak
ness in starch or starch/protein gels such as cowpea gel is not 
known, 2 factors may be responsible: (1) a temperature de
pendence in which the rigidity modulus decreases with increase 
in temperature (Hansen et al., 1990) in a functional form sim
ilar to Arrhenius dependency of gel viscosity on temperature 
(Doublier, 1981; Dolan and Steffe, 1989), and (2) a thermal 
damage reflecting over-processing and traceable to alterations 
in gel microstructure as found for soy gels by Furukawa et al.
(1979). While the first is a physical phenomenon and would 
produce reversible structural changes, the second would pro
duce irreversible changes which should be manifested in the 
gel after it is cooled.

Processing implications
Studies by Paulson and Tung (1989) on protein gels showed 

that the storage modulus (G') correlated well with rupture slope 
from puncture tests. Moin-moin gels are obtained from slurries 
containing about 15% cowpea solids or more that are processed 
in steam or boiling water in small metallic containers or leaf 
pouches. Temperature distribution within the gel results from 
thermal conduction during the process of gelation (Okechukwu 
et al., 1991). In light of the variation of storage modulus with 
temperature, textural variations in cowpea-gels are expected to 
reflect the distribution of maximum temperature attained in the 
course of gelation.

Figure 7 shows the axial variation of rupture slope for 20, 
25 and 30% cowpea slurries containing 8% vegetable oil and 
1% salt processed into gels at 100°C in upright 307 x 409 cans 
for 60 min. In parenthesis on the curves are measured tem
peratures (°C), just before the cooling cycle, at the indicated 
axial positions in the cans. Generally, there was a decrease in 
firmness toward the top and bottom regions of the can where 
maximum temperatures were all higher than 87°C. The profile 
for the 30% slurry showed no loss of firmness towards the top 
of the can where temperatures were within the range for rig
idity development. However, there was a depression in firm
ness at about the can center due to the low temperature (<87°C) 
at that section of the can. Firmness profiles for the same con
centrations of cowpea slurries after 120 min of processing at 
100°C (not shown here) also showed decrease in firmness toward 
the high temperature regions of the top and bottom of the cans 
and also shifted in the direction of lower rupture slope after 
processing for 2 hr at 100°C. The trends exhibited by radial 
firmness profiles (not shown here) were similar to those of the 
axial profiles. As expected, the maximum firmness was at the 
gel center where heating was minimal.

CONCLUSION
THE TSRM provided useful data on thermal transitions during 
the heating of cowpea starch and flour slurries, such as starch

gelatinization onset and final temperatures. The gelatinization 
onset temperature increased with decrease in water/solids ratio 
of the cowpea slurries. The increase in peak rigidity modulus 
with % cowpea solids could be described best by exponential 
and power relationships. The results with TSRM helped ex
plain observed variation in firmness of thermally processed 
cowpea gels.
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A Research Note
In-Vitro Protein Digestibility of Dehydrated Protein Extract 

from Poultry Bone Residue

J .O .  O PIA C H A , M .G. M A ST, a n d  J .H . M acN E IL

----------------------------ABSTRACT-----------------------------
In-vitro protein digestibility of freeze- or spray-dried protein obtained 
from poultry bone residue by alkali extraction was evaluated by a 
multienzyme procedure. Digestibility of the dehydrated extracts was 
significantly lower than chicken breast muscle or mechanically de- 
boned poultry. Digestibility of the spray-dried extracts was about 3% 
higher than freeze-dried extracts.

INTRODUCTION
PROCESSES with mild alkaline or salt solutions have been 
used to recover residual meat protein from bone residue and 
trimmings resulting from poultry and red meat mechanical de- 
boning operations (Young, 1976; Hamilton, 1978; Golan and 
Jelen, 1979; Jelen et al., 1979; Palka et al., 1985; Lawrence 
et al., 1982; Kijowski and Niewiarowicz, 1985). In most such 
processes, especially alkali extraction, protein is recovered as 
a “ meaty”  paste by precipitation with HC1. Salt extracts have 
been recovered either as liquid extracts or as dehydrated pro
teins salted-out by ionic strength reduction from the liquid 
extract.

Nutritional evaluation of the extracts has focused on protein 
recovered by acid precipitation. Golan and Jelen (1979) re
ported that the percent essential amino acids and protein effi
ciency ratio of alkali extracts of beef bones were comparable 
to beef. However, the essential amino acid index (EAAI) was 
lower due to the low tryptophan content of the extract. Similar 
results were obtained by Palka et al. (1985) using beef and 
pork residues. No differences in the EAAI were observed since 
the tryptophan content of the protein extract was similar to that 
of the meat. Ozimek et al. (1986) also indicated that the nu
tritional quality of alkali extracts of poultry bone residue was 
not substantially impaired by alkali extraction and acid precip
itation as indicated by net protein utilization, protein efficiency 
ratio, true digestibility, and net growth studies. Limited infor
mation is available on the nutritional quality of the extracts in 
instances where protein would be recovered by direct dehy
dration of the liquid extracts. In our study, in-vitro digestibility 
of dehydrated protein extracted from poultry bone residue by 
alkali solubilization was evaluated.

MATERIALS & METHODS
POULTRY BONE RESIDUE, prepared from broiler backs and necks, 
was obtained frozen from a broiler processing plant. Protein was ex
tracted from the bone residue by a procedure adapted from Golan and 
Jelen (1979) and Lawrence et al. (1982) as outlined in Fig. 1. The 
pH of the resulting liquid extract was reduced to 6.8-7.0 with 1M 
HC1 for freeze-drying, and to 5.0-5.5 for spray-drying. Samples were 
freeze-dried in a Stokes freeze-drier Model 902-001-8 (Equipment 
Division, Pennsal Chemical Corp., Philadelphia, PA) at ambient tem-

Authors Mast and MacNeil are with the Dept, o f Food Science, 
119 Borland Lab., The Pennsylvania State Univ., University Park, 
PA 16802. Author Opiacha's present address: Univ. o f M assa
chusetts Marine Station, Box 128, Lanesville, Gloucester MA 
01930-5828. Address inquiries to Dr. J.H. MacNeil.

peratures (22-25°C) under 0.5mm Hg vacuum. Spray-drying was per
formed using a Nitro Atomizer Portable Spray drier (Niro Atomizer, 
Copenhagen, Denmark) with evaporating capacity 16.8 kg/hr operated 
at a feed flow 30 mL/min (5% solids), inlet 175°C and outlet 85°C. 
The dried protein extracts were packaged in Ziploc bags (Dow Chem
ical Co., Midland, MI) and stored at -20°C  up to 4 months.

In-vitro protein digestibility of the samples was determined by the 
multienzyme procedure of Hsu et al. (1977). Digestibility of the sam
ple was compared to freeze-dried mechanically deboned poultry, chicken 
breast meat, and casein. Differences in digestibility were detected by 
analysis of variance and the means separated by the Duncan’s (1955) 
multiple range procedure.

RESULTS & DISCUSSION
THE TWO DRIED EXTRACTS were significantly (p<0.05) 
less digestible than either chicken breast muscle or mechani
cally deboned poultry (Table 1). In addition, the spray-dried 
extract was more digestible than the freeze-dried sample. Since 
protein precipitated from alkali extracts of bone residue by HC1 
has similar nutritional quality to meat (Osimek, 1986; Palka 
et al. 1985), possibly some components which would other
wise be retained in the supernatant, e.g., heme proteins, changed 
during dehydration and storage. Also possibly differences in 
processing methodology were responsible for the lower di-

Bone residue Water NaOH

Sti rring 

1 hr, pH 10±0.5 

a t 10°C

F iltra tio n

Centrlfugation 

959 x G, 10 min, 4°C

Liquid extract 

pH adjustment

with 1 M HC1

Freeze-Drying

pH 6.8-7.0 

Temp 25°C 

Vacuum 0.5 mm Hg

Freeze-dried protein extract

Spray-Dry1ng

In le t temp 175°C 

Outlet temp 85°C 

pH 5.0-5.5

Flow '■ate 30 ml/min

solids 5%
ISpray-dried protein extract

Fig. 1—Extraction and recovery o f protein from poultry bone 
residue.
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DIGESTIBILITY OF PROTEIN FROM POULTRY BONE RESIDUE...

Table 1-in  vitro digestibility of poultry proteins
S am p le %  Digestib ility

A N R C a case in 93.5  ± 2.3 a»
C h icken  b reast m eat2 89.3  ±  1.3 b
M ech an ica lly  d eb o n ed  poultry1 89.1 ± 0 .9 b
S p ray-d ried  protein extract 87.3  ± 0 .6 c
Freeze-dried  protein extract 84.6  ± 1.8 d

a Animal Nutrition Research Council.
b Means of 7 determinations. Means with different letters are significantly different 

(p<0.05).
c Unheated freeze-dried sample.

gestibility of the dehydrated protein extracts. Although de Groot
(1963) observed no significant changes in protein quality due 
to dehydration in cooked, freeze-dried beef, fish and poultry, 
he indicated that dehydration at low temperatures, such as freeze
drying, could impair rehydration properties leading to reduced 
digestibility. Rehydration capacity is reduced due to protein- 
protein and protein-lipid interactions during storage. Maga et 
al. (1973) also indicated that heating could improve protein 
digestibility by promoting structural changes involving partial 
unfolding of polypeptide chains thus exposing susceptible bonds, 
and/or the release of lipid-bound proteins. Moderate heating 
did not significantly affect the nutritional value of proteins 
(Bender, 1960; Ledward, 1979). Therefore, if spray-drying 
would be an economical process for recovery of protein ex
tracts of bone residue, loss of protein digestibility should not 
be a critical factor.
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ERRATUM NOTICE

•  J. Food Sci. (1991) 56(5): 1302-1307. Thermal Processing of Cowpea Slurries 
by P.E. Okechukwu, M.A. Rao, P.O. Ngoddy, and K.H. McWatters. On page 
1307, references, Okechukwu et al., 1991a, the correct journal citation should 
read: J. Food Sci. 56(6): 1744. Please change accordingly.
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effects on antibotulinal efficacy of nitrite in beef sausage, 1158 

bologna
low-fat, high added-water: formulated with texture-modifying ingre

dients, 643

bone
ESR for monitoring radiation-processed meat containing, 1104 
protein digestibility of dehydrated protein extract from poultry, 1751

boning
preblending hot- and cold-pork a t different particle sizes, 1511 

bran
isolation and structure of vitamin B6 conjugate in rice, 268 

bread
comparison of models for compressibility of, 756 
native and succinylated sunflower proteins use in baking, 992 
RSM in development of rice flour yeast: sensory evaluation, 751 
starch gelatinization in baking, 1702

breadfruit
preparation, stability and acceptability of chips, 1608 

brine
fermentative bacteria in model low salt cucumber juice, 462 
NaCl concentration in cheese for different volume ratios with solid 

during salting, 1548
variability of salt absorption by dipped fillets of cod, flounder and perch, 

648

browning
water activity and temperature effects on amino acids in squid, 665 

butter
colorimetric assay for free fatty acids in using flow-ipjection and im

mobilized enzymes, 1229

butteroil
action of A. niger lipase on emulsions, 1233

c
cabbage

equilibrium water content and state of water in dehydrated, 1597 

cadmium reduction-Griess
nitrate analysis in meats: comparison of methods, 1123 

calcium
chelation influencing whey protein gel rheology, 789 
chloride: acceleration of tenderization/inhibition of warmed-over flavor 

by infusion into lamb, 359
effect of Zn and Fe solubility in wheat cereal systems under simulated 

GI pH, 146
effect on thermal behavior of whey proteins, 1119 
effects on firmness of peaches, 739
effects on functional and textural characteristics of pork, 632 
emulsifying salts influence on characteristics of cheese analogs from 

caseinate, 1542
in raw and processed skim milk, whole milk, and spinach, 864 
moisture, fat and cholesterol in goat meat, 1191 
nutritional evaluation with animal model of cottage cheese fortified 

with, 692
pH effect on inhibition of softening of cucumber, 730 
storage of beef produced with gel, 604

sulfate: concentration influence on yield and quality of tofu from soy
bean varieties, 1604

supplementation and processing effects on orange juice quality, 1369

calorimetry, differential scanning (DSC)
relationship of solubility of whey protein concentrates to thermal prop

erties determined by, 1448 
rétrogradation of rice starches studied by, 564 
starch gelatinization in bread baking, 1702 
studies of meat protein-alginate mixtures, 175 
thermal properties of surimi analyzed by, 302

candelilla
wax emulsion, preparation and stability, 1382 

canola
ascorbyl palmftate efficacy in enhancing accelerated storage stability 

of oil, 1651
microwave inactivation of myrosinase in seeds, 1372 

cans/canning
material influence on performance of rotating cookers, 1718 
thermal processes for compared to retortable plastic containers, 835 
thermal sterilization of conduction-heated foods in plastic cylinders 

using convective boundary conditions, 827 
verification of USDA recommendations for tomatoes processed at high 

altitudes, 736

caramel
particle size effects on diffuse reflectance of sucrose admixture, 1117 

caramelization
germination response of B subtilis to sugar and asparagine, 1399

carbamate, isopropyl N-(chlorophenyl) (CPIC)
effect on nitrogenous constituents of potatoes, 532

carbohydrate
water and molecular weight effects on glass transitions in, 1676 

carbon dioxide
conditions affecting extraction of lipid and cholesterol from ground 

beef, 183
effect of exposure to on quality of strawberries, 50 
effect on quality of orange juice, 1030
extraction of annatto pigments and characteristics cf color extracts, 80 
extraction of annatto seed pigmenc by supercritical, 1655 
inactivation of pectinesterase in orange juice by supercritical, 74 
storage of oranges pretreated with in air, 469

carnosine
inhibition of oxidative rancidity ir. ground pork by, 1179 

carotenoid
interactions among oil components during adsorption: effects on, 1648 

carp
short thermal treatment effect on mechanisms in rigor mortis accel

eration by Arai treatment, 65E

carrageenan
immobilization effects on Schiz. pcmbe activity and stability, 1095 

carrot
control of surface discoloration caused by abrasion peeling, 416 
inactivation and regeneration of peroxidase activity in, 68 
nonstarch polysaccharide fractions of, 1593
SEM of stick surface to determine cause of white translucent appear

ance, 1357

casein
qualitative and quantitative determination of with HPLC, 1415 
solubility and viscous properties of, 556

caseinate
emulsifying salts influence on characteristics of cheese analogs from 

calcium, 1542
enzymatic production of low-Phe product from skim milk powder and, 

938
from skim milk powder by extrusion processing: physicochemical and 

functional properties, 1552 
solubility and viscous properties of, 556

cassava (Manihot esculenta)
effect of extrusion variables on exirudates, 1334 
texture and microstructure of flour extrudate, 1319

catalysis
factors affecting lipid oxidation by ferritin-containing extract of beef 

muscle, 353

catfish
extraction and quantification of tocopherol in, 1113 

cations
inhibition of warmed-over flavor development by, 1055 
isolation of gellan gum from foods by use of monovalent, 1342
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caucas (Allium victorialis L.)
influence of drying methods on volatile sulfur constituents of, 72 

cellulose
limonin and naringin removal from grapefruit juice with naringinase 

entrapped in, 31
water retention capacity and viscosity effect of powdered, 1682 

cellulosics
sulfite in by ion exclusion chromatography with electrochemical de

tection, 1087

cereal
effect of Zn concentration, Ca source, percent milkfat and homogeni

zation on Ca, Fe and Zn solubility in wheat systems under simu
lated GI pH, 146

phytate hydrolysis by phytase in: effects on estimation of iron availa
bility, 1330

vitamin E constituents of weaning foods from, 270 

cheese
cheddar: determination of sugars and organic acids in by HPLC, 276; 

effect of added lactobacilli on composition and texture of during 
maturation, 696; heat-shocked lactobacilli for acceleration of rip
ening, 948; lactic acid bacteria relation to maturation of, 1238 

emulsifying salts influence on characteristics of analogs from calcium 
caseinate, 1542

improving acid production in soy-based yogurt by adding whey proteins 
and mineral salts, 999

microfiltration affinity purification of lactoferrin and IgG from whey, 
701

mozzarella: Gerber test for free oil in, 1115
NaCl concentration in for different volume ratios of brine and solid 

during salting, 1548
Vacherin Mont drOr: isolation of low-MW peptides from, 943 
volatile branched-chain fatty acids and pnenolic compounds in aged 

Italian flavor, 1241

chelation
of calcium influencing whey protein gel rheology, 789 

chemiluminescence
assay for glycerol in wine using flow-injection, 1097 

chemistry
changes during storage of an alcoholic orange juice beverage, 475 
changes in components in development of hard-to-cook bean defect, 436 
NIR spectroscopy determination of beef, 1493 
of imitation crab, 164
of peanuts affected by harvest date and maturity, 1378 
of sweet potatoes, 710
rigor condition, tumbling and salt level influence on characteristics of 

ham, 1514
soy protein and oil effects on ground beef, 906 
tenderizing, aging and thawing effects on beef, 1125

cherries, Montmorency
texture of using shear/compression and stone removal forces, 260 

chicken
cholesterol oxidation products in, 1194
effect of gamma irradiation of whole carcasses on bacterial loads and 

fatty acids, 371
effect of oleoresin rosemary, TBHQ and STPP on development of oxi

dative rancidity in nuggets, 616
fat content effects on yield, quality and microbiology of patties, 1527 
heat-induced gelation of myosin from muscle a t high ionic strength 

and low pH, 884
inhibition of warmed-over flavor development by cations, 1055 
microbial effects of ultrasonication of drumstick skin, 247 
physical properties of air-dried and freeze-dried, 611 
precooking method affects warmed-over flavor of broiler breast patties, 

881
protein digestibility of dehydrated protein extract from bone residue, 

1751
protein extractability and thermally induced gelation properties of my

ofibrils from muscle, 210

chickpea
optimization of extrusion cooking process for flour by RSM, 1695 
protein isolates: physicochemical, functional and nutritional charac

teristics, 726

chilling
control of S typhimurium, L monocytogenes and E coli on beef in model 

spray system, 191

chitin
content as measure of R stolonifer growth, 274 

chitosan
coating effect on storability and quality of strawberries, 1618 

chlorophyll
degradation kinetics of, 1639
stability during aseptic processing and storage, 1059 
tocopherol effects on photosensitized oxidation of soybean oil, 807

chlorophyllides
degradation kinetics of, 1639

5a-cholestane-3,5,6-triol
in fast food french fried potatoes, 716

cholesterol
in goat meat, 1191
oxidation products in fast food french fried potatoes, 716 
oxidation products in raw meat and chicken, 1194 
plasma oxidation products (oxysterols) in human subjects fed a meal 

rich in oxysterols, 843
supercritical carbon dioxide conditions affecting extraction from ground 

beef, 183

chromatography
affinity: purification of lactoferrin and IgG from cheese whey, 701 
gas: static headspace method for volatiles in canned salmon, 1271;

volatile compounds from mesocan) of persimmons, 262 
high performance liquid: analysis of biogenic amines in canned fish 

by, 158; determination of sugars and organic acids in cheddar cheese 
by, 276; galacturonate in pectic substances from fruits and vege
tables: comparison with colorimetry, 423; method for determina
tion of three flavins in milk by, 678; nitrate analysis in meats: 
comparison of methods, 1123; qualitative and quantitative deter
mination of caseins with reverse-phase and anion-exchange, 1415 

ion exclusion: sulfite in cellulosics by, 1087

chymosin
effects of ultrasound treatment on properties of, 926 
quality of extracts obtained by ultrasound treatment, 406

citrus
absorption of flavor volatiles by low density polyethylene, 35 
conformation of pectin using small amplitude oscillatory rheometry, 

1365
turbidity of beverages with oil clouding agent, 1024 

clam
analysis of volatile flavor components by dynamic headspace sampling 

and simultaneous distillation and extraction, 327

Clostridium
botulinum: behavior of spores in cooked turkey and modeling lag phase 

and probability of toxigenesis, 373; blood fraction effects on anti- 
botulinal efficacy of nitrite in beef sausage, 1158; growth and tox
igenesis in shelistable noodles, 264; heat resistance in menhaden 
surimi, 1562

perfringens: comparison of rapid methods for isolation and enumera
tion in meat, 367

sporogenes: in microwave-ready beef roasts containing antimicrobials, 
198

clotting
diffuse reflectance profiles of enzyme preparations, 411 

cloudiness
model for evaluating turbidity in beverages, 747 

clouding
turbidity of beverages with citrus oil agent, 1024 

coagulant
yield and quality of tofu affected by soybean and soymilk character

istics, 109

coalescence
index of protein-stabilized emulsions, 792 

coating
effect on storability and quality of strawberries, 1618 

coconut
chemical detoxification of aflatoxin-containing copra, 733 

cod (Gadus morhua)
estimation of bacterial quality of fillets with disc flotation, 958 
instrument for nondestructive texture measurement of raw fillets, 962 
variability of salt absorption by brine dipped fillets, 648

Coffi
effect on TBA numbers in ground beef, 172 

collagen
collagenase effect on thermal denaturation of intramuscular, 1497 
pH effect on thermal transition temperature of, 1203

collagenase
effect on thermal denaturation of intramuscular collagen, 1497 

color
antioxidants to preserve rockfish, 1564
development in model system during frying: role of amino acids and 

sugars, 1711
effect of packaging of ground pork in frozen storage, 363 
improvement of stability in beef with dietary vitamin E and C dip 

treatment, 1489
mitochondrial activity and beef muscle stability, 1476
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of ground pork with corn germ meals, 216 
of nitrite-free cured meat after irradiation, 1450 
of pasta influenced by wheat type and additives, 488 
pigment stability improvement in beef steak by ascorbic acid appli

cation, 857
sodium lactate effect on beef, 621
stability in beef steaks during frozen storage: effects of binders, 1461 
stability of trout fillets during frozen storage, 969 
supercritical carbon dioxide extraction of annatto pigments and char

acteristics of extracts, 80

colorimetry
for free fatty acids in butter using flow-injection and immobilized en

zymes, 1229
galacturonate in pectic substances from fruits and vegetables: com

parison with HPLC with amperometric detection, 423

compressibility
comparison of models for breads and plastic foams, 756 

compression
degree of elasticity determination in solid foods, 950 
of ground pork with com germ meals, 216 
properties of kamaboko, 1287 
strength of dairy gels, 1224
texture of cherries using shear and stone removal forces, 260 
computer model for strain-stress analysis of food undergoing heat and 

mass transfer, 1438
parametric analysis for freezing of spheroidal or finitely cylindrical 

objects with volumetric changes, 543 
simulation of starch-water interactions during phase transition, 121

concentration
of green beans prior to freezing, 1008 
RO of orange juice essence, 1027

conduction
thermal process lethality variability in heated foods, 1424 
thermal sterilization of heated foods in plastic cylindrical cans using 

convective boundary condition, 827 
of gelatinized starches, 773

confectionery products
methylcellulose films to prevent lipid migration in, 504 

containers
heat processing of high- and low-acid foods in semirigid, 1714 

convection
effect of steam/air mixtures on heating product processed in steritort, 

27

convective boundary condition
thermal sterilization of conduction-heated foods in plastic cylindrical 

cans using, 827

cookers
can material influence on performance of rotating, 1718 

cookies
sensory and nutritional properties based on wheat-rice-soybean flours 

baked in microwave oven, 1699

cooking
amino acid composition and antinutritional factors of faba beans: ef

fects of temperature and time, 1347 
effect on TBA numbers in ground beef, 172
extrusion of com/soy mix in presence of thermostable amylase, 99 
HMNTCA in smoked meats and bacon and conversion to 2-(hydroxy- 

methyl)-N-nitrosothazolidine during high-heat, 913 
influence on yield and quality of crab, 657 
inhibition of warmed-over flavor development by cations, 1055 
iron in food: effect of continued use of iron cookware, 584 
loss of ground pork with corn germ meals, 216 
methods affects warmed-over flavor of broiler breast patties, 881 
microstructure of peanut cotyledons after, 76 
of beef steaks made with binders, 1457
optimization of extrusion process for chickpea flour by RSM, 1695 
quality of brown rice as influenced by irradiation, variety and storage, 

96
selection criteria of meat emulsion fillers based on kinetics of, 380 
volatiles in strawberry jam: influence on volatiles, 1393

cooling
estimating process lethality for different cooling j values, 1063 
growth rate effects on lactose crystal size distributions from a contin

uous crystallizer, 848

copper
destructive effect of aspartame on ascorbic acid in solutions catalyzed 

by, 14
effect of NaCl on pro-oxidant activity in peroxidation of phospholipid 

liposomes, 571

copra
chemical detoxification of aflatoxin-containing, 733

corn
composition, cooking loss, color and compression of ground pork with 

germ meals 216
effect of extrusion conditions on sensory properties of meal extrudates, 

84
effects of constituent concentration on rheology of oil-in-water emul

sions, 796
emulsifying capacity and emulsion stability of protein flour, 1216 
enzyme inactivation improves stability of meals, 494 
extrudates from meal blended with legume high protein fractions, 431 
extrusion cooking in presence of amylase, 99
phenolic acid contribution to taste of germ protein flour products, 1308 
replacement of fat with oil in lean ground beef patties, 861 
retention and solubility of proteins in model systems, 455

cornmeal
protein and fiber supplementation effects on snack quality, 760 

cottage cheese
monitoring chemical and microbial changes using full-history time- 

temperature indicator, 402
nutritional evaluation with animal model of fortified with calcium and 

guar gum, 692

cottonseed
replacement of fat with soil in lean ground beef patties, 861 

cowpea
flow behavior and gelatinization of flour and starch dispersions, 1311 
rheology of sol-gel thermal transition in flour and starch slurry, 1744 
thermal processing of slurries, 1302
thiamin, riboflavin and niacin retention in affected by kanwa treat

ment, 592

crab
chemical and microbiological analysis of imitation, 164
influence of polyphosphate soak and cooking on yield and quality of,

creatine phosphate
postmortem changes in sardine muscle, 151 

cryo-shattering
factors affecting separation of low-fat flesh from fatty fish by, 1567 

crystal
control in processed liquid honey, 1034
growth rate effects on lactose size distributions from a  continuous cool

ing crystallizer, 848

crystallization
a-lactose monohydrate from ultrafiltered whey permeate in one-step, 

777
of lactose from whey permeate in EtOH-water mixture, 935 
plasticizing effect of water on amorphous food models, 38

crystallizer
growth rate effects on lactose crystal size distributions from a contin

uous cooling, 848

cucumber
acidification effects on microbial population during fermentation of, 

1353
fermentative bacteria in model low salt juice brine, 462 
pH effect on calcium inhibition of softening, 730

curdlan
properties and application to foods, 769 

cysteine
pork loin as source of Zn and effect of added on Zn bioavailability, 1505

D
dairy products

compression strength of gels and microstructural interpretation, 1224 
microbiology for monitoring spoilage“, 1209

DDGS (dried distillers* grains with solubles)
particle size effects on volume and acceptability of baked potatoes, 1323

deamidation
effect of anions on soy protein, 452 
membrane reactor for food proteins, 1725
ultrafiltration for recovery and reuse of peptidoglutaminase in protein, 

1731

deboning, mechanical
pork use in fermented meat spreads, 1185

deer
volatile alkylphenols and thiophenol in, 1197 

degradation
kinetic study of aspartame in neutral pH range, 1671 
kinetics of aspartame as affected by pH in food systems, 17 
kinetics of chlorophylls and chlorophyllides, 1639 
of adenine nucleotide in chill-stored fresh fish, 1267
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of aspartame in yogurt related to microbial growth, 21 
of paralytic shellfish poison, 1572

dehydration
equilibrium water content and state of water in cabbage, 1597

delayed light emission
measuring muskmelon maturity by, 981 
nondestructive evaluation of persimmon maturity by, 985

dénaturation
collagénase effect on intramuscular collagen, 1497 
in fish muscle proteins during gelling: effect of spawning condition, 

281

density
absorption of citrus flavor volatiles by polyethylene, 35 

detoxification
of aflatoxin-containing copra, 733

egg
conditions affecting emulsifying properties of yolk phosvitin, 1259 
factors contributing to antilisterial effects of albumen, 1251 
fractionation of water-soluble and insoluble components from yolk with 

minimum use of organic solvents, 1537 
ionic strength and pH effects on composition and microstructure of yolk 

granules, 1532
lipid extraction of yolk powder: effects on emulsifying properties and 

protein fraction, 1255
residual avidin activity in cooked white assayed with improved sen

sitivity, 707
rheology of heat-induced gels from albumen subjected to freeze-thaw, 

764
thermal resistance of -associated epidemic strains of S enteritidis, 391 
volatile compounds in scrambled, 387

eggplant
inactivation and regeneration of peroxidase activity in, 68 

elasticity
determination in solid foods, 950

dialysis
influencing whey protein gel rheology, 789 

diet
effects of meat and food components on valence of nonheme iron during 

digestion, 352
legume processing effects on fiber in, 1350

differential scanning calorimetry (DSC)
pH effect on thermal transition temperature of collagen, 1203

diffusivity
thermal sterilization of conduction-heated foods in plastic cylindrical 

cans using convective boundary conditions, 827

digestibility
evaluation of SDS-PAGE for estimating protein, 1082 
of dehydrated protein extract from poultry bone residue, 1751

digestion
effects of meat and food components on valence of nonheme iron during, 

352
of foods by microwave for Na analysis by atomic absorption spectro

metry, 1412

dill (Anethum graveolens L.)
packaging and storage effects on microbiological quality of dried, 873 
evaluation of odorants in seed and herb by aroma extract dilution 

analysis, 63

dip
improvement of color and lipid stability in beef with vitamin E and C 

treatment, 1489

disc flotation
estimation of bacterial quality of cod fillets with, 958 

discoloration
control of carrot surface caused by abrasion peeling, 416 

dispersion
flow behavior and gelatinization of cowpea flour and starch, 1311 
growth rate effects on lactose crystal size distributions from a contin

uous cooling crystallizer, 848 
pattern effects on surimi gel texture, 1263

dissociation
of milk protein complexes in heated reconstituted concentrated skim 

milks, 238

distillation
analysis of volatile flavor components in clam by, 327 

DNA
Salmonella detection in meat and fish by membrane hybridization with, 

1519

dough
characteristics of wheat flour using E cloacae with and without yeast, 

106
viability and performance of yeast in wheat, 1690 

drainage
kinetics of liquid from protein stabilized foams, 24 

drying
effect of temperature on volatiles in peanuts, 579
influence of method on volatile sulfur constituents of caucas, 72

dyes
adsorption of methyl orange on starches, 90

method for analysis of TMAO using, 132

electrical stimulation
effects on beef quality, 1484

electrochemical detection
sulfite in cellulosics by ion exclusion chromatography with, 1087 

electrochemistry
quantitative analysis of uric acid in milk, 594 

electrophoresis
SDS-PAG: for estimating protein digestibility, 1082
gel: changes in titin and nebulin in beef muscle revealed by, 607

emulsification
conditions affecting egg yolk phosvitin, 1259 
effect of lipid extraction of egg yolk powder on, 1255 
milkfat effects on rheology of acid-induced milk gels, 920 
relationship of absorptive and interfacial behavior of food proteins to, 

253
salts influence on characteristics of cheese analogs from calcium cas

einate, 1542

emulsion
action of A niger lipase on butteroil, 1233 
candelilla wax, preparation and stability, 1382
capacity and stability of milk protein and corn germ protein flour, 1216 
coalescence index of protein-stabilized, 792
effect of propylene glycol alginate and xanthan gum on stability of 0 / 

W, 513
effects of constituent concentration on rheology of com oil-in-water, 

796
fast determination of spatially localized volume fractions in, 799 
prediction of instability from composition and physicochemical prop

erties of proteins, 116
properties of milk fat stabilized with milk fat globule membrane, 1219 
selection criteria of meat fillers based on properties and cooking ki

netics, 380

encapsulation
of pre-formed cooked cured-meat pigment, 1500 

endpoint
lactate dehydrogenase activity in bovine muscle as means of deter

mining endpoint, 895

Enterobacter cloacae GAO
characteristics of wheat flour dough using, 106

enzyme
Salmonella detection in meat and fish by membrane hybridization with 

chromogenic/phosphase/biotin DNA probe, 1519 
action of A niger lipase on butteroil emulsions, 1233 
chemiluminescent assay for glycerol in wine using flow-injection, 1097 
collagenase effect on thermal denaturation of intramuscular collagen, 

1497
colorimetric assay for free fatty acids in butter using, 1229 
determination of metmyoglobin reductase activity in bovine skeletal 

muscle, 1161
diffuse reflectance profiles of milk-dotting preparations, 411 
effect of heat processing on quality of oysters, 1292 
effect of pressure treatment on actomyosin ATPases from flying fish 

and sardine muscles, 338
effect of ultrasound treatment on properties of chymosin, 926 
extrusion cooking of corn/soy mix in presence of thermostable amylase, 

99
growth temperature and action of lysozyme on L monocytogenes, 1101 
hydrolysis of milk fat with lipase in reversed micelles, 234 
identification of tyrosinase in mushrooms by isoelectric focusing, 93 
immobilized peroxidase: potential bioindicator for evaluation of ther

mal processes, 567
inactivation and regeneration of peroxidase activity in vegetable ex

tracts treated with antioxidants, 68 
inactivation improves stability of self-rising corn meals, 494 
inactivation of pectinesterase in orange juice by supercritical carbon 

dioxide, 743
lactate dehydrogenase activity in bovine muscle as means of deter

mining heating endpoint, 895
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limonin and naringin removal from grapefruit juice with naringinase 
entrapped in cellulose triacetate fibers, 31 

lipoxygenase as blanching index for frozen soybeans, 448 
maltotetraose production using P stutzeri amylase in membrane re

cycle bioreactor, 1019
measurement of lipoxygenase activity in green bean tissue, 719 
membrane reactor for deamidation of food proteins, 1725 
microwave inactivation of myrosinase in canola seeds, 1372 
model for produce respiration in modified atmosphere based on kinet

ics, 1580
orange finisher pulp as substrate for polygalacturonase production by 

Rhizopus oryzae, 480
orange juice stabilization by proteic inhibitor of pectin methylesterase, 

1632
phenoloxidase activity from Florida spiny and Western Australian 

lobster, 154
phytate hydrolysis by phytase in cereals: effects on estimation of iron 

availability, 1330
production of extracellular glucosidase and galactosidase during fun

gal growth on polygalacturonate, 1749 
production of fish protein hydrolysates with bacterial proteases; yield 

and nutritional value, 309
production of low-Phe product from skim milk powder and caseinate, 

938
purification and characterization of proteases from digestive tract of 

grass shrimp, 322
ripeness and tissue depth effects on heat inactivation of papaya eth

ylene-forming, 996
supercritical C02 effects on quality of orange juice, 1030 
thermal inactivation of asparagus lipoxygenase and peroxidase, 47 
thermostability of soluble and immobilized horseradish peroxidase, 574 
ultrafiltration for recovery and reuse of peptidoglutaminase in protein 

deamidation, 1731
vacuum infusion of citrus pectinmethylesterase and calcium effects on 

firmness of peaches, 739

epitopes
structure of ovalbumin as revealed by monoclonal antibodies: changes 

during heat treatment, 224

equilibrium
isotherm equations to represent moisture sorption on starch, 1106 
water content and state of water in dehydrated cabbage, 1597

Escherichia coli 0157:H7
control on beef in model spray chilling system, 191 

esterification
pectin influence on volatiles and sensory characteristics of strawberry 

jam, 1621

ethanol
a-lactose crystallization from whey permeate in water mixture, 935 
a-lactose monohydrate from ultrafiltered whey permeate in crystalli

zation using -water mixtures, 777

ethylene
absorbent to maintain quality of processed fruits and vegetables, 1589 
ripeness and tissue depth effects on heat inactivation of papaya -form

ing enzyme, 996
vinyl alcohol (EVOH): sorption of volatile compounds in solution by 

copolymer films, 500

ethylmaleimide, N-
effect on rheology of B-lactoglobulin gels at alkaline pH, 1338 

evaporator
viscosity reduction and reformation of structure in orange concentrate 

as affected by homogenization within, 1360

extract
quality of chymosin obtained by ultrasound treatment, 406 

extractability
of protein from myofibrils from chicken muscle, 210 

extractant
lithium chloride preferred for fish muscle proteins, 315 

extraction
analysis of volatile flavor components in clam by, 327 
of annatto seed pigment by supercritical carbon dioxide, 1655 
of egg yolk powder: effects on emulsifying properties and protein frac

tion, 1255
of lipid and pigment from mechanically separated seal meat, 1295 
of peanut proteins with water by RSM, 1660 
of tocopherol in catfish, 1113 
process influence on properties of juice, 1614
supercritical carbon dioxide conditions affecting lipid and cholesterol 

from ground beef, 183

extrudate
effect of extrusion conditions on sensory properties of corn meal, 84 
from starch fractions of navy and pinto beans and corn meal blended 

with legume high protein fractions, 431

extrusion
analysis of shear and thermal history during co-rotating twin-screw, 

518

cooking of com/soy mix in presence of thermostable amylase, 99 
effect of variables on cassava extrudates, 1334 
effect on sensory properties of corn meal extrudates, 84 
high temperature effects on protein solubility and distribution in navy 

and pinto beans, 1013
optimization of cooking process for chickpea flour by RSM, 1695 
sodium caseinate from skim milk powder by processing: physico-chem

ical and functional properties, 1552 
texturization of acid and alkali soy proteins, 1002

F

fat
bologna low in: formulated with texture-modifying ingredients, 643 
content effects on yield, quality and microbiological characteristics of 

chicken patties, 1527
effect of milk percent on Ca, Fe and Zn solubility in wheat cereal 

systems under simulated GI pH, 146 
emulsified effects on rheology of acid-induced milk gels, 920 
factors affecting separation of flesh low in from fatty fish by cryo- 

shattering, 1567
minding time and pressure developed in beef and pork: effect of, 1171 
hydrolysis of milk with lipase in reversed micelles, 234 
in goat meat, 1191
properties of milk emulsions stabilized with globule membrane, 1219 
replacement with plant oil in lean ground beef patties, 861 
role of milk globule membrane in autoxidation of milk, 398 
trimming effects on beef quality, 1484
volatile alkylphenols and thiophenol in species-related characterizing 

flavors of red meats, 1197

feeding
influence of regimen on sensory quality and fatty acid content of beef, 

1102

fermentation
acidification effects on microbial populations during cucumber, 1353 
alginate and carrageenan immobilization effects on Schiz. pombe ac

tivity and stability, 1095
bacteria in model low salt cucumber juice brine, 462 
effect of yams on characteristics of processed flour, 272 
evaluation of partially defatted chopped beef in snack sausage, 348 
filter, fourier transform infrared, and areometry for following wine, 

1635
pork use in meat spreads, 1185
production and evaluation of milk-sweet potato mixtures with yogurt 

bacteria, 685
proximate, nutritional and microbiological analyses of milk-sweet po

tato mixtures with yogurt bacteria, 682 
starter culture and time/temperature of storage influences on quality 

of mutton sausage, 916

ferritin
factors affecting catalysis of lipid oxidation by -containing extract of 

beef muscle, 356

ferrous sulfate
method for analysis of TMAO using, 132 

fiber
legume processing effects on dietary, 1350
limonin and naringin removal from grapefruit juice with naringinase 

entrapped in cellulose, 31
supplementation effects on extruded commeal snack quality, 760 

fillers
selection criteria of meat emulsions based on properties and cooking 

kinetics, 380

film
methylcellulose to prevent lipid migration in confectionery products, 

504
sorbic acid and potassium sorbate permeability of edible methylcellu- 

loae-palmit:c acid: water activity and pH effects, 497 
sorption of flavor compounds by low density polyethylene, 1421 
sorption of volatile compounds in solution by ethylene-vinyl alcohol 

copolymer, 500

finfish
microorganisms on commercially processed, 1279 

firmness
vacuum infusion of citrus pectinmethylesterase and calcium effects on 

peaches, 739

fish oil
factors affecting quality of mayonnaise, 1298 
flavin method :or determination in milk by HPLC, 678

flavor
absorption of citrus volatiles by low density polyethylene, 35 
analysis of volatile components in steamed rangia clam by dynamic 

headspace sampling and simultaneous distillation and extraction, 
327

effect of irradiation and storage on garlic bulbs, 44 
inhibition of warmed-over by CaCk antioxidant infusion into lamb 

carcasses, 359
inhibition of warmed-over development by cations, 1055
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modification of fruit by aspartame and sucrose, 1668 
multiple standards to define sensory characteristics for descriptive 

analysis: aspects of concept formation, 838 
of ground beef affected by source and storage, 899 
precooking method affects warmed-over of broiler breast patties, 881 
rancidity of milk: relationship of acid degree value, free fatty acids and 

sensory perception, 394 
retention in apple juice concentration, 484 
sorption of compounds by low density polyethylene film, 1421 
STP and SAsMP as inhibitors of development in turkey, 1529 
temperature effect on binding of volatile compounds to soy protein in 

model systems, 802
volatile alkylphenols and thiophenol in red meats, 1197 
volatile branched-chain fatty acids and phenolic compounds in aged 

Italian cheese, 1241

flounder, Blackback (Pseudopleuronectes americanus) 
variability of salt absorption by brine dipped fillets, 648

flour
characteristics of wheat dough using E cloacae with and without yeast, 

106
effect of fermentation of yams on characteristics of, 272 
emulsifying capacity and emulsion stability of corn germ protein, 1216 
flow behavior and gelatinization of cowpea, 1311 
optimization of extrusion cooking process for chickpea by RSM, 1695 
phenolic acid contribution to taste of corn germ protein products, 1308 
properties of tepary bean compared with soy protein isolate, 1316 
puffing effects on functional properties of Amaranthus paniculatas seed, 

1121
rheology of sol-gel thermal transition in cowpea, 1744 
RSM in development of rice yeast breads: sensory evaluation, 751 
sensory and nutritional properties based on wheat-rice-soybean baked 

in microwave, 1699
texture and microstructure of cassava extrudate, 1319 

flow
behavior of cowpea flour and starch dispersions, 1311 
residence time distribution of fluid and particles in turbulent, 255

flow-injection
chemiluminescent assay for glycerol in wine using, 1097 

fluid
residence time distribution of in turbulent flow, 255 

flying fish
effect of pressure treatment on actomyosin ATPases from muscle, 338 

foam
comparison of models for compressibility of plastic, 756 
kinetics of liquid drainage from protein stabilized, 24 
salt effects on stability of whey protein isolate, 588

food additives
kinetics of growth and inhibition of L monocytogenes in presence of 

antioxidants, 10

food engineering
freezing time modeling for small finite cylindrical shaped foodstuff, 

1072

food, cylindrical shaped
freezing time modeling for small finite, 1072

fortification
microencapsulated iron for food, 1047
nutritional evaluation with animal model of cottage cheese with cal

cium and guar gum, 692

frankfurters
NTHZ and NTHZC in containing pollock, 1108 

freeze-drying
monitoring by NMR: determination of sublimation endpoint, 1707 
physical properties of chicken, 611
processing, packaging, and storage effects on strawberries, 1388 

freeze-thaw
rheological properties of heat-induced gels from egg albumen subjected 

to, 764

freezer, home
temperature, pH and bacterial population of meat as influenced by 

failure of, 1508

freezing
characterization of irradiated peanut kernels stored under, 1375 
curdlan: properties and application to foods, 769 
effect of damage on volatiles in peanuts, 579
effect of packaging on color and physical characteristics of ground pork 

in storage, 363
effect on quality, bacteriology and retail-case life of pork, 891 
fate of L monocytogenes during, 1068 
lipid changes during frying of frozen prefried foods, 1644 
lipoxygenase as blanching index for soybeans, 448 
osmotic concentration of green beans prior to, 1008

parametric analysis for spheroidal or finitely cylindrical objects with 
volumetric changes, 543

time modeling for small finite cylindrical shaped foodstuff, 1072 

freshness
characterization of squid using indicators of, 161 
semiconductive trimethylamine gas sensor for detecting fish, 1275

fruit
content influence on gel strength of strawberry and peach jams, 1384 
ethylene absorbent to maintain quality of, 1589 
galacturonate in pectic substances from: comparison of HPLC with 

amperometric detection to colorimetry, 423 
irradiation influence on yield and quality of juice, 1628 
modification of flavors by aspartame and sucrose, 1668 
stability of aspartame in preparations used in yogurt, 689 
sugar content of using water peak suppression in MR, 1091 
sulfhydryl and ascorbic acid relationships in, 427 
uptake and fate of ascorbic acid-2-phosphate in, 419

fruitiness
comparison of temporal perception of in model systems sweetened with 

aspartame, an aspartame + acesulfame K blend, or sucrose, 823

frying
color development in model system during: role of amino acids and 

sugars, 1711
lipid changes during of frozen prefried foods, 1644

G

galactosidase, or
production during fungal growth on polygalacturonate, 1749 

galacturonate
in pectic substances from fruits and vegetablesxomparison of HPLC 

with amperometric detection to colorimetry, 423

garlic
effect of irradiation and storage on flavor of bulbs, 44 

gas
headspace composition as measure of R stolonifer growth, 274
inhibition of production in tofu, 1600
trimethylamine sensor for detecting fish freshness, 1275

gel
compression strength of dairy, 1224 
curdlan: properties and application to foods, 769 
emulsified milkfat effects on rheology of acid-induced milk, 920 
factors influencing whey protein rheology: dialysis and calcium che

lation, 789
forming characteristics and rheological properties of kefiran, 1017 
fruit content influence on strength of strawberry and peach jams, 1384 
mercaptoethanol, N-ethylmaleimide, propylene glycol and urea effects 

on rheology of p-lactoglobulin, 1338 
properties from beef skeletal, heart, lung and spleen protein fractions, 

1165
rheology of heat-induced from egg albumen subjected to freeze-thaw, 

764
rheology of thermal transition in cowpea flour and starch slurry, 1744 
role of light chains in heat-induced gelation of skeletal muscle myosin, 

855
storage of beef produced with algin/calcium/adipic acid, 604 
thermal conductivity of starches, 773
water binding and ingredient dispersion pattern effects on surimi tex

ture, 1263

gelation
mechanism of legumin from broad beans, 722 
of cowpea flour and starch dispersions, 1311 
of myofibrils from chicken muscle, 210
of myosin from chicken muscles a t high ionic strength and low pH, 884
of starch in bread baking, 1702
role of light chains in skeletal muscle myosin, 855

gellan
isolation of gum from foods by use of monovalent cations, 1342 

gelling
changes in behavior of whey protein isolate and p-lactoglobulin during 

storage, 782
thermal dénaturation in fish muscle proteins during: effect of spawn

ing condition, 281

Gerber test
for free oil in mozzarella cheese, 1115 

germination
response of B subtilis to caramelized sugar and asparagine, 1399 

glass transition
water and molecular weight effects on in carbohydrates, 1676 

gliadin
water sorption of, 510
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globulin
properties of tepary bean compared with soy protein isolate, 1316 

glucono-delta-lactone
yield and quality of tofu affected by soybean and soymilk character

istics, 109

glucose
crystal control in processed liquid honey, 1034 

glucosidase, p-
production during fungal growth on polygalacturonate, 1749 

gluten
rheological and structural properties of wiener-type products substi

tuted with wheat, 228

glycerol
chemiluminescent assay for in wine using flow-injection, 1097 

goat
volatile alkylphenols and thiophenol in, 1197 

grape
irradiation influence on yield and quality of juice, 1628 

grapefruit
limonin and naringin removal from juice with naringinase, 31 

grinding
time developed in beef and pork: effect of temperature and fat, 1171 

growth
rate dispersion effects on lactose crystal size distributions from a con

tinuous cooling crystallizer, 848

guar
nutritional evaluation with animal model of cottage cheese fortified 

with gum, 692

gum
effect of xanthan on stability of O/W emulsions, 513 
nutritional evaluation with animal model of cottage cheese fortified 

with guar, 692

H

of high- and low-acid foods in semirigid containers, 1714 
process parameter effects on particle residence time in vertical scraped 

surface heat exchanger, 869
properties of gels from beef skeletal, heart, lung and spleen protein 

fractions, 1165
resistance of C botulinum in menhaden surimi, 1562 
resistance of S typhimurium and L monocytogene:: in sucrose solutions, 

1741
rheological changes in oatmeal suspensions during, 1685 
rheology of -induced gels from egg albumen subjected to freeze-thaw, 

764
role of light chains in induced gelation of skeletal muscle myosin, 855 
sensory changes in umami taste of inosine 5'-monophosphate solution 

after, 1429
shocked lactobacilli for acceleration of cheddar cheese ripening, 948 
structure of ovalbumin as revealed by monoclonal antibodies: epitopic 

changes during, 224
thermal gelation mechanism of legumin from broad beans, 722 
thermal process lethality variability in foods, 1424 
thermal sterilization of conduction-heated foods in plastic cylindrical 

cans using convective boundary condition, 827 
thermal sterilization of foods in plastic cylindrical cans using convec

tive boundary conditions, 827

hedonic measure 
alternatives, 1

hemagglutination
feed moisture effects on bean starch fractions, 443

herb
evaluation of odorants in dill by aroma extract dilution analysis, 63 
packaging and storage effects on microbiological quality of dried, 873

hexanal
measurement and kinetics of formation via lipid oxidation as function 

of Oj concentration, 816

home-canning
verification of USDA recommendation for tomatoes processed a t high 

altitudes, 736

homogenization
effect on Ca, Fe and Zn solubility in wheat cereal systems under sim

ulated GI pH, 146
viscosity reduction and reformation of structure in orange concentrate 

as affected by within taste evaporators, 1360

ham
rigor condition, tumbling and salt level influence on physical, chemical 

and quality characteristics of, 1514

hard-to-cook defect
changes in components in development of beans, 436 
relationship of loss of membrane functionality in beans, 590

harvesting
mechanical properties and chemical composition of peanuts affected by 

date of, 1378
storage potential of tomatoes at breaker stage using modified atmo

sphere packaging, 55

headspace
analysis of volatile flavor components in clam by dynamic sampling, 

327
gas composition as measure of R stolonifer growth, 274 

heart
properties of heat-induced gels from beef protein fraction, 1165 

heat
effect of pH and NaCl on resistance of bacterial spores, 821 
effect of pH and calcium on thermal behavior of whey proteins, 1119 
reduction of resistance of N fisheri by sulfur dioxide, 876 
ripeness and tissue depth effects on inactivation of papaya ethylene

forming enzyme, 996
stability of sunflower hull anthocyanin pigment, 553 

heat exchanger
orientation influence on particle residence time distributions, 1446 
process parameter effects on particle residence time in vertical scraped 

surface, 869

heat transfer
computerized model for strain-stress analysis of food undergoing, 1438 

heating
changes in size and composition of protein aggregates in skim milk, 

671
characteristics of milk constituents in microwave pasteurization sys

tem, 931
degradation of paralytic shellfish poison, 1572
effect of steam/air mixtures on convection product processed in steri- 

tort, 27
effect on quality of oysters, 1292
lactate dehydrogenase activity in bovine muscle as means of deter

mining endpoint, 895
microwave effects on stabilities of tocopherols in oils, 1042

honey
crystal control in processed liquid, 1034 

horse
volatile alkylphenols and thiophenol in, 1197

horseradish peroxidase (HPO) 
thermostability of, 574

hydrolysates
3-chloro-l,2-propanediol derived amino acids in protein, 139
3-chloro-l,2-propanediol derived amino alcohol in protein, 136 
production of fish protein with bacterial proteases: yield and nutri

tional value, 309

hydrolysis
of milk fat with lipase in reversed micelles, 234 
of phytate by phytase in cereals: effects on estimation of iron availa

bility, 133C

hysteresis
in kudzu and sweet potato starch, 125

I

ice
preprocessing storage effects on functional properties of fish mince pro

tein, 965

immobilization
alginate and carrageenan effects on Schiz. pombe activity and stability, 

1095
immunofluorescence changes in titin and nebulin in beef muscle re

vealed by, 607

immunoglobulin G
microfiltration affinity purification from cheese whey, 701 

impedance
preservative and temperature effect on growth of Neosartorya fischeri 

measured by, 1735

inactivation
kinetics of foodborne yeasts, 6
of asparagus lipoxygenase and peroxidase, 47
of papaya ethylene-forming enzyme: ripeness and tissue depth effects, 

996
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infusion
of citrus pectinmethylesterase and calcium effects on firmness of peaches, 

739
inosine 5’-monophosphate sensory changes in umami taste of solution 

after heating, 1429

instability
prediction from emulsion composition and physicochemical properties 

of proteins, 116

instrument
for nondestructive texture measurement of raw cod fillets, 962 

interface
relationship of food proteins to emulsifying properties, 253 

ion
strength effects on composition and microstructure of yolk granules, 

1532

iron
determination of binding phenolic groups in foods, 128 
effect of meat and food components on valence of nonheme during 

digestion, 352
effect of Zn concentration, Ca source, percent milkfat and homogeni

zation on solubility in wheat cereal systems under simulated GI 
pH, 146

effect on TBA numbers in ground beef, 172 
in food: effect of continued use of cookware made of, 584 
inhibition of warmed-over flavor development by, 1055 
microencapsulation for food fortification, 1047
phytate hydrolysis by phytase in cereals: effects on estimation of avail

ability of, 1330

irradiation
bacterial spoilage profiles to identify fish, 332
characterization of peanut kernels stored under ambient and frozen 

conditions, 1375
color and oxidative stability of nitrite-free cured meat after gamma, 

1450
cooking quality of brown rice influenced by, 96
effect on flavor of garlic bulbs, 44
influence on yield and quality of fruit juice, 1628
of whole chickens: effect on bacterial loads and fatty acids, 371

isoelectric focusing
identification of tyrosinase in mushrooms by, 93 

isotherm
equations to represent moisture sorption on starch, 1106

J

j values
estimating cooling process lethality for different cooling, 1063 

jam
fruit content influence on gel strength of strawberry and peach, 1384 
pectin concentration, molecular weight and degree of esterification: 

influence on volatiles and sensory characteristics of strawberry, 
1621

volatiles in strawberry: influence of cooking on volatiles, 1393 

jicama
(Pachyrrhizus tuberosus) texture of raw and canned, 977 

juice
RO concentration of orange essence, 1027
ascorbic acid retention in orange stored under simulated consumer 

home conditions, 867
calcium supplementation and processing effects on orange quality. 1369 
changes during storage of alcoholic orange beverage, 475 
extraction process and apple cultivar influence on properties of, 1614 
fermentative bacteria in model low salt cucumber brine, 462 
inactivation of pectinesterase in orange by supercritical C02, 743 
irradiation influence on yield and quality of fruit, 1628 
limonin and naringin removal from grapefruit with naringinase, 31 
orange stabilization by proteic inhibitor of pectin methylesterase, 1632 
reverse osmosis and flavor retention in apple concentration, 484 
supercritical C02 effects on quality of orange, 1030

K

kamaboko
axial compression properties of, 1287
kanwa treatm ent thiamin, riboflavin and niacin retention in cowpeas 

affected by, 592

kefiran
gel-forming characteristics and rheological properties of, 1017 

kinetics
chlorophyll stability during aseptic processing and storage, 1059
evaluation with linearly increasing temperature profiles: integral 

methods, 1433
growth rate dispersion effects on lactose crystal size distributions from 

a continuous cooling crystallizer, 848

model for produce respiration in modified atmosphere based on en
zyme, 1580

of aspartame as affected by pH in food systems, 17 
of chlorophylls and chlorophyllides, 1639
of growth and inhibition of Listeria monocytogenes in presence of an

tioxidant food additives, 10
of hexanal formation via lipid oxidation as function of 0 2 concentra

tion, 816
of liquid drainage from protein stabilized foams, 24
selection criteria of meat emulsion fillers based on cooking, 380
starch gelatinization in bread baking, 1702
study of aspartame degradation in neutral pH range, 1671
thermal inactivation of foodborne yeasts, 6

kiwi
orange juice stabilization by proteic inhibitor of pectin methylesterase, 

1632

kudzu
moisture sorption hysteresis in starch, 125

L
lactalbumin

effects of pH and calcium on thermal behavior of whey proteins, 111 

lactate
assessment of addition to fresh pork sausage, 220 
effect on microbial and chemical composition of cooked beef during 

storage, 341
postmortem changes in sardine muscle, 151
sodium: effect on sensory characteristics, cooked beef color and chem

ical composition, 62

lactate dehydrogenase (LDH)
activity in muscle as means of determining heating endpoint, 895 

lactitol
determination of optimal level from surimi, 285 

lactobacilli
effect on composition and texture of cheddar cheese during maturation, 

696
heat-shocked for acceleration of cheddar cheese ripening, 948 
lactococcus differential agar medium, 1729

lactoferrin
microfiltration affinity purification from cheese whey, 70 

lactoglobulin, 13-
changes in gelling behavior during storage, 782 
mercaptoethanol, N-ethylmaleimide, propylene glycol and urea effects 

on rheology of gels, 1338

lactose
crystallization from whey permeate in EtOH-water mixture, 935 
growth rate effects on crystal size distributions from a continuous cool

ing crystallizer, 848
monohydrate, a: from ultrafiltered whey permeate in crystallization 

using EtOH-water mixture, 777

lamb
acceleration of tenderization/inhibition of warmed-over flavor by CaCl2 

antioxidant infusion into, 359 
isolation of Yersinia enterocolitica from, 1524

leavening
starch gelatinization in bread baking, 1702 

legume
extrudates from starch fractions of navy and pinto beans and corn meal 

blended with, 431
processing effects on dietary fiber, 1350 
vitamin E constituents of weaning foods from, 270

legumin
thermal gelation mechanism of from broad beans, 722 

lethality
estimating cooling process for different cooling j values, 1063 
thermal process variability in conduction-heated foods, 1424

lettuce
effect of preparation procedures and storage parameters on quality of 

salad-cut, 60
microbial changes in stored under controlled atmospheres, 1586 
microbial flora and storage quality of partially processed, 459

light
effect on oxidative stability of pork, 1182 

limonin
removal from grapefruit juice with naringinase, 31 

lipase
action of A niger on butteroil emulsions, 1233 
hydrolysis of milk fat with in reversed micelles, 234
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lipid
changes during frying of frozen prefried foods, 1644 
effect of oleoresin rosemary, TBHQ and STPP on development of oxi

dative rancidity in chicken nuggets, 616 
extraction from mechanically separated seal meat, 1295 
extraction of egg yolk powder: effects on emulsifying properties and 

protein fraction, 1255
factors affecting catalysis of oxidation by ferritin-containing extract of 

beef muscle, 356
improvement of stability in beef with dietary vitamin E and C dip 

treatment, 1489
influence on rétrogradation of rice starches, 564 
measurement and kinetics of formation of hexanal via oxidation as 

function of CL concentration, 816
methylcellulose films to prevent migration in confectionery products, 

504
noninvasive measurement in food using MRI, 811 
nutritional evaluation of in fish from temperate Australian waters, 

1111
supercritical carbon dioxide conditions affecting extraction from ground 

beef, 183
vitamins E and C improve stability in ground beef, 194 

liposome
effect of NaCl on pro-oxidant activity of copper (II) in phospholipid, 

571 '
inhibition of PC oxidation by porcine plasma, 1038

lipoxygenase
as blanching index for frozen soybeans, 448 
measurement of activity in green bean tissue, 719 
thermal inactivation of asparagus, 47

liquid
kinetics of drainage from protein stabilized foams, 24 

Listeria monocytogenes
control on beef in model spray chilling system, 191 
during freezing and frozen storage, 1068
factors contributing to antilisterial effects of raw egg albumen, 1251
growth temperature and action of lysozyme on, 1101
heat resistance in sucrose solutions, 1741
in microwave-ready beef roasts containing antimicrobials, 198
kinetics in presence of antioxidant food additives, 10
response to high hydrostatic pressure, 1404

Lithium chloride
preferred extractant of fish muscle proteins, 315 

lobster
phenoloxidase activity in Florida spiny and Western Australian, 154 

lung
properties of heat-induced gels from beef protein fraction, 1165 

lychee
anthocyanin in skin of, 466 

lysozyme
growth temperature and action of on L monocytogenes, 1101

M

magnesium chloride
influence on thermal properties of beef muscle, 180 

magnetic resonance (MR)
sugar content of fruit using water peak suppression in, 1091

magnetic resonance imaging (MRI)
noninvasive measurement of lipid and water in food using, 811

maize
aflatoxin and cyclopiazonic acid production by A flavus isolated from, 

871

maltotetraose
production using P stutzeri amylase in membrane recycle bioreactor, 

1019

marjoram
packaging and storage effects on microbiological quality of dried, 873 

marlin, black
thermal transitions of myosin from muscle, 954 

mass transfer
computerized model for strain-stress analysis of food undergoing, 1438 

maturation
effect of added lactobacilli on composition and texture of cheddar cheese 

during, 696
lactic acid bacteria relation to cheddar cheese, 1238
sugar and nonvolatile acid composition of persimmon during, 989

maturity
influence on volatile aroma compounds from salmon, 1576 
measuring by delayed light emission in muskmelon, 981 
mechanical properties and chemical composition of peanuts affected by 

harvest, 1378
nondestructive evaluation of persimmon by delayed light emission, 985 

mayonnaise
factors affecting quality of fish oil, 1298 

meat
color and oxidative stability of nitrite-free cured after irradiation, 1450 
comparison of rapid methods for isolation and enumeration of C per- 

fringens in, 367
comparison of sampling techniques for microbial analysis of surfaces, 

249

mechanics
properties of peanuts affected by harvest date and maturity, 1378 

media
B stearothermophilus recovery altered by concentration and formula

tion of, 1403

membrane
reactor for enzymic deamidation of food proteins, 1725 
relationship of loss of functionality and hard-to-cook defect in beans, 

590
membrane hybridization Salmonella detection in meat and fish by with 

DNA probe, 1519

membrane recycle bioreactor
maltotetraose production using P stutzeri amylase in, 1019 

menhaden
heat resistance of C botulinum in surimi, 1562 

mercaptoethanol
effects on rheology of p-lactoglobulin gels at alkaline pH, 1338 

metal
thermal processes for cans compared to retortable plastic containers, 

835

methods/methodology
acid requirement for pH modification of processed foods, 973 
action of A niger lipase on butteroil emulsions, 1233 
alternative hedonic measures, 1
analysis of biogenic amines in canned fish by HPLC, 158 
“analysis of shear and thermal history during co-rotating twin-screw 

extrusion, 518
analysis of volatile flavor components in steamed rangia clam by dy

namic headspace sampling and simultaneous distillation and ex
traction, 327

applications of polarography for assessment of fish freshness, 335 
aroma sorption evaluation of aseptic packaging, 1051 
assessment of sensory characteristics of meat patties, 1470 
candelilla wax emulsion, preparation and stability, 1382 
changes in titin and nebulin in bovine muscle revealed by gel electro

phoresis, Western blotting and immunofluorescence microscopy, 607 
characterization of squid using freshness indicators, 161 
chemiluminescent assay for glycerol in wine using flow-injection, 1097 
cholesterol oxidation products in raw meat and chicken, 1194 
coalescence index of protein-stabilized emulsions, 792 
colorimetric assay for free fatty acids in butter using flow-injection and 

immobilized enzymes, 1229
comparison for determination of nitrate in meats, 1123 
comparison for isolation and enumeration of C perfringens in meat, 

367
comparison of sampling techniques for microbiological analysis of meat 

surfaces, 249
computerized model for strain-stress analysis of food undergoing simul

taneous heat and mass transfer, 1438 
conditions affecting emulsifying properties of egg yolk phosvitin, 1259 
conformation of citrus pectin using small amplitude oscillatory rheo- 

metry, 1365
cooking affects warmed-over flavor of broiler breast patties, 881 
determination of iron binding phenolic groups in foods, 128 
determination of metmyoglohin reductase activity in bovine skeletal 

muscle, 1161
determination of optimal level of lactitol for surimi, 285 
determination of sorbic acid in raw beef, 863
determination of sugars and organic acids in cheddar cheese by HPLC, 

276
DSC studies of meat protein-alginate mixtures, 175 
effect of constituent concentration on rheological properties of corn oil- 

in-water emulsions, 796
effect of preparation procedures and storage parameters on quality 

retention of salad-cut lettuce, 60
enzymatic production of low-Phe product from skim milk powder and 

caseinate, 938
equilibrium isotherm equation to represent moisture sorption on starch, 

1106
ESR for monitoring radiation-processed meats containing bone, 1104 
estimating cooling process lethality for different cooling j values, 1063 
estimation of bacterial quality of cod fillets with disc flotation, 958 
evaluation of SDS-PAGE for estimating protein digestibility, 1082 
evaluation of odorants in dill seed and herb by aroma extract dilution 

analysis, 63
extraction and quantification of tocopherol in catfish, 1113
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extraction of annatto seed pigment by supercritical carbon dioxide, 
1655

extraction of peanut proteins with water by RSM, 1660 
factors affecting separation of low-fat flesh from fatty fish by cryo- 

shattering, 1567
fast determination of spatially localized volume fractions in emulsions, 

799
feed-back temperature control system for microwave ovens using shielded 

thermocouple, 550
filter, fourier transform infrared, and areometry for following alcoholic 

fermentation in wines, 1635
for analysis of TMAO using ferrous sulfate and EDTA, 132 
for determination of three flavins in milk by HPLC, 678 
for determining air content in meat batters, 1453 
fractionation of water-soluble and insoluble components from egg yolk 

with minimum use of organic solvents, 1537 
g a lac tu ro n a te  in  pectic substances from fru its  and vegeta- 

bles:comparison of anion exchange HPLC with amperometric de
tection to standard colorimetric procedure, 423 

grinding time and pressure developed in beef and pork: effect of tem
perature and fat, 1171

headspace gas composition and chitin content as measure of R stolon- 
ifer growth, 274

heating characteristics of milk constituents in microwave pasteuriza
tion system, 931

hexanal formation via lipid oxidation as function of oxygen concentra
tion: measurement and kinetics, 816 

2-(hydroxymethyl)-N-nitrosothiazolidine-4-carboxylic acid in smoked 
meats and bacon and conversion to 2-(hydroxymethyl)-N-nitroso- 
thiazolidine during high-heat cooking, 913 

identification of tyrosinase in mushrooms by isoelectric focusing, 93 
immobilized peroxidase: potential bioindicator for evaluation of ther

mal processes, 567
influence of drying on volatile sulfur constituents of caucas, 72 
influence of polyphosphate soak and cooking on yield and quality of 

crab, 657
instrument for nondestructive texture measurement of raw cod fillets, 

962
isolation of gellan gum from foods bv use of monovalent cations, 1342 
isolation of low-MW taste peptides from cheese, 943 
juice extraction process and apple cultivar influence on juice proper

ties, 1614
kinetic parameter evaluation with linearly increasing temperature 

profiles, 1433
lactate dehydrogenase activity in bovine muscle as means of deter

mining heating endpoint, 895
a-lactose monohyarate from ultrafiltered whey permeate in one-step 

crystallization using EtOH-water mixtures, 777 
lipid extraction of egg yolk powder: effects on emulsifying properties 

and soluble protein fraction, 1255 
lipoxygenase as blanching index for frozen soybeans, 448 
lithium chloride as preferred extractant of fish muscle proteins, 315 
maltotetraose production using P stutzeri amylase in membrane re

cycle bioreactor, 1019
measurement of lipoxygenase activity in green bean tissue, 719 
measurement of residence time distribution of fluid and particles in 

turbulent flow, 255
measuring muskmelon maturity by delayed light emission, 981 
microbiology for monitoring spoilage of dairy products with time-tem

perature integrators, 1209 
microencapsulated iron for food fortification, 1047 
microfiltration affinity purification of lactoferrin and IgG from cheese 

whey, 701
microwave digestion of food for Na analysis by atomic absorption spec

trometry, 1412
model for evaluating turbidity in cloudy beverages, 747 
modified Gerber test for free oil in mozzarella cheese, 1115 
monitoring chemical and microbial changes of cottage cheese using a 

full-history time-temperature indicator, 402 
monitoring freeze-drying by NMR: determination of sublimation end

point, 1707
multiple standards to define sensory characteristics for descriptive 

analysis: aspects of concept formation, 838 
NIR spectroscopy determination of physical and chemical character

istics in beef; 1493
nondestructive evaluation of persimmon maturity by delayed light 

emission, 985
noninvasive measurement of lipid and water in food using MRI, 811 
optimization of extrusion cooking process for chickpea flour by RSM, 

1695
pH effect on thermal transition temperature of collagen, 1203 
parametric analysis for freezing of spheroidal or finitely cylindrical 

objects with volumetric changes, 543 
perceived taste intensity and duration of nutritive and non-nutritive 

sweeteners in water using time-intensity (T-I) evaluations, 535 
photo-sensor for determining residence time distributions of particles 

in thermal processing systems, 1076 
predictors of beef tenderness: development and verification, 1130 
preservative and temperature effect on growth of Neosartoiya fischeri 

measured by impedance, 1735
process parameter effects on particle residence time in vertical scraped 

surface heat exchanger, 869
production of citric acid from beet molasses by immobilized cells of A 

niger, 878
qualitative and quantitative determination of caseins with HPLC, 1415 
quality characteristics of chymosin extracts obtained by ultrasound 

treatment, 406
quality evaluation of fish meat by 31P-NMR, 660 
relationship of solubility of whey protein concentrates to thermal prop

erties determined by DSC, 1448

residual avidin activity in cooked egg white assayed with improved 
sensitivity, 707

rétrogradation of rice starches studied by DSC and influence of sugars, 
NaCl and lipids, 564

RSM in development of rice flour yeast breads: sensory evaluation, 751 
Salmonella detection in meat and fish by membrane hybridization with 

chromogenic/phosphatase/biotin DNA probe, 1519 
SEM of carrot stick surface to determine cause of white translucent 

appearance, 1357
semiconductive trimethylamine gas sensor for detecting fish freshness, 

1275
static headspace GC for volatiles in canned salmon, 1271 
structure of ovalbumin as revealed by monoclonal antibodies: epitopic 

changes during heat treatment, 224 
sugar and nonvolatile acid composition of persimmons during matu

ration, 989
sugar content measurement in fruit using water peak suppression in 

high resolution MR, 1091
sulfite in cellulosics by ion exclusion chromatography with electro

chemical detection, 1087 
synthesis of cured-meat pigment, 1205
texture of cherries using snear/compression and stone removal forces, 

260texture of raw and canned jicama and Chinese water chestnut, 977 
thermal conductivity of fresh and dried squid meat by line source ther

mal conductivity probe, 582 
thermal conductivity of gelatinized starches, 773 
thermal process lethality variability in conduction-heated foods, 1424 
thermal properties of surimi analyzed by DSC, 302 
thiamin, riboflavin and niacin retention in cooked cowpeas as affected 

by kanwa treatment, 592
turbidity of beverages with citrus oil clouding agent, 1024 
verification of USD A home-canning recommendations for tomatoes 

processed a t high altitudes, 736
volatile compounds from mesocarp of persimmons, 262 volatile com

pounds in scrambled eggs, 387 
volatiles and sugars of cultivars of sweet potatoes, 714 
water associated with whey protein investigated by NMR, 1557

methyl orange
adsorption on starches, 90

methylcellulose
films to prevent lipid migration in confectionery products, 504 
sorbic acid and potassium sorbate permeability of edible film: water 

activity and pH effects, 497

methylesterase
orange juice stabilization by proteic inhibitor of pectin, 1632 

metmyoglobin
determination of reductase activity in bovine skeletal muscle, 1161 

micelles
hydrolysis of milk fat with lipase in reversed, 234 

microbiology
acidification effects on populations during cucumber fermentation, 1353 
aciduric, pH-elevating Bacillus which cause noneffervescent spoilage 

of tomatoes, 1611
action of A. niger lipase on butteroil emulsions, 1233 
aflatoxin and çyclopiazonic acid production by A flavus isolated from 

contaminated maize, 871
alginate and carrageenan immobilization effects on Schiz. pombe ac

tivity and stability, 1095 
analysis of imitation crab, 164
analysis of milk-sweet potato mixtures fermented with yogurt bacteria, 

682
B stearothermophilus recovery altered by media concentration and for

mulation, 1408
bacteria and volatile compounds associated with ground beef spoilage, 

1147
bacterial spoilage profiles to identify irradiated fish, 332 
behavior of nonproteolytic C botulinum spores in cooked turkey and 

modeling lag phase and probability of toxigenesis, 373 
blood fraction effects on antibotulinal efficacy of nitrite in beef sau

sages, 1158
changes in lettuce stored under controlled atmospheres, 1586 
characteristics of wheat flour dough using Enterobacter cloacae with 

and without yeast, 106
chemical detoxification of aflatoxin-containing copra, 733 
C botulinum growth and toxigenesis in shelf-stable noodles, 264 
C sporogenes and L monocytogenes: survival and inhibition in micro

wave-ready beef roasts containing antimicrobials, 198 
comparison of rapid methods for isolation and enumeration of C per- 

fringens in meat, 367
comparison of sampling techniques for analysis of meat surfaces, 249 
control of Salmonella tvphimurium, Listeria monocytogenes, and Esch

erichia coli on beef in model spray chilling system, 191 
degradation of aspartame in yogurt, 21 
effect of Na lactate on cookec beef during storage, 341 
effect of added lactobacilli on composition and texture of cheddar cheese 

during maturation, 696
effect of gamma irradiation of whole chicken carcasses on bacterial 

loads and fatty acids, 371
effect of pH and NaCl on heat resistance of bacterial spores, 821 
effect of ultrasonication of broiler drumstick skin, 247 
estimation of bacterial quality of cod fillets with disc flotation method, 
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factors contributing to antilisterial effects of raw egg albumen, 1251 
fat content effects on chicken patties, 1527
fate of L monocytogenes during freezing and frozen storage, 1068 
fermentative bacteria in model low salt cucumber juice brine, 462 
flora and storage quality of processed lettuce, 459 
for monitoring spoilage of dairy products with time-temperature in

tegrators, 1209 
freezing effects on pork, 891
germination response of B subtilis to caramelized sugar and aspara

gine, 1399
growth temperature and action of lysozyme on L monocytogenes, 1101 
headspace gas composition and chitin content as measure of R stolon- 

ifer growth, 274
heat resistance of C botulinum in menhaden surimi, 1562 
heat resistance of S typhimurium and L monocytogenes in sucrose 

solutions, 1741
heat-shocked lactobacilli for acceleration of cheddar cheese ripening, 

948
inhibition of gas production in tofu, 1600 
isolation of Y enterocolitica from red meat and milk, 1524 
kinetics of growth and inhibition of L monocytogenes in presence of 

antioxidant food additives, 10
lactic acid bacteria relation to accelerated maturation of cheddar cheese, 

1238
lactococcus genus: differential agar medium, 1729 
maltotetraose production using P stutzeri amylase in membrane re

cycle bioreactor, 1019
microorganisms isolated from surimi processing operations, 299 
monitoring changes in cottage cheese using full-history time-temper

ature indicator, 402
of Alaska shore-based surimi production, 291 
of precooked, vacuum-packaged beef, 1136 
on commercially processed finfish, 1279
orange finisher pulp as substrate for polygalacturonase production by 

Rhizopus oryzae, 480
packaging and storage effects on quality of dried herbs, 873 
pork use in fermented meat spreads, 1185
postmortem changes in chilled round, bled and dressed albacore, 318 
preservative and temperature effect on growth of heat-resistant mold, 

Neosartorya fischeri measured by impedimetric method, 1735 
production and evaluation of milk-sweet potato mixtures fermented 

with yogurt bacteria, 685
production of citric acid from beet molasses by immobilized cells of A 

niger, 878
production of fish protein hydrolysates with bacterial proteases: yield 

and nutritional value, 309
production of glucosidase and galactosidase during fungal growth on 

polygalacturonate, 1749
reduction of heat resistance of N fisheri ascospores by sulfur dioxide, 

876
response of L monocytogenes and V parahaemolyticus to high hydro

static pressure, 1404
Salmonella detection in meat and fish by membrane hybridization with 

chromogenic/phosphatase/biotin DNA probe, 1519 
sensory comparisons of beef treated with Na lactate, 1141 
soy protein and oil effects on stability of ground beef, 906 
stability of aspartame in fruit preparations used in yogurt, 689 
starter culture and time/temperature of storage influences on quality 

of fermented mutton sausage, 916
storage and bacterial contamination effects on myofibrillar proteins 

and shear force of beef, 903
temperature, pH and bacterial population of meat as influenced by 

home freezer failure, 1508
thermal degradation of paralytic shellfish poison, 1572 
thermal inactivation kinetics of food-borne yeasts, 6 
thermal resistance of egg-associated epidemic strains of S enteritidis, 

391
verification of USDA home-canning recommendations for tomatoes 

processed a t high altitudes, 736 
viability and performance of yeast in wheat dough, 1690

microencapsulation
of iron for food fortification, 1047

microfiltration
affinity purification of lactoferrin and IgG from cheese whey, 701

microscopy
immunofluorescence: changes in titin and nebulin in beef muscle re

vealed by, 607
scanning electron: of carrot stick surface to determine cause of white 

translucent appearance, 1357

microstructure
changes in titin and nebulin in bovine muscle revealed by gel electro

phoresis, Western blotting and immunofluorescence microscopy, 607 
effect of washing on frozen fish mince, 294 
ionic strength and pH effects on yolk granules, 1532 
of cassava flour extrudate, 1319 
of daily gels, 1224
of peanut cotyledons after oil cooking, 76
physical properties of air-dried and freeze-dried chicken, 611

microwave
digestion of foods for Na analysis by atomic absorption spectrometry, 

1412
feed-back temperature control system for ovens using shielded ther

mocouple, 550
heating characteristics of milk constituents in pasteurization in, 931

heating effects on stabilities of tocopherols in oils, 1042 
inactivation of myrosinase in canola seeds, 1372 
sensory and nutritional properties based on wheat-rice-soybean flours 

baked in, 1699
survival and inhibition of C sporogenes and L monocytogenes in beef 

roasts containing antimicrobials, 198

migration
methylcellulose films to prevent lipid in confectionery products, 504 

milk
aggregation ar.d dissociation of protein complexes in heated reconsti

tuted concentrated skim, 238 
calcium in raw and processed skim, and whole, 864 
changes in size and composition of protein aggregates on heating of 

skim, 671
characterization of increase in paleness of -fed veal during storage, 

1455
diffuse reflectance profiles of -clotting enzyme preparations, 411 
electrochemical quantitative analysis of uric acid in, 594 
emulsified fat effects on rheology of acid-induced gels, 920 
emulsifying capacity and emulsion stability of protein, 1216 
enzymatic production of low-Phe product from skim powder and cas

einate, 938
functional and sensory properties of salad dressing containing fer

mented peanut, 1664
heating characteristics of constituents in microwave pasteurization 

system, 931
hydrolysis of fat with lipase in reversed micelles, 234 isolation of Yer

sinia enterocolitica from, 1524 
method for determination of three flavins by HPLC, 678 
production and evaluation of -sweet potato mixtures fermented with 

yogurt bacteria, 685
properties of fat emulsions stabilized with fat globule membrane, 1219 
proximate, nutritional and microbiological analyses of -sweet potato 

mixtures fermented with yogurt bacteria, 682 
rancid flavor of: relationship of acid degree value, free fatty acids and 

sensory perception, 394
role of fat globule membrane in autoxidation of fat, 398 
sodium caseinate from skim powder by extrusion processing: physico

chemical and functional properties, 1552

milk fat globule membrane (MFGM)
properties of milk fat emulsions stabilized with, 1219

milkfat
effect of percent on Ca, Fe and Zn solubility in wheat cereal systems 

under simulated GI pH, 146

mineral
improving acid production in soy-based yogurt by adding cheese whey 

and salts, 999

mitochondria
activity and beef muscle color stability, 1476 

mixing
native and succinylated sunflower proteins use in bread baking, 992 - 

models/modeling
behavior of C botulinum spores in cooked turkey and lag phase and 

probability of toxigenesis, 373
blood fraction effects on antibotulinal efficacy of nitrite in beef sausage, 

1158
color development during frying: role of amino acids and sugars, 1711 
comparison for compressibility of breads and plastic foams, 756 
comparison of temporal perception of fruitiness in systems sweetened 

with aspartame, an aspartame + acesulfame K blend, or sucrose, 
823

control of S typhimurium, L monocytogenes and E coli on beef in spray 
chilling system, 191

fermentative bacteria in low salt cucumber juice brine, 462 
for evaluating turbidity in cloudy beverages, 747 
for produce respiration in modified atmosphere based on principles of 

enzyme kinetics, 1580
for strain-stress analysis of food undergoing heat and mass transfer, 

1438
freezing time for small finite cylindrical shaped foodstuff, 1072 
growth rate dispersion effects on lactose crystal size distributions from 

a continuous cooling crystallizer, 848 
nutritional evaluation with animals of cottage cheese fortified with 

calcium and guar gum, 692
parametric analysis for freezing of spheroidal or finitely cylindrical 

objects with volumetric changes, 543 
plasticizing effect of water on thermal behavior and crystallization of 

amorphous food, 38
retention and solubility of soy and corn germ proteins, 455 
temperature effect on binding of volatile flavor compounds to soy pro

tein, 802
thermal conductivity of gelatinized starches, 773 
thermal sterilization of conduction-heated foods in plastic cylindrical 

cans using convective boundary condition, 827 
water activity and temperature effects on browning of amino acids in 

squid, 665

moisture
aspartame degradation kinetics as affected by pH in intermediate and 

low foods, 17
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effect on functional properties, trypsin inhibitor and hemagglutinating 
activities of bean high starch fractions, 443 

effect on volatiles in peanuts, 579
equilibrium isotherm equations to represent sorption on starch, 1106 
in goat meat, 1191
sorption hysteresis in kudzu starch and sweet potato starch, 125 

molasses
production of citric acid from beet by A niger, 878 

mold
preservative and temperature effect on growth of Neosartorya flscheri 

measured by impedimetric method, 1735

molecular biology
Salmonella detection in meat and fish by membrane hybridization with 

chromogenic/phosphatase/biotin DNA probe, 1519

molecular weight
effect on glass transitions in carbohydrates, 1676 
isolation of low-taste peptides from cheese, 943
pectin influence on volatiles and sensory characteristics of strawberry 

jam, 1621

muscle
calcium and time postmortem effects on functional and textural char

acteristics of pork, 632
changes in titin and nebulin in beef revealed by gel electrophoresis, 

Western blotting and immunofluorescence microscopy, 607 
collagenase effect on thermal dénaturation of collagen, 1497 
determination of metmyoglobin reductase activity in bovine skeletal, 

1161
effect of pressure treatment on actomyosin ATPases from flying fish 

and sardine, 338
factors affecting catalysis of lipid oxidation by ferritin-containing ex

tract of beef, 356
heat-induced gelation of myosin from chicken at high ionic strength 

and low pH, 884
improvement of color and lipid stability in beef with dietary vitamin 

E and C dip treatment, 1489
influence of sodium, potassium and magnesium chloride on thermal 

properties of beef, 180
lactate dehydrogenase activity in beef as means of determining heating 

endpoint, 895
lithium chloride as preferred extractant of fish proteins, 315 
mitochondrial activity and beef color stability, 1476 
moisture, fat and cholesterol in goat meat, 1191 
postmortem changes in ATP, creatine phosphate and lactate in sar

dine, 151
properties of heat-induced gels from beef skeletal protein fraction, 1165 
protein extractability and thermally induced gelation properties of my

ofibrils from chicken, 210
role of light chains in heat-induced gelation of skeletal myosin, 855 
salt-induced, low-temperature setting of antarctic fish proteins, 251 
short thermal treatment effect on carp: mechanisms in rigor mortis 

acceleration by Arai treatment, 653 
thermal dénaturation in fish protein during gelling: effect of spawning 

condition, 281
thermal transitions of myosin from black marlin, 954 

mushroom
identification of tyrosinase in by IEF, 93 
muskmelon measuring maturity by delayed light emission, 981 
sugar content measurement in using water peak suppression in MR, 

1091

mutton
starter culture and time/temperature of storage influences on quality 

of sausage, 916

myofibril
protein extractability and thermally induced gelation properties of from 

chicken muscle, 210
short thermal treatment effect on carp: mechanisms in rigor mortis 

acceleration by Arai treatment, 653 
storage and bacterial contamination effects on proteins and shear force 

of beef, 903

myosin
heat-induced gelation of from chicken muscles a t high ionic strength 

and low pH, 884
role of light chains in heat-induced gelation of skeletal muscle, 855 
thermal transitions of from black marlin muscle, 954 
myrosinase microwave inactivation of in canola seeds, 1372

N

naringin
removal from grapefruit juice with naringinase, 31 

naringinase
limonin and naringin removal from grapefruit juice with, 31 

nebulin
changes in bovine muscle revealed by gel electrophoresis, Western 

blotting and immunofluorescence microscopy, 607

Neosartorya fisheri
preservative and temperature effect on growth of measured by impe

dimetric method, 1735
reduction of heat resistance by sulfur dioxide, 876 

niacin
retention in cowpeas affected by kanwa treatment, 592 

nitrate
analysis in meats: comparison of methods, 1123 

nitrite
blood fraction effects on antibotulinal efficacy of in beef sausage, 1158 
color and oxidative stability of -free cured meat after irradiation, 1450

nitrogen
effect of CPIC on constituents of potatoes, 532 
storage of oranges pretreated with in air, 469

nitrosothiazolidine (NTHZ)
2-(hydroxymethyl)-N-: HMNTCA conversion to during high-heat cook

ing, 913
in frankfurters containing pollock, 1108 

noodles
C botulinum growth and toxigenesis in shelf-stable, 264

nuclear magnetic resonance (NMR)
monitoring freeze-drying by: determination of sublimation endpoint, 

1707
quality evaluation of fish meat by 31P-, 660
water associated with whey protein investigated by, 1557

nucleotide
adenine degradation in chill-stored fresh fish, 1267 

nutrition
evaluation with animal model of cottage cheese fortified with calcium 

and guar gum, 692
isolation and structure of vitamin B6 conjugate in rice bran, 268 
of chickpea isolates, 726
of cookies based on wheat-rice-soybean flours baked in microwave oven, 

1699
of lipids in fish from temperate Australian waters, 1111 
of milk-sweet potato mixtures fermented with yogurt bacteria, 682 
production of fish protein hydrolysates with bacterial proteases, 309 
vitamin E constituents of weaning foods from germinated cereals and 

legumes, 270

o

oatmeal
rheological changes in suspensions during heat treatment, 1685 

odorants
evaluation in dill seed and herb by aroma extract dilution analysis, 6 

oil
ascorbyl palmitate efficacy in enhancing accelerated storage stability 

of canola, 1651
effect of constituent concentration on rheology of corn emulsions, 796 
effect of propylene glycol alginate and xanthan gum on stability of 

emulsions, 513
effect on chemical, physical and microbial stability of ground beef, 906 
factors affecting quality of fish mayonnaise, 1298 
Gerber test for in mozzarella cheese, 1115
hexanal formation via lipid oxidation as function of 0 2 concentration: 

measurement and kinetics, 816
interactions among components during adsorption: effects on caroten

oids and peroxides, 1648
microstructure of peanut cotyledons after cooking, 76 
microwave heating effects on stabilities of tocopherols in, 1042 
replacement of fat with plant in lean ground beef patties, 861 
tocopherol effects on chlorophyll photosensitized oxidation of soybean, 

807
turbidity of beverages with citrus clouding agent, 1024 

oleoresin
effects of rosemary on development of oxidative rancidity in chicken 

nuggets, 616
oxidative stability of beef processed with rosemary, 597 

orange
ascorbic acid retention in juice stored under simulated consumer home 

conditions, 867
calcium supplementation and processing effects on juice quality, 1369
changes during storage of alcoholic juice beverage, 475
finisher pulp as substrate for polygalacturonase oy R oryzae, 480
inactivation of pectinesterase in juice by supercritical C 02, 743
irradiation influence on yield and quality of juice, 1628
juice stabilization bv proteic inhibitor of pectin methylesterase, 1632
RO concentration of juice essence, 1027
storage of pretreated with N, C02 and acetaldehyde in air, 469 
supercritical C02 effects on quality of iuice, 1030 
viscosity reduction and reformation of structure in concentrate as af

fected by homogenization within taste evaporators, 1360
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osmosis
concentration of green beans prior to freezing, 1008

ovalbumin
structure revealed by monoclonal antibodies: epitopic changes during 

heat treatment, 224

ovens
feed-back temperature control system for microwaves using shielded 

thermocouple, 550

oxidation
cholesterol products in raw meat and chicken, 1194 
destructive effect of aspartame on ascorbic acid in Cu-catalyzed solu

tions, 14
effect of NaCl on activity of copper (II) in peroxidation of phospholipid 

liposomes, 571
effect of oleoresin rosemary, TBHQ and STPP on development of ran

cidity in chicken nuggets, 616
factors affecting catalysis of lipid by ferritin-containing extract of beef 

muscle, 356
inhibition of PC liposome by porcine plasma, 1038 
inhibition of rancidity in ground pork by carnosine, 1179 
measurement and kinetics of formation of hexanal via lipid, 816 
of ground beef affected by source and storage, 899 
plasma cholesterol products (oxysterols) in human subjects fed a meal 

rich in oxysterols, 843
processing ingredients affecting stability of beef roasts, 1480 
products from cholesterol in fast food french fried potatoes, 716 
stability of beef processed with oleoresin rosemary, TBHQ and STPP, 

597
stability of nitrite-free cured meat after irradiation, 1450 
stability of pork: effect of light and salt, 1182 
tocopherol effects on chlorophyll in soybean oil, 807

oxygen
effect of exposure to on quality of strawberries, 50 
measurement and kinetics of formation of hexanal via lipid oxidation 

as function of concentration of, 816

oxysterol
plasma cholesterol oxidation products in human subjects fed a meal 

rich in, 843

oysters
effect of heat processing on quality of, 1292

P

packaging
STP and SAsMP as inhibitors of off-flavor development in turkey, 1529 
aroma sorption evaluation of aseptic, 1051 
can material influence on performance of rotating cookers, 1718 
chemical and microbiological analysis of vacuum-packed imitation crab, 

164
effect on color and physical characteristics of ground pork in frozen 

storage, 363
effect on microbiological quality of dried herbs, 873 
effect on physical/sensory characteristics of pork in frozen storage, 627 
effect on quality of freeze-dried strawberries, 1388 
heat processing of high- and low-acid foods in semirigid containers, 

1714
internal pressure profile in semi-rigid during thermal processing, 831 
microbial characteristics of restructured beef, 1136 
quality enhancement of chum salmon in retort pouches, 1282 
storage potential of tomatoes harvested a t breaker stage using modi

fied atmosphere, 55
thermal processes for metal cans compared to retortable plastic con

tainers, 835

palatability
aging effects on beef from three quality grades, 601 
paleness characterization of increase in of milk-fed veal during refrig

erated storage, 1455

palm
replacement of fat with oil in lean ground beef patties, 861 

palmitate
efficacy in enhancing accelerated storage stability of canola oil, 1651 

papaya
ripeness and tissue depth effects on heat inactivation of ethylene-form

ing enzyme, 996

paralytic shellfish poison
thermal degradation of, 1572

particle residence time
scraped surface heat exchanger orientation influence on distributions, 

1446

particle size
DDGS: effects on volume and acceptability of baked potatoes, 1323 
effects on diffuse reflectance of sucrose-caramel admixture, 1117 
preblending hot- and cold-boned pork at different, 1511

pasta
color influenced by wheat type and additives, 488 

pasteurization
effect of heat processing on quality of oysters, 1292
heating characteristics of milk constituents in microwave system, 931

peaches
fruit content influence on gel strength of jam, 1384 
vacuum infusion of citrus pectinmethylesterase and calcium effects on 

firmness of, 739

peanut
characterization of irradiated kernels stored under ambient and frozen 

conditions, 1375
extraction of proteins with water by RSM, 1660 
functional and sensory properties of salad dressing containing fer

mented milk, 1664
mechanical properties and chemical composition affected by harvest 

date and maturity, 1378
microstructure of cotyledons after oil cooking, 76 
moisture/size, relation to freeze damage and effect of drying tempera

ture on volatiles, 579
replacement of fat with oil in lean ground beef patties, 861 

pectin
concentration, molecular weight and degree of esterification: influence 

on volatile composition and sensory characteristics of strawberry 
jam, 1621

conformation of citrus using small amplitude oscillatory rheometry, 
1365

galacturonate from fruits and vegetablesxomparison of HPLC with 
amperometric detection to colorimetry, 423 

orange juice stabilization by proteic inhibitor of methylesterase, 1632

pectinesterase
inactivation in orange juice by supercritical C02, 743 
supercritical C02 effects on quality of orange juice, 1030

pectinmethylesterase
vacuum infusion of: effects on firmness of peaches, 739

Pediococcus pentosauceus
pork use m fermented meat spreads, 1185

peeling
bisulfite alternatives in processing potatoes, 257
control of carrot surface discoloration caused by abrasion, 416

peptides
isolation of low-MW from cheese, 943 

peptidoglutaminase
ultrafiltration for recovery and reuse of in protein deamidation, 1731 

perch
Ocean (Sebastes marinus): variability of salt absorption by brine dipped 

fillets, 648
preprocessing ice storage effects on functional properties of mince pro

tein, 965

permeability
of sorbic acid and potassium sorbate in edible methylcellulose-palmitic 

acid film: water activity and pH effects, 497

peroxidase
bioindicator fcr evaluation of thermal processes, 567 
horseradish: thermostability of, 574
inactivation and regeneration of activity in vegetable extracts treated 

with antioxidants, 68 
thermal inactivation of asparagus, 47

peroxidation
effect of NaCl on pro-oxidant activity of copper (H) in phospholipid 

liposomes, 571

peroxide
interactions among oil components during adsorption: effects on, 1648 

persimmon
nondestructive evaluation of maturity by delayed light emission, 985 
sugar and nonvolatile acid composition of during maturation, 989 
volatile compounds from mesocarp of, 262

acid requirement for modification of processed foods, 973 
aspartame degradation kinetics as affected by in food systems, 17 
effect of Zn concentration, Ca source, percent milkfat and homogeni

zation on Ca, Fe and Zn solubility in wheat cereal systems under 
simulated. 146

effect on calcium inhibition of softening of cucumber, 730 
effect on composition and microstructure of yolk granules, 1532 
effect on sorbic acid and potassium sorbate permeability of edible meth

ylcellulose-palmitic acid film, 497 
effect on thermal behavior of whey proteins, 1119 
effect on thermal transition temperature of collagen, 1203 
effect on heat resistance of bacterial spores, 821 
elevating Bacillus which cause noneffervescent spoilage of tomatoes, 
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extrusion texturization of acid and alkali soy proteins, 1002 
heat-induced gelation of myosin from chicken muscle at low, 884 
kinetic study of aspartame degradation in neutral range, 1671 
mercaptoethanol, N-ethylmaleimide, propylene glycol and urea effects 

on rheology of -lactoglobulin gels at alkaline, 1338 
of meat as influenced by home freezer failure, 1508

phase transition
analysis and computer simulation of starch-water interactions during, 

121
of amorphous sucrose and frozen sucrose solutions, 266 

phenol
acid contribution to taste of corn germ protein flour products, 1308 
determination of iron binding groups in foods, 128 
volatile compounds in aged Italian cheese flavors, 1241

phenoloxidase
activity from Florida spiny and Western Australian lobster, 154 

phenylalanine
enzymatic production of low-product from skim milk powder and cas

einate, 938

phosphatase
Salmonella detection in meat and fish by membrane hybridization with 

DNA probe, 1519

phosphatidylcholine (PC)
inhibition of liposome oxidation by porcine plasma, 1038 

phospholipid
effect of NaCl on pro-oxidant activity of copper (II) in liposomes, 571 

phosvitin
conditions affecting emulsifying properties of egg yolk, 1259 

photo-sensor
methodology for determining residence time distributions of particles 

in thermal processing systems, 1076

photosensitization
tocopherol effects on chlorophyll oxidation of soybean oil, 807 

phytase
phytate hydrolysis by in cereals: effects on estimation of iron availa

bility, 1330

phytate
hydrolysis by phytase in cereals: effects on estimation of iron availa

bility, 1330

pickles
fermentative bacteria in model low salt cucumber juice brine, 462 

pigment
anthocyanin in skin of lychee fruit, 466 
encapsulation of pre-formed cooked cured-meat, 1500 
extraction from mechanically separated seal meat, 1295 
extraction of annatto seed by supercritical carbon dioxide, 1655 
heat stability of sunflower hull anthocyanin, 553 
stability improvement in beef by ascorbic acid application, 857 
supercritical carbon dioxide extraction of annatto, 80 
synthesis of cured-meat, 1205
vitamins E and C improve stability in ground beef, 194 

plasma
effect of ionizing radiation on sterility and functional qualities of de

hydrated blood, 168
inhibition of PC liposome oxidation by porcine, 1038 

plastic
comparison of models for compressibility of foams, 756 
thermal processes for metal cans compared to retortable containers, 

835
thermal sterilization of conduction-heated foods in cylindrical cans using 

convective boundary conditions, 827

plasticizing
effect of water on thermal behavior and crystallization of amorphous 

food models, 38

poison
thermal degradation of paralytic shellfish, 1572 

polarography
application for assessment of fish freshness, 335 

pollock
NTHZ and NTHZC in frankfurters containing, 1108 

polyethylene
absorption of citrus flavor volatiles by low density, 35 
sorption of flavor compounds by low density film, 1421

polygalacturonase
orange finisher pulp as substrate for production by R oiyzae, 480

polygalacturonate
production of glucosidase and galactosidase during fungal growth on, 

1749

polyphosphate
influence of soak and cooking on yield and quality of crab, 657 

polysaccharide
nonstarch fractions of carrots, 1593 

pork
as source of Zn and effect of added cysteine on Zn bioavailability, 1505 
assessment of Na lactate addition to sausage, 220 
calcium and time postmortem effects on functional and textural char

acteristics of, 632
composition, cooking loss, color and compression of with corn germ 

meals, 216
effect of packaging on color and physical characteristics of ground in 

frozen storage, 363
effect of packaging on physical/sensory characteristics in frozen stor

age, 627
freezing effects on quality, bacteriology and retail-case life of, 891 
grinding time and pressure developed in: effect of temperature and fat, 

1171
inhibition of PC liposome oxidation by plasma, 1038 
inhibition of oxidative rancidity in ground by carnosine, 1179 
isolation of Yersinia enterocolitica from, 1524 
oxidative stability of: effect of light and salt, 1182 
preblending hot- and cold-boned at different particle sizes, 1511 
processing characteristics as influenced by pST administration to 

growing finishing swine, 859
sodium lactate effects on shelf-life, sensory, and physical characteris

tics of sausage, 1176 
use in fermented meat spreads, 1185 
volatile alkylphenols and thiophenol in, 1197

potassium chloride
influence on thermal properties of beef muscle, 180 

potassium sorbate
permeability of edible methylcellulose-palmitic acid film: water activ

ity and pH effects, 497

potatoes
bisulfite alternatives in processing abrasion-peeled, 257 
color development in model system during frying: role of amino acids 

and sugars, 1711
DDGS: particle size effects on volume and acceptability of baked, 1323 
effect of CPIC on nitrogenous constituents of, 532 
quantification of 5a-cholestane-3(3,5,6p-triol and other cholesterol ox

idation in fast food french fries, 716 
sweet: chemical, physical and sensory stabilities of, 710; moisture sorp

tion hysteresis in starch, 125; production and evaluation of -milk 
mixtures fermented with yogurt bacteria, 685; proximate, nutri
tional and microbiological analyses of -milk mixtures fermented 
with yogurt bacteria, 682; volatiles and sugars of cultivars of, 714 

thermal conductivity of between 50 and 100°C, 586

pouches
quality enhancement of chum salmon in retort, 1282 

powder
lipid extraction of egg yolk: effects on emulsifying properties and pro

tein fraction, 1255
sodium caseinate from skim milk by extrusion processing: physico

chemical and functional properties, 1552

preference
alternative hedonic measures, 1 

preservative
effect on growth of Neosartorya fischeri measured by impedimetric 

method, 1735

pressure
developed in beef and pork: effect of temperature and fat, 1171 
effect of treatment on actomyosin ATPases from flying fish and sardine 

muscles, 338
internal profile in semi-rigid food packages during thermal processing 

in steam/air, 831
response of L monocytogenes and V parahaemolyticus to high hydro

static, 1404

probability
of toxigenesis of C botulinum in cooked turkey, 373 

processing
acid requirement for pH modification of foods, 973 
bisulfite alternatives in abrasion-peeled potatoes, 257 
characteristics of pork as influenced by pST administration to growing 

finishing swine, 859
chlorophyll stability during aseptic, 1059
effect of extrusion conditions on sensory properties of corn meal extru- 

dates, 84
effect of steam/air mixtures on convection heating product in steritort, 

27
effect on orange juice quality, 1369
effect on particle residence time in vertical scraped surface heat ex

changer, 869
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effect on quality of freeze-dried strawberries, 1388 
effect on quality of oysters, 1292
enzyme inactivation improves stability of self-rising corn meals, 494 
ESR for monitoring radiated meats containing bone, 1104 
ethylene absorbent to maintain quality of fruits and vegetables, 1589 
ice storage effects on functional properties of fish mince protein, 965 
ingredients affecting oxidative and textural stability of beef roasts, 

1480
juice extraction influence on juice properties, 1614 
microbial flora and storage quality of lettuce, 459 
microbiological evaluation of Alaska shore-based surimi production, 

291
microorganisms isolated from surimi operations, 299 
microorganisms on commercial finfish, 1279 
of high- and low-acid foods in semirigid containers, 1714 
of legume: effects on dietary fiber, 1350
optimization of extrusion cooking for chickpea flour by RSM, 1695 
phase transitions of amorphous sucrose and frozen sucrose solutions, 

266
sodium caseinate from skim milk powder by extrusion: physicochem

ical and functional properties, 1552 
thermal: denaturation in fish muscle proteins during gelling: effect of 

spawning condition, 281; for metal cans compared to retortable 
plastic containers, 835; immobilized peroxidase as bioindicator of, 
567; inactivation kinetics of food-borne yeasts, 6; internal pressure 
profile in semi-rigid food packages during, 831; lethality variability 
in conduction-heated foods, 1424; of cowpea slurries, 1302; photo
sensor methodology for determining residence time distributions 
of particles in, 1076; sterilization of conduction-heated foods in plastic 
cylindrical cans using convective boundary condition, 827; texture 
of raw and canned jicama and Chinese water chestnut, 977

produce
model for respiration in modified atmosphere based on principles of 

enzyme kinetics, 1580

propanediol, 3-chloro-l,2-
derived amino alcohol protein hydrolysates, 136 
derived amino acids in protein hydrolysates, 139

propylene glycol
effect of alginate on stability of O/W emulsions, 513
effect on rheology of B-lactoglobulin gels a t alkaline pH, 1338

protease
production of fish protein hydrolysates with: yield and nutritional value, 

309
purification and characterization from digestive tract of grass shrimp, 

322

proteic inhibitor
orange juice stabilization by, 1632

protein
aggregation and dissociation of milk complexes in heated reconstituted 

concentrated skim milks, 238
changes in gelling behavior of whey isolate during storage, 782 
changes in size and composition of aggregates on heating skim milk, 

671
chickpea isolates: physicochemical, functional and nutritional char

acterization, 726
3-chloro-l,2-propanediol derived amino acids in hydrolysates, 139 
3-chloro-l,2-propanediol derived amino alcohol in hydrolysates, 136 
coalescence index of stabilized emulsions, 792
digestibility of dehydrated protein extract from poultry bone residue, 

1751
DSC studies of meat alginate mixtures, 175 
effect of anions on deamidation of soy, 452 
effect of lipid extraction of egg yolk powder on, 1255 
effect of pH and calcium on thermal behavior of whey, 1119 
emulsifying capacity and emulsion stability of milk and corn germ 

flour, 1216
evaluation of SDS-PAGE for estimating digestibility, 1082 
extractabiliW of myofibrils from chicken muscle, 210 
extraction of peanut with water by RSM, 1660
extrudates from starch fractions of navy and pinto beans and com meal 

blended with legume fractions, 431 
extrusion texturization of acid and alkali soy, 1002 
factors influencing whey gel rheology: dialysis and calcium chelation, 

789
high temperature extrusion effects on solubility and distribution in 

navy and pinto beans, 1013
impact of soy isolates on rancidity development in cooked, refrigerated 

beef system, 188
improving acid production in soy-based yogurt by adding cheese whey 

and mineral salts, 999
influence of starch granule-associated on cooked rice stickiness, 1327 
kinetics of liquid drainage from stabilized foams, 24 
lithium chloride as preferred extractant of fish muscle, 315 
membrane reactor for deamidation of food, 1725 
native and succinylated sunflower use in bread baking, 992 
phenolic acid contribution to taste of com germ flour products, 1308 
prediction of emulsion instability from composition and physicochem

ical properties of, 116
preprocessing ice storage effects on functional properties of fish mince, 

965
production of fish hydrolysates with bacterial proteases: yield and nu

tritional value, 309
properties of heat-induced gels from beef skeletal, heart, lung and spleen, 

1165

relationship of absorptive and interfacial behavior of to emulsifying 
properties, 253

relationship cf solubility of whey concentrates to thermal properties 
determined by DSC, 1448

retention and solubility of soy and com germ in model systems, 455 
salt effects on stability of whey isolate foams, 588 
salt-induced, low-temperature setting of antarctic fish muscle, 251 
SDS and sulfite improve properties of soy concentrates, 113 
soy effects on chemical, physical and microbial stability of ground beef, 

906
storage and bacterial contamination effects on myofibrils of beef, 903 
supplementation effects on extruded commeal snack quality, 760 
temperature effect on binding of volatile flavor compounds to soy in 

model systems, 802
tepaiy bean flour, albumin and globulin fractions compared with soy 

isolate, 1316
thermal denaturation in fish muscle during gelling: effect of spawning 

condition, 281
ultrafiltration for recovery and reuse of peptidoglutaminase in deam

idation of, 1731
water associated with whey investigated by NMR, 1557

Pseudomonas stutzeri
maltotetraose production using amylase in membrane recycle bioreac

tor, 1019

puffing
effects on functional properties of Amaranthus paniculatas seed flour, 

1121

purification
of proteases from digestive tract of grass shrimp, 322

Q

quality
calcium sulfate concentration influence on tofu, 1604
calcium supplementation and processing effects on orange juice, 1369
chitosan coating effect on strawberries, 1618
effect of exposure to oxygen and carbon dioxide on strawberries, 50 
effect of heat processing on oysters, 1292 
effect of ionizing radiation on dehydrated blood plasma, 168 
effect of preparation procedures and storage parameters on salad-cut 

lettuce, 60
enhancement of chum salmon in retort pouches, 1282
estimation of cod fillets with disc flotation, 958
ethylene absorbent to maintain processed fruits and vegetables, 1589
evaluation of fish meat by NMR, 660
factors affecting fish oil mayonnaise, 1298
fat content effects on chicken patties, 1527
freezing effects on pork, 891
hot-fat trimming and electrical stimulation effects on beef, 1484 
influence of feeding regimen on beef, 1102 
influence of polyphosphate soak and cooking on crab, 657 
irradiation influence on fruit juice, 1628
of brown rice as influenced by irradiation, variety and storage, 96 
of chymosin extracts obtained by ultrasound treatment, 406 
of processed lettuce, 459
of tofu affected by soybean and soymilk characteristics: glucono-delta- 

lactone coagulant, 109
packaging and storage effects on dried herbs, 873 
processing, packaging, and storage effects on freeze-dried strawberries, 

1388
protein and fiber supplementation effects on extruded commeal snack, 

760
rigor condition, tumbling and salt level influence on characteristics of 

ham, 1514
starter culture and time/temperature of storage influences on fer

mented mutton sausage, 916 
supercritical C02 effects on orange juice, 1030
texture of meat patties: correlation of instrumental and sensory a ttri

butes, 1465

R

radiation
effect on sterility and functional cualities of dehydrated blood plasma, 

168
ESR for monitoring processed meats containing bone, 110 

rancidity
effect of oleoresin rosemary, TBHQ and STPP on development in chicken 

nuggets, 616
impact of soy protein isolates on development in cooked, refrigerated 

beef system, 188
inhibition of cxidation in ground pork by carnosine, 1179
of milk: relationship of acid degree value, free fatty acids, and sensory 

perception, 394

reductase
determination of metmyoglobin activity in bovine skeletal muscle, 1161 

reflectance
particle size effects on sucrose-caramel admixture, 1117
profiles of milk-clotting enzyme preparations, 411
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residence time
distribution: of fluid and particles in turbulent flow, 255 
photo-sensor methodology for determining distribution of particles in 

thermal processing, 1076
process parameter effects on in vertical scraped surface heat exchan

ger, 869

resistance
effect of pH and NaCl on bacterial spores, 821 
reduction of N flsheri by sulfur dioxide, 876

respiration
model for produce in modified atmosphere based on enzyme kinetics, 

1580

response surface methodology (RSM)
extraction of peanut proteins with water by, 1660 
in development of rice flour yeast breads: sensory evaluation, 751 
optimization of extrusion cooking process for chickpea flour by, 1695

retailing
assessment of Na lactate addition to fresh pork sausage, 220 

retort
auality enhancement of chum salmon in pouches, 1282
thermal processes for metal cans compared to plastic containers, 835

rétrogradation
of rice starches studied by DSC and influence of sugars, NaCl and 

lipids, 564

reverse osmosis (RO)
concentration of orange juice essence, 1027 
in apple juice concentration, 484

rheology
axial compression properties of kamaboko, 1287 
changes in oatmeal suspensions during heat treatment, 1685 
effect of added lactobacilli on composition and texture of cheddar cheese 

during maturation. 696
effect of constituent concentration on corn oil-in-water emulsions, 796 
effect of propylene glycol alginate and xanthan gum on stability of 0 / 

W emulsions, 513
emulsified milkfat effects on acid-induced milk gels, 920 
factors influencing whey protein gel: dialysis and calcium chelation, 

789
gel-forming characteristics and properties of kefiran, 1017 
mercaptoethanol, N-ethylmaleimide, propylene glycol and urea effects 

on B-lactoglobulin gels, 1338
of heat-induced gels from egg albumen subjected to freeze-thaw, 764 
of sol-gel thermal transition in cowpea flour and starch slurry, 1744 
of wiener-type products substituted with wheat gluten, 228

rheometry
conformation of citrus pectin using small amplitude oscillatory, 1365 

Rhizopus
oryzae: orange finisher pulp as substrate for polygalacturonase by, 480 
stolonifer: headspace gas composition and cnitin content as measure 

of growth of, 274

riboflavin
retention in cowpeas affected by kanwa treatment, 592 

rice
cooking quality influenced by irradiation, variety and storage, 96 
influence of starch granule-associated protein on stickiness, 1327 
isolation and structure of vitamin B6 coryugate in bran, 268 
properties of ground beef mixtures, 1154
rétrogradation of starches studied by DSC and influence of sugar, NaCl 

and lipid, 564
RSM in development of flour yeast breads: sensory evaluation, 751 
sensory and nutritional properties based on flour baked in microwave, 

1699

rigor
influence on physical, chemical and quality characteristics of ham, 

1514
mortis: short thermal treatment effect on carp: mechanisms in accel

eration of by Arai treatment, 653

ripeness
effects on heat inactivation of papaya ethylene-forming enzyme, 996 
ripening heat-shocked lactobacilli for acceleration of cheddar cheese, 

948

rockfish
antioxidants to preserve color, 1564 

rosemary
effects of oleoresin on development of oxidative rancidity in chicken 

nuggets, 616
oxidative stability of beef processed with, 597 

RSM
emulsifying capacity and emulsion stability of milk proteins and corn 

germ protem flour, 1216

s
salad dressing

effect of propylene glycol alginate and xanthan gum on stability of 0/ 
W emulsions, 513; functional and sensory properties of containing 
fermented peanut milk, 1664

salmon (Oncorhynchus keta)
influence of maturity on volatile aroma compounds from, 1576; static 

headspace GC method for volatiles in canned, 1271; quality en
hancement in retort pouches, 1282

Salmonella
detection in meat and fish by membrane hybridization with DNA probe, 

1519
enteritidis: thermal resistance of egg-associated epidemic strains of, 

391
typhimurium: control on beef in model spray chilling system, 191; heat 

resistance in sucrose solutions, 1741

salt
effect on TBA numbers in ground beef, 172 
effect on oxidative stability of pork, 1182 
effects on stability of whey protein isolate foams, 588 
fermentative bacteria in cucumber juice brine, 462 
improving acid production in soy-based yogurt by adding cheese whey 

proteins ana mineral, 999
induced, low-temperature setting of antarctic fish muscle proteins, 251 
influence on characteristics of cheese analogs from calcium caseinate, 

1542
influence on physical, chemical and quality characteristics of ham, 

1514
variability of absorption by brine dipped fillets of cod, flounder and 

perch, 648

salting
NaCl concentration in cheese for different volume ratios of brine and 

solid during, 1548

sarcoplasmic reticulum
short thermal treatment effect on carp: mechanisms in rigor mortis 

acceleration by Arai treatment, 653

sardine
effect of pressure treatment on actomyosin ATPases from muscle, 338 
postmortem changes in ATP, creatine phosphate and lactate in muscle, 

151

sauce, spaghetti
iron in: effect of continued use of iron cookware, 584

sausage
assessment of Na lactate addition to pork, 220
blood fraction effects on antibotulinal efficacy of nitrite in beef, 1158 
evaluation of partially defatted chopped beef in fermented beef snack, 

348
objective/subjective assessment of Australian, 636 
sodium lactate effects on shelf-life, sensory, and physical characteris

tics of pork, 1176
starter culture and time/temperature of storage influences on quality 

of fermented mutton, 916

Schizosaccharomyces pombe
alginate and carrageenan immobilization effects on activity and sta

bility, 1095

seafood
adenine nucleotide degradation in chill-stored fresh fish, 1267 
analysis of biogenic amines in canned fish by HPLC, 158 
analysis of volatile flavor components in steamed clam by dynamic 

headspace sampling and simultaneous distillation and extraction, 
327

antioxidants to preserve rockfish color, 1564 
applications of polarography for assessment of fish freshness, 335 
axial compression properties of kamaboko, 1287 
bacterial spoilage profiles to identify irradiated fish, 332 
characterization of squid using freshness indicators, 161 
chemical and microbiological analysis of vacuum-packed, pasteurized 

flaked imitation crabmeat, 164 
color stability of trout fillets during frozen storage, 969 
determination of optimal level of lactitol for surimi, 285 
effect of heat processing on quality of oysters, 1292 
effect of pressure treatment on actomyosin ATPases from flying fish 

and sardine muscles, 338
effect of washing on texture and microstructure of frozen fish mince, 

294
estimation of bacterial quality of cod fillets with disc flotation method, 

958
extraction and quantification of tocopherol in catfish, 1113 
factors affecting separation of low-fat flesh from fatty fish by cryo- 

shattering, 1567
heat resistance of C botulinum in menhaden surimi, 1562 
influence of maturity on volatile aroma compounds from salmon, 1576 
influence of polyphosphate soak and cooking on yield and quality of 

crab, 657
instrument for nondestructive texture measurement of raw cod fillets, 

962
isolation and characterization of antioxidant from shrimp, 143
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lithium  chloride as preferred ex tractant of fish muscle proteins, 315 
microbiological evaluation of A laska shore-based surim i production, 

291
microorganisms isolated from surim i processing operations, 299 
microorganisms on commercially processed finfish, 1279 
N-nitrosothiazolidine and carboxylic acid in frankfurters containing 

pollock, 1108
nutritional evaluation of lipids in fish from temperate Australian waters, 

1 1 1 1
phenoloxidase activity from Florida spiny and W estern A ustralian 

lobster, 154 postmortem changes in ATP, creatine phosphate and 
lactate in sardine muscle, 151

postmortem changes in chilled round, bled and dressed albacore, 318 
preprocessing ice storage effects on functional properties of fish mince 

protein, 965
production of fish protein hydrolysates w ith bacterial proteases: yield 

and nutritional value, 309
purification and characterization of proteases from digestive trac t of

Jrass shrimp, 322
ty enhancement of chum salmon in re to rt pouches, 1282 

quality evaluation of fish m eat by NMR, 660
Salmonella detection in by mem brane hybridization w ith DNA probe, 

1519
salt-induced, low-tem perature setting  of antarctic fish muscle proteins, 

251
semiconductive trim ethylam ine gas sensor for detecting fish freshness, 

1275
short therm al treatm ent effect on carp myofibril and SR: mechanisms 

in rigor mortis acceleration by A rai treatm ent, 653 
static headspace GC method for volatiles in canned salmon, 1271 
therm al conductivity of fresh and dried squid m eat by line source th er

m al conductivity probe, 582 
therm al degradation of paralytic shellfish poison, 1572 
therm al denaturation in fish muscle proteins during gelling: effect of 

spawning condition, 281
therm al properties of surim i analyzed by DSC, 302 
therm al transitions of myosin from black m arlin  muscle, 954 
variability  of sa lt absorption by brine dipped fillets of cod, flounder 

and perch, 648
w ater activity and tem perature effects on browning of amino acids in 

squid and model system, 665
w ater binding and ingredient dispersion pattern  effects on surim i gel 

texture, 1263

seal
lipid and pigm ent extraction from mechanically separated meat, 1295 

sensor
trim ethylam ine gas for detecting fish freshness, 1275 

sensory evaluation
acceleration of tenderization/inhibition of warmed-over flavor by CaCl2 

antioxidant infusion into lam b carcasses, 359 
alternative hedonic measures, 1 ascorbyl palm itate efficacy in en

hancing accelerated storage stability  of canola oil, 1651 
assessment of m eat patties, 1470
bacteria and volatile compounds associated w ith ground beef spoilage, 

1147
bisulfite alternatives in processing abrasion-peeled russet burbank po

tatoes, 257
breadfruit chips: preparation, stability  and acceptability, 1608 
calcium supplementation and processing effects on orange juice qual

ity, 1369
changes in um am i tas te  of inosine 5’-monophosphate solution after 

heating, 1429
chemical and microbiological analysis of vacuum-packed, pasteurized 

flaked im itation crabm eat, 164
color and oxidative stability  of nitrite-free cured m eat after irradiation, 

1450
comparison of tem poral perception of fruitiness in model systems 

sweetened w ith aspartam e, an aspartam e + acesulfame K blend, 
or sucrose, 823

control of processed carrot surface discoloration caused by abrasion 
peeling, 416

DDG with solubles: particle size effects on volume and acceptability of 
baked potatoes, 1323

dry and wet aging effects on palatability  attribu tes of beef from three 
quality grades, 601

effect of added lactobacilli on composition and texture of cheddar cheese 
during m aturation, 696

effect of exposure to oxygen and carbon dioxide on quality  attribu tes 
of strawberries, 50

effect of extrusion conditions of corn meal extrudates on, 84 
effect of ferm entation of yam s on characteristics of processed flour, 272 
effect of heat processing on quality  of oysters, 1292 
effect of oleoresin rosemary, TBHQ and STPP on development of oxi

dative rancidity in chicken nuggets, 616 
effect of packaging on pork in  frozen storage, 627 
factors affecting quality  of fish oil mayonnaise, 1298 
fat content effects on yield, quality  and microbiological characteristics 

of chicken patties, 1527
flavor and oxidative stability  of ground beef affected by source and 

storage, 899
hot-fat trimming and electrical stimulation effects on beef quality, 1484 
influence of feeding regim en on beef, 1102
influence of polyphosphate soak and cooking on yield and quality  of 

crab, 657
inhibition of oxidative rancidity in  ground pork by camosine, 1179 
inhibition of warmed-over flavor development by cations, 1055 
isolation of low-MW taste  peptides from cheese, 943

juice extraction process and apple cultiver influence on juice proper
ties, 1614

modification of fru it flavors by aspartam e and sucrose, 1668 
m ultiple standards to define characteristics for descriptive analysis: 

aspects of concept formation, 838
objective/subjective assessment of A ustralian sausage, 636 of beef steaks 

made w ith binders, 1457 
of beef treated  w ith N a lactate, 1141
of cookies based on wheat-rice-soybean flours baked in microwave oven, 

1699
of partia lly  defatted chopped beef in ferm ented beef snack sausage, 348 
of salad dressing containing fermented peanut milk, 1664 
of sodium tripolyphosphate in cooked ground turkey patties, 206 
of sweet potatoes, 710 
of wild rice/greund beef m ixtures, 1154 
osmotic concentration of green beans prior to freezing, 1008 
oxidative stability of beef steaks processed w ith oleoresin rosemary, 

TBHQ and STPP, 597
pectin concentration, molecular weight and degree of esterification: 

influence on straw berry jam , 1621
perceived taste  intensity  and duration of nutritive and non-nutritive 

sweeteners in  w ater using T-I evaluations, 535 
phenolic acid contribution to taste  of corn germ protein flour products, 

1308
precooking method affects warmed-over flavor of broiler breast patties, 

881
predictors of beef tenderness, 1130
protein and fiber supplementation effects on extruded cornmeal snack 

quality, 760
quality enhancement of chum salmon in retort pouches, 1282 
rancid flavor of milk: relationship of acid degree value, free fatty  acids 

and, 394
replacem ent of fat w ith p lan t oil in lean ground beef patties, 861 
reverse osmosis and flavor retention in apple juice concentration, 484 
RSM in development of rice flour yeast breads, 751 
sodium lactate: effect on beef, 621; effect on pork sausage, 1176 
sorption of flavor compounds by low density polyethylene film, 1421 
soy protein and oil effects on chemical, physical and microbial stability  

of ground beef, 906
stability  of aspartam e in fru it preparations used in yogurt, 689 
sta rter culture and tim e/tem perature of storage influences on quality 

of fermented m utton sausage, 916
storage of oranges pretreated  w ith N, C 0 2 and acetaldehyde in air, 469 
STP and SAsMP as inhibitors of off-flavor development in turkey, 1529 
supercritical C 0 2 effects on quality of orange juice, 1030 
tenderizing, aging and thaw ing effects on beef, 1125 
tex tural quality  of m eat patties: correlation of instrum ental and sen

sory attributes, 1465
volatiles: alkylphenols and thiophenol in species-related characteriz

ing flavors of red m eats, 1197; branched-chain fatty  acids and phe
nolic compounds in aged Ita lian  cheese flavors, 1241; compounds 
in straw berry jam: influence of cooking on volatiles, 1393

shear
analysis of during co-rotating twin-screw extrusion, 518 
force: storage and bacterial contam ination effects on beef, 903 
texture of cherries using compression and stone removal forces, 260

sheep
volatile alkylphenols and thiophenol in, 1197 

shellfish
therm al degradation of paralytic poison, 1572 

shrimp
Pandalus jordanhisolation and characterization of antioxidant from, 

143
Penaeus monodon: purification and characterization of proteases from 

digestive trac t of, 322

skin
anthocyanin pigments in lychee fruit, 466
microbial effects of ultrasonication of broiler drum stick, 247

slurry
rheology of sol-gel therm al transition in cowpea flour and starch, 1744 

smoking
HMNTCA in m eats and bacon and conversion to 2-(hydroxymethyl)- 

N-nitrosothiazolidine during high-heat cooking, 913

snack foods
protein and fiber supplementation effects on extruded cornmeal qual

ity, 760

soak
influence of polyphosphate on yield and quality  of crab, 657 

sodium
ascorbate monophosphate (SAsMP): as inhibitor of off-flavor develop

m ent in turkey, 1529
caseinate: from skim m ilk powder by extrusion processing: physico

chemical and functional properties, 1552 
chloride: concentration in cheese for different volume ratios of brine 

and solid during  salting, 1548; effect on prooxidant activity of cop
per (II) in peroxidation of phospholipid liposomes, 571; effects on 
heat resistance of bacterial spores, 821; influence on rétrogradation 
of rice starches, 564; influence on therm al properties of beef muscle, 
180
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dodecyl sulfate (SDS): improves properties of soy protein concentrates, 
113

lactate: assessm ent of addition to fresh pork sausage, 220; effect on 
microbial and chemical composition of cooked beef during  storage, 
341; effect on shelf-life, sensory, and physical characteristics of pork 
sausage, 1176; sensory comparisons of beef treated  with, 1141 

microwave digestion of food for analysis by atomic absorption spectro
metry, 1412

tripolyphosphate (STP): as inhibitor of off-flavor development in tu r 
key, 1529; sensory detection and population thresholds in  cooked 
ground turkey, 206

softening
pH effect on calcium inhibition of cucumber, 730

solubility
effect of Zn concentration, Ca source, percent m ilkfat and homogeni

zation on Ca, Fe and Zn in  w heat cereal systems under sim ulated 
GI pH, 146

high tem perature extrusion effects on protein distribution in navy and 
pinto beans, 1013 

of casein and caseinates, 556 
of soy and corn germ proteins in model systems, 455 
relationship of whey protein concentrates to therm al properties deter

mined by DSC, 1448

solvent
fractionation of water-soluble and insoluble components from egg yolk 

w ith m inim um  use of organic, 1537

som atotropin, porcine (pST)
processing characteristics of pork as influenced by adm inistration to 

growing finishing swine, 859

sorbate
determ ination in raw  beef, 863
sorption arom a evaluation of aseptic packaging, 1051 
equilibrium  isotherm equations to represent on starch, 1106 
hysteresis in kudzu starch and sweet potato starch, 125 
of flavor compounds by low density polyethylene film, 1421 
of gliadin, 510
of volatile compounds in solution by ethylene-vinyl alcohol copolymer 

films, 500

soybean
acid production in -based yogurt by adding cheese whey proteins and 

m ineral salts, 999
calcium sulfate concentration influence on yield and quality  of tofu, 

1604
effect of anions on deamidation of protein, 452 
evaluation of SDS-PAGE for estim ating protein digestibility, 1082 
extrusion cooking in  presence of amylase, 99 
extrusion texturization of acid and alkali proteins, 1002 
impact of protein isolates on rancidity development in cooked, refrig

erated beef system, 188 
inhibition of gas production in tofu, 1600 
lipoxygenase as blanching index for frozen, 448 
mem brane reactor for enzymic deamidation of food proteins, 1725 
protein effects on chemical, physical and microbial stability  of ground 

beef, 906
replacem ent of fat w ith oil in lean ground beef patties, 861 
retention and solubility of proteins in model systems, 455 
SDS and sulfite improve properties of protein concentrates, 113 
sensory and nutritional properties based on flour baked in microwave, 

1699
tem perature effect on binding of volatile flavor compounds to protein 

in model systems, 802
tepary bean flour, album in and globulin fractions compared w ith pro

tein  isolate, 1316
tocopherol effects on chlorophyll photosensitized oxidation of oil, 807 
yield and quality of tofu affected by: glucono-delta-lactone coagulant, 

109

soymilk
yield and quality  of tofu affected by: glucono-delta-lactone coagulant, 

109

spawning
therm al denaturation in  fish muscle proteins during gelling: effect of 

condition, 281

spectrom etry
filter, fourier transform  infrared, and areom etry for following alcoholic 

ferm entation in wines, 1635
atomic absorption: microwave digestion of food for Na analysis by, 1412

spectroscopy
electron spin resonance (ESR): for monitoring radiation-processed meats 

containing bone, 1104
near-infrared: determ ination of physical and chemical characteristics 

in beef, 1493

spinach
calcium in, 864
chlorophyll stability  during aseptic processing and storage, 1059

spleen
properties of heat-induced gels from beef protein fraction, 1165

spoilage
aciduric, pH-elevating Bacillus in  tomatoes, 1611 
bacteria and volatiles associated w ith ground beef, 1147 
estim ation of bacterial quality  of cod fillets w ith disc flotation method, 

958
microbiology for m onitoring dairy products w ith tim e-tem perature in

tegrators, 1209
profiles to identify irradiated fish, 332 

spreads
pork use in fermented meat, 1185 

squid
characterization using freshness indicators, 161 
therm al conductivity by line source therm al conductivity probe, 582 
w ater activity and tem perature effects on browning of am ino acids in, 

665

stability
alginate and carrageenan immobilization effects on Schiz. pombe, 1095 
antioxidants to preserve rockfish color, 1564
ascorbyl palm itate efficacy in enhancing accelerated storage of canola 

oil, 1651
chemical, physical and sensory properties of sweet potatoes, 710 
effect of propylene glycol alginate and xanthan gum on O/W emulsions, 

513
effects of pH and calcium on therm al behavior of whey proteins, 1119 
flavor and oxidation of ground beef affected by source and storage, 899 
improvement of color and lipid in beef w ith dietary v itam in E and C 

dip treatm ent, 1489
microwave effects on tocopherols in oils, 1042
mitochondrial activity and beef muscle color, 1476
of aspartam e in  fru it preparations used in yogurt, 689
of beef processed w ith oleoresin rosemary, TBHQ and STPP, 597
of breadfruit chips, 1608 of candelilla wax emulsion, 1382
of chlorophyll during aseptic processing and storage, 1059
of color in beef steaks during frozen storage: effects of binders, 1461
of color in  trou t fillets during frozen storage, 969
of m ilk emulsion protein and com germ protein flour, 1216
of nitrite-free cured m eat after irradiation, 1450
of pork: effect of light and salt, 1182
of self-rising com m eals improved by enzyme inactivation, 494 
of sunflower hull anthocyanin pigment, 553 
pigm ent improvement in beef by ascorbic acid application, 857 
processing ingredients affecting oxidative and tex ture of beef roasts, 

1480
sa lt effect on whey protein isolate foams, 588 
soy protein and oil effects on ground beef, 906 
vitam ins E and C improve pigm ent and lipid in ground beef, 194

stabilization
of orange juice by proteic inhibitor of pectin m ethylesterase, 1632 
starch adsorption of m ethyl orange on, 90
analysis and computer sim ulation of w ater interactions during  phase 

transition, 121
equilibrium isotherm equations to represent moisture sorption on, 1106 
extradâtes from navy and pinto beans and corn m eal blended w ith 

legume high protein fractions, 431
feed m oisture effects on functional properties, trypsin inhibitor and 

hem agglutinating activities of bean fractions, 443 
flow behavior and gelatinization of cowpea, 1311 
gelatinization in bread baking, 1702
influence of granule-associated protein on cooked rice stickiness, 1327 
m oisture sorption hysteresis in kudzu and sweet potato, 125 
rétrogradation of rice studied by DSC and influence of sugar, NaCl and 

lipids, 564
rheology of sol-gel therm al transition  in cowpea flour and slurry, 1744 
therm al conductivity of gelatinized, 773

steam
effect on convection heating  product processed in steritort, 27 
in te rn a l p ressu re  profile in  sem i-rig id  packages d u rin g  th e rm a l 

processing in, 831

sterility
effect of ionizing radiation on dehydrated blood plasma, 168 

sterilization
aggregation and dissociation of m ilk protein complexes in heated re 

constituted concentrated skim milk, 238 
of conduction-heated foods in plastic cylindrical cans using convective 

boundary condition, 827
process param eter effects on particle residence tim e in vertical scraped 

surface heat exchanger, 869
residence tim e distribution of fluid and particles in tu rbu len t flow, 255 

steritort
effect of steam /air mixtures on convection heating  product processed 

in, 27

stickiness
influence of starch granule-associated protein on cooked rice, 1327 

storage
accelerated kinetic study of aspartame degradation in neutral pH range, 

1671
adenine nucleotide degradation in chill-stored fresh fish, 1267 
ascorbic acid retention in orange juice under sim ulated consumer home 

conditions, 867
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ascorbyl palm itate efficacy in  enhancing accelerated stability  of canola 
oil, 1651

assessment of Na lactate addition to fresh pork sausage, 220 
breadfruit chips: preparation, stability  and acceptability, 1608 
calcium and tim e postmortem effects on functional and tex tural char

acteristics of pork, 632
changes in alcoholic orange juice beverage, 475 
changes in components in  development of hard-to-cook bean defect, 436 
changes in gelling behavior and B-lactoglobulin during, 782 
changes in titin  and nebulin in bovine muscle revealed by gel electro

phoresis, Western blotting and immunofluorescence microscopy, 607 
characterization of increase in paleness of milk-fed veal during refrig

erated, 1455
characterization of irradiated  peanut kernels under am bient and fro

zen conditions, 1375
characterization of squid using freshness indicators, 161 
chemical, physical and sensory stabilities of sweet potatoes, 710 
chitosan coating effect on storability and quality  of straw berries, 1618 
chlorophyll stability  during, 1059
C botulinum growth and toxigenesis in shelf-stable noodles, 264 
C sporogenes and L monocytogenes: survival and inhibition in micro

wave-ready beef roasts containing antimicrobials, 198 
color stability in beef steaks during  freezing: effects of binders, 1461 
color stability of trou t fillets during  frozen, 969 
control of minim ally processed carrot surface discoloration caused by 

abrasion peeling, 416
cooking quality of brown rice influenced by, 96 
CPIC effect on nitrogenous constituents of potatoes, 532 
effect of oleoresin rosemary, TBHQ and STPP on development of oxi

dative rancidity in chicken nuggets, 616 
effect of packaging on color and physical characteristics of ground pork 

in frozen, 363
effect of packaging on physical/sensory characteristics of frozen pork, 

627
effect of N a lactate on microbial and chemical composition of cooked 

beef during, 341
effect on flavor of garlic bulbs, 44 
effect on microbiological quality  of dried herbs, 873 
effect on myofibrillar proteins and shear force of beef, 903 
effect on quality of freeze-dried strawberries, 1388 
effect on quality retention of salad-cut lettuce, 60 
encapsulation of pre-formed cooked cured-meat pigment, 1500 
enzyme inactivation improves stability  of self-rising corn meals, 494 
fate of L  monocytogenes during, 1068 
flavor and oxidative stability  of ground beef affected by, 899 
freezing effects on quality, bacteriology and retail-case life of pork, 891 
hot-fat trim m ing and electrical stimulation effects on beef quality, 1484 
impact of soy protein isolates on rancidity development in cooked, re

frigerated beef system, 188
influence of polyphosphate soak and cooking on yield and quality of 

crab, 657
inhibition of oxidative rancidity in ground pork by camosine, 1179 
inhibition of warmed-over flavor development by cations, 1055 
microbial changes in lettuce under controlled atmospheres, 1586 
modified Gerber test for free oil in  mozzarella cheese, 1115 
monitoring chemical and microbial changes of cottage cheese using a 

full-history tim e-tem perature indicator, 402 
of beef produced w ith algin/calcium/adipic acid gel, 604 
of oranges pretreated  w ith N, C 0 2 and acetaldehyde in air, 469 
oxidative stability  of pork patties: effect of light and added salt, 1182 
oxidative stability of restructured beef steaks processed with oleoresin 

rosemary, TBHQ and STPP, 597
postmortem changes in ATP, creatine phosphate and lactate in sardine 

muscle, 151
potential of tomatoes harvested a t breaker stage using modified a t

mosphere packaging, 55
preblending hot- and cold-boned pork a t different particle sizes, 1511 
preprocessing ice effects on functional properties of fish mince protein, 

965
quality of processed lettuce, 459
relationship of loss of m em brane functionality and hard-to-cook defect 

in aged beans, 590
sodium lactate effects on pork sausage, 1176 
stability of aspartam e in fru it preparations used in yogurt, 689 
sta rter culture and tim e/tem perature of influences on quality of fer

mented m utton sausage, 916
vitam ins E and C improve pigm ent and lipid stability  in ground beef, 

194

STPP (sodium tripolyphosphate)
effect on development of oxidative rancidity in chicken nuggets, 616; 

oxidative stability  of beef processed with, 597

strain
computerized model for analysis of food undergoing heat and mass 

transfer, 1438

strawberries
chitosan coating effect on storability and quality of, 1618 
effect of exposure to oxygen and carbon dioxide on quality of, 50 
fruit content influence on gel strength of jam , 1384 
pectin concentration, molecular weight and degree of esterification: 

influence on volatiles and sensory characteristics of jam , 1621 
processing, packaging, and storage effects on freeze-dried, 1388 
volatiles in jam: influence of cooking on volatiles, 1393

strength
degree of elasticity determ ination in solid foods, 950
fru it content influence on gels of straw berry and peach jam s, 1384

stress
computerized model for analysis of food undergoing heat and mass 

transfer, 1438

sublim ation
m onitoring freeze-drying by NMR: determ ination of endpoint, 1707 

succinylation
sunflower proteins use in bread baking, 992 

sucrose
comparison of tem poral perception of fruitiness in  model systems 

sweetened w ith aspartam e, aspartam e + acesulfame K, or, 823 
heat resistance of S typhim urium  and L monocytogenes in solutions, 

1741
modification of fru it flavors by, 1668
particle size effects on diffuse reflectance of caram el adm ixture, 1117 
phase transitions of amorphous and frozen solutions, 266

sugar
color development in model system during frying: role of, 1711
composition of persimmons during  m aturation, 989
determ ination in  cheddar cheese by HPLC, 276
germ ination response of B subtUis to caramelized, 1399
in fru it using w ater peak suppression in high resolution MR, 1091
influence on rétrogradation of rice starches, 564
of sweet potatoes, 714

sulfhydryl
in selected vegetables and fruits, 427 
sulfite improves properties of soy protein concentrates, 113 
in cellulosics by ion exclusion chrom atography w ith electrochemical 

detection, 1087

sulfur
dioxide: reduction of heat resistance of N fisheri by, 876 
influence of drying methods on volatile constituents of caucas, 72

sunflower
heat stability  of anthocyanin pigment, 553
native and succinylated proteins use in bread baking, 992

supplem entation
of calcium on orange juice quality, 1369
protein and fiber effects on extruded cornmeal snack quality, 760 

surim i
determ ination of optimal level of lactitol for, 285 
heat resistance of C botulinum  in menhaden, 1562 
microbiological evaluation of A laska shore-based production, 291 
microorganisms isolated from processing operations, 299 
therm al dénaturation in fish muscle proteins during gelling: effect of 

spawning condition, 281 
therm al properties of analyzed by DSC, 302
w ater binding and ingredient dispersion pattern  effects on gel texture, 

1263

sweeteners
comparison of tem poral perception of fruitiness in  model systems 

sweetened w ith aspartam e, and aspartam e + acesulfame K  blend, 
or sucrose, 823

modification of fru it flavors by aspartam e and sucrose, 1668 
perceived taste  intensity  and duration of nutritive and non-nutritive 

in w ater using T-I evaluations, 535

synthesis
of cured-meat pigment, 1205

T
taste

isolation of low-MW peptides from cheese, 943
perceived intensity  or nutritive and non-nutritive sweeteners in water 

using T-I evaluations, 535
phenolic acid contribution of corn germ protein flour products, 1308
sensory changes in um am i of inosine 5’-monophosphate solution after 

heating, 1429
viscosity reduction and reformation of structure in orange concentrate 

as affected by homogenization w ithin evaporators, 1360

TBHQ (tertiary  butylhydroquinone)
effect on development of oxidative rancidity  in  chicken nuggets, 616; 

oxidative stability  of beef processed with, 597

tem perature
affecting separation of low-fat flesh from fatty  fish by cryoshattering, 

1567
amino acid composition and antinu tritional factors of faba beans: ef

fects of cooking, 1347
effect of drying on volatiles in peanuts, 579
effect on binding of volatile flavor compounds to soy protein in model 

systems, 802
effect on growth of N eosartorya fischeri m easured by impedimetric 

method, 1735
effects on browning of amino acids in squid and model system, 665
extrusion effects on protein solubility and distribution in navy and 

pinto beans, 1013
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feed-back control system for microwave ovens using shielded therm o
couple, 550

grinding tim e and pressure developed in beef and pork: effect of, 1171 
inactivation of asparagus lipoxygenase and peroxidase, 47 
kinetic param eter evaluation w ith linearly increasing profiles: in te

gral methods, 1433
m onitoring chemical and microbial changes in cottage cheese using 

indicators, 402
of growth and action of lysozyme on L monocytogenes, 1101 
of m eat as influenced by home freezer failure, 1508 
of storage influences on quality of fermented m utton sausage, 916 
pH effect on therm al transition  of collagen, 1203 
plasticizing effect of w ater on therm al behavior and crystallization of 

amorphous food models, 38 
se tting  of antarctic fish muscle proteins, 251
short therm al trea tm ent effect on carp myofibril and SR: mechanisms 

in rigor m ortis acceleration by A rai treatm ent, 653

tenderization
acceleration by CaCl2 antioxidant infusion into lamb carcasses, 359 

tenderizing
effect on sensory, chemical and physical properties of beef, 1125 

tenderness
predictors of in beef, 1130 

texture
calcium and tim e postmortem effects on pork, 632 
effect of added lactobacilli on cheddar cheese during  m aturation, 696 
effect of washing on frozen fish mince, 294 
extrusion of acid and alkali soy proteins, 1002 
instrum ent for nondestructive m easurem ent of raw  cod fillets, 962 
low-fat, high added-water bologna formulated w ith modifying ingre

dients, 643
of beef steaks made w ith binders, 1457 
of cassava flour extrudate, 1319
of cherries using shear/compression and stone removal forces, 260 
of raw  and canned jicam a and Chinese w ater chestnut, 977 
preblending hot- and cold-boned pork a t  different particle sizes, 1511 
processing ingredients affecting stability  of beef roasts, 1480 
quality of m eat patties: correlation of instrum ental and sensory a ttr i

butes, 1465
w ater binding and ingredient dispersion pattern  effects on surim i gel, 

1263

thaw ing
effect on sensory, chemical and physical properties of beef, 1125

therm al conductivity (TC)
of potato between 50 and 100°C , 586 
of squid m eat by line source probe, 582

therm al transition
of myosin from black m arlin  muscle, 954
pH effect on tem perature of collagen, 1203
rheology of sol-gel in  cowpea flour and starch slurry, 1744

thermocouple
feed-back tem perature control system for microwave ovens using, 550 

thermodynamics
conductivity of gelatinized starches, 773 
during co-rotating twin-screw extrusion, 518
influence of sodium, potassium and m agnesium chloride on beef mus

cle, 180
of surim i analyzed by DSC, 302
phase transitions of amorphous sucrose and frozen sucrose solutions, 

266
therm al transitions of myosin from black m arlin  muscle, 954

therm ostability
of horseradish peroxidase, 574

thiam in
retention in  cowpeas affected by kanw a treatm ent, 592 

thiobarbituric acid (TBA)
effect of ferrous iron, salt, cooking and Coffi on num bers in ground 

beef, 172

thiophenol
in species-related characterizing flavors of red m eats, 1197 

time
postmortem effects on functional and tex tural characteristics of pork, 

632

tim e-intensity (T-I) evaluation
perceived taste  intensity  and duration of nutritive and non-nutritive 

sweeteners in w ater using, 535

tim e/tem perature in tegrator (TTI)
microbiology for monitoring spoilage of dairy products with, 1209

tissue depth
effects on heat inactivation of papaya ethylene-forming enzyme, 996

titin
changes in bovine muscle revealed by gel electrophoresis, W estern 

blotting and immunofluorescence microscopy, 607

tocopherol
effects on chlorophyll photosensitized oxidation of soybean oil, 807 
extraction and quantification of in catfish, 1113 
microwave heating  effects on stabilities in  oils, 1042

tofu
affected by soybean and soymilk characteristics: gluconodelta-lactone 

coagulant, 109
calcium sulfate concentration influence on yield and quality  of, 1604 
inhibition of gas production in, 1600

tomatoes
aciduric, pH-elevating Bacillus causing spoilage in, 1611 
inactivation and regeneration of peroxidase activity in, 68 
storage potential o f harvested a t  breaker stage using modified atm o

sphere packaging, 55
verification of USDA home-canning recommendations for processing 

a t  high altitudes, 736

toxicology
blood fraction effects on antibotulinal efficacy; of n itrite  in  beef sausage, 

1158
therm al degradation of paralytic shellfish poison, 1572

toxigenesis
behavior of C botulinum  spores in cooked turkey and modeling lag 

phase and probability of, 373 
of C botulinum  in shelf-stable noodles, 264

trim ethylam ine
gas sensor for detecting fish freshness, 1275

trim ethylam ine oxide (TMAO)
method for analysis using ferrous sulfate and EDTA, 132

trim m ing
effects on beef quality, 1484 

trou t
color stability of fillets during frozen storage, 969 

trypsin
feed m oisture effects on inhibitor of bean starch  fractions, 443 

tum bling
influence on physical, chemical and quality  characteristics of ham, 

1514

turbidity
model for evaluating in cloudy beverages, 747 
of beverages w ith citrus oil clouding agent, 1024

turkey
behavior of C botulinum  spores in cooked and modeling lag phase and 

probability of toxigenesis, 373
sensory detection and population thresholds for STP in  cooked ground, 

206
STP and SAsMP as inhibitors of off-flavor development in, 1529 

tyrosinase
identification in mushrooms by IEF, 93

u

ultrafiltra tion
antioxidant activity of perm eate from acid whey, 1248 
for recovery and reuse of peptidoglutam inase in protein deamidation, 

1731
lactose crystallization from whey perm eate in EtO H-water m ixture, 

935
a-lactose monohydrate from whey perm eate in crystallization using 

EtOH-water mixtures, 777

ultrasonication
microbial effects on broiler drum stick skin, 247 

ultrasound
effects of treatm ent on properties of chymosin, 926 
quality  of chymosin extracts obtained by, 406

umami
sensory changes in taste  of inosine 5’-monophosphate solution after 

heating, 1429

urea
effect on rheology of B-lactcglobulin gels a t alkaline pH, 1338
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V
vacuum

chemical and microbiological analysis of packed im itation crab, 164 
infusion of citrus pectinm ethylesterase and calcium effects on firmness 

of peaches, 739
microbial characteristics of packaged restructured beef, 1136 

valence
effects of m eat and food components on nonheme iron during  digesting,

variability
of salt absorption by brine dipped fillets of cod, flounder and perch, 648

veal
characterization of increase in paleness of milk-fed during  refrigerated 

storage, 1455

vegetables
ethylene absorbent to m aintain qualify of, 1589 
galacturonate in  pectic substances from: comparison of HPLC w ith 

amperometric detection to colorimetry, 423 
inactivation and regeneration of peroxidase activity in extracts treated  

w ith antioxidants, 68
lipoxygenase as blanching index for frozen soybeans, 448 
sulfhydryl and ascorbic acid relationships in, 427 
uptake and fate of ascorbic acid-2-phosphate in, 419

viability
of yeast in w heat dough, 1690

Vibrio parahaem olyticus
response to high hydrostatic pressure, 1404

viscosity
effect of powdered cellulose, 1682 
of casein and caseinates, 556
reduction in  orange concentrate as affected by homogenization within 

taste  evaporators, 1360
rheological changes in  oatm eal suspensions during heat treatm ent, 

1685

vitamins
B6:isolation and structure of conjugate in rice bran, 268 
C: improvement of color and lipid stability  in beef w ith dip treatm ent, 

1489; improves pigm ent and lipid stability  in ground beef, 194; 
pigm ent stability  improvement in  beef by application of, 857; re
tention in orange juice stored under sim ulated consumer home con
ditions, 867

E: extraction and quantification of in catfish, 1113; improvement of 
color and lipid stability  in beef w ith dip treatm ent, 1489; improves 
pigm ent and lipid stability  in  ground beef, 194; microwave heating 
effects on stabilities of tocopherols in oils, 1042; of weaning foods 
from germ inated cereals and legumes, 270; tocopherol effects on 
chlorophyll photosensitized oxidation of soybean oil, 807 

flavins: method for determ ination in m ilk by HPLC, 678 
thiam in, riboflavin and niacin retention in cowpeas affected by kanw a 

treatm ent, 592

volatiles
absorption of citrus flavor by low density polyethylene, 35 
alkylphenols and thiophenol in species-related characterizing flavors 

of red m eats, 1197
analysis of flavor components in  steam ed rang ia  clam by dynamic 

headspace sam pling and sim ultaneous distillation and extraction, 
327

associated w ith ground beef spoilage, 1147
branched-chain fatty  acids and phenolic compounds in aged Italian 

cheese flavors, 1241
evaluation of odorants in dill seed and herb by arom a extract dilution 

analysis, 63
from mesocarp of persimmons, 262 
in scrambled eggs, 387
in straw berry jam: influence of cooking on, 1393 
influence of drying methods on sulfur constituents of caucas, 72 
influence of m aturity  on arom a compounds from salmon, 1576 
of cultivars of sweet potatoes, 714
peanut moisture/size, relation to freeze damage and effect of drying 

tem perature on, 579
pectin concentration, molecular weight and degree of esterification: 

influence on straw berry jam , 1621 
sorption in solution by ethylene-vinyl alcohol copolymer films, 500 
static headspace GC method for canned salmon, 1271 
tem perature effect on binding of flavor compounds to soy protein in 

model systems, 802

volume
DDGS: particle size effects on baked potatoes, 1323

w
washing

effect on texture and m icrostructure of frozen fish mince, 294 
short therm al trea tm ent effect on carp myofibril and SR: mechanisms 

in rigor mortis acceleration by A rai treatm ent, 653

w ater
analysis and computer sim ulation of starch interactions during phase 

transition, 121
associated w ith whey protein investigated by NMR, 1557 
bologna high in added-: form ulated w ith texture-modifjdng ingredi

ents, 643
effect of propylene glycol alginate and xan than  gum on stability  of 

emulsions, 513
effect on glass transitions in carbohydrates, 1676 
effects of constituent concentration on rheology of com  emulsions, 796 
equilibrium  content and sta te  in  dehydrated cabbage, 1597 
extraction of peanut proteins w ith by RSM, 1660 
fractionation of soluble and insoluble components from egg yolk with 

minimum use of organic solvents, 1537 
lactose crystallization from whey perm eate in  ethanol m ixture, 935 
a-lactose monohydrate from u ltrafiltered  whey perm eate in crystalli

zation using ethanol m ixtures, 777 
noninvasive m easurem ent in  food using MRI, 811 
perceived tas te  intensity  and duration of nutritive and non-nutritive 

sweeteners using  T-I evaluations, 535 
plasticizing effect on therm al behavior and crystallization of amor

phous food models, 38
retention capacity and viscosity effect of powdered cellulose, 1682 
retention of soy and corn germ  proteins in model system, 455 
sorption of gliadin, 510

w ater activity
effect on browning of amino acids in squid and model system, 665 /  
effect on sorbic acid and potassium  sorbate perm eability of edible meth- 

ylcellulose-palmitic acid film, 497
h ea t resistance of S typhim urium  and L monocytogenes in  sucrose 

solutions varying in, 1741

w ater binding
effect on surim i gel texture, 1263

w ater chestnut (Eleocharis dulcis) 
tex ture of raw  and canned, 977

w ater peak suppression
sugar content m easurem ent in fru it using MR, 1091

wax
candelilla emulsion, preparation and stability, 1382 

W estern blotting
changes in  titin  and nebulin in  beef muscle revealed by, 607 

wheat
characteristics of flour dough using E cloacae w ith and w ithout yeast, 

106
color of pasta  influenced by type of, 488
effect of Zn concentration, Ca source, percent m ilkfat and homogeni

zation on Ca, Fe and Zn solubility in  cereal systems under sim u
lated GI pH, 146

rheological and structu ral properties of wiener-type products substi
tuted w ith gluten, 228

sensory and nutritional properties based on flour baked in microwave, 
1699

viability  and performance of yeast in dough, 1690 
w ater sorption of gliadin, 510

whey
antioxidant activity of ultrafiltra tion  perm eate from acid, 1248 
changes in gelling behavior of protein isolate during storage, 782 
effect of pH and calcium on therm al behavior of proteins, 1119 
factors influencing protein gel rheology: dialysis and calcium chela

tion, 789
improving acid production in soy-based yogurt by adding cheese pro

teins and m ineral salts, 999
lactose crystallization from perm eate in  EtO H-water m ixture, 935 
a-lactose monohydrate from ultrafiltered perm eate in crystallization 

using EtO H-water m ixtures, 777
m icrofiltration affinity purification of lactoferrin and IgG from cheese, 

701
relationship of solubility of protein concentrates to therm al properties 

determ ined by DSC, 1448
sa lt effects on stability  of protein isolate foams, 588 
w ater associated with protein investigated by NMR, 1557

whitefish
adenine nucleotide degradation in chill-stored fresh fish, 1267 

wiener
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the text in the case of multiple references to the same au
thors) in any one year.

•  Single author precedes same author with coauthors.
•  Use only initials of first and middle names and always 

place them after the last name.
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TABLES
Type each table on a separate sheet. Use Arabic nu

merals to number tables. Provide a descriptive caption, with 
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ognized units. Keep the number of columns to a MINIMUM; 
do not include columns derived from others by simple arith
metic manipulation. Keep footnotes to a MIMIMUM; iden
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Avoid duplication. Do not present the same materials in 
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ILLUSTRATIONS
General. Each illustration is to be supplied as a separate 

piece. If it is not approximately 8  x 10 in. in size, mount 
on a sheet of paper (one method is to insert its four corners

into slits made in the sheet); mounting with transparent tape 
is also acceptable. Be sure to enclose or otherwise protect 
illustrative material against bending, breakage or other dam
age.

Number each illustration with Arabic numerals and 
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side or type on a portion not to be reproduced).

Illustrations for the other copies of the manuscript may 
be photo reproductions provided they are reasonably clear. 
Exceptions: photomicrographs, gel electrophoretic patterns, 
etc. Furnish four glossy prints of photographs. Authors are 
responsible for obtaining permission to reproduce previously 
copyrighted illustrations. Proof or certification of permission 
to reproduce is required.

Line drawings. Prepare with India ink on good qualify 
white drawing paper or on tracing liner.. Good clear glossy 
photographs of such drawings are also acceptable. Letter with 
India ink or a mechanical lettering device. Letters MUST be 
of a size proportional to the overall size to be legible after 
appropriate reduction for publication. Letters should never 
be smaller than l/40th the vertical field; e.g., 1/4 in. on a 
1 0 -in field).

In graphs, draw curves heavier than axes. Label axes 
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triangles, A, V, etc.) and explain them either within the body 
of the graph or in the caption. DO NOT put the caption for 
the figure on the drawing; type it (double-spaced) on a sep
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Computer generated charts/graphs are acceptable, pro
vided they are of sufficiently high quality to reproduce dearly. 
Laser produced illustrations are generally acceptable, but dot 
matrix print-outs are generally not acceptable. The same cri
terion for letter size applies whether figures are hand drawn 
or computer generated.

Photographs. Ordinarily, approximately 8  x 10 in. 
high contrast glossy prints of photographs are satisfactory. 
However, original artwork may be requested. Always indi
cate the magnification of photomicrographs by bar code on 
the photograph or in the caption.

Illustrations are only printed in black and white.
Unacceptable illustrations. These include slides, tran

sparencies, color prints, original recorder trace chart strips, 
poorly executed line drawings, mimeograph copies of illus
trations and the like.

USE OF TRADE NAMES
Rules for the use of trade names and for comparing the 

merits of two or more products of commerce in papers pub
lished in Journa l o f  F ood Science include:

•  Trade names are to be avoided in defining products 
dealt with, except where, in the judgment of the scientific 
editor, the maximum value of the paper cannot otherwise be 
retained.

•  If trade names are used for any of the commodities 
compared, all other commodities having trade names should 
be so designated, if practicable.

•  If trade names are used, the commodities in question 
must be described in sufficient detail to make the nature of 
such products sufficiently clear to professionally trained read
ers.

•  The fir s t time a trade name or trade mark is used, 
indicate with the appropriate superscript ® or TM and in 
parentheses include the owners name: e.g. Styrofoam® (Dow 
Chemical Co.); TVP® (Archer Daniels Midland Co.); etc.
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