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R . V IN C E N T ,“ W . D . P O W R IE , and  O. FENNEM A
University of Wisconsin, Madison, Wisconsin 53706

Surface Activity of Yolk, Plasma and Dispersions
of Yolk Fractions

SUM M ARY
U n d ilu ted  y o lk , p la sm a , and  a 4 .8 %  livetin  

so lu tio n  h ad  su r fa ce  ten sio n s  o f  a b o u t 4 4  
d y n e s /c m  and  in te rfa c ia l ten sio n s  o f  aroun d  
5  d y n e s /c m . E x ten siv e  d ilu t io n  o f  th e  y o lk  
and p lasm a w ith  e ith er  w ater or 10%  NaCl 
did  n o t b rin g  a b o u t m a rk ed  d ecreases in  the 
activ ity  o f  th e  su r fa ces. R eh yd rated  dried  y o lk  
had su r fa ce  en erg y  va lu es sim ila r  to th o se  fo r  
y o lk . G ranule su sp en sio n s , d ilu ted  w ith  w ater  
and 10%  N aC l, h ad  h ig h  su r fa ce  and  in ter­
fa c ia l te n sio n s. A y o lk  p h o sp h o lip id  fraction  
red uced  th e  su r fa ce  en erg y  o f  so ls  to very low  
valu es. T h e  co n tr ib u tio n s  o f  p ro te in s in  a 
live tin  fra c tio n  and  o f  p h o sp h o lip id s  to  th e  
su rfa ce  p ro p erties  o f  y o lk  are d iscu ssed .

INTRODUCTION
Egg yolk is regarded as an efficient emul­

sifier for the p re p a ra tio n  of stable food 
emulsions. Actually, yolk contains many 
emulsifying agents such as phospholipids, 
cholesterol, and proteins. The contribution 
of these agents in yolk to the formation and 
stability of food emulsions has not been ex­
plored extensively. Sell et al. (1935) have 
suggested that a lipid-protein complex rather 
than lecithin is the emulsifying agent of yolk.

The reduction of interfacial tension is pre­
sumably the initial step in the formation of 
an emulsion. Harkins and Zollman (1926) 
indicated that an interfacial tension of less 
than 10 dynes/cm will tend to enhance emul­
sification, while an interfacial tension of less 
than 1 dyne/cm may bring about spontane­
ous emulsification. These concepts are in 
agreement with those of King (1941) and 
Clayton and Morse (1939). Thus surface- 
active agents in yolk are probably essential 
for effective emulsification. It should be 
noted, however, that surface-active agents 
may not stabilize an emulsion. Yeadon et al.
(1958) showed that, with highly purified 
lecithin, stable emulsions could not be 
prepared.

* Research assistant. Present address : M and M 
Candies, Hackettstown, N. J.

Up to the present, little information has 
been available on the surface activity of yolk 
and its fractions. Amar (1924) indicated 
that the surface tension of yolk was about 
2/y  of that for albumen, or approximately 
35 dynes/cm. Powrie (1955) found that a 
2% yolk lecithin sol had a surface tension 
of 23.3 dynes/cm.

This study was done to examine quantita­
tively the surface properties of yolk, plasma, 
and yolk fraction dispersions. Data from 
such an investigation should be useful to 
understand more clearly the emulsifying 
power of egg yolk.

Preliminary ex p e rim en ts  indicated that 
moderate dilution of yolk and plasma did not 
appreciably influence the surface tension. 
Thus considerable dilution of all samples in 
this study was desirable so that changes in 
the surface activity-dilution curves would 
be apparent, and the emulsifying potential 
of diluted samples could be assessed.

MATERIALS AND METHODS
Materials. All eggs were less than 24 hr old at 

experimentation and were laid by hens on a diet 
consisting of 14—15% protein and about 3.4% fat.

Liquid yolk (about 53% solids) was prepared 
by washing the yolk in cold water, rolling the yolk 
on absorbent paper, and puncturing the vitelline 
membrane to allow the fluid yolk to flow into a 
container. Bromelain-treated yolk (0.5% brome­
lain) was prepared by mixing bromelain powder 
(bromelain concentrate F-26-1, Miles Chemical 
Company) with liquid yolk at about 27°C and 
allowing the mixture to stand for 4 hr.

Liquid yolk was dried by spray drying in a 
pilot-plant-size Niro dryer with an atomizer ro­
tating at about 40,000 rpm. The air inlet tempera­
ture was maintained at 145-155°C and the outlet 
air temperature at 75-85 °C. The solids content of 
the spray-dried sample was 96.9%. A sample of 
commercially spray-dried yolk with a solids content 
of about 97% was used for comparison. For rehy­
dration of each dried yolk sample, an equal weight 
of water was added with stirring to the yolk 
sample, and the fluid was held overnight at about 
6°C for optimum hydration. The solids contents 
of the original reconstituted yolk samples were

643



644 SURFACE ACTIVITY OF YOLK

48.0% for the commercially spray-dried, 48.4% 
for the laboratory spray-dried and 48.4% for the 
bromelain-treated, laboratory spray-dried, all on a 
weight basis.

Granules and plasma (about 52% solids) were 
separated by centrifuging yolk at a high speed 
(78,000 X G) according to the method of Saari 
et al. (1964). The granules were washed three 
times with water to remove residual plasma. The 
solids content of the washed granules was 40.5% 
on a weight basis. The moist granules were mixed 
with either water or 10% NaCl to form a uniform 
suspension containing 50% moist granules.

The crude acetone-insoluble phospholipid fraction 
was prepared by a method similar to that of Pang- 
born (1951). To prepare a 10% (w/w) phospho­
lipid sol, crude phospholipid dissolved in ether was 
added slowly to rapidly agitated water. The ether 
was removed by bubbling nitrogen gas through 
the sol.

The crude livetin fraction was prepared accord­
ing to the method of Martin et al. (1957) and 
lyophilized. A solution containing 4.8%- livetin 
was prepared by dissolving the powdered livetin in 
distilled water.

Methods. Yolk, plasma and dispersions con­
taining yolk constituents were diluted with either 
water or 10% sodium chloride solution. The de­
gree of dilution is termed “% of the original sam­
ple," which is defined a s :

weight of original undiluted sample----- ------------------------------------- -----X 100.weight of diluted sample
All surface and interfacial tension measurements 

were made with a Cenco du Nouy direct-reading 
tensiometer. Each liquid sample was maintained 
at 25°C in a water-jacketed glass container with 
a diameter of 3 inches. Pure cottonseed oil was 
used as the liquid hydrophobic phase for interfacial 
tension measurements. Preliminary experiments 
indicated that the surface tension of diluted yolk 
samples did not change over a period of 1 hr. 
Apparently the surface-active agents in yolk mi­
grate rapidly to the surface to form an equilibrium 
film.

The moisture content of samples was determined 
by drying an aliquot in a vacuum oven at about 
70° C and a vacuum of 29 inches Hg.

RESULTS
The surface-tension values for undiluted and 

water-diluted yolk, plasma, and dispersions con­
taining yolk components are shown in Figs. 1 and 
2. Undiluted samples of yolk, plasma, and 4.8%

Fig. 1. Influence of dilution with water on the surface tension of yolk, plasma, and dispersions of yolk components.
•  yolk X plasma Y livetin solution O granule suspension 
A phospholipid sol

livetin solution had surface tensions of around 44 
dynes/cm. The surface tension of the original 10% 
phospholipid sol was about 27 dynes/cm. According 
to Powrie (1955) a 2% purified lecithin sol had 
a surface tension of 23.3 dynes/cm at 25 °C. The 
original yolk granule suspensions (40.5% solids) 
and reconstituted yolk samples were so viscous that 
accurate surface-tension values could not be ob­
tained without dilution. Used for dilution studies 
was distilled water with a surface tension of 71 
dynes/cm (25°C). As shown in Fig. 1, the surface

Fig. 2. Influence of dilution with water on the surface tension of rehydrated spray-dried yolk.
•  commercially spray-dried yolk Y laboratory spray-dried yolk O laboratory spray-dried yolk with bromelain treatment
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Fig. 3. Influence of dilution with 10% NaCl on the surface tension of yolk, plasma, and dispersions of yolk components.
•  yolk X plasma Y phospholipid sol O granule suspension

tension of yolk and plasma did not change appre­
ciably upon extensive dilution with water to 1% 
of the original sample. Apparently diluted yolk 
and plasma samples contained surface-active mole­
cules in concentrations much higher than were 
needed for maximum surface adsorption. The sur­
face tension of the livetin solution increased after 
the original sample was diluted to less than 25% 
(1.2% livetin solution). With the dilution value 
of 1%, the surface of the diluted livetin solution 
apparently was not completely saturated with 
surface-active agents, and as a consequence the 
surface tension was fairly high, 55 dynes/cm.

Both of the surface tension-dilution curves for 
crude phospholipid and granule suspensions have 
minima at the 12.5% dilution value. Such minima 
are typical of solutions with more than one surface- 
active agent (Miles and Shedlovsky, 1944).

The surface tension-dilution curves in Fig. 2 
for rehydrated spray-dried yolk (both commer­
cially- and laboratory-prepared) are similar to the 
curve for native yolk. Apparently drying does not 
modify the availability of surface-active molecules 
for adsorption at the surface of reconstituted yolk. 
When proteins in yolk were hydrolyzed by brome­
lain prior to drying, the surface tensions of the 
diluted, rehydrated yolk were lower than the un­
treated, rehydrated yolk with corresponding dilu­
tions. Presumably surface-active compounds such 
as phospholipids or peptides were released more 
readily from lipoprotein complexes when their pro­
tein moieties were degraded by enzymic proteolysis.

A 10% NaCl solution was selected as a diluent

because it was expected that the salt would bring 
about dissolution of protein aggregates or weaken 
electrostatic bonds between surface-active lipids 
and proteins in the yolk lipoprotein complexes. As 
a consequence, the surface activity could be en­
hanced. The surface tension of the 10% NaCl 
solution used for dilution was about 74 dynes/cm 
at 25 °C. As shown in Fig. 3, sodium chloride did 
not have any marked effect on the surface tension 
of diluted samples of yolk or plasma. On the other 
hand, the surface-tension values of the granule 
suspension diluted with sodium chloride were at 
least 5 dynes/cm higher than those of the corre­
sponding granule suspensions diluted with water. 
The granules in suspension were dispersed in the 
sodium chloride solution to form a clear, yellow 
solution. Perhaps the dissolved protein molecules 
of the granules competed with other more efficient 
surface-active molecules at the surface and thus 
caused a rise in the surface tension. The phospho­
lipid sol diluted with 10% NaCl solution had higher 
surface tension values than corresponding water- 
diluted sols. In Fig. 4, the surface tension curve 
for spray-dried bromelain-treated yolk diluted 
with 10% NaCl has a pattern similar to that for 
the same sample with water dilution (Fig. 2). 
Comparison of curves for commercially spray-dried 
yolk (Figs. 2, 4) reveals the slight divergence of 
surface-tension values at the 1% dilution level.

As shown in Fig. 5, yolk and plasma had very 
low interfacial tensions, around 5 dynes/cm, even 
when diluted with water to 1% of the original 
weight. From these data, it is now apparent 
why an emulsion can be formed easily when egg 
yolk is an ingredient. According to Harkins and 
Zollman (1926), an interfacial tension below 10 
dynes/cm is indicative of excellent emulsifiability.

>,3
4 5 -  

Z  O
CO 4 0 -  z  
Id h-
Id 3 5 ~o  <C
a  3 0 -  3  CO

2 5 —1--------------- 1--------------- 1--------------- 1------- 1-------1
100 75 50 25 125 C

%  O F O RIG IN A L S A M P LE
Fig. 4. Influence of dilution with 10% NaCl on the surface tension of rehydrated spray-dried yolk. 

•  commercially spray-dried yolk O laboratory spray-dried yolk with bromelain treatment
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% OF ORIGINAL SAMPLE
Fig. S. Influence of dilution with water on the interfacial tension of yolk, plasma, and dispersions of yolk components.

•  yolk X plasma Y livetin solution O granule suspension A phospholipid sol
It is apparent in Fig. 5 that crude livetin markedly 
reduced the interfacial tension. The gradual rise 
of the interfacial tension-dilution curve for the 
livetin solution was probably caused by a decrease 
in the concentration of specific surface-active com­
pounds at the interface as dilution progressed. 
Probably crude livetin has a small amount of a 
specific protein with a very high surface activity. 
Crude phospholipid, even at low concentrations, 
was exceptionally effective in reducing surface 
energy. On the other hand, all interfacial tensions 
between water-diluted granule suspensions and oil 
were above 10 dynes/cm.

The dilution of plasma and granule suspension 
with 10% NaCl solution rather than water did 
not have any appreciable influence on their inter­
facial tensions (Fig. 6). When yolk was diluted 
below 50% of the original sample, the interfacial 
tension increased markedly. The interfacial ten­
sions between reconstituted yolk ( diluted with 
10% NaCl) and oil ranged between 8.5 and 9 
(Fig. 7). Significantly lower interfacial tensions 
were apparent with bromelain-treated reconstituted 
yolk.

D IS C U S S I O N
It is apparent that the surface activity of 

yolk, undiluted and diluted with either water 
or 10% NaCl solution, is exceptionally high 
for a biological fluid. The surface tensions 
of native yolk samples ranged between 42

% OF ORIGINAL SAMPLE
Fig. 6. Influence of dilution with 10% NaCl on the interfacial tension of yolk, plasma, and disper­sions of yolk components.

» yolk X plasmaO granule suspension A lecithin sol
and 45 dynes/cm. These values are some­
what higher than the surface tension for 
yolk of about 35 dvnes/cm reported by Amar 
(1924).

The contribution of granules to the sur­
face activity of yolk can be considered minor, 
since yolk without granules, namely plasma, 
has surface properties similar to those of yolk. 
Although granules do possess surface-active 
agents, they are not as effective as the plasma 
surface-active agents for the reduction of 
surface energy.

Some proteins in the livetin fraction prob­
ably contribute in part to the low surface 
energy of volk. The livetin content in yolk 
solids has been estimated to be about 7.5% 
(Sugano and Watanabe, 1961). Even when 
the original livetin solution was diluted to 
12.5% of the original sample, the surface- 
energy values (Figs. 1 and 5) were near 
those for yolk. It is of interest to note that 
protein fractions in milk have the ability to 
lower surface and interfacial tensions. As­
chaffenburg (1946) reported that a-proteose, 
constituting only about 3% of the total milk 
proteins, was found to be the surface-active 
component of milk. The surface tension of 
cr-proteose solutions reached a minimum of 
around 54 dynes/cm. According to Jackson
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Fig. 7. Influence of dilution with 10% NaCl on the interfacial tension of rehydrated spray-dried yolk.
•  commercially spray-dried yolkO laboratory spray-dried yolk with bromelain treatment

and Pallansch (1961). a protein from the 
fat-globule membrane reduced the interfacial 
tension in a butter oil-water system to about 
9 dynes/cm.

Phospholipids may also contribute to the 
low surface energy of yolk and plasma. As 
shown in this study, yolk phospholipids have 
the ability to lower surface and interfacial 
tensions m arkedly. Even though large 
amounts of phospholipids are present in yolk, 
only a small amount may be available for 
surface adsorption since the tensions of yolk 
and plasma are higher than that of the phos­
pholipid sol. In pure lecithin sols, oriented 
phospholipid molecules in micelles are in 
equilibrium with molecularly-dispersed phos­
pholipids in solution and at the surface or 
interface (Bangham, 1963). The low surface 
energy of a phospholipid sol is due to the 
adsorption of phospholipid molecules at the 
interface, with micelles as reservoirs for 
surface-active molecules. Robinson (1960) 
indicated that lecithin is in the micellar form 
even at concentrations as low as 5 X  1CP5 
g / ml. So far, no phospholipid micelles have 
been found in yolk. In fact, no mention has 
been made in the literature on molecularly- 
dispersed phospholipids. Phospholipids in 
yolk are considered to be bound in lipopro­

teins such as lipovitellins and low-density 
lipoproteins (Cook and Martin, 1962). Per­
haps the lipoprotein complexes in yolk act 
as reserves for phospholipids to be released 
for interfacial adsorption. The migration of 
phospholipids from some lipoprotein com­
plexes has been demonstrated. Kunkel and 
Bearn (1954) have shown the transfer of 
radioactive phospholipids from serum /3-lipo­
proteins to ^-lipoproteins. According to 
Greenbank and Pallansch (1961), any form 
of milk agitation can cause the migration of 
phospholipid from the fat-globule membrane 
to the skim milk.

Preliminary experiments have been con­
ducted on the surface activity of solutions 
containing low-density lipoprotein, isolated 
from yolk plasma by a flotation procedure 
similar to that of Saari e t  a l. (1964). This 
yolk fraction lowered the surface tension of 
water to about 42 dynes/cm when the con­
centration was between 15 and 0.25%. Ap­
parently the solutions contained surface- 
active agents. In all probability, these agents 
were phospholipids released from the low- 
density lipoprotein.
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Ultracentrifugal Analysis of Changes in the Composition of 
Myofibrillar Protein Extracts Obtained from 

Fresh and Frozen Cod Muscle

SUM M ARY
E xtracts p repared  fr o m  stored  fr o z en  cod  

m u sc le  sh ow ed  th a t th e  ex trac ta b ility  o f  co m ­
p on en ts  d etected  by  u ltr a cen tr ifu g a l a n a ly sis  
ch a n ged  a t d iffer en t rates fr o m  th e  extracta- 
b ility  o f  to ta l m y o fib r illa r  p ro te in . A n a log ou s  
resu lts w ere o b ta in ed  by stor in g  ex tracts  as 
“ m o d e l sy stem s.”  T h e resu lts  co n sisten tly  su p ­
p orted  th e  p o stu la ted  rea ction  eq u ilib r ia : F-ac- 
to m y o sin  i=; G -actom yosin  ±=; G -actin  p lu s  m y o ­
sin  in ex tra cta b le  p ro te in .

IN T R O D U C T I O N
Previous investigators have found a corre­

lation between the textural quality of stored 
frozen fish muscle and the extractability of 
its myofibrillar protein. Their results have 
prompted several other investigations of com­
ponents in the myofibrillar protein system. 
These subjects have already been thoroughly 
discussed in several reviews (Connell, 1962a, 
1964; Dyer and Dingle, 1961; Love, 1960, 
1962a; Hamoir, 1955).

However, there have been relatively few 
frozen-storage studies to characterize the 
specific myofibrillar component whose sensi­
tivity to freezing-induced denaturation was 
responsible for the observed effects of stor­
age on the extractability of total myofibrillar 
protein from fish muscle. In a series of 
frozen-storage studies of cod muscle, Con­
nell employed selective extraction techniques 
for actin and myosin as well as extraction 
of “actomyosin” (measured as total myo­
fibrillar protein). LTsing these techniques, 
he found no significant change in the amount 
of “ native” actin that could be extracted 
from frozen cod muscle during a storage 
period in which the amount of total extract- 
able myofibrillar protein fell from its initial 
value to a minimum (Connell, 1960). This 
result suggested that myosin was more sensi­
tive to freezing-induced denaturation than 
actin. In a subsequent study, Connell 
(1962b) did find a decrease in the amount 
of myosin selectively extracted from frozen 
cod during the storage period. However, the

amount of selectively extractable myosin was 
greater than the amount of total extractable 
myofibrillar protein. For example, almost 
2 0 % of the amount of myosin that was 
extractable at the beginning of the storage 
period was extracted from frozen cod muscle 
after a storage period had elapsed in which 
the amount of total extractable myofibrillar 
protein had decreased virtually to zero. 
Since neither myosin nor actin alone could 
have accounted for the observed effects of 
storage, Connell postulated an actin-myosin 
interaction in a hypothesis concerning the 
sensitivity of total myofibrillar protein to 
freezing-induced denaturation (Connell, 
1962b). However, there was a possibility 
that one or both of the selective extraction 
techniques for actin or myosin might have 
reversed at least partially the unknown 
process of freezing-induced denaturation 
since this process was identified only on the 
basis of a different extraction technique to 
measure total extractable protein.

A more direct approach for characterizing 
the protein component which is responsible 
for the observed effects of storage on the 
textural quality of frozen fish muscle is to 
study the protein composition of the same 
extracts that have been used to measure the 
amount of total extractable myofibrillar pro­
tein from stored frozen fish muscle. Other 
workers have presumably considered this 
approach since they have used analytical 
ultracentrifugation for characterizing the 
components of myofibrillar protein extracts 
obtained from pre-rigor (Dingle e t  a l., 1963) 
or post-rigor (Ellis and Winchester, 1959) 
fresh cod muscle. Their schlieren patterns 
of post-rigor extracts contained two large 
peaks which were tentatively identified as 
actomyosin (fast moving peak) and myosin 
(slow moving peak). Their laboratory has 
also reported that dissociation of actomyosin 
was found in extracts from frozen stored 
cod muscle (Anon., 1962) as well as under 
conditions similar to frozen storage (Anon.,
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1961; Dyer and Dingle, 1961), but these 
brief reports did not include experimental 
results. However, the results of very recent 
studies of stored frozen fish (Suzuki e t  a l.,
1964) and stored unfrozen fish (Suzuki,
1965) , although based on different species, 
do support the Canadian view that actomyo- 
sin dissociated before it became inextractable. 
The complex of actin and myosin that these 
Canadian and Japanese workers referred to 
as actomyosin is identical with F-actomyosin 
as defined in this paper. It should be distin­
guished from Connell’s (1962b) postulated 
“ actin-myosin” complex. Connell (1962b) 
has presented several reasons why the molec­
ular characteristics of the actin and myosin 
components may be different in these two 
types of complexes.

The studies, based on myofibrillar protein 
extracts as well as selective extraction tech­
niques, pointed to F-actomyosin or another 
type of “actin-myosin” complex instead of 
either myosin or actin alone as the compo­
nent responsible for the observed rate of de­
crease in extractability of total myofibrillar 
protein during frozen storage of fish muscle. 
Both “ actin-myosin” and F-actomyosin rep­
resented interactions of actin and myosin. 
However, it was difficult to reconcile Con­
nell’s interpretation that an actin-myosin 
interaction stabilized these proteins with the 
rapid dissociation of F-actomyosin as ob­
served in storage studies by Canadian and 
Japanese workers.

Therefore, the present investigation was 
undertaken to: 1) characterize the compo­
nents of myofibrillar protein extracts by 
quantitative as well as qualitative analytical 
ultracentrifugation techniques; 2) study the 
effect of storing extracts containing cod 
myofibrillar proteins by ultracentrifugal 
analysis; and 3) study the effect of storage 
on the amount of total myofibrillar protein 
in extracts of frozen cod muscle and to 
characterize the components of these extracts 
by ultracentrifugal analysis.

P A R T  I .  U L T R  A C E N T R IF T J G A L  A N A L Y S I S  
O F  C O D  M Y O F I B R I L L A R  P R O T E I N S  

E X P E R I M E N T A L  M E T H O D S
M a te r i a l .  Gutted cod (Gadus morhita) was ob­

tained commercially. By the time it was used in 
an experiment its muscle was post-rigor, and it

had been stored in ice for 24-48 hr after capture.
Buffer solution ( 0.05 T) was made from 0.0033844 

K H -P04 plus 0.01554/ Na«HPOi. Its final pH 
was 7.5.

Buffer solution (0.5 fi) was made by adding 
KC1 (final concentration 0.454/) to the 0.05-g 
buffer solution. Its final pH was 7.2.

M e th o d . All preparative operations were done 
in a 34°F (1°C) cold room using pre-chilled 
equipment and solutions. Muscle samples were 
blended with buffer solution in a Waring blender 
using a blender jar fitted with a rigid loose-fitting 
Teflon baffle (Anderson ct al.. 1965). Before each 
extraction, the jar was checked for air bubbles 
by “blending” the buffer solution alone with the 
baffle in place. If air bubbles formed, the blending 
assembly was replaced with a new unit. If the 
jar passed this test, slices of muscle tissue were 
added and homogenized at reduced speed (7000 
rptn) for 90 sec in nine 10-sec periods separated 
by 5-sec intervals to allow settling of undissolved 
material.

Preparative centrifugations were done for 30 
min at 1000 X G in an International PR-2 Centri­
fuge refrigerated at 1°C using a type-284 rotor 
operated at 2400 rpm.

All extractions were based on a 1:19 flesh-solvent 
ratio to improve the yield of actomyosin. When 
a more dilute extract was desired, it was diluted 
with 0.5 fi buffer solution to the desired final con­
centration of total nitrogen (Anderson et al., 1965).

T o t a l  p r o t e i n  e x t r a c t .  A 20.0-g sample of cod 
muscle myotonies was blended with 380 ml of 0.5-g 
buffer solution and left overnight (18 hr). It was 
then centrifuged at 1000 X G to remove insoluble 
material. The upper portion of 150 ml was care­
fully removed and used as a total protein extract.

M y o f ib r i l la r  p r o t e i n  e x t r a c t .  The principle of 
this method was to remove sarcoplasmic proteins 
by washing the sample of muscle tissue before dis­
solving its myofibrillar protein instead of precipi­
tating myofibrillar protein from a  total protein 
extract. A 20.0-g sample of cod muscle myotomes 
was blended with 380 ml of 0.05-g. buffer. The 
residue obtained by centrifugation at 1000 X G was 
resuspended by blending in 370 ml of 0.05-fi buffer 
for 30 sec in three 10-sec periods separated by 
5-sec intervals, and then reccntrifuged. This opera­
tion was repeated one more time. Then the residue 
was blended for three 10-scc periods in 360 ml of 
0.5-m buffer and left overnight (18 hr). It was 
then centrifuged at 1000 X G to remove insoluble 
material. The upper portion of 150 ml was care­
fully removed and used as a myofibrillar protein 
extract.

T o t a l  p r o t e i n  n i t r o g e n  of an extract was deter­
mined without further centrifugation b y  a  b iu re t
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procedure (Anderson et al, 1965), assuming that 
the protein contained 16% nitrogen.

U l t r a c e n t r i f u g a l  a n a ly s is .  A Spinco analytical 
ultracentrifuge, model E, was operated at 50740 
rpm using the schlieren optical system with the 
rotor temperature control system set at 2.0°C 
(35.5°F). The operations of filling the 12-mm 
or 30-mm cells with aliquots of protein extracts 
and placing the cells into the An-E rotor were 
performed in a cold room at 34°F (1°C) using 
precooled equipment.

Sedimentation coefficients were calculated by the 
method of Svedberg and Pedersen (1940) using 
the relationship s =  d In x/w" dt. Values of x  
were obtained from measurements of distances on 
photographs of the schlieren patterns with a Nikon 
optical comparator, model 6. The outer hole of 
the rotor was used as a reference point from which 
all distances were measured.

Peak areas were measured by enlarging the 
schlieren pattern in the optical comparator, tracing 
the area on paper, and weighing a cut-out of the 
area. Lower portions of these areas were drawn 
from the schlieren pattern obtained by centrifuging 
the buffer solution alone under identical operating 
conditions of the centrifuge and comparator. The 
area of peak III (slow moving peak) was measured 
from a photograph taken after 40 min of centrifu­
gation at 50740 rpm to provide a constant position 
of the peak relative to the meniscus. The area of 
the fast-moving, hypersharp peak II was measured 
from any photograph in which the shape was clearly 
defined. The weight of a known area measured in 
the comparator from a photograph of the 306386 
calibration cell taken in the centrifuge was used to 
convert grams of a peak area into square centi­
meters.

Calculation of protein concentration from peak 
area measurements was based on the method re­
viewed by Svedberg and Pedersen (1940) and 
Schachman (1959). All concentrations were cor­
rected for radial dilution. However, no Johnston- 
Ogston corrections (reviewed by Schachman, 1959) 
were made, because of insufficient data for applying 
the theoretical assumptions underlying the correc­
tions to mixtures of cod myosin and actomyosin 
and the pragmatic observation that, in the case of 
rabbit myosin and actomyosin at least, there was 
no significant difference in results whether John- 
ston-Ogston corrections were applied (Chiancone, 
1962) or were not (Johnson and Rowe, 1964).

Some investigators have developed a factor to 
relate total protein concentration (biuret or Kjel- 
dahl) to total area in the schlieren pattern of a 
protein extract. This type of factor has been used 
for cod myosin to average out variations between 
extracts arising from the contribution of contami­

nants such as lipids and nucleotides to the refractive 
index increment (Connell, 1963). Since his myo­
sin extracts were ultracentrifugally homogeneous, 
Connell developed an accurate value for this factor. 
However, in the present study, different types of 
extracts were used which were obviously hetero­
geneous in the ultracentrifuge. To relate biuret 
values of these extracts to variations in area of 
each of the peaks seen in their schlieren patterns, 
one should separate the proteins in these extracts 
so that each schlieren peak can be studied individu­
ally. Attempts to perform this type of fractionation 
have not yet been completely successful. For this 
reason, a more empirical ratio was developed. 
Thirty total and myofibrillar protein extracts ivere 
used to calculate a ratio of total protein concentra­
tion as determined by biuret. An average value of 
47.2% was obtained. No attempt was made to 
increase this value by subtracting the contribution 
to the biuret values of the gel fraction or sarco­
plasmic protein in case of total protein extracts. 
To convert concentration units of g/ml into units 
of g protein nitrogen/ml it was assumed that the 
proteins contained 16% nitrogen.

R E S U L T S
Since the extracts used in this investigation 

usually contained a mixture of proteins, analytical 
ultracentrifugation was employed to identify the 
protein components. Since the schlieren patterns 
of these extracts usually contained more than one 
peak, the following sections describe the evidence 
by which the proteins responsible for the size and 
position of each peak are identified. In this de­
scription, a numerical system (Ellis and Win­
chester, 1959) is used to relate the results to the 
published literature. This numerical system is illus­
trated in Fig. 3.

The sedimentation data by which the schlieren 
peaks are classified came from several experiments. 
Data from myofibrillar protein extracts and total 
protein extracts were combined since there was 
no significant difference between these extracts in 
the size, shape, or position of the myofibrillar pro­
tein peaks on the schlieren pattern. A similar 
observation was made by Ellis and Winchester 
(1959). Since there is also no significant difference 
in sedimentation data based on extracts prepared 
from fresh or frozen post-rigor cod muscle, the 
data from these extracts have also been combined.

P e a k  I I .  This component has a characteristically 
high sedimentation rate which is very dependent 
on its concentration. Therefore the data (Fig. 1) 
were plotted from the equation ¿ =  Jo/(l +  Kc) 
instead of the simpler equation s =  so (1 — Kc) 
(Schachman, 1959). The So at 2°C of 55 is almost 
the same as Ellis and Winchester’s (1959) value
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PROTEIN CONCENTRATION (g / IO O m l)

Fig. 1. Concentration dependence of sedimenta­
tion coefficient for peak II (“F-actomyosin”) com­
ponent of extracts c o n ta in in g  cod myofibrillar 
proteins. Protein concentrations determined from 
area of the F-actomyosin peak in ultracentrifugal 
schlieren patterns.

of 60. When the sn is converted to standard con­
ditions ( method described by Svedberg and Peder­

sen, 1940), an S%o, w of 92 is obtained. This value 
is comparable to reported values for F-actomyosin 
from other species (Table 1).

The concentration dependence of sedimentation 
rate is expressed as the slope of the i  versus con­
centration line at low concentrations (Schachman, 
19S9). The slope of the line in Fig. 1 corresponds 
to a value of 0.18 at 20°C. Comparison of the 
results presented in Table 1 suggests that the 
slope is almost doubled if concentration is expressed 
as total protein (biuret determination) instead of 
the more specific determination of concentration 
from the ultracentrifugal data.

The sedimentation rate of concentrated F-acto­
myosin is only slightly dependent on its concentra­
tion as indicated by the dashed line in Fig. 1. 
Similar results were obtained from cod F-actomyo­
sin (Ellis and Winchester, 19S9) and carp F-acto­
myosin (Hamoir, 1955). In these special cases, 
the sedimentation rates of peaks II and III are 
nearly similar, so boundary effects (Schachman, 
1959) may decrease the calculated concentration of 
F-actomyosin significantly. However, the sedi­
mentation rate of F-actomyosin is also dependent 
on its tendency to form a gel-like physical state in 
concentrated solutions (Johnson and Rowe, 1964).

Table 1. Sedimentation data for F-actomyosin.

S p e c ie s
S ° 20 ,w  i n  _ 

S v e d b e r g  u n i t s

S lo p e  o f  l in e  
r e l a t i n g  1 / S ° 20, \  

v s .  p r o te in  
c o n c e n t r a t io n

M e th o d  u s e d  
v to  o b ta in  

p r o te in  
c o n c e n t r a t io n R e f e r e n c e

Cod 92 0.18 Schlieren peak of 
F-actomyosin

Present investigation

Cod 92 0.30 Total soluble protein 
of heterogeneous 
extract

Present investigation

Cod 101 0.25 Total soluble protein 
of heterogeneous 
extract

Calculated from Ellis 
and Winchester ( 1959)

Carp 90 0.16 Total soluble protein 
of homogeneous 
extract

Calculated from 
Hamoir (1955)

Rabbit 95 Hamoir (1955)
Mixed rabbit and 

pigeon extract 99.0 0.196 Schlieren peak of 
F-actomyosin

Fig. 1 of Chiancone (1962)

Homogeneous rabbit 
or pigeon extract 73.0 0.181 Schlieren peak of 

F-actomyosin
Fig. 1 of Chiancone (1962)

Rabbit 90 0.18 Schlieren peak of 
F-actomyosin

Calculated from Johnson 
and Rowe (1964)
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Therefore, until more data are available, the con­
centration dependence of sedimentation rate for 
concentrated F-actomyosin is represented tenta­
tively by the dashed line in Fig. 1.

Some of the concentrated F-actomyosin solu­
tions contained two instead of one fast-moving 
peaks which were almost superimposed on each 
other. Ellis and Winchester (1959) presented 
similar data and classified the slower peak as II 
and the faster peak as I. However, evidence from 
rabbit F-actomyosin studies suggests strongly that 
the only difference between II and I is in the degree 
of polymerization of the F-actin component of 
F-actomyosin (Johnson and Rowe, 1964). There­
fore, whenever such peaks were encountered, the 
average sedimentation rate and the total area were 
used to measure the sedimentation rate and concen­
tration of F-actomyosin.

P e a k  I l i a .  Some of the schlieren patterns of 
the extracts had a small peak sedimenting between 
peak II and peak III. The size of this peak 
depended principally on the extraction technique 
instead of the source of muscle used to extract 
myofibrillar protein. Specifically, the size of this 
peak depended on a rise in temperature during 
extraction or if air was incorporated when the 
muscle is homogenized. Therefore, no attempt was 
made to identify this peak. However, its sedimen­
tation rate and the temperature effect of the extrac­
tion suggest a similarity with Martonosi’s (1962) 
7-component.

P e a k  I I I .  This component had a characteris­
tically moderate rate of sedimentation in contrast

to peak II. Another distinguishing feature of this 
peak is that its rate of sedimentation is almost 
independent of concentration (Fig. 2). The sedi­
mentation rate for similar concentrations of peak 
III in all of the extracts studied also remains 
essentially constant over a wide range of F-acto­
myosin concentrations. Similar results were ob­
tained by Ellis and Winchester (1959). When 
the data in Fig. 2 are extrapolated to zero protein 
concentration an a  of 3.8 at 2°C is obtained, which 
corresponds to an S°2o, w of 6.4. Ellis and Win­
chester (1959) obtained a slightly lower value 
of 6.0 for peak III in similar extracts, but the 
difference is probably not significant considering 
the scatter of experimental data.

P e a k  I V .  In preliminary ultracentrifugal analyses 
of total protein extracts, a small peak appeared 
when the boundary of peak III had moved almost 
halfway across the cell. Since this peak was very 
broad (an indication of heterogeneity) and since 
its area was always small in comparison with peaks 
III and II, it was not studied in detail. Neverthe­
less, the analyses of peak III were based on meas­
urements in which peak III is near the meniscus, 
to minimize any possible contribution of the pro­
teins represented by peak IV to the shape of peak 
III.

G e l  f r a c t i o n .  Some of the properties of the gel 
fraction have been reported (Dingle et al., 1963; 
Ellis and Winchester, 1959; Johnson and Rowe, 
1964; Mommaerts, 1952), but its composition was 
not investigated in the present study.

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
PROTEIN CONCENTRATION (g /IO O m l)

Fig. 2. Concentration dependence of sedimentation coefficient for peak III ( “myosin plus G-actomyosin’’) component of extracts containing cod myofibrillar proteins. Protein concentrations determined from area of the myosin plus G-actomyosin peak in ultracentrifugal schlieren patterns.
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DISCUSSION
The identification of peak II as F-actomyosin 

is reasonably certain. Its sedimentation rate and 
the pronounced dependence of this rate on its con­
centration are in excellent agreement with pub­
lished data for mammalian as well as fish F-acto­
myosin. However, one should not infer that this 
component represents a single molecular species, 
since Johnson and Rowe (1964) have suggested 
that it may contain at least two different forms 
of F-actin.

Identification of the protein represented by peak 
III is complicated by the fact that the evidence 
suggests that it includes at least two myofibrillar 
protein components. The ultracentrifugal charac­
teristics of peak III differ from those of homo­
geneous myosin selectively extracted from cod 
muscle (Connell, 1963). This difference could be 
due either to mistaken identification of peak III as 
myosin or that peak III really represents a mix­
ture of myosin and another myofibrillar protein. 
Obviously, a decision between these possibilities 
has to be made.

One portion of the evidence is related to the 
possibility that myosin sediments as a component 
of peak III. The S%. „• value of 6.4 is close to 
that for authentic myosin monomer (Connell, 
1963) so that any myosin present in the extracts 
contributes to this peak. The results of our ultra­
centrifugal experiments in which adenosine triphos­
phate was added to myofibrillar protein extracts 
are similar to the results of Dingle et al. (1963) 
and Johnson and Rowe (1964), who suggested that 
a myosin-like protein was represented in their 
myofibrillar protein extracts.

Other lines of evidence suggest that the appear­
ance of peak III in the schlieren patterns is not 
due to myosin alone. Peak III has a broader 
shape than homogeneous myosin monomer (Con­
nell, 1963), and its concentration dependence of 
sedimentation is different. It is unlikely that this 
behavior is caused by significant interference from 
sarcoplasmic proteins (“albumins” ), because the 
area of peak III was the same in total protein 
extracts and in myofibrillar protein extracts pre­
pared from similar samples of either fresh or 
frozen cod muscle. The low concentration of tropo­
myosin in cod myofibrillar protein extracts (re­
viewed by Connell, 1964) and the low sedimentation 
rate of cod tropomyosin (Dingle and Odense, 19S9)

rule out the possibility of this protein also signifi­
cantly affecting the area of peak III.

Johnson and Rowe's (1964) ultracentrifugal 
study of rabbit myofibrillar protein extracts pro­
vides strong supporting evidence for their hypothe­
sis that they contained myosin bound to a rela­
tively unpolymerized actin. Since this component 
was not isolated, they described it as “G-acto- 
myosin” on the basis of its ultracentrifugally simi­
larity to myosin and to distinguish it from F-acto­
myosin. Evidence for the existence of G-actomyosin 
was also derived from an experiment similar to that 
of Johnson and Rowe (1964) using cod instead of 
rabbit muscle (Anderson ct al., 196S). This ultra­
centrifugal study demonstrated that when the ionic 
strength of the extractant was increased from 
0.5 g. to 0.8 n the size of peak III (called “myosin” 
in that paper) increased at the expense of peak II 
(then called “actomyosin”) since the total quan­
tity of extractable protein remained essentially 
constant. This result is in excellent agreement with 
Johnson and Rowe’s (1964) hypothesis that an 
increase in ionic strength displaces the equilibrium 
F-actomyosin G-actomyosin toward an increase 
in the concentration of G-actomyosin which is ob­
served as an increase in the size of peak III.

In an ultracentrifugal study of myosin extracts 
obtained from frozen cod muscle, Connell (1962b) 
found other components that were derived from 
the fraction known as “extra-protein” and which 
were seen as small peaks sedimenting at almost 
the same rate as the myosin peak. The “extra-pro­
tein” fraction was defined in Connell’s (1962b) 
paper as protein that is extracted together with 
the myofibrillar protein from muscle that has been 
previously washed with dilute buffer solutions, and 
after extraction it remains soluble when myosin 
and actomyosin are precipitated by dilution. The 
extracts examined in the present work will also 
contain the “extra protein” fraction, and there is 
a definite possibility that one major component is 
G-actomyosin. Perry and Zydowo’s (1959) stud­
ies of the composition of “extra-protein” revealed 
that it is a heterogeneous mixture, but the com­
ponent present in largest concentration is a 
“globulin” which they did not completely charac­
terize. They found that this “globulin” gave a 
weak response when assayed for myosin adenosine 
triphosphatase activity, and essentially negative re­
sults when tested for the presence of actin or

Plate A—Extracts stored 0 days, 65.0°, 32 min, 30 mm cells.Plate B—Extracts stored 6 days, 65.0°, 32 min, 30 mm cells.Plate C—Extracts stored 21 days, 65.0°, 24 min, 30 mm cells.Plate D—Cod stored 6 days (upper) or 1 day (lower), 65.0°, 32 min, 12 mm cells. -------------->Plate E—Cod stored 78 days (upper) or 73 days (lower), 55.0°, 24 min, 30 mm cells.Plate F—As Plate E after 40 min.Plate G—Cod stored 224 days (upper) or 219 days (lower), 55.0°, 4 min. 30 mm cells.Plate H—As Plate G after 40 min.
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Fig. 3. Ultracentrifugal sedimentation of cod myofibrillar protein. Speed 50,740 rpm. Temperature 2.0° C. Direction of sedimentation from left to right. Lower patterns from cell with plain window. Upper patterns from cell with 1° positive wedge window. Times measured after rotor reached operating speed. Angles represent schlieren analyzer settings. Upper and lower patterns in Plates A, B, C represent two cod myofibrillar protein extracts stored at 34°F (1°C). Upper and lower patterns in Plates D through H represent two total protein extracts obtained from cod muscle stored at + 3°F  ( —16°C).

U J i,
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myosin by applying either solubility criteria or 
viscometry to measure ability to combine with 
authentic myosin or actin. These results show 
that neither free actin nor free myosin was in this 
“globulin” fraction, but G-actomyosin as defined 
by Johnson and Rowe (1964) should react in this 
way. Connell’s (1962b) solubility criteria for 
“extra-protein” give the impression that G-acto­
myosin cannot be a component of “extra-protein,” 
because Johnson and Rowe’s (1964) definition of 
G-actomyosin is based on their experimental pro­
cedure of precipitating myofibrillar protein at 0.2 g 
or less and then dissolving the precipitate at a 
higher ionic strength. Johnson and Rowe (1964) 
have already suggested that an F-actomyosin pre­
cipitate at 0.2 g can dissociate into G-actomyosin 
when it is solubilized by increasing the ionic 
strength. Thus, it is reasonable to propose that 
G-actomyosin is soluble at low ionic strengths even 
though it can also be present in F-actomyosin solu­
tions that have been previously purified by precipi­
tation at low ionic strengths.

In view of all the evidence from the other investi­
gations as well as the evidence presented in the 
following sections, it is postulated that the pro­
tein observed as peak III during ultracentrifuga­
tion of the extracts used in this investigation, in­
cludes myosin and G-actomyosin. No attempt was 
made to determine specific concentrations of myosin 
or G-actomyosin by ultracentrifugal methods, since 
it was anticipated that these proteins had similar 
sedimentation rates (Johnson and Rowe, 1964). 
However, the results of the storage studies pre­
sented below' provide a rough estimate of changes 
in their relative concentrations.

P A R T  I I .  S T O R A G E  S T U D I E S  O F  P R O T E I N  
E X T R A C T S  A T  3 4 ° F  ( 1 ° C )  

E X P E R I M E N T A L  M E T H O D S
Six total protein extracts were prepared from 

fresh cod myotonies and diluted u'ith 0.5-,u buffer 
solution to a final total protein concentration of 
0.4-0.5 mg protein nitrogen per ml. These extracts 
were stored for up to 25 days at 34°F (1°C) in a 
cold room. An aliquot was removed from each 
extract at each of five regular intervals during the 
storage period for ultracentrifugal analysis and 
determination of total soluble protein nitrogen on 
its supernatant after centrifugation for 30 min at 
1000 X G. The storage period was not carried 
beyond 25 days, since, during the period 20-25 days, 
the extracts developed a slight odor of putrefaction. 
The analytical methods were the same as those 
presented in Part I of this paper.

In a subsequent study, four myofibrillar protein 
extracts were stored and analyzed in the manner 
as described above.

R E S U L T S
The results w’ere essentially the same whether 

actomyosin extracts or total protein extracts were 
stored at 34°F (1°C). The ultracentrifugal schlie- 
ren patterns demonstrated that the composition of 
these extracts changed during the storage period 
(Fig. 3). The concentration of the F-actomyosin 
component decreased linearly by an average of 
0.44±0.08 mg protein nitrogen per 100 ml per day, 
and the concentration of the myosin plus G-acto- 
myosin component increased linearly at the same 
rate (Table 2). However, the total measured area 
of these schlieren peaks as well as the total soluble 
protein nitrogen content of each extract (0.4—0.5 
mg per ml) remained essentially constant during 
the storage period.

D I S C U S S I O N
The results of these studies clearly indicate dis­

sociation of F-actomyosin. They do not support 
the hypothesis that F-actomyosin dissociates into 
F-actin and myosin at an ionic strength of 0.5. 
There is no ultracentrifugal evidence for a  peak 
corresponding to F-actin. There is no evidence that 
F-actin is incorporated into the gel fraction or that 
it is precipitated, since the total area of the schlie­
ren patterns as well as biuret determinations of 
total protein nitrogen remained constant throughout 
the storage period.

The results do provide additional evidence for 
the dissociation reaction F-actomyosin G-acto­
myosin as postulated by Johnson and Rowe (1964). 
Supporting evidence consists of the equal rates of 
change in the areas of schlieren patterns. The total 
area of the two peaks and the total protein concen­
tration remained constant during the storage period. 
Since peak II was identified as F-actomyosin and 
peak III as a mixture of myosin and G-actomyosin 
(Part I of this paper), the results suggest that 
F-actomyosin was slowly dissociated to G-acto- 
myosin during storage.

To fit the postulated reaction F-actomyosin 
G-actomyosin to the results, it is also necessary to 
assume that the ultracentrifugal component identi­
fied as myosin plus G-actomyosin contained more 
G-actomyosin and less myosin at the end of the 
storage period. Under similar storage conditions, 
a homogeneous extract of monomeric myosin aggre­
gated spontaneously at a rapid rate (Connell, 
1963). However, no evidence for the occurrence of 
this aggregation reaction was obtained in the pres­
ent study, since a separate schlieren peak corres­
ponding to an aggregated myosin was never ob­
served. This result is in agreement with Connell’s 
(1962b) observation that the presence of actin 
stabilized myosin against aggregating spontaneously.
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Table 2. Ultracentrifugal analysis of the effect of storage at 34°F  (1°C) on the composition of cod muscle protein extracts.

Sample

Rate of change in ultracentrifugal 
concentration

Storage
time

(days)

Area in
ultracentrifugal 

schlieren patterns 
(arbitrary area units)

Myosin plus 
F-actomyosin G-actomyosin 

(Mg protein nitrogen per 100 ml/day)

Total protein
extracts

A -0.47 +0.S0 3 .252
6 .243

10 .255
13 .232
18 .236

B -0.45 +0.45 4 .250
6 .248

10 .254
13 .249
18 .258

C -0 .39  +0.47 4 .236
6 .234

10 .278
13 .282
18 .228

D -0.44 +0.42 4 .280
6 .235

10 .249
13 .229
18 .216E -0.49 +0.51 4 .227
6 .242

10 .250
14 .250
18 .234F -0.50 +0.53 4 .217
6 .211

10 .239
14 .230
18 .222

Myofibrillar
protein extracts

1 -0.56 +0.57 3 .293
5 .295

11 .295
14 .295
21 .294

2 -0.41 +0.41 4 .292
11 .292
14 .292
21 .293

3 -0.40 +0.37 5 .285
11 .285
14 .285
21 .286

4 -0 .29 +0.27 5 .192
11 .193

Average rate of change ±0.44 ±0.08 14 .193
21 .193
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The extent to which F-actomyosin was dissoci­
ated at 0.5̂ i is also analogous to a previous study 
in which higher ionic strengths dissociated more of 
the F-actomyosin immediately (Fig. 2 of Anderson 
ct al., 1965). Since the only difference between 
these experiments was the extent to which F-acto- 
myosin dissociated, it is evident that soluble F- 
actomyosin in a low-ionic-strength medium can in 
time dissociate to the same extent as it can immedi­
ately in a higher-ionic-strength medium. In all of 
these cases, F-actomyosin is presumed to dissociate 
into G-actomyosin. This concept may also be ap­
plicable to the results of storage studies based on 
frozen cod muscle since freezing results in an in­
crease in the ionic strength of those tissue fluids 
which remain unfrozen.

P A R T  I I I .  E X T R A C T S  P R E P A R E D  F R O M  
S T O R E D  F R O Z E N  C O D  M U S C L E

The following procedures were adopted in two 
separate frozen-storage studies. For each study, a 
very large cod (25-30 lb) was filleted. The paired 
fillets w'ere wrapped securely in polyethylene bags, 
frozen in a plate freezer, and then stored at +3°F 
(-16°C). At intervals during the storage period, 
duplicate 20.0-g samples of frozen flesh were sliced 
from the anterior midsection of each fillet and used 
immediately to prepare total protein extracts. Total 
soluble protein nitrogen determinations and ultra­

centrifugal analyses were carried out on these ex­
tracts. The analytical methods were the same as 
those in Part I of this paper.

Two other frozen storage studies were also 
carried out. Their principal value was to demon­
strate that the fillets should be wrapped securely to 
inhibit desiccation and that more samples should 
be obtained especially during the first 100-150 days 
of storage.

R E S U L T S
During the period of frozen storage, total ex­

tractable protein decreased at a steady rate (Fig. 4). 
Similar results have been widely used to indicate 
the effect of storage on specific extractability of 
myofibrillar protein from frozen cod (reviewed by 
Dyer and Dingle, 1961; Love, 1962b). Such re­
sults have also demonstrated that extractability of 
the water-soluble sarcoplasmic protein fraction 
from frozen cod muscle does not change during 
frozen storage (reviewed by Dyer and Dingle, 
1961). Since the total extractable protein from 
fresh cod muscle contains about 22% v'ater-soluble 
protein (reviewed by Dyer and Dingle, 1961), it 
is assumed that all the extracts on which Fig. 4 is 
based contained an average of 0.3 mg water-soluble 
protein nitrogen per ml. The total protein content 
of the extracts had dropped to almost this level by 
the end of the storage period. It is assumed, there-

Fig. 4. Change in amount of total extractable protein from cod flesh stored at +3°F  ( —16°C). A third storage study; □  fourth storage study.
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fore, that the data given in Fig. 4 satisfactorily rep­
resent a storage period during which the extract- 
ability of myofibrillar protein from frozen cod 
decreases almost to zero.

The extracts obtained during this study were also 
examined in the ultracentrifuge. Their schlieren 
patterns reveal that the areas of the fast peak 
(F-actomyosin) and the slow peak (myosin plus 
G-actomyosin) are related to storage time of the 
frozen cod from which the extracts were prepared 
(Fig. 3). These peak areas were converted into 
units of protein concentration which are shown in 
Figs. 5 and 6. Fig. S shows a rapid initial decrease 
in extractability of the F-actomyosin component 
until about the 75th day of storage. Fig. 6 shows 
that the extractability of the myosin plus G-acto- 
myosin component increased until a maximum was 
reached after about 75 days. Extractability of this 
component then decreased steadily until the end of 
the storage period. A peak that would have cor­
responded to F-actin was never observed.

The protein concentrations shown in Figs. 5 and 6 
were not converted from units of mg protein nitro­
gen per nil of extract into mg protein per 100 g of 
muscle, because there was too much uncertainty in 
relating effects of lipid and nucleotide contaminants 
on the size of the schlieren peaks from which these 
protein concentrations were calculated (Part I

of this paper). However, a rough estimation of the 
absolute extractability of these components may be 
useful. Extracts prepared from fresh cod muscle 
(zero time in Fig. 4) contained about 1.5 mg pro­
tein nitrogen per ml, equivalent to 3.0 g protein 
nitrogen per 100 g muscle. About 47% of this pro­
tein nitrogen was detected ultracentrifugally as F- 
actomyosin (0.72 g per 100 g, calculated from Fig. 
5) and myosin plus G-actomyosin (0.64 g per 100 
g, calculated from Fig. 6). The remainder (1.6 g 
per 100 g) includes about 22% sarcoplasmic protein 
(Dyer and Dingle, 1961), or 0.6 g per 100 g and 
about 20% gel fraction (Ellis and Winchester, 
1959), or 0.6 g per 100 g. These calculations leave 
about 0.4 g per 100 g, or 13% of the total extrac­
able protein, still unaccounted for. Included in this 
13% are the small amounts of other myofibrillar 
proteins such as tropomyosin and errors in the ex­
perimental methods (Part I of this paper).

D I S C U S S I O N
The observed rate of decrease of total extractable 

protein from frozen cod muscle can be partly ex­
plained on the basis that it is due to direct formation 
of aggregated and inextractable F-actomyosin. This 
concept has already been discussed in a previous 
report (Anderson ct al, 1965). Direct formation of 
aggregated F-actomyosin can account for part of

Fig. 5. Change in amount of the peak II (“F-actomyosin” ) component in total protein extracts obtained from cod flesh stored at -(-30F ( —16°C). F-actomyosin concentrations determined from area of its peak in ultracentrifugal schlieren patterns. A third storage study; □  fourth storage study.
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DAYS AT + 3 ° F  ( - I6 ° C )
Fig. 6. Change in amount of the peak III (“myosin plus G-actomyosin’') component in total protein extracts obtained from cod flesh stored at +3°F ( —16°C). Myosin plus G-actomyosin concentrations determined from area of its peak in ultracentrifugal schlieren patterns. A third storage study; □  fourth storage study.

the rapid loss in extractability of the ultracentri­
fugal F-actomyosin component (Fig. 51. However, 
the possibility of F-actomyosin aggregating directly 
into inextractable protein fails to provide a satis­
factory cause-and-effect explanation for the differ­
ent rates of change in extractability of F-actomyosin 
(Fig. 5), myosin plus G-actomyosin (Fig. 6), and 
total extractable protein (Fig. 4).

A more inclusive reaction scheme (Fig. 7) is 
proposed to integrate all of the results. In addition 
to a direct aggregation pathway it provides a dis­
sociation pathway for the conversion of F-acto­
myosin into other forms of myofibrillar protein. 
This dissociation pathway was originally postu­
lated in Johnson and Rowe’s (1964) study of 
myofibrillar protein extracts obtained from fresh 
(unfrozen) rabbit muscle and has been adapted to 
the present investigation. According to this reaction 
scheme, the rapid decrease in amount of F-actomyo­
sin (Fig. 5) with the slower increase in the amount 
of myosin plus G-actomyosin (Fig. 6) during the 
initial storage period (0 to 75 days) suggests a 
relatively rapid dissociation of F-actomyosin into 
G-actomyosin followed by a slower rate of dis­
sociation of G-actomyosin into components which 
then aggregate to form inextractable protein. The 
assumption that G-actomyosin is more stable than 
F-actomyosin, even though it eventually dissociates

into inextractable protein, also provides an ex­
planation for the observed rate of decrease in big. 6 
during the storage interval of 100-300 days in 
which only a minimum amount of F-actomyosin 
was extracted (Fig. 5). This reaction scheme is 
also consistent with the failure to observe an ul- 
tracentrifugal schlieren peak which would have 
corresponded to F-actin.

The postulated participation of G-actomyosin in 
this stepwise series of myofibrillar protein reactions 
is also suggested by the results of the extract stor­
age study (Part II of this paper). Although that 
study is based on protein extracts prepared from 
fresh muscle, the ionic strength of the system is 
similar to those likely to occur in the cellular fluid 
of frozen cod (Anderson ct al, 1965). In addition, 
the study on extracts is similar to the frozen muscle 
study in that it provides similar evidence for the 
greater stability of G-actomyosin over F-actomyosin 
under the storage conditions used.

Comparison of the results of this investigation 
with Connell’s (1962b) work presents additional 
evidence for the involvement of G-actomyosin. The 
basis for comparing these studies is the similarity 
of results in measurement of total extractable 
myofibrillar protein (Fig. 4, compared with Fig. 2 
of Connell, 1962b). By using a selective extraction 
method, Connell obtained a significant amount of
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(
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AGGREGATED MYOSIN AND 
AGGREGATED F-ACTOMYOSIN)

Fig. 7. Postulated mechanism for the conversion of myofibrillar protein into inextractable protein (adapted from Fig. 27.13 of Johnson and Rowe, 1964).

extractable monomeric myosin from frozen-stored 
cod that contained very little total extractable myo­
fibrillar protein. However, since selective extrac­
tion of myosin is based on the capacity of adenosine 
triphosphate or pyrophosphate to split the actin- 
tnyosin complex, this extraction method is pre­
sumably incapable of distinguishing between myo­
sin derived from F-actomyosin, G-actomyosin, or 
myosin not previously bound to actin. Connell 
(1962b) proposed that the myosin observed in his 
extract prepared from frozen-stored cod was par­
tially derived from myosin bound to actin. The re­
sults of the present investigation suggest that the 
components of this complex are G-actin and myo­
sin rather than F-actomyosin, especially in extracts 
prepared from aged frozen-stored cod.

Although the evidence suggests a gradual dis­
sociation of F-actomyosin into G-actomyosin during 
frozen storage, it is still speculative whether this 
dissociation occurs entirely in situ. Procedures used 
to measure extractability of actomyosin from frozen 
muscle are relatively non-selective even though they 
are commonly used in investigations of deterioration 
of texture in stored muscle. During such extraction 
processes, it is possible that some actin and myosin 
molecules which were not combined in situ may 
form actin-myosin complexes in vitro (Connell, 
1962b.) During extraction, there is also an oppor­
tunity for dénaturation of actomyosin by reaction 
with fatty acids that are extracted together with 
the protein (Anderson et al, 1965). Considerably

more work is needed to determine the effect of 
frozen storage on alterations of myofibrillar pro­
tein in situ.

C O N C L U S I O N S

The results of this investigation and those 
of a previous study (Anderson et al, 1965) 
consistently support the postulated series of 
stepwise dissociation and aggregation reac­
tions illustrated in Fig. 7. Storage conditions 
which decreased the amount of soluble F- 
actomyosin displaced these reactions in favor 
of dissociation and aggregation into insoluble 
protein. The present evidence complements 
Johnson and Rowe’s (1964) findings in pro­
viding strong supporting evidence for G- 
actomyosin which they originally distin­
guished from F-actomyosin on the basis of 
the molecular form of its actin component. 
The present results also suggest that G- 
actomyosin is a more stable form of acto- 
rnoysin than F-actomyosin. The principal 
weakness in this suggestion is, of course, 
that, to the best of our knowledge, no one has 
yet developed a specific test for G-actomyosin 
in the presence of myosin, F-actomyosin, or 
other myofibrillar protein. We also need 
more information about the nature of the 
complexes that actin and myosin can form 
both in situ and in vitro, and the relation of 
the environments to their formation and sta­
bility. Nevertheless, by considering myo­
fibrillar protein as an equilibrium system 
which includes G-actomyosin instead of as a 
simple mixture of actin, myosin, and F- 
actomyosin, a reaction scheme such as that of 
Fig. 7 may provide a useful working hypoth­
esis to explain consistently the effect of sev­
eral commercial storage or processing condi­
tions of fish muscle on myofibrillar protein 
denaturation in terms of how these conditions 
displace equilibria between the actin, myosin, 
and actomyosin components.
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DEFINITIONS
Ionic strength of a solution is indicated by the 

symbol ¡i.
Total protein extract is defined by the experi­

mental procedure as an extract containing all of 
the muscle proteins that are soluble in neutral 0.5- t̂ 
salt solution.

Myofibrillar protein extract is defined by the 
experimental procedure as an extract which con­
tains myofibrillar proteins but not 0.05-g. neutral 
salt-soluble sarcoplasmic protein.

Actomyosin suggests a particular protein, but 
its usage has created confusion. Part of the ambiguity stems from the tendency of some inves­
tigators to describe actomyosin on a molecular 
basis even though their extracts were a more or 
less heterogeneous mixture of actomyosin and 
other proteins. However, even if the term “acto­
myosin extract" were used to identify actomyosin, 
there would still be an ambiguity in this paper, 
since it is essential to distinguish the more general 
evidence for actomyosin from the more specific 
evidence for F-actomyosin or other forms of actin 
myosin interactions. Therefore, the more general 
term “myofibrillar protein extract” is used instead 
of “actomyosin extract” to refer to an extract con­
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taining actomyosin. The term “F-actomyosin” is 
used only when the intention is to describe an 
actomyosin in which myosin has interacted with 
the highly polymerized forms of actin that other 
investigators recognize as F-actin. Since a defini­
tion of actomyosin specific for actin not as highly 
polymerized as F-actin prejudges the result of this 
investigation, the term “actomyosin” is used only

when there is no reason to be specific about the 
size of the actin component.

Gel fraction is protein that is soluble in 0.5-,« 
neutral salt solution after preparative centrifuga­
tion (1000 X G for 30 min) but is removed from 
solution when the analytical ultracentrifuge is accel­
erated to operating speed (zero to 50,740 rpm or 
187,000 X G).
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Evaluation of Lipid Oxidation in Plant Tissues

SUM M ARY
E ssen tia l to a p p lica tio n  o f  th e  T B A  test to  

p la n t tissues as a m easu re o f  p rior lip id  o x id a ­
tion is in a ctiva tion  o f  lip o x id a se  in  th e b le n d ­
in g  p ro ced u re  by a stron g  acid . T h e p rod u ction  
o f  T B A -reactive m a teria l d u rin g  b len d in g  w ith ­
ou t acid m ay g iv e  a u se fu l m ea su re  o f  th e  
“ lip id  o x id a tio n  p o ten tia l”  o f  v eg eta b le  m a ter i­
a ls, as a ffected  by th e ir  co n ten t o f  lip o x id a se , 
sub strate and  a n tio x id a n ts . C om parative data  
are p resen ted  o n  fa tty  acid s and  lip o x id a se  in  
dried  B la ck ev e  and  G reen (B u r p e e ’s b lu e  b an ­
ta m ) p ea s, and  th e  data are re la ted  to th e  
T B A  values in  b len d in g  o f  th ese  p ea s. W ide  
d istr ib u tio n  o f  lip o x id a se  in  v eg eta b les  and  
fru its  has b een  d em o n stra ted . A m on g  the m a­
teria ls a n a ly zed , th e  ex tracts o f  ro o ts , tubers, 
b otan ica l fru its  w ith ed ib le  seed  p o r tio n , and  
seed s u su a lly  show ed a h ig h  lip id -o x id iz in g  ac­
tiv ity . C om p aring  fa m ilie s , th e  ex tracts  o f  
m any veg eta b les  b e lo n g in g  to  L eg u m in o sa e , 
S olan a ceae , and  C r u c i f e r a e  h ad  relatively  
h ig h er  activ ity .

INTRODUCTION
Many plant tissues are known to contain 

the enzyme lipoxidase as well as the poly­
unsaturated fatty acids which serve as sub­
strates for this enzyme. Lipid oxidation, 
resulting in rancid odors, might therefore 
be expected under conditions where raw or 
inadequately blanched vegetables are macer­
ated, frozen, or otherwise treated in such a 
way that enzyme, substrate, and oxygen are 
brought together. Unfortunately, objective 
data implicating lipid oxidation are sparse 
in the literature.

The lack of established methods for evalu­
ating lipid oxidation in plant materials has 
hampered progress in assessing the extent 
and importance of this reaction. Peroxide 
numbers have been used almost exclusively 
for this purpose. Peroxide determinations, 
which involve a preliminary extraction of 
the small amounts of lipid present, are cum­
bersome and unsatisfactory in several re­
spects. They are usually limited to the easily 
extractable triglycerides. Furthermore, per­
oxides are only intermediates in the produc­
tion of rancid end products, and in the pres­

ence of peroxide decomposers they may not 
accumulate even when lipid oxidation is 
far advanced.

Measurement of an end product of lipid 
oxidation would seem to be preferable to 
peroxide determination. In studies of stored 
peas it has been suggested that gas chro­
matographic evaluation of hexanal might be 
used as a measure of rancidity (Bengtsson 
and Bosund, 1964), but the reliability and 
applicability of such a test have not been 
examined.

Malonaldehyde, measured either by its 
reaction with 2-thiobarbituric acid (TBA) 
or by its absorption in the ultraviolet (Kwon 
and Watts, 1963), has proved highly useful 
in objective evaluation of lipid oxidation in 
animal tissues. Malonaldehyde is derived 
directly under test conditions from the hy­
droperoxides of fatty acids having three or 
more double bonds (Dahle et al.. 1962) and 
may arise from secondary oxidations of 
other lipid oxidation products (Lillard and 
Day, 1964). Tests for malonaldehyde have 
apparently not been applied to vegetable 
materials. In making such an application it 
may be anticipated that inactivation of lipoxi­
dase in the blending step would be essential.

Rapid, precise methods for determining 
the rate of lipid oxidation by vegetable ex­
tracts or by purified lipoxidase preparations 
are also of interest in studies of enzyme sta­
bility, antioxidant effectiveness, etc. Surrey 
(1964) recently improved the methodology 
of lipoxidase assays by solubilizing fatty 
acid substrates. Although he used diene con­
jugation as a measure of the extent of lipid 
oxidation in his model mixtures, polaro- 
graphic measurements of oxygen uptake are 
simpler and give a continuous record of 
reaction rates.

This paper describes: 1) malonaldehyde 
as a measure of lipid oxidation in plant tis­
sues; 2) lipid-oxidizing activities of various 
vegetable and fruit extracts; and 3) varia­
tions in lipoxidase and substrate between 
two varieties of peas as related to the amount 
of malonaldehyde produced during blending.

664
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MATERIALS AND METHODS

Lipoxidase and fa tty  acids. Purified soybean 
lipoxidase was obtained from Nutritional Biochem­
icals Corporation, and linoleic and Iinolenic acids 
were from the Hormel Institute.

Procedure for TBA test on vegetables. A 
distillation method developed by Tarladgis et al. 
(1960) was slightly modified by the addition of 
acid during blending, in order to inactivate lipoxi­
dase. The method finally adopted for TBA test 
in the presence of lipoxidase follows. A given 
weight of vegetable was blended for 2 min with 
S ml of HC1 (1 :2) plus distilled water to make 
60 ml in a Virtis “45” homogenizes The mixture 
was quantitatively transferred into a Kjeldahl 
flask by washing with 40 ml distilled water. The 
remainder of the procedure was carried out as 
described by Tarladgis et al. TBA numbers are 
expressed as mg malonaldehyde per 1,000 g vege­
table tissue.

A polarographic method for lipoxidase assay.
Polarographic measurements of oxygen tension 
were adapted for determination of lipoxidase ac­
tivity as follows. The rates of oxygen consump­
tion of fatty acid solutions or emulsions, pH 6.2, 
in the presence of purified lipoxidase or aqueous 
crude vegetable extracts were measured with the 
Beckman oxygen analyzer, model 777, and recorder. 
The decrease of oxygen tension, in mm Hg per 
minute, at the maximum slope is taken as a com­
parative measure of the rate of oxygen consumption.

The detailed procedure was as follows. A 50-ml 
Erlenmeyer flask with Teflon magnet was placed 
on an asbestos-covered foam pad on a magnetic 
stirrer. Then, 10 ml crude enzyme extract was 
quickly mixed with 50 ml emulsion in a 250-mi 
Erlenmeyer flask and immediately transferred to 
the 50-ml flask. The sensor was promptly inserted 
into the neck of the flask, and measurement was 
begun.

Changes in oxygen tension could not be pre­
cisely translated into moles of oxygen consumed, 
since the solubility of oxygen in the reaction 
mixture at any particular oxygen tension is not 
known. However, assuming that the low concen­
trations of linoleic acid, T ween 20, phosphate 
buffers, and pea extract would not significantly 
affect the amount of dissolved oxygen, the figure 
of oxygen solubility of 8.4 ppm CP in pure water 
in equilibrium with water-saturated air at 25 °C 
and 760 mm Hg (160 mm POP may be used as a 
rough approximation. A fall of 1 mm in the 
oxygen tension measured is roughly equivalent to 
a loss of 0.053 ppm oxygen or 1.7 X KP3 gmoles 
of oxygen per milliliter of reaction mixture.

Gas-liquid chromatographic (GLC) analysis of 
fa tty  acids. Lipids were extracted from peas by

the method described by Folch et al. (1957) using 
2:1 (v/v) chloroform-methanol mixture. Dried 
peas were soaked in a small volume of distilled 
water before lipid extraction. The extracted lipids 
were saponified with a 1:1 (v/v) mixture of 50% 
aqueous sodium hydroxide and absolute ethanol. 
The saponification procedure was similar to the 
method of Ast (1963). After saponification and 
acidification the free acids were extracted with 
n-hexane. The solvent was removed and the fatty 
acids converted to their methyl esters with boron 
trifluoride-methanoi reagent following the proce­
dure given by Metcalfe and Schmitz (1961).

GLC analysis of the methyl esters was carried 
out using a flame ionization gas chromatograph 
F & M Model 609, with 6-ft X 14-in. stainless- 
steel column packed with 15% diethylene glycol 
succinate on 80-100-mesh Chromosorb W. The 
runs were isothermal, at 190°C, and the column 
carrier helium flow was 62.5 ml per minute. The 
area of a peak was measured by a planimeter.

The gas chromatograph was standardized, using 
the model mixture of known pure fatty acid methyl 
esters, the esters of palmitic, stearic, oleic, linoleic, 
and Iinolenic acids, from Hormel Institute. Quan­
titative results on the standards agreed well with 
the known composition.

Determination of lipid-oxidizing activity in 
fruit and vegetable extracts. Extracts were pre­
pared from fresh vegetables and fruit purchased 
front the local market. Variety and harvest time 
were not determined. Prior to chopping, vege­
tables and fruit were washed, rinsed with distilled 
water, blot-dried, and weighed. Roots, stem ends, 
cores of fruit, and other parts not commonly con­
sumed, were discarded unless otherwise indicated.

Ten to fifty grams of minced tissue were blended 
with 100 ml distilled water for 2 min, using a 
Virtis “45” homogenizer equipped with an ice- 
water bath. The slurry was filtered through a fat- 
free filter paper, and the filtrate was used as crude 
enzyme extract in Surrey’s method (1964) for 
lipoxidase activity.

RESULTS AND DISCUSSION
Malonaldehyde p rod u ction  in lipoxi- 

dase-catalyzed oxidation of Iinolenic acid.
To determine whether malonaldehyde is 
produced when Iinolenate is oxidized by 
lipoxidase, model systems were prepared 
containing lipoxidase (.025%), phosphate 
buffer (pH 6.2), and increasing amounts of 
Iinolenic acid emulsified with Tween 20. 
Rate of oxygen consumption was measured 
on each mixture with the oxygen analyzer. 
Aliquots (20 ml) of the same mixtures were
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allowed to react at room temperature for 10 
min, then the enzyme was inactivated with
2.5 ml HC1 (1:2), and the mixture was 
made up to 100 ml and distilled for TBA 
analysis.

Table 1 demonstrates that malonaldehyde 
is produced in increasing amounts with in­
creased linolenate oxidation under these con­
ditions. Saslaw and Waravdekar (1965), 
on the other hand, found that linolenate hy­
droperoxide prepared by the action of lipoxi- 
dase, was inactive in the TBA test. These 
apparently conflicting results cannot be rec­
onciled in the absence of more detailed infor­
mation on experimental procedure.

Inactivation of lipoxidase for TBA test 
on vegetables. The most important step in 
applying the TBA test to plant tissues is 
inactivation of lipoxidase, which catalyzes 
lipid oxidation in the blending step. Since 
lipoxidase, like most enzymes, can be easily 
inactivated at low pH, the experiment was 
designed to determine the extent of lipoxi­
dase inhibition by acid iti the TBA test. The 
material used was fresh White Acre peas. 
Different amounts of H O  (1 :2) were added 
to 10-g samples in blending. The results 
are shown in Table 2.

The extensive oxidation of the lipid mat­
ter of blended raw peas shown in Table 2 
was also found by Wagenknecht and Lee
(1956). The addition of 2.5 ml HC1 (1 :2) 
to a 10-g portion of peas was sufficient to 
inhibit enzyme action. The TBA numbers 
obtained from enzyme-inactivated samples 
may be attributed mainly to autoxidation of 
pea lipids during blending and distillation.

Malonaldehyde produced during blend­
ing without acid as related to fatty acid 
content and lipoxidase activity. Since ex­
tensive lipid oxidation occurs during blend­
ing of raw vegetables in the absence of lipoxi­
dase inactivator, the amount of malonalde-

Table 1. Relation of TBA reaction to oxygen consumption in linolenate-lipoxidase model systems.
O 2 c o n su m p tio n  
(m m  H g / m i n )

T B A  v a lu e  
( O .D .  a t  53 2  mf i )

93 1 .1 7
1 3 8 1 .7 0
1 6 6 2 .5 8
1 8 6 3 .2 5
1 9 2 3 .3 5

Table 2. Lipoxidase inhibition by acidity.
m l o f  H C 1  ( 1 : 2 )  

to  10 g  p e a s
p H  o f  b le n d e d  

p e a  s l u r r y
T B A

n o .

0 6 . 2 0 9 .3 1
1 .2 5 1.21 1 .0 0
2 .5 0 0 .9 2 0 .8 2
5 .0 0 0 .5 3 0 .9 0

hyde formed during blending has some use­
fulness as an index of the tendency of the 
vegetable to undergo lipid oxidation under 
conditions of tissue breakdown. Polyun­
saturated fatty acid content, lipoxidase ac­
tivity, and antioxidants present would all 
be expected to influence such oxidation.

Table 3 demonstrates that of two varieties 
of peas differing markedly in malonaldehyde 
produced during blending, that with the 
higher TBA number was also higher in 
lipoxidase activity and in polyunsaturated 
fatty acids, especially linolenic. Antioxidants 
in these peas were not determined. Earlier 
studies on cooked vegetable extracts by Cofer 
(1964) showed relatively little antioxidant 
activity in legumes.

Lipid-oxidizing activity in fruit and 
vegetable extracts. Lipid-oxidizing activity 
is expressed as the catalytic activity of an 
aqueous crude extract on oxidation of ex­
ternally supplied substrate, linoleate, using 
Surrey’s spectrophotometric procedure. The 
concentration of vegetable tissue present in 
the reaction mixtures ranged from 1 to 5%, 
depending on their lipid-oxidizing activities. 
Table 4 shows the data in decreasing order 
of lipid-oxidizing activity per 10 g fresh 
tissue. The activity per gram protein is also 
presented. The protein values were obtained 
from food composition tables (W att and 
Merrill, 1963).

The following vegetables and fruits did 
not have lipid-oxidizing activity: spinach, 
mustard green, collard, lettuce, white squash, 
purple hull pea, banana pepper, grape, peach, 
and cantaloupe. The crude extracts of roots, 
tubers, botanical fruits with edible seed por­
tion, and seeds usually showed a high cata­
lytic effect on linoleate oxidation. Most of 
the leafy vegetables and many fruits had 
little or no activity. Comparing families, 
many vegetables belonging to Leguminosae, 
Solanaceae, or Cruciferae had higher activ-
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Table 3. Comparison of TBA numbers with lipoxidase activity and fatty acid composition in two varieties of peas.
P e a

T B A  no . 
a f t e r  5 m in  
b le n d in g  a

L ip o x id a s e  
a c t i v i t y  o f  

c r u d e  e x t r a c t s 11
P o ly u n s a t .  

r a t i o  c
L in o le n ic  
%  o f  t o ta l  
f a t t y  a c id s

Blackeye 5.5 1.16 1.5 2 2 . 6

Green 1.1 0.55 .78 6.5
a Blended for 5 min in absence of acid.
b Lipoxidase units/0.025 g pea as defined by Surrey (1964). Polarographic measurements gave an almost identical ratio between the activity of the two peas.
c (Linoleic +  linolenic)/ (oleic +  stearic +  palmitic) as determined from GLC.

ity. Sullmann (1945) showed high activity The lipid-oxidizing activities listed in Ta- 
of leaf extracts of Solanaceae; it is evident ble 4 do not represent a true measure of 
that fruits of this family also have the cata- lipoxidase content, because of the fact that 
lytic effect. the crude extracts were analyzed without

Table 4. Lipid-oxidizing activity of vegetable and fruit extracts.
L a t i n  n a m e " U n i t s  p e r  

1 0  g  f r e s h  
t i s s u e s

U n i t s  
p e r  g  

p r o t e inF a m i ly G e n u s  a n d  s p e c ie s

Garden pea Leguminosae Pisum sativum 8.53 13.55
Blackeye pea Leguminosae Vigna sinensis 5.72 6.36
Pole bean Leguminosae Phascolus vulgaris 5.48 28.84
Potato Solanaceae Solanum tuberosum 2.98 14.19
Lima bean, immatured Leguminosae Phascolus limensis 1.20 1.43
Egg-plant Solanaceae Solanum melongena 1.11 9.25
Tender bean Leguminosae Phascolus vulgaris 1.07 5.63
Sweet potato Convolvulaceae Ipomoea batatas 0.96 5.65
Asparagus Liliaceae Asparagus officinalis 0.85 3.49
Hot pepper, whole Solanaceae Capsicum annuum 0.79 6.08
Squash, yellow Cucurbitaceae Cucurbita pepo var. melopepo 0.66 5.50
Green pepper pod Solanaceae Capsicum annuum var. grossum 0.62 5.17
Radish Cruciferae Raphanus sativus 0.61 6.10
Rutabaga Cruciferae Brassica napobrassica 0.55 5.00
Corn, immatured Gramineae Zea mays 0.52 1.49
Cabbage Cruciferae Brassica olerácea var. capitata 0.51 3.92
Carrot Umbelliferae Daticus carota var. sativa 0.47 4.27
Green bean Leguminosae Phascolus vulgaris 0.44 2.32
Onion, yellow skin Liliaceae Allium cepa 0.44 2.93
Cauliflower Cruciferae Brassica oleráceo var. botrytis 0.43 1.59
Apple, golden delicious Rosaceae Malus sylvestris 0.37 18.50
Apple, red delicious Rosaceae Malus sylvestris 0.36 18.00
Cucumber Cucurbitaceae Cucumis sativus 0.36 4.00
Pear Rosaceae Pyrus communis 0.34 4.89
Banana Musaceae Musa paradisaca 0.29 2.64
T omato Solanaceae Lycopcrsicon esculentum 0.29 2.64
Celery Llmbelliferae Apium graveolens 0.25 2.78
Rhubarb Polygonaceae Rhcum rhaponticum 0.13 2.17
Squash, acorn Cucurbitaceae Cucurbita maxima 0.12 0.23
Turnip root Cruciferae Brassica rapa 0.10 1.00
Zucchini Cucurbitaceae Cucurbita pepo var. medullosa 0.05 0.10
Orange Rutaceae Citrus sinensis 0.02 0.29
Turnip green Cruciferae Brassica rapa 0.02 0.23
Green Crowder pea Leguminosae Vigna species 0.01 0.01

“ Makino (1956); Watt and Merrill (1963).
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further purification. Antioxidants could be 
present in the crude extracts. Pratt and
Watts (1964) and Cofer (1964) found that 
hot-water extracts of many vegetables have 
antioxidant activity.

A spot check of the antioxidant activities 
of several vegetables in Table 4 showed
wide differences. Cold-water extracts of tur­
nip green and banana pepper, when added 
in concentrations of approximately 4% fresh 
tissue to model systems containing purified 
soybean lipoxidase and linoleic acid, showed 
approximately 90% inhibition of the reac­
tion as estimated by oxygen consumption, 
whereas with cucumber and egg-plant the 
inhibition was in the range 0-20%. Evi­
dently, as might be expected, the lipid-
oxidizing activity determined in a crude ex­
tract of vegetable is the result of the true 
lipoxidase content and concentration of en­
dogenous antioxidants.
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Effect1 of Antioxidants on Lipoxidase Activity in Model Systems
and Pea (Pisum sativum) Slurries

SUM M ARY
T h e a n tio x id a n ts  B H A , p ro p y l g a lla te , q u er­

ce tin , g a llic  acid , tu rn ip  green  ex tract, and  
sod iu m  tr ip o ly p h o sp h a te  w ere tested  fo r  th e ir  
in h ib ito ry  e ffe c t o n  lin o le a te  o x id a tio n  ca ta ­
lyzed  by p u r ified  soyb ean  lip o x id a se  or cru de  
pea lip o x id a se , and  on  lip id  o x id a tio n  occu rrin g  
in  b len d in g  o f  p eas. In  a rtific ia l lip o x id a se-  
lin o le a te  system s, m o st p h e n o lic  in h ib ito rs , 
esp ec ia lly  BH A and  p ro p y l g a lla te , w ere very  
effe c tiv e , b u t sod iu m  tr ip o ly p h o sp h a te  was 
in e ffe c tiv e . T h e  effec tiv en ess  o f  a n tio x id a n ts  
d ecreased  w ith  in crea se  in  lip o x id a se  co n ce n ­
tration . T h e re la tive  e ffec tiv en ess  o f  th e various  
a n tio x id a n ts  was q u ite  d iffer en t in  pea slu rries  
from  that in  a rtific ia l system s. H ig h er  co n ce n ­
trations o f  p ro p y l g a lla te , tu rn ip  green  ex tract, 
and sod iu m  tr ip o ly p h o sp h a te  retarded  th e  pea  
lip id  o x id a tio n , b u t n o  s ig n ifica n t in h ib itory  
effec t was fo u n d  w ith  o th er  a n tio x id a n ts  tested . 
F actors w h ich  m ig h t co n tr ib u te  to varia tion s in  
th e  b eh avior o f  a n tio x id a n ts  in  p u re m o d el 
system s versus raw pea slu rries are d iscu ssed . 
H yd rogen  p er o x id e  a t co n cen tra tion s o f  0 .0 0 5  % 
or h ig h er  rap id ly  d estroyed  lip o x id a se  activ ity .

INTRODUCTION
Lipoxidase, present in plant tissues, cata­

lyzes the peroxidation of polyunsaturated 
fatty acids to produce rancid end products. 
All the published work on the inhibition of 
lipoxidase is, however, confined to pure sys­
tems, and no attempt has been made to in­
hibit the enzyme in complex food systems.

In the pure lipoxidase systems, certain 
phenolic antioxidants have been shown to 
inhibit enzymatic action of lipoxidase. Nor- 
dihydroguaiaretic acid, propyl gallate, and 
a-tocopherol strongly inhibited the oxidation 
of linoleate by this enzyme (Tappel et al., 
1953; Siddiqi and Tappel, 1956). Since 
nordihydroguaiaretic acid and tocopherols 
are insoluble or sparingly soluble in water, 
their use is limited in foodstuffs such as 
vegetables, in which the naturally occurring 
lipids are surrounded by an aqueous phase.

Sodium tripolyphosphate, water-soluble, 
retarded rancidity of refrigerated cooked 
beef when used as a cover or dip solution

( Ramsey and Watts, 1963). The mecha­
nism of its antioxidant action is not known, 
but presumably differs from that of the 
phenolic antioxidants, which donate hydro­
gen to break chain reactions. Recently, the 
antioxidant activity of aqueous vegetable 
extracts has been investigated in heme- 
catalyzed and autoxidizing systems (Ramsey 
and Watts, 1963; Cofer, 1964; Pratt and 
Watts, 1964). In most of these vegetable 
extracts, the flavonoid quercetin contributed 
significantly to antioxidant activity although 
in turnip greens the amine fraction was 
most effective, with phenolic antioxidants of 
secondary importance.

The phenolic antioxidant butylated hy­
droxy anisole (BHA) has apparently not 
been tried in lipoxidase systems, although 
this is now the most widely used food anti­
oxidant. While not water-soluble, this com­
pound is commercially available in the form 
of a stable aqueous emulsion marketed under 
the trade name of Sustane E (Universal Oil 
Products Chemical Company). The emul­
sion has been very successful in protecting 
meats from rancidity. In view of these facts 
the following antioxidants were tested: so­
dium tripolyphosphate, gallic acid, propyl 
gallate, quercetin, turnip green extract, and 
Sustane E.

Peas were selected for antioxidant studies 
because they are relatively high in lipoxidase 
content and frozen peas are of great economic 
importance. It is difficult, however, to bring 
an antioxidant into contact with the enzyme 
in intact peas. For this reason, antioxidants 
were added directly to the peas as they were 
blended. This paper reports studies of the 
effect of antioxidants on the following sys­
tems : 1) purified soybean lipoxidase with 
linoleate; 2) crude pea lipoxidase with lino­
leate ; 3) lipoxidase-catalyzed oxidation of 
pea lipids during blending of peas.

MATERIALS AND METHODS
Peas. Garden peas were purchased from the lo­

cal market when needed, without determining the 
harvest time or variety.
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Composition, of Sustane E. Sustane E  (Uni­
versal Oil Products Chemical Company) has the 
following composition: 10% BHA, 40% vegetable 
oil, 2.5% sorbitan monostearate, 0.1% lecithin, 
47.4% water. In using Sustane E as an antioxidant 
the concentration is expressed as that of BHA.

Preparation of turnip green extract. Hot-water 
extract was prepared by the procedure employed 
by Cofer (1964) and Pratt and Watts (1964). 
“Percentage extract” denotes the grams of turnip 
greens to prepare 100 ml of extract solution.

Crude enzyme preparation from peas. A given 
weight of peas was blended with 100 ml distilled 
water for 2 min with a Virtis “45” homogenizer 
equipped with an ice-water bath. The slurry was 
filtered, and the filtrate was used as crude enzyme 
extract.

Effect of antioxidant on lipoxidase activity.
For routine assay, the activity of lipoxidase was 
measured by the polarographic method described 
by Rhee and Watts (1966a). Antioxidants and 
purified soybean lipoxidase ( Nutritional Biochem­
icals Corporation) dissolved in phosphate buffer 
(0.01M) of pH 6.2, or crude pea lipoxidase solu­
tion, was incorporated as indicated in each 
experiment.

The spectrophotometric method of Surrey (1964), 
slightly modified, was also used in some antioxidant 
experiments. The concentration of linoleic acid 
was 1%, and the reaction mixture consisted of 
9 ml substrate, 10 ml antioxidant solution, and 1 
ml enzyme solution.

For both methods the reaction was carried out 
at room temperature, 26-28° C.

Determination of plienolase activity in peas. 
The colorimetric method used by Boscan et al. 
(1962) was adapted. Phenolase activity of 1 ml 
aqueous pea extract (50 g/100 ml) was measured 
at room temperature with DOPA used as sub­
strate. Distilled water was used as a blank, and 
the optical density of the 0.05% DOPA solution 
and that of 100 ml distilled water plus 1 ml pea 
extract were subtracted from sample readings.

RESULTS AND DISCUSSION
Effect of antioxidants on lipoxidase re­

action in the model systems. Table 1 shows 
the effects of the various antioxidants on 
oxygen consumption of soybean lipoxidase- 
and crude pea lipoxidas^linoleic acid emul­
sion systems. Variable inhibitions were ob­
tained with the phenolic antioxidants and 
turnip green extracts, whereas sodium tri­
polyphosphate was ineffective. Except for 
the polyphosphate, all antioxidants showed 
an increase in effectiveness as the concentra-

Table 1. Effect of antioxidants on oxygen con­sumption of lipoxidase-linoleic acid emulsion system.
%  in h ib i t io n

A n t io x id a n t
C o n c e n t r a t io n

( M )
S o y b e a n  

l ip o x id a s e  a
P e a

l ip o x id a s e

BHA 2.6 X 10* 99 69
7.8 X 10* 99 82

Propyl gallate 8.3 X 10-* cc

2.5 X 10* 93
Quercetin 8.3 x  10* 66 31

2.5 X 10* 86 48
Gallic acid 8.3 x  10* 13 15

2.5 X 10* 23 13
Sodium 5.7 x  10* 6 13

tripoly­
phosphate 1.7 X 10* -  3 2

Turnip green 0.83 ( % ) 31 28
extract 2.6 ( % ) 81 45
”0.0067% lipoxidase, 0.417% (v/v) linoleic acid in the reaction mixture; rate of oxygen tension decrease for control is 50.4 mm Hg/min.b 0.125%, as fresh pea, of crude pea lipoxidase, 0.417% (v/v) linoleic acid in the reaction mixture; rate of oxygen tension decrease for control is 100.8 mm Hg/min.

tion increased. The antioxidants themselves, 
in the presence of an even higher concentra­
tion of pea extract (0.625% as fresh pea) 
but without linoleic acid, showed no measur­
able oxygen uptake.

Table 2 shows the inhibitory effect of the 
antioxidants on production of conjugated 
dienes in linoleate oxidations catalyzed by 
purified soybean lipoxidase. Diene conjuga­
tion as measured at 234 m¡x. was inhibited 
to approximately the same extent as oxygen 
consumption. Hence, the simpler polaro­
graphic method, measuring oxygen consump-

Table 2. Effect of antioxidants on production of conjugated dienes in soybean lipoxidase-catalyzed oxidation of linoleate.”
A n t i o x i d a n t C o n c e n t r a t io n  ( M ) %  in h ib i t io n

BHA 7.8 x  10* 100
Quercetin 2.5 x  10* 87
Gallic acid 2.5 x  10* - 8
Sodium

tripolyphosphate 1.7 x  10* 8
Turnip green 

extract 2.5 (% ) 89
"0.006% purified soybean lipoxidase and 0.225% (v/v) linoleic acid in the reaction mixture.
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tion, was used throughout the later inhibi­
tion studies.

Effect of lipoxidase concentration on the 
effectiveness of antioxidants. It was dem­
onstrated with purified soybean lipoxidase 
that a given concentration of antioxidant is 
less effective for higher concentrations of 
lipoxidase (Table 3). Therefore, the higher 
inhibitory effect of antioxidants on soybean 
than on crude pea lipoxidase systems, ob­
served in the preceding experiment (see 
Table 1), can be ascribed to the lower con­
centration of soybean lipoxidase in the 
reaction.

Whereas Siddiqi and Tappel (1956) 
stated that the inhibition of pea lipoxidase 
is greater than that of soybean lipoxidase 
with nordihydroguaiaretic acid, propyl gal- 
late, and a-tocopherol, they did not give the 
activity or concentration of these two lipoxi- 
dases in the reaction system. Unless the 
enzyme concentrations were similar, their 
hypothesis that the antioxidants tested might 
be more effective hydrogen donors for pea 
lipoxidase is not justified.

Effect of antioxidants on lipid oxidation 
in pea slurries. The oxidation of pea lipids 
was caused by a 5-min blending of peas with 
distilled water and antioxidant. After blend­
ing, the extent of lipid oxidation was mea­
sured by the 2-thiobarbituric acid (TBA) 
test (Tarladgis et al., 1960). The results

Table 3. Effect of lipoxidase concentration on the inhibitory effect of antioxidants.

A n t io x id a n t
C o n c e n t r a t io n

( M )

%  in h ib i t io n
0 .0 0 3 %  0 .0 1 2 %  

l i p o x id a s e a l i p o x id a s e 15

BHA 2.6 X IO'5 99 98
Quercetin 8.3 X IO"5 74 37
Gallic acid 8.3 X 10~5 17 10
Sodium

tripolyphos-
phate 5.7 X 10-4 0 6

Turnip green
extract 0.83 ( % ) 50 15
a Rate of oxygen tension decrease for control is

28.8 mm Hg/min.6 Rate of oxygen tension degree for control is 96.0 mm Hg/min.Reaction mixtures contained 0.417% (v/v) lino- leic acid.Soybean lipoxidase (Nutritional Biochemical Corp.) used.

are given in Table 4. Among the antioxi­
dants tested, only turnip green extract and 
sodium tripolyphosphate inhibited lipid oxi­
dation in pea slurries. Since the TBA chro­
mogen of the turnip green samples had an 
orange color, indicative of interfering ab­
sorption in the visible region, malonalde- 
hyde in distillates of those samples was 
measured by the ultraviolet spectrophoto- 
metric method of Kwon and Watts (1963). 
BHA in Sustane E, quercetin, and gallic 
acid decreased in effectiveness or even ac­
celerated the oxidation of pea lipids as the 
concentration increased. This finding is in 
contrast with the observed effect of these 
antioxidants in model lipoxidase systems.

To determine the effect of increasing and 
much higher concentrations of turnip green 
extract and sodium tripolyphosphate, and 
to test the effectiveness of propyl gallate, 
which became available later, additional ex­
periments were performed. Since the stock 
solution of sodium tripolyphosphate was high 
in pH, the effect of pH-adjusted sodium tri­
polyphosphate was also determined. The 
pH was adjusted to 6.50, close to that of 
control pea slurries (6.35 to 6.62) by adding

Table 4. Effect of antioxidants on lipid oxidation in pea slurries.
A n t io x id a n t C o n c e n t r a t io n  ( M ) %  in h ib i t io n

BHA 3.9 X IO"5* 9
1.6 X 10-46 2
3.1 X IO"" - 2

Quercetin 1.25 X 10~4a 7
5 X 10-4b - 8
1 X IO“3' - 9

Gallic acid 1.25 X 10~4a - 3
5 X 10lb - 31 X io-30 -1 6

Sodium
tripolyphos-
phate 8.5 X 10-4a 13

3.4 X 10-Sb 20
6.8 X IO“3' 27

Turnip green
extract 1.25 (% )“ 9

5 (% )b 4310 (% )c 61
a TBA number of control is 3.0. b TBA number of control is 2.0. 0 TBA number of control is 1.9.
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droplets of concentrated HC1. The data are 
presented in Table 5.

The inhibitory effect of very high concen­
trations of unadjusted sodium tripolyphos­
phate was, in large part, attributed to the 
alkalinity of the solution. The effect of the 
pH-adjusted polyphosphate was still con­
siderable. Turnip green extract and propyl 
gallate were also shown to be good antioxi­
dants at higher concentrations for protecting 
the pea lipids from oxidation.

Effect of peroxidase and polyphenol oxi­
dase on the inhibition of lipoxidase reac­
tion by antioxidants. Garden peas contain 
enzymes other than lipoxidase. On blend­
ing peas with phenolic antioxidants, enzy­
matic destruction of these antioxidants was 
assumed to be possible. Phenol oxidase, and 
peroxidase plus H 0O2. catalyze the oxidation 
of phenolic compounds. To test the possible 
oxidation, polyphenol oxidase, or peroxidase 
along with hydrogen peroxide, was added to 
systems consisting of linoleic acid emulsion, 
an antioxidant, and purified soybean lipoxi­
dase. Horseradish peroxidase (200 units/ 
mg) and polyphenol oxidase obtained from 
Nutritional Biochemicals Corporation were 
dissolved in 0.1M phosphate buffer of pH 6.2.

The added polyphenol oxidase did not 
affect the inhibitory effect of any of the anti­
oxidants, and the presence of the oxidase 
did not significantly influence the oxygen 
uptake of the lipoxidase reaction mixture. 
Phenolase activity of raw garden peas was 
negligible. The increment of optical density

at 470 m/x was only about 0.0004 per minute 
with the reaction mixture described under 
Materials and Methods.

A high level of peroxidase in raw garden 
peas has been demonstrated (Rhee and 
Watts, 1966b ). In attempting to assess the 
possible effects of peroxidase activity on 
phenolic antioxidants added to pea slurries, 
it was discovered that H 2O2. either alone or 
in the presence of peroxidase, rapidly de­
stroyed lipoxidase activity as measured by 
oxygen consumption (Fig. 1). Similar lev­
els of inhibition (over 90% with 0.03% or 
more H 2On) of conjugated diene produc­
tion were obtained.

In view of this destructive effect of H 2O2 
on lipoxidase, experiments involving the ad­
dition of peroxidase plus H 20 2 to oxidizing 
lipid systems become difficult to control. 
These experiments are not presented in de­
tail, since their interpretation is open to 
question. However, in several such experi­
ments at various levels of lipoxidase activity, 
of the phenolic inhibitors, only quercetin 
showed any marked loss of antioxidant ac­
tivity in the presence of peroxidase and 
H 2O2. The addition of peroxidase plus 
I I2O2 consistently increased the antioxidant 
action of gallic acid and turnip green 
extract.

In addition to possible destruction of anti­
oxidants by peroxidase and H 2O2, it was 
thought possible that some antioxidants 
might inhibit peroxidase action, thus pro­
tecting pea phenolic antioxidants which

Table 5. Effect of high concentration of sodium tripolyphosphate, turnip green extract and propyl gallate on lipid oxidation in pea slurries.

A n t io x id a n t
T B A

n u m b e r  o f  
c o n tr o l

C o n c e n t r a t io n(M) p H  o f  
s l u r r y

%  i n h i ­
b i t io n

Sodium tripolvphosphate 3.8 2.7 X IO“3 6.40 27
2 7  x  10 '= 7.50 56
S.4 x  IO“2 8.21 90

pH-adjusted sodium tripolyphosphate 4.4 2 7  X 10-’ 6.40 27
27 X 10-= 6.48 46
5.4 x  10-" 6.50 57

Propyl gallate 4.9 2.5 X 10 * 6.50 32
5.0 x  IO'* 6.50 37
1.5 x  10-’ 6.53 61

Turnip green extract 5.0 2.5 ( % ) 6.43 36
5.0 ( % ) 6.40 49

15.0 (% ) 6.33 78
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Fig. 1. Inhibition of lipoxidase by ELCb; control or 0% H2O2 (A) ; 0.00013% H2O2 (B) ; 0.005% H2O2 (C) ; 0.01% H2O2 (D) ; 0.025% H2O2 (E ). Lipoxidase concentration is 0.0067% and linoleic acid concentration is 0.417% (v/v). Soybean lipoxidase (Nutritional Biochemical Corp.) used.

might otherwise have been oxidized by per­
oxidase. The complete inhibition of turnip 
peroxidase by 2.7 X KUW propyl gallate 
was reported by Tappel and Marr (1954), 
but even much higher concentrations of 
propyl gallate did not inhibit pea peroxidase, 
aqueous extract, as measured by the method 
of Masure and Campbell (1944) using 0.5% 
guaiacol (in 50% ethyl alcohol) as substrate. 
Sodium tripolyphosphate, in concentrations 
up to 0.054M (pH adjusted to that of dis­
tilled water by adding concentrated HC1) 
did not show any inhibition of pea peroxi­
dase. The observed antioxidant effect of 
sodium tripolyphosphate cannot be explained 
at present, although it is known to inhibit 
hetne-catalyzecl lipid oxidation of meats very 
effectively.

Other factors could contribute to varia­
tions in the behavior of antioxidants in pure 
model systems versus raw pea slurries. 
Whereas the substrate is uniformly distrib­
uted in soluble form in the model systems, 
the polyunsaturated fatty acids of peas would 
be expected to remain largely bound to

formed elements in the pea tissues. Under 
these conditions, there may be very limited 
access of some antioxidants to the site of the 
oxidation. This might explain the fact that 
BHA, which was extremely effective in 
stopping lipid oxidation in model systems, 
was useless in pea slurries.

Increased protection in the raw pea slurry 
versus the model system, shown for example 
by turnip green extract and sodium tripoly­
phosphate, may be an example of synergisms 
between the added substances and antioxi­
dants present in the pea.
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Lipid Oxidation in Frozen Vegetables 
in Relation to Flavor Change

SUM M ARY
T h e T B A  test, a d ap ted  fo r  v eg eta b le  m a ter ia l, 

was u se fu l in  fo llo w in g  lip id  o x id a tio n  in  fr o z en  
p eas. G as-liqu id  ch rom a to gra p h ic  a n a ly sis  fo r  
th e  lo ss  o f  u n satu rated  fa tty  acid s was n o t  
fe a s ib le  fo r  d eterm in in g  lip id  o x id a tio n  in  u n ­
b la n ch ed  v eg eta b le s. T h is  w ork  h as esta b lish ed  
th a t ra n cid ity  is n o t a m a in  ca u se  o f  flavor  
d eter iora tio n  in  fr o z en  B la ck ey e  p eas fV ig n a  
s in e n s i s ) and  p o ssib ly  in  o th er  fr o z en  v eg e ­
tab les. T h e a m o u n t o f  lip id  o x id a tio n  o ccu r­
r in g  in  fr o z en  raw p eas w as too  sm a ll to p ro­
d u ce ran cid  o d o rs. L ip o x id a se  w as rap id ly  
in activa ted  by  a sh ort b la n ch in g  tim e, and  no  
reg en eratio n  o f  th e  en zy m e occu rred  d u rin g  
fro zen  storage o f  gard en  p eas ( P i s u m  s a t i v u m ').

INTRODUCTION
The development of off-flavor in un­

blanched vegetables during frozen storage 
has been ascribed to the rancidification of 
lipid matter, catalyzed by lipoxidase, al­
though very little direct evidence is avail­
able to support this. Wagenknecht and Lee 
(1956) demonstrated the presence of lipoxi­
dase in fresh and frozen peas and increases 
in peroxide number of lipids extracted from 
the raw vegetable after extended periods of 
frozen storage. A similar finding was made 
in underblanched frozen corn-on-the-cob 
(Wagenknecht, 1959). Lee and Wagen­
knecht (1958) used model systems in which 
the enzymes lipoxidase. lipase, catalase, and 
peroxidase were added to enzymatically in­
ert macerated blanched peas. After frozen 
storage, examination by a test panel showed 
the production of mild off-flavor with cata­
lase and peroxidase, a moderate off-flavor 
with lipoxidase, and an intensely disagree­
able off-odor with lipase. While the results 
of these studies demonstrate that lipoxidase 
is present and can function at freezer tem­
peratures, it is not clear to what extent the 
products of lipoxidase activity contribute to 
the deterioration of flavor of the natural 
vegetables in which various enzymes are 
present.

Further studies are needed for correlating
675

objective tests for lipid oxidation with or­
ganoleptic evaluations of frozen vegetables. 
The usefulness of the 2-thiobarbituric acid 
(TBA) test for following lipid oxidation in 
plant tissues has been described by Rhee and 
Watts (1966). Gas chromatographic tech­
niques have simplified the quantitative esti­
mations of polyunsaturated fatty acids, but 
this technique has been used successfully to 
follow oxidative loss of these fatty acids in 
stored vegetables only in a single study with 
dehydrated potato granules (Buttery et ctl.,
1961).

Although the enzymes causing flavor de­
terioration in unblanched vegetables have 
not been clearly identified, it is common 
practice to use tests for catalase and peroxi­
dase as indices of adequacy of blanching in 
vegetables to be frozen. Lipoxidase could 
become a factor in flavor deterioration if it 
is not completely inactivated by blanching 
procedures which destroy other enzymes.

This paper determines the role of lipid 
oxidation in the flavor deterioration of fro­
zen vegetables as measured by an adaptation 
of the TBA test, gas-liquid chromatographic 
(GLC) analysis of fatty acids, and organo­
leptic evaluation of frozen peas. Also de­
scribed are the effects of blanching and freez­
ing storage on the activity of lipoxidase and 
other enzymes in peas.

METHODS
Blanching procedure. Blanching of the peas 

was accomplished by lowering 400 g peas in a 
perforated basket into about 6 L of boiling water. 
The water temperature dropped to 89 or 90°C and 
then gradually increased, even to boiling with 
longer blanching time. The heating conditions 
were controlled for any one experiment but differed 
somewhat between experiments. Time was deter­
mined from the moment peas rvere dropped into 
boiling water. Blanched peas were blot-dried 
without crushing and immediately frozen at —10°C.

Preparation of extracts for enzyme inactiva­
tion test. Each 30-g portion of peas was blended 
for 2 min with 100 ml distilled water and p2 tea­
spoon of CaCOs in a Virtis “45” homogenizer,
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using an ice-water bath. The slurry was again 
filtered after centrifugation. The filtrate was used 
as crude enzyme preparation.

Peroxidase test. The semiquantitative method 
of Masure and Campbell ("1944) for peroxidase 
activity was used. To each of two test tubes, 22 
ml distilled water and 2 ml filtrate were added. 
To one of the two, 1 ml of 0.08% H =0= and 1 ml of 
0.5% guaiacol (in 50% ethanol) were added. The 
time required for appearance of color was mea­
sured. There should be no detectable color change 
in 210 seconds in a negative test. This test has a 
margin of safety. Extent of color is roughly pro­
portional to the enzyme concentration.

Catalase test. A semiquantitative assay was 
made by the fermentation tube method, frequently 
used in the freezing industry. To 4 ml filtrate, 
8 ml of 3% H2O2 was added. The contents were 
quickly mixed and immediately placed in a fer­
mentation tube. Three minutes were allowed for 
reaction. Less than 0.1 ml gas is considered nega­
tive. Amount of gas evolved is roughly propor­
tional to the enzyme concentration.

HE STILTS AND DISCUSSION
Lipid oxidation in stored frozen Black- 

eye peas measured by the TBA test. Shelled 
fresh Blackeye peas (Vigna sinensis) were 
purchased at a local market, and bruised 
peas were screened out. As far as possible, 
peas of similar size were selected. For fro­
zen storage, three treatments were carried 
o u t: 1) untreated raw peas; 2) 90-sec
blanching in boiling water ; 3) 10-min cook­
ing in boiling water. The TBA test, adapted 
for vegetable material (Rhee and Watts,
1966) by adding HC1 in blending, was used 
to measure the extent of lipid oxidation dur­
ing storage. TBA numbers of frozen raw, 
blanched, and cooked peas are presented in 
Table 1. The increasing TBA numbers of 
frozen raw peas indicate that lipoxidase is 
still active at the low storage temperature, 
— 10°C. However, the highest TBA num­
bers were low as compared to values ob­
tained in animal tissues or to those obtained

Table 1. TBA numbers of raw, blanched, and cooked Blackeye peas in frozen storage.
T B A n u m b e r

s a m p le 0  d a y 2 0 6  d a y s 311 d a y s 4 0 6  d a y s
Raw pea 0.28 0.44 0.55 0.64
Blanched pea 0.12 0.17 0.18 0.14
Cooked pea 0.14 0.26 0.17 0.13

when lipoxidase was not inactivated during 
blending. There are no significant differ­
ences in TBA numbers of frozen blanched 
and frozen cooked peas.

Fatty acid changes. GLC analysis of 
fatty acids in peas has been carried out as 
described by Rhee and Watts (1966). The 
fatty acids having longer retention times 
than linolenic acid were identified with 
the stabilized diethylene glycol succinate 
(DEGS) column (Analytical Engineering 
Laboratories) at 210°C with other operat­
ing conditions the same. Since there were 
not enough standard unsaturated fatty acid 
samples available to plot accurate curves for 
the logarithm of retention times against the 
number of carbon atoms, the identification 
of C 12:2 and C 14:1 acids is tentative. 
Table 2 gives the fatty acids found in fresh 
Blackeye peas.

The fatty acid composition of fresh Black­
eye peas has also been reported by Korytnyk 
and Metzier (1963). They did not, however, 
identify any fatty acids having shorter re­
tention times than myristic acid and longer 
ones than behenic acid.

Peas stored at — KEC were removed at 
intervals to carry out GLC analysis of the 
fatty acids. The ratio of linoleic plus lino­
lenic acid to palmitic plus stearic acid was 
used to express the degree of oxidative loss.

In the nine analyses made on blanched

Table 2. Fatty acid composition of fresh Black­eye peas by GLC analysis.
F a t t y  a c id m g / 2 0  g  p e a s R e la t iv e  %

Laurie T race T race
Tridecanoic Trace Trace
Dodecadienoic " 0.7 0.5
Myristic 0.9 0.7
Tetradecenoic a Trace Trace
Pentadecanoic Trace Trace
Palmitic. 34 5 26.6
Heptadecanoic 0.8 0.6
Stearic 4.7 3.6
Oleic COuc 4.5
Linoleic 41.6 32.1
Linolenic 37.4 28.8
Eicosadienoic Trace Trace
Behenic T race Trace
Lignoceric 1.5 1.2
Cerotic T race Trace
Octacosanoic 1.8 1.4

“ Identity tentative.
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and cooked peas, ranging from 0 to 406 days 
of storage, this ratio did not deviate beyond 
the range 2 .0 - 2 .2 , demonstrating no measur­
able loss of polyunsaturated fatty acids. With 
the raw frozen peas the range was from 1.7 
to 2.0, with no consistent trend. These fluc­
tuations in the raw peas, though small, are 
believed to be real rather than the result of 
experimental or sampling errors, and may 
be ascribed to metabolic changes of pea 
lipids even at this low temperature of stor­
age. Lee and Mattick (1961) also observed 
changes in the fatty acids of frozen un­
blanched peas (Pisum sativum) stored at 
— 17.8°C, which could not be interpreted as 
the oxidative loss of unsaturated fatty acids. 
Similar changes were also found in frozen 
untreated spinach stored at the same tem­
perature for prolonged times (Mattick and 
Lee, 1961).

In any case, the TBA numbers of less 
than 1 obtained in the raw stored peas (Ta­
ble 1 ) correspond to a molar ratio of poly­
unsaturated fatty acids to malonaldehyde of 
more than 1,000 to 1. It is unlikely that the 
oxidative loss of polyunsaturated fatty acids 
is large enough to be measurable.

Organoleptic evaluation of frozen 
Blackeye peas. After 206 and 311 days of 
storage the samples were presented to a panel 
of trained judges for rating the intensity of 
off-odor. Numerical values ranging from 6 
(no off-odor) to 1 (very strong off-odor) 
were assigned to judgments, and the average 
sensory score was calculated for each sample. 
The judges were encouraged to comment on 
odors. Various comments were made of 
frozen raw pea odor, such as “sour.” “beany 
fermented,” or “spoiled or fermented.” The 
frozen cooked peas were judged to have a 
normal cooked pea odor. Table 3 shows the 
sensory scores and statistical evaluation by 
Wilcoxon matched-pairs signed-ranks test 
(Siegel, 1956). There was a sharp differen­
tiation between raw and blanched samples 
or raw and cooked samples, although TBA 
numbers on all frozen samples were well 
below the approximate threshold level of 1.0 
for rancid odor established for animal prod­
ucts. The judges definitely preferred cooked 
peas to blanched peas even though the TBA 
numbers of the two samples did not show

significant differences. Statistical evaluation 
of the sensory scores by analysis of variance 
with randomized block design (Cochran and 
Cox, 1957) gave similar significance of differ­
ences among the three samples.

The low magnitude of TBA numbers and 
the judges' descriptions of frozen raw pea 
odor indicate that rancidity was not the main 
cause of off-odor in these peas. In contrast, 
the odor of peas blended in water, with the 
high TBA number of 7.8, was definitely 
rancid, quite different from the odor of 
frozen raw peas.

Comparative enzyme activities after 
blanching. Prior to the storage experiments 
for the effect of blanching and storage on 
the enzyme activity, garden peas (Pisum 
sativum) from a different lot were blanched 
and tested for enzyme activity and lipid oxi­
dation in blending. Determinations for en­
zyme activity were made immediately after 
blanching. The lipoxidase test was made by 
the method of Surrey (1964). The results 
are presented in Table 4.

Peroxidase was obviously the most heat- 
resistant of the three enzymes tested. Heat 
treatment required for inactivation of lipoxi­
dase was intermediate between that for cata­
lase and peroxidase. Walker (1964a) found 
the heat sensitivities of lipoxidase and cata­
lase of French beans (Phaseolus vulgaris) 
to be similar. No catalysis of lipid oxidation 
occurred in blending of the peas heated 
sufficiently to inactivate lipoxidase. The 
slight lipid oxidation taking place with more 
than 60 sec of blanch may be ascribed to 
autoxidation of pea lipids during blending 
and distillation.

Table 3. Statistical analysis of the odor rating scores for frozen Blackeye peas.
M e a n  s e n s o r y  s c o re  a___________

s a m p le ________________ 2 0 6  d a y s _______________311 d a y s

Raw pea 1.4 1.3
b b

Blanched pea 4.5 
Cooked pea 5.5

b J 4.5 
c

5.5
b -

c
__ J - J

“ Based on a scale of 1-6 (very strong to no off-odor).
b Highly significant differences. 
c Significant difference.
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Table 4. Heat inactivation of enzymes in garden peas and lipid oxidation in blending.
T im e  o f  b la n c h

( s e c ) P e r o x i d a s e “ C a t a l a s e 1’ L ip o x id a s e  c
L ip id

o x id a t i o n  d

0 + + + + H—b + 1 0 0 1 0 0
1 0 4 -+ + + + + 83 93
2 0 + + + + 73 75
30 + + 36 30
60 + 0 4
90 0 4

1 2 0 0 4
“ +  +  +  +  : color in 5 sec; +  +  +  : color in 15 sec; + +  : color in 60 sec; +  : color in 210 sec. ” +H—j- : more than 5 ml gas; + +  : more than 2 ml gas; +  : more than 0.1 ml gas.“ Percent raw pea lipoxidase activity.11 Percent raw pea TBA number.

Effect of blanching and freezing storage 
on the activity of enzymes in garden peas.
Table 5 shows activities of peroxidase, cata­
lase, and lipoxidase during freezing storage. 
Reactivation of peroxidase occurred during 
freezing storage of peas blanched 60 sec or 
less. No reactivation has been shown in 
frozen peas blanched 90 sec or more, the 
time required to pass the commercial test. 
Other investigators also observed peroxidase 
regeneration in peas that had been blanched 
just enough to reduce the original peroxidase 
activity (Dietrich et al., 1955; Pinsent,
1962). It should be pointed out that the 
conditions of blanching were slightly differ­
ent from the preceding experiment on Black- 
eye peas, in which some flavor deterioration 
occurred after a 90-sec blanch.

No regeneration of catalase or lipoxidase 
activity was found with any of the blanching 
times employed. Instead, lipoxidase activity 
of raw peas or 15-sec-blanched peas de­
creased during freezing storage, possibly 
because of gradual freezing dénaturation of 
the enzyme protein at — 10°C.

Significance of lipid oxidation in frozen 
vegetables for flavor deterioration. This 
work, contrary to the concept under which 
it was undertaken, has established that ran­
cidity is not a main cause of flavor deteriora­
tion in the frozen peas examined here, and 
possibly in other frozen vegetables. The 
highest TBA number obtained was much 
below the threshold level (approximately
1.0 ) for rancid odor established for animal 
products. In addition, the frozen raw pea

Table 5. Effect of blanching and freezing storage on activity of enzymes in garden peas.
Enzymetested Days of -  storage

Time of blanch (se z)
0 15 3') 60 90 120 600

Peroxidase " 0 " 50 17 8.3 0.91 0.31 0.22 < 0 .0 2
30 50 25 14 1.0 0.26 < 0 .0 2
70 50 33 20 1.3 0.35 0.24 < 0 .0 2

100 50 33 25 1.3 0.29 0.22 < 0 .0 2
Catalase ^ 0 " >5 2.9 < 0 .1 < 0 .1

30 > 5 2.6 < 0 .1 < 0 .1
70 >5 2.7 < 0 .1 < 0 .1

100 > 5 2.0 < 0 .1 < 0 .1
Lipoxidase 0 0 J 1.05 0.88 0.05 0

30 0.82 0.79 0.17 0
70 0.81 0.74 0.05 0

100 0.72 0.68 0.02 0
“Activity expressed as reciprocal sec X 100 for appearance of the color; 210 sec (.48 expressed as 100/sec) set for a negative test.b Activity expressed as ml gas in fermentation tube; less than 0.1 ml gas set for a negative test. c Activity expressed as optical density at 234 nyt.11 Determinations made immediately after blanching.
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odor is quite different from the rancid odor 
which accompanies high T B A  numbers of 
aerobically blended raw pea slurries. Rapid 
inactivation of lipoxidase by short blanching 
time and absence of reactivation of the en­
zyme during frozen storage of peas make 
it unlikely that this enzyme plays an impor­
tant role in off-odors of slightly under­
blanched frozen vegetables.

Other enzymatic pathways of flavor de­
terioration in frozen vegetables, involving 
anaerobiosis and fermentative changes ac­
companied by increases in acetaldehyde and 
ethyl alcohol, have been elucidated by several 
workers (Joslyn and David, 1952: David 
and Joslyn, 1953; Buck and Joslyn, 1956). 
Our judges’ descriptions of the off-odors 
produced in frozen peas suggest this type 
of deterioration rather than rancidity. It is 
finite possible, of course, that the relative 
contribution of lipid oxidation versus fer­
mentative changes to flavor deterioration in 
frozen vegetables may depend upon the 
initial composition of the vegetable as well 
as processing factors.

Based on his observations of chlorophyll 
losses, Walker (1964b) postulated that lipids 
of vegetables heated beyond the optimum 
blanching period would show greater autoxi- 
dation during freezer storage. This did not 
occur in the present study with peas, even 
after a 10-min cook.
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Post-Rigor Changes in Selected Physicochemical Properties 
of Myosin B Fraction of Turkey Muscle

SUM M ARY
C hanges in  selected  p h y sico ch em ica l p ro p er­

ties o f  th e m y o sin  B fra c tio n  o f  tu rkey  m u scle  
w ere fo llow ed  d u rin g  a 4 4 -h r  p ost-rigor a g in g  
p er io d . S ed im en ta tio n  p attern s o f  m y osin  B 
fraction s p repared  4 8  hr a fte r  d eath  in d icated  
a d ecrease in  a h ig h -m olecu lar-w eigh t co m p o ­
n en t th o u g h t to be m y osin  B g e l. It is co n ­
c lu d ed  that m y osin  B fra c tio n s  lo se  g e l-fo rm in g  
a b ility  w ith  reso lu tio n  o f  r igor. D en sity -gra­
d ien t cen tr ifu g a l pattern s show ed sm all in ­
creases in  slow ly sed im en tin g  co m p o n en ts  o f  
m yosin  B fraction s w ith  a g in g . T h ese  co m ­
p on en ts  w ere h igh  in  A T P-ase activ ity  in  th e  
p resen ce  o f  ca lc iu m  io n s and  show ed  no  red u c­
tion  o f  v iscosity  w ith ad d itio n  o f  A T P. S om e  
ev id en ce  favors th e  co n cep t o f  d isso cia tion  o f  
m yosin  B in to  m y osin  A and  actiu  w ith reso lu ­
tion  o f  r igor. T h is  d isso c ia tio n , h ow ever, m ay  
a lso  rep resen t d isru p tio n  o f  m y osin  B gel 
fo rm ed  d u rin g  and a fter  ex traction  from  
m u scle .

IN T R O D U C T IO N
Toughness in meats is related directly to 

the biochemical state of muscle proteins. 
Fundamental research has thus been under­
taken to determine the nature of post-mortem 
physicochemical changes that occur as the 
meat becomes uniformly tender. The turkey 
and chicken are ideal experimental animals 
to be used in such study since they are easy 
to handle and process, and undergo onset and 
resolution of rigor quite rapidly.

The most obvious site of post-mortem 
changes is the myofibrillar proteins, since 
they are involved directly in the processes of 
contraction and relaxation. Furthermore, 
the individual myofibrillar proteins hi vivo  
are associated at least to some extent as a 
myosin B complex. This complex, therefore, 
serves as a focal point for such study.

The extent and nature of involvement of 
myosin B in the development and resolution 
of rigor in skeletal muscle has not been 
clearly elucidated. Rigor development has 
been described as a combination of actin and

“ Present address: Inorganic Research Depart­ment, Monsanto Co., St. Louis, Mo. 63166.

myosin filaments resulting from the post­
mortem disappearance of A T P  (Szent- 
Gyorgyi, 1964; Bendali, 1964). The de­
crease in post-mortem solubilities of myo­
fibrillar proteins (Sayre and Briskey, 1963; 
Khan and Van den Berg, 1964 ) supports 
this hypothesis.

Resolution of rigor has been proposed as 
a disorganization or a disruption of the myo­
sin B complex (Erdos, 1946; Szent-Gyorgyi,
1951). More recent work by Partmann 
(1963 ) suggests that a partial dissociation of 
myosin B can occur, in that A T P added to 
post-rigor muscle resulted in contraction. 
Deatherage (1963), however, indicated that, 
during resolution, essentially no increase in 
solubilization of proteins or dissociation of 
myosin B into actin and myosin A occurs. 
Fujimaki et al. ( 1965) recently showed that, 
in rabbit muscle, the interaction between 
myosin A and actin decreases with aging.

In light of the conflicting views, the pres­
ent investigation on turkey muscle has been 
carried out with the following objectives:
1 ) to follow changes in selected physico­
chemical properties of the myosin B fraction 
associated with resolution of rigor; 2) to in­
vestigate the fundamental nature of the ob­
served changes. It is likely that the extrac­
tion and preparation procedures induce some 
changes in the proteins differing from their 
native state. Although it is difficult to assess 
the degree of alteration, the use of mild ex­
traction techniques perhaps minimizes the 
amount of damage to protein components.

Since myofibrillar proteins have frequently 
been a subject of inconsistent use of termi­
nology, the following nomenclature will be 
used : Myosin A denotes myosin free of ac­
tin. Myosin B denotes the natural complex 
between actin and myosin A obtained by 
direct extraction from muscle.

E X P E R I M E N T A L
C h e m ic a ls . All chemicals were analytical grade 

where obtainable. The disodium salt of ATP was 
obtained from Nutritional Biochemicals Corp., 
Cleveland, Ohio, and was stored at 0-5°C.

680
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S to c k  a n d  a g e  o f  tu r k e y s .  Muscle samples were 
taken from Keithley White females approximately 
10-12 months of age, raised at the Iowa State Uni­
versity Poultry Science Center.

M e th o d  o f  e x s a n g u in a t io n .  Slaughter was car­
ried out as previously described (Scharpf and 
Marion, 1964).

S to r a g e  c o n d i t io n s .  Turkeys were placed in 
plastic bags and were held for 48 hr in a walk-in 
cooler maintained at 3-5 °C. Skin, depot fat, and 
membranes were carefully replaced over muscles 
after sampling to minimize changes in muscle 
proteins.

P r e p a r a t i o n  o f  m u s c le  p r o te in s .  Muscle samples 
weighing 15 g were taken from the pectoralis major 
muscle and were trimmed free of visible fat, ten­
dons, and connective tissue. Samples were cut into 
small pieces, placed in a Servall Omni-mixer jar 
containing 250 ml of distilled water, and were 
homogenized at high speeds for 1 min and at low 
speeds for 9 min. Low speeds (25-30 rpm) were 
adjusted so as to achieve a gentle stirring action. 
Homogenates were centrifuged 10 min at 7000 X G 
in an International Model HR-I centrifuge with a 
No. 856 head, and residues were washed with dis­
tilled water to remove traces of water-soluble pro­
teins. Myosin B was extracted from these residues 
with 1.03/ K.C1/0.013/ NaHCO.i, pH 7.2, by homog­
enization at low speeds in the Omni-mixer for 
30 min. Following centrifugation of the homoge­
nate at 20,000 X G for 30 min, the supernatant, 
containing myosin B, was filtered through two 
layers of cheesecloth to remove lipids. All steps in 
the preparation, including centrifugation, were car­
ried out at 0-5 "C.

P r o t e i n  e s t im a t io n .  Protein determinations were 
carried out by the biruet method (Layne, 1957).

E n z y m ic  a s s a y s .  ATPase determinations were 
carried out at 25 °C for 5 min. Incubation mixtures 
contained 2 ml of protein solution, Smili ATP, and 
lOmM of either CaCl» or MgCL, and total volumes 
were 3.0 ml. Reactions were stopped by the addi­
tion of 1.0 ml of 15% (w/v) trichloroacetic acid, 
and Pi liberated was determined by the method of

Taussky and Shorr (1953). All determinations 
were made in duplicate.

U l t r a c e n t r i f u g a l  a n a ly s e s .  Sedimentation be­
havior of myosin B fractions was observed in a  
Spinco model E analytical ultracentrifuge equipped 
with schlieren optics. The temperature was regu­
lated at 20° C by a rotor temperature indicator and 
control unit. Sedimenting boundaries were photo­
graphed at 8-min intervals at 44,770 rpm, and sedi­
mentation coefficients were calculated according to 
Schachman (1957). No corrections were made for 
the Johnston-Ogston effect or for radial dilution of 
the protein. An An-D rotor with a 12-mm standard 
cell was used with all protein solutions.

D e n s i t y - g r a d i e n t  c e n t r i f u g a t i o n .  Linear sucrose 
gradients were prepared at room temperature in
1.03/ KC1/0.013/ NaHCOa. The device for pre­
paring gradients consisted of two 50-ml beakers 
connected at bottom outlets by a short piece of 
Tygon tubing containing a screw clamp. An out­
flow tube extended from the mixing beaker, which 
was stirred with a small magnetic stirrer. Stirring 
speeds were adjusted to give good mixing without 
disturbance of the meniscus. The less dense sucrose 
solution was added to one chamber and, by adjust­
ing the screw clamp, was allowed to flow through 
the tubing to the outlet of the mixing beaker. The 
more dense solution v'as added to the mixing beaker, 
and the stirrer was adjusted. The tip of the out­
flow tube was placed at the top of centrifuge tubes, 
and the flow was started by simultaneously adjust­
ing the clamps on the outflow and connection tubes. 
Fluid levels in the two beakers were kept equal 
during emptying to assure linearity of the gradients. 
Tubes containing the gradient, as well as the rotor, 
were equilibrated at 5°C for several hours. Samples 
containing 10% or less of total protein were layered 
over the gradient. Centrifugation was carried out 
in a Spinco model L-2 preparative ultracentrifuge 
equipped with a swinging bucket rotor fitted with 
cellulose nitrate centrifuge tubes. Other experi­
mental conditions concerning the centrifugation and 
sampling of fractions are given in Table 1.

V is c o s i ty  m e a s u r e m e n ts .  Relative viscosities

Table 1. Experimental conditions for sucrose gradient centrifugation and sampling of fractions.

S p in c o  m odel 
L  ro to r

R a n g e  o f 
su c ro s e  

c o n c e n tr a ­
tio n  in  

g r a d ie n t  
( w /w )

M a x im u m
sp eed
( rp m )

V a c u u m  c h a m b e r
T e m p e ra ­

tu r e
( ° C )

P r e s s u r e  
( f i  H g )

SW 25 4.92-20.99% 23,000 10 <50
T im e  of

c e n tr ifu g a - V o lu m e
N o . o f o f  e ach

sp eed G a u g e  o f d ro p s  p e r f ra c t io n
(h r ) n e e d le f ra c t io n (m l)

23 20 25 2.5
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were determined at 3°C on 5-ml samples in an 
Ostwald viscometer with an outflow time for water 
of 70 sec. Viscosities in the absence and presence 
of ATP were determined from the average of three 
consecutive readings made before and immediately 
after the addition of 0.1 ml of 60mM ATP.

U l t r a v i o l e t  e x t i n c t io n .  Ultraviolet extinction 
ratios were obtained at room temperature with a 
Beckman DK-2A recording spectrophotometer.

R E S U L T S
U l t r a c e n t r i f u g a l  a n a ly s e s .  Myosin B prepara­

tions showed considerable turbidity at temperatures 
of 0-20°C. Much of the turbidity was removed 
during acceleration in the ultracentrifuge, and a 
distinct shoulder in the pictures indicated consider­
able sedimented material in the bottom of the cell. 
Some turbidity, however, remained after attaining 
the set speed, but this was essentially removed half­
way through each run. An interface between the 
turbid and clear solution appeared to move down 
the cell as shown clearly in Fig. 1A. From the 
photographs, it is obvious that considerably more 
of this high-molecular-weight material was present 
in the 4-hr myosin B preparations.

Only small qualitative differences in sedimenta­
tion patterns of individual components were ob­
served between fractions prepared 4 and 48 hr after 
death. Essentially three peaks were seen during 
sedimentation for 80 min. In both preparations a
A

\ m \S■ H  I i m  tm\| Hill
B

■111 
l ! l

Fig. 1. Sedimentation patterns of myosin B frac­tions in 1.0.1/ KC1/0.0L1/ NaHCOs. Speed: 44,770 rpm ; temperature, 20°; bar angle, 40° in first frame, 35° in subsequent frames. Sedimentation proceeds to the right. All pictures taken at 8-min intervals. A) Myosin B fraction prepared 4 hr after death; protein concentration, 9.2 mg/ml. B) Myosin B fraction prepared 48 hr after death; protein concentration, 7.1 mg/ml.

small, rapidly sedimenting component aggregated 
or interacted in some way with the already sedi­
mented material which resulted in the formation of 
an ultra-sharp boundary at the bottom of the cell. 
A smaller, slower-moving component followed with 
a sedimentation coefficient (S»o) of 15S. The major 
component sedimented at a rate of 7.9S. Significant 
amounts of slowly sedimenting components re­
mained at the end of runs, as indicated by shoulders 
in the left portion of frames.

D e n s i ty  g r a d i e n t  c e n t r i f u g a t i o n .  Typical re­
sults of sucrose gradient centrifugation of myosin B 
preparations are shown in Fig. 2. One major com­
ponent was observed in all gradient patterns. This 
component, about one-third the distance between 
the meniscus and the bottom, made up a variable 
proportion of the total protein. In addition to the 
major fraction, gradients frequently contained sig­
nificant amounts of 280-m^-absorbing material at 
the top of tubes. A minor, rapidly sedimenting 
fraction was present near the bottom, and a small 
pellet was always found in the bottom of tubes. 
Only small qualitative differences were observed 
between the 4- and 48-hr myosin B fractions. The 
major component of the 48-hr preparation was 
slightly displaced from that of the 4-hr preparation, 
and component I showed slight increases in the 
amount of slowly sedimenting material.

Analyses of the individual fractions are shown in 
Table 2. ATPase activity of material near the 
meniscus (I) was quite high, particularly the 
calcium-activated ATPase. The major component 
showed comparatively low ATPase activity. In 
this fraction, activation by magnesium ions was

Fig. 2. Sucrose gradient ultracentrifugation pat­terns of myosin B fractions prepared 4 and 48 hr after death. Sucrose gradient, 4.92 to 20.99%, con­taining 1.0M KC1 ; rotor, SW 25; time of centrifu­gation, 23 hr at 23,000 rptn. Total protein in 4-hr fraction, 18.4 mg; 48-hr fraction, 16.0 mg. T and B on the abscissa respectively signify top and bot­tom fractions.
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Table 2. Analyses of fractions from sucrose gradient ultracentrifugation of myosin B fractions.

A d e n o s in e  
tr ip h o s p h a ta s e  

a c t iv i ty  a
(/¿M  P i  / m g  p r o t e in /5  m in )

C a ++-ac ti- M g ++-ac ti-

V isc o s ity  
fa il  w ith  
a d d it io n  
o f  A T P  »

U ltra v io le t  
e x tin c t io n  

ra t ioF r action vatcd vated percent (A280/A:
i 3.72 2.28 0 0.57

i t 0.09 0.16 15 1.56
i n 1.78 1.10 2 0.71

a Incubation mixtures were 5mM in adenosine triphosphate and lOmM in either MgCb or CaCIa.b Final adenosine triphosphate concentration, 5mM.

greater than activation by calcium ions. Material 
near the bottom of tubes (III)  exhibited moderate 
enzymic activity, in which the calcium-activated 
enzyme gave highest values. The fall in viscosity 
with the addition of ATP was highest in the major 
fraction, while values for I and III fractions were 
negligible. Ultraviolet extinction ratios were lowest 
in fractions I and III.

D I S C U S S I O N
Ultracentrifugal analyses. Concentrated 

myosin B fractions exhibited considerable 
turbidity before runs, which was partially re­
moved during the early stages of acceleration. 
The high rate of sedimentation suggests that 
these components are probably cellular frag­
ments and/or particulate cell particles not 
completely solubilized during extraction. 
Large protein aggregates or gel forms were 
perhaps responsible for the turbidity remain­
ing after attainment of set speeds.

The first, small, rapidly sedimenting com­
ponent obviously interacted in some way with 
material already sedimented as shown by the 
formation of the ultrasharp boundary partic­
ularly evident in frame 4 of Figs. 1A  and IB. 
The formation of this and another smaller 
component near the bottom of the cell possi­
bly represents the formation of large aggre­
gates of myosin B, perhaps corresponding to 
90S to 280S sedimenting components ob­
served by Portzehl (1950). According to 
Johnson and Rowe (1964), these higher 
values probably refer to the typical gel com­
ponent of myosin B solutions first observed 
by Snellman and Erdos (1948). The mate­
rial sedimented during acceleration may have 
consisted in part of this gel component, 
which, on interaction with the 15S myosin B 
species, gave rise to yet another sedimenting 
component.

Immediately to the right of the ultrasharp 
boundary near the bottom of the cell in 
frame 4 of Fig. IB, a small but distinct com­
ponent was observed which was absent in the 
corresponding frame of Fig. 1A. This peak 
may represent an additional gel component 
not present in the 4-hr myosin B fraction. 
The slowly sedimenting material observed in 
the myosin B fractions is similar to small 
amounts of polydisperse material observed by 
Johnson and Rowe (1964) in natural acto- 
myosin systems. Those workers are of the 
opinion that the material must be derived 
from the formation of an equilibrium system 
between actin and myosin, since the sedimen­
tation rate of its broad peak changes with 
the weight fraction of myosin A.

It would be difficult to make any further 
assumptions as to the nature of the sediment­
ing species without assessing relative concen­
tration dependencies of each component and 
the extent of Johnston-Ogston effects com­
mon to such multicomponent systems.

Density-gradient centrifugation. Ultra­
centrifugation of myosin B fractions in a con­
tinuous sucrose gradient provided a degree 
of resolution similar to that obtained with 
the analytical ultracentrifuge. Although 
density-gradient patterns lacked the detail of 
schlieren patterns, the major features of 
sedimentation were comparable. The small 
fraction near the cell bottom, the major 
ultraviolet-absorbing fraction, and the mate­
rial remaining near the meniscus of gradient 
tubes, correspond favorably with schlieren 
patterns of the same preparation.

The high-calcium-activated ATPase activ­
ity of slowly sedimenting material (I of Fig.
2) suggests the presence of myosin A. The 
presence of myosin B in the major fraction
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II is indicated by the high-magnesium- and 
low-calcium-activated ATPase and the 15% 
fall in viscosity with addition of ATP. The 
relatively high-calcium- and magnesium- 
activated ATPase in material near the bot­
tom of the tube (III)  is perhaps (hie to the 
presence of both myosin A  and myosin B. 
This material may correspond in part to the 
myosin B gel observed in moving-boundary 
ultracentrifugation. Some myosin B is pres­
ent, as indicated by the small drop in viscosity 
of fraction III  with the addition of ATP.

Calcium ions exert a strong activating 
effect on myosin A ATPase, while magne­
sium ions (Mommaerts and Green. 1954) 
inhibit the enzymic activity. Myosin B pos­
sesses ATPase activity which is highly accel­
erated by magnesium ions and to some extent 
by calcium ions (Weber and Herz, 1963). 
In solutions of high ionic strength, A T P dis­
sociates myosin B into myosin A and actin. 
The result is an immediate fall in viscosity 
back to the sum of the viscosities of the indi­
vidual components. Accompanying this dis­
sociation is the appearance of the characteris­
tic myosin A ATPase activity (Hasselbach 
and Schneider, 1951). Endo (1964), how­
ever, showed that at concentrations as high 
as lmM in A TP, only a partial dissociation 
of myosin B occurs. Apparently some myo­
sin B remained in the undissociated form in 
fractions showing high ATPase activity in 
the presence of magnesium ions. Since high 
ionic strengths were used, however, a part 
of the high-calcium-activated ATPase (myo­
sin A) may have been a direct result of the 
dissociating action of A T P  in incubation 
mixtures.

As in schlieren patterns, only small dif­
ferences were apparent between density- 
gradient ultracentrifugal patterns of 4- and 
48-hr myosin B fractions. The increase in 
the highly active ATPase (I) suggests either 
a change in degree of aggregation or an in­
crease in myosin-A-containing material.

Aging for 44 hr causes a decrease in 
the amount of rapidly sedimenting high- 
molecular-weight material and increases in 
lower-molecular-weight components posses- 
ing high specific ATPase activity. This evi­
dence perhaps favors the concept of dissocia­
tion of myosin B into myosin A  and actin

with resolution of rigor. On the other hand, 
the high-molecular-weight material as ob­
served in the analytical ultracentrifuge, may 
be myosin B gel, and the decrease in this 
component may be due to depolymerization 
as well as dissociation into myosin A and 
actin.
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SUM M ARY
A d em a n d  cu rren tly  ex is ts  fo r  in fo rm a tio n  

o n  th e  m ech a n ica l b eh avior o f  fo o d s  a n d  a g r i­
cu ltu ra l p rod u cts d u rin g  h a n d lin g , p ro cess in g  
and  q u a lity  ev a lu atio n . M any o f  th e  o ld er su b ­
jectiv e  tests h av e n ow  b ee n  rep la ced  by  various  
tech n iq u es  fr o m  w h ich  em p ir ica l and  p artia lly  
o b jectiv e  m ea su rem en ts  m ay b e o b ta in e d ; h ow ­
ev er , th e  m a jo rity  o f  th e se  m ea su rem en ts  are 
n o t w ell-d efin ed  in  term s o f  accep ted  p h ysica l 
co n stan ts , th ereb y  m a k in g  th e ir  in terp reta tion  
d ifficu lt. T o p rovid e co n sisten cy  b etw een  vari­
o u s  in v estig a tio n s, a ll m ech a n ica l p ro p erties  
m a y  b e eva lu ated  in  term s o f  co m m o n  en g i­
n ee r in g  param eters as th e  first a p p ro x im a tio n . 
F rom  th e  p o in t o f  v iew  o f  m ech a n ics , m a n y  
p rod u cts su ch  as fru its , v eg eta b le s, and  cerea l 
g ra in s in  th e ir  n a tu ra l state m ay  b e  con sid ered  
as co n v ex  b od ies  fo r  w h ich  classica l so lu tio n s  
ca n  b e a p p lied  fo r  ev a lu a tio n  o f  co m p ress io n , 
sh ear and  te n sio n  p ro p erties.

In  th is p ap er  p rev iou s and  cu rrent in v estig a ­
tion s in  w h ich  th e  en g in ee r in g  ap p roa ch  to m e ­
ch a n ica l p rop erty  ev a lu a tio n  h as b een  u sed  are  
rev iew ed . In  a ll o f  th ese  in v estig a tio n s, th e  
co m m o n  m eth od s fo r  p ro d u ct te stin g  are h y d ro ­
static  and  u n ia x ia l co m p ress io n . In stru m en ta ­
tion  and  tech n iq u es  are d escr ib ed  fo r  o b ta in in g  
and  in terp retin g  d ata  fr o m  th e se  tests  in  term s  
o f  p h y sica l con stan ts.

T h e m ech a n ica l b eh avior o f  m o st a gricu ltu ra l 
p rod u cts is  tim e  d ep en d en t. T h er e fo re , charac­
teriza tion  o f  m ech a n ica l b eh a vior  req u ires th e  
a p p lica tio n  o f  v isco ela stic ity  p r in c ip le s  in  w hich  
b oth  v iscou s and  e lastic  re sp o n ses are co m b in ed . 
T h e fu n d a m e n ta l p r in c ip le s  o f  v isco ela stic ity  
are p resen ted  b riefly  and  a n a lo g ies  are d ev e l­
o p ed  fo r  re la tin g  th e  observed  b eh avior to  w ell- 
esta b lish ed  m ech a n ica l system s.

T o illu stra te  th e  a p p lica tio n  o f  th e  en g in e e r ­
in g  ap p roa ch  to m ech a n ica l p rop erty  ev a lu a ­
tio n , a stu d y  o n  M cIn tosh  a p p le  fru its  is  d e ­
scrib ed . T h is  stu d y  d em o n stra tes  th a t m a n y  o f  
th e  p r in c ip le s  o f  c lassica l m ech a n ics  are a p p li­
cab le  to  se lec ted  a gr icu ltu ra l m ater ia ls .

IN T R O D U C T IO N
Many agricultural products are subjected 

to mechanical treatments in harvesting, han­
dling and processing. To establish an effi­

cient mechanical process and at the same time 
have a minimum degree of product damage 
and highest quality, the behavior of the vari­
ous products when subjected to stress and 
strain must be fully understood. Knowledge 
of the general stress-strain-time behavior of 
the products is needed in addition to infor­
mation regarding the critical levels of stresses 
and strains at which damage will result.

In these respects it appears that many of 
the techniques used in the engineering sci­
ences to study the behavior of engineering 
materials might be applicable to agricultural 
products. The critical stress and strain levels 
may be considered from the same standpoint 
as yield strength, ultimate strength, and simi­
lar parameters are for common engineering 
materials.

Any mechanical properties which are eval­
uated for an agricultural product must be 
specified as being associated with a particular 
stage of the material’s living process, such 
as maturity level. This means that proper­
ties must be evaluated for the same product 
at various stages in order to specify com­
pletely its mechanical behavior. A large 
number of tests will be needed to compensate 
for inter-replicatory variations for a given 
product.

Considering the above limitations, if it is 
possible to show that the stress-strain be­
havior of a selected product is similar in 
form to that of engineering materials, it will 
be possible to evaluate the mechanical be­
havior of that product by using established 
testing and analysis procedures.

L I T E R A T U R E  R E V I E W
Only a few investigators have studied the me­

chanical behavior of agricultural products by using 
engineering terminology and techniques. Many 
different instruments are available within the food 
industry for qualitative study of the texture of 
products such as fruits and vegetables. These in­
struments, although more useful than subjective 
panel evaluations, do not characterize the products 
or provide data usable in engineering analyses.
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Shpolyanskaya (1952) has studied the structural- 
mechanical properties of the wheat grain. She 
found that the wheat grain behaved as an elastic- 
plastic-viscous body which exhibited creep, stress 
relaxation, and elastic after-effects. She also pro­
posed a rather complicated mechanical model to 
represent the time-dependent behavior of a grain 
subjected to uniaxial compression. Of particular 
interest is the fact that she utilized the classical 
Hertz solution for contact stresses to evaluate the 
moduli of deformability for the grain.

Zoerb and Hall (1960) have also studied the 
mechanical and rheological properties of cereal 
grains, using a variable-speed testing apparatus. 
Compressive tests were conducted in two series: 
1) the whole kernel was subjected to load; 2) core 
specimens, made by cutting off each end, were 
tested. The load-deformation curves obtained were 
converted to stress-strain curves by utilizing the 
measured cross-sectional area and initial length of 
the specimens. Information derived from these 
studies was used for evaluation of hysteresis losses, 
modulus of resilience, and modulus of elasticity. 
They also conducted stress relaxation studies on 
pea beans, using varying loading rates. A sig­
nificant variation was found to exist between re­
laxation time and loading rate, thereby indicating 
the viscoelastic nature of the seeds. In reality, only 
force-deformation studies were conducted, because 
stress and strain distributions for the seeds have 
not yet been established. The relaxation data were 
fitted to a two-element Maxwell Model, giving a 
close approximation of real behavior.

Mohsenin and associates have been studying the 
viscoelastic behavior of fruits and vegetables for 
several years. Realization of the viscoelastic na­
ture of such products has been shown in several 
of their early reports. Mohsenin et al. (1963) 
proposed a qualitative model to represent the 
viscoelastic nature of creep behavior for fruits 
subjected to uniaxial compression. At that time, 
no attempt was made to evaluate the model param­
eters quantitatively.

Finney et al. (1964) and Finney (1963) have 
considered the potato as a linear viscoelastic body. 
They derived a physical basis for this considera­
tion by studying the constitutive components of the 
potato tuber. They also studied the stress relaxa­
tion properties of the tubers when axially loaded 
between parallel plates. The relaxation times were 
found to vary with initial rate of mechanical load­
ing. The data obtained from the relaxation tests 
were fitted to mechanical models which simulated 
the viscoelastic behavior of the force relaxation 
process. While Finney proposed the Hertz and 
Boussinesq techniques for evaluation of the visco­
elastic compression moduli, no attempt was made to

interpret the relaxation process in terms of modu­
lus changes.

Suggs and Splinter (1965) studied the behavior 
of tobacco stalks in bending. They found varia­
tions between compression and tension moduli. 
They also observed a viscoelastic effect as ex­
hibited in the stress relaxation behavior of the 
stalks. This effect was observed to be predomi­
nant at low strain rates.

Halyk and Hurlburt (1964) applied materials- 
testing procedures to alfalfa stems in order to 
determine their ultimate tensile and ultimate shear 
strength. They did not conduct time-dependent 
studies, but they did utilize testing procedures 
which had previously been accepted for common 
engineering materials.

Timbers et al. (1965) and Timbers (1964) have 
studied some mechanical and rheological properties 
of the Netted Gem potato. They studied both 
creep and stress relaxation behavior. The signifi­
cance of this work was in recognizing the need for 
an analysis of viscoelastic changes of moduli and 
compliances (compliance =  1/modulus =  strain/ 
stress).

Although Timbers recognized the need for 
studying actual modulus changes, his stress relax­
ation studies on whole tubers were analyzed from 
the viewpoint of force relaxation. He also proposed 
a suitable mechanical model to represent the tuber 
behavior, but did not attempt to actually evaluate 
viscoelastic parameters as are commonly specified 
for polymeric materials.

Recent work at Pennsylvania State University 
has indicated the feasibility of considering bulk 
corn silage as a viscoelastic material. Investi­
gated in the work was the variation of relaxation 
time constants with the density and composition 
of corn silage. The information derived from these 
studies may prove useful in designing a maximum 
compaction system. Investigations in the same 
laboratory on corn grains, subjected to bulk com­
pression, have led to the evaluation of certain 
viscoelastic bulk parameters for this product.

Morrow (1965) studied the viscoelastic nature 
of McIntosh apple fruits subjected to both uniaxial 
and bulk compression. Mechanical models were 
chosen to represent both creep and relaxation 
behavior. The viscoelastic parameters derived 
from these studies were based upon apparent 
moduli in all instances. It was possible to obtain 
good agreement between the model response and 
experimental creep and relaxation behavior.

E X P E R I M E N T A L  M E T H O D S
T e c h n iq u e s  f o r  d e t e r m in in g  v i s c o e la s t i c  p a r a m ­

e t e r s .  Examination of procedures used by various
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investigators of mechanical behavior of agricul­
tural products indicates a wide variety of testing 
and analysis techniques. For results to be meaning­
ful and comparative, it is imperative that some 
attempt at procedural standardization be made. 
While it is realized that testing procedure is 
often dictated by available facilities, a more uniform 
method of data analysis may be adopted. The 
techniques described herein are suggested as a 
possible means for achieving such standardization. 
Certainly, considerable modification of these meth­
ods is required when working with such complex 
bodies as agricultural products. As a first approxi­
mation, however, many familiar solutions may be 
applied verbatim to agricultural products

C h o ic e  a n d  p r e p a r a t i o n  o f  s p e c im e n s . This 
discussion will be concerned mainly with products 
as found in their natural state. No preparation 
will be used other than to cut or slice a uniform 
specimen, if the natural state of the material is 
not disturbed. With complex products in the form 
of convex bodies, it is desirable to test the intact 
product. With fruits, for example, while useful 
information may be obtained using samples cut 
from the flesh, it is difficult to correlate mechanical 
properties derived for the flesh specimens with 
the predicted properties of the intact product. This 
problem of testing of the product in its natural 
state has been pointed out by Mohsenin (1965).

It is realized that an intact product such as a 
fruit violates all of the fundamental assumptions of 
homogeneity, isotropy, and continuity that are nor­
mally required in solving elementary materials 
science problems. Disregarding the violation, how­
ever, it is possible to consider a “black-box” ap­
proach to modulus evaluation. Such an approach 
is often utilized in electrical network analysis, 
where only input parameters and output quantities 
are considered, with intermediate behavior disre­
garded. By using such an approach, it is more 
valid to consider moduli for agricultural products 
as apparent rather than actual parameters. Tim­
bers (1964) has suggested the use of such termi­
nology. It may be noted that the term “apparent 
modulus” is often used for comparing the plastic 
behavior of common engineering materials.

T e s t i n g  m e th o d s .  In studying viscoelastic be­
havior, it is possible to apply either a constant 
load or a constant deformation to the material. 
If a constant load is applied, creep behavior is 
studied; with a constant deformation, stress relaxa­
tion results. When deriving viscoelastic param­
eters, it is often desirable to study both forms of 
fundamental behavior.

There are three fundamental methods of strain­
ing specimens for testing purposes: 1) bulk com­

pression; 2) uniaxial compression; and 3) applica­
tion of shearing forces. Of these methods, only 
the first two are easily adapted to agricultural 
products in their natural form. Very uniform 
specimens with special shapes are required for 
conducting shear studies. Several other techniques 
are available for general materials science testing. 
Tension testing seems to be difficult to utilize, 
because of specimen shape and size requirements, 
and gripping problems.

Of the many dynamic techniques which are 
available, wave propagation appears to be an excel­
lent approach to the evaluation of viscoelastic 
parameters. Transducer techniques also appear to 
be very applicable. Very few studies have been 
conducted on agricultural products utilizing dy-

r--------------- TO AIR SUPPLY AND
\  PR ESSU RE GAGE
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namic measurement methods, but such an approach 
appears highly desirable for future investigations.

Bulk compression. When static bulk compression 
is utilized, either creep or relaxation studies may 
be performed. Two instruments have been built 
in the Pennsylvania State University Rheology 
Laboratory for studying bulk behavior. The device 
shown in Fig. 1 is used for applying low hydro­
static pressures to fruits and vegetables. Its design 
is such that it may be utilized only for bulk creep 
studies. A similar apparatus has been used by 
Finney (1963) for bulk compression studies of 
potatoes.

An apparatus designed for studying the com­
pressibility of cereal grains is fully described by 
White (1966). This device is suitable for both 
creep and stress relaxation. By using this instru­
ment, it is possible to simultaneously record bulk 
stress and strain for a product.

Constrained compression characteristics of un­
consolidated materials such as forage, silage, or 
grouped grains may be studied by using a device 
such as described by Mohsenin (1963). The 
studies performed with this device could be con­
ducted on any commercially available testing ma­
chine, but at a much higher cost.

Data obtained from bulk compression studies
may be analyzed by considering either moduli or 
compliances at various time increments. In terms 
of bulk modulus :

K (t)  = ----------  ---  [11
A V / V c

The bulk compliance or compressibility is equiva­
lent to the inverse of the bulk modulus and may be 
defined as

A V / V oB ( t ) = ------  [21
P

Uniaxial compression. Many different devices 
have been used for applying uniaxial compressive 
loads to agricultural products. Creep studies may 
be conveniently conducted with a device similar 
to that in Fig. 2. A dead load is applied to the 
specimen, and time-dependent deformations are 
recorded. Relaxation studies may be performed 
with any universal testing machine. The Instron 
testing machine and environmental control unit
are found to be very suitable. The P.S.U. testing 
machine, as previously described by Mohhenin 
(1963), is also suitable for uniaxial relaxation 
studies and creep at higher pressures.

Regardless of the type of loading instrument 
used, a choice must be made as to the most desirable 
form of loading head to contact the fruit. Both 
flat plates and cylindrical plungers have been used 
in the past, but very few attempts have been made

1. LEVER ARM
2. RIGID PLUNGER
3 . DIAL INDICATOR

4 . FRUIT SPECIMEN
5. PLASTER SUPPORT
6 . BASE

Fig. 2. Dead-weight testing apparatus used for obtaining data reported in this paper.

at analyzing the stress distribution within the 
product. This information is very important if 
meaningful parameters are to be derived. The 
approximate solutions presented in the following 
sections have also been proposed by Finney (1963) 
and Timbers (1964), but few attempts have been 
made at their proper application.

Plunger loading. Stress-strain relations for con­
vex bodies loaded by cylindrical plungers require 
the use of classical theory of elasticity principles. 
Finney (1963) suggested using a solution derived 
by Boussinesq (1885) for analysis of potato tubers 
subjected to plunger loadings. The original solu­
tion, as proposed by Boussinesq, developed rela­
tions for semi-infinite bodies (half-spaces) sub­
jected to concentrated compressive loads. This 
solution has been expanded by Timoshenko and 
Goodier (1951) to include three-dimensional con­
siderations of a half-space loaded by a cylindrical 
plunger. Using the elastic solution proposed by 
Boussinesq and modified by Timoshenko and 
Goodier (1951), it is necessary to assume homo­
geneity and isotropy. It is also necessary to 
assume that a half-space exists. It is realized that 
because of the small radius of curvature of certain 
products, the latter assumption may not be com­
pletely valid. Examination oi the constitutive 
equations of the Boussinesq solution, as discussed 
in the following, will provide an insight into the 
validity of assuming such products to be semi­
infinite bodies.
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Establishing a cylindrical coordinate system in 
which the z direction is parallel to the longitudinal 
axis of the cylindrical plunger, it is possible to 
evaluate normal stresses in the z direction at 
various points below the surface of the half-space. 
These normal stresses are shown by Timoshenko 
and Goodier to be of the form

C z - F  [  -  1 +  ( V  +  u ) 3/= ]  [ 3 ]

where the origin of the s direction is at the 
surface of the half-space. Considering a cylindrical 
plunger of radius 0.125 inch and a depth of two 
inches below the surface of the product, the above 
expression shows that stress at this level is 
approximately zero. The reverse pressure effect 
caused by the product’s support may be neglected 
if the product is supported over a very large con­
tact area. Under these conditions, it is permissible 
to consider the product as a half-space from the 
viewpoint of <rs normal stresses. Using the same 
type of procedure, it is possible to show that the 
assumption of a half space is also valid for «v and 
<r0 stresses. Note that the product diameter was 
equal to at least ten times the plunger diameter 
in this illustration.

For an absolutely rigid plunger in the form 
of a circular cylinder pressed against the plane 
boundary of a semi-infinite elastic solid, the dis­
placement is constant over the circular base of the 
cylinder. The distribution of pressures, p, at the

F

Fig. 3. Theoretical stress distribution under a rigid plunger acting against a semi-infinite elastic body (from Finney, 1963).

surface of the semi-infinite body is not uniform, 
and its intensity is given by the equation:

F
P  =  ------= =  [4J

27r a V a !  — r2
The closed form of this pressure distribution is 

shown in Fig. 3 as obtained from Finney (1963). 
Plastic yielding will occur along this (r =  a) 
boundary, but this yielding will not greatly affect 
the pressure distribution. At points beyond the 
outer boundary of the plunger, the pressure dis­
tribution will not be affected by the singularity 
at r — a.

The relationship between the deformation, d ,  of 
the material beneath the plunger and the applied 
force, F, has been shown by Timoshenko and 
Goodier to be of the form

F (l  — /r)

where E  and n are respectively Young's modulus 
and Poisson’s ratio for the material.

Under the conditions stated above, the Boussi- 
nesq solution appears to be a good approximation 
to the stress distribution in agricultural products 
loaded by small cylindrical plungers. As shown 
by Finney (1963), it does not appear valid for 
cases in which the plunger diameter is of nearly 
the same magnitude as the loaded body. Recent 
studies by Timbers et al. (1965) neglected the re­
striction of the Boussinesq solution.

Flat-plate loading. Evaluation of stress-strain 
relations for convex bodies subjected to uniaxial 
compression by means of flat plates also requires 
the use of classical theory-of-elasticity techniques. 
Assuming deflections to be small when compared 
with the dimensions of the convex body, it is 
possible to use a technique proposed by Heinrich 
Hertz (1896) for evaluating contact stresses be­
tween two convex bodies. This solution may be 
generalized to flat-plate compression by taking 
orthogonal radii of curvature of a flat plate as 
being infinite. Such a generalization has been 
shown by Timoshenko and Goodier (1951) and 
Kazma and Cunningham (1962).

The form of the solution proposed by Kazma 
and Cunningham requires that eight fundamental 
assumptions be satisfied. In addition to normal 
requirements of homogeneity and isotropy, these 
specify that the contacting bodies are infinitely large 
and that the radii of curvature of the contracting 
solids are large when compared with the dimen­
sions of the contacting area. These assumptions 
appear approximately justified for normal sizes and 
shapes of convex agricultural products. Morrow 
(1965) has discussed the fundamental assumptions 
in detail.
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Kozma and Cunningham give the following 
relation for the deformation of two convex bodies 
subj ected to uniaxial compression :

d r 9-----  F2 ( 0 l +  0=)
_ 1Ô7r“

i i i n
2

1/3

(------ 1---------1---------hRi Ri R* — )
R t J [6]

where: 0  =  4(1 —¡R)/E
1 denotes primary convex body
2 denotes secondary convex body

Considering a product compressed between two 
flat steel plates and assuming a spherical shape for 
the product

D(Ri =  R i  =  —, R i  =  00, Qs—o'),2
Eq. 6 may be simplified into the following form :

E = 16 ( l - ^ 2)2 F2
14.285 D<F _ [7]

which permits computation of Young’s modulus 
for the products using experimental parameters 
and a known or calculated value of Poisson’s ratio.

Evaluation of Poisson’s ratio. Both the Bossi- 
nesq and Hertz solutions require knowledge of 
Poisson’s ratio for the material being studied. 
Direct measurement of this ratio is very difficult 
for convex bodies such as most agricultural prod­
ucts. However, it is possible to calculate the ratio 
based upon consideration of elastic parameters. 
The relation between elastic bulk modulus and 
Young’s modulus is of the form 

E„Ko = ----------- [8]
3(1-21»)

Eq. 8 can be solved simultaneously with either 
the Hertz or the Boussinesq solution, using the 
linear portion of a typical load-deformation dia­
gram, and the elastic bulk modulus to obtain an 
approximate value for Poisson’s ratio. Assuming 
that the Poisson’s ratio is not of a viscoelastic 
form such as that shown by Theocaris (1964), it 
may be used as a “constant” in evaluating all com­
pliances and moduli.

Model representation. After the moduli and 
compliances have been evaluated at incremental 
times, it is necessary to consider their composite 
behavior for characterization of the material. By 
utilizing classical elasticity and Newtonian theory, 
it is possible to formulate an approximate theory 
of viscoelastic behavior. One method of develop­
ing such theory is by the use of model representa­
tion of elastic and viscous elements combined in 
such a way as to resemble the viscoelastic behavior.

An elastic element will exhibit a strain which is 
directly proportional to the applied stress. Such 
a behavior may be represented by a spring. If a 
load is applied to such a spring, a deflection will 
result. This condition is analogous to the relation 
between applied stress and resulting strain in an 
elastic material.

For a Newtonian material, stress is proportional 
to the rate of strain and is independent of the 
strain itself. Such a relationship is analogous to 
the behavior of a dashpot consisting of a loose- 
fitting piston moving through a viscous fluid. 
Physical understanding of viscoelastic behavior is 
made much easier by using mechanical models 
consisting of elastic springs and viscous dashpots. 
Mechanical models have been proposed by many 
re se a rc h e rs , including Ferry (1961), Sharma 
(1964), and Mohsenin et al. (1963).

In the past, many objections have been raised to 
the use of mechanical models to represent visco­
elastic behavior of engineering materials. It should 
be noted that agricultural products with high water 
content are very similar to the actual mechanical 
models. The cells behave in what is believed to be 
a nearly elastic manner while the cellular fluids 
are actual liquids representing the viscous element 
in the model. Therefore, it seems to be logical to 
represent the mechanical behavior of selected agri­
cultural products by using mechanical models.

S t r e s s ,  S x S t r a in  , e x

So

T im e .t Tim e.t

STEP FUNCTION STRESS HISTORY STEP FUNCTION STRAIN HISTORY

STRAIN VS. TIME RELATIONSHIP STRESS VS. TIME RELATIONSHIP 
CORRESPONDING TO STEP FUNCTION CORRESPONDING TO STEP FUNCTION 

STRESS HISTORY STRAIN HISTORY
F ig .  4. K e lv in  a n d  M a x w e ll  m o d e l c h a r a c te r ­

is tic s .
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Simple viscoelastic models. By combining an 
elastic and a viscous element in series, a Maxwell 
model is obtained as described by Ferry (1961) 
and others. By combining an elastic and a viscous 
element in parallel, a Kelvin or Voigt model is 
obtained, as described by those researchers. Both 
the Maxwell and the Kelvin models are graphically 
depicted in Fig. 4 as given by Sharma (1965).

The behavior of most real viscoelastic materials 
is too complex to be adequately represented by 
either a simple Maxwell or a simple Kelvin model. 
For complete characterization of many materials, 
an infinite combination of elastic and viscous ele­
ments is required. As a first approximation, how­
ever, finite combinations are suggested for use.

Degenerate Kelvin model. A degenerate Kelvin 
model as defined by Sharma (1964) is very useful 
for representing some types of viscoelastic be­
havior. This model as shown in Fig. 5 consists of 
a Kelvin element in series with a viscous and an 
elastic element. The same model is defined as a 
Burger’s model by Mohsenin et al. (1963) and 
Reiner (1960).

If this model is assumed to represent shear be­
havior, elastic and viscous components may be 
assigned to each of the four elements as shown in 
Fig. 5. Examination of the model will show that

DEGENERATE THREE ELEMENT KELVIN MODEL REPRESENTATION 
Stress, S x

S o

0 L-------------------------------------------0 oo
S tra in , ex

F ig . 5. D e g e n e ra te  K e lv in  m o d e l c h a r a c te r is t ic s .

the total strain (ex) will be the sum of the strains 
in each of three sections, A, B, and C. By New­
ton's third law, it is easily shown that the stress in 
each of these sections must be equal. Therefore 
the following relations are known to exist:

ex =  e,i +  ea +  ec
S a  — Sx  — G oGA

c * - ^
--- A x  " - 7  ̂ft -|- G g b

S c  — Sx — TJt.Cc
These differential relations can now be solved 

for any stress and strain history to which the ma­
terial is subjected. Considering a creep experiment 
in which the specimen is subjected to a constant- 
stress history, the total solution will be of the form

1 1 S0tex = ----- Ao +  — ( l - e - ,/0) So + ------  [101Go G t}v
Defining a compliance as the ratio of strain to 

stress, Eq. 10 can be written in the form
H (t)  = H 0 +  H (1  -  e-‘n  +  t / v. [11]

which defines the response of a degenerate Kelvin 
model to an application of constant stress. Be­
havior of this sort is shown in Fig. 5.

The above expressions are given for shear pa­
rameters, but are equally valid for tension, com­
pression, or bulk functions except that t]v will be 
infinitely large for a specimen subjected to bulk 
compression. While Eq. 9 could have been solved 
for a constant-strain history, it is much easier to 
study relaxation behavior by considering a degen­
erate Maxwell model.

Degenerate Maxwell model. A degenerate Max­
well model is useful for studying viscoelastic 
behavior of materials subjected to a constant-strain 
history (stress relaxation). This model, as shown 
in Fig. 6, consists of an elastic element in parallel 
with a simple Maxwell model. The response of 
this model can be shown to be functionally equiva­
lent to placing a limiting stop in the viscous dashpot 
of a simple Maxwell model.

As in the degenerate Kelvin model, the degener­
ate Maxwell model will be developed for shear 
relations having elastic and viscous constants as­
signed as shown in Fig. 6. The elastic constants 
G and Ge do not have the same magnitude as in 
the Kelvin model, as will become apparent after 
examination of the constitutive equation.

Fig. 6 indicates that the total strain rate of the 
model is equal to the sum of the strain rates of 
the elastic and viscous element in the simple Max­
well model, as shown by
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Sx Sxex =  ----- + ------- [12]G 7]
If the model is subjected to a constant-strain 

history, Eq. 12 can be solved to yield the following 
relation

G(f) =  Ge-,ll! + G. [13]
This relation gives instantaneous values of the 

relaxation modulus for a material subjected to a 
constant strain history. Most real materials require 
the use of several Maxwell elements to completely 
describe the viscoelastic behavior. It must be em­
phasized that only an approximation to visco­
elastic behavior is made by using the preceding 
three-element model. The response of such a model 
to a constant-strain history is shown in Fig. 6.

RESULTS AND DISCUSSION

The preceding techniques for evaluation 
of moduli and compliances and viscoelastic 
model fitting have been utilized in a study 
of the viscoelastic properties of McIntosh 
apple fruits (Morrow, 1965). This study 
did not contain sufficient replications to es­
tablish statistically valid viscoelastic param­
eters ; however, several interesting observa-

T
DEGENERATE THREE ELEMENT MAXWELL MODEL REPRESENTATION

STRESS AND STRAIN AS FUNCTIONS OF TIME FOR 
THE DEGENERATE MAXWELL MODEL

F ig . 6. D e g e n e ra te  M a x w e ll  m o d e l c h a r a c te r is t ic s .

tions were made concerning the viscoelastic 
nature of the material and the validity of the 
techniques being used.

Poisson’s ratio for the apple fruits was 
calculated by using the average bulk modulus 
and the average Young’s modulus as found 
in plate and plunger creep tests using Hertz 
and Boussinesq solutions as previously given. 
For the plate loadings, /x =  0.22; and for 
the plunger loadings, /x =  0.37. The latter 
value was believed to be the more reliable 
and was used in the analysis of all moduli 
and compliances. Investigations are now 
being conducted to re-evaluate the Poisson’s 
ratio. Actually, Poisson’s ratio is entered 
as a second-power term and has no great 
effect on the magnitude of moduli and com­
pliances determined by the Hertz or Bous­
sinesq solutions. Since its value varies from
0.0 to 0.5, the extent of modulus variation 
will be from 100%, when ¡j, =  0.0, to 75%, 
when /x =  0.5.

All compliances for hydrostatic compres­
sion tests were fitted to degenerate Kelvin 
models having the behavior shown by Eq. 11. 
The mean behavior of these models was 
found to be
B (t)  =0.00196+0.00031 (1 -  <r*/30-8) [14]
This behavior is depicted in Fig. 7. The de­
viation between the experimental creep be­
havior and that predicted by a particular 
model is shown for one specimen in Table 1. 
The deviation could have been reduced by 
incorporating additional Kelvin elements into 
the model, thereby obtaining a better fitting 
curve to the experimental data.

Specimens were su b jec ted  to uniaxial 
compression using both plate and plunger 
loadings. The compliances were obtained 
using the inverse of Eqs. 7 and 5 for plate 
and plunger loading, respectively. All results 
were fitted to degenerate Kelvin models 
having the behavior shown by Eq. 11. The 
mean behavior of specimens subjected to 
plate loading was

/ ( f )  =  0.00128 +  0.00077
( !_ g —</e.5T) +  f/492,000 [15]
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Fig. 7. Mean creep compliance versus time relations for McIntosh apples.

Table 1. Typical moduli and compliances versus time for McIntosh apple fruits.
A x ia l  c r e e p  c o m p lia n c e  1

B u lk  c re e p  c o m p lia n c e  ( —  X  10») A x ia l  r e l a x a t io n  m o d u lu s
( A _ X I 0 3 ) -----------------—------------------- ------------------------------ ^

T im e
(m in )

p s i P la te  lo a d in g P lu n g e r  lo a d in g P la te  lo a d in g  
E  T

P lu n g e r  lo a d in g  
E  TE T E T E T

0 1 .8 7 1 .8 7 1 .2 6 1 .2 6 2 .5 3 2 .5 3 4 7 6 3 9 2 3 2 9 2 5 2
i 2 .0 5 1 .8 9 1 .8 2 1 .3 7 3 .5 5 2 .8 0 4 0 0 3 8 9 2 6 8 2 5 12 2.12 1.91 1 .9 0 1 .4 7 3 .6 5 3 .0 2 3 8 8 3 8 6 2 5 3 2 4 9
3 2 .1 4 1 .9 2 1 .9 6 1 .5 6 3 .7 2 3 .2 1 3 8 0 3 8 2 2 4 7 2 4 8
4 2 .1 5 1 .9 4 2.00 1 .6 5 3 .7 7 3 .3 8 3 7 3 3 7 9 2 4 2 2 4 6
5 1 .0 6 1 .7 2 3 .5 2 3 7 6 2 4 510 2.20 2 .0 3 2 .1 4 1 .9 9 4 .0 9 3 .9 6 3 5 0 3 6 2 2 2 8 2 3 8

IS 2 .2 6 2 .0 9 2.21 2 .1 5 4 .2 5 4 .2 0 3 3 7 3 5 0 222 2 3 220 2 .2 7 2 .1 3 2 .2 8 2 .2 5 4 .3 8 4 .3 4 3 2 8 3 3 8 2 1 9 ? ? 7
2 5 2 .2 7 2 .1 7 2 .3 1 4 .4 5 3 1 3 3 1 9 212 2 1 8
3 0 2 .2 7 2.20 2 .3 9 2 .3 6 4 .5 5 4 .5 4 3 0 0 3 0 2 2 0 8 210
35 2 .2 3 2 .4 0 4 .6 3 2 9 1 2 8 9 2 0 4 2 0 5
4 0 2 .2 9 2 .2 5 2 .4 6 2 .4 3 4 .7 6 4 .7 2 2 8 4 2 7 8 202 200
45 2 .2 7 2 .4 6 4 .8 0 2 7 8 2 6 9 1 9 8 1 9 6SO 2 .3 1 2 .2 8 2 .4 9 2 .4 8 4 .8 7 4 .8 8 2 7 0 2 6 2 19 5 1 9 3
5 5 2 .3 0 2 .5 0 4 .9 7 2 6 4 2 5 6 1 9 3 191
6 0 2 .3 2 2 .3 1 2 .5 3 2 .5 3 5 .0 5 5 .0 5 2 5 8 2 5 1 19 0 1 8 9E, experimental values.T, values predicted by mechanical models.
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The mean behavior of specimens subjected 
to plunger loading was

/ ( f )  =  0.00254 +  0.00167(l-g -t/e .s i) +  i/98,000 [16]
Comparison of Eqs. 15 and 16 indicates 

that the difference between the response was 
the result of variation between methods of 
calculating compliances. The re ta rd a tio n  
times of 6.61 min for plunger loadings and 
6.57 min for plate loading were approxi­
mately equal. The form of the viscoelastic 
decay is therefore the same for both types 
of loading, as can be seen from Fig. 7. In 
general the solutions for plunger loadings 
are believed to be more nearly correct than 
those for plate loadings, using the Hertz 
method of analysis. Additional experimen­
tation is needed in order to determine the 
nature of the stress distribution within the 
convex body of the fruit. Until the distribu­
tion is fully understood, it is not possible to 
combine the Hertz solution and the Bous- 
sinesq solution for the fruits into one repre­
sentative creep behavior.

Moduli for specimens subjected to axial 
re la x a tio n  studies using both plate and

plunger loadings were fitted to degenerate 
Maxwell models having the behavior shown 
by Eq. 13. The representative behavior of 
specimens subjected to plunger loading is

E (t)  = KMir*/56-6 +  134 [17]
The mean behavior of specimens subjected 

to plate loadings is
E (t)  = 213e-i/52-5 +  200 [18]

Comparison of Eqs. 17 and 18 indicates 
that the differences between the responses 
were the result of variation between the 
calculated moduli. The relaxation times of
56.6 min for plunger loadings and 52.5 min 
for plate loadings indicate that the visco­
elastic decay function was of the same form 
for both types of loading as can be seen 
from Fig. 8 . As for the creep tests, the 
stress distribution needs to be more fully 
understood before the comparative merits of 
the Hertz and Boussinesq solutions may be 
fully evaluated.

Both the Kelvin and Maxwell models 
used to represent the viscoelastic behavior in 
this study were simplified sufficiently that 
only smooth curves resulted. The relations

ELAPSED TIME (minutes)

Fig. 8. Mean relaxation modulus versus time relations for McIntosh apples.
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plotted in Figs. 7 and 8  represent only a 
mean behavior and are not indicative of any 
particular specimen. For any individual 
specimen, the three elements in the models 
yield only a trend curve and not necessarily 
the best-fitting one.

Interconversion of viscoelastic func­
tions. Table 2 summarizes the methods for 
evaluating each of the viscoelastic param­
eters. In real viscoelastic materials it is 
possible to transfer from one viscoelastic 
function to another by using LaPlace Trans­
forms, Heaviside Unit Functions, operator 
notation, or similar techniques if behavior 
has been represented by continuous models. 
Such conversions were not made in the in­
vestigation, for several reasons.

The quantity of data which was obtained 
for bulk creep, axial creep, and axial relaxa­
tion was insufficient to establish a complete 
spectrum of relaxation or retardation times 
for each of the tests. Many more replica­
tions would be needed at varying pressures, 
loads, and deformation levels. Within the 
regions studied, there was no apparent vari­
ation of viscoelastic parameters for different 
stress and strain levels, but the replications 
were insufficient to verify this observation 
completely. It must be remembered that all 
applied loads must be small enough not to 
exceed the bio-yield point as defined by 
Mohsenin et al. (1963).

Another obstacle to inter-conversion of 
creep and relaxation parameters results from 
the manner in which the relaxation param­
eters were obtained. The use of a testing

machine required a finite time for initial 
straining of the specimens. During this 
loading period, it is probable that the speci­
mens were actually undergoing viscoelastic 
changes. The elastic relaxation modulus, 
E 0, in such a situation will not correspond 
to the inverse of the elastic creep compliance 
which was obtained by instantaneous applica­
tion of load.

From the results obtained in studying the 
McIntosh apple fruits, the following conclu­
sions appear to be justified :

1) McIntosh apple fruits can be consid­
ered as viscoelastic bodies with an approxi­
mately linear viscoelastic behavior.

2) The viscoelastic behavior of the fruits 
can be adequately approximated by three- 
element degenerate Maxwell and Kelvin 
mechanical models.

3) Relaxation and retardation times are 
equal for fruits subjected to either plate or 
plunger uniaxial compression.

4) It is justifiable to consider an apple 
fruit as a semi-infinite body when it is loaded 
by means of a 0.025-inch-diameter rigid 
plunger.

5) Hertz and Boussinesq solutions do 
not yield completely compatible results for 
fruits subjected to uniaxial compression,

6 ) Relaxation studies in apple fruits must 
utilize a very fast rate of load application in 
order to obtain a true representation of the 
relaxation behavior.

7) Hydrostatic compression is a very con­
venient and useful method of analyzing

Table 2. Summary of methods for analysis of viscoelastic parameters of McIntosh apples.
H y d r o s t a t i c
c o m p r e s s io n

U n ia x ia l c o m p r e s s io n
P l u n g e r  lo a d in g P l a t e  lo a d in g

C re e p C re e p R e la x a t io n C re e p R e la x a t io n
Viscoelastic
parameter B (4) J (t) E {t) J (0 E (Í)

Model
representation

Degenerate
Kelvin

Degenerate
Kelvin

Degenerate
Maxwell

Degenerate
Kelvin

Degenerate
Maxwell

Method for 
experimental 

values
-AM 2  ad 3.45 F M /O Ó T lT U r ¡0.824 F2
P Vo F (1— n") d V P* ' D - d 8

Method for 
theoretical 

values
B o + n - u A6)ffi /o-f (1—e',A) / i

+ t/V” £,c-’/T+ £ . Jo-K l - e - 'U A
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viscoelastic behavior of certain agricultural 
products.

L IST  OF SYM BOLS
K (t) — instantaneous bulk modulus in psi
P — pressure in psi
SV/Vo — bulk strain in inj/in.3
B (t) — instantaneous bulk compliance in psi'1
E — compressive force in lbs
a — plunger radius in inches
r — distance from the center of the area over which the plunger is acting in inches
d — axial deformation in inches
P — Poisson’s ratio
E — uniaxial modulus in psi
J uniaxial compliance in psi"1

vertical co o rd in a te  below specimen surface in inches
(7- — normal stress in psi
Or — radial normal stress in psio\, — transverse normal stress in psi
k — constant determined from elliptic inte­gral tables
R — major radius of curvature in inches
R' — minor radius of curvature in inches
I ) — mean product diameter in inches
RA — elastic bulk modulus in psi
Eo — elastic uniaxial modulus in psi
S — deviatoric stress in psi
ë — deviatoric strain in in./in.
H (t) = instantaneous shear compliance in psi'1
II« = 1/Go =  initial shear compliance in psi"1
I I 1/G =  decay shear compliance in psi'1
a = ri/G =  retardation time in shear in min
t — time after load application in min
V« Kelvin viscosity coefficient in psi-min
V Newtonian viscosity coefficient in psi- min
C = 2.718 =  Naperian logarithm base
G = decay shear modulus in psi
G« = : elastic shear modulus in psi
G (t) = instantaneous shear modulus in psi
G, equilibrium shear modulus in psi
ß = tl/G  =  relaxation time in shear in min
E(t ) = instantaneous uniaxial modulus in psi
J(t ) = instantaneous uniaxial compliance in psi
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The Texture of Ice Cream
2. Rheological Properties of Frozen Ice Cream

SUM M ARY
T h e creep  b eh a v ior  o f  fr o z en  ic e  crea m  can  

b e rep resen ted  sa tisfa c to r ily  b y  a s ix -e lem en t  
m o d e l. T h e p aram eters in v o lved  are th e  in ­
stan tan eo u s e lastic ity  (E 0) ,  tw o e lastic  m o d u li 
(E i and  E  l) , and  two v isco sity  co m p o n en ts  
( V i  a n d  17») a ssoc ia ted  w ith  retard ed  e la stic ity , 
and  a N ew to n ia n  v isco sity  (Vs). F rom  th e  
e ffe c t  o f  fa t , overru n , a n d  tem p era tu re  o n  th e  
m a g n itu d e  o f  th e se  p aram eters it  is  su g g ested  
th at Eo is a ffec ted  p rim arily  by th e  ic e  crysta ls, 
Ei and  2/2 b y  th e w eak  stab ilizer-gel n etw ork , 
E2 by p ro te in -en v e lo p ed  a ir ce lls , Vi by th e  fa t  
crysta ls, a n d  tjs by b o th  fa t and  ice  crysta ls. 
W hen ic e  cream  m ix  is  w h ip p ed  and  fr o z e n , th e  
fa t g lo b u les  u n d erg o  so m e co a g u la tio n  fr o m  
ru p tu re o f  th e  p ro tective  p ro te in -em u lsif ier  
la y er  arou n d  th e g lo b u le s . C oagu lation  is h in ­
dered  hv th e  s im u lta n eo u s  co n versio n  o f  w ater  
to ice .

INTRODUCTION
In Part 1 of this series the structure of 

frozen ice cream was discussed in terms of a 
solid foam in which a network of coagulated 
fat plays an important part (Sherman,
1965). Fat globules coagulate when ice 
cream mix is frozen at low temperature. 
Agitation and whipping distribute the solidi­
fied fat particles throughout the liquid phase 
between the air cells and ice crystals. The 
fat globules are held together by strong 
London-van der Waals’ attraction forces.

Part 2 provides additional evidence in sup­
port of this theory. It describes structural 
changes occurring when ice cream mix is 
frozen, and also the rheological assessment 
of frozen ice cream texture. Rheological ex­
aminations of ice cream mix and thawed ice 
cream are described in Part 3.

EXPERIM ENTAL
Ice cream mix recipes. The standard 10% vege­

table-fat mix had the same composition as before 
(Sherman, 196S). Mixes containing 0-8% fat were 
prepared by reducing the fat content to the desired 
level and either increasing the water content ac­
cordingly, or increasing the total proportion of 
water phase (i.e. including milk, sugar, vegetable 
gum). The rheological properties of frozen ice 
cream prepared from mixes of a given fat content

blended in either of these ways were not signifi­
cantly different.

The influence of overrun levels of 2, 5 and 110% 
on the properties of frozen ice cream containing 
10% fat was investigated.

Also investigated was the influence of small tem­
perature variations within the range —11 to —1S°C 
on ice cream containing 10% fat and 110% overrun.

All mixes were pasteurized 15 sec by the H TST 
process at 79.5 °C, homogenized at 2,500 psi, and 
cooled to 4.5 °C.

Overrun determination. Overrun content was 
checked quantitatively in the following way. A 
small sample of frozen ice cream was introduced 
into a flask containing weakly alkaline water, and 
the flask was then attached to an inverted micro­
burette. The neck of the flask and the upper end 
of the micro-burette were fitted with ground-glass 
joints of opposing types so that one fitted into the 
other. Below the ground-glass joint the flask had 
a narrow side-arm which was connected by rubber 
tubing to a wider glass reservoir of alkaline water. 
The whole apparatus was filled with alkaline water 
and inserted in a water bath. When the tempera­
ture of the bath was slowly raised the sample 
melted, and the released air collected at the upper 
end of the micro-burette. The volume of air was 
corrected to NTP.

Structural changes during the freezing of ice 
cream mix and model O/W  emulsions. Ice cream 
mixes, and liquid paraffin-in-water emulsions stabi­
lized with 2.5-10.0% spray-dried milk powder, were 
frozen on a Reichert-Kofler micro-cold stage sup­
ported on a microscope stage. The temperature 
was reduced slowly from 4.5° C to about —7°C.

Rheology of frozen ice cream. Creep behavior 
under shearing stress was studied at various tem­
peratures ( —7 to —15°C) in an insulated cabinet 
using an improved version of the parallel-plate 
viscoelastometer originally designed for studying 
the viscoelastic behavior of polymers (Holde and 
Williams, 1953). The present design differs from 
the original modification (Shaw, 1963) in the fol­
lowing points. The teeth on all parts of equipment 
in contact with the test sample were reduced in 
size to 1/16 in. and increased in number; the origi­
nal pulley carrying the cord to which the weight 
is attached was replaced by a system of ball­
bearing pulleys so as to eliminate continued lubri­
cation when the instrument is at a low temperature, 
and a device was incorporated to ensure that the 
sample was compressed 1/64 in. when the frame

699



700 TEXTURE OF ICE CREAM—II

was tightened. The ice cream samples were 
clamped between the heavy plates of the frame and 
left overnight (18 hr) at the appropriate tempera­
ture before testing. Low cabinet temperatures were 
achieved by blowing air cooled by CO» through it 
with a refrigerator unit.

R E SU L T S A N D  D ISC U SSIO N
Changes in emulsion structure on freez­

ing. When ice cream mix, or liquid paraffin- 
in-water emulsions containing milk powder, 
are frozen there is no marked change in the 
size, or size distribution, of the globules. If 
the emulsion is remelted, the globules move 
together and coalesce.

The p ro tec tiv e  protein-emulsifier layer 
around the globules ruptures during freezing, 
but coagulation in the absence of agitation is 
prevented by the simultaneous development 
of an ice crystal barrier. When the ice cream 
melts, coagulation is no longer hindered, and 
the globules increase in size but decrease in 
their number per unit volume. This latter 
process, which will be much more pro­
nounced when freezing is accompanied by 
agitation, should influence subjective assess­
ment of texture on the palate.

If the freezing process is followed micro­
scopically through an oil-immersion lens the 
viscosity of the immersion oil deposited on 
the coverslip increases as the temperature 
falls. By refocusing now at a slightly lower 
level, the gentle pressure applied to the emul­
sion is sufficient to rupture the protein- 
emulsifier films around some of the globules. 
Adjacent globules link up through narrow 
“necks” of oil or fat, and sometimes several 
connections of this type may develop within 
a cluster of globules.

With vigorous conditions prevailing in a 
freezer unit, “neck” formation and rupture 
will be accelerated, leading to more pro­
nounced coagulation or churning.

Rheology of frozen ice cream. All sam­
ples showed viscoelastic behavior, i.e. they 
behaved in part like solids and in part like 
fluids “in the sense that work of shearing 
deformation is not completely conserved, as 
in solids, nor is it completely dissipated as 
in fluids” (Fredrickson, 1964). Within 
the range of shearing stresses up to 4000 
dynes/cm2 the strain was linearly related to 
stress.

Fig. 1. Model creep curve.
The rheological parameters were calcu­

lated by the method described in Appendix 1, 
Part 3. Fig. 2 shows a typical creep-compli­
ance time plot, and the way in which this is 
treated will now be described in detail, 

thickness of each sample (h ) =  2.50 cm. 
total weight applied (m) =  weight of pan 

+  load =  250.80 g 
so that m X g =  250.80 X 981 dynes 
area (A )  of ribbed plate placed between 2 

samples =  31.82 cm2

Fig. 2. Typical creep curve for 10% fat ice cream.
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reciprocal magnification factor (f) of mi­
croscope =  0.57

so that, in accordance with eq. c of Appen­
dix 1

j ( t \ _  & X 0.57 X 2 x  31.82 _
{ ’ ~  2.50 X 250.80 X 981 “  * X5.91 X 10~5 cm2/dyne 

where ¡3 is the displacement of the ribbed 
plate.

From Fig. 2
J0{AB) =  ¿ -  =  0.5 X  10-°cm2/dyne

so that E 0 =  2.0 X 105 dynes/cm2
Analysis of retarded elastic compliance is 

carried out by Inokuchi’s procedure (eq. g, 
Appendix 1). Table 1 gives details of Q 
for different time intervals (f). When this 
data is plotted in the form In Q against t a 
straight line is obtained which curves up­
wards at values of t below about 10 (Fig. 3). 
Extrapolating the linear part of the graph 
back to the ordinate axis gives Ji, since
(2 =  5 /¡<r,/Ti also, and in this case

i  =1

In Q =■  In J t — t/ri • / j  =  2.19 X 1(TB 
cm2/dyne, and from the gradient of the 
straight line n  =  31.1 min, and =  8.50 
X 107 poise.

Since these data do not adequately re­
produce the whole graph a second plot is 
necessary. In this case In [Q — J ie 'i/Ti] is 
plotted against t (Table 1). A straight line 
results (Fig. 4) so that no further plots are 
required. The intercept on the ordinate axis 
yields Js =  8.91 X  1CP6 cm2/dyne, and the 
gradient of the graph leads to r2 =  2.4 min, so 
r;2 =  1.60 X 107 poise.

Fig. 3. Plot of ln Q v. time.

Table 1. Analysis of retarded elastic compliance by Inokuchi’s method.
(a) ln Q — t

t(min) Q(cm2/dyne X 10°) ln Q

0 2.90 11.5518
2 2.4S 11.3832
4 2.12 11.2385
6 1.90 11.1290
8 1.75 11.0464

10 1.60 12.9570
12 1.50 12.8925
14 1.45 12.8586
16 1.30 12.7495
18 1.22 12.6859
20 1.18 12.6526
22 1.10 12.5824
24 1.05 12.5359
26 0.95 12.4358
28 0.90 12.3817
30 0.85 12.3246
32 0.80 12.2639
34 0.75 12.1994
36 0.70 12.1304
38 0.65 12.0563
40 0.62 12.0090

When a less detailed analysis of the re­
tarded elastic compliance suffices eq. I, m, 
and n in Appendix 1 are used. Table 2 
shows the relevant data derived from Fig. 2.

From Fig. 2
1 _  DF _  2.40 X 10-5

—  -  PF 4 X (60)2 
so rjN = 6.0 X 10s poise

=  1.67 X 10-®

Inserting the calculated values of J 0 and

Fig. 4. Plot of ln Q — Ji 'A  v. time.
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Table 2. Analysis of retarded elastic compliance by Inokuchi's method.
O ) In (Q — Ji e ~ t/ T1) _  t

t
( m in s ) f / n J e - A n( c m 2/ d y n e  x 103) Q

(c m 2/ d y n e  X  10°)
0  - J e - T n  

( c m V d y n e  X  10°)

l 0.0321 2.1252 2.7500 0.6248o 0.0642 2.0623 2.4500 0.3877
3 0.0963 1.9815 2.2500 0.2685
4 0.1284 1.9230 2.1200 0.1970
6 0.1926 1.8109 1.9000 0.0881
8 0.2568 1.6885 1.7500 0.0615

10 0.3210 1.5901 1.6000 0.0099
12 0.3852 1.4903 1.5000 0.0097

7js in eq. 1 leads to E a =  ------ =  3.5 X 104
I«dynes /cm2

t =  25.8 min, and =  5.34 X 107 poise
The parameter Ja is derived by calculation 

rather than by measuring PB (Fig. 2) be­
cause of the difficulty, at the time, of defining 
AB accurately. This difficulty has now been 
eliminated by using a transducer and trans­
ducer meter.

The curves for creep compliance J(t)  ver­
sus time t at — 11°C for ice creams contain­
ing 0 - 10% fat, and prepared with 110% 
overrun, are shown in Fig. 6 . If J(t)  is plot­
ted against log t, a single plateau is derived 
corresponding to a compliance of '~T0 -6 cm2/

I ig. 5. Plot of In
j * ~  J  (t) +  J o  +  J a  +  t/fin

dyne (Fig. 7). The curve then rises steeply. 
When the elastic part of the creep compli­
ance J (t)  — t/fjN is plotted against log t, two 
plateaus are observed (Fig. 8 ). The first, at 
low values of t, corresponds to a retarded 
elastic process with a compliance ~ 10“6 cm2/  
dyne, whereas the second elastic process has 
a compliance of ~lCPr> cm2/dyne at high val­
ues of t. Both compliances increase slightly 
as fat content increases (Table 1). With 
the present experimental technique it was not 
possible to derive an accurate value of J (t) — 
t/r/s for t —> 0 , i.e. for the instantaneous elas­
tic compliance J  0°

The retarded elasticity region of creep 
curves can be analyzed in greater detail by 
the graphical procedure of Inokuchi (1955)

with different fat contents.
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as described in Appendix 1 of Part 3. De­
tailed analyses by this method indicate that 
only two retardation times are involved. The 
values of T3, T4, etc. were far too small to be 
of significance. Creep compliance can be de­
fined therefore by

J (t) =  Jo +  Ji (1 — e~t / r 0  +  
h  (i _  e-‘/r,) +  -1  [2]

1 )  N

Theoretical curves derived using ecj. 2,

and introducing the calculated values of all 
relevant parameters, showed excellent agree­
ment with the experimental creep-compli­
ance time curves (examples given in Fig. 6 ).

The influence of fat content, overrun, and 
temperature on £ lf E 2, 171, »72, ijx, n , r2, are 
shown respectively in Figs. 9, 10 and 11. 
With increasing fat content, E lt E 2, and rj2 

do not change, whereas y]l increases. When 
the fat content exceeds 7-8%, shows a

Table 3. General analysis of creep-compliance time: curve.
t J (t) J„ +  J, t r - K o  + j .+ j .+ f / n s 1  InP -J(D + J„ +  J„ +  i/Uv")

(mins) T J, % Ja L j . J 11L J. J
1 0.203 1.172 0.0034 0.971 -0.029
2 0.301 " 0.0078 0.879 -0.129
4 0.387 " 0.0136 0.799 -0.224
8 0.519 " 0.0272 0.680 -0.386

10 0.601 " 0.034 0.605 -0.502
IS 0.713 " 0.051 0.510 -0.673
20 0.815 " 0.078 0.435 -0.832
25 0.907 " 0.085 0.350 -1.050
30 1.008 " 0.102 0.266 -1.324
35 1.029 " 0.119 0.262 -1.339
40 1.110 ft 0.136 0.198 -1.619
45 1.162 " 0.153 0.163 -1.814
50 1.216 " 0.170 0.126 -2.071
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large increase. On the other hand, when the 
overrun is raised from 2 % to 110%, de­
creases slightly whereas E 1} E 2, and r)t 
all increase. Lowering the temperature from 
— 11 to — 15°C produces little change in 7% 
and yjNj but E 2, -qu and v/2 increase quite ap­
preciably. The low values of E t and E 2 sug­
gest that bonds broken during shear are rela­
tively weak bonds.

Comparison of creep data for frozen ice 
cream and ice. The values of E t, E 2. y]t, 772, 
and ijs are several orders of magnitude lower 
for ice cream than for pure ice. For ice at 
-10°C , E , ~  1011 dynes /cm2, E , -  1011 
dynes/cm2, i/j ~  101:i poise, and r/N ~  10w 
poise (Jellinek and Brill, 1956). If we re­
gard frozen ice cream as an ice-crvstal net­
work which has been modified primarily by 
introducing fat and air, then air content 
causes by far the greater change in the mag­
nitude of the ice crystal parameters. At 
—11QC, ~  75% of the water in ice cream is 
frozen, so that this degree of supercooling

Table 4. Influence of fat content on creep compli­ance of frozen ice cream (110% overrun) at -11°C .
c re e p  c o m p lia n c e  J(0 —t/vN (c m 3/ d y n e )

c o n te n t low  v a lu e s  o f  t t ---» *
10 5.8 x  10" 3.4 x  10"
8 3.6 x  10 '" 2.6 X 10"
6 5.0 X 10" 2.4 x  10"
2 2.6 x  10" 1.9 x  10"
0 2.1 X 10" 1.1 X 10"

cannot itself explain the difference. When 
ice cream contains no fat its parameters are 
several orders of magnitude lower than for 
ice irrespective of overrun content, and the 
introduction of up to 10% fat produces a 
rise in the former values of less than one 
order of magnitude. With increasing over­
run the air cells, ice crystals, and fat cells 
become smaller (Sherman, u n pub lished  
data). Their number per unit volume in­
creases as result of this change, and more 
bonds are established, so that the structure 
becomes stronger. This is reflected in the 
rise in E u E 2. and ij2 (Fig. 10). The 
apparent lack of change in 7p  with increasing 
overrun is more difficult to explain.

0 LO

Ml

~1 •Ho EAT
75" O1--------r------- i—

0  5 / 0°/oFAT

V--------- 1--------- 1-0  5 /o
%  FA T

M «)

o /oFAT 10
Fig. 9. Variation of the viscoelastic parameters of ice cream with fat content.
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Fig. 10. Variation of viscoelastic parameters of ice cream with overrun.
The viscous component of creep can be 

represented by an equation of the form
VN = GeE/RT [3]

where G is a constant, E is the activation 
energy for plastic flow, R is the gas constant, 
and T is temperature according to the abso­
lute scale. Over the temperature range —11 
to — 15°C, where the transformation rate of

——,----- ,------ I—«-is -a  -a ( •c )
~Ts v j  vT 

(°c )

"5 vj T
( ° C )

r!8

-!2

-6

O

ID]

-/s -a  -a (°c )
Fig. 11. Influence of temperatures on the visco­elastic parameters of ice cream.

water to ice is low, E — 5,200 cals/mole for 
a 10% fat ice cream with 110% overrun. 
The corresponding value for pure ice is 
~  16,100 cals/mole (Jellinek and Brill, 
1956).

A mechanical model can be derived for 
eq. 1 using the convention described in Ap­
pendix 2, Part 3. It can be represented 
(Fig. 12) by a spring in series with a dash- 
pot (Maxwell body), and two units each 
comprising a spring in parallel with a dash- 
pot ( Kelvin-Voigt body). By examining the 
relative effect of fat, overrun, and tempera­
ture on the rheological parameters associated 
with this model, one can deduce which 
components of ice cream structure are likely 
to be the principal factors influencing these 
parameters.

The present investigation supports the 
view (Sherman, 1965) that frozen ice cream 
is essentially an aerated ice crystal structure 
which is modified in textural properties by 
a superimposed fat network. The response 
of this structure when sheared depends on 
the strength of the lamellae between the 
irregular air cells. Within the protein coated 
lamellae are the ice crystals, and a fat crystal 
network is enmeshed in the unfrozen ma­
terial, viz, a concentrated sugar solution- 
stabilizer gel.

Fig. 12. Six element model for frozen ice cream showing rheological associations with structural components.
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In general, there are few points of contact 
between ic crystals, the intervening distance 
being several microns, so there is little 
possibility of bonds forming between them. 
The main interactions must be between fat 
crystals situated in the spaces between the 
ice crystals and around the air cells, and 
possibly between ice crystals and fat crystals 
in their immediate vicinity. The moduli 
and E 2 are probably associated with the gel 
structure and the air cell-protein interface. 
E 2 is very much more influenced by overrun 
than E t , so E t may be associated with the 
retarded elastic properties of the stabilizer 
gel whereas E 2 would be associated with the 
air cell-protein interface.

The viscosity r\i is influenced to a greater 
extent by fat content than by overrun. This 
parameter is associated with the onset of 
flow following bond rupture in the fat crys­
tal network. The value of is affected by 
overrun but not by fat content, thus suggest­
ing a viscous damping effect which arises 
from the foam structure and surrounding 
gel. Since the increase in with increasing 
overrun is not very large, the gel structure 
may be the main contributory factor.

The effect exerted by increasing fat con­
tent on r)N arises from increased interaction 
between fat crystals during viscous flow. 
Fat crystal size is very much smaller than 
ice crystal size—less than 5 as opposed to 
an average size of 20-40 n.

E 0 decreases when either fat content or 
overrun is increased, fat content exerting 
the much greater effect. The ice-crystal con­
tribution to E 0 must be of primary impor­
tance therefore, since the ice crystal content 
decreases as fat content increases.

The components of ice cream structure 
which appear to exert major and minor 
effects on the six rheological parameters are 
shown by large and small type, respectively, 
in Fig. 12. If this representation is substan­
tially correct, creep tests on ice cream of 
“good” and “poor” texture should indicate

which parameters, and their related struc­
tural components, contribute most to texture.

In an ice-crystal la ttice , instantaneous 
elastic deformation when sheared is attrib­
uted to distortion of the lattice structure 
(Jellinek and Brill, 1956). With increasing 
strain, flow occurs within the individual 
crystallites, giving rise to a retarded elastic 
response. At still higher strain, flow between 
grain boundaries is responsible for the linear 
Newtonian viscosity region of the creep-com­
pliance curve. The strain per unit area de­
veloped in the ice cream samples was within 
the range 1CL2 to KT1. This is much greater 
than the strain observed when flow occurs 
within ice crystallites. On the other hand, the 
energy of activation E, for viscous flow be­
tween grain boundaries has been shown to 
be much greater than E for viscous flow in 
ice cream at the same temperature. It is 
possible that the shear developed in the 
present tests causes flow within the ice 
crystallites; it is unlikely that viscous flow 
occurs between grain boundaries.
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The Texture of Ice Cream
3. Rheological Properties of Mix and Melted Ice Cream

SUM M ARY
F at co a g u la tio n  b eg in s w h en  ic e  cream  m ix  

is fro zen  and  w h ip p ed . T h e e ffe c t is  h in d ered  
by th e  s im u lta n eo u s  co n versio n  o f  w ater to  
ic e . W h en  fr o z en  ice  cream  thaw s, th e  ice  
crysta ls d isap p ea r so th a t co a g u la tio n  is  ab le  
to co n tin u e . I t  leav es a m e lt  w ith  a w eak  
stru ctu re w h ich  d iffers  fr o m  th e  fa t  n etw ork  
p resen t in  th e  o r ig in a l m ix . T h is  is su b sta n ­
tia ted  b y  th e  co m p arativ e creep  b eh a v ior  o f  
m ix  and  m e lt  a t low  rates o f  shear . T h e creep  
b eh avior o f  m elted  ic e  cream  is rep resen ted  by  
a m ech a n ica l m o d e l c o n ta in in g  4  e le m e n ts : 
in sta n tan eou s e la stic  co m p lia n ce , Jo; a retarded  
e lastic  co m p lia n ce , / 1 , co m p r isin g  an  e lastic  
m o d u lu s , E i and  a v isco sity , jji; and  a N ew ­
to n ia n  co m p lia n ce , t / v s ,  w here t is tim e  and  
Vs is  th e  N ew ton ian  v isco sity . Ice  cream  m ix  
req u ires 6  e lem en ts  s in ce  an  a d d itio n a l e lastic  
m o d u lu s , E s, and  a seco n d  v isco sity , 772, are as­
socia ted  w ith  retard ed  e la stic ity . T h ese  ad d i­
tio n a l e lem en ts  are a ttr ib u ted  to g lo b u les  o f
0 .5  or le ss , w h ich  a re sep arated  by  o n ly  a 
few  A n gstrom s a fte r  flo ccu la tio n  ra th er th an  
th e  5 0  A or m ore sep aratin g  larg er  g lo b u le s . 
S tructu re recovery  in  m ix  a fte r  it has b een  
su b jected  to  h ig h  sh ear  in d icates  p ro n ou n ced  
flo ccu la tio n  in  th e  static  em u ls io n . W eak  
fo rces  o f  a ttraction  h o ld  th e  g lo b u les  to g eth er  
w ith in  th e  flo ccu la te .

INTRODUCTION
Part 2 of this series (Shama and Sherman,

1966) showed that fat globules coagulated 
to a limited extent during the whipping and 
freezing of ice cream mix. The restriction is 
imposed by simultaneous conversion of water 
to ice crystals. Coagulation results from the 
rupture of the protective protein-emulsifier 
membrane around the fat globules.

If frozen ice cream is allowed to melt at 
room temperature, or on the palate, the ice 
crystals melt and fat coagulation can now 
continue. The subjective assessment of ice 
cream on the palate is presumably related to 
the degree of fat coagulation in a melt of 
this kind.

The rheological properties of melted ice 
cream have been examined over a wide range
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of shear conditions, and compared with the 
rheological properties of unfrozen mix.

EXPERIMENTAL
Ice Cream mix recipe

%  c o m p o s i t i o n
(W/W)

Oil phase Vegetable fat 
Commercial-grade

10.0
glyceryl monostearate 0.53

Water phase Water 60.6
Milk 13.1
Sugar 15.6
Vegetable gum 0.18

The mix was pasteurized IS sec by the HTST 
process at 17S°F, homogenized at 2,500 psi, and 
cooled to 4.5 °C.

Influence of temperature on mix viscosity.
Viscosities were measured with a Haake Rotovisko 
coaxial-cylinder viscometer over a wide range of 
shear rates (14.1-1142 sec-1) and temperatures 
(1.7-12.8°C).

Stress development in mix and melted ice 
cream at constant rate of shear. The change in 
shearing stress with time at —5.5°C as a function 
of constant low rate of shear was studied with the 
Rotovisko at 0.133 sec-1 and 1.197 sec-1. The frozen 
ice cream was allowed to melt at 20-21 "C for a 
few hours before cooling to the test temperature.

Structure recovery in mix after subjecting to 
high rate of shear. The rate of viscosity recovery 
at 4.5 °C was followed in the Rotovisko after sub­
jecting the mix to one of two high rates of shear. 
The shear conditions employed w ere:
1) 5.44 sec-1 after shearing for 5 min at 440.6 sec-1
2) 7.05 sec-1 after shearing for 5 min at 1142.1 sec-1
3) 14.1 sec-1 after shearing for 5 min at 1142.1 sec-1

Creep compliance of ice cream mix and melted
ice cream at very low rate of shear. A specially 
designed coaxial-cylinder viscometer (Fig. 1) was 
used at 20.0±0.1°C. It operated at much lower 
rates of shear than the lower limit of the Rotovisko. 
The cylinders were roughened to prevent slippage. 
The radius of the inner cylinder was 1.80 cm; the 
radius of the outer cylinder was 2.20 cm, thus pro­
viding a gap width of 0.40 cm. For creep measure­
ments the outer cylinder was kept stationary and the 
inner cylinder was rotated slowly by a pulley-and-
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C

(  b  )

<c>
Fig. 1. Coaxial cylinder viscometer for studying the creep compliance of ice cream emulsions.

weight mechanism. The displacement was measured 
optically. Shear strain (■ /') was calculated from 
the angular rotation (w)

*  = r 1«
ri — n [ 1 ]

where r-, and r2 are the radii of the inner and outer 
cylinders respectively. The shear stress (S) is 
given by

5 = mgD
tt ( r i  +  f 2) l [2]

where D is the pulley diameter, and l is the length 
of inner cylinder immersed in the test sample. 
Creep compliance was calculated as shown in 
Appendix 1.

Ice cream mix was introduced directly into the 
gap between the two cylinders. Frozen ice cream 
was melted at room temperature and then trans­

ferred to a separating funnel. It was allowed to 
stand in this condition for about 1 hr so that any 
remaining air bubbles could rise to the surface. 
Test liquid was drawn off from the lower part of 
the separating funnel.

In the early tests with melted ice cream it was 
noticed that the inner cylinder showed little or no 
recovery when the shear stress was removed. This 
phenomenon was due to the formation of a skin of 
coagulated protein at the air-liquid interface. No 
such skin formed when mix, from which the frozen 
ice cream was made, was tested. When a thin 
layer of benzene was deposited on the surface of 
the melted ice cream a protein skin did not form 
during the test period.

RESULTS AND DISCUSSION
Temperature dependence of ice cream 

mix viscosity. Viscosity-temperature rela­
tionships can be represented by an equation 
of the Arrhenius form :

r, = a ~ ElkT [3]
where ij is viscosity, E is the potential 
energy of interaction between fat globules, 
a is a constant, k is the Boltzmann constant, 
and T  is absolute temperature.

Replacing E /k T  by B ,
log 17 = log a +  B /T  log e [4]

At all four rates of shear employed, the 
log 77— 1/T  graphs were linear (Fig. 2). 
This indicates that within the range 1.7- 
12.8°C the type of association between the 
fat globules does not alter. When similar 
measurements were made at 4.0 to — 5.0°C, 
the slope of the graph rose steeply when the 
temperature fell below —2°C, because of ice 
formation and fat crystallization.

-L  ABSOLUTE

Fig. 2. Influence of temperature on ice creammix viscosity.
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The average value derived for B was
1.24 X 10s, which is not very different from 
the value for water. The value obtained for 
E  was 4.5 kT, or 1.7 X 10~13 erg, which is 
also very much lower than values for highly 
associated systems.

These observations support the view that 
the attraction forces between fat globules in 
ice cream mix are weak (Sherman, 1965). 

Stress development at low shear rate.
At rates of shear less than about 1 sec-1 a 
short time elapses before steady viscosity 
readings are obtained. The lag increases as 
the rate of shear decreases. For a constant 
rate of shear, the stress rises rapidly to a 
maximum, and then it falls away to an ap­
proximately steady value (Fig. 3). Bonds 
between flocculated globules stretch elas­
tically at low rates of shear so that stress 
increases. A point is reached when the stress 
can be supported no longer and bonds rup­
ture to an extent which depends on the 
applied rate of shear. Steady, but lower, 
stresses are established when equilibrium is 
reached between bond rupture and bond 
restoration.

The stress development curve for frozen 
ice cream which has been thawed shows that 
both the maximum and equilibrium stresses 
are lower than for ice cream mix which has 
not been frozen. Microscopic examination 
shows that globule size is much larger in the

Fig. 3. Stress development in ice cream mix at low shear rate.

Fig. 4. Creep compliance v. time for ice cream mix and melted ice cream.

thawed ice cream so its lower viscosity must 
result from a weakening of the fat structure 
during freezing and thawing.

Creep compliance of ice cream mix and 
melted ice cream. Both ice cream mix and 
melted ice cream give a creep-compliance 
time curve indicative of viscoelastic behavior 
(Fig. 4). Very little instantaneous or re­
tarded elasticity is shown, however, and 
Newtonian flow constitutes the main contri­
bution to the overall compliance. Conse­
quently, there is no substantial recovery 
when the shearing stress is removed.

Melted ice cream shows a greater creep 
compliance at any given time than unfrozen 
ice cream mix. The creep curves were ana­
lyzed by a graphical method (Inokuchi,
1955). Table 1 gives the rheological param­
eters—instantaneous elastic modulus (E 0), 
retarded elastic moduli (E lt E 2), viscosities
Table 1. Rheological parameters for ice cream mix.

R h e o lo g ic a l
p a r a m e t e r

S a m p le

M ix  
a t  2 0 ° C

M e l te d  
ic e  c r e a m  

a t  2 0 ° C
F r o z e n  

ic e  c r e a m  
a t  — 1 1 ° C

£o(dynes/crrf) 200 143 105-106
Fi(dynes/cm2) 301 156 4.5 X 104
£f(dynes/cm2) 1.43 X 103 11.2 X 104
ih(poise) 13.4 X 103 5.2 X 10s 8.5 X 107
i/2(poise) 8.3 X 103 1.6 X 107
Tj(sec) 44.8 33.4 1866
r2(sec) 5.8 144
V s  (poise) 5.4 X 104 3.7 X 104 6.0 X 10s
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associated with retarded elasticity (771, 772), 
retardation times (n , to), and viscosity as­
sociated with Newtonian flow (?/>/)—rele­
vant to ice cream mix and melted ice cream. 
It is clear that both mix and melted ice cream 
have very weak structures compared with 
frozen ice cream, and that mix has a stronger 
fat globule network than melted ice cream.

A very significant point which emerges 
from these analyses is that the creep be­
havior of mix is defined in terms of a six- 
component mechanical model as for frozen 
ice cream (Shama and Sherman, 1966), 
whereas the model for melted ice cream re­
quires only four components. The behavior 
of mix is represented by a spring and dash- 
pot which are connected in series v/ith two 
units (Kelvin-Voigt body), each consisting 
of a spring and dashpot in parallel (Fig. 5). 
In the model for melted ice cream only one 
Kelvin-Voigt body is involved.

Fig. S. Rheological models for ice cream mix and melted ice cream.

The equation defining the creep-compli­
ance time curve for ice cream mix is :

=  +  [5]a
+  J i  (1 -  e - 'N )  + VN

where y is the shear strain, cr is the shear 
stress, / 0 ( =  1/E0) is the instantaneous elas­
tic compliance, and Ji ( = l /E 1) and /» 
( =  l/£o ) are the compliances associated 
with retarded elastic behavior.

For melted ice cream eq. 5 reduces to :
=  Jo +  Ji (1 — e_,/Ti) -|---------[6]a t]N

Eq. 5 and 6 give theoretical values for the 
creep compliance which are in good agree­
ment with the experimental findings (Fig. 4).

Structure recovery in ice cream mix 
following high shear. In an unsheared 
emulsion the fat globules flocculate and form 
aggregates. These aggregates grow pro­
gressively larger with time, and they immo­
bilize part of the aqueous phase between the 
constituent globules. As a result, the ratio 
disperse phase/effective free volume aqueous 
phase increases, and so does the viscosity of 
the emulsion.

In polar media, the volume of continuous 
phase which is held within the globule ag­
gregates depends to some extent on the mag­
nitude of the charge on the globules. Glob­
ules pack more closely when the electrical 
double-layer thickness is reduced. In ice 
cream mix, the aggregated globules are sepa­
rated by an average distance of about 50 A 
(Sherman, 1965).

Globule size is not uniform in ice cream 
mix, so the attraction forces—which are di­
rectly proportional to globule diameter—will 
cover a range of bond strengths. At very 
low rates of shear, the weak bonds, mainly 
inter-aggregate, rupture but may reform. 
Higher rates of shear break the stronger 
bonds, mainly intra-aggregate, also. The 
data in Table 1 indicate that there is no really 
strong bonding between the fat globules in 
ice cream mix. This is confirmed by the 
recovery rate of relative viscosity (r/rei, 
where =  77/770, and 77 is the viscosity of
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the emulsion and is the viscosity of the 
aqueous phase) after shearing at 440.6 sec“1 
or 114 sec-1. The time interval for complete 
recovery is 20-30 sec at 5.4-14.1 sec“1 
(Fig. 6).

From these data one can calculate the ap­
parent increase in volume fraction disperse 
phase due to globule aggregation at the lower 
shear rates. The apparent volume fraction 
( ¡pa) is related to the theoretical volume 
fraction (<p) by

(Sherman, 1965) so that not all collisions 
between globules lead to flocculation. As 
a result

G =  4ttD DmW  [9]
where D is the diffusion constant, and W  is 
the stability ratio, or factor by which floccu­
lation is retarded.

Following Einstein (1905)
D  = k r

37H/0 Dm [ 10]

( f a  —  <P
w — 1

( i  +  u y
where w  is a swelling factor defined by 

vnw = ----nv
and Z ’,, is the volume of an aggregate con­
taining n globules, v  is the average volume 
of each globule, b — GNt where G is the rate 
of flocculation, and N t is the number of oil 
globules per unit volume of mix at time t 
(Mooney, 1946).

When the mean globule size (D m) in ice 
cream mix is 1.9 the potential energy 
barrier to flocculation (V nmx) is ~  6 kT

[7] so that
w — w — 1

0  +
of W

4 N tk T W t -V [11]
[8] The value

3 vo
cannot be

)
deter nined

easily for emulsions because flocculation is 
followed by coalescence. An approximate 
value (Verwey and Overbeek, 1948) is de­
rived as follows

W = 2 /"“ exp ( V /kT )  Jo
ds

[ 12]

XD,, (exp Emax/fc-t)
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where i  =  2 H J D m, H 0 is the distance be­
tween flocculated oil globules, and  ̂ is the 
thickness of the diffuse part of the electrical 
double layer. Verwey and Overbeek (1948) 
quote data for solid dispersions where W  =  
5.4X104 when V max =  15 k T .  In conjunc­
tion with eq. 10 this leads to W  =  100-8 when 
V max =  6  k T ,  i.e. 1 in every 6  collisions re­
sults in flocculation. To determine <p a, one 
uses an equation relating <p to r/rei at high 
rate of shear ( v  —» oo) such that all aggre­
gates have been broken down and the glob­
ules move independently of each other. An 
empirical equation proposed for this purpose 
(Mooney, 1946) is

V  1+ 0 .5 # »  /  1.2 S < p \ r i „
V r e \  =  —  .-------------  exp I ---------- I [13]

» -» ra L —  ¡p \  1 --- ip /
The value of <p derived by introducing the 

experimentally determined ?/,.ei on to the
»7,-ei- ip curve calculated according to eq. 13 
represents ¡pa.

Eq. 1 1  suffers from one serious defect. It 
does not account for the influence exerted by 
globule size on viscosity. For example. 1 

increases at high shear rates as D m decreases 
(Sherman, 1963) while keeping ^ constant, 
but applying eq. 13 it would appear that <p 
increases. Consequently eq. 13 is applicable 
only to emulsions showing the same globule 
size ( ~  2.7 ( i)  as the emulsions for which it 
was originally designed. All the mixes stud­
ied in the present investigation had values 
of T)A, *-0 2  p.

A  semi-empirical equation which repre­
sents viscosity data more accurately ( Sher­
man, 1963) is

log V r e lV —> co
0.15 [14]

where C  is a constant related to D m and 
p  max is the maximum volume of disperse 
phase which can be incorporated in the emul­
sion ( ~  0.74) ; when D m exceeds 1 p . C  ~
0.036 D  J .

Applying eq. 13 to the present data, Va is
0.34, while eq. 14 suggests that <pa is 0.47. 
If one allows for the fact that at v  —» 00 each 
globule behaves as if it is surrounded by a

hydration layer of 0.3 p  thickness (Sherman,
1961) the ratio p  a/  <p is 1.55 or 2.14. Intro­
ducing these values into eq. 1 1  leads to w  =
2.2 or 3.2. In either case, a greater volume 
of aqueous phase appears to be held within 
the globule aggregates than would be antici­
pated from a mean distance of separation 
between the globules of 50 A.

The calculated w  values are probably larger 
than the true values. If water is bound to 
the protein emulsifier layer around the fat 
globules by weak electrostatic and/or weak 
hydrogen bonds, the hydration sheath around 
each globule will be thicker at low rates of 
shear than at high rates of shear. Further­
more, eq. 1 1  applies only for globule sizes, 
or for D m values, greater than 1 p . Little is 
known about the relationship between vis­
cosity and globule size for smaller globules. 
The only reliable data on this point ( Saun­
ders, 1961) suggest a progressively greater 
effect as size decreases from 1 p  to 0 . 1  p. 
Studies on the stability to coalescence (Sher­
man, 1962, 1964) indicate that freshly pre­
pared ice cream mix undoubtedly contains 
globules of 0.5 p  diameter or less. These 
globules will exert a greater effect on 77^1 

than the globules exceeding 1 p  in diameter, 
thus increasing the value of ip„.

The components of frozen ice cream struc­
ture which are associated most directly with 
its six rheological parameters (Shama and 
Sherman, 1966) are £ 0, ice crystals; fat 
crystals to a lesser extent; £ 1 , vegetable gum 
stabilizer gel: £ 2, protein enveloped air cell 
interface; 771, fat crystals; 772, stabilizer gel 
and air cell interface; and 77.Y, fat crystals 
and ice crystals.

When ice cream melts, the ice crystals dis­
appear, the overrun is lost, and the fat crys­
tals melt, leading to further coagulation. The 
anticipated net effect is that E 0 and rjx  will 
be reduced substantially; E r will decrease 
appreciably because the vegetable gum sta­
bilizer is now dispersed in four times the 
quantity of water as in frozen ice cream, thus 
drastically weakening the gel structure. The 
viscosity 772 will show an even greater reduc­
tion for the same reason since it also depends 
to some extent on the now nonexistent foam 
structure. £ 2 should disappear completely. 
The viscosity 77! will decrease because the
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attraction forces between flocculated fat glob­
ules in an aqueous medium are weaker than 
in a solid ice medium. In frozen ice cream, 
the fat crystals are bound together by strong 
attraction forces in the primary minimum 
of the potential energy curve (Sherman,
1965). During melting, sufficient energy 
presumably enters the system, as latent heat 
of fusion, for the fat globules to pass over 
V max—which is not large—and flocculate in 
the secondary minimum, as in the original 
unfrozen mix. The decrease in the ionic 
concentration of the aqueous phase when ice 
cream melts will also promote flocculation 
at the greater distance of separation.

The 4-component rheological model for 
melted ice cream therefore follows logically 
from the 6 -component model for frozen ice 
cream. Pursuing the same line of reasoning, 
one would expect a 4-component model to 
define the rheological behavior of ice cream 
mix, although each parameter would now be 
larger. This assumption is not supported by 
the experimental data. Nevertheless, E 2 and 
r/2 for ice cream mix cannot be ascribed the 
same origin as for frozen ice cream, because 
of their structural differences.

The essential difference between ice cream 
mix and thawed ice cream should be that the 
fat globules are larger in the latter. How­
ever, ice cream mix also contains globules 
which are 0.5 in diameter or less. The 
potential energy curves for these very small 
globules will have a V max no greater than 
~  2 k T , so that they are able to flocculate in 
the primary minimum at a distance of sepa­
ration which does not exceed a few Angs­
troms. A flocculate of this kind would show 
a greater degree of elasticity than a floccu­
late in the secondary minimum, where the 
globules are separated by 50 A or more. If 
globules of 0.5 p. diameter flocculate with 
larger-size globules, V max will increase pro­
portionately.

£ i  and rji for both ice cream mix and 
melted ice cream can be attributed to the 
retarded elastic properties of globules which 
flocculate in the secondary minimum. E 2 and 
rjo reflect properties of those globules which 
flocculate in the primary minimum. Since 
the latter constitute a smallish proportion of

the total number of globules/cc, E 2 and rj2 
are not as large as E i and i j \ .

Creep-compliance data for melted ice cream 
at very low rates of shear have been offered 
as evidence for a structure in which fat glob­
ules are linked together by protein molecules 
(Shaw, 1963). Protein bridges are formed 
only when the protein concentration is so 
low that a reasonably condensed monolayer 
cannot be formed around the fat globules 
(Kragh and Langston, 1962; La Mer and 
Healey, 1963). Protein concentration in ice 
cream mix is sufficient to allow the formation 
of an adsorbed layer which is several mole­
cules thick (Sherman, 1965). Furthermore, 
it has recently been shown that the protein­
bridging mechanism may not operate even 
when the protein concentration is low. 
Charge stabilization can arise by adsorption 
of nonpolar groups of the protein molecules 
onto the fat globule surface so that the 
charged polar groups project outward into 
the aqueous phase (Gutoff e t  a l . , 1963).

Even if one assumed that protein bridges 
are formed during emulsification of the ice 
cream ingredients, they would be very weak. 
It is unlikely that they would be able to 
withstand the vigorous agitation and whip­
ping to which the mix is subjected, leading 
to partial coagulation, during the freezing 
process.

When frozen ice cream melts, the fat crys­
tals melt, thus promoting further coagula­
tion. The residual material retains little of 
the fat network structure present in the 
original ice cream mix. The rate, and de­
gree, of coagulation depend on the extent to 
which the adsorbed emulsifier-protein layers 
around the fat globules are ruptured during 
freezing, and the efficiency of fat dispersion 
during the initial emulsification and homog­
enization of the mix.
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[a]
where /3 is the displacement observed with a trav­
elling microscope having a reciprocal magnification 
factor f, and h is the thickness of each sample. 

The stress is given by
<7 [b]

where m is the weight applied, g is the acceleration 
due to gravity, and A  is the cross-section area of 
each sample.
Therefore,

J(t) = 2f3fA
mgh [c]

The creep compliance curve can be subdivided 
into three distinct regions : 

a) A region of instantaneous elastic compliance 
Jo (in the region A-B of Fig. 1 in Part 2) in 
which bonds are stretched elastically. If shear does 
not continue beyond this point the recovery is 
complete when stress is removed.

1 _  To (t)
E lI aJo = [d 1

b) A time-dependent retarded elastic compliance 
Jr (B-C), associated with a retarded elastic 
modulus Er . viscosity yR and retardation time t  
(=7)r/E „)  during which bonds break and re­
form. All bonds do not break and reform at the 
same rate, so that t  should be replaced by a 
spectrum of retardation times. Consequently, E r 
and fir should be replaced by a distribution spec­
trum of retarded elastic moduli Ex, E2, Es ..... E f,
and viscosities ip, tj=, tj3 ....  yi. assuming i com­
ponents.

In its simplest form
1 y it (t)—--= Ja (1 -  e-,/T) = — —J b = [e]

where /„ is the average retarded elastic compliance. 
In the expanded form—

Ms. rec’d 5/13/65.
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/fl = E  Ji (1 -  e- " T‘) = E / , -  (1 -  [f]1=1 i=l
where ?ji is the number of viscosity components 
associated with retarded elastic compliance. 
Applying the graphical procedure of Inokuchi 
(1955) to eq. /, let

APPENDIX 1.

Creep compliance of frozen ice cream.
The creep curve for viscoelastic materials has 

an overall creep compliance J(t) at any time t, 
where J is the ratio of strain 7 (t) to stress (<?). 

Strain is given by

7n(t)
a [g]

This corresponds to the distance between the ex­
trapolated straight line DCP and the curve DCB 
at any time t, because of the exponential decay or 
relaxation of compliance.
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In addition, therefore,
n

Q = ] L j ie - ‘'T• [h]
When In Q  is plotted against t  a straight line 

should be obtained at large values of t, from which 
a single retardation time (n) and creep compliance 
(Ji) can be calculated. These values are inserted in 
eq. e, and if it does not adequately define the form 
of the experimental curve, a second plot is required 
of In (Q — against t to determine the mag­
nitude of the second retardation time (1-2) and the 
second creep compliance Jt. Eq. h indicates that 
this second plot should also be linear at large values 
of t provided ri >  r2. Similarly, if it is necessary a 
third retardation time r3 can be determined by 
plotting In (Q  — Jie~,ITl — / 2e-i,T2) against t. This 
procedure is repeated until such time that sufficient 
retardation times and compliances have been cal­
culated for eq. /  to represent adequately the form 
of the experimentally determined retarded elastic 
compliance.

c) A region of Newtonian flow (C-D) with 
compliance Jx. Once the bonds have ruptured, i.e. 
the time for them to reform is much longer than 
the test period, individual particles or units flow 
past one another.

Newtonian flow is proportional to the time of 
loading in this region of the curve, so that

a ipv
where 7.v is the shear strain in the linear region of 
the creep curve. Thus, the gradient of this region 
equals \/yx.

When the stress is removed recovery follows a 
similar pattern to compliance. An instantaneous 
elastic recovery (D -E ) is followed by a retarded 
elastic recovery (E -H ). Since bonds were broken 
in the C - D  region of the compliance curve a part 
of the structure is not recovered. This is repre­
sented by F—G, which is equivalent to D-H.

The total creep compliance is defined as
n

A t )  =  To +  £  J i  (1 -  < r ,,T0  +  J n  [j]¿=1
when t  -> 00, eq. j  reduces to

n
J ( t )  =  Jo  +  z C -A  +  J i f  [k]

When t  -»  0
A t) = Jo [1]

From eq. k and l the value of Ja in eq. e can be 
determined.

Eq. j  can be written in the simpler form :

J { t )  = Jo +  Jo. (1 -  < r , , r ) +  — —  [m]VN

if one is interested only in the average value of the 
retarded elastic compliance.
Rearranging eq. m leads to

J (t)---------- J o - J o .

so that if the right hand side of eq. n is plotted
against t, the slope of the line represents 1 /Jaya. 
Thus ijo and t can be calculated since / 0 can be 
derived from eq. k.

APPENDIX 2.
Mechanical model analogs for viscoelastic 

behavior.
The most generally used convention represents 

instantaneous elastic compliance under a shearing 
stress by an elastic spring, which stretches imme­
diately when a force is applied to an extent de­
pending on the magnitude of the force. No time 
interval is involved. Similarly when the force is 
removed the spring returns instantaneously to its 
unstretched condition. Pure viscous flow is repre­
sented by a dashpot consisting of a cylindrical con­
tainer filled with a fluid of high viscosity in which 
a plunger is loosely fitted so that it can move up 
or down. The rate of movement of the plunger 
depends on the applied force. These two elements 
in series, referred to as a Maxwell body, represent 
regions (a) and (c) of the creep-compliance time 
curve discussed in Appendix 1.

The retarded elastic compliance, i.e. region ( b )  
of the creep-compliance curve, can be represented 
by a spring and dashpot in parallel, which is known 
as a Kelvin-Voigt body, when defining eq. e in 
Appendix 1. This latter model depicts the behavior 
of a solid since the maximum extension depends on 
the force applied and is independent of the time for 
which it is applied. The viscosity component de­
picted by the dashpot is a solid viscosity which 
damps the extension and contraction of the elastic 
spring. To represent eq. f  in Appendix 1, and to 
derive more detailed information of retarded elastic 
compliances, the single Kelvin-Voigt body is re­
placed by i  Kelvin-Voigt bodies in series.

NOMENCLATURE
A  area of ribbed plate between ice cream sam­

ples in parallel plate viscoelastometer (cm)
B  =  E / k T
C  constant related to mean globule size 
D  diameter of pulley in coaxial cylinder vis­

cometer (cm)
D m mean fat globule diameter (g)
E  potential energy of interaction between fat

globules (ergs or k T )
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Et, instantaneous elastic modulus (dynes/cm2)
E i ,  E 2 elastic moduli associated with retarded elas­

ticity (dynes/cm2)
E a mean retarded elastic modulus (dynes/cm2)
G rate of flocculation
H o  distance between flocculated globules (A)
Jo instantaneous elastic compliance (cm2/dyne)
Ji, J-i compliances associated with retarded elastic 

compliance (cm2/dyne)
Ja mean retarded elastic compliance (cm2/dyne)
Jr/  Newtonian compliance (cm2/dyne)
J ( t )  total compliance at time t  (cm2/dyne)
Nt number of fat globules per unit volume of 

ice cream mix at time t
Q distance between extrapolated linear portion

of creep curve and curved part (cm2/dyne)
R  gas constant ( = 1.9865 cals/°C, or 8.3144 X 

107 ergs/°C)
S shear stress in coaxial cylinder viscometer 

(dynes/cm2)
T absolute temperature
I'/nnx potential energy barrier to flocculation (ergs,

or kT)
W fraction of collisions leading to flocculation
b =G N,
/  reciprocal magnification factor of travelling

microscope
h thickness of each ice cream sample inserted 

in parallel plate viscoelastometer (cm) 
l length of inner cylinder of coaxial cylinder

viscometer which is immersed in test sample 
k Bolzmann constant (1.38047 X 10-16 ergs/°C)
m total weight applied as shearing stress (g)
ri,r2 inner and outer cylinder radii in coaxial

cylinder viscometer

5 = 2 H o /D „ ,
t time (sec)
v average volume of each fat globule (cc)
v„ volume of aggregate containing n globules

(cc)
w swelling factor
a constant in Arrhenius equation
S displacement of ribbed plate in parallel plate

viscoelastometer (cm)
7 shear strain (cm2/dyne)
171, 1)2 viscosity components associated with re­

tarded elasticity (poise)
i)a mean viscosity component associated with

retarded elasticity (poise)
170 viscosity of continuous phase in ice cream

mix (poise)
Tjr,i relative viscosity
t i , T2 retardation times associated with retarded 

elasticity (sec)
r mean retardation time associated with re­

tarded elasticity (sec)
<t> theoretical volume fraction of fat in ice cream 

mix, or thawed ice cream
<t>a apparent volume fraction of fat in ice cream

mix, or thawed ice cream
x thickness of diffuse part of electrical double 

layer (cm)
ip strain developed in coaxial cylinder vis­

cometer
w angular rotation of inner cylinder in coaxial 

cylinder viscometer (°)
diffusion constant
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Fatty Acids in Neutral Lipids and Phospholipids
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SUM M ARY
L ipid  m a ter ia l fr o m  sk in , d ep o t fa t , a n d  d ark  

and w h ite m ea t fr o m  b ro iler-typ e m a le  ch ick en s  
was frac tion a ted  in to  n eu tra l lip id s  a n d  p h o s­
p h o lip id s  b y  co lu m n  ch ro m a to gra p h y . T h e  
fa tty  a cid s o f  th ese  fra c tio n s  w ere a n a ly zed  by  
gas-liq u id  ch rom a to gra p h y .

M u scle tissu es co n ta in ed  re la tive ly  larger  
q u an tities  o f  p h o sp h o lip id s  th a n  d id  sk in  and  
d ep o t fa t . N eu tra l lip id s  and  p h o sp h o lip id s  
h ad  s im ila r  p ercen tag es  o f  u n sa tu ra ted  fa tty  
acid s. S om e 1 8  d iffer en t fa tty  acid s w ere fo u n d  
in  th e  n eu tra l lip id s , and  2 2  fa tty  acid s w ere  
fo u n d  in  th e  p h o sp h o lip id  fra c tio n . T h e co m ­
p osit io n  o f  fa tty  acid s in  th e  n eu tra l l ip id s  was 
sim ilar in  th e  fo u r  tissu es. P h o sp h o lip id s  fro m  
m u sc le  tissu es co n ta in ed  m o re lo n g-ch a in  fa tty  
acid s th a n  p h o sp h o lip id s  fr o m  sk in  and  d ep o t 
fa t . A rach id on ic acid  w as fo u n d  to be o n e  o f  
th e  m a jo r  fa tty  acid s in  th e  p h o sp h o lip id  
frac tion .

INTRODUCTION
An increasing quantity of poultry meat is 

being processed and used as boneless and 
cooked meat, much of which is used in com­
minuted or freeze-dried products. In addi­
tion to problems related to the use of accu­
mulated poultry fat p e r  s e , the remaining 
lipids in the meat are often responsible for 
problems related to product utilization and 
stability. The main problem in processed and 
stored meat is flavor stability. Since oxida­
tive rancidity is a major cause of flavor 
changes, the lipids in both fatty and muscle 
tissue may affect flavor quality and product 
stability.

The metabolism of fatty acids and lipids 
in chickens has received considerable re­
search attention. Major analysis, however, 
has been related to laying hens, eggs, body 
fluids and organs, and depot fat. Detailed 
fatty acid analysis of broiler muscle tissue 
has received little research attention. Reiser
(1951) found that in chicken the fat reserves 
are much more similar to general body fats 
than is the case in swine and cattle. Fingen-

* Present address: Hebrew University, Rehovot, Israel.

baum and Fisher (1959) and Marion and 
Woodroof (1962) showed that the dietary 
fat affects and reflects body fat composition. 
Chang and Watts (1952), in agreement with 
others, found that poultry fat is much more 
unsaturated than beef, lamb, and even pork 
fat. Hilditch e t  al. (1934) reported that 
65% of the fatty acids present in poultry 
were unsaturated.

Of the workers who have studied fatty 
acids in poultry meat, Marion and Woodroof
(1963) identified the largest number of fatty 
acids. They reported fatty acids with chain 
length up to 20 carbon atoms and five double 
bonds in skin and adipose fat, and fatty acids 
with chain lengths of 24 carbon atoms with 
6 double bonds in lipids from thigh and breast 
meat. They did not, however, separate the 
neutral lipids from the phospholipids.

Polyunsaturated fatty acids are synthesized 
in the chicken body, and therefore the body 
fat composition may vary from that of the 
dietary fat. Machlin and Gordon (1961) 
suggested that arachidonic acid can be syn­
thesized from linoleic acid, which is an essen­
tial fatty acid for the chicken. Reiser (1951) 
found that linoleic acid can be converted to 
a number of polyunsaturated fatty acids with
2-6  double bonds.

Miller e t  a l. (1962) observed most of the 
arachidonic to be in the phospholipids. Wid- 
mer and Holman (1950) found phospho­
lipids to be more unsaturated than neutral 
lipids, and to be the cause of rancidity. 
El-Gharbawi (1964) showed that the un­
saturated fatty acids in the phospholipids 
oxidize more rapidly than the fatty acids in 
the neutral lipids in freeze-dried beef.

The fatty acids of the phospholipids and 
other long-chain fatty acids seem to play a 
major role in lipid oxidation. Yet little work 
has been done, to our knowledge, to compare 
specifically how much and what kind of fatty 
acids are present in the phospholipids and 
the neutral lipids of poultry tissues. This 
study was conducted to determine the 
amounts and percentages of fatty acids pres­
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ent in neutral and phospholipid fractions in 
lipids from chicken skin, muscle, and depot 
fat.

EXPERIM ENTAL METHODS
Twelve 14-week-old male fryers were obtained 

from a commercial source for this study. These 
birds were reared under a program in which the 
composition of the diet was altered four times. 
During the last two weeks (finishing stage) the 
diet contained a calculated 3.8% fat. Four uniform 
2-kg birds (eviscerated weight) were selected from 
the 12 for this experiment, and their dark meat, 
white meat, skin, and depot fat (taken from the 
abdominal cavity after the removal of the viscera) 
were analyzed to determine the fatty acid compo­
sition of the neutral lipids and the phospholipids 
from these tissues.

The lipids were extracted by the method devel­
oped by Folch et al. (1957). Each lipid sample 
was separated into neutral lipids and phospholipids 
by the method suggested by Borgstrom (1952) 
(modified by using a silicic acid column system 
described by Katz and Dawson, 1965) and dried 
for gravimetric measurement of these lipids. A 
second sample was separated into neutral and phos­
pholipid fractions, and the fatty acids of each 
fraction were methylated and used for analysis of 
the fatty acids by gas-liquid chromatography.

The silicic acid (80-100-mesh) was washed with 
distilled water to remove the fines. Water was 
removed under vacuum on a Buchner funnel. The 
silicic acid was then washed with methanol and 
activated overnight at 105°C. After packing the 
column, 2 cm of dehydrated sodium sulfate were 
placed on top of the silicic acid-chloroform slurry. 
Total lipids dissolved in chloroform were added 
to this column. The sample was eluted from the 
column under nitrogen pressure at the rate of 
2 drops per second, into drying flasks. The chloro­
form eluant of the sample was taken as neutral 
lipids, and the methanol eluant as phospholipids. 
Neutral lipids were eluted by chloroform and 
monitored by the Salkowski test (Kuchmack and 
Dugan, 1963) until negative, and the elution of 
phospholipids was followed by the ninhydrin test 
until negative (Rouser et al., 1961). Double check 
for purity was accomplished by checking the neutral 
lipids with ninhydrin, and the phospholipids were 
checked by micro-plate thin-layer chromatography. 
New column packing was used for each sample, 
and the nonlipid material present in the lipid frac­
tion was discarded.
The eluant for gravimetric analysis was dried at 

40 °C in a round-bottom flask on a Rinco rotary 
vacuum evaporator. After vacuum drying, the 
sample was placed in a 105°C oven for 10 min and

brought to a constant weight by holding overnight 
in a desiccator at room temperature.

Fatty acids were esterified by the method devel­
oped by McGinnis and Dugan (1965). This method 
involves hydrolysis and methylation of the lipids 
from FRSOi and methylation of the fatty acids at 
—60°C. Recovery of the methyl esters was 
achieved by extraction with 30-60° petroleum ether. 
The ether solution containing methyl ester was 
evaporated to 0.2 ml (or 0.1 in the case of phospho­
lipids) over a 60°C bath and under nitrogen. The 
concentrate was transferred with a syringe to a 
tube made out of No. 4 capillary glass tube to 
minimize the surface area and to aid in handling 
such minute quantities. These tubes were stored 
at 0°C in the dark for not more than 12 hr before 
GLC analysis, and were checked by thin-layer 
chromatography for complete esterification.

Fractionation of the methyl esters was accom­
plished on a dual column F & M 810 GLC, utilizing 
a flame ionization detector. Helium was used as 
a carrier gas at 35 ml/min. A 72 X Li-inch 
column was used isothermally at 190° C with de­
tector temperature of 260°C and injector tempera­
ture of 250° C. Acid-washed chromosorb W, 80-100- 
mesh, was used as solid support with 15% DECS 
plus 3% phosphoric acid as liquid phase. The 
phosphoric acid helped to obtain well defined and 
symmetrical peaks, as was suggested by Metcalf 
(1963).

Fatty acids were identified by comparison with 
standards from the Hormel Institute, and by com­
paring the unknown peaks to the semilog plots 
of retention time vs. carbon number to that of 
the known fatty acid esters. To improve separa­
tion of the fatty acids, the DEGS column was used 
at different temperatures and gas flow rates.

The combined weight of the neutral lipids and 
phospholipids was taken as the total lipid content 
of the tissue. Neutral lipids and phospholipids 
were calculated as a percent of this total. The 
fatty acids were calculated as a percent of the 
total fatty acids in the neutral lipid or the phospho­
lipid fractions. This was done by calculating the 
peak area with the help of the disc chart integrator, 
and expressing it as a percent of total area from 
all peaks of the methyl esters. At least two repli­
cate analyses were determined from each of four 
samples.

RESULTS AND DISCUSSION
The total lipids, phospholipids and neutral 

lipids found in each tissue are reported in 
Table 1 and the fatty acid composition of 
each lipid in each tissue is given in Tables 
2 and 3. The fatty acid composition of lipids 
from different tissues depends both on com-
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Table 1, Total lipid, phospholipid and neutral lipid content (% ) of poultry tissues.
Tissue Total lipids a P h o s p h o ­lipids15 N e u t r a l  lipids b

White meat 1.0 48 52
Dark meat 2.5 21 79
Skin 25 2.0 98
Depot fat 60-80 0.9 99.1

“ As percentage of raw tissue. b As percentage of total lipids.
position of diet (Marion and Woodroof,
1962) and on synthesis within the bird 
(Machlin and Gordon, 1961). The rate and 
extent of development of oxidative rancidity 
in meat (or separated fat) during extended 
storage is influenced markedly by the degree 
of unsaturation of those fatty acids present, 
so additional data on composition of lipids 
in each major portion of the chicken should 
be of value in the manufacturing of meat- 
containing products and controlling the sta­
bility of such products.

As expected, total lipid content was lowest 
in the white meat, followed by dark meat 
and skin, and was highest in depot fat. The 
values for white and dark muscles are rela­
tively low. However, the muscle tissues were 
excised and all apparent fatty tissues re­
moved prior to analysis. The 1 :2 ratio of 
lipids in white and dark meat was as ex-

Table 2. Fatty acids of the neutral lipids (calcu­lated as a percentage of the fatty acids in the neutral lipids).
F a tty -
a c i d 11

D a r k
m e a t

W h i t e
m e a t S k in

D e p o t
f a t

8 t r tr tr tr
10 t r tr tr tr
12 t r 0.1 tr 0.1
14 0.8 1.0 0.7 0.7
14:1 0.3 0.3 0.3 0.2
15 0.2 0.2 0.2 0.2
16 22.4 24.2 23.1 22.8
16:1 6.8 5.6 5.7 5.7
16:2 0.5 0.5 0.5 0.4
17 0.2 0.3 0.2 0.2
18 6.4 6.0 5.9 6.5
18:1 34.6 34.6 37.0 37.0
18:2 24.7 24.7 24.1 23.7
18:3 1.5 1.3 1.4 1.3
20:1 0.5 0.5 0.6 0.7
20:2 0.3 0.3 0.2 0.2
20:3 0.2 0.3 0.1 0.1
20:4 0.5 0.5 0.2 0.2

a Number of carbons : number of double bonds.

pected. This type of information has been 
used in the past to indicate that rancidity 
development should occur primarily in depot 
fat and skin, with less chance that it will 
occur in the white or dark meat. When the 
lipids were separated into phospholipids and 
neutral lipids, however, a different relation­
ship was apparent. The present results show 
that although white meat and dark meat 
contained only 1 and 2.5% total lipids, 48% 
and 21% respectively of that total was in the 
phospholipid fraction. As previously pointed 
out (El-Gharbawi, 1964), fatty acids in phos­
pholipids oxidized more rapidly than the 
fatty acids in neutral lipids. On a weight 
percentage basis, all tissues contained about 
the same amount of phospholipid material. 
Therefore the high percentage of phospho­
lipids in muscle tissues, may make muscles 
as susceptible to oxidative rancidity as are 
depot and skin fat.

Since oxidation depends on the presence 
of unsaturated fatty acids, an analysis of 
individual fatty acids was made for each 
tissue. The percentage of each fatty acid 
was similar among the four tissues, with the

Table 3. Fatty acids of the phospholipids (cal­culated as a percentage of the fatty acids in the phospholipids).
Fatty- acid a D a r kmeat Whitemeat S k in

D e p o t
f a t

12 tr tr tr tr
14 3.2 1.8 3.5 1.9
14:1 0.3 0.1 0.5 1.1
15 0.7 0.8 0.7 0.9
16 14.6 23.0 22.1 19.0
16:1 1.6 0.9 3.1 4.8
16:2 0.5 0.3 0.7 0.7
17 0.4 0.5 1.0 0.6
18 16.6 9.9 11.8 9.3
18:1 13.5 16.3 19.5 25.8
18:2 19.8 17.0 14.8 21.7
18:3 0.6 0.5 1.0 1.8
20:1 0.6 0.6 0.8 1.1
20:2 0.8 0.8 0.9 0.7
20:3 1.2 1.5 1.6 0.9
20:4 16.8 15.1 11.4 4.7
22:2 0.4 1.0 1.1 0.9
22:3 0.3 0.7 0.6 0.5
22:4 2.4 3.0 2.7 1.3
24:1 0.9 1.0 1.7 1.6
22:5-24:2 1.5 1.7 0.9 0.3
22:6-24:4 3.4 3.9 1.4 1.3
Number of carbons : number of double bonds.
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greatest variation in arachidonic acid (20 :4) 
in the phospholipid fraction, as reported by 
Miller et al. (1962). The percentage of this 
acid was highest in the low-fat tissues (white 
and dark meat) and lowest in the high-fat 
tissue (depot fat). Arachidonic acid is syn­
thesized from linoleic acid (Machlin and 
Gordon, 1961). The lipid fraction in the 
diet of the birds in this study (Table 4) 
contained only traces of arachidonic acid but 
approximately 50% linoleic acid. This indi­
cates that these birds probably synthesized 
arachidonic acid, and deposited a lower per­
centage of it in the phospholipid fraction of 
the lipid rich tissues (skin and depot fat) 
than in the white and dark meat.

In the past, when only whole birds were 
stored, oxidation occurred first in the skin 
and depot fat tissues, mainly because they 
were more exposed to the air. Many present- 
day products are cut-up parts or boneless 
meat tissues, and their lipids were found, 
in this study, to contain sufficient polyun­
saturated fatty acids to be of major concern 
in maintaining the stability of such poultry 
meat products.
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Volatile Flavor and Aroma Components of Pineapple 
III. The Sulfur-Containing Components

SUM M ARY
M e t h y l  /3 -m eth ylth iop rop ion ate and  e th y l 

/3 -m eth ylth iop rop ion ate w ere iso la ted  and  id e n t i­
fied  fr o m  p in ea p p le  flavor co n cen tra te . T h ese  
are th e  m a jo r  v o la tile  su lfu r-co n ta in in g  co m ­
p o u n d s p resen t. A lso  d etected  w ere two m in o r  
su lfu r-co n ta in in g  co m p o u n d s. T h e  to ta l vo la ­
tile  su lfu r  co n te n t o f  p in e a p p le  flavor co n cen ­
trate was fo u n d  to b e 0 .4 —1.0%  ( 1 3 - 3 2  p p b  
based  o n  w h ole  p in e a p p le ) .

Methyl /Lmethylthiopropionate CH3SCH2- 
CH2COOCH3 (I)  was identified in Hawai­
ian pineapple (Haagen-Smit e t  a l . , 1945) by 
oxidation of an impure sulfur-containing frac­
tion to the corresponding sulfone; a mixture 
melting point determination with an authen­
tic sample of the sulfone served for confir­
mation of identity.

For a number of years, these results were 
treated with some reservation because pre­
liminary gas chromatography investigations 
on crude instruments failed to confirm the 
presence of I, and taste-tests on a synthetic 
sample elicited very unfavorable responses 
(“foreign” taste) down to the lowest detect­
able level (unpublished results, Pineapple 
Research Institute).

In the course of our work on Hawaiian 
pineapple (Rodin e t  a ! ., 1965; Silverstein 
e t  a l . , 1965), we isolated, in pure form, and 
identified two sulfur-containing compounds, 
I and ethyl /3-methylthiopropionate CH3- 
SCH2CH0COOCH0CH3 ( I I ) . Their infra­
red and NMR spectra were congruent with 
those of authentic samples (Figs. 1, 2). This 
work was done on a 1963 winter crop . A 
Carius sulfur microdetermination gave 1.0% 
sulfur in the distillate from the flavor concen­
trate (32 ppb based on whole pineapple).

A “sulfur profile” was run on a distillate 
of a flavor concentrate, representing one- 
tenth of a pineapple from a 1964 summer 
crop, by passing the gas chromatography

effluent directly and continuously into an 
electrolytic co n d u c tiv ity  sulfur detector 
(Coulson, 1965). The sulfur detector re­
cording is shown in Fig. 3. The peaks at 3.2 
min and 5.4 min matched those of authentic 
I and II run under identical conditions. Be­
sides the methyl (1.1 /tg S ) and ethyl (1.4 
l^g  S) peaks, there are two smaller sulfur- 
containing peaks (0.3 ^g S). This corre­
sponds to a total of 0.4% sulfur in the dis­
tillate (13 ppb based on whole pineapple), 
in fair agreement with the Carius determi­
nation on the winter crop.

The presence of I and II in Australian 
pineapple was reported recently by Connell
(1964), who matched gas chromatography 
retention times of peaks, which may not have 
been completely resolved, against those of 
authentic samples. His value of 8 .6 % sulfur 
in his “pineapple oil” differs from ours by 
an order of magnitude.

Taste tests were carried out on pure au­
thentic samples of both esters. The source 
of the "foreign” taste in the early sample 
of the methyl ester I was traced to appre­
ciable contamination by methyl /6-mercapto- 
proprionate. The purified sam ples were 
acceptable as additives to “stripped” pine­
apple juice. In high concentrations, they 
imparted an “overripe” taste.

In this connection, we might speculate on 
the biogenesis of the sulfur-containing com­
pounds. Methionine, a likely precursor, has 
been found to be generally absent in pine­
apple until the onset of ripening, but present 
in considerable amounts thereafter (Gortner 
and Singleton, 1965). Fully mature, but not 
overripened, fruit was used in the present 
work.

ISOLATION AND IDENTIFICATION
This study was carried out on a flavor concen­

trate prepared from 2S0 freshly-picked pineapples 
(winter crop 1963). Preparation of the concen-
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Fig. 1. Infrared (isolated) and NMR (synthetic) spectra of CH3SCH2CH2COOCH3 (I).

trate was described in paper No. I (Rodin et al., 
1965). Preparation of the gas chromatography 
fractions was described in paper No. II (Silver- 
stein et al., 1965) ; the same numbering system for 
fractions is used in this paper.

Gas chromatography fraction 3D (41 mg) was 
collected from 23 to 31 min from a Silicone QF1 
column as described in paper No. II. Fraction 3D 
was rechromatographed on a LAC 446 column 
(15% on Chromosorb W 30/60-mesh, 12 ft X 5 
mm ID, 161°C, 34 cc helium/min, on-column injec­
tion) to give fraction 3D3 (8 mg, retention time 
19 to 22 min). The IR spectrum and retention time 
of this fraction agreed with those of an authentic 
sample of I.

Fraction 3E (40 mg) was collected from the

Silicone QF1 column from 32 to 41 min, and re­
chromatographed on a LAC 446 column (25% on 
Chromosorb W, 30/60-mesh, 6 ft X 5 mm ID, 
130°C, 30 cc helium/min, on-column injection) to 
give fraction 3E3 (4 mg, retention time 32-36 
min). This fraction was identified as II by com­
parative retention times and IR and NMR spectra.

The NMR Spectrum of I (Fig. 1) shows the 
CHsS— protons as a singlet at r  7.92, the CH30— 
protons as a singlet at t  6.37, and the — CH2CH2— 
protons as two closely-spaced, distorted triplets 
centered at about t 7.3 and t 7.5. The NMR 
Spectrum of II (Fig. 2) shows the CH3S — protons 
as a singlet at T 7.93, the CFLCFLO— protons as a 
triplet at T 8.77, the CH3CH2O — protons as a quar­
tet at T 5.88, and the — CH2CH2— protons as
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two closely-spaced, distorted triplets centered at 
about r  7.3 and t 7.5. In addition to distortion, the 
outer peaks of the triplet show second-order split­
ting because of the small difference in shift positions.

S U L F U R  P R O F IL E
A Coulson Instruments Company gas chromato­

graph, model 1, containing a CIC temperature pro­
grammer, model 30, was used for the selective 
electrolytic conductivity detection of sulfur-contain­
ing organic compounds. The column was a coiled 
Pyrex tube 4 ft X 2 mm ID, packed with 80/100- 
mesh Gas Chrom-Q coated with 10% DC 200 oil

(12,500 centistokes). The helium carrier gas flow 
rate was 35 cc/min, and the oxygen flow rate into 
the 800° combustion zone was approximately 100 
cc/min. The temperature program for the sulfur 
component analysis was 10 min isothermal at 80°C 
followed by a linear increase of 9°/min for 18 min. 
The attenuator setting on the detector bridge was 
X200, which represents a sensitivity of 1.3 fig of 
sulfur per square inch on a strip-chart recorder 
with a chart speed of 0.5 in./min and a sensitivity 
of 0.1 mv/in.

Most of the smaller peaks, including the peak 
between 1 and 2 min and the group between 22 and

FREQUENCY (CM ')

T
T C -5 3 5 ,5 2 2 -2

Fig. 2. Infrared (synthetic) and NMR (isolated spectra of CHaSCH-CH.COOCH.CHa (II) .
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Fig. 3. “Sulfur profile” of distillate.
28 min, were halogen-containing contaminants, 
based on a separate analysis under conditions spe­
cific for halogen detection.

The flavor concentrate used to obtain the “sulfur 
profile” was prepared from 10 pineapples from a 
summer 1964 crop, translucence 4.4 (see papers 
Nos. I and II of this series). This concentrate 
was transferred to a short-path distillation appara­
tus (distance from pot to cold-finger cooled with 
dry ice was 20 mm) and distilled at 60°C/0.01 mm 
for 1 hr. The distillate was rinsed from the cold- 
finger with 1 ml of freshly-opened tetrahydrofuran 
(Mallinckrodt AR). A 10-^1 portion of the solution 
was used for the sulfur profile shown in Fig. 3,
P R E P A R A T IO N  OF A U T H E N T IC  S A M PL E S

Methyl-|3-methylthiopropionate (I) was prepared 
by treating the sodium salt of methyl-/3-mercapto- 
propionate with methyl iodide. The product was 
distilled at 10S-107°C/35 mm (lit. bp 69°C/10 mm, 
Haagen-Smit et al., 1945) and purified by gas 
chromatography through an Apiezon L column 
(20% on Chromosorb W, 30/60-mesh, 6 ft X 8 
mm ID) at 166° and 30 cc helium/min, retention 
time 13.5-16.5 min.

Ethyl-(3-methylthiopropionate (II) was prepared 
by the method of Protiva et al. (1957). The prod­
uct was distilled at 192-197°C (lit. bp 192°C, Bar­
ger and Coyne, 1928) ; it showed a symmetrical 
peak on gas chromatography at 12.5 min and a 
minor peak at 5 min ( <  1%) on a Carbowax 20 M 
column (10% on Chromosorb W, 60/80, 5 ft X 
2 mm ID) at 100°C and 13 cc helium/min.

SPE C T R A
The infrared spectrum of I was obtained 

as a film with a Beckman IR5. The infrared 
spectrum of II was obtained in carbon disul­
fide solution with a Perkin-Elmer 221.

The NMR spectra of I and II were ob­
tained in carbon tetrachloride solution, with 
a Varian HR60.
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Changes in the Content of Free Amino Acids 
During Roasting of Cocoa Beans

SUM M ARY
T h e m a jo r  ch a n ges n o ted  in  th e  roa stin g  o f  

cocoa  b ean s are th e  d estru ctio n  o f  a m in o  acid s  
and red u c in g  sugars, fo llo w e d  by th e  p ro d u ction  
o f  v o la tile  carb on yl co m p o u n d s. T h e re la tio n  
b etw een  th e se  rea ction s was d em o n stra ted  by  
m ea n s o f  a m in o  acid  a n a ly sis , titr im etr ic  d eter­
m in a tio n  o f  th e  red u c in g  su gars, and  gas  
ch ro m a to gra p h y . I t  is  p o stu la ted  th a t th e  m a ­
jority  o f  th e  carbon yl co m p ou n d s p rod uced  
d u rin g  th e  cou rse o f  th e  ro a stin g  p rocess are  
th e resu lt o f  th e  o x id a tiv e  d ea m in a tio n  o f  fr e e  
a m in o  acid s.

INTRODUCTION
Changes in the composition of the vola­

tiles of cocoa beans during roasting were 
analyzed, since this operation induces the 
greatest changes in aroma during the usual 
processing of beans for chocolate manufac­
ture. Experiments were also conducted to 
determine the nature of the precursors of 
the aroma developed during roasting.

The formation of low-temperature-boiling 
aldehydes from free amino acids is not un­
known. In a research note, Casey et al.
(1965) analyzed the factors influencing the 
production of low-boiling volatiles from 
foods. Linko and Johnson (1963) studied 
the changes in amino acids and formation 
of carbonyl compounds during the baking 
of bread. Herz and Shallenberger (1960) 
obtained chocolate aroma by heating leucine, 
glutamine, and threonine at 100°C, and valine 
at 180°C with glucose.

Bailey et al. (1962) analyzed the chemi­
cal composition of the aroma present in the 
roasted cocoa beans and postulated that the 
aldehydes present are the result of a Strecker 
degradation of the free amino acids.

DeWitt (1955-56) observed an increase 
in free amino acid concentration during fer­
mentation, and Rohan (1964) found that 
the amount of free amino acids present in 
cocoa beans increases during fermentation, 
although the increases were confined prin­
cipally to leucine, phenylalanine, alanine, 
and valine.

Rohan (1963 ) extracted and concentrated 
the aroma precursors present in fermented 
cocoa beans. This extract was made up of 
amino acids, sugars, and flavonoid com­
pounds.

MATERIALS AND METHODS
Materials. Four types of cocoa beans were used 

in this investigation. The following descriptions of 
each type are given in the literature:

Bahia (good quality) has a sharp, acid flavor. 
Its aromatic quality is very poor, or hardly aro­
matic.

Lagos has a basic chocolate flavor, sometimes 
inclined toward a trace of fruitiness and nuttiness. 
Not aromatic.

Puerto Cabello is used for making high-quality 
products; its flavor is sharp and penetrating. It 
has a nutty flavor and is considered one of the 
best-quality cocoa beans.

Arriba has an unusual floral aroma; a typical 
aromatic type of cocoa bean.

The samples were obtained from different manu­
facturers of chocolate and cocoa, but the majority 
were supplied by the Guittard Chocolate Company.

Methods. Roasting. A  modified Yabez-Burns 
roaster was used. The equipment was set up fol­
lowing the procedure of Little et al. (1959) with 
the following modifications: a) The diameter of the 
tube feeding the gas to the burner controlled by 
the proportioning Robertshaw-Fulton valve was 
reduced. This was done to lower the heat output 
of the burner. The modified burner was then 
regulated to maintain the temperature near 130°C. 
b) The heat supply was controlled by changes in 
the temperature of the input air entering the 
roasting cham ber. The temperature-measuring 
thermocouple controlling the burner, operated by a 
General Controls valve, type B650, was placed in 
the hot air flow entering the roasting chamber. In 
this way the temperature of the air was kept con­
stant at 130±0.5°C. This temperature was selected 
following the recommendation of Cook (1963), 
although it is somewhat lower than that used 
commercially.

The roaster was loaded with approximately 
300 g of cocoa beans. A 100-g sample of the 
same lot of raw beans was stored in a hermetically 
sealed glass jar for other analyses.

After 15, 30, and 45 min of roasting, the chamber 
was opened and a sample of approximately 100 g

726
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was taken out. The samples were stored in glass 
jars similar to the one used for the unroasted sam­
ple, and allowed to cool at room temperature.

Samples far the gas chromatographic analysis. 
The method used was basically that of Bailey 
et al. (1962). After the shell and germ were re­
moved, 30 g of the roasted or unroasted beans 
were ground in a small laboratory blender and 
immediately placed in a 250-ml filtering flask. The 
mouth of the flask was sealed with a rubber cork 
wrapped with aluminum foil. The lateral tube was 
sealed with a small serum cap.

After remaining at least 2 hr at room tempera­
tures to reach equilibrium, 2.0-ml samples of the 
headspace over the ground cocoa beans were 
removed through the serum cap with a gas-tight 
Hamilton syringe, model 1002, and introduced into 
the gas chromatography instrument.

Extraction of water-soluble substances for analy­
sis of free amino acids. One gram of the ground 
roasted or unroasted cocoa beans (shell removed) 
was mixed in a small laboratory Waring blender 
with 100 ml of distilled water, and blended for 
5 min. The blender was stopped at least two 
times, so the walls of the flask could be washed 
with small amounts of distilled water, to dislodge 
particles adhering to the walls. The suspension ob­
tained was then poured into a 250-ml Erlenmeyer 
flask. The blender was washed with distilled water, 
and the wash water added to the original extract.

The suspension was heated to boiling in 10 min 
to coagulate the proteins and peptides and after 
cooling the suspension was sterile filtered. A clear 
and brilliant solution was obtained, whose volume 
was adjusted to 250 ml.

Photometric determination of total free amino 
acids. The method of Moore and Stein (1954) for 
photometric determination of amino acids and re­
lated compounds was used to estimate the amount 
and variation in quantity of the free alpha-amino 
acids present in roasted and unroasted cocoa beans. 
Samples of the aqueous extract of roasted and 
unroasted beans were used (0.5 ml), and the results 
are expressed as leucine.

Quantitative determination of free amino acids. 
The sample was adjusted to pH 1.9 with citrate, 
and a 0.5-ml sample of a concentrated aqueous 
extract (concentrated from 250 ml to 27 ml by 
lyophilization) was analyzed in the Technicon Auto 
Analyzer, using an internal standard of norleucine, 
and compared against a Technicon 20 amino acid 
standard.

Gas chromatographic method. Two-ml samples 
of vapor from the headspace over the roasted or 
unroasted ground material were injected into a 
Perkin-Elmer gas ch ro m a to g ra p h , model 226, 
equipped with a flame ionization detector. After

many assays with different column materials, tem­
peratures, and flow rates, the following conditions 
were selected and used in all analyses.

Column : Packed column. Coating (liquid phase) 
polypropylene glycol. Support material chrom. W. 
Particle size 80-100-mesh. Length 15 ft. Outside 
diameter % in. Coating wt. 15%.
Block temperature 160°C 
Column temperature 100°C 
Detector temperature 190°C 
Chart speed 30 inches/hr 
Helium pressure (carrier) 30 psi 
Hydrogen pressure 12 psi 
Compressed air pressure 45 psi

Identification of compounds in the aroma. Vola­
tiles were identified on the basis of retention times 
compared with those of samples of known alde­
hydes, using the standard conditions given above. 
Compounds for comparison were selected initially 
on the basis of Bailey (1962).

Determination of reducing sugars. The extract 
was prepared for analysis by the method of Hassid 
(1936), with the following modifications: 1) the 
extraction was made with 80 ml of 80% alcohol 
over 1 g of ground cocoa beans by using a Waring 
blender, and letting the extract stand overnight. 
The next day the extract was filtered (Whatman 
No. 1 paper) in a Buchner funnel. Afterward it 
was concentrated by evaporation under vacuum to 
20 ml. Then, after washing, the volume was ad­
justed to 30 ml, and a 10-ml portion was used 
for analysis. In the final clarification, 0.5 g of 
decolorizing carbon was used in order to obtain 
an extract devoid of any coloring matter. The 
extract was then adjusted to SO ml, and 5.0 ml was 
used for determination of the reducing sugars, 
using the method of Hassid (1937).

RESULTS
Variations in composition of aroma during 

roasting. Fig. 1 is an example of the gas chro­
matograms obtained when the aroma of unroasted 
and roasted (15, 30, and 45 min) cocoa beans of 
four different kinds were analyzed.

Table 1 gives the values of the areas under each 
peak of the gas chromatograms.

Figs. 2, 3, 4, and 5 show the change in surface 
areas of the peaks undergoing the greatest changes 
with roasting time.

1) Peaks 18, 12, and 10 increase rapidly as roast­
ing time increases. In the first 30 min the increase 
is almost linear with time.

2) The increase in area of peak 18 is three times 
that of peak 12, and many times greater than that 
of peak 10 or 6.

3) With roasting, peak 6 increased rapidly at
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first, but the increase was only for the first IS 
or 18 min.

4) Peak 14 increased with roasting up to IS min, 
and then decreased.

5) The other peak slowly decreased with 
roasting.

6) The aromatic types of cocoa beans (Arriba 
and Puerto Cabello) do not have peak 14, and 
have only very small amounts of peak 13.

Variations in the total amount of free amino 
acids during roasting. Table 2 gives the total 
amounts of free amino acids, expressed in mg of 
leucine per g of beans, found in unroasted and 
roasted Bahia, Puerto Cabello, Lagos, and Arriba 
cocoa beans.

1) As the roasting time increases, the total 
amount of free amino acids decreases and the 
rate of change is almost linear with roasting time.

Fig. 1. Gas chromatogram of the unconcentrated flavor from unroasted and roasted Bahia cocoa beans (good quality).6 Acetaldehyde10 Propionaldéhyde11 Methyl alcohol12 Isobutyraldéhyde13 Unknown14 Diacetyl18 Isovaleraldehyde

2) Lagos cocoa beans have a lower concentra­
tion of free amino acids, but the rate of change 
is the same as found in the other types.

Changes in the concentration of the individual 
free amino acids during roasting. Table 3 and 
Fig. 6 show the concentration of the individual 
free amino acids found in unroasted and roasted 
Bahia (good-quality ) cocoa beans.

1) Except for methionine (almost no change), 
the amount of each free amino acid present became 
less as roasting time lengthened.

2) Glutamic acid, leucine, phenylalanine, and the 
unknown Xz decreased markedly with roasting.

3) The decreases in unknown X,. threonine, ala­
nine, lysine, tyrosine, proline, valine, arginine, iso­
leucine, and histidine with roasting were significant, 
but not as large as those in 2, above.

4) Aspartic acid, serine, and glycine showed only 
small decreases.

5) The increase in the content of ammonia in 
cocoa beans due to roasting is of appreciable mag­
nitude. The reactions of the ammonia with the 
cocoa butter on other compounds present in the 
bean are probably important in the generation of 
chocolate flavor.

FIGURE 2

Fig. 2. Changes in surface area under Peak 18 (isovaleraldehyde) during roasting of four differ­ent varieties of cocoa beans.(1) Lagos(2) Puerto Cabello(3) Arriba(4) Bahia
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Table 1. Surface areas (sq in.) under the peaks obtained in the gas chromatographic analy­sis of the aroma from unroasted and roasted cocoa beans.

V a r i e t y p e a k 0 15 30 45
Arriba 6 0.165 0.213 0.243 0.151

10 0.071 0.161 0.142 0.165
11
1 2 0.283 1.146 3.236 2.575
13
14
18 0.567 3.858 9.862 7.826

Lagos 6 0.118 0.319 0.307 0.252
10 0.094 0.170 0.203 0.203
11 0.330 0.217 0.217 0.217
12 0.247 0.954 3.527 3.873
13 0.252 0.312 0.283 0.283
14 0.165 0.634 0.551 1.017
18 0.472 2.394 10.267 11.212

Puerto Cabello 6 0.038 0.113 0.165 0.165
10 0.040 0.176 0.236 0.280
11 0.070 0.142 0.115 0.154
1 2 0.094 0.831 2.116 3.120
13
14 0.055 0.118 0.189 0.276
18 0.227 2.764 8.563 9.574

Bahai 6 0.087 0.198 0.187 0.154
(good quality ) 10 0.094 0.161 0.189 0.205

11 0.198 0.236 0.189 0.154
12 0.101 0.945 1.953 2.001
13 0.129 0.132 0.071 0.079
14 0.340 0.419 0.189 0.252
18 0.251 2.645 6.141 6.299

Identification of the compound in the aroma.
Table 4 gives the tentative identification of some 
of the peaks found in the gas chromatograms.

1) The same chemical compounds were found in 
varying amounts in the aroma of unroasted and 
roasted cocoa beans.

2) Peak 13 was not N-butyraldehyde, as was 
thought (Bailey, 1962), because the retention time 
differed slightly from that measured when the pure 
chemical compound was injected in the gas chro­
matograph, and could be separated when both 
were injected simultaneously.

Table 2. Total amount of alpha-amino acid pres-
e n t  in  u n r o a s t e d  
l e u c i n e  p e r  g  o f

a n d  r o a s t e d  c o c o a  
b e a n s ) .

b e a n s ( m g  o f

R o a s tin g  tim e  (m in )
V a r ie ty 0 15 30 45

Bahia
( g o o d  q u a l i t y ) 15.80 14.50 12.15 11.40

Puerto Cabello 15.16 14.70 11.69 10.40
Lagos 9.15 6.50 6.18 5.45
Arriba 14.38 14.30 12.65 12.00

Table 3. Amino acid present in unroasted and roasted Bahia (good-quality) cocoa beans (ym/g beans).
R o a s t in g  t im e  ( m in )

A m in o  acid 0 30 45
Lysine 14.15 12.54 10.50
Histidine 4.93 4.55 3.43
Arginine 14.76 1 2 . 6 8 12.39
Aspartic acid 9.54 10.03 8.38
Threonine 15.57 13.28 10.41
Serine 13.10 12.94 11.96
Glutamic acid 16.76 9.50 6.55
Proline 15.78 12.38 12.38
Glycine 8.16 7.77 7.36
Alanine 32.82 32.38 28.30
Valine 17.94 17.02 15.37
Methionine 2.04 1.99 1.94
Isoleucine 11.97 11.74 9.78
Leucine 39.01 36.84 30.91
Tyrosine 13.88 12.13 10.58
Phenylalanine 26.24 23.87 20.10
Unknown A4 8.72 5.22 3.93
Unknown X 2 23.44 19.60 16.07
Ammonia 30.08 29.18 37.77
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Table 4. Identity of the peaks present in gas chromatograms of the aroma of roasted and un-roasted cocoa beans and of chocolate liquor.
P e a k  n o . C h e m ic a l  c o m p o u n d

6 Acetaldehyde
10 Propionaldéhyde
11 Methyl alcohol
12 Isobutyraldéhyde
14 Diacetyl
18 Isovaleraldehyde

Changes in reducing sugars during roasting.
Table 5 gives the average reducing sugar contents, 
expressed as dextrose equivalent, in unroasted and 
roasted Bahia cocoa beans (good quality). It also 
shows the degrees Brix of the extract and Fig. 7 
shows these changes as a function of roasting time.

With roasting, the amount of reducing sugars 
present in the cocoa beans decreased. The rate of 
decrease was constant and linear, and the amount 
of soluble solids present in the aqueous extract 
(measured in degrees Brix) remained constant for 
the first 30 min, and then decreased.

DISCUSSION
During roasting the free amino acids are 

transformed into structurally related alde-

Fig. 3. Changes in surface area under Peak 12 (isobutyraldéhyde) during roasting of four differ­ent varieties of cocoa beans.(1) Lagos(2) Puerto Cabello(3) Arriba(4) Bahia

Table S. Changes in the reducing sugars during roasting of Bahia cocoa beans (good quality).
R o a s t in g  t im e  ( m in )

0 15 3 0 45
Reducing sugars

(mg of dextrose per 
g of cocoa beans) 17.62 12.22 8.04 3.94

Degrees Brix of 
extract at 20°C 3.0° 3.0° 3.0° 1.8°

hydes by a process of deamination and de­
carboxylation. These volatile compounds are 
important constituents of the aroma present 
in the roasted cocoa beans and chocolate 
liquor, and are partially responsible for the 
final chocolate aroma. The aldehydes cause 
the pungent odor present in the freshly 
roasted beans.

The chemical reactions involved in this 
process are not completely understood. Two 
possibilities exist: 1) A thermal degradation 
(deamination and decarboxylation) of the 
free amino acids induced by the heating 
under roasting temperatures; or, more likely,

Fig. 4. Changes in surface area under Peak 6 (acetaldehyde) during roasting of four different varieties of cocoa beans.(1) Lagos(2) Puerto Cabello(3) Arriba(4) Bahia
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Fig. S. Changes in surface area under Peak 10 (propionaldéhyde) during roasting of four different varieties of cocoa beans.(1) Lagos(2) Puerto Cabello(3) Arriba(4) Bahia

2) the reactions of the amino acids with re­
ducing sugars to form Amadori rearrange­
ment products (Anet, 1957), which upon 
continued heating will decompose to alde­
hydes and other compounds derived from 
the sugar moiety. A common feature in the 
formation of these volatiles from the amino 
acids is ammonia production as a conse­
quence of the deamination process. The 
ammonia liberated in this reaction can react 
with reducing sugars (Schonberg et al., 
1948) and with other substances present in 
the cocoa beans to yield products which may 
influence the aroma and flavor of the choco­
late. The Dutch process of alkalization, al­
though somewhat more severe in its action, 
gives evidence of the flavor and color changes 
which can result from basic treatment of 
cocoa liquor.

The fact that this increase in ammonia 
appears at between 30 and 45 minutes roast­
ing times can be interpreted either that after 
this much time the compounds reacting with

the ammonia become saturated, or that the 
rate of ammonia release is so large that it 
appears as free ammonia. It is also possible 
that the deamination to produce ammonia 
does not occur until the critical concentra­
tion of intermediate is produced, e.g., late 
in the roasting process.

The large release of ammonia after long 
roasting would explain the formation of off- 
flavors when the cocoa beans are roasted 
longer than the conventional times.

The characteristics of the cocoa lipids 
must have a definitive influence in the reten­
tion of the aldehydes produced; for example, 
the amount of acetaldehyde produced is prob­
ably equal to or larger than isovaleraldehyde, 
but its retention is smaller because of its 
volatility, or poorer adsorption.

Fig. 6. Change in the amount of each amino acid during roasting of Bahia (good-quality) cocoa beans.
(1) Ammonia(2) Leucine(3) Alanine(4) Phenylalanine(5) Unknown X2(6) Valine(7) Proline(8) Threonine(9) Glutamic acid (Id) Unknown Xi
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Fig. 7. Variations in the amount of reducing sugars during the roasting of Bahai cocoa beans.(1) Reducing sugar expressed as mg of dextrose.(2) Degrees Brix of the extract.

I t  is  i n t e r e s t i n g  t h a t  d u r i n g  t h e  f e r m e n ta ­
t io n  o f  c o c o a  b e a n s  t h e r e  is  a n  in c r e a s e  in  
th e  a m o u n t  o f  th o s e  f r e e  a m in o  a c id s  t h a t  
f o r m  is o b u ty r a ld e h y d e  a n d  i s o v a l e r a ld e h y d e  
in  r o a s t in g .

T h e  s im p le  te c h n iq u e s  u s e d  in  t h e  p r e s e n t  
i n v e s t ig a t io n  f o r  th e  d e t e r m i n a t io n  o f  th e  
a m o u n ts  o f  f r e e  a m in o  a c id s  a n d  r e d u c in g  
s u g a r s  c a n  b e  u s e f u l  in  e v a lu a t in g  th e  q u a l i ty  
o f  u n r o a s t e d  c o c o a  b e a n s  in  o r d e r  to  s p e c ify  
c h o c o la te  b le n d s  a t  l e a s t  p a r t i a l ly .
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Some Catechins and Proanthocyanidins in the
Cores of Bartlett Pears

SUM M ARY
T w o ca tech in s and  tw o p ro an th o cy a n id in s  

w ere iso la ted  fr o m  th e  cores o f  B artlett p ears. 
T h e ca tech in s , (  +  ) -ca tech in , and  (  — )-ep ica te- 
ch in  w ere o b ta in ed  in  cry sta llin e  fo rm . Pro- 
a n th o cy a n id in  P-1 was fo u n d  to b e id en tica l 
w ith  th e  m a jo r  p ro a n th o cy a n id in  o f  cacao  
b ea n s. P ro a n th o cy a n id in  P -2  was fo u n d  to  co n ­
sist o f  a t le a s t th ree  flavan  u n its . T reatm en t  
o f  p ro a n th o cy a n id in  P -2  w ith  su lfu ro u s  acid  
y ie ld ed  p ro a n th o cy a n id in  P -1 .

INTRODUCTION
The discoloration of Bartlett pears during 

canning was investigated by Luh et al.
(1960). The pigment isolated from such 
fruit was found to resemble cyanidin. Poly- 
phenolic compounds which are converted to 
anthocyanidins by acid treatment are usu­
ally referred to as “leucoanthocyanins.” 
Since these compounds can be classified in 
different groups, the term “proanthocyani­
din,” which has no explicit structural im­
plication, has been proposed by Freudenberg 
and Weinges (1960).

The group of proanthocyanidins, of which 
the known examples are C30 compounds 
formed by coupling two flavan units, have 
been investigated recently, but there seems 
to be uncertainty as to the exact chemical 
structure of these compounds (Forsyth and 
Roberts, 1960; Freudenberg and Weinges, 
1962; Hsia et al., 1964; Geissman and Ditt- 
mar, 1955). Recently, Mayer et al. (1966) 
presented evidence that the two units of 
the proanthocyanidin present in the seeds of 
Aesculus hippocastanum are joined at two 
positions.

Polymeric proanthocyanidin material has 
previously been found present in perry pears 
(Williams, 1960). The present study pro­
vides details of the isolation and character­
ization of two proanthocyanidins and two 
catechins from the cores of the fruit of 
Pynts communis L. cv. Bartlett.

EXPERIMENTAL
Reagents and materials. Whatman no. 3 MM 

paper sheets (46 X 57 cm) were used for prepara­
tive separations. Whatman no. 1 paper sheets 
(46 X 57 cm) were used for analytical purposes. 
u-Butanol-acetic acid-water (20:5:11, by vol.), 
hereinafter referred to as BAW, and aqueous 2% 
acetic acid were used as solvent systems. All 
chromatograms were developed by downward mi­
gration. Ammoniacal silver nitrate reagent and 
alcoholic 3% toluene-/>-sulfonic acid were used as 
spray reagents (Roux and Maihs, 1960).

Spectrophotometry. Absorption spectra in the 
visible region of the spectrum were recorded with 
a Carl Zeiss PMQ II spectrophotometer. Infrared 
spectra were recorded with a Beckman IR-9 infra­
red spectrophotometer by the KBr pellet technique.

Distribution of catechins and proanthocyani­
dins in Bartlett pears. The peels, flesh, cores, and 
seeds of Bartlett pears were examined by extract­
ing 5 g of each part of the fruit with 95% ethanol 
(25 ml) and spotting different concentrations of 
the extracts on Whatman no. 1 paper sheets. 
After two-way chromatography with BAW and 
aqueous 2% acetic acid as solvent systems, the 
major polyphenolic constituents were detected un­
der ultraviolet light and by treatment of different 
chromatograms with ammoniacal silver nitrate 
and ethanolic 3% toluene-/>-sulfonic acid.

Isolation of the catechins and proanthocyani­
dins. Bartlett pear cores (3 Kg) were macerated 
with acetone (5 L) in a blender and filtered through 
Biichner funnels. The material on the filters was 
washed with aqueous 50% (v/v) acetone until 
nearly colorless. The combined extracts (10 L) 
were evaporated under reduced pressure to ap­
proximately 1.5 L and continuously extracted with 
chloroform for 12 hr. The aqueous solution was 
then extracted with ethyl acetate (5 X 300 ml) to 
yield a total of 4.3 g extractables. This material 
was dissolved in acetone (50 ml) and applied in
4-cm bands on the shorter sides of 24 Whatman 
no. 3 MM paper sheets, which were developed 
with BAW. After drying in a current of air at 
30-35 °C, the individual bands were located by 
cutting a strip from the side of one paper and 
treating it with alcoholic 3% toluene-/>-sulfonic 
acid. Four brownish-red bands were produced by 
this treatment. Bands I, II, III, and IV (num­
bered in descending order of mobility) were eluted
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separately with aqueous 70% ethanol. Each cluate 
was concentrated under reduced pressure and re- 
chromatographed on 20 paper sheets with aqueous 
2% acetic acid as solvent system. The final eluates 
were concentrated to small volumes and extracted 
with ethyl acetate (6 X 50 ml). This solvent was 
removed under reduced pressure.

Identification of the catechins. The materials 
from bands I and II crystallized as white needles 
from water. After recrystallization from water 
the respective isolates were identified as ( +  )- 
catechin and ( —) -epicatechin by melting point, 
specific rotation, infrared spectra, and chromato­
graphic properties of the free compounds and of 
their penta-O-acetyl derivatives (Weinges, 1964).

Purity of the proanthocyanidins. The light- 
brown amorphous powders obtained from bands 
III and IV were respectively named proanthocyani­
dins P-1 and P-2. When chromatographed with 
BAW and aqueous 2% acetic acid as solvent sys­
tems, both substances migrated as single spots, 
with a slight degree of tailing.

Hydrolysis of the proanthocyanidins with  
hydrochloric acid. The isolated proanthocyanidins 
were hydrolyzed by heating 15 mg of the material 
with 2N HC1 (10 ml) for 60 min on a boiling- 
water bath. After cooling, the solution was ex­
tracted with a small quantity of »-butanol and the 
pigment in the organic layer was compared with 
authentic cyanidin by paper chromatography. A 
small quantity of the butanol extract, suitably 
diluted with ethanol containing 0.1% HC1, was 
used for determination of the absorption spectrum 
over the range 360-570 m». Alcoholic AlCls (5%, 
0.5 ml) was added to this solution (2.5 ml), and 
the shift in the position of the absorption maximum 
at 546 m/i was noted to establish the presence of a 
free o-dihydroxyl grouping in the molecule (Geiss- 
man cl at., 1953; Harborne, 1958).

The aqueous phase, after extraction of the pig­
ment, was neutralized and desalted electrolytically. 
Chromatographic analysis of the resultant solution 
failed to reveal the presence of sugars.

Treatment with sulfurous acid. Oxidative con­
densation of the proanthocyanidins during acid 
hydrolysis was counteracted by the use of sulfurous 
acid (Forsyth and Roberts, 1960). Proanthocyani- 
din material (100 mg) was dissolved in water 
(10 ml), and sulfur dioxide was bubbled through 
for several minutes, followed by heating on a 
boiling-water bath with continued bubbling of 
sulfur dioxide. After heating for 45 min, about 
5 ml of the solution was withdrawn and cooled to 
room temperature. The remainder of the solution 
was heated for a total time of 2 hr before cooling. 
The two fractions were extracted separately with 
ethyl acetate (6 X 10 ml). The ethyl acetate and

aqueous fractions were examined by paper chro­
matography using BAW and aqueous 2% acetic 
acid as solvent systems. The major components 
present in the ethyl acetate fractions were then 
separated on Whatman no. 3 MM paper sheets, 
using BAW as solvent system, and identified by 
paper chromatography and infrared spectroscopy.

The major proanthocyanidin of cacao (cacao 
leucocyanidin 1) was treated in the same way for 
comparison.

RESULTS AND DISCUSSION
The preliminary examination of the peels, 

flesh, cores, and seeds of Bartlett pears re­
vealed two catechins and two proanthocyani­
dins in all these parts. These components 
were present in relatively high concentra­
tions in the peels and cores. Because of the 
presence of flavonol glycosides in the peels 
(Nortjé and Koeppen, 1965), the cores were 
considered more suitable for isolation of the 
catechins and proanthocyanidins.

Though catechins have been reported 
present in the fruit of v a rio u s plants 
on the basis of their detection by paper 
chromatography, ( + )  -catechin and ( —) - 
epicatechin have been isolated from only 
a limited number of fruits. ( +  ) -Cate­
chin has been isolated from the fruit of 
Castanea vesca (Schmidt and Hiill, 1947), 
Cola acuminata ( Freudenberg and Oehler, 
1930), Gleditschia triacanthos, Vaccinium 
vitis-idaea, Rosa spp., Primus amygdalus, 
and Wisteria sinensis (Weinges, 1964). 
( —) -Epicatechin has been isolated from the 
fruit of Theobroma cacao (Freudenberg 
et al., 1932), Malus spp. (Nakabayashi,
1952), Cola acuminata (Freudenberg and 
Oehler, 1930), Crataegus oxyacantha, Cra­
taegus monogyna, Crataegus lavallei, Pyra- 
cantha coccínea, Primus amygdalus, and 
Wisteria sinensis (Weinges, 1964). The 
isolation of ( 4-) -catechin and ( —) -epicate­
chin in crystalline form from Bartlett pears 
is significant since these compounds have 
so far been found to occur together in the 
fruit of only three other species.

The two proanthocyanidins isolated from 
the cores of Bartlett pears appeared on chro­
matograms as separate spots free from im­
purities. Proanthocyanidin P-1 had Rf val­
ues of 0.47 in BAW and 0.51 in aqueous 
2% acetic acid. Proanthocyanidin P-2 had
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Rf values of 0.37 in BAW and 0.41 in aque­
ous 2% acetic acid. Differences in the infra­
red spectra of the two compounds were ob­
served, particularly in the region of 840 
to 760 cn r1.

Proanthocyanidin P-1 was found to be 
chromatographically identical with the major 
proanthocyanidin of cacao beans (cacao leu- 
cocyanidin 1), which has been found to be 
a dimer consisting of a 5,7,3',4'-tetrahy- 
droxyflavan-3,4-diol unit and an ( —) -epi- 
catechin unit (Forsyth and Roberts, 1960).

The ethyl acetate extract obtained after 
treatment of proanthocyanidin P-2 with sul- 
furous acid for 45 min showed the presence 
of four components when examined by paper 
chromatography. After purification, the in­
dividual substances were identified as ( +  )- 
catechin, ( —) -epicatechin, proanthocyanidin 
P-1, and unchanged proanthocyanidin P-2. 
Treatment of proanthocyanidin P-2 with 
sulfurous acid for 120 min results in an 
ethyl acetate extract which contained mainly 
( +  ) -catechin and ( — ) -epicatechin, present 
in approximately equal concentrations. Ex­
amination of the aqueous phase, after ex­
traction with ethyl acetate, revealed the 
presence of only a single spot, which corre­
sponds to substance A, described by For­
syth and Roberts (1960). This indicated 
that the proanthocyanidin P-2 molecule con­
sists of at least three flavan units which can 
be separated by treatment with sulfurous 
acid. At present it is uncertain how the 
different units of proanthocyanidin P-2 are 
linked, but further investigation of the 
structural details of this compound is needed 
in view of the proposed mechanism of dimer 
formation (Geissman and Dittmar, 1965).
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Studies on Free Amino Acids in Sponges, Doughs, and
Baked Soda Crackers and Bread

SUM M ARY
F ree a m in o  acids d ecreased  m a rk ed ly  d u rin g  

an 18-hr crack er sp o n g e  ferm en ta tio n  or d u rin g  
a 6-hr stra igh t d o u g h  bread  fe rm e n ta tio n . No 
co m m ercia l p roteases  w ere u sed . H ow ever, th e  
fr ee  a m in o  acids in creased  a fte r  4 8  and  7 2  hr 
o f  cracker sp o n g e  fe rm e n ta tio n , resp ective ly . 
T h is su g g ested  that th e a m in o  a cid s w ere m etab ­
o lized  bv m icro org an ism s d u rin g  active grow th  
at a fa ster  rate than th ey  w ere b e in g  form ed  
from  th e p rote in  hv n ativ e p ro teases . L ater, 
th e a m in o  acid s accu m u la ted  as th e  rate o f  
active ferm en ta tio n  and  grow th su b sid ed . P ro ­
teo lytic  activ ities did not ch a n g e  w ith  fe rm e n ta ­
tion  tim e, su g g estin g  that m icro org an ism s did  
n ot re lease a d d itio n a l p ro teases . T h e a m in o  
acid  co n ten t o f  soda crackers m ad e w ith a 
lo n g  sp o n g e  ferm en ta tio n  d ecreased  d u rin g  
b ak in g . L ik ew ise , th e fr ee  a m in o  acid  con ten t 
o f  bread  crust d ecreased  d u rin g  b a k in g , w h ile  
th e fr ee  a m in o  acid  co n ten t o f  th e  cru m b  re­
m a in ed  essen tia lly  con stan t.

W h en  a co m m ercia l p rotease was add ed  to 
a soda crack er sp o n g e  and  th e sp o n g e  fe r ­
m en ted  fo r  1 8  h r, th e fr ee  a m in o  acid s in  the 
b aked  p rod ucts in creased  to a lev e l eq u iv a len t  
to that o f  th e  soda crackers m ad e w ith a 72-hr  
sp o n g e  ferm en ta tio n  w ith o u t th e u se  o f  co m ­
m ercia l p rotease.

INTRODUCTION
The chemistry of browning as related to 

the Maillard reaction (Maillard, 1912 ) has 
been reviewed by Hodge (1953, 1955). The 
relationship of the Maillard reaction to the 
browning of baked products has been studied 
by Baker et al. (1953), Kielly ct a!. ( I960), 
and Johnson and Miller (1961). Linko and 
Johnson (1963) reported on the changes in 
amino acids and the formation of carbonyl 
compounds during bread baking. Wiseblatt 
and Zoumut (1963) reported that a bread 
flavor constituent was produced by the reac­
tion of proline and dihydroxyacetone. The 
above studies were made from the viewpoint 
that amino acids serve as precursors for 
bread flavor produced by the baking process.

Since amino acids are precursors of the 
Maillard reaction, Horvat ct al. (1962)

studied the free amino acids in a bread dough 
and concluded that browning of bread might 
he related more highly to the insoluble pro­
tein fraction than to the presence of free 
amino acids. Ivretovich and Ponomareva
(1961), studying the amino acid change in 
rye and white breads, concluded that free 
amino acids changed appreciably in rye 
doughs but only slightly in white bread 
doughs. No study has been made concerning 
amino acid changes in soda cracker.

The present investigation was made to 
study changes in the free amino acids dur­
ing tire making of soda crackers. The amino 
acids were of interest because of their rela­
tion to the Maillard reaction during baking 
of the soda crackers. The effect of commer­
cial protease was included because of the 
creation of free amino acids during fer­
mentation as a function of proteolysis of the 
protein. Also included were changes in the 
amino acids of a French bread formulation.

EXPERIMENTAL METHODS
Sponge and dough preparation of soda cracker.

The sponge of soda crackers was made by mixing 
of 700 g of wheat flour, 30 g of shortening, 2 g of 
compressed yeast, 2 g of yeast food, and 270 ml 
of water. The dough was made by mixing the 
above sponge with 300 g of wheat flour, 70 g of 
shortening, IS g of salt, 16 g of sucrose, and 
variable amounts of sodium bicarbonate.

Rhozyme A-4 (Rohm and Hass Co.) was used 
in the sponge in experiments requiring greater 
amounts of proteolysis.

Straight dough preparation of bread. A kind 
of French bread dough was made by mixing 1000 g 
of wheat flour, 20 g of sugar, 20 g of salt, 10 g of 
shortening, 20 g of compressed yeast, and 625 ml 
of water.

Fermentation. The soda cracker sponge was 
fermented at 27°C for various periods. The dough 
was fermented at 32°C for 5 hr before sheeting. 
The bread dough was given a primary fermentation 
ot 6 hr, followed by 30 min of final proof. All 
fermentation of bread was done at 26°C.

Extraction and concentration of free amino 
acids. The cracker sponge, cracker or bread dough, 
or baked products thereof were broken into small
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p i e c e s ,  a n d  1 0 0  g  w e r e  e x t r a c t e d  t h r e e  t i m e s  w i t h  
5 0 0  m l  o f  7 0 %  e t h a n o l  a t  6 5 ° C .  T h e  e x t r a c t s  w e r e  
r e c o v e r e d  b y  c e n t r i f u g a t i o n .  T h e  s u p e r n a t a n t  w a s  
c o n c e n t r a t e d  a t  6 5  ° C  u n d e r  v a c u u m  o f  a  w a t e r  
p u m p .  T h e  c o n c e n t r a t e  w a s  d i a l y z e d  a g a i n s t  4 0  
t i m e s  v o l u m e  o f  d i s t i l l e d  w a t e r  f o r  2 4  h r  a t  1 0 ° C .  
T h e  d i a l y s a t e  w a s  c o n c e n t r a t e d  a t  6 5  ° C  u n d e r  
v a c u u m  o f  a  w a t e r  p u m p .

Quantitative analysis of amino acids. T h e  c o n ­
c e n t r a t e d  a m i n o  a c i d s  s o l u t i o n  w a s  a n a l y z e d  b y  a n  
a m i n o  a c i d  a u t o a n a l y z e r  K L A - T y p e  I I  ( H i t a c h i  
C o . ) .  I o n - e x c h a n g e  r e s i n  A m b e r l i t e  C G - 1 2 0  T y p e  
I I I  ( M o o r e  e t  a l . ,  1 9 5 8 ;  S p a c k m a n  c t  a ! . ,  1 9 5 8 )  
w a s  u s e d .  F o r  c h r o m a t o g r a p h y  o f  t h e  a c i d i c  a n d  
n e u t r a l  a m i n o  a c i d s ,  a  0 .2 7 V  c i t r a t e  b u f f e r ,  p H  3 .2 5  
a n d  p H  4 . 2 5 ,  w a s  u s e d .  F o r  a l k a l i n e  a m i n o  a c i d s ,  
a  0 .3 5 7 V  c i t r a t e  b u f f e r ,  p H  5 .2 8 ,  w a s  u s e d .

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

Proteolytic activity of sponges. A  p r e l i m i n a r y  
e x p e r i m e n t  i n d i c a t e d  t h a t  t h e  p r o t e o l y t i c  a c t i v i t y  
o f  s p o n g e  w a s  s t r o n g e r  a t  p H  3  t h a n  a t  p H  4  a n d  
p H  7 . T h e  p r o t e o l y t i c  a c t i v i t y  o f  s p o n g e s ,  t h e r e ­
f o r e ,  w a s  e s t i m a t e d  b y  e x t r a c t i n g  t h e  p r o t e a s e s  
f r o m  1 0 0  g  o f  s p o n g e  w i t h  1 0 0  m l  o f  O . l iV  l a c t a t e  
b u f f e r  a t  p H  3  f o r  1 h r  a n d  a l l o w i n g  t h e  e x t r a c t  
t o  a c t  o n  a  c a s e i n  s u b s t r a t e  ( p H  3 ) .  T h e  e x t r a c t  
w a s  d i l u t e d  5 t i m e s  w i t h  t h e  l a c t a t e  b u f f e r  b e f o r e  
i t  w a s  a d d e d  t o  t h e  c a s e i n .  A  d i g e s t i o n  t i m e  o f
3 .5  h r  a t  3 8 ° C  w a s  a l l o w e d .  T h e  a s s a y  o f  p r o t e a s e  
a c t i v i t y  w a s  f o l l o w e d  b y  F o l i n ’s  m e t h o d  ( F o l i n  
a n d  C i o c a l t e u ,  1 9 2 7 ) .  P r o t e o l y t i c  a c t i v i t y  w a s  e x ­
p r e s s e d  in  a r b i t r a r y  u n i t s  a s  o p t i c a l  d e n s i t y  a c ­
c o r d i n g  t o  F o l i n ’s  m e t h o d .

Viable counts of microorganisms. O n e  h u n ­
d r e d  g r a m s  o f  s p o n g e  w e r e  a d d e d  t o  5 0 0  m l  o f  
s t e r i l i z e d  p h o s p h a t e  b u f f e r  ( 0 . 0 2 5 3 7 ,  p H  7 )  a n d  
h o m o g e n i z e d  in  a  h o m o - m i x e r  f o r  5 m i n .  A f t e r  
d i l u t i o n  o f  t h e  h o m o g e n i z e d  s u s p e n s i o n  t o  1 0 ‘ o r  
1 0 3 t i m e s ,  1 m l  w a s  u s e d  f o r  p l a t e  c u l t u r e s .  T o  
d e t e r m i n e  v i a b l e  c o u n t s  o f  y e a s t ,  a  m e d i u m  c o n ­
s i s t i n g  o f  1 .5 % ; g l u c o s e ,  1 .0 %  p e p t o n e ,  0 .5 %  y e a s t  
e x t r a c t ,  a n d  2 .5  %  a g a r - a g a r  w a s  u s e d .  U s e d  t o  
d e t e r m i n e  v i a b l e  c o u n t s  o f  b a c t e r i a  w a s  t h e  m e d i u m  
“ D a i g o ” ( T a k e d a  C h e m i c a l s  C o . ) ,  c o n t a i n i n g  t h e  
a n t i b i o t i c  E u r o c i d i n ,  w h i c h  d e p r e s s e s  g r o w t h  o f  
f u n g i  a n d  y e a s t .  B y  k e e p i n g  t h e  p l a t e  c u l t u r e s  a t  
3 7 °  C  f o r  2  d a y s ,  u s i n g  b o t h  k i n d s  o f  m e d i a ,  c o u n t s  
o f  c o l o n i e s  o f  b o t h  y e a s t  a n d  b a c t e r i a  w e r e  p o s s i b l e .

RESULTS AND DISCUSSION
Change in amino acids during sponge 

and dough fermentation of soda cracker.
In the cracker sponge, all amino acids except

cystin and cystein were found at the be­
ginning of fermentation (Table 1). It was 
established by a preliminary experiment that 
the free amino acids were derived from the 
flour and not the yeast. Naturally, the com­
pressed yeast contained a small amount of 
free amino acids, but this amount was neg­
ligible in the sponge compared to those pro­
vided by the flour. Only 0.2% of yeast was 
used in the sponge of soda cracker.

Serine, alanine, and aspartic acid were 
present in comparatively large amounts in 
the 0-hr sponge. Table 1 shows, however, 
that the amino acids decreased after 18 hr 
of fermentation. Certain amino acids could 
not be expressed quantitatively, because 
they were present in too small a quantity to 
be estimated by the analyzer. The tendency 
of the amino acids to decrease with fermenta­
tion time suggests that free amino acids 
were metabolized by microorganisms in the 
cracker sponge. As Micka (1955) showed, 
the soda cracker fermentation is a symbiosis 
rather than a fermentation by a single orga­
nism. The changes in the bacteria and yeast 
population in soda cracker sponge are illus­
trated in Fig. 1. Viable yeast counts in the 
sponge could be estimated at the beginning 
of the fermentation, but the bacteria counts 
could not be estimated until after 10 hr of 
fermentation. The number of yeast cells in

T a b l e  1 . C h a n g e  o f  f r e e  a m i n o  a c i d s  d u r i n g  
f e r m e n t a t i o n  o f  c r a c k e r  s p o n g e s  a n d  d o u g h s .

ß M/ g  (d ry  b a s i s )
S p o n g e D o u g h

A m in o  a c id s 0 h r 18 h r 0  h r 5 h r

A s p a r t i c  a c i d 0 .2 1 5 0 .0 2 0 0 . 0 5 0 0 .0 5 0
T h r e o n i n e 0 .0 7 5 0 .0 2 0 0 .0 4 0 0 .0 4 5
S e r i n e 0 .5 2 5 0 .0 4 5 0 .1 0 5 0 .0 9 5
G l u t a m i c  a c i d 0 .1 9 5 0 .0 5 5 0 .0 3 3 0 .0 8 5
P r o l i n e 0 .1 3 5 0 . 1 0 8 0 .0 6 0 0 .0 8 0
G l y c i n e 0 .1 4 5 0 .0 9 0 0 .0 6 0 0 .0 5 5
A l a n i n e 0 .5 3 5 0 .1 5 5 0 .1 3 0 0 .1 4 5
V a l i n e 0 . 1 5 0 0 .0 2 5 0 .0 3 8 0 .0 3 5
M e t h i o n i n e 0 .0 2 5
I s o l e u c i n e 0 .1 0 8 0 .0 1 8 0 .0 2 0
L e u c i n e 0 .1 2 7 0 .0 1 5 0 .0 2 2 0 .0 2 5
T y r o s i n e 0 . 0 7 4 0 .0 1 0 0 . 0 1 0
P h e n y l a l a n i n e 0 . 0 6 2 0 .0 1 0 0 .0 1 0
T r y p t o p h a n 0 . 1 5 0 0 . 0 2 0 0 .0 2 0
L y s i n e 0 .0 3 0 0 .0 5 5 0 .0 1 5 0 .0 3 0
H i s t i d i n e 0 .0 2 6 0 . 0 0 8
A r g i n i n e 0 .0 4 0 0 .0 0 5 0 .0 1 0 0 .0 1 2
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F i g .  1 . C h a n g e  o f  v i a b l e  c o u n t s  o f  m i c r o ­
o r g a n i s m s  d u r i n g  f e r m e n t a t i o n  o f  s o d a  c r a c k e r  
s p o n g e  w i t h  f e r m e n t a t i o n  t i m e .  V i a b l e  c o u n t s  w e r e  
e x p r e s s e d  p e r  g  o f  s p o n g e .

the cracker sponge increased up to 19 hr 
of fermentation and thereafter remained es­
sentially constant. The number of bacteria 
increased markedly between 10 and 19 hr 
of fermentation and then decreased sharply. 
These data agree with those of Micka 
(1955 ). The bacteria were derived from 
both the yeast and the flour. These bacteria 
were of the genus Coccus as shown micro­
scopically. They were gram-positive and 
produced lactic acid in a liquid medium con­
taining arabinose, xylose, glucose, lactose, 
sucrose, maltose, or glycerol. These bac­
teria did not develop in a liquid medium 
containing 6.5% sodium chloride. Based on 
these characteristics and those given by 
Bergey’s Manual, it was assumed that they 
belonged to the genus Pediococcus ar.d were 
neither Streptococcus faecalis nor Leuco- 
nostoc mesenteroides.

Because of these results, it was assumed 
that the free amino acids in the sponge de­
creased as a result of metabolism by the 
microorganisms which continued to increase 
until after 18 hr of fermentation.

The data in Table 1 indicate that the 
amino acid content of the dough after mixing 
with the sponge was essentially the same as 
for the 18-hr sponge. Likewise, the amino 
acid content of the dough did not change 
even after 5 hr of fermentation in the dough 
stage.

Since the evidence indicated that the free 
amino acid in cracker sponges decreased 
after 18 hr of fermentation and did not in­
crease in the dough, it is likely that the 
amino acids would not contribute greatly to 
the flavor of soda cracker. In an attempt to

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

A m in o  a c id s
f i M / g  ( d r y  b a s i s )

4 8 - h r  s p o n g e 7 2 - h r  s p o n g e
A s p a r t i c  a c i d 0 .0 7 9 0 .0 9 0
T h r e o n i n e 0 .1 8 8 0 .3 9 2
S e r i n e 0 .5 6 5 0 .8 9 0
G l u t a m i c  a c i d 0 .3 9 5 0 . 4 0 8
P r o l i n e 0 .6 5 0 0 . 7 8 2
G l y c i n e 0 .6 1 5 0 .9 2 0
A l a n i n e 2 .1 0 0 3 .2 9 2
V a l i n e 0 . 2 9 0 0 .6 6 0
M e t h i o n i n e 0 .0 5 0 0 .1 7 0
I s o l e u c i n e 0 .1 0 0 0 .2 8 0
L e u c i n e 0 .3 2 0 1 .0 2 0
T r y o s i n e 0 .1 5 0 0 . 2 8 8
P h e n y l a l a n i n e 0 . 1 9 0 0 . 5 0 5
T r y p t o p h a n 0 .0 8 0 0 .1 4 0
L y s i n e 0 .5 1 0 0 .7 5 5
H i s t i d i n e 0 . 0 8 0 0 .1 6 5
A r g i n i n e 0 . 3 9 0 0 .6 9 5

increase the amount of free amino acids at 
the end of the dough stage, fermentation of 
the sponges was extended to 48 and 72 hr, 
respectively. As shown by the data in Table 
2, fermentation of the sponge for 48 or 72 hr 
increased the amino acid content. Alanine 
content increased the most. Serine, proline, 
glycine, valine, leucine, lysine, and arginine 
increased significantly. Seventy-two hours 
of fermentation increased the amino acid 
content more than did 48 hr of fermentation.

It appeared that, after the active growth 
period of 18 hr, the free amino acids could 
accumulate in the sponge because the orga­
nisms no longer metabolized the amino acid 
at a rapid rate.

Amino acids in soda cracker. The amino 
acid content of the baked soda cracker after 
18 and 72 hr of sponge followed by 5 hr of 
dough fermentation was compared. The data 
are summarized in Table 3. Comparing the 
amino acid content of the dough made with 
an 18-hr sponge fermentation (Table 1) 
with the amino acid content of the baked 
soda cracker (Table 3), it is evident that 
there was little or no change. Apparently, 
the amino acid content of the dough after 
18 hr of fermentation was so small that 
little remained to react during the baking 
process. With 72 hr of sponge fermentation, 
the amino acid content of the soda cracker 
decreased significantly during the baking
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T a b l e  3 .  C o m p a r i s o n  o f  f r e e  a m i n o  a c i d s  c o n t e n t  
i n  s o d a  c r a c k e r s  m a d e  f r o m  1 8  a n d  7 2  h r  f e r m e n t e d  
s p o n g e .

A m in o  a c id s
f i M / g  ( d r y  b a s is )

18 h r 72  h r
A s p a r t i c  a c i d 0 .1 1 0 0 .0 2 0
T h r e o n i n e  p l u s  ) 0 .1 7 0 0 .3 4 5
S e r i n e  t
G l u t a m i c  a c i d 0 .1 1 0 0 .0 5 0
P r o l i n e 0 .1 2 0 0 .2 4 8
G l y c i n e 0 .0 9 0 0 .0 8 0
A l a n i n e 0 .2 3 0 0 .7 2 0
V a l i n e 0 .0 8 5 0 .1 6 5
M e t h i o n i n e 0 .0 2 5 0 .0 2 5
I s o l e u c i n e 0 .0 3 0 0 .0 7 0
L e u c i n e 0 .0 4 5 0 .1 4 2
T y r o s i n e 0 .0 2 5 0 .0 4 8
P h e n y l a l a n i n e 0 .0 3 0 0 .0 6 8
T r y p t o p h a n 0 .0 6 0 0 .0 7 0
L y s i n e 0 .0 5 0 0 .0 8 2
H i s t i d i n e 0 .0 1 2 0 .0 2 5
A r g i n i n e 0 .0 5 0 0 .0 3 2

process. Even so, the amino acid content 
was more than that of the crackers made 
with 18 hr of sponge fermentation. It was 
also significant that the flavor of the cracker 
after 72 hr of sponge fermentation was 
much improved over the flavor of crack­
ers produced with only 18 hr of sponge 
fermentation.

Activities of proteases in the sponge.
Tire exact reason for the increase in the free 
amino acids in the 48- and 72-hr cracker 
sponge is not clear. It could have been due 
to a release of proteases either by the yeast 
or bacteria, or to proteases normally present 
in the flour. Measurement of the proteo­
lytic activity in the sponges at various stages 
of fermentation, summarized in Table 4, 
indicated that the activity remained essen­
tially constant. The proteolytic activity in 
flour doughs when yeast was eliminated was 
the same as for 0-hr cracker sponges. It was 
concluded, therefore, that release of pro­
teases in the sponge by microorganisms was 
likely not an important factor. It would 
appear that the free amino acids increased 
in the 48- and 72-hr sponges because the 
organisms metabolized less of the amino 
acids, whereas greater amounts of the amino 
acids were being produced by flour pro­
teases with the extended fermentation time.

Effect of commercial protease enzymes

T a b l e  4 .  R e l a t i o n s h i p  b e t w e e n  f e r m e n t a t i o n  t i m e  
a n d  p r o t e a s e  a c t i v i t y  in  s o d a  c r a c k e r  s p o n g e .

F e r m e n t a t i o n  t im e  ( h r ) P r o te a s e  a c t iv i ty

0 0 .2 0 5
2 4 0 .1 9 6
4 8 0 .1 7 6
7 2 0 .1 9 3

on amino acid content of crackers. Previ­
ous experiments had demonstrated that free 
amino acids increase in 48- or 72-hr sponges. 
However, it is not economical or practical 
to use such long fermentation times. Ac­
cordingly, an experiment was designed in 
which a commercial protease (Rhozyme 
A-4) was added to the cracker sponge to 
hasten the release of free amino acids during 
fermentation. The data of Table 5 indicate 
that the addition of 200 mg of protease per 
700 g of flour caused the free amino acids 
content of the 18-hr sponge to be equivalent 
to the free amino acids content of the cracker 
made with 72 hr of fermentation. In con­
trast, the addition of 10 mg of the protease 
to 700 g of flour did not increase the free 
amino acids content of the cracker made 
with 18 hr of fermentation.

It is of interest that addition of 200 mg 
of Rhozyme A-4 with 18 hr of fermentation, 
or 72 hr of fermentation without addition 
of the protease, caused a particular increase

T a b l e  5 .  F r e e  a m i n o  a c i d s  in  s o d a  c r a c k e r  p r o ­
d u c e d  b y  u s i n g  a  c o m m e r c i a l  p r o t e a s e  w i t h  1 8  h r  
o f  s p o n g e  f e r m e n t a t i o n .

A m in o  a c id s
f i M / g  ( d r y  b a s i s )

10 m g  p r o te a s e 200 m g  p r o te a s e

A s p a r t i c  a c i d 0 .0 4 0 0 .1 1 7
T h r e o n i n e 0 .0 1 5 0 .1 1 0
S e r i n e 0 .1 0 0 0 .2 7 0
G l u t a m i c  a c i d 0 .1 0 0 0 .1 7 5
P r o l i n e 0 .1 6 0 0 .5 4 0
G l y c i n e 0 .0 6 2 0 .1 9 0
A l a n i n e 0 .3 1 0 1 .0 9 0
V a l i n e 0 .0 4 0 0 .2 0 8
M e t h i o n i n e 0 .0 3 0
I s o l e u c i n e 0 .0 2 0 0 .1 2 0
L e u c i n e 0 .0 2 5 0 .3 2 0
T y r o s i n e 0 .0 1 5 0 .0 7 5
P h e n y l a l a n i n e 0 .0 1 0 0 .1 2 6
T  r y p t o p h a n 0 .0 9 8
L y s i n e 0 .0 3 5 0 .2 2 5
H i s t i d i n e 0 .0 7 0
A r g i n i n e 0 .0 3 5 0 .3 9 0
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in alanine and proline. The increased in­
tensity of the flavor of the soda crackers 
made with the protease or the extended fer­
mentation time may be due, in fact, to the 
increased amount of proline which is known 
to produce a specific cracker flavor (Wise- 
blatt and Zoumut, 1963; Morimoto and 
Johnson, 1966). According to those work­
ers, the cracker flavor produced from pro­
line is highly polar and may be bound to 
any sites in the cracker or the bread. It is 
believed that cracker flavor is somewhat 
different from bread flavor. Naturally, alde­
hydes also may be produced in soda cracker 
baking by Maillard-type reaction, but these 
products may escape from crackers readily 
during baking at a high temperature, even 
though the reaction occurs. In this connec­
tion, the specific flavor produced from pro­
line should be studied further in the future.

Changes in the amino acids during bread 
dough fermentation and baking. Since 
bread dough fermentation and baking are 
different from those in cracker production, 
a few experiments were performed to follow 
changes in the amino acid content of bread
dough and the baked bread. The data are
summarized in Table 6. Exception for pro­
line and glycine, the amino acids decreased 
during a 6-hr fermentation of the French- 
type bread. The situation may be different 
from that with other types of bread using

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

_________________ f t M / g  (d ry  b a s is )____________
D o u g h ________  ________B r e a d

A m in o  a c id s 0 h r 6 h r C ru m b C r u s t
A s p a r t i c  a c i d 0 .5 5 0 0 .0 5 0 0 .0 6 7 0 .0 2 8
T h r e o n i n e  ) 0 .0 6 0 0 .0 7 5 0 .0 2 7
S e r i n e  ( 1 .0 7 5 0 .0 6 5 0.100 0 .0 4 2
G l u t a m i c  a c i d 0 .5 7 7 0 .1 0 8 0 .2 8 0 0 .0 9 8
P r o l i n e 0 .0 7 8 0.102 0 .1 3 2 0 .0 7 5
G l y c i n e 0 .1 7 2 0 .2 5 8 0 .3 2 0 0 .1 4 2
A l a n i n e 1 .0 7 5 0 .0 6 5 0 .1 7 7 0 .0 7 8
V a l i n e 0 .2 0 5 0 .0 5 0 0.022
M e t h i o n i n e 0 .0 4 0 0 .0 0 8 0.010 0.002
I s o l e u c i n e 0.100 0 .0 2 5 0.012
L e u c i n e 0 .1 4 0 0 .0 4 0 0 .0 5 2 0.022
T y r o s i n e 0 .0 7 7 0 .0 1 5 0 .0 0 5
P h e n y l a l a n i n e 0 .0 9 0 0 .0 1 7 0 .0 0 8
T r y p t o p h a n 0 .2 8 8 0 .0 4 8 0 .0 3 2 0 .0 1 5
L y s i n e 0 .1 2 8 0.112 0 .1 7 7 0 .0 7 5
A r g i n i n e 0 .1 4 2 0.100 0 .0 6 0 0 .0 5 2

different formulation and fermentation times 
that do not exceed 4 hr.

In baked bread, the amino acids decreased 
in the crust compared to the crumb. This 
might be expected since the Maillard reac­
tion is much more pronounced in the crust 
(Linko and Johnson. 1963). Kretovich and 
Ponomareva (1961) observed little changes 
in the free amino acids in white bread doughs 
fermented 3 hr, but they did observe that 
the amino acids decreased more in the crust 
than in the crumb during baking of both 
white and rye breads.
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Gas Chromatographic Determination of Pentachlorophenol 
and Sodium Pentachlorophenate Residues in Fruits

S U M M A R Y
A s e n s i t iv e  p r o c e d u r e  f o r  t h e  d e t e r m i n a t i o n  

o f  p e n t a c h l o r o p h e n o l  a n d  s o d iu m  p e n t a c h l o r o ­
p h e n a t e  r e s i d u e s  o n  f r u i t s  b y  e l e c t r o n - c a p t u r e  
g a s  c h r o m a t o g r a p h y  is  d e s c r i b e d .  I n  t h i s  
m e t h o d  s o d iu m  p e n t a c h l o r o p h e n a t e  is  c o n ­
v e r t e d  to  p e n t a c h l o r o p h e n o l  in  a c id  s o lu t i o n  
p r i o r  to  a n a ly s i s .  T h e  p e n t a c h l o r o p h e n o l  is  
t h e n  m e t h y l a t e d  w i th  d i a z o m e t h a n e ,  a n d  is  
a n a ly z e d  a s  t h e  m e t h y l  e t h e r  b y  e l e c t r o n - c a p t u r e  
g a s  c h r o m a t o g r a p h y .  A s l i t t l e  a s  0 .0 1  p p m  c a n  
h e  d e t e c t e d ,  w i th  r e c o v e r y  v a lu e s  r a n g i n g  f r o m  
7 6  to  9 0 % .

INTRODUCTION
Pentachlorophenol (PC P) and sodium 

pentachlorophenate (SPC P) are used on a 
variety of food crops to control various 
fungus diseases. These chemicals, particu­
larly PCP, are also used in some areas as 
preplanting herbicides. Several colorimetric 
procedures are available for detecting PCP 
and SPCP residues (Monsanto Chemical 
Co.. 1961 ), but these methods are not par­
ticularly sensitive and it is difficult to adapt 
them in the laboratory for large numbers of 
samples.

Chlorophenols are readily converted to 
methyl ethers by reacting them with diazo­
methane. These methyl derivatives are then 
easily detected by thermal-conductivity gas 
chromatography (Kanazawa, 1963). The 
present paper describes a simple but sensi­
tive procedure for the extraction and gas 
chromatographic determination of PCP and 
SPCP residues on a variety of fruits. In this 
method the water-soluble SPCP is first con­
verted to PCP in an acid solution. The re­
sulting PCP residues are extracted with 
benzene, methylated with diazomethane, and 
analyzed by electron-capture, gas chromatog­
raph)-. PCP residues are extracted directly 
with benzene, followed by methylation and 
analysis by electron-capture gas chromatog­
raphy.

" P r e s e n t  a d d r e s s  : D e p a r t m e n t  o f  A g r i c u l t u r a l  
E n g i n e e r i n g ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  D a v i s ,  C a l i ­
f o r n i a  9 5 6 1 6 .

MATERIALS AND EQUIPMENT
Gas chromatograph and recorder. U s e d  l o r  a l l  

a n a l y s e s  w a s  a n  A e r o g r a p h  H y - F i  g a s  c h r o m a t o ­
g r a p h  ( M o d e l  6 0 0 R ,  W i l k i n s  I n s t r u m e n t  a n d  R e ­
s e a r c h ,  I n c . )  e q u i p p e d  w i t h  a n  e l e c t r o n - c a p t u r e  
d e t e c t o r .  T h e  d e t e c t o r ,  w h i c h  i s  p a r t i a l l y  e x p o s e d  
t o  t h e  o u t s i d e  o f  t h e  i n s t r u m e n t ,  w a s  c o v e r e d  w i t h  
a  s m a l l  w i d e - m o u t h  v a c u u m  b o t t l e  t o  a v o i d  e x t r e m e  
t e m p e r a t u r e  f l u c t u a t i o n s .  T h e  s i g n a l  f r o m  t h e  d e ­
t e c t o r  w a s  s u p p l i e d  t o  a  1 - m v  B r o w n  r e c o r d e r  
h a v i n g  a  1 - s e c o n d  p e n  r e s p o n s e .  R e c o r d e r  s p e e d  
w a s  1 i n c h / m i n .

Column and operating conditions. S p i r a l - s h a p e d  
P y r e x  g l a s s ,  ( f s - i n c h - O D  x  5 - f t - l o n g  c o l u m n  p u r ­
c h a s e d  f r o m  W i l k i n s  I n s t r u m e n t  a n d  R e s e a r c h  
I n c . ,  w a s  p a c k e d  w i t h  s ' .y  D o w  11 ( w . / w )  s i l i c o n e  
o i l  o n  a c i d - w a s h e d  6 0 / 8 0 - m e s h  C h r o i n o s o r h  W .

C o l u m n  t e m p e r a t u r e  w a s  m a i n t a i n e d  a t  1 8 0 ° C ,  
t h e  i n j e c t i o n  p o r t  a t  1 9 5 ° C .  T h e  n i t r o g e n  c a r r i e r  
g a s  w a s  p a s s e d  t h r o u g h  a  s m a l l  m o l e c u l a r - s i e v e  
f i l t e r  ( W i l k i n s  I n s t r u m e n t  a n d  R e s e a r c h ,  I n c . )  a n d  
w a s  r e g u l a t e d  t o  p r o v i d e  a  f l o w  r a t e  o f  2 5  c c / n i i n  
t h r o u g h  t h e  c o l u m n .

Planimeter. A  c o m p e n s a t i n g  p o l a r  p l a n i m e t e r  
( K e u f f e l  a n d  l e s s e r  C o . ,  m o d e l  X o .  6 2 0 0 1 5 )  w a s  
u s e d  t o  m e a s u r e  t h e  a r e a  w i t h i n  t h e  b o u n d a r i e s  o f  
t h e  r e c o r d e r  r e s p o n s e  c u r v e .

Reagents. R e a g e n t s  w e r e  r e d i s t i l l e d  r e a g e n t -  
g r a d e  b e n z e n e  ; r e d i s t i l l e d ,  r e a g e n t - g r a d e  h e x a n e  ; 
s o d i u m  p e n t a c h l o r o p h e n a t e  s t a n d a r d ;  p e n t a c h l o r o ­
p h e n o l  s t a n d a r d ;  d i a z o m e t h a n e — p r e p a r e d  b y  t h e  
m e t h o d  d e s c r i b e d  b y  M a r q u a r d t  e t  al. ( 1 9 6 4 ) .

PROCEDURE
Preparation of standard, curve. P r e p a r e  a  

s t a n d a r d  s t o c k  s o l u t i o n  c o n t a i n i n g  5  n a n o g r a m s ,  m l  
o f  P C P  in  b e n z e n e .  A  1 - m l  p o r t i o n  i s  t r a n s f e r r e d  
t o  a  t e s t  t u b e  a n d  e v a p o r a t e d  t o  d r y n e s s  i n  a  w a t e r  
b a t h  a t  6 0 - 7 0 ° C . I f  n e c e s s a r y ,  d i r e c t  a  f i n e  s t r e a m  
o f  p u r e  d r y  a i r  i n t o  t h e  t u b e  t o  a c c e l e r a t e  e v a p o ­
r a t i o n .

A d d  d i a z o m e t h a n e ,  d r o p  b y  d r o p ,  t o  t h e  t e s t  
t u b e  u n t i l  t h e  y e l l o w  c o l o r  p e r s i s t s .  S h a k e  t h e  
t u b e  g e n t l y  a n d  t h e n  e v a p o r a t e  t o  d r y n e s s  a g a i n  
in  t h e  w a t e r  h a t h .  M a k e  s e p a r a t e  i n j e c t i o n s  o f  
1 , 2 ,  3 ,  4 , a n d  5 /¿I r e s p e c t i v e l y  c o n t a i n i n g  5 0 ,  1 0 0 ,  
1 5 0 ,  2 0 0 ,  a n d  2 5 0  p e g  o f  t h e  m e t h y l a t e d  P C P .  T h e  
a r e a  u n d e r  t h e  c u r v e  : s  t h e n  d e t e r m i n e d  a n d  t h e  
a v e r a g e  a r e a  o f  t h r e e  i n j e c t i o n s  f o r  e a c h  a l i q u o t  
i s  p l o t t e d  a g a i n s t  t h e  c o n c e n t r a t i o n .  T h e  m e t h y l a ­
t i o n  o f  P C P  w i t h  d i a z o m e t h a n e  i s  q u a n t i t a t i v e  
( K a n a z a w a ,  1 9 6 3 ) .
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A  P C P  m e t h y l  e t h e r  s t a n d a r d  c a n  a l s o  b e  p r e ­
p a r e d  f r o m  S P C P .  T h i s  c a n  b e  a c c o m p l i s h e d  a s  
f o l l o w s : P r e p a r e  a  s o l u t i o n  c o n t a i n i n g  5  n a n o -
g r a m s / m l  o f  S P C P  i n  d e i o n i z e d  w a t e r .  T r a n s f e r  
1 0  m l  o f  t h e  s o l u t i o n  t o  a  1 2 5 - m l  s e p a r a t o r y  f u n n e l ,  
a n d  a d d  1 m l  o f  0 .1  N  s u l f u r i c  a c i d .  S h a k e  w e l l .  
I n  t h i s  s t e p  S P C P  i s  c o n v e r t e d  t o  P C P .  E x t r a c t  
t h e  P C P  t h u s  f o r m e d  f r o m  t h e  s o l u t i o n  w i t h  1 0  m l  
o f  b e n z e n e .  R e m o v e  a n d  d i s c a r d  t h e  l o w e r  l a y e r  
( w a t e r ) .  D e c a n t  t h e  b e n z e n e  ( u p p e r  p h a s e )  i n t o  

a  s m a l l  E r l e n m e y e r  f l a s k  a n d  d r y  t h e  s o l v e n t  e x ­
t r a c t  w i t h  a b o u t  5 g  o f  a n h y d r o u s  s o d i u m  s u l f a t e .  
T r a n s f e r  1 m l  o f  t h e  s o l u t i o n  t o  a  t e s t  t u b e  a n d  
e v a p o r a t e  t o  d r y n e s s .  S u b s e q u e n t  t r e a t m e n t  o f  t h e  
s t a n d a r d  i s  t h e  s a m e  a s  d e s c r i b e d  a b o v e  f o r  P C P .

I n  p r e p a r i n g  a  P C P  m e t h y l  e t h e r  s t a n d a r d  f r o m  
S P C P ,  s o m e  l o s s  m a y  o c c u r  d u r i n g  t h e  e x t r a c t i o n  
p r o c e s s .  I f  t h i s  m e t h o d  o f  p r e p a r i n g  t h e  s t a n d a r d  
i s  u s e d ,  t h e  s o l u t i o n  s h o u l d  b e  c o m p a r e d  d i r e c t l y  
t o  a  k n o w n  s a m p l e  o f  P C P  m e t h y l  e t h e r  t o  d e t e r ­
m i n e  i f  a n y  l o s s  d u e  t o  t h e  e x t r a c t i o n  p r o c e s s  d o e s  
o c c u r .  H o w e v e r ,  r e p e a t e d  c o m p a r i s o n s  in  t h i s  
l a b o r a t o r y  h a v e  s h o w n  t h a t  a n y  s u c h  l o s s  i s  u s u a l l y  
i n s i g n i f i c a n t .

Extraction method. M a c e r a t e  a  r e p r e s e n t a t i v e  
s a m p l e  o f  a p p r o x i m a t e l y  5 0 0  g  i n  a  f o o d  c h o p p e r .  
I n  t h i s  l a b o r a t o r y ,  c r o p  s a m p l e s  a r e  m a c e r a t e d  in  
a  H o b a r t  f o o d  c h o p p e r ,  a l t h o u g h  a n y  t y p e  o f  
h o m o g e n i z i n g  o r  c h o p p i n g  e q u i p m e n t  w o u l d  p r o b ­
a b l y  b e  s a t i s f a c t o r y .  T r a n s f e r  10 0 ' g  o f  t h e  c h o p p e d  
s a m p l e  t o  a 1 - g a l l o n  t i n  c a n  e q u i p p e d  w i t h  a  m e t a l  
b a f f l e  f o r  m i x i n g .  W e t  t h e  s a m p l e  t h o r o u g h l y  w i t h  
a c i d i f i e d  d i s t i l l e d  w a t e r  ( 0 . 1  m l  H . S O i  in  1 0 0  m l  
d i s t i l l e d  w a t e r ) ,  f o l l o w e d  b y  t h e  a d d i t i o n  o f  2  m l  
b e n z e n e  f o r  e a c h  g r a m  o f  s a m p l e  in  t h e  c a n .  A  
r a t i o  a s  g r e a t  a s  4  m l  b e n z e n e  t o  1 g  o f  s a m p l e  c a n  
a l s o  b e  u s e d .  A f t e r  t h e  a d d i t i o n  o f  b e n z e n e ,  s e a l  
t h e  c a n  t i g h t l y  a n d  r o l l  o n  a  m e c h a n i c a l  r o l l e r  
( 3 5  r p m )  f o r  3 0  m in .

F o r  r e c o v e r y  s t u d i e s ,  f o r t i f y  t h e  s a m p l e s  w i t h  
S P C P  ( o r  P C P )  b e f o r e  w e t t i n g  t h e m  w i t h  t h e  
a c i d i f i e d  d i s t i l l e d  w a t e r .  A f t e r  t h e  r o l l i n g  p r o c e ­
d u r e  t h e  c a n s  s h o u l d  n o t  b e  o p e n e d  f o r  a t  l e a s t  1 0  
m i n ,  in  o r d e r  t o  p e r m i t  d i s p e r s i o n  o f  a n y  e m u l s i o n  
w h i c h  m a y  b e  f o r m e d  d u r i n g  t h e  e x t r a c t i o n  p r o ­
c e s s .  A f t e r  t h e  1 0 - m i n  w a i t i n g  p e r i o d ,  d e c a n t  t h e  
m i x t u r e  i n t o  a  b e a k e r  c o n t a i n i n g  2 0 0  g  o f  a n h y d r o u s  
s o d i u m  s u l f a t e  a n d  m i x  t h o r o u g h l y .  F i l t e r  t h e  
m i x t u r e  t h r o u g h  f l u t e d  f i l t e r  p a p e r  a n d  s t o r e  t h e  
e l u a t e  i n  a  t i g h t l y  s e a l e d  b o t t l e  u n t i l  a n a l y z e d .

Removal of interfering substances. S i n c e  e x ­
t r a c t s  o f  a p p l e s  d o  n o t  c o n t a i n  a n y  s u b s t a n c e s  w h i c h  
i n t e r f e r e  in  t h e  g a s  c h r o m a t o g r a p h i c  a n a l y s e s  o f  
t h e  s a m p l e s ,  n o  c l e a n u p  p r o c e d u r e  is  r e q u i r e d  p r i o r  
t o  a n a l y s i s .  H o w e v e r ,  a l m o n d  e x t r a c t  h a s  p r e ­
s e n t e d  a  s o m e w h a t  g r e a t e r  p r o b l e m .  F o r  t h e s e

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

Sulfuric acid treatment. T r a n s f e r  a  p o r t i o n  o f  
t h e  e x t r a c t  e q u i v a l e n t  t o  1 0  g  o f  c r o p  t o  a  1 2 0 - i n l  
s e p a r a t o r y  f u n n e l  a n d  a d d  3  m l  o f  c o n c e n t r a t e d  
r e a g e n t  g r a d e  s u l f u r i c  a c i d .  S t o p p e r  a n d  s h a k e  
g e n t l y  f o r  1 m i n .  A l l o w  a m p l e  t i m e ,  a b o u t  1 0  m in ,  
f o r  t h e  p h a s e s  t o  s e p a r a t e ,  a n d  t h e n  r e m o v e  a n d  
d i s c a r d  t h e  l o w e r  ( a c i d )  l a y e r .  T h e  e m u l s i f i e d  
u p p e r  l a y e r  i s  r e t a i n e d  i n  t h e  f u n n e l .  R e p e a t  t h i s  
s t e p  t w i c e  u s i n g  3  m l  o f  s u l f u r i c  a c i d  f o r  e a c h  w a s h ­
i n g .  T h e n  w a s l t  t h e  u p p e r  p h a s e  s u c c e s s i v e l y  w i t h  
f o u r  1 0  m l - p o r t i o n s  o f  d e i o n i z e d  w a t e r .  S h a k e  t h e  
f u n n e l  v i g o r o u s l y  a n d  d i s c a r d  t h e  w a t e r  w h i c h  
c o l l e c t s  a t  t h e  b o t t o m  a f t e r  e a c h  a d d i t i o n .  D e c a n t  
t h e  u p p e r  p h a s e  i n t o  a  1 2 5 - m l  E r l e n m e y e r  f l a s k  
c o n t a i n i n g  1 5  g  o f  a n h y d r o u s  s o d i u m  s u l f a t e  a n d  
m i x  t h o r o u g h l y .

Evaporation and determination. T r a n s f e r  1 m l  
o f  t h e  b e n z e n e  e x t r a c t  t o  a  t e s t  t u b e  a n d  e v a p o r a t e  
t o  d r y n e s s  i n  a  w a t e r  b a t h  h e l d  a t  6 0 - 7 0 °  C .  I f  
n e c e s s a r y ,  d i r e c t  a  f i n e  s t r e a m  o f  c l e a n  d r y  a i r  i n t o  
t h e  s o l v e n t  t o  a c c e l e r a t e  t h e  e v a p o r a t i o n .  A d d  t h e  
d i a z o m e t h a n e  e t h e r e a l  s o l u t i o n  d r o p  b y  d r o p  i n t o  
t h e  t e s t  t u b e  u n t i l  t h e  y e l l o w  c o l o r  p e r s i s t s .  S h a k e  
t h e  t e s t  t u b e  g e n t l y  a n d  t h e n  e v a p o r a t e  t h e  s o l v e n t  
a g a i n  i n  t h e  w a t e r  b a t h .  W h e n  t h e  e v a p o r a t i o n  i s  
c o m p l e t e ,  a d d  1 m l  o f  h e x a n e  a n d  s h a k e  w e l l .  
I n j e c t  1 - 5  /¿I o f  t h e  r e s u l t i n g  h e x a n e  s o l u t i o n  i n t o  
t h e  g a s  c h r o m a t o g r a p h .  T h e  p e a k  a r e a  f o r  e a c h  
s a m p l e  i s  m e a s u r e d  a n d  c o m p a r e d  w i t h  t h e  s t a n d a r d  
c u r v e .

RESULTS AND DISCUSSION
In this procedure the water-soluble salt 

of pentachlorophenol (P C P ), sodium penta- 
chlorophenate (SPC P), is converted in acid 
solution to pentachlorophenol prior to its 
extraction with benzene. This step was nec­
essary to avoid using water as the extracting 
solvent, which would have removed large 
quantities of interfering substances. Thus, 
the conversion of SPCP to PCP, followed 
by extraction with benzene, reduced the 
amounts of interfering plant substances in 
the final extracts. The loss of SPCP resi­
dues in the conversion and extraction process 
was less than 5%.

The response of the electron capture de­
tection system to the methyl ether of PCP 
was measured over a wide range and ex­
hibited a linear curve (area vs. concentration 
plot) from 50 to 350 picograms.

Use of the electron capture rather than 
the thermal conductivity detector extended 
the quantity of PCP methyl ether which
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F i g .  1 . C h r o m a t o g r a m  o f  P C P  m e t h y l  e t h e r  
s t a n d a r d .  T h e  r e s p o n s e  r e p r e s e n t s  1 0  p i c o g r a m s  
o f  P C P  m e t h y l  e t h e r .

TIME IN MINUTES

F i g .  2 .  C h r o m a t o g r a m  o f  P C P  m e t h y l  e t h e r  in  
a p p l e  e x t r a c t .  S a m p l e  f o r t i f i e d  w i t h  S P C P  a n d  
c o n v e r t e d  t o  P C P  m e t h y l  e t h e r .

could be detected from several micrograms 
to a few picograms. This reduced the quan­
tity of material which had to be extracted,
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F i g .  3 .  C h r o m a t o g r a m s  o f  a l m o n d  e x t r a c t s : 
a )  u n t r e a t e d  c o n t r o l  s a m p l e ; b )  u n t r e a t e d  c o n t r o l  
s a m p l e  f o r t i f i e d  w i t h  0 . 0 4  p p m  o f  P C P .  A  1 - f d  
a l i q u o t  o f  e a c h  e x t r a c t ,  e q u i v a l e n t  t o  5 0 0  / t g  o f  
a l m o n d s ,  w a s  c h r o m a t o g r a p h e d .
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and increased the overall sensitivity of the 
method.

Recoveries of SPCP residues ranged from 
76 to 90%, when fortified control samples 
were analyzed (Table 1). The overall av­
erage recovery for all fruits (almonds, cher­
ries, peaches, prunes, apricots, and apples) 
was 84%. As little as 0.01 ppm was detected 
with considerable reliability. Fig. 1 shows

T a b l e  1 . R e c o v e r y  s t u d y  o f  S P C P  f r o m  v a r i o u s  
f r u i t s ."

F r u i t
ppm R e c o v e r y

(7> )
A v . re e . 

( ' / > )A d d e d F o u n d

D r a k e  a l m o n d  11 1 )  0 .5 0 0 . 4 0 8 0
2 )  0 .5 0 0 .4 2 8 4 8 0
3 )  0 .5 0 0 .3 8 7 6

B i n g  c h e r r y 1 )  0 .5 0 0 . 4 4 8 8
2 )  0 .5 0 0 . 4 6 9 2 8 9
3 )  0 .5 0 0 . 4 4 8 8

P e a c h 1 )  0 .5 0 0 .4 2 8 4
2 )  0 .5 0 0 .4 3 8 6 8 4
3 )  0 .5 0 0 .4 1 8 2

F r e n c h  p r u n e 1 )  0 .5 0 0 .4 5 9 0
2 )  0 .5 0 0 . 4 4 8 8 8 8
3 )  0 .5 0 0 .4 3 8 6

R o y a l  a p r i c o t 1 )  0 .5 0 0 .4 1 8 2
2 )  0 . 5 0 0 . 4 2 8 4 8 1
3 )  0 .5 0 0 . 3 9 7 8

A p p l e 1 )  0 .5 0 0 .4 1 8 2
2 )  0 . 5 0 0 .4 1 8 2 8 3
3 )  0 .5 0 0 . 4 2 8 4

O v e r a l l  a v . 8 4 %

* S P C P  d e t e r m i n e d  a s  P C P  m e t h y l  e t h e r  b y  g a s  
c h r o m a t o g r a p h y .

" R e q u i r e d  s u l f u r i c  a c i d  c l e a n u p  p r o c e d u r e .

the response given by 10 picograms of PCP 
after conversion to its methyl ether.

A negligible amount of interfering sub­
stances was found in untreated control sam­
ples of cherries, peaches, prunes, apricots, 
and apples. These samples were analyzed 
directly following the methylation step with­
out additional cleanup. The response curve 
of an apple extract, fortified with 0.2 ppm 
SPCP is shown in Fig. 2. The aliquot in­
jected into the gas chromatograph contained 
an equivalent of 20 picograms of SPCP.

Additional cleanup was required for the 
almond extracts since they contained large 
quantities of interfering substances. The sul­
furic acid washing procedure was adequate 
to remove these substances (Fig. 3a). The 
small peak which has the same retention 
time (6 min) as PCP methyl ether repre­
sents less than 0.004 ppm of interfering sub­
stances. Fig. 3b shows the results obtained 
with a fortified control sample treated with 
sulfuric acid.
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Protein Changes Related to Ham Processing Temperatures
I. Effect of Time-Temperature on Amount and 

Composition of Soluble Proteins

S U M M A R Y
K n o w le d g e  o f  p r o t e i n  c h a n g e s  p r o d u c e d  b v  

h e a t  is  b a s ic  to  t h e  d e v e l o p m e n t  o f  a  n e e d e d  
a n a ly t i c a l  m e t h o d  f o r  d e t e r m i n i n g  w h e th e r  
c a n n e d  m e a t s  h a v e  b e e n  p a s t e u r i z e d  a t  h ig h  
e n o u g h  t e m p e r a t u r e s .  G r o u n d  c u r e d  u n c o o k e d  
b a r n  w a s  h e a t e d ,  w i th  d i f f e r e n t  p r o g r a m m i n g ,  
to  t e m p e r a t u r e s  u p  to  1 6 5 ° F ;  a n d  t h e  i n f l u e n c e  
o f  t h e  t r e a t m e n t s  o n  t h e  a m o u n t  a n d  c o m p o s i ­
t i o n  o f  p r o t e i n s  s o lu b l e  i n  0 . 9 %  N a C l s o lu t i o n  
w a s  d e t e r m i n e d .  R a t e  o f  h e a t i n g  a s  w e l l  a s  
t h e  t e m p e r a t u r e  r e d u c e d  t h e  a m o u n t  o f  e x ­
t r a c t a b l e  p r o t e i n .  F r a c t i o n a t i o n  o f  s o lu b l e  p r o ­
t e in s  b y  d is c  e l e c t r o p h o r e s i s  s h o w e d  f iv e  c o m ­
p o n e n t s  to  b e  r e l a t iv e ly  r e s i s t a n t  to  h e a t  c o a g u ­
l a t i o n .  O n e  o f  th e s e  c o m p o n e n t s  w a s  i d e n t i ­
f ie d  a s  a n  a c id  p h o s p h a t a s e .

INTRODUCTION
In quality control and regulatory work 

there exists a need for an easily applied sim­
ple laboratory technique for determining the 
temperature to which a heat-treated meat 
product has been processed. This is very im­
portant with products imported into the 
United States, to ensure that the tempera­
tures applied are high enough to meet re­
quirements. With domestic products also, 
there are regulations which require heating 
to. or above, specified temperatures. Qual­
ity-control laboratories in industry should 
often make similar determinations, both to 
assure compliance with regulations and to 
maintain quality standards.

A method of determining maximum tem­
perature attained in heat processing has been 
devised in this country, although not pub­
lished, and applied both here and in some 
European laboratories. It depends on heat­
ing a solution prepared by extracting the 
meat product with 0.9% NaCl and observing 
the temperature at which a flocculent precipi­
tate is formed. Within limits, this tempera­
ture corresponds to the highest temperature 
reached internally when the product is proc­
essed. Improvement of the above method, or 
the development of a new method, to obtain
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closer correlation between analysis and ac­
tual processing temperatures is highly 
desirable.

The components of meat muscle have been 
described by Smith (1934, 1937), Szent- 
Gyôrgyi (1951), Dubuisson (1954), and 
Mommaerts (1950, 19581. Rabbit myosin 
is reported to denature in solution when 
heated to 105-115°F (Smith. 1937), and 
actomvosin when heated to 113-127°F for
3-12 min (Locker, 1956). Globulin X has 
been reported to denature on standing at 
room temperature (Smith, 1937). Myogen, 
which contains many of the enzymes of gly­
colysis and of the tricarboxylic acid cycle, 
denatures, in part, upon standing. However, 
some of these enzymes are known to lie rela­
tively heat-stable. Myoalbumin, which has 
not been studied to any great extent in the 
last 30 years, exhibited a series of dénatura­
tion “points" at 120, 132, 145, 161, 176, and 
194°F (Smith, 1937; Jacob, 1947). In these 
investigations the solution was filtered free 
of coagulum ( denatured protein ) after each 
temperature was reached, and the heating 
was continued to higher temperatures until 
a further coagulum was reached. The multi­
plicity of dénaturation temperatures could 
possibly he explained by the fact that the 
myoalbumin used was contaminated with 
proteins, possibly those generally referred to 
as myogen.

The above background indicates that myo­
sin. actomyosin, globulin X, and part of the 
myogen group are denatured at lower tem­
peratures than those used in heat-processing 
meat. A more accurate knowledge of the 
heat dénaturation of the relatively heat-stable 
proteins would he useful in developing an 
index of thermal processing. In preliminary 
experiments, results showed that temperature 
and content of proteins soluble in low ionic 
strength (0.15) were closely related. If not 
these proteins collectively, identification of 
one which denatures on heating in the tern-
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perature range of processing should be a 
possibility. For example, phosphatase activ­
ity indicates the processing time-temperatures 
applied to milk (Sanders and Sager, 1947). 
Data available on the acid phosphatase of 
meat suggest that it is similarly denatured as 
a function of time and temperature (Kor- 
mendy and Gantner, 1960). Accordingly, an 
investigation of the heat dénaturation of pro­
teins soluble in 0.9 c/ c  NaCl has been con­
ducted, of which the presently reported study 
was the initial phase. The present paper 
deals with changes in the solubility of pro­
teins on heating cured uncooked ham to dif­
ferent temperatures with various rates of 
heating. The electrophoretic analysis of un­
coagulated (relatively heat-stable) compo­
nents was conducted. One of these com­
ponents was identified as a muscle acid 
phosphatase.

EXPERIMENTAL PROCEDURE
Sample preparation. A  1 5 - l b  b o n e l e s s  h a m  w a s  

c u r e d  a t  a  l o c a l  p r o c e s s i n g  p l a n t  f o r  f i v e  d a y s .  T h e  
a r t e r i a l  p u m p i n g  m e t h o d  w a s  u s e d  t o  i n j e c t  1 0 %  
b y  w e i g h t  o f  6 8 °  p i c k l e  ; t h i s  w a s  a l s o  t h e  s t r e n g t h  
o f  t h e  c o v e r i n g  p i c k l e .  T h e  m e a t  w a s  t r i m m e d  f r e e  
o f  a l l  b u t  t h e  i n t e r s t i t i a l  f a t ,  g r o u n d  i n  a  m e a t  
g r i n d e r  i n  a  c o l d  r o o m  a t  3 7 °  F ,  a n d  t h e n  t h o r ­
o u g h l y  m i x e d .  G r o u n d  m e a t  w a s  u s e d  t o  m i n i m i z e  
t h e  d i f f e r e n c e s  i n  c o m p o s i t i o n  a n d  v a r i a t i o n  o f  
h e a t  p e n e t r a t i o n  t h a t  c o u l d  b e  e x p e c t e d  i f  s a m p l e s  
f o r  a n a l y s i s  w e r e  t a k e n  f r o m  e i t h e r  t h e  w h o l e  h a m  
o r  t h e  i n d i v i d u a l  m u s c l e s .

T w e n t y - f i v e - g r a m  s a m p l e s ,  in  d u p l i c a t e ,  w e r e  
p l a c e d  in  i n d i v i d u a l  s t a i n l e s s - s t e e l  c e n t r i f u g e  c u p s  
( a p p r o x i m a t e l y  1 X 6  i n c h e s ) ,  p a c k e d  t i g h t l y ,  a n d  
c o v e r e d  w i t h  a l u m i n u m  f o i l  t o  m i n i m i z e  e v a p o r a t i o n .  
T h e s e  s a m p l e s  w e r e  h e a t e d  t o  a n  i n t e r n a l  t e m p e r a ­
t u r e  o f  1 6 5 ° F  a n d  s a m p l e s  w e r e  w i t h d r a w n  f o r  
a n a l y s i s  a t  1 2 0 ,  1 3 0 ,  1 4 0 ,  1 5 0 ,  1 6 0 ,  a n d  1 6 5 ° F .  
T h e s e  t e m p e r a t u r e s  c o r r e s p o n d  t o  t h e  r a n g e  t h a t  
w o u l d  p r o d u c e  u n d e r c o o k e d ,  p r o p e r l y  c o o k e d ,  a n d  
s l i g h t l y  o v e r c o o k e d  p r o d u c t s  i n  p r o c e s s i n g .  F i v e  
h e a t i n g  p r o g r a m s  w e r e  o b t a i n e d  b y  s t a r t i n g  t h e  
c o o k i n g  b a t h  a t  8 4 ,  1 0 0 ,  1 2 0 ,  1 4 0 ,  a n d  1 7 0 ° F  ( P r o ­
g r a m s  A - E ,  r e s p e c t i v e l y ,  i n  F i g .  1 ) ,  t h e n  i n c r e a s ­
i n g  t h e  b a t h  t e m p e r a t u r e s  t o  a  m a x i m u m  t e m p e r a ­
t u r e  o f  1 7 0 ° F  b y  s e t t i n g  t h e  t e m p e r a t u r e - c o n t r o l  
u n i t  t o  m a x i m u m ,  a n d  h e a t i n g  u n t i l  t h e  a b o v e -  
m e n t i o n e d  i n t e r n a l  t e m p e r a t u r e s  w e r e  o b t a i n e d .  
T h e  c o o k e d  s a m p l e s  w e r e  a m b i e n t - a i r - c o o l e d  ( r o o m  
t e m p e r a t u r e  8 4 ° F )  f o r  1 0  m i n ,  r e m o v e d  f r o m  t h e  
t u b e s ,  a n d  p l a c e d  in  a  5 0 0 - m l - c a p a c i t y  t w o - s p e e d  
b l e n d e r  w i t h  a n  e q u a l  w e i g h t  o f  0 .9 %  N a C l .  E a c h

F i g .  1 . T i m e  r e q u i r e d  t o  o b t a i n  s e l e c t e d  i n t e r n a l  
t e m p e r a t u r e s  i n  c u r e d  m e a t  s a m p l e s  b y  v a r y i n g  
i n i t i a l  b a t h  t e m p e r a t u r e s .  H e a t i n g  f o r  p r o g r a m s  
A ,  B ,  C ,  D ,  a n d  E ,  r e s p e c t i v e l y  b e g u n  a t  8 4 ,  1 0 0 ,  
1 2 0 ,  1 4 0 ,  a n d  1 7 0 ° F .

m i x t u r e  w a s  h o m o g e n i z e d  f o r  2 0  s e c  ( 1 0  s e c  h i g h  
s p e e d ,  a n d  1 0  s e c  l o w  s p e e d ) ,  t r a n s f e r r e d  t o  a  
b e a k e r ,  c o v e r e d  w i t h  p o l y e t h y l e n e  f i l m ,  a n d  h e l d  a t  
r o o m  t e m p e r a t u r e  f o r  a  3 0 - m i n  e x t r a c t i o n .  T h e  p H  
w a s  r e c o r d e d  a t  t h i s  t i m e  w i t h  a  s i n g l e - p r o b e  e l e c ­
t r o d e  c a l i b r a t e d  a t  p H  6 .5  a n d  8 4 °  F .  T h e  m i x t u r e s  
w e r e  t h e n  c e n t r i f u g e d  a t  3 2 , 8 0 0  X  G  i n  a  r e f r i g e r ­
a t e d  c e n t r i f u g e  f o r  3 0  m i n .  T h e  s u p e r n a t a n t  f r a c ­
t i o n s ,  w h i c h  c o n t a i n e d  s o m e  f a t  f l o a t i n g  o n  t h e  s u r ­
f a c e ,  w e r e  r e m o v e d  w i t h  a  l o n g  c a n n u l a ,  a n d  t h e n  
f u r t h e r  c l a r i f i e d  in  a  r e f r i g e r a t e d  c e n t r i f u g e  a t  
3 2 ° F  a t  1 3 0 , 0 0 0  X  G  f o r  3 0  m i n .  T h e  c l e a r  e x ­
t r a c t s  w e r e  u s e d  f o r  p r o t e i n  d e t e r m i n a t i o n s  a n d  
d i s c  e l e c t r o p h o r e s i s .

Protein determination. O n e - m l  f r a c t i o n s  w e r e  
u s e d  f o r  p r o t e i n  d e t e r m i n a t i o n s  b y  t h e  b i u r e t  
m e t h o d  ( G o r n a i l  c t  a l ,  1 9 4 9 ) .  T h e  b i u r e t  s t a n d a r d  
w a s  a  s o l u t i o n  o f  b o v i n e  s e r u m  a l b u m i n  ( B S A ) 
c a l i b r a t e d  b y  m i c r o - K j e l d a h l  a n a l y s i s  ( O g g ,  1 9 6 0 ) .  
T h e  p r o t e i n  w a s  d e t e r m i n e d  b y  s p e c t r o p h o t o m e t r y  
a t  5 4 0  m g  a f t e r  3 0  m i n  o f  c o l o r  d e v e l o p m e n t .  T w o  
d i f f e r e n t  c o n c e n t r a t i o n s  o f  t h e  B S A ,  i n  d u p l i c a t e ,  
a n d  a  b i u r e t  b l a n k  w e r e  r e a d  a g a i n s t  a  d i s t i l l e d -  
w a t e r  b l a n k .  T h e  c o l o r  w a s  s t a b l e  f o r  s e v e r a l  
h o u r s .  T h e  c a l i b r a t i o n  c u r v e  ( c o n t a i n i n g  s i x  
p o i n t s ) w a s  l i n e a r  t o  0 . 6 5 0  a b s o r b a n c e  u n i t s  o n  a n  
i n s t r u m e n t  c a l i b r a t e d  t o  b e  l i n e a r  f r o m  0 . 0 0 0  t o
3 .0 0 0  a b s o r b a n c e  u n i t s .  E a c h  f r a c t i o n  o f  m e a t  e x ­
t r a c t ,  c o n t a i n i n g  3 - 2 6  m g  p r o t e i n ,  w a s  r u n  in  d u p ­
l i c a t e ,  a n d  t h e  r e s u l t s  a r e  r e p o r t e d  a s  t h e  m e a n ,  
w i t h  s t a n d a r d  d e v i a t i o n  o f  ± 0 . 0 3  m g .
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Disc electrophoresis. E x t r a c t s  o f  s e v e r a l  s a m ­
p l e s  w h i c h  h a d  b e e n  h e a t e d  t o  v a r i o u s  t e m p e r a t u r e s  
w e r e  f r a c t i o n a t e d  b y  d i s c  e l e c t r o p h o r e s i s  o n  p o l y ­
a c r y l a m i d e  g e l s  a c c o r d i n g  t o  t e c h n i q u e s  o f  O r n -  
s t e i n  ( 1 9 6 4 )  a n d  D a v i s  ( 1 9 6 4 ) .  T h e s e  i n c l u d e d  
e x t r a c t s  f r o m  u n h e a t e d  s a m p l e s  a n d  s a m p l e s  h e a t e d  
t o  1 5 0 ° F  a t  d i f f e r e n t  p r o g r a m s  ( A , D , E , )  ; a l s o  i n ­
c l u d e d  w e r e  s a m p l e s  h e a t e d  t o  d i f f e r e n t  t e m p e r a ­
t u r e s : 1 2 0 ,  IS O , a n d  1 6 0 ° F  a t  t h e  s a m e  p r o ­
g r a m  ( D ) .

L o w e r  g e l s  2  i n c h e s  l o n g  w e r e  u s e d  in  p l a c e  o f  
t h e  s t a n d a r d  192- i n c h  g e l s ,  t o  o b t a i n  b e t t e r  s e p a r a ­
t i o n .  T h e  e x t r a c t s ,  e a c h  c o n t a i n i n g  2 0 0  p ,g  p r o ­
t e i n ,  w e r e  m i x e d  w 'ith  u p p e r  g e l  s o l u t i o n  a t  1 :1 i n ­
s t e a d  o f  t h e  s t a n d a r d  1 : 5 0  d i l u t i o n .  T h i s  w a s  d o n e  
b e c a u s e  t h e  p r o t e i n  s o l u t i o n s  w e r e  a l r e a d y  d i l u t e  
a n d  i t  w a s  n e c e s s a r y  t o  r e s t r i c t  t h e  v o l u m e  o f  e x ­
t r a c t s  a d d e d  t o  t h e  t o p  o f  t h e  e l e c t r o p h o r e t i c  t u b e .  
T h e  1 :1 m i x t u r e s  w e r e  p l a c e d  o n  t o p  o f  t h e  s p a c e r  
g e l s  a n d  t h e n  p h o t o p o l y m e r i z e d  f o r  2 0  m i n .  E l e c ­
t r o p h o r e s i s  w a s  c o n d u c t e d  f o r  3 0 - 5 0  m i n ,  d e p e n d ­
i n g  o n  t h e  p r o g r e s s  o f  a  t r a c k i n g  d y e  w h i c h  p r e ­
c e d e d  t h e  f a s t e s t - m o v i n g  p r o t e i n .  T o  m i n i m i z e  
d i f f u s i o n ,  t h e  g e l s  w e r e  i m m e d i a t e l y  r e m o v e d  f r o m  
t h e  e l e c t r o p h o r e t i c  b a t h  u p o n  c o m p l e t i o n  o f  t h e  
r u n ,  p l a c e d  i n  a n  i c e  b a t h ,  r e m o v e d  f r o m  t h e  t u b e  
w i t h  a  p r o b i n g  n e e d l e ,  a n d  s t a i n e d  f o r  1 h r .  F o r  
c o m p l e t e  d e s t a i n i n g ,  t h e  g e l s  w e r e  s o a k e d  i n  a  
l a r g e  t e s t  t u b e  c o n t a i n i n g  7 .5 %  a c e t i c  a c i d  w h i c h  
w a s  c h a n g e d  t h r e e  t i m e s  i n  3 6  h r ,  a n d  w e r e  t h e n  
d e s t a i n e d  e l e c t r o p h o r c t i c a l l y  a t  1 0  n t a  p e r  t u b e  f o r  
4 0  m i n .  T h e  u p p e r  c h a m b e r  c o n t a i n e d  a  s m a l l  
a m o u n t  o f  s t a i n i n g  d y e  t o  p r e v e n t  e x c e s s i v e  d e ­
s t a i n i n g .  T h i s  d e s t a i n i n g  m e t h o d  p r o d u c e d  a  b a c k ­
g r o u n d  a l m o s t  a s  l i g h t l y  c o l o r e d  a s  t h a t  f o u n d  i n  
t h e  a r e a  i n  f r o n t  o f  t h e  t r a c k i n g  d y e .  T h e  a b s o r b ­
a n c e  o f  s t a i n e d  g e l s  w a s  s c a n n e d  w i t h  a  r e c o r d i n g  
m i c r o d e n s i t o m e t e r .

I n  a d d i t i o n  t o  s t a i n i n g  g e l s  f o r  p r o t e i n  ( a n i l i n e  
b l a c k  0 .5 %  w / v  i n  3 .5 % - a c e t i c  a c i d ) ,  a  s p e c i f i c  
s t a i n  f o r  p h o s p h a t a s e  w a s  u s e d  o n  d u p l i c a t e  g e l s  o f  
u n h e a t e d  s a m p l e s  a n d  s a m p l e s  h e a t e d  t o  1 5 0 ° F  
( p r o g r a m  E ) .  A  m o d i f i c a t i o n  o f  t h e  s i m u l t a n e o u s -  
c o u p l i n g  a z o - d y e  m e t h o d  ( B a r k a ,  1 9 6 1 )  w a s  u s e d .  
A f t e r  t h e  g e l s  w e r e  r e m o v e d  f r o m  t h e  g l a s s  t u b e s ,  
t h e  g e l s  w e r e  i m m e r s e d  t w i c e  i n  a  p H - 5 . 0  a c e t a t e  
b u f f e r  f o r  1 5 - m i n  p e r i o d s .  T h e  g e l s  w e r e  t h e n  
p l a c e d  i n t o  t u b e s  c o n t a i n i n g  F a s t  G a r n e t  G B C  s a l t ,  
1 n t g / m l ,  i n  p H - 5 . 0  a c e t a t e  b u f f e r  f o r  3 0  m i n .  T h i s  
a l l o w e d  t h e  d y e  t o  p e n e t r a t e  t o  t h e  c e n t e r  o f  t h e  
g e l .  F i n a l l y ,  t h e  g e l s  w e r e  p l a c e d  i n t o  t u b e s  c o n ­
t a i n i n g  2  m g / m l  o f  a - n a p h t h o l  p h o s p h a t e  s a l t ,  m a d e  
i n  p H  5 .0  a c e t a t e  b u f f e r ,  f o r  2 4  h r  a t  3 5 ° F .  T h e  
r e a c t i o n  w a s  s t o p p e d  b y  p l a c i n g  t h e  g e l s  i n  7 .5 %  
a c e t i c  a c i d .  T h e  s i t e s  c o l o r e d  d a r k  r e d  w e r e  c o m ­
p a r e d  w i t h  t h e  g e l s  s t a i n e d  w i t h  a n i l i n e  b l a c k  t o  
d e t e r m i n e  t h e  p o s i t i o n  o f  t h e  p h o s p h a t a s e .  T h e s e  
g e l s  w e r e  p h o t o g r a p h e d  b y  t r a n s m i t t e d  l i g h t  w i t h

a  M a z d a  l a m p  t h r o u g h  a  s e r i e s  B  f i l t e r .  H i g h -  
c o n t r a s t  f i l m  a n d  s t a n d a r d  d e v e l o p m e n t  w a s  u s e d .

RESULTS AND DISCUSSION
Fig. 1 shows the time in minutes required 

to attain various internal temperatures in the 
heated samples. The curves plotted indicate 
that the procedure used in heating produced 
five different programs of heating : A (slow) - 
E (rapid).

Fig. 2 relates to temperature the amounts 
of protein that remained soluble in 0.9% 
NaCl when the samples of ham were heated 
at the five different programs. Heating re­
duced the content of soluble proteins from
26.75 mg/ml of extract to 5.10-9.24 mg/ml 
at 120°F and to 2.60-4.48 mg/ml at 150°F. 
The proteins remaining soluble after heating 
were a small fraction of those originally solu­
ble. However, more significantly, the rapid 
rates of heating tended to increase the 
amount of protein insolubilized. This is indi-

F i g .  2 .  S o l u b l e  p r o t e i n  in  m e a t  a s  a f f e c t e d  b y  
h e a t i n g  a t  d i f f e r e n t  r a t e s  a n d  t o  d i f f e r e n t  t e m p e r a ­
t u r e s  ( c f .  F i g .  1 ) .  T h e  p r o t e i n  c o n t e n t  o f  t h e  e x ­
t r a c t s  f r o m  t h e  u n c o o k e d  m e a t  s a m p l e s  a t  8 4 °  F  
w a s  2 6 .7 5  m g / m l  e x t r a c t .  H e a t i n g  c u r v e :  A  =
□  B  =  x  —  x ; C  =  • -------- • ;  D  =
A  - ’ - A  ; E  — O ------ C .
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cated by comparison of the protein remain­
ing soluble at corresponding sampling tem­
peratures on curves A -E (Fig. 2). The 
results show that the amount of protein 
extractable after heating to a given terminal 
temperature—for example, 150 or 160°F— 
varied with the time-temperature combina­
tion rather than internal temperature. For 
example, 3.8 mg soluble protein/ml sample 
was extractable from samples heated with 
the five different programs at temperatures 
of 133, 152.5, 153.5, 154.5, and 161°F. 
These results indicate that simply determin­
ing the protein content of extracts of heat- 
processed meats can indicate approximate 
processing temperature, but not with high 
accuracy.

The pH values of the ham samples investi­
gated were within the normal range of cured 
heated ham ; otherwise, adjustment would 
have been advisable. The effect of time and 
temperature on the change of pH of the meat 
extracts (Table 1) shows that pH increased 
on heating, as previously reported and ex­
plained by Hamm (1960) and Hamm and 
Deatherage (1960). The observed pH change 
was not more than 0.3 unit, not as large as 
reported previously (0.4 pH ). This may be 
accounted for by differences in the buffering 
capacity of cured and uncured meat, since 
Hamm’s studies were, primarily, on uncured 
meats. Over 65% of the change occurred on 
heating to 120°F, and differences produced 
by increasing temperature above 120°F were
0.07 unit or less. The results indicate that 
the effects of varying temperature 10-30°F 
would be expected to produce small pH 
changes that measurably influence protein 
solubility only under unusual circumstances.

Fig. 3a shows a disc electrophoretic scan 
of proteins extractable with a solution having

T a b l e  1 . T i m e  a n d  t e m p e r a t u r e  e f f e c t s  o n  t h e  
c h a n g e  o f  p H  o f  m e a t  s a m p l e s . “

. p H  o f  m e a t  a t  g iv e n  t e m p e r a t u r e s  ( ° F )  P r o g r a m  o t ----------------------------------------------------------------------------------
h e a t in g  b 120 130 140 150 160 165

A 5 .9 6 5 . 9 6 6 .0 2 6 .0 2 6 . 0 2 6 .0 4
B 5 .9 5 5 .9 5 5 .9 5 6 .0 2 6 . 0 4 6 .0 5
C 5 .9 5 5 .9 8 6 . 0 2 6 . 0 2 6 .0 5 6 .0 5
D 5 .9 5 5 .9 5 5 .9 8 6 .0 0 6 . 0 2 6 .0 2
E 5 .9 5 5 .9 5 6 .0 2 6 .0 2 6 . 0 2 6 .0 2

a p H  o f  u n c o o k e d  m e a t  w a s  5 .7 5 .  
" c f .  F i g .  1 .

F i g .  3 a .  D i s c  e l e c t r o p h o r e t i c  p a t t e r n  o f  p r o t e i n s  
i n  e x t r a c t  f r o m  u n c o o k e d  m e a t .

F i g .  3 b .  D i s c  e l e c t r o p h o r e t i c  p a t t e r n s  o f  p r o t e i n s  
i n  e x t r a c t s  f r o m  m e a t  h e a t e d  t o  1 5 0 ° F  a t  d i f f e r e n t  
r a t e s ,  p r o g r a m s  A ,  D ,  a n d  E .

an ionic strength of 0.15 from uncooked cured 
ham, while Fig. 3b shows scans indicating 
the proteins that remained in samples that 
were cooked to 150°F with different rates of 
heating. These electrophoretic patterns show 
that protein components that were a major 
fraction of the extract from unheated ham 
were not present in the heated samples to 
any appreciable extent. In contrast, there is 
an increase in the peaks designated as 1-5 
after heating to the 150°F range. Each pat­
tern represents fractionation of 200 /¿g pro­
tein. The heat-stable proteins represent an 
increasingly larger portion of the proteins 
remaining as heating removed that portion of 
protein which was heat-coagulable.

The relative size of peaks 1-5 diminished 
in the order A, D, E, reflecting the tendency 
of rapid heating rates to heat-coagulate more 
protein than comparatively slower rates.

Fig. 4 shows the effect of increasing sam­
pling temperature on heating at the same 
rate ( Program D ). The scans indicate that 
peaks 2 and 4 increase to a maximum with 
heating to 150°F and then decrease at 
160°F, thus indicating a heat lability in the 
150-160° F range. Peak 5 increases with in­
creased heating, indicating a heat-stable pro­
tein, which, because of its fast mobility, may

F i g .  4 .  D i s c  e l e c t r o p h o r e t i c  p a t t e r n s  o f  p r o t e i n s  
i n  e x t r a c t s  f r o m  m e a t  h e a t e d  t o  1 2 0 ,  1 5 0 ,  a n d  1 6 0 ° F  
a t  t h e  h e a t i n g  r a t e  o f  p r o g r a m  D .
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F i g .  5 . G e l s  p r e p a r e d  b y  d i s c  e l e c t r o p h o r e s i s  o f  
m e a t  e x t r a c t  s t a i n e d  ( l e f t  g e l )  w i t h  a n i l i n e  b l a c k  t o  
s h o w  l o c a t i o n  o f  p r o t e i n ,  a n d  ( r i g h t  g e l )  w i t h  F a s t  
G a r n e t  G B C - o - n a p h t h o l  t o  s h o w  l o c a t i o n  o f  acid 
p h o s p h a t a s e .
be an albumin or a low-molecular-weight 
fragment derived from one of the proteins 
initially present. The comparative size of 
peaks 1 and 3 reduced as temperature 
increased.

Peaks 1-5 contain proteins apparently of 
relatively high heat stability.

Fig. 5 is a photograph of disc electropho­
retic gels of unheated extracts stained to 
locate protein or phosphatase. The location of 
the area reacting positively for phosphatase 
activity corresponds to peak 4 in Figs. 3a, 3b, 
and 4. Owing to the relative insensitivity of 
the dye for locating acid phosphatase (Barka, 
1961 ), the stained areas of the heated samples 
were barely discernible and not intense 
enough for photography. Further character­
ization may indicate the muscle phosphatase 
identified in the present work’ to be identical 
to the preparations investigated by Kòr- 
mendy.

Further investigation is concerned with the 
identity and properties of the remaining heat- 
stable components fractionated by electropho­
resis and the correlation of their heat lability 
with time-temperature conditions in heat 
processing.
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Enrichment of Volatile Samples by Syringe Collection
S U M M A R Y

V o l a t i l e  s a m p le s  f o r  g a s  c h r o m a t o g r a p h i c  
a n a ly s i s  c a n  b e  c o l l e c te d  a n d  e n r i c h e d  b y  s lo w  
p a s s a g e  t h r o u g h  a  g a s - s y r in g e  b a r r e l  p a c k e d  
w i th  s o lv e n t - d a m p e n e d  c o t t o n .  T h e n  t h e  c o n ­
d e n s a t e  c a n  b e  i n j e c t e d  i n t o  a  g a s  c h r o m a t o ­
g r a p h  d i r e c t l y  f r o m  t h e  s a m e  s y r i n g e .

Volatile odor constituents from autoxidiz- 
ing fats are difficult to collect. Although 
vacuum distillation into traps cooled with 
dry ice or liquid nitrogen is effective for 
sample collection and enrichment, this 
method requires extensive equipment (Law- 
rey and Cerato, 1959; Nawar and Fagerson, 
I960; Rhoades, 1958). Also, during trans­
fer the sample may become degraded, and, 
often, some is lost. To achieve economy and 
simplicity, direct headspace sampling is pre­
ferable even though odorous-sample con­
stituents are usually present in low concen­
trations. Large injections of headspace gas 
either upset chromatograph baseline stability 
intolerably or cause broad, poorly resolved 
peaks.

We have developed a collecting technique 
that combines the advantages of enrichment 
trapping with the simplicity and economy 
of syringe sampling. Details of the collecting 
apparatus are diagrammed in Fig. 1.

A few drops of liquid oil from which 
volatiles are to be collected are absorbed on 
a Whatman filter accelerator held in the 
center of a close-fitting Teflon annulus. The 
annulus rests inside a 40-mm-OD Pyrex

Dry
Purified

filter funnel sealed with a polyethylene milk- 
bottle cap. Nitrogen sweep gas is admitted 
to the funnel through a 1-in. X  20-gauge 
needle that pierces a septum in the bottle 
cap. Volatiles are swept from the funnel, 
through a 2-in. X  20-gauge delivery needle, 
into a 2.5-cc gas syringe barrel. The syringe 
is supported in a paper cup filled with dry 
ice. Nitrogen-borne volatiles are condensed 
on a small tuft of diethyl-ether-dampened 
cotton loosely packed in the needle end of 
the barrel. A flow rate of 10 cc/min is suf­
ficient to sweep volatiles from the filter disc 
to the syringe. Enrichment time varies for 
different concentrations of volatiles in the 
sample. It is difficult to specify accurately 
the length of time necessary to collect a 
sample of useful concentration without pre­
liminary trials.

When a sufficient sample has been col­
lected, as determined by trial, the syringe 
and attached needle are quickly withdrawn 
from the filter-funnel serum cap and paper 
cup. With the plunger in place the collected 
sample is injected from the syringe directly 
into the gas chromatograph. The cotton is 
not removed for the injection. Rapid de­
pression of the syringe plunger during in­
jection warms the cotton and releases the 
condensed odor constituents.

Blank analyses made with the same col­
lecting apparatus but without a sample will 
account for any chromatographic peaks 
caused by the solvent or contamination from 
the cotton. With clean apparatus and pure 
solvent, no extraneous peaks were evident.

Fig. 2 is a chromatogram of volatile hy­
drocarbons from autoxidized methyl lino- 
lenate that were collected with the apparatus. 
Direct headspace injection without syringe 
enrichment yielded no peaks. The chroma­
togram was produced from a  6-ft X  -in­
activated alumina column operated isother- 
mally. No solvent or polar volatiles were 
evident, because alumina irreversibly adsorbs 
these materials. Between sample injections, 
the column was relieved of its solvent over­
load by purging it with carrier gas at 300°C 
for 0.5 hr.

751
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F i g .  2 . C h r o m a t o g r a m  o f  v o l a t i l e  h y d r o c a r b o n s  
f r o m  a u t o x i d i z e d  m e t h y l  l i n o l e n a t e .  T h e  v a r i o u s  
s t e p s  i n c l u d e d  a  s a m p l e  c o l l e c t i o n  t i m e  o f  5 m i n  a t  
a  f l o w  r a t e  o f  1 0  c c / m i n ; d i e t h y l  e t h e r  a s  t h e  s o l ­
v e n t  ; a n  a c t i v a t e d  a l u m i n a  c o l u m n ; a n d  a  f l a m e  
i o n i z a t i o n  d e t e c t o r .

Chromatograms from gas-liquid chroma­
tographic columns, free of solvent peaks, 
may be obtained from all volatiles (polar 
included) if carbon disulfide is used to 
dampen the cotton and if the column effluent 
is monitored by a flame ionization detector 
(F ID ). This solvent is not detected by 
FID. Volatile constituents from liquid ma­
terials other than oils may be collected

similarly. Solid samples loosely packed into 
the filter funnel yield equally convenient 
chromatograms.

This collecting apparatus, assembled from 
inexpensive materials readily available in a 
laboratory, can be used for routine aroma- 
gram determinations.
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CHIEN-MEI CHIU and Y. POMERANZ

Changes in Extract-ability of Lipids During Bread-Making

S U M M A R Y
F r e e  l i p i d s  w e r e  e x t r a c t e d  w i th  p e t r o l e u m -  

e t h e r ,  a n d  t o t a l  l i p i d s  w i th  a  c h l o r o f o r m -  
m e t h a n o l  m i x t u r e  f r o m  f l o u r ,  d r y  m i l k  s o l id s ,  
y e a s t ,  d o u g h ,  f e r m e n t e d  d o u g h ,  b r e a d  c r u m b ,  
a n d  b r e a d  c r u s t .  D o u g h  f o r m u l a t i o n s  u s e d  in  
b r e a d - m a k i n g  i n c l u d e d — i n  a d d i t i o n  to  a  b a s ic  
f o r m u l a  o f  f l o u r ,  w a t e r ,  y e a s t ,  a n d  s o d iu m  
c h l o r i d e — e i t h e r  s u g a r ,  c o m m e r c i a l  v e g e ta b le  
s h o r t e n i n g ,  a n d  d r y  m i l k  s o l i d s ,  o r  t h e i r  c o m ­
b i n a t i o n s .  T h e  e x t r a c t e d  l i p i d s  w e r e  f r a c t i o n ­
a t e d  b y  t h i n - l a y e r  c h r o m a t o g r a p h y  ( T L C ) .  P e -  
t r o l e u m - e t h e r - s o lu b l e  f l o u r  l i p i d s  w e r e  r e d u c e d  
t o  o n e - th i r d  d u r i n g  d o u g h  m i x i n g  o r  f e r m e n t a ­
t i o n ;  s u b s e q u e n t  b a k i n g  lo w e r e d  t h e  r e s i d u a l  
f r e e  l i p i d s  to  h a l f .  P e t r o l e u m - e th e r - s o lu b l e  
f r e e  l i p i d s  w e r e  a f f e c t e d  l i t t l e  b y  d o u g h  c o m ­
p o s i t i o n .  O n ly  s m a l l  a m o u n t s  o f  h y d r o g e n a t e d  
v e g e ta b le  s h o r t e n i n g  w e r e  b o u n d  d u r i n g  d o u g h ­
m i x i n g ,  b u t  a b o u t  1 / 3 —1 / 2  o f  t h e  a d d e d  s h o r t ­
e n in g  l i p i d s  b e c a m e  b o u n d  d u r i n g  b a k i n g .  
P r o c e s s in g  f l o u r  i n t o  b r e a d  h a d  n o  e f f e c t  o n  
t h e  a m o u n t s  o f  t o t a l  l i p i d s  e x t r a c t a b l e  b y  t h e  
c h l o r o f o r m - m e t h a n o l  m i x t u r e .  F r a c t i o n a t i o n  o f  
e x t r a c t e d  l i p i d s  b y  T L C  s h o w e d  t h a t  m u c h  
m o r e  p o l a r  w h e a t  f l o u r  l i p i d s  t h a n  n o n p o l a r  
c o m p o n e n t s  w e r e  b o u n d  d u r i n g  d o u g h  m ix in g .

INTRODUCTION
Lipids play an important role in determin­

ing the rheological properties of dough and 
in the improver action of oxidants (Fisher, 
1962 ; Daniels, 1963 ; Mecham, 1964). Bread 
baked with 2-4% shortening has a larger 
loaf volume. The finished bread has a more 
uniform crumb grain structure and is more 
tender; the flavor is richer and freshness re­
tention is improved. Recent studies (Pom- 
eranz ct al., 1965, 1966b) show that polar 
wheat flour lipids are highly effective in im­
proving loaf volume, crumb grain, and fresh­
ness retention of bread. Nonpolar wheat flour 
lipids have no improving effect.

The reasons for differences in bread-im­
proving effects of various wheat flour lipids, 
and between liquid oil and vegetable short­
ening, continue to intrigue many cereal 
chemists. Yet, little is known of changes that

may occur in flour lipids during fermentation 
and baking (Mecham, 1964). Olcott and 
Mecham (1947 ) found that the amount of 
free flour lipids (ether-extractable) was re­
duced to one-third as a result of dough mix­
ing. Phospholipids (determined from the 
amount of extracted lipid phosphorus) were 
bound preferentially. Most of the bound 
lipid was associated with the glutenin frac­
tion in the gluten. In a later study, Mecham 
and Weinstein (1952) reported on the effects 
of bread ingredients on lipid binding and the 
formation of lipoprotein during dough mix­
ing. Baldwin et al. (1963, 1965) studied 
lipid binding in doughs and bread made by 
the conventional and continuous process. 
After submission of our paper for publication 
we learned about the studies of Daniels et al.
(1966), who investigated the distribution of 
lipids in bread produced by three mixing 
methods, using bread formulae which in­
cluded low levels of added shortening and 
full-fat soy flour.

This investigation was made to study the 
effects on lipids of dough mixing, fermenta­
tion, and baking. Lipids were extracted with 
petroleum ether and a polar solvent (chloro­
form-methanol mixture). Extracts were 
fractionated by thin-layer chromatography 
(TLC).

MATERIALS AND METHODS
Flour. U n t r e a t e d  f l o u r ,  u s e d  f o r  t h e  b a k i n g  t e s t s ,  

w a s  m i l l e d  e x p e r i m e n t a l l y  o n  a n  A l l i s  m i l l  f r o m  a  
c o m p o s i t e  g r i s t  o f  s e v e r a l  h a r d  w i n t e r  w h e a t  v a ­
r i e t i e s  g r o w n  i n  1 9 6 4  a t  a  n u m b e r  o f  l o c a t i o n s  
t h r o u g h o u t  t h e  G r e a t  P l a i n s .  E x p r e s s e d  o n  a  
1 4 %  m o i s t u r e  b a s i s ,  t h e  f l o u r  h a d  a n  a s h  c o n t e n t  
o f  0 . 4 2 %  a n d  p r o t e i n  ( N  X  5 . 7 )  c o n t e n t  o f  1 3 .1 % .  
T h e  b r o m a t e  r e q u i r e m e n t  o f  b r e a d  b a k e d  b y  t h e  
c o m p l e t e  f o r m u l a  w a s  3 . 0  m g  p e r  1 0 0  g  f l o u r ,  a n d  
w i t h o u t  n o n f a t  m i l k  s o l i d s  w a s  1 .5  m g .  W a t e r  
a b s o r p t i o n  w a s  6 1 . 8 % ,  a n d  m i x i n g  t i m e  w a s  3 %  
m i n .

Bread-making. T h e  b a s i c  b r e a d  f o r m u l a  i n ­
c l u d e d  1 0 0  g  f l o u r ,  1 .5  g  s a l t ,  2  g  y e a s t ,  w a t e r  a s  
n e e d e d ,  a n d  o p t i m u m  p o t a s s i u m  b r o m a t e .  T h i s
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f o r m u l a  w a s  v a r i e d  t o  i n c l u d e  3  g  c o m m e r c i a l  v e g ­
e t a b l e  s h o r t e n i n g ,  4  g  n o n f a t  d r y  m i l k  s o l i d s ,  6  g  
s u c r o s e ,  a n d  c o m b i n a t i o n s  o f  t h e  o p t i o n a l  i n g r e ­
d i e n t s .  A n  o p t i m u m  m i x i n g  t i m e  w i t h  t h e  s t r a i g h t -  
d o u g h  p r o c e d u r e  a n d  a  3 - h r  f e r m e n t a t i o n  t i m e  a t  
3 0 °  C  w e r e  e m p l o y e d .  P u n c h i n g  a n d  p a n n i n g  w e r e  
p e r f o r m e d  m e c h a n i c a l l y .  B a k i n g  t i m e  w a s  2 4  m i n  
a t  2 1 8 ° .  L o a f  v o l u m e s  w e r e  m e a s u r e d  w i t h  a  N a ­
t i o n a l  M a n u f a c t u r i n g  C o .  v o l u m e t e r ,  e m p l o y i n g  
s e e d  d i s p l a c e m e n t .  A f t e r  t h e  l o a v e s  h a d  c o o l e d ,  
t h e y  w e r e  c u t  a n d  t h e i r  c r u m b  g r a i n s  e v a l u a t e d .  
T h e  f o l l o w i n g  c o d e  w a s  e m p l o y e d  : S  =  s a t i s f a c ­
t o r y -  Q =  q u e s t i o n a b l e ,  U  =  u n s a t i s f a c t o r y .

Lipid extraction. S a m p l e s  o f  d o u g h  w e r e  r e ­
m o v e d  a t  t h e  e n d  o f  m i x i n g  a n d  o f  f e r m e n t a t i o n ,  
a n d  f r o z e n  i m m e d i a t e l y  o n  a  b l o c k  o f  d r y  i c e .  T h e  
f r o z e n  d o u g h  a n d  b a k e r ' s  y e a s t  w e r e  l y o p h i l i z e d .  
O n e  h o u r  a f t e r  b a k i n g ,  b r e a d  w a s  s e p a r a t e d  i n t o  
c r u m b  a n d  c r u s t ,  d i v i d e d  i n t o  s m a l l  p i e c e s ,  a n d  
d r i e d  u n d e r  v a c u u m  b e l o w  6 0 ° .  A l l  s a m p l e s  w e r e  
g r o u n d  t o  p a s s  a  4 0 - m e s h  s i e v e  o n  a  m i c r o - W i l e y  
m i l l  a n d  s t o r e d  a t  — 2 0 °  i n  d a r k  b o t t l e s  u n t i l  
a n a l y z e d .

L i p i d s  w e r e  e x t r a c t e d  e x h a u s t i v e l y  w i t h  p e t r o ­
l e u m  e t h e r  ( b p  3 5 - 6 0 ° )  i n  a  G o l d f i s h  e x t r a c t o r .  
I n  a d d i t i o n ,  l i p i d s  w e r e  e x t r a c t e d  w i t h  a  c h l o r o ­
f o r m - m e t h a n o l  m i x t u r e  b y  t h e  m e t h o d  o f  B l i g h  a n d  
D y e r  ( 1 9 5 9 )  a s  m o d i f i e d  b y  T s e n  e t  a l. ( 1 9 6 2 ) .  
Y i e l d s  o f  l i p i d s  w e r e  e q u a l  t o  o r  s l i g h t l y  l o w e r  
t h a n  y i e l d s  o b t a i n e d  b y  d i r e c t  e x t r a c t i o n  w i t h  
w a t e r - s a t u r a t e d  b u t a n o l  o r  b y  t h e  a c i d  h y d r o l y s i s  
m e t h o d .  R e s u l t s  o f  l i p i d  e x t r a c t i o n s  a r e  m e a n s  o f  
a t  l e a s t  t w o  d e t e r m i n a t i o n s .

Thin-layer chromatography. E x t r a c t e d  l i p i d s  
w e r e  f r a c t i o n a t e d  b y  t h i n - l a y e r  c h r o m a t o g r a p h y  
( T L C )  a s  d e s c r i b e d  p r e v i o u s l y  ( D a f t a r y  a n d  
P o m e r a n z ,  1 9 6 5 a , b ) .  T h e  s o l v e n t s  u s e d  f o r  o n e ­
d i m e n s i o n a l  a s c e n d i n g  d e v e l o p m e n t  o f  1 0 0  f i g  l i p i d s  
w e r e : c h l o r o f o r m  f o r  n o n p o l a r ,  a n d  a  m i x t u r e  o f  
c h l o r o f o r m - m e t h a n o l - w a t e r  ( 6 5 : 2 5 : 4 )  ( c h l o r o f o r m  
m i x t u r e )  f o r  p o l a r  l i p i d s .

T h e  s p o t s  w e r e  v i s u a l i z e d  b y  e x p o s u r e  s o  i o d i n e  
v a p o r ,  o r  b y  s p r a y i n g  w i t h  a  s a t u r a t e d  s o l u t i o n  o f  
K o C r s O ?  i n  7 0 %  v o l u m e  o f  a q u e o u s  s u l f u r i c  a c i d .

M o r e  s p e c i f i c  s p r a y i n g  m e t h o d s  i n c l u d e d  n i n h y d r i n ,  
m o d i f i e d  D r a g e n d o r f f  r e a g e n t ,  a n d  m o l y b d e n u m  
s p r a y .  I n  a d d i t i o n ,  T L C  p l a t e s  w e r e  s p r a y e d  w i t h  
a - n a p h t h o l  f o r  i d e n t i f i c a t i o n  o f  g l y c o l i p i d s  ( F e l d ­
m a n  c t  a l . ,  1 9 6 5 ) .  F o r  i d e n t i f i c a t i o n  o f  p o l a r  l i p i d s  
s e p a r a t e d  b y  T L C ,  p h o s p h a t i d y l  c h o l i n e ,  p h o s p h a ­
t i d y l  e t h a n o l a m i n e ,  a n d  p h o s p h a t i d y l  s e r i n e  ( f r o m  
A p p l i e d  S c i e n c e  L a b s . ,  S t a t e  C o l l e g e ,  P a . ) ,  a n d  
m o n o -  a n d  d i g a l a c t o s y l  g l y c e r i d e  ( g i f t  f r o m  D r .
D .  H .  H u g h e s ,  P r o c t e r  a n d  G a m b l e  C o . ,  C i n c i n ­
n a t i ,  O h i o )  w e r e  u s e d  a s  s t a n d a r d s .

RESULTS AND DISCUSSION
Table 1 gives the effects on loaf volume 

and bread quality of adding milk solids, su­
crose, and shortening to the basic formula. 
Crust color depended primarily on adding 
sucrose ; the contribution to crust color of 
milk solids was small. The largest loaf vol­
ume increase resulted from adding sucrose. 
Determinations of proof height and examina­
tions of crust color indicated that dough com­
positions 1, 2, and 3 contained inadequate 
amounts of sugar for production of carbon 
dioxide during the proof and baking periods. 
They are included for comparative purposes. 
Adding shortening to the basic dough had 
little effect ; loaf volume was increased from 
675 to 740 cc by adding shortening to a 
dough which contained 6 g sugar. The best 
bread in terms of crumb grain was obtained 
only after both sugar and shortening were 
added.

The lipid contents of the dough ingredients 
are summarized in Table 2. In view of the 
relatively large amount of wheat flour and 
small levels of milk solids and yeast in the 
dough formulation, wheat flour contributed 
much more than the other ingredients to the 
lipid contents of the dough or bread. Only 
the contribution of shortening was larger

T a b l e  1 . E f f e c t s  c f  d o u g h  c o m p o s i t i o n  o n  b r e a d  q u a l i t y .

D o u g h  c o m position
P r o o f
h e ig h t
(cm )

L o a f
v o lu m e

(cc )
C ru m b
g ra in

C r u s t
co lo r

1 )  B a s i c “ b e l o w  5 .8 3 4 5 u P a l e
2 )  B a s i c  f i -  s h o r t e n i n g b e l o w  5 .8 3 5 5 u P a l e
3 )  B a s i c  - | -  m i l k  s o l i d s b e l o w  5 .8 3 6 0 u L i g h t  b r o w n
4 )  B a s i c  +  s u g a r  +  s h o r t e n i n g 6 .5 7 4 0 Q - S B r o w n
5 )  B a s i c  +  m i l k  s o l i d s  +  s u g a r
6 )  B a s i c  - | -  m i l k  s o l i d s  -f-

7.1 6 9 5 Q R i c h  b r o w n

s h o r t e n i n g  +  s u g a r 7 .0 7 6 5 Q - S R i c h  b r o w n
7 )  B a s i c  +  s u g a r 6 .5 6 7 5 Q B r o w n

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

I n g r e d i e n t

P e tr o le u m -
e th e r

e x t r a c t
( % )

C h lo r o fo r m -
m e th a n o l

e x t r a c t
( % )

F l o u r 0 .8 8 1 .2 5
N o n f a t  d r y  m i l k  s o l i d s 0 .1 0 0 . 8 4
Y e a s t 0 . 5 8 3 .4 4

than of wheat flour lipids. The polar chloro­
form-methanol solvent system extracted 
much more lipids than petroleum ether. The 
increase was respectively 8- and 6-fold in 
milk solids and in yeast. Bound lipids com­
posed 30% of the total flour lipids. This is 
in agreement with the findings of Daniels 
et al. (1966). Baldwin et al. (1963) re­
ported that 62% of flour lipids were in a 
bound form. Extensive studies in our lab­
oratories showed that only % of flour lipids 
were not extracted with petroleum ether 
(Pomeranz et al., 1966a).

Petroleum ether and chloroform-methanol 
extracts showed little difference in amounts 
and kinds of nonpolar lipids fractionated by 
TLC with chloroform (Fig. 1). Clearly 
shown is the presence of two kinds of tri­
glycerides in milk lipids, as described by 
Blank and Privett (1964) and Cerbulis and 
Zittle (1965). Fig. 2 compares TLC of 
chloroform-methanol extracts of flour and 
dough with standard polar lipids. The lipids

,' flSPlipil

* i
•  *  I

m m♦  . W:
•  •

4 5 6
F i g .  1 . T L C  o f  l i p i d s  i n  d o u g h  i n g r e d i e n t s .  S a m ­

p l e s  1 - 4  e x t r a c t e d  w i t h  p e t r o l e u m  e t h e r ,  5 - 8  w i t h  
c h l o r o f o r m - m e t h a n o l .  S a m p l e s  1 a n d  5 , f l o u r ; 2  
a n d  6 ,  n o n f a t  d r y  m i l k  s o l i d s ; 3  a n d  7 , y e a s t ; a n d  
4  a n d  8 ,  s h o r t e n i n g  l i p i d s .  D e v e l o p e d  w i t h  c h l o r o ­
f o r m  ; s p o t s  v i s u a l i z e d  b y  c h a r r i n g  w i t h  s u l f u r i c  
a c i d .  P i c t u r e  t a k e n  u n d e r  U V  l i g h t ,  a )  T r i g l y c e r ­
i d e s  ; b )  M o n o -  a n d  d i g l y c e r i d e s ; c )  U n f r a c t i o n a t e d  
p o l a r  l i p i d s .

•  m  0.

•  b
•  t
7 8

» *
» • •  «

1 2 3 4 5 6 7 8
F i g .  2 .  T L C  o f  p o l a r  l i p i d s .  F r o m  l e f t  t o  r i g h t  : 

m o n o g a l a c t o s y l  g l y c e r i d e ,  d i g a l a c t o s y l  g l y c e r i d e ,  
p h o s p h a t i d y l  e t h a n o l a m i n e ,  p h o s p h a t i d y l  c h o l i n e ,  
p h o s p h a t i d y l  s e r i n e ,  m i x t u r e  o f  a l l  s t a n d a r d  l i p i d s ,  
f l o u r  l i p i d s ,  a n d  d o u g h  l i p i d s .  F l o u r  a n d  d o u g h  
l i p i d s  w e r e  e x t r a c t e d  w i t h  c h l o r o f o r m - m e t h a n o l .  
S t a n d a r d  a n d  m i x t u r e  o f  a l l  s t a n d a r d  l i p i d s  c o n ­
t a i n e d  2 5  ,u g  o f  e a c h  l i p i d .  F l o u r  a n d  d o u g h  l i p i d s  
w e r e  a p p l i e d  a t  1 0 0 - g g  l e v e l s .  T L C  p l a t e  d e v e l ­
o p e d  w i t h  c h l o r o f o r m  m i x t u r e .

were fractionated by TLC with the chloro­
form mixture. Petroleum ether extracted 
less polar lipids from flour than did chloro­
form-methanol. There was, however, no dif­
ference in the kinds of polar lipids extracted 
from flour by petroleum ether or by chloro­
form-methanol (Fig. 3). Only flour con­
tained substantial amounts of polar compo­
nents (phospholipids and glycolipids) in a 
free and in a bound form. In the case of milk

F i g .  3 .  T L C  o f  l i p i d s  i n  d o u g h  i n g r e d i e n t s .  S a m ­
p l e s  a s  in  F i g .  1 b u t  d e v e l o p e d  w i t h  c h l o r o f o r m  
m i x t u r e ,  a )  N o n p o l a r  l i p i d s ;  b )  M o n o g a l a c t o s y l  
g l y c e r i d e ;  c )  D i g a l a c t o s y l  g l y c e r i d e ;  d )  P h o s p h a ­
t i d y l  c h o l i n e .
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T a b l e  3 .  L i p i d  c o n t e n t s  * o f  d o u g h  a n d  b r e a d .

D o u g h  c o m p o s it io n

P e t r o l e u m - e t h e r
e x t r a c t

C h lo r o fo r m  : m e th a n o l  
e x t r a c t

D o u g h
F e r ­

m e n te d
d o u g h

B r e a d
c ru m b

B r e a d
c r u s t D o u g h

F e r ­
m e n te d
d o u g h

B r e a d
c ru m b

B r e a d
c r u s t

B a s i c 0 .2 8 0 .2 5 0 . 1 2 0 . 0 9 1 .3 0 1 .4 0 1 .1 2 1 .3 5
B a s i c  +  s h o r t e n i n g 2 . 8 7 2 .9 5 1 .4 7 1 .8 1 3 .5 2 3 .9 0 3 .7 4 3 .9 4
B a s i c  - p  m i l k  s o l i d s 0 .2 0 0 .1 6 0 .0 9 0 .0 9 1 .3 5 1 .3 1 1 .3 3 1 .3 3
B a s i c  - p  s u g a r  - p  s h o r t e n i n g 2 .6 6 2 .8 3 1 .4 4 1 .7 9 3 .5 1 3 .5 0 3 . 6 0 3 .8 1
B a s i c  +  m i l k  s o l i d s  - p  s u g a r 0 .1 8 0 .1 6 0 . 1 2 0 . 1 0 1 .2 9 1 .3 5 1 .4 2 1 .4 8
B a s i c  +  m i l k  s o l i d s  - p  s h o r t -

e n i n g  +  s u g a r 2 . 5 7 2 .8 2 1 .4 5 1 .6 2 3 . 6 0 3 .5 5 3 .5 8 3 .6 8
B a s i c  - p  s u g a r 0 .2 9 0 . 3 0 0 .1 3 0 . 1 8 1 .2 0 1 .2 3 1 .3 7 1 .3 3

* I n  l y o p h i l i z e d  s a m p l e ,  % .
” F l o u r ,  w a t e r ,  s o d i u m  c h l o r i d e ,  y e a s t ,  a n d  p o t a s s i u m  b r o m a t e .

solids and yeast, little polar lipids were ex­
tracted with petroleum ether, and most of the 
polar lipids with low R f values (presumably 
phosphatidyl ethanolamine, phosphatidyl cho­
line, and phosphatidyl serine) were present 
only in the chloroform-methanol extract. The 
major components of the polar fraction of 
milk lipids are, in decreasing order, phos­
phatidyl ethanolamine, phosphatidyl choline, 
sphingomyelin, and phosphatidyl serine 
(Morrison et al., 1965). Yeast lipids con­
tain triglycerides, small amounts of sterols 
and hydrocarbons, a number of phospho­
lipids (mainly phosphatidyl choline, phos­
phatidyl ethanolamine, and phosphatidyl ser­
ine) and sphingolipid-like compounds (Eddy, 
1958 ). Glycolipids, mono- and digalactosyl 
glyceride, were present in relatively high 
concentrations in flour lipids only. The veg­
etable shortening contained no measurable 
amounts of polar lipids fractionated by the 
chloroform mixture.

Table 3 summarizes the effects of dough­
mixing and fermentation, and of bread­
baking, on the extractability of lipids. Dough­
mixing lowered the amounts of flour lipids 
soluble in petroleum ether to one-third the 
value in untreated flour. Flour lipids con­
tain a 1:1 ratio of nonpolar-polar compo­
nents (Pomeranz et al., 1966a). Triglycer­
ides compose the major nonpolar component. 
Reduction in amounts of free lipids as a re­
sult of dough mixing indicates, therefore, 
partial insolubilization of nonpolar flour lip­
ids. There was no significant difference in 
amounts of petroleum-ether-soluble lipids in 
the dough between the beginning and the end

of fermentation. Baking the fermented 
dough, however, reduced the amount of pe­
troleum-ether-soluble flour lipids to half the 
amount in the dough, indicating additional 
binding of nonpolar flour lipids. Unlike the 
flour lipids, only less than 15% of the short­
ening lipids were bound during dough-mixing 
and fermentation. At the baking stage, about 
p j-p 2 of the shortening lipids were inex- 
tractable in petroleum-ether. The amounts 
of bound lipids in doughs made by the com­
plete formula were 26% of the total, agree­
ing with results of Baldwin et al. (1963) 
and Daniels et al. (1966). Both our data 
and those of Baldwin et al, (1963) show 
substantial increases in lipid binding during 
the baking stage. Daniels et al. (1966) 
found that only 10% of the dough lipids 
were bound during baking. Our findings 
seem to support the concept that shortening 
lipids are not bound by proteins and carbo­
hydrates during dough-mixing and fermen­
tation, and can function advantageously by 
melting in the oven and strengthening the 
cell structure ( Baker and Mize, 1942; Bal­
dwin et al., 1963, 1965).

Adding nonfat dry milk solids (but not 
sugar) to the basic formula seems to reduce 
the levels of petroleum-ether-extractable lip­
ids somewhat, indicating a possible binding 
of flour lipids by milk proteins.

Binding of flour or shortening lipids dur­
ing mixing, fermentation, or baking seems 
to result from relatively weak bonding forces 
between lipids and flour proteins and carbo­
hydrates. There was no consistent effect of 
dough-mixing, fermentation, or baking on
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F i g .  4 .  T L C  o f  p e t r o l e u m - e t h e r - s o l u b l e  l i p i d s  in  
b r e a d  c r u m b .  F r o m  l e f t  t o  r i g h t ,  f r o m  c r u m b  o f  
b r e a d  b a k e d  b y  f o r m u l a e  1 t o  7  ( T a b l e  1 ) .  D e ­
v e l o p e d  w i t h  c h l o r o f o r m .

the amounts of chloroform-methanol-extract- 
able total lipids. Small differences are ex­
plicable by variations in moisture contents 
and relative concentrations of lipids in the 
dough. In keeping with baking practices, 
shortening was added on a flour basis and 
kept uniform at 3 g per 100 g flour. Conse­
quently. the level of shortening was smaller 
in rich formulae than in lean formulae. Fer­
mentation and baking losses make it diffi­
cult to express the results with precision on 
a common basis. Fig. 4 shows TLC of 
petroleum-ether-soluble lipids in bread 
crumb. The nonpolar lipids were fraction­
ated with chloroform. Samples 2, 4, and 6, 
from bread baked with shortening, differ 
from the odd-numbered samples, baked

%" .

§  |
; •

• • •  • « • • • * *  "

i l t l t f l l i f l .
1 2 3 4 5. 6 . 7  8 9 10
F i g .  6 .  T L C  o f  l i p i d s  e x t r a c t e d  f r o m  f l o u r  (1  

a n d  6 ) ,  c o m p l e t e  d o u g h  f o r m u l a  ( 2  a n d  7 ) ,  f e r ­
m e n t e d  d o u g h  ( 3  a n d  8 ) ,  b r e a d  c r u m b  ( 4  a n d  9 ) ,  
a n d  c r u s t  ( 5  a n d  1 0  ) .  S a m p l e s  1 - 5  e x t r a c t e d  w i t h  
p e t r o l e u m  e t h e r ,  6 - 1 0  w i t h  c h l o r o f o r m - m e t h a n o l .  
D e v e l o p e d  w i t h  c h l o r o f o r m .

without shortening. It should be stressed 
that in all chromatographs the total lipid 
concentration was kept constant. Conse­
quently, in the crumb that contained short­
ening the relative amounts of flour lipids are 
reduced. For similar reasons, TLC of chlo­
roform-methanol-extracted lipids, in which 
fractionation was made with the chloroform 
mixture (Fig. 5), showed higher relative 
concentrations of polar flour lipids in bread 
baked without shortening than with it.

A comparison of Fig. 6 with Fig. 7 shows 
clearly that whereas the polar wheat flour 
lipids are bound during mixing and baking 
of dough containing shortening, the nonpolar 
components are affected little during process-

F i g .  5 .  T L C  o f  c h l o r o f o r m - m e t h a n o l - s o l u b l e  
l i p i d s  i n  b r e a d  c r u m b ; s a m p l e s  a s  in  F i g .  4  b u t  
d e v e l o p e d  w i t h  c h l o r o f o r m  m i x t u r e .

F i g .  7 .  T L C  o f  l i p i d s  d e s c r i b e d  in  l e g e n d  o f  
F i g .  6 ,  b u t  d e v e l o p e d  w i t h  c h l o r o f o r m  m i x t u r e .
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ing of flour into bread. Results were similar 
when lipids were extracted at various stages 
of processing from dough containing no 
shortening. Changes in various wheat flour 
lipids and commercial fats and oils during 
the bread-making process are being studied.
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A. LAURENCE CURL

The Carotenoids of Muskmelons

SUMMARY
T h e  c a r o t e n o i d  m i x t u r e  o f  o r a n g e - f l e s h e d  

m u s k m e l o n s  c o n s i s t e d  p r e d o m i n a n t l y  o f  13- 
c a r o t e n e .  f - C a r o te n e  w a s  t h e  n e x t  m o s t  a b u n ­
d a n t  c o n s t i t u e n t .  S m a l l  a m o u n t s  o f  p h y t o e n e ,  
p h y t o f l u e n e ,  a - c a r o t e n e ,  l u t e i n ,  z e a x a n t h i n ,  v i-  
o l a x a n t h i n ,  l u t e o x a n t h i n s ,  a n d  a p p a r e n t l y  n e -  
o x a n t h i n  w e r e  f o u n d .  M o n o ls  a n d  m o n o e p o x id e  
d io l s  w e r e  f o u n d  in  s m a l l  a m o u n t s ,  a n d  a  f r a c ­
t i o n ,  p e r h a p s  m o n o e p o x i d e  m o n o l s ,  i n  v e r y  
s m a l l  a m o u n t .  I n  t h e  r i p e n i n g  o f  t h e  f r u i t  
t h e r e  is  a  c o n s i d e r a b l e  b u i l d u p  o f  /3 -c a ro te n e , 
a n d  t o  a  l e s s e r  e x t e n t  o f  C -c a ro te n e .

INTRODUCTION
Orange-fleshed muskmelons (commonly 

called cantaloups in the United States) are 
known to be a good source of carotene 
(Fraps, 1947). Vavich and Kemmerer
(1950) found that / 3 - carotene amounted to 
at least 94% of the total carotenes, and 
reported the presence of one additional un­
identified pigment. Rabourn and Quacken- 
bush (1953) reported the presence of 
phytoene and phytofluene in the cantaloups.
A systematic study has now been made of 
the carotenoids of orange-fleshed musk­
melons, using countercurrent distribution to 
achieve a preliminary fractionation.

EXPERIM ENTAL
T h e  m u s k m e l o n s  u s e d ,  w h i c h  w e r e  t h e  c o m m o n  

o r a n g e - f l e s h e d  v a r i e t y ,  w e r e  o b t a i n e d  i n  S e p t e m b e r  
a t  a  l o c a l  m a r k e t .  T w o  1 0 0 0 - g  b a t c h e s  o f  t h e  e d i b l e  
p o r t i o n  w e r e  e a c h  b l e n d e d  w i t h  a  m i x t u r e  o f  1 L  
o f  w a t e r ,  1 L  o f  m e t h a n o l ,  a n d  1 0  g  o f  m a g n e s i u m  
c a r b o n a t e .  F i l t e r  a i d  ( C e l i t e ,  1 0 %  b y  w e i g h t  o f  
t h e  f r u i t  u s e d )  w a s  a d d e d ,  a n d  t h e  m i x t u r e  f i l t e r e d  
o n  a  B u c h n e r  f u n n e l .  T h e  f i l t e r  c a k e  w a s  w o r k e d  
u p  e s s e n t i a l l y  a s  p r e v i o u s l y  d e s c r i b e d  ( C u r l ,  1 9 6 1 ) ,  
i n c l u d i n g  s a p o n i f i c a t i o n  b y  p o t a s s i u m  h y d r o x i d e  i n  
a  o n e - p h a s e  s y s t e m  o f  e t h e r - m e t h a n o l .

C o u n t e r c u r r e n t  d i s t r i b u t i o n  r u n s  w e r e  c a r r i e d  o u t  
i n  a  C r a i g  a p p a r a t u s ,  u s i n g  s o l v e n t  s y s t e m s  I ,  I I  
( C u r l ,  1 9 5 3 ) ,  a n d  I V  ( C u r l ,  1 9 6 0 ) .  S o l v e n t  s y s t e m
I  i s  h e x a n e  a n d  9 9 %  m e t h a n o l ,  1 . 8 : 1  b y  v o l u m e ;
I I  i s  b e n z e n e ,  h e x a n e ,  a n d  8 7 %  m e t h a n o l ,  1 : 1 : 1 .1 5
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b y  v o l u m e ;  I V  i s  h e x a n e  a n d  7 3 ^ 4 %  m e t h a n o l ,  1 :1 
b y  v o l u m e .  T h e  f r a c t i o n s  o b t a i n e d  w e r e  c h r o m a t o ­
g r a p h e d  o n  c o l u m n s  o f  m a g n e s i a  ( S e a  S o r b  4 3 ) ,  
1 4  b y  c a .  9 0  m m ,  a n d  t h e  v a r i o u s  c o n s t i t u e n t s  
e l u t e d  b y  a  g r a d e d  s e r i e s  o f  e l u a n t s  ( C u r l ,  1 9 5 9 ) .  
S p e c t r a l  d a t a  f o r  t h e  v a r i o u s  b a n d s  e l u t e d  w e r e  
o b t a i n e d  i n  a  B e c k m a n  D K - 2  r e c o r d i n g  s p e c t r o ­
p h o t o m e t e r .

RESULTS AND DISCUSSION
The total carotenoid content of the edible 

portion of the fruit used was found to be 
equivalent to 20.2 mg/kg (as /3-carotene ).

During evaporation of the acetone extract 
of the filter cake, a relatively large amount 
of crystals of /3-carotene separated.

Countercurrent distribution. One-fourth 
of the carotenoid extract was used in a 100- 
transfer countercurrent distribution run with 
solvent system I. The results (Table 1 ) 
show the great preponderance of the hy­
drocarbon fraction. The diol-polyol fraction 
from this run was used in a second distribu­
tion with system IV (Table 1). The hy­
drocarbon fraction as obtained above was 
examined chromatographically; the other 
fractions were not, since they occurred in 
such small amounts.

T a b l e  1 . C o m p o s i t i o n  o f  t h e  m u s k m e l o n  c a r o ­
t e n o i d s  a s  d e t e r m i n e d  b y  c o u n t e r c u r r e n t  d i s t r i b u t i o n .

F r a c t i o n
A p p r o x im a te  

%  o f  t o ta l  
c a r o te n o id s  a iVioob

S y s t e m  I
I  ( H y d r o c a r b o n s ) 9 6 .5 9 1

I I A  ( M o n o l s ) 0 .7 5 9
I I B  ( M o n o l  e p o x i d e s  ? ) 0 . 0 7 3 8
I l l  ( D i o l s  a n d  p o l y o l s ) 2 . 7 8

S y s t e m  I V
I I I A  ( D i o l s ) 1 .3 9 0
I I I B  ( M o n o e p o x i d e  d i o l s ) 0 .1 6 6 4
I I I C  ( D i e p o x i d e  d i o l s ) 1 .1 2 3

I V  ( P o l y o l s ) 0 .2 1 1

° C o l o r  m e a s u r e d  a t  4 4 0  m g  i n  a n  E v e l y n  p h o t o ­
e l e c t r i c  c o l o r i m e t e r .

6 P o s i t i o n  o f  m a x i m u m  p e r  1 0 0  t r a n s f e r s .
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T a b l e  2 .  C a r o t e n o i d  c o n s t i t u e n t s  o f  m u s k n i c l o n s  a s  o b t a i n e d  b y  c o u n t e r c u r r e n t  d i s t r i b u t i o n  
a n d  c h r o m a t o g r a p h y .

F r a c t i o n  a n d  
c o n s t i t u e n t

S p e c t r a l  
a b s o rp t io n  

m a x im a  ( m ^ 3 )
A p p r o x .

%
I  P h y t o e n e ( 2 9 7 ) ,  2 8 6 ,  2 7 6 1 .5

P h y t o f l u e n e 3 6 7 ,  3 4 8 ,  3 3 1 2 .4
a - C a r o t e n e 4 7 2 , 4 4 1 ,  ( 4 1 7 ) ,  3 3 2 1 .2
( 3 - C a r o t e n e 4 7 7 , 4 4 7 ,  ( 4 2 3 ) ,  3 3 9 8 4 . 7
t - C a r o t e n e 4 2 2 ,  3 9 8 ,  3 7 6 6 . 8

I I A  ( M o n o l s ) " 0 . 7 °

I I B  ( M o n o e p o x i c l c  m o n o l s  ? ) 0 .0 7 *

I I I A  L u t e i n 4 8 4 ,  4 5 3 ,  4 2 8 , 3 3 8 1 .0
Z e a x a n t h i n 4 8 5 ,  4 5 7 ,  ( 4 3 2 ) ,  3 4 2 0 . 0 8

I I I B  ( M o n o e p o x i d e  d i o l s ) " 0 .1 6

I L I C  V i o l a x a n t h i n 4 8 1 , 4 4 9 , 4 2 3 , 3 3 6 ,  3 2 0 0 . 9
L u t e o x a n t h i n  a 4 5 7 ,  4 2 8 ,  4 0 4 0 .0 7
L u t e o x a n t h i n  b 4 5 5 ,  4 2 7 ,  4 0 4 0 . 0 8

I V  ( P o l y o l s ) " 0 .2 3
N e o x a n t h i n - l i k e 4 7 9 ,  4 4 7 0 .2 0
S i n e n s i a x a n t h i n - l i k e 4 2 4 ,  4 0 2 ,  3 7 6

* F r a c t i o n  I  c o n s t i t u e n t s  i n  h e x a n e ,  o t h e r s  in  b e n z e n e  
" N o t  c h r o m a t o g r a p h e d ,  b e c a u s e  t o o  s m a l l  a m o u n t  o f  m a t e r i a l  a v a i l a b l e .  
'  F r o m  c o u n t e r c u r r e n t  d i s t r i b u t i o n .

The remaining three-fourths of the 
carotenoid extract was used in a 100-transfer 
countercurrent distribution run with solvent 
system II, in order to obtain a sufficient 
quantity of the diol and diepoxide diol frac­
tions for chromatography.

The composition of the cartoenoid mixture, 
as far as could be determined chroma- 
tographically, is given in Table 2.

Hydrocarbons (I). Chromatography of 
this fraction showed the great preponderance 
of /3-carotene, which was accompanied by a 
much smaller amount of f-carotene, and still 
smaller amounts of phytoene, phytofluene, 
and a-carotene.

Monols (IIA ). The rnonol fraction was 
not chromatographed, because of the small 
quantity of material available. The A', on 
value of this fraction was near that pre­
viously found for cryptoxanthin (56-57 ).

Fraction IIB. This very small fraction 
may have been monoepoxide monols; frac­
tions with similar N iW) values have been 
found in a number of fruits.

Diols (IIIA). This fraction contained 
lutein and zeaxanthin, in the approximate

ratio of 12:1; this relative proportion is 
similar to that found in this fraction from 
green leaves.

Monoepoxide diols (IIIB). This fraction 
occurred in quite small amount, so that no 
chromatography was attempted.

Diepoxide diols (IIIC). This fraction 
was found to consist of violaxanthin 
(zeaxanthin-5,6,5',6'-diepoxide), together 
with a much smaller amount of the 5,6,5',8'- 
diepoxide isomers, the luteoxanthins. On 
treatment of an aliquot of the solution in 
ethanol of violaxanthin with HC1, the spec­
tral absorption maxima changed to those 
of the corresponding S.BT'.S'-diepoxide iso­
mers, the auroxanthins (423, 398, 377 mjj.), 
confirming the identification as violaxanthin.

Polyols (IV). This fraction was present 
in too small amount to chromatograph, so 
the spectral absorption of the entire fraction 
was measured. Maxima in benzene were 
present at 479, 447, 424, 402, and 376 m/x, 
indicating the presence of at least twro com­
ponents, the longer-wavelength one probably 
being neoxanthin. The other maxima were
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similar to those of sinensiaxanthin, a pigment 
of unknown structure found originally in 
oranges (Curl and Bailey, 1954). On treat­
ment of the solution in ethanol with a drop 
of hydrochloric acid, the wavelength of the 
spectral absorption maxima shifted from 
466, 437, 415, and 394 mp to 445, 418, 394, 
and 370 m/x, indicating that the major com­
ponent, at least, was a 5,6-monoepoxide such 
as neoxanthin.

Aside from the hydrocarbon fraction, the 
fractional composition of the carotenoids was 
rather like that of green leaves or green fruit. 
The components obtained on chromatography 
were also similar to those to be expected 
from green leaves or fruit. On ripening and 
turning orange of the interior, there is a very 
great buildup of the carotenoid content, 
mainly /1-carotene, and to a lesser extent 
¿-carotene. The other hydrocarbon con­
stituents usually occur as minor constituents 
in green leaves or fruit, and there may have 
been some increase here on ripening.
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Heat Inactivation of Staphylococcal Enterotoxin A

S U M M A R Y
A  l a r g e  b a t c h  o f  e n t e r o t o x i n  A f r o m  S t a p h y ­

l o c o c c u s  a u r e u s  s t r a i n  1 9 6 -E  w a s  p r e p a r e d  in  
e a s a m in o  a c id  m e d i u m  a n d  c o n c e n t r a t e d  1 3 .5  
t im e s  b y  d ia ly s is  u n d e r  p o l y e t h y l e n e  g ly c o l .  
C o n c u r r e n t  te s t s  o n  h e a t  i n a c t i v a t i o n  o f  t h i s  
t o x i n  w e r e  c o n d u c t e d  w i t h  m o n k e y s  a n d  c a ts .  
T h e  h e a t  i n a c t i v a t i o n  c u r v e  b a s e d  o n  t h e  c a t  
e m e t i c  r e a c t i o n  to  i n t r a p e r i t o n e a l  i n j e c t i o n  c a n  
b e  e x p r e s s e d  a s  a  s t r a i g h t - l i n e  s e m i - lo g a r i t h m i c  
c u r v e  w i th  a  s lo p e  ( z )  o f  4 8 ° F  to  t r a v e r s e  o n e  
lo g  c y c le  o f  t i m e  a n d  a  r e s i s t a n c e  a t  2 5 0 ° F  o f  
1 1  m i n  ( F 2is0 =  1 1  m i n ) .  T h e  h e a t  in a c t i v a t i o n  
c u r v e  b a s e d  o n  t h e  m o n k e y  e m e t i c  r e a c t i o n  to  
o r a l  f e e d i n g  w a s  F 2f 0 =  8  m i n .  T h e  h e a t  r e ­
s i s t a n c e  te s t s  b a s e d  o n  t h e  tw o  t e s t  a n i m a l s  a r c  
i n  r e m a r k a b l e  a g r e e m e n t .  C a ts  w e r e  f o u n d  to  
b e  c o n s i d e r a b ly  m o r e  s u s c e p t i b l e  t o  t h e  t o x in  
b y  i n j e c t i o n  t h a n  w e r e  m o n k e y s  b y  f e e d in g .  
T h e  i m p l i c a t i o n  o f  th e s e  te s t s  in  r e l a t i o n  to  h e a t  
p r o c e s s i n g  o f  f o o d s  is  d i s c u s s e d ,  a n d  p r e l i m i ­
n a r y  i n d i c a t i o n s  a r e  t h a t  t h e  p r o c e s s e s  g iv e n  
c o m m e r c i a l l y  c a n n e d  f o o d s  i n  w h ic h  t h e  o r g a ­
n i s m s  w il l  g ro w  a r e  s u f f i c i e n t  to  d e s t r o y  th e  
t o x in .

INTRODUCTION
Enterotoxin is a substance elaborated by 

the growth of certain coagulase-positive 
staphylococci in a suitable growth substrate. 
If the enterotoxin is ingested, a severe but 
non-lethal food poisoning can occur. It is 
probably the most common cause of food 
intoxication in this country. Unlike the le­
thal toxin of Clostridium botulinum, which 
is destroyed rapidly at temperatures below 
the boiling point, Staphylococcus enterotoxin 
possesses some degree of heat stability 
(Dack, 1956). The extent of this heat sta­
bility has been clouded by the fact that vari­
ous test animals and types of enterotoxin 
have been used in diverse substrates without 
adequate documentation of the amount of 
heat actually applied. Casman ct al. (1963s) 
reported that several serological types of 
enterotoxin exist and that most food poison­
ing from enterotoxin occurs with the entero­
toxin A (196-E prototype strain). Because 
enterotoxin B is easily produced in quan­
tity, most reported work has been with en­
terotoxin B. Recently, Read and Bradshaw

( 1966 ) defined heat inactivation of entero­
toxin B, with both cats and serological means 
used to determine the endpoint. To our 
knowledge, their work is the first thorough 
study of the heat inactivation of enterotoxin 
B reported in the literature, and the authors 
state that caution should be exercised in at­
tempting to use the data in predicting the 
fate of enterotoxin A in a food during 
processing.

Definite knowledge of the time and tem­
perature necessary to inactivate enterotoxin 
A by heat should be valuable to all food 
handlers, processors, and public health au­
thorities in the control of food poisoning. 
The test animals that can be used in such a 
study are limited to man, monkeys, and cats. 
The use of nematodes was tested by the 
authors, and rejected because of false posi­
tive results. Preliminary work in this lab­
oratory was done using intraperitoneal injev 
tion of cats (Denny and Bohrer, 1963). 
During the investigation, which was initiated 
in 1959, it was found that cats may develop 
an emetic reaction within 2 hr of intraperi­
toneal injection of a variety" of materials. 
Some of these materials are staphylococcal 
hemolysins, cold liquids, bv-produc.ts of 
growth produced bv Escherichia coll and by 
Proteus strains, and a combination of trypsin 
and egg white inhibitor. Preliminary work 
in this laboratory indicated that enterotoxin 
had a heat resistance which could be ex­
pressed as Fojji) =  100 min, but this resis­
tance appeared so high that the cat test was 
questioned as to its suitability for use in such 
a test, and preliminary monkey feeding tests 
did not confirm this extremelv high resis­
tance. Monkey feeding tests, previously re­
ported, also difl not confirm this high heat 
resistance for enterotoxin ( Laing and Shinn, 
1940). Human feeding tests (Dack and 
Surgalla, 1953 ) also contradicted this high 
heat resistance.

At about this time, Manohar et al. (1964) 
indicated that staphylococcal hemolysins were 
reactivated by strong heat. Subsequently, 
both alpha- and beta-hemolysins were found 
to be present in the samples giving the high
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heat-resistance results by cat injection tests. 
Methods were investigated for eliminating 
the hemolysins, and a colony of Staphylococ­
cus aureus 196-E was isolated that produced 
little or no hemolysins when grown and dia­
lyzed under specific conditions. Also, re­
duction of the incubation period from 96 In­
to 18 hr helped eliminate the hemolysins. 
Since monkeys are affected by enterotoxin 
but not by hemolysins when fed, this experi­
ment was designed whereby duplicates of the 
heated samples injected into cats were fed 
to monkeys.

MATERIALS AND METHODS
A  c u l t u r e  o f  S t a p h y l o c o c c u s  a u r e u s  N o .  1 9 6 - E  

w a s  o b t a i n e d  f r o m  D r .  M .  S .  B e r g d o l l  o f  t h e  F o o d  
R e s e a r c h  I n s t i t u t e  o f  t h e  U n i v e r s i t y  o f  C h i c a g o .  
T h i s  s t r a i n  i s  k n o w n  t o  p r o d u c e  e n t e r o t o x i n  o f  
t h e  t y p e  A  v a r i e t y  o n l y .  A  s i n g l e  c o l o n y  i s o l a t e  
w h i c h  w a s  f o u n d  t o  p r o d u c e  v e r y  l i t t l e  h e m o l y s i n  
w a s  c h o s e n  f o r  s t u d y .  A n  1 8 - h r  9 8 ° F  c u l t u r e  in  
b r a i n  h e a r t  i n f u s i o n  w a s  a d d e d  t o  s t e r i l e  b e a d - l i k e  
i n s u l a t o r s  ( p a r t  n o .  4 0 8 8 2 - 0 0 5 ,  M i n n e a p o l i s -  
H o n e y w e l l  R e g u l a t o r  C o . )  in  a  s t e r i l e  c o n t a i n e r  
a n d  d r i e d  u n d e r  v a c u u m  a n d  s i l i c a  g e l  a t  3 8 ° F .  
T w o  o f  t h e s e  i n o c u l a t e d  d r i e d  i n s u l a t o r s  w e r e  
p l a c e d  in  a  s t e r i l e  v i a l  w i t h  a  c o t t o n  s t o p p e r ,  a n d  
t h i s  v i a l  w a s  p l a c e d  in  a  s c r e w - c a p p e d  t u b e  c o n ­
t a i n i n g  s i l i c a  g e l .  A l l  t h e  b e a d s  w e r e  s t o r e d  in  
t h i s  m a n n e r  a t  3 8 ° F  u n t i l  u s e d .  C u l t u r e s  w e r e  
a c t i v a t e d  b y  a d d i n g  t w o  b e a d s  t o  a  t u b e  c o n t a i n i n g  
6  m l  o f  s t e r i l e  b r a i n  h e a r t  i n f u s i o n  a n d  i n c u b a t i n g  
a t  9 8 ° F  f o r  1 8  h r .  T h e n ,  4  m l  o f  s t e r i l e  w a t e r  w a s  
a d d e d  t o  t h e  g r o w t h  m a t e r i a l ,  a n d  t h e  c o n t e n t s  w e r e  
m i x e d  ( o n  a  V o r t e x  J r .  M i x e r ) .  V i a b l e  c o u n t s  
h a v e  r a n g e d  f r o m  3 0  m i l l i o n  t o  3 . 4  b i l l i o n  p e r  m l .  
O n e  m l  o f  t h e  g r o w t h  m a t e r i a l  w a s  i n o c u l a t e d  i n t o  
5 0 0  m l  o f  c o m p l e t e l y  d i a l y z a b l e  s t e r i l e  c a s a m i n o  
a c i d  m e d i u m  ( C a s m a n ,  1 9 5 8 )  in  a  2 - L  E r l e n m e y e r  
f l a s k .  E i g h t  f l a s k s  ( 4  L )  w e r e  p r e p a r e d  e a c h  
t i m e .  T h e  f l a s k s  c o n t a i n i n g  t h e  i n o c u l a t e d  m e d i u m  
w e r e  a t t a c h e d  t o  a  m e c h a n i c a l  s h a k e r  ( B u r r e l l  
S i d e  A r m )  a t  a  4 5 °  a n g l e  a n d  s h a k e n  a t  3 2 0  
s t r o k e s  p e r  m i n  d u r i n g  i n c u b a t i o n  a t  9 8 ° F  f o r  
1 8  h r .

A t  t h e  c o m p l e t i o n  o f  t h e  i n c u b a t i o n  p e r i o d ,  t h e  
g r o w t h  f r o m  e a c h  f l a s k  w a s  e x a m i n e d  m i c r o s c o p ­
i c a l l y  f o r  c o n t a m i n a t i o n  a n d  d i s c a r d e d  i f  c o n t a m i ­
n a t e d .  T h e  l i q u i d  w a s  c e n t r i f u g e d  a t  9 , 0 0 0  r p m  
f o r  6 0  m i n  i n  a  r e f r i g e r a t e d  ( 3 4 ° F )  c e n t r i f u g e .  
B e c a u s e  t h i s  t r e a t m e n t  c l e a r e d  t h e  g r o w t h  m a t e r i a l  
b u t  d i d  n o t  c o m p l e t e l y  r e m o v e  a l l  t h e  s t a p h y l o c o c c i ,  
t h e  c e n t r i f u g e d  g r o w t h  l i q u i d  w a s  p a s s e d  t h r o u g h  
a n  F 1 A  M i l l i p o r e  f i l t e r .  T h e  f i l t e r e d  l i q u i d  w a s  
t h e n  p l a c e d  i n  w a s h e d  d i a l y s i s  s a c s  ( a v e r a g e  p o r e

r a d i u s  o f  2 4  A )  a n d  b o t h  e n d s  k n o t t e d .  T h e  s a c s  
w e r e  p l a c e d  i n  p l a s t i c  b u c k e t s  a n d  c o v e r e d  w i t h  a  
h y d r o p h i l i c  c o l l o i d  ( p o l y e t h y l e n e  g l y c o l ,  2 0 , 0 0 0 ) .  
T h e  b u c k e t s  w e r e  s t o r e d  a t  3 8 ° F  f o r  4 8  h r  o r  u n t i l  
t h e  s a c s  w e r e  e s s e n t i a l l y  w i t h o u t  l i q u i d .  T h e  o u t ­
s i d e  o f  t h e  s a c s  w a s  w a s h e d  t h o r o u g h l y  w i t h  d i s ­
t i l l e d  w a t e r ,  a n d  t h e  m a t e r i a l  i n s i d e  t h e  s a c s  w a s  
r e m o v e d  b y  w a s h i n g  w i t h  t w o  r i n s e s ,  u s i n g  t h e  
s m a l l e s t  a m o u n t  o f  s t e r i l e  w a t e r  p o s s i b l e  ( a b o u t  
1 0  t o  1 5  m l ) .  T h e  c o n c e n t r a t e d  m a t e r i a l  r e p r e ­
s e n t e d  a  1 3 . 5 - f o l d  c o n c e n t r a t i o n ,  w i t h  a  f i n a l  v o l ­
u m e  o f  1 ,8 5 0  m l .  T h e  c o n c e n t r a t e d  t o x i n  c o n t a i n e d  
v e r y  l i t t l e  a l p h a -  o r  b e t a - h e m o l y s i n  a s  d e t e r m i n e d  
b y  h e m o l y s i n  a s s a y  w i t h  w a s h e d  s h e e p  c e l l s .

A  v o l u m e  o f  2 .2 5  m l  o f  t h e  e n t e r o t o x i n  w a s  s e a l e d  
i n  e a c h  P y r e x  t h e r m a l - d e a t h - t i m e  t u b e  ( 7  m m  I D ,  
9  m m  O D  ) .  H e a t i n g  o f  t h e  t u b e s  w a s  a c c o m p l i s h e d  
in  a n  o i l  b a t h  c o n t r o l l e d  b y  a  T h e r m o c a p  r e l a y  a d ­
j u s t e d  f o r  a c c u r a c y  w i t h  a  t h e r m o m e t e r  s t a n d a r ­
d i z e d  ( a t  e a c h  t e m p e r a t u r e  u s e d )  a g a i n s t  a  
m e r c u r y - i n - g l a s s  t h e r m o m e t e r  c a l i b r a t e d  b y  t h e  
N a t i o n a l  B u r e a u  o f  S t a n d a r d s .  V a r i a t i o n  w a s  
± 0 . 2 ° F  f r o m  t h e  d e s i r e d  t e m p e r a t u r e ,  a n d  t h e  
t i m e  w a s  c o n t r o l l e d  w i t h  a  s t o p w a t c h .  L a g  in  
h e a t i n g  t i m e  w a s  d e t e r m i n e d  b y  t h e r m o c o u p l e  
m e a s u r e m e n t s ,  a n d  a l l  t i m e s  m e n t i o n e d  a r e  c o r ­
r e c t e d  f o r  t h e  l a g  t i m e .  T u b e s  w e r e  i m m e r s e d  in  
c o l d  w a t e r  i m m e d i a t e l y  u p o n  r e m o v a l  f r o m  t h e  
b a t h  a n d  s t o r e d  u n d e r  r e f r i g e r a t i o n  u n t i l  u s e d .

'P h e  t r e a t m e n t ,  c a r e ,  a n d  m e t h o d  o f  i n j e c t i o n  o f  
c a t s  o r  k i t t e n s  w e r e  s i m i l a r  t o  t h o s e  d e s c r i b e d  b y  
M a t h e s o n  a n d  T h a t c h e r  ( 1 9 5 5 ) .  I n  b r i e f ,  t h e  c a t s  
w e r e  q u a r a n t i n e d  f o r  2 1  d a y s ,  d u r i n g  w h i c h  t i m e  
t h e y  w e r e  w o r m e d ,  g i v e n  i m m u n e  s e r u m ,  p n e u ­
m o n i t i s  v a c c i n e ,  a n d  d i s t e m p e r  v a c c i n e  ( t w i c e ) ,  
a n d  c h e c k e d  f o r  r i n g w o r m .  A t  t h e  t i m e  o f  t h e  
t e s t ,  t h e  c a t  i n j e c t i o n  a r e a  w a s  s p o n g e d  w i t h  7 0 %  
a l c o h o l  a n d  t h e  t e s t  m a t e r i a l  i n j e c t e d  w i t h  a  2 1 -  
g a u g e  n e e d l e  j u s t  b e l o w  t h e  r i b  c a g e  i n  t h e  r i g h t  
i n t r a p e r i t o n e a l  s e c t i o n .  T h e  c a t  t e s t  w a s  a c c e p t e d  
a s  p o s i t i v e  f o r  e n t e r o t o x i n  i f  d e c i s i v e  v o m i t i n g  
o c c u r r e d  b e t w e e n  1 0  m i n  a n d  2  h r  a f t e r  i n j e c t i o n .  
I n d i v i d u a l  c a t s  w e r e  u s e d  o n l y  4  t i m e s  a t  1 0 - d a y  
i n t e r v a l s .  N o  i m m u n i t y  w a s  d e t e c t e d  w i t h  t h i s  
p r o c e d u r e ,  a n d  n o  c a t s  d i e d .

M o n k e y  f e e d i n g  w a s  d o n e  a t  t h e  F o o d  R e s e a r c h  
I n s t i t u t e  o f  t h e  U n i v e r s i t y  o f  C h i c a g o  u n d e r  t h e  
s u p e r v i s i o n  o f  D r .  M .  S .  B e r g d o l l .  K n o w n  e n t e r o -  
t o x i n - s e n s i t i v e  y o u n g  r h e s u s  m o n k e y s  w e r e  a d m i n ­
i s t e r e d  t h e  e n t e r o t o x i n  p r e p a r a t i o n  i n  5 0  m l  o f  
w a t e r  t h r o u g h  a  r u b b e r  c a t h e t e r  d i r e c t l y  i n t o  t h e  
s t o m a c h .  T h e  m o n k e y s  w e r e  o b s e r v e d  f o r  5  h r  
f o r  e m e s i s .

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

(RESULTS AND DISCUSSION
Endpoints of heat inactivation of entero­

toxin A were determined at five tempera­
tures : 212, 220, 230, 240, and 250°F. Fig. 
1 shows the results of the heat inactivation 
of enterotoxin A as indicated by the cat 
emetic reaction (135 cats tested). The end­
points were confirmed by determining nega­
tive reactions of five cats at each of three 
consecutive time intervals above the last

time interval of heating which showed at 
least one positive cat reaction. Any single 
positive cat at any time interval was recorded 
as positive even though there was the slight 
possibility of a false positive reaction. On 
semi-log paper, a straight-line curve was 
drawn above all positive points and below as 
many negative points as possible. The heat 
inactivation curve based on the cat emetic 
reaction can be expressed as a straight-line 
semilogarithmic curve with a slope (s’) of 
48°F to traverse one log cycle of time and a 
resistance at 250°F of 11 min ( F-̂ su =  11). 
This method of interpreting results is com­
monly used in expressing heat resistance of 
bacterial spores in the derivation of heat 
processes for canned foods (Townsend ct ah,
1938). Results on this enterotoxin A batch 
as indicated by monkey feedings are shown 
in Fig. 2. Because monkey-feeding is expen-

F i g .  1 . T h e r m a l  i n a c t i ­
v a t i o n  c u r v e  o f  e n t e r o ­
t o x i n  A  b a s e d  o n  t h e  c a t  
e m e t i c  r e a c t i o n .

T E M P E R A T U R E F
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sive, only a three-monkey emetic reaction at 
each of the five temperatures was tested (93 
monkeys). In other words, the endpoints 
were confirmed by obtaining negative reac­
tions of three monkeys at each of three con­
secutive time intervals above the last time 
interval of heating which showed one posi­
tive monkey-reaction. The heat-inactivation 
results in this monkey test show close agree­
ment with the results of the cat test. The 
heat inactivation curve based on the monkey 
emetic reaction can be expressed as a 
straight-line semilogarithmic curve with a 
slope (z) of 46°F to traverse one log cycle 
of time and a resistance at 250°F for 8 min 
( F25q =  8). The final positive reaction at 
212°F was found only after testing 6 mon­
keys. The authors conducted the additional 
testing at 212°F because the monkeys were 
much more inclined to give negative re­
sponses than were the cats, and all other

results, with the possible exception of those 
at 230°F, indicated that the 40-min inter­
val at 212°F should give a positive test. 
One of 6 cats at the interval of 40 min at 
212°F was positive, indicating that the 
straight-line semilogarithmic curve could be 
used. Testing a large number of monkeys 
with enterotoxin A heated for 15 min at 
230°F would quite likely produce a positive 
reaction. The extensive series of time inter­
vals tested at 240° F indicated that toxin was 
definitely reduced in strength by heating and 
that the curve is very near the maximum 
which might be achieved by additional mon­
key tests.

The cat results (Fig. 1) on enterotoxin A 
show substantially less heat resistance than 
the preliminary cat results mentioned in the 
Introduction, where large amounts of he­
molysins were present. The validity of the 
latter cat tests with a preparation free of

F i g .  2 .  T h e r m a l  i n a c t i ­
v a t i o n  c u r v e  o f  e n t e r o ­
t o x i n  A  b a s e d  o n  t h e  
m o n k e y  e m e t i c  r e a c t i o n .
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hemolysins is confirmed by tire monkey tests 
because the monkeys do not react to the 
staphylococcal hemolysins.

This work was complete when Read and 
Bradshaw ( 1966) published their heat in­
activation figures on enterotoxin B deter­
mined by serological assay (a comparison 
with the cat emetic test was made only at one 
temperature). Their results can be expressed 
as a straight-line semilogarithmic curve with 
a slope (A) of 58° F and a resistance at 
250° F of 16.4 min ( FJjJ =  16.4). Entero­
toxin B is not a common cause of food poi­
soning, whereas enterotoxin A has been re­
ported in almost all human food poisoning 
cases ( Bergdoll. 1965a).

Initial testing with cats and monkeys with 
the batch of enterotoxin used in these stud­
ies demonstrated that most cats were sensi­
tive to unheated toxin when the concentration 
reached about 2.3 yg, whereas most monkeys 
were sensitive to the unheated toxin onlv 
after 47.25 gg were fed. In other words,
20.8 times as much unheated toxin was 
needed for monkeys as for cats. This entero­
toxin A was concentrated by a factor of 13.5. 
and it took' 6.75 ml for most monkeys to 
give an emetic reaction. The concentration 
of this toxin necessary to elicit a response 
in man is not known. However, if a man 
were affected to the same degree as a 
monkey, about 91 ml of the original growth 
material, formed under conditions most fa­
vorable for enterotoxin production, would 
have to be consumed to produce a reaction.

These results indicate that enterotoxin A 
is fairly resistant to heat. However, if in­
terpreted against the commercial heat pro­
cesses used in still retorts for low-acid 
canned foods, the preliminary indications are 
that even high concentrations of enterotoxin 
A would be destroyed unless afforded pro­
tection by the foods. If enterotoxin A were 
present in a high concentration in a raw low- 
acid food (which is extremely unlikely under 
commercial canning conditions), it is con­
ceivable that some toxin might survive high- 
temperature short-time processing, because 
of the slope of the heat inactivation curve. 
However, only one or two cats or monkeys 
of those tested reacted to enterotoxin A 
given the higher heat treatments. In canned

acid foods, such as tomatoes ( pH 4.3) and 
peaches (pH 3.7), Segalove ct al. (1943) 
showed that food-poisoning staphylococci 
could not grow, and that these canned foods 
therefore could not contain enterotoxin.

The heat inactivation results are on en­
terotoxin A heated at a pH of 7.8, which 
resulted after growth in the culture medium. 
Tests are currently under way on toxin ad­
justed to lower pH levels. Because acid de­
natures protein and enterotoxin is a simple 
protein, the heat required for toxin inactiva­
tion at lower pH levels might logically be 
less. Heat inactivation studies in food prod­
ucts at their natural pH levels are also 
contemplated.

REFERENCES
B e r g d o l l ,  M .  S .  1 9 6 5 a .  P a r t  I I .  R e s e a r c h  a c h i e v e ­

m e n t s .  T h e  e n t e r o t o x i n s .  C h e m i c a l - p h y s i c a l  
p r o p e r t i e s ,  p u r i f i c a t i o n ,  p r o d u c t i o n ,  a n d  i d e n ­
t i f i c a t i o n .  A n n u a l  R e p o r t  f o r  1 9 6 4 ,  T h e  F o o d  
R e s e a r c h  I n s t . ,  U n i v .  o f  C h i c a g o ,  1.

B e r g d o l l ,  M .  S .  1 9 6 5 b .  P e r s o n a l  c o m m u n i c a t i o n .  
C a s m a n ,  K .  P .  1 9 5 8 .  S e r o l o g i c a l  s t u d i e s  o f  s t a p h y ­

l o c o c c a l  e n t e r o t o x i n .  U S .  P u b l ic  H e a l th  R c p t s .  
73, 5 9 9 .

C a s m a n ,  E .  P . ,  5 1 .  S .  B e r g d o l l ,  a n d  J .  R o b i n s o n .
1 9 6 3 .  D e s i g n a t i o n  o f  s t a p h y l o c o c c a l  e n t e r o ­
t o x i n s .  / .  B a c te r ia l .  85, 7 1 5 .

D a c k ,  G . M .  1 9 5 6 .  F o o d  P o i s o n i n g .  U n i v .  o f  
C h i c a g o  P r e s s ,  C h i c a g o .

D a c k ,  0 .  M . ,  a n d  M .  J .  S u r g a l l a .  1 9 5 3 .  T h e r m a l  
d e s t r u c t i o n  o f  S t a p h y l o c o c c u s  e n t e r o t o x i n  e x ­
p e r i m e n t a l l y  i n o c u l a t e d  i n t o  f r e s h  p o r k .  F o o d  
T e c h n o ! .  8 . 3 0 7 .

D e n n y ,  C . B . ,  a n d  C . W .  B o h r e r .  1 9 6 3 .  I m p r o v e d  
c a t  t e s t  f o r  e n t e r o t o x i n .  J .  B a c te r ia l .  86, 3 4 7 .  

L a i n g ,  M .  L . ,  a n d  B .  M .  S h i n n .  1 9 4 0 .  P r e l i m i n a r y  
s t u d i e s  i n  h e a t  r e s i s t a n c e  o f  b a c t e r i a l  t o x i n s .  
C a n n e r  90 ( 1 2 ) ,  P a r t  2 ,  8 5 .

M a n o h a r ,  M . ,  S .  K u m a r ,  a n d  R .  Iv . L i n d o r f e r .
1 9 6 4 .  H e a t  r e a c t i v a t i o n  o f  t h e  a l p h a  h e m o l y t i c ,  
d e r m a l  n e c r o t i c ,  a n d  l e t h a l  a c t i v i t i e s  o f  c r u d e  
a n d  p u r i f i e d  s t a p h y l o c o c c a l  a l p h a  t o x i n .  B a c ­
te r ia l .  P r o c .  61 ( M  9 5  ) .

M a t h e s o n ,  B .  H . ,  a n d  F .  S .  T h a t c h e r .  1 9 5 5 .  S t u d ­
i e s  w i t h  s t a p h y l o c o c c a l  t o x i n s .  1 . A  r e ­
a p p r a i s a l  o f  t h e  v a l i d i t y  o f  t h e  k i t t e n  t e s t  a s  
a n  i n d i c a t i o n  o f  S t a p h y l o c o c c u s  e n t e r o t o x i n .  
C a n . J .  M ic r o b ia l .  1, 3 7 2 .

R e a d ,  R .  B . ,  J r . ,  a n d  J .  G . B r a d s h a w .  1 9 6 6 .  T h e r ­
m a l  i n a c t i v a t i o n  o f  s t a p h y l o c o c c a l  e n t e r o t o x i n  
B  in  v e r o n a l  b u f f e r .  U p  p i. M ic r o b io l .  14. 1 3 0 .



DENNY, TAN, AND BOHRER 767

S e g a l o v e ,  M . ,  E .  D a v i s o n ,  a n d  G .  M .  D a c k .  1 9 4 3 .  
G r o w t h  o f  a  f o o d  p o i s o n i n g  s t r a i n  o f  S t a p h y ­
l o c o c c u s  e x p e r i m e n t a l l y  i n o c u l a t e d  i n t o  c a n n e d  
f o o d s .  F o o d  R e s e a r c h  8 ,  5 4 .

T o w n s e n d ,  C .  T . ,  J .  R .  E s t y ,  a n d  F .  C . B a s e l t .  
1 9 3 8 .  H e a t  r e s i s t a n c e  s t u d i e s  o n  s p o r e s  o f  
p u t r e f a c t i v e  a n a e r o b e s  i n  r e l a t i o n  t o  d e t e r m i n a ­

t i o n  o f  s a f e  p r o c e s s e s  f o r  c a n n e d  f o o d s .  F o o d  

R e s e a r c h  3, 3 2 3 .

M s .  r e c ' d  2 / 2 3 / 6 6 .

T h i s  i n v e s t i g a t i o n  w a s  s u p p o r t e d  i n  p a r t  b y  U .  S .  
P u b l i c  H e a l t h  S e r v i c e  r e s e a r c h  g r a n t  E F  0 0 1 2 4  
f r o m  t h e  E n v i r o n m e n t a l  E n g i n e e r i n g  a n d  F o o d  
P r o t e c t i o n  D i v i s i o n .
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D e p a r t m e n t  o f  F o o d  S c i e n c e  a n d  T e c h n o l o g y ,  U n i v e r s i t y  o f  C a l i f o r n i a ,

D a v i s ,  C a l i f o r n i a  9 5 6 1 6

Desulfovibrio aestuarii, the Causative Agent of Hydrogen 
Sulfide Spoilage of Fermenting Olive Brines

S U M M A R Y
D e s u l f o v i b r i o  a e s t u a r i i  w a s  f o u n d  i n  c o n c e n ­

t r a t i o n s  a s  g r e a t  a s  2  x  1 0 “ p e r  m l  in  f e r m e n t ­
i n g  m a l o d o r o u s  s u l f u r e t e d  o l iv e  b r i n e s .  O f  
2 6 8  c o m m e r c i a l  b r i n e  t a n k s  r a n d o m l y  s a m p le d ,  
4 6  ( 1 7 . 6 % )  y ie ld e d  p o s i t i v e  e n r i c h m e n t s  f o r
D .  a e s t u a r i i .

I N T R O D U C T I O N

The use of microbiologically selective con­
centrations of solar salt (5-8% ) for the stor­
age and fermentation of olives is well estab­
lished in the California olive processing in­
dustry. The presence of sulfate in the im­
pure salt (Shewan, 1951), the ensuing for­
mation of lactic acid, and the resulting an- 
aerohiosis with an initial pH above 5.5 create 
ideal conditions for the development of hy­
drogen sulfide from the growth and metabo­
lism of the halophilic Desulfovibrio aestuarii. 
Soriano (1955) was the first to isolate mem­
bers of the genus Desulfovibrio from olive 
brines which had undergone the malodorous 
fermentation termed “zapatera.” The odor 
of hydrogen sulfide, however, is not pro­
nounced in “zapatera" spoilage. Further­
more, spoilage is avoided completely only 
when the pH of the brine is decreased by 
careful control to a value of about 3.8. 
Growth of all of the cultures described herein 
failed at less than pH 5.5. Therefore, it 
would appear to be very doubtful that the 
sulfate-reducing bacteria are capable of pro­
ducing the foul, fecal stench found by Kawa- 
tomari and Vaughn ( 1956) to be caused by 
the clostridia associated with “zapatera” 
spoilage of olives in brine. The present in­
vestigation was initiated folllowing a severe 
outbreak of hydrogen sulfide spoilage of 
brined Sicilian-style fermented olives in­
volving all storage brines in an industrial 
plant in the lower Sacramento Valley. Sub­
sequently, isolated examples of this spoilage 
were detected in other processing plants 
throughout the major olive growing regions 
of California in the upper as well as the

a P r e s e n t  a d d r e s s  : D e p a r t m e n t  o f  F o o d  S c i e n c e  
a n d  T e c h n o l o g y ,  U n i v e r s i t y  o f  M a s s a c h u s e t t s ,  A m ­
h e r s t ,  M a s s a c h u s e t t s  0 1 0 0 3 .

lower Sacramento Valley and throughout 
the San Joaquin Valley.
E X P E R I M E N T A L  M E T H O D S  A N D  R E S U L T S

C u l t u r e  m e d i a .  C u l t u r e s  w e r e  g r o w n  a t  p H  7 .0  
i n  a  m e d i u m  c o n t a i n i n g :  y e a s t  e x t r a c t  ( D i f c o ) ,
0 . 5 0 % ;  ( N H i U H P O i ,  0 . 3 0 % ;  s o d i u m  l a c t a t e ,  
0 . 3 0 % ;  N a s S O i ,  0 . 2 0 % ;  I G H P C b ,  0 . 1 7 % ;  a n d  
s o d i u m  t h i o g l y c o l l a t e ,  0 . 0 5 % ;  in  d i s t i l l e d  w a t e r ,  
w i t h  a n d  w i t h o u t  1 .5 %  a g a r  a s  r e q u i r e d .

H , S  d e t e r m i n a t i o n s .  H y d r o g e n  s u l f i d e  w a s  d e ­
t e r m i n e d  a c c o r d i n g  t o  S t a n d a r d  M e t h o d s  o f  C h e m ­
i c a l  A n a l y s i s  ( S c o t t ,  1 9 2 5 )  e x c e p t  t h a t  5 - 1 0  m l  o f  
a  b r o t h  c u l t u r e  w e r e  t r a n s f e r r e d  b y  h y p o d e r m i c  
s y r i n g e  t o  a  2 5 0 - r n l  g r o u n d - g l a s s - s t o p p e r e d  E r l e n -  
m e y e r  f l a s k  c o n t a i n i n g  5 m l  o f  0 .1  .V  i o d i n e ,  2 5  m l  
o f  d i s t i l l e d  w a t e r ,  a n d  1 m l o f  I V  H C 1 .  T h e  f l a s k  
w a s  s t o p p e r e d  a n d  a l l o w e d  t o  s t a n d  f o r  a t  l e a s t  
2  m i n  b e f o r e  t i t r a t i n g  w i t h  0 . 1 V  s o d i u m  t h i o s u l ­
f a t e .  T w o  d r o p s  o f  1 %  s o l u b l e  s t a r c h  i n d i c a t o r  
w e r e  a d d e d  j u s t  b e f o r e  t h e  e n d  p o i n t  w a s  r e a c h e d .

P h a s e  m i c r o s c o p y .  D a r k - p h a s e  m i c r o s c o p y  w a s  
p e r f o r m e d  w i t h  a  C a r l  Z e i s s  s t a n d a r d  m o d e l  G F L  
m i c r o s c o p e  w i t h  a  n e o f l u o r  lO O x  d a r k - p h a s e  o b ­
j e c t i v e .  P h o t o m i c r o g r a p h s  w e r e  t a k e n  w i t h  K o d a k  
p a n a t o m i c  X  f i lm  w i t h  a  N i k o n  c a m e r a  b a c k  a t  a  
m a g n i f i c a t i o n  o f  l , 2 0 0 x  a n d  d e v e l o p e d  in  K o d a k  
D K 6 0 A  f o r  7  m in .

E l e c t r o n  m i c r o s c o p y .  E l e c t r o n  m i c r o g r a p h s  
w e r e  m a d e  w i t h  a n  R C A  e l e c t r o n  m i c r o s c o p e  m o d e l  
E M U - 3 E .

D r y  c e l l  w e i g h t .  C e l l  d e n s i t i e s  w e r e  d e t e r m i n e d  
w i t h  a  B a u s c h  a n d  L o m b  s p e c t r o n i c  2 0  a t  6 2 0  m g  
u s i n g  1 3  X  1 0 0 - m m  t u b e s .  T h e  d r y  c e l l  w e i g h t  o f  
c u l t u r e s  a n d  c e l l  s u s p e n s i o n s  w a s  b a s e d  o n  a  s t a n ­
d a r d  c u r v e  p r e p a r e d  b y  p l o t t i n g  t h e  O D  ( o p t i c a l  
d e n s i t y )  o f  c e l l  c o n c e n t r a t i o n s  a g a i n s t  d r y  c e l l  
w e i g h t .

E n r i c h m e n t  c u l t u r e s .  O n e - m l  b r i n e  s a m p l e s  
w e r e  t r a n s f e r r e d  t o  9  m l  o f  s t e r i l e  b r o t h  c o n t a i n i n g  
0 . 0 5 %  f e r r o u s  a m m o n i u m  s u l f a t e  a n d  4 %  N a C l  i n  
s c r e w - c a p p e d  t e s t  t u b e s .  O f  2 6 8  b r i n e  s a m p l e s  o b ­
t a i n e d  f r o m  s e v e n  p r o c e s s i n g  p l a n t s ,  4 6  y i e l d e d  
p o s i t i v e  e n r i c h m e n t s  f o r  D .  a e s t u a r i i  ( T a b l e  1 )  
f r o m  w h i c h  p u r e  c u l t u r e s  w e r e  o b t a i n e d .

E n u m e r a t i o n  o f  s u l f a t e  r e d u c e r s  i n  f e r m e n t i n g  
b r i n e s .  T o  o b v i a t e  t h e  p o s s i b i l i t y  t h a t  p o s i t i v e  
e n r i c h m e n t s  r e s u l t e d  f r o m  t h e  c h a n c e  o c c u r r e n c e  
o f  a  f l o r a l  m i n o r i t y ,  m o s t - p r o b a b l e - n u m b e r  d e t e r ­
m i n a t i o n s  w e r e  p e r f o r m e d  o n  m a l o d o r o u s  b r i n e s .  
T u b e s  c o n t a i n i n g  9  m l  o f  b r o t h  w i t h  4 %  N a C l  a n d  
0 . 0 5 %  f e r r o u s  a m m o n i u m  s u l f a t e  w e r e  i n o c u l a t e d
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T a b l e  1 . I n c i d e n c e  o f  D e s u l f o v i b r i o  a e s t u a r i i  in  

c o m m e r c i a l  o l i v e  f e r m e n t a t i o n  b r i n e s .

P r o c e s s in g
p la n t

B r in e
p ro c e s s

N o . o f  
t a n k s  

s a m p le d
N o . o f  

p o s i t iv e  
e n r i c h m e n t s

A S a l t  s t o c k  f o r  
b l a c k  r i p e 3 5 0

S p a n i s h  s t y l e 10 0
B S a l t  s t o c k  f o r  

b l a c k  r i p e 2 6 8
S p a n i s h  s t y l e 6 0

C S a l t - s t o c k  f o r  
b l a c k  r i p e 4 4 0

D S a l t  s t o c k  f o r  
b l a c k  r i p e 12 0

E S a l t  s t o c k  f o r  
b l a c k  r i p e 2 6 1 8

F S a l t  s t o c k  f o r  
b l a c k  r i p e 6 0 1

G S i c i l i a n  s t y l e 5 0 1 9
T o t a l 2 6 8 4 6
% 100 1 7 .2

w i t h  1 m l  o f  s e r i a l  d i l u t i o n s  o f  b r i n e s .  T h e  f o r m a ­
t i o n  o f  H =S  a n d  b l a c k  F e S  a c c o m p a n i e d  b y  t h e  
m i c r o s c o p i c  d e m o n s t r a t i o n  o f  v i b r i o  c e l l s  w a s  r e ­
g a r d e d  a s  i n d i c a t i v e  o f  t h e  p r e s e n c e  o f  D e s u l f o ­

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

Isolation of pure cultures. E n r i c h m e n t  c u l t u r e s  
w e r e  s e r i a l l y  d i l u t e d  i n  b r o t h ,  a n d  1 m l  o f  s e v e r a l  
d i l u t i o n s  w a s  t r a n s f e r r e d  t o  t u b e s  c o n t a i n i n g  20 
m l  o f  m e l t e d  a g a r  m e d i a  a t  4 8 ° C  a n d  t h e n  p o u r e d  
i n t o  p e t r i  p l a t e s .  T h e  p l a t e s  w e r e  t h e n  p l a c e d  in  
b r e w e r  a n a e r o b i c  j a r s  a l o n g  w i t h  a  m i x t u r e  o f  6 g  
o f  p y r o g a l l i c  a c i d  a n d  2 0  m l  o f  2 0 %  N a s C O s .  T h e  
j a r s  w e r e  s e a l e d  w i t h  p l a s t a c i n e  c l a y  a n d  a l t e r ­
n a t e l y  e v a c u a t e d  a n d  f i l l e d  w i t h  n i t r o g e n  t h r e e

T a b l e  2 .  E n u m e r a t i o n  o f  D e s u l f o v i b r i o  a e s t u a r i i  

in  f e r m e n t i n g  b r i n e s  b y  t h r e e - t u b e  M P N .
N o . o f

N o . o f  D . a e s tu a r i i
B r in e

s a m p le D i lu t io n
p o s i t iv e

tu b e s
p e r  m l o f  

b r i n e
L 6- J 107 0

10° 3 2  X  1 0 °
103 3

L 6 - 3 1 107 0
10° 3 2  X  10"
105 3

V R - 1 8 9 107 1
10“ 2 2  X  1 0 °
105 3

V R - 1 7 0 10s 0
104 1 4  X  1 0 4
103 3

T K - 7 7 10s 2
104 2 2  X  1 0 4
103 3

F i g .  1 . I s o l a t e d  c o l o n i e s  o f  D .  a e s t u a r i i  g r o w n  i n  
a g a r  m e d i u m  c o n t a i n i n g  0 . 0 0 3 %  f e r r o u s  a m m o n i u m  
s u l f a t e  u n d e r  a n a e r o b i c  c o n d i t i o n s  i n  b r e w e r  j a r .

t i m e s .  T y p i c a l  c o l o n y  g r o w t h  i s  s h o w n  i n  F i g .  1 , 
a n d  c h a r a c t e r i s t i c  c e l l  s h a p e  i n  F i g .  2 .  P u r e  c u l ­
t u r e s  w e r e  o b t a i n e d  b y  p i c k i n g  w e l l  i s o l a t e d  c o l o ­
n i e s  f r o m  p l a t e s  f r e e  o f  m i c r o s c o p i c  s a t e l l i t e  c o l o ­
n i e s  a n d  i m m e d i a t e l y  i n o c u l a t i n g  i n t o  b r o t h .  T h e  
e n t i r e  p u r i f i c a t i o n  p r o c e d u r e  w a s  a g a i n  r e p e a t e d  
t w i c e .  S i n c e  p u r e  c u l t u r e s  f a i l e d  t o  u t i l i z e  d e x ­
t r o s e ,  f i n a l  p u r i t y  w a s  e s t a b l i s h e d  b y  l a c k  o f  
a e r o b i c  o r  a n a e r o b i c  g r o w ' t h  a t  p H  7 .0  i n  a  m e ­
d i u m  c o n s i s t i n g  o f  y e a s t  e x t r a c t  ( D i f c o ) ,  0 . 5 0 % ;  
d e x t r o s e ,  0 .3 0 % .;  a n d  d i s t i l l e d  w a t e r .  A  n u m b e r  
o f  p r e s u m a b l y  p u r e  c u l t u r e s  p r o d u c e d  g r o w t h  in  
t h i s  m e d i u m ,  w h i c h  w a s  a l w a y s  f o u n d  t o  b e  d u e  
t o  c o n t a m i n a n t s .  C u l t u r e s  w e r e  i d e n t i f i e d  a s  m e m ­
b e r s  o f  t h e  g e n u s  D e s u l f o v i b r i o  o n  t h e  b a s i s  o f  c e l l  
m o r p h o l o g y ,  g r a m - n e g a t i v e  s t a i n i n g ,  o b l i g a t e  a n -

F i g .  2 .  T y p i c a l  f i e l d  o f  D .  a e s t u a r i i  t a k e n  w i t h  
d a r k - p h a s e  m i c r o s c o p y .  X 4 , 5 0 0 .
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T a b l e  3 . E f f e c t  o f  N a C l  o n  E O S  p r o d u c t i o n .  H = S  d e t e r m i n a t i o n s  p e r f o r m e d  a f t e r  3 0  d a y s  o f  i n c u ­
b a t i o n  a t  3 0 ° C .

9t salt
C u ltu re 0 .5 1 2 4 6 8 10 12 14 16

H s S  m g m /L
1 3 8 4 8 4 4 6 4 3 9 6 3 5 0 86 4 1 3 6 0 0
F 6 4 3 4 6 4 2 0 - 5 7 0 3 7 7 3 7 2 4 1 2 0 0
3 0 10 1 1 4 9 5 4 3 2 4 3 3 3 9 4 3 0 2 2 0 4 0 0
B R I O 0 0 0 0 3 3 3 3 3 7 2 5 8 0 0
T k l 4 0 0 0 6 1 4 5 5 4 7 7 212 0 0
L 3 6 0 0 0 2 7 2 4 4 4 - 3 9 5 5 7 0 0
M A D 0 0 0 3 1 2 2 6 2 2 4 4 1 6 3 0 0
P 5 1 - 2 0 0 3 9 1 3 6 7 4 3 7 4 2 3 4 0 0 4 0 5 20 0 0
L 3 5 0 0 0 4 0 5 4 6 5 3 7 4 1 7 4 2 4 0 0 0
V R 1 3 3 0 0 2 4 2 4 4 4 5 2 4 3 5 4 0 8 2 7 8 7 8 0 0
V R 1 8 9 0 0 4 4 2 4 1 7 4 4 2 1 7 3 11 0 0
H 8 0 0 4 6 3 4 3 6 4 4 9 4 3 2 3 8 3 1 9 4 0 0
A l 0 0 2 1 8 2 6 1 3 1 0 4 0 9 1 5 3 4 9 0 0
O B  2 4 9 0 0 102 3 0 0 3 1 6 2 9 8 - 2 4 3 2 5 2 0 0
B r 2 0 0 4 4 6 4 2 3 4 1 5 2 9 1 2 8 9 0 0
R H S 0 5 3 4 5 4 9 - 4 2 5 4 1 8 - - 4 9 5 3 8 8 3 4 6
P 5 1 - 1 0 3 6 4 3 6 4 2 6 0 2 3 3 2 4 2 - 1 6 8 220 1 8 8 6 5
V R 4 8 0 1 4 8 4 2 7 4 3 1 4 2 3 4 1 4 4 0 5 3 8 3 1 7 0 0 0
1 0 4 1 3 4 5 1 4 5 2 4 6 5 4 3 5 102 112 0 0
1 9 0 3 1 6 3 9 8 4 2 7 4 5 7 4 2 8 4 1 6 2 9 1 0 0
4 8 0 3 8 0 4 0 9 4 4 2 4 4 6 4 3 0 4 2 8 3 8 5 0 0

-  T u b e  l o s t .

a e r o b i o s i s ,  p o l a r  f l a g e l l a t i o n ,  a n d  f o r m a t i o n  o f  E E S  
f r o m  l a c t a t e  p l u s  s u l f a t e  ( B r e e d  c t  a l . ,  1 5 5 7 ) .

Tolerance to NaCl. O n e  m l  o f  e a c h  a c t i v e l y  
g r o w i n g  c u l t u r e  w a s  i n o c u l a t e d  i n t o  8 0  m l  o f  b r o t h  
o f  v a r i o u s  N a C l  c o n c e n t r a t i o n s  c o n t a i n e d  in  2 5  X  
2 5 0 - m m  t u b e s .  T h e  t u b e ?  w e r e  s e a l e d  a s e p t i c a l l y  
w i t h  r u b b e r  s t o p p e r s  a n d  i n c u b a t e d  f o r  3 0  d a y s  a t  
3 0 ° C . A f t e r  i n c u b a t i o n ,  H ? S  d e t e r m i n a t i o n s  w e r e  
p e r f o r m e d  ( T a b l e  3 ) .  C u l t u r e  1 3 8  w a s  o b t a i n e d  
f r o m  b l a c k  r i p e  o l i v e s  w h i c h  h a d  b e e n  a l l o w e d  t o  
r e m a i n  a t  r o o m  t e m p e r a t u r e  f o r  s e v e r a l  w e e k s  in  
t h e  f i n a l  w a s h  w a t e r .  T h i s  c u l t u r e  s h o w e d  a  p r e f ­
e r e n c e  f o r  a  s a l t - f r e e  e n v i r o n m e n t ,  g r o w i n g  o n l y  
m a r g i n a l l y  i n  6 a n d  8%  N a C l ,  t h u s  i d e n t i f y i n g  i t  
a s  a  r e p r e s e n t a t i o n  o f  t h e  n o n - h a l o p h i l i c  s p e c i e s  
D c s u l j o v i b r i o  d e s u l j u r i c a n s .  T h e  r e m a i n i n g  2 0  
c u l t u r e s  w e r e  a l l  o b t a i n e d  f r o m  f e r m e n t i n g  b r i n e s .  
F r o m  T a b l e  3 ,  t h e  o r g a n i s m s  s t u d i e d  m a y  b e  
p l a c e d  i n t o  t w o  g e n e r a l  g r o u p s ' .  1 )  o p t i m u m  
g r o w t h  w i t h o u t  N a C l  ( F i g .  3 )  ; a n d  2 )  o b l i g a t e l y  
h a l o p h i l i c  g r o w t h ,  r e q u i r i n g  a t  l e a s t  0 . 5 %  N a C l  
( F i g .  4 ) .  T h e  l o w  H C S  c o n c e n t r a t i o n  f o r m e d  b y  
s t r a i n s  F 6 a n d  3 0  in  t h e  a b s e n c e  o f  N a C l  a p p e a r s  
a n o m a l o u s  s i n c e  n o  d e t e c t a b l e  t u r b i d i t y  w a s  o b ­
s e r v e d  in  t h e  t u b e s .  T o  p r e c l u d e  o b l i g a t e  h a l o p h i l y  
b e i n g  d u e  t o  o s m o t i c  s h o c k  w h e n  c e l l s  w e r e  t r a n s ­
f e r r e d  t o  s a l t - f r e e  m e d i a ,  p r o g r e s s i v e  t r a i n i n g  a t  
l o w  s a l t  c o n c e n t r a t i o n s  w a s  a t t e m p t e d .  C u l t u r e s  
1 9  a n d  4 8  w e r e  a l l o w e d  t o  g r o w  in  c o n t i n u a l l y  d e ­

c r e a s i n g  i n c r e m e n t s  o f  0 . 5 0 %  N a C l  a t  e a c h  t r a n s ­
f e r  u n t i l  b o t h  c u l t u r e s  f a i l e d  t o  g r o w ,  a t  c o n c e n t r a ­
t i o n s  b e l o w  0 . 5 0 %  N a C l .

Osmotic sensitivity. H a l o p h i l i c  s t r a i n  3 0  w a s  
g r o w n  in  4  L  o f  b r o t h  w i t h  4 . 0 %  N a C l .  A f t e r  o n e  
d a y ’s  i n c u b a t i o n ,  t h e  c e l l s  w e r e  c e n t r i f u g e d  a t
6 , 0 0 0  X  G  f o r  2 0  m i n  a n d  s u s p e n d e d  i n  4 0  m l  o f  
2 M  N a C l  c o n t a i n i n g  0 . 0 1 %  K = H P 0 4 a t  p H  7 .0  
a n d  a l l o w e d  t o  e q u i l i b r a t e  f o r  3 0  m i n .  T h e  c o n c e n -

F i g .  3 .  E f f e c t  o f  N a C l  o n  c e l l  y i e l d  a n d  H =S  p r o ­
d u c t i o n  o f  D .  d e s u l f u r i c a n s  s t r a i n  1 3 8  a f t e r  3 0  d a y s  
o f  i n c u b a t i o n  a t  3 0 °  C .

C
E

LL
S

, 
D

R
Y 

W
E

IG
H

T,
 g

g
/m

l



LEVIN AND VAUGHN 771

F i g .  4 .  E f f e c t  o f  N a C l  o n  c e l l  y i e l d  a n d  F L S  p r o ­
d u c t i o n  o f  D .  a e s t u a r i i  s t r a i n  T k l 4  a f t e r  .50 d a y s  o f  
i n c u b a t i o n  a t  3 0 °  C .

t r a t i o n  o f  s u s p e n d e d  c e l l s  w a s  t h e n  a d j u s t e d  t o  
y i e l d  a n  o p t i c a l  d e n s i t y  o f  0.200 o n  d i l u t i o n  t o  1 :100 
w i t h  b u f f e r e d  2 M  N a C l .  O n e  m l  o f  t h e  a d j u s t e d  
c e l l  s u s p e n s i o n  w a s  t h e n  s h o c k e d  b y  t h e  r a p i d  a d d i ­
t i o n  o f  9 9  m l  o f  b u f f e r e d  s o l u t i o n s  o f  v a r i o u s  N a C l  
c o n c e n t r a t i o n s .  T h e  r e s u l t s  ( F i g s .  S a n d  6 )  i n d i ­
c a t e  p r o n o u n c e d  s e n s i t i v i t y  t o  o s m o t i c  s h o c k .  T h e s e  
o b s e r v a t i o n s  a r e  in  c o n t r a s t  t o  t h e  f a i l u r e  o f  L i t t l e -  
w o o d  a n d  P o s t g a t e  ( 1 9 5 7 )  t o  o b s e r v e  l y s i s  o f  
h a l o p h i l i c  a n d  n o n - h a l o p h i l i c  c u l t u r e s  o f  D e s u l f o -  

v i b r i o  w h e n  t h e  c e l l s  w e r e  s u s p e n d e d  in  d i s t i l l e d  
w a t e r  a f t e r  g r o w t h  in  1 0  a n d  4 %  N a C l ,  r e s p e c t i v e l y .

DISCUSSION
There is considerable evidence to date in­

dicating that members of the genus Desulfo- 
vibrio can no longer be regarded as autotro­
phic in their metabolism (Postgate, 1953; 
Kadota and Miyoshi, 1961 ; Mechalas and 
Rittenberg, 1960). The requirement for or-

F i g .  5 .  C e l l  o f  D .  a e s t u a r i i  s t r a i n  3 0  s u b j e c t e d  
t o  o s m o t i c  d i s r u p t i o n .  U r a n i u m - s h a d o w e d  p r e p a r a ­
t i o n .  C e l l s  w e r e  h a r v e s t e d  f r o m  4 %  N a C l  b r o t h  
c u l t u r e ,  w a s h e d ,  a n d  e q u i l i b r a t e d  i n  2 M  N a C l ,  t h e n  
r a p i d l y  d i l u t e d  1 : 1 0 0  w i t h  d i s t i l l e d  w a t e r .  X l l . 6 0 0 .

CONCENTRATION OF NoCL USED FOR SHOCKING, MOLES/liter

F i g .  6. E f f e c t  o f  o s m o t i c  d i s r u p t i o n  o f  D .  a e s ­

t u a r i i  s t r a i n  3 0  o n  o p t i c a l  d e n s i t y  o f  c e l l  s u s p e n s i o n .  
C e l l s  v ' e r e  e q u i l i b r a t e d  i n  2 M  N a C l ,  t h e n  r a p i d l y  
d i l u t e d  1 : 1 0 0  w i t h  v a r y i n g  c o n c e n t r a t i o n s  o f  N a C l .

ganic growth factors, low redox potential 
(Postgate, 1959; Starkey, 1960), ability to 
produce H 2S from lactate and sulfate, and 
the high population in PRS-containing olive 
brine implicates D. aestuarii as the causative 
organism responsible for H 2S formation. 
Since the growth of sulfate reducers is fa­
vored by a neutral pH (Zobell, 1958) and 
since growth below pPI 5.5 failed with all 
cultures reported herein, a faltering or slow 
fermentation which fails to lower pH rap­
idly serves as an ideal environment for the 
ascendency of D. aestuarii.

Unfortunately, there is, to our knowledge, 
no authenticated record of the first hydrogen 
sulfide fermentation occurring in California 
olive brines, although they were first ob­
served by the junior author during the 
1937-38 harvest season in the upper Sacra­
mento Valley. The fact that one of us 
(Vaughn) and his associates were able, be­
tween 1940 and 1948, to maintain sulfate- 
reducing enrichment cultures of bacteria from 
samples of highly sulfureted olive brines in 
carefully controlled “mineral” enrichment 
media for up to three transfers but were 
never able to produce pure autotropic cul­
tures serves to emphasize this conclusion. 
The “mineral” media used in the earlier 
studies lacked essential nutrients now recog­
nized as necessary for perpetuating the 
growth of most, if not all, strains of De- 
sulfovibrio.

The seventh edition of Bergey’s manual 
recognizes just two species of Desulfovibrio : 
the nonhalophilic D. desiilfuricans and the 
halophilic D. aestuarii. The abundance of 
the halophilic species in distinctly sulfureted
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olive brines and its failure to grow in the 
absence of NaCl appears to lend credence to 
the taxonomic distinction between the two 
species, based on ecology and salt tolerance. 
This differentiation is augmented by the fail­
ure in this study to train halophilic strains 48 
and 49 to grow in the absence of NaCl. Lit- 
tlewood and Postgate (1957), in studying 
the salt tolerance of several strains of both 
types, found a complete gradation of behavior 
toward NaCl within the genus Desulfovibrio. 
They were able to train a nonhalophilic cul­
ture that was originally capable of growing 
only below 5% NaCl to grow above 9% 
NaCl, and questioned the taxonomic distinc­
tion based solely on salt tolerance. Saunders 
et al. (1964 ) , in a study of the base deoxy­
ribonucleic acid (DNA) composition of sul­
fate-reducing bacteria, established three 
groups based on the percent of guanine + 
cytosine. Although both marine and fresh­
water strains appear in their groups I and 
II, all strains in group III are obligate halo- 
pliiles. These results indicate a fundamental 
genetic difference distinguishing certain halo­
philic strains from nonhalophilic and inter­
mediate types. The nonhalophilic strain 138 
isolated from the final wash water in the 
absence of NaCl is capable of marginal 
growth from 4 to 8% NaCl (Fig. 3) and 
could be expected to persist throughout the 
processing, being favored by low salt con­
centrations. That such a nonhalophilic strain 
might arise from a halophilic progenitor is 
doubtful in view of the stable DNA base ra­
tios observed when a nonhalophilic strain 
was adapted to salt (Saunders et al., 1964), 
indicating a stable genotype with respect to 
salt tolerance.

The origin of D. aetuarii in fermenting 
brines remains uncertain since numerous at­
tempts to isolate sulfate reducers from fresh 
olives, olive orchard soil, and solar salt failed. 
However, positive enrichments were ob­
tained from mud along the banks of solar 
salt ponds; and, considering the halophilic 
nature of the implicated organisms, the most 
likely source would appear to be solar salt. 
This conclusion is particularly tenable from 
a consideration of the 105 halophilic bacteria 
per gram reported for solar salts (Shewan,
1951). The origin of the nonhalophilic strain 
138 may also be solar salt since numerous

nonhalophilic cultures were also isolated from 
shore mud adjoining the solar salt ponds in 
the San Francisco Bay area, the prime source 
of salt for the California olive industry.
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Relative Prevalence of Bacterial Agents and Histopathology 
in Passed and Condemned Poultry Carcasses and Livers

SUM M ARY
A lth ou gh  p ostm o rtem  in sp ectio n  (o r g a n o ­

lep tic  e x a m in a tio n  by see in g , fe e l in g , and  
sm e llin g )  o f  m a rk et p o u ltry  con tr ib u tes  s ig ­
n ifica n tly  to th e  a ssu ran ce o f  w h o leso m en ess  
o f th e  m ea t, su ch  a ssu ran ce is  re la tive  and  n ot 
a b so lu te . A s ig n ific a n tly  h ig h er  in c id en ce  o f  
sa lm o n e lla e  in  th e  ceca l area o f  th e in te stin es  
o f  co n d em n ed  carcasses th a n  in  p assed  car­
casses was fo u n d  in  ch ick en  fryers b u t n o t in  
ch ick en  h en s  or tu rk eys. A lth o u gh  no  s in g le  
g en u s o f  b acteria  in  th e  liv er  was correlated  
w ith  d isp o s itio n , th e  p resen ce  o f  “ o n e  o r  m ore  
sp ec ies”  o f  bacteria  in  livers was s ig n ifica n tly  
correlated  w ith  gross p a th o lo g y  suffic ien t to 
cau se co n d em n atio n . E ach  o f  e ig h t  sep arate  
sp ecies  o f  org an ism s in  livers was s ig n ifica n tly  
correlated  w ith  co n d em n a tio n  o f  th e carcass  
fo r  sep ticem ia -to x em ia  or in fla m m a to ry  p ro ­
cess . C ertain iso la tes  w ere fo u n d  in  a s ig n if i­
ca n tly  greater  p ercen t o f  n orm al livers , su g g est­
in g  th at th ese  are “ n o rm a l” flora  and  n o t a sso ­
cia ted  w ith  d isea se . L ivers th a t w ere gro ssly  
n orm al w ere fo u n d  to  h av e  s ig n ific a n tly  few er  
h isto p a th o lo g ic  le s io n s  th a n  livers co n d em n ed  
fo r  gross p a th o lo g y , w h ich , in  tu rn , h ad  few er  
le s io n s  th a n  livers fr o m  co n d em n ed  carcasses. 
N o s in g le  h isto p a th o lo g ic  p ro cess  in  th e liver  
was correlated  w ith  its co n d em n a tio n , w hereas  
th e  ca tegory  o f  “ o n e  or m o re le s io n s”  w as so  
co rrelated . T h e p resen ce  o f  ea ch  o f  th ree h is ­
to p a th o lo g ic  p ro cesses  as w ell as “ o n e  or m ore  
le s io n s”  in  th e  liver was a lso  s ig n ific a n tly  co r­
re la ted  w ith  co n d em n a tio n  o f  th e  carcass. T h e  
p resen ce  o f  a t lea st o n e  or m o re sp ecies  o f  
bacteria  w as correlated  w ith  at lea st o n e  or  
m o re fo rm s o f  h is to p a th o lo g y , but n o  sp ecific  
sp ecies  o f  b acteria  was correlated  w ith  sp ec ific  
h is to p a th o lo g ic  le s io n s . In sp ectio n  fa iled  to  
d etect n u m ero u s livers w ith  h isto p a th o lo g ic  le ­
s ion s o f  v ary in g  d eg rees o f  u n w h o leso m en ess , 
an d , co n verse ly , resu lted  in  co n d em n a tio n  o f  
livers in  w h ich  n o  h is to p a th o lo g ic  ev id en ce  o f  
u n w h o leso m en ess  was d etected . In sp ectio n  did  
n o t d etect livers h arb or in g  a variety  o f  bacteria  
o f  u n k n ow n  s ig n ific a n c e .

I N T R O D U C T IO N
In 1957, the Congress of the United States 

enacted a law stating that “It is hereby de­
clared to be the policy of Congress to provide
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for the inspection of poultry and poultry 
products by the Inspection Service—to pre­
vent the movement in interstate or foreign 
commerce or in a designated consuming area 
of poultry products which are unwholesome, 
adulterated, or otherwise unfit for human 
food" (U.S. Congress, 1957). This law de­
fines the term wholesome as being sound, 
healthful, clean, and otherwise fit for human 
food. It defines unwholesome, in part, as 
being unsound, injurious to health, or other­
wise unfit for human food, and consisting, in 
whole or in part, of any filthy, putrid, or de­
composed substance. These terms pre­
sumably cover such abnormalities as patho­
genic or other abnormal bacterial agents in 
the tissues as well as abnormal morphologic 
and physiologic changes. A search of the 
literature has not revealed any study of the 
extent to which postmortem inspection of 
poultry by organoleptic methods (i.e. seeing, 
feeling, and smelling) detects microbial 
agents or abnormal morphological structures 
in the tissues of carcasses at slaughter or an 
abnormal physiological state prior to 
slaughter.

EXPERIM ENTAL PROCEDURE
T h i s  r e p o r t  i s  b a s e d  o n  d a t a  a c c u m u l a t e d  d u r i n g  

a  r a n d o m  s a m p l i n g  o f  m a r k e t  p o u l t r y  f o r  s a l m o n e l l a  
i n f e c t i o n  ( S a d l e r  e t  a l . ,  1 9 6 1 ;  S a d l e r  a n d  C o r s t v e t ,  
1 9 6 5 a ) ,  a  r a n d o m  s a m p l i n g  o f  m a r k e t  p o u l t r y  l i v e r s  
f o r  t h e  p r e s e n c e  o f  b a c t e r i a l  a g e n t s  ( S a d l e r  e t  a l ,  

1 9 6 5 ) ,  a n d  a  s t u d y  o f  t h e  r e l a t i o n s h i p  o f  h u s b a n d r y  
p r a c t i c e s  a n d  d i s e a s e  p r o b l e m s  t o  c o n d e m n a t i o n  
r a t e s  o f  s e l e c t e d  f l o c k s  a t  s l a u g h t e r  ( u n p u b l i s h e d  
d a t a ) .  A l t h o u g h  n e i t h e r  t h e  f l o c k  i t s e l f  n o r  t h e  
i n d i v i d u a l  c a r c a s s e s  w e r e  s e l e c t e d  r a n d o m l y  i n  t h e  
l a s t  s t u d y ,  m o s t  o f  t h e  c a r c a s s e s  a n d  t i s s u e s  f r o m  
w h i c h  t h e  d a t a  f o r  t h i s  r e p o r t  w e r e  d r a w n ,  w e r e  
c h o s e n  o n  a  c o m m e r c i a l  s l a u g h t e r  l i n e  r e g a r d l e s s  o f  
g r o s s  p a t h o l o g y  o r  c o n d e m n a t i o n  s t a t u s .

A l l  s a m p l i n g s  w e r e  m a d e  i n  l a r g e  p r o c e s s i n g -  
p l a n t s  o f  b i r d s  e x a m i n e d  b y  q u a l i f i e d  p e r s o n n e l  o f  
t h e  L h i i t e d  S t a t e s  D e p a r t m e n t  o f  A g r i c u l t u r e .  I m ­
m e d i a t e l y  a f t e r  a n  i n s p e c t o r  h a d  m a d e  h i s  d e c i s i o n  
a s  t o  t h e  w h o l e s o m e n e s s  o f  t h e  c a r c a s s  o r  t i s s u e ,  
s a m p l e s  w e r e  t a k e n  f o r  b a c t e r i o l o g i c a l  a n d / o r  
h i s t o p a t h o l o g i c a l  e x a m i n a t i o n .  T h e  l i v e r  w a s  c h o s e n
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T a b l e  1 . R e l a t i v e  f r e q u e n c y  o f  i s o l a t i o n  o f  S a lm o n e lla  s p p .  o r  P a ra c o lo b a c tn n n  a risonac  
f r o m  i n t e s t i n e s  o f  p a s s e d  a n d  c o n d e m n e d  t u r k e y s ,  c h i c k e n  f r y e r s ,  a n d  c h i c k e n  h e n s .

S t a t u s  o f  
c a r c a s s

7 'u r k e y s
C h ic k e n
f r y e r s

C h ic k e n
h e n s

N u m b e r  % N u m b e r % N u m b e r %
T o t a l  s a m p l e d P a s s e d 1 5 7 2 1 3 5 1 8 0 6

C o n d e m n e d 1 5 8 4 8 5 3 2 9
S a lm o n e lla  s p p . P a s s e d 1 9 9 1 2 .7 1 4 1 .0* 1 4 1 .7

i s o l a t e d C o n d e m n e d 2 6 1 6 .5 2 8

00LO 4 1.2

S a lm o n e lla  s p p .  o r P a s s e d 2 0 9 1 3 .3 5 5 4 .1 1 4 1 .7
P araco lob a ctru m  
arisonac  i s o l a t e d C o n d e m n e d 2 6 1 6 .5 2 9 6.0 4 1.2

" D i f f e r e n c e  i s s i g n i f i c a n t  ( c h i - s q u a r e  = P C . O l ) .

f o r  t i s s u e  e x a m i n a t i o n  b e c a u s e  i t  i s  a n  i m p o r t a n t  
g a u g e  o f  d i s e a s e  f o r  t h e  i n s p e c t o r  a n d  i s  t h e  e d i b l e  
t i s s u e  m o s t  l i k e l y  t o  c o n t a i n  e n d o g e n o u s  b a c t e r i a .  
O f  c o n d e m n e d  l i v e r s ,  o n l y  t h o s e  c o n d e m n e d  b e c a u s e  
o f  a  d i s e a s e  p r o c e s s  r a t h e r  t h a n  b e c a u s e  o f  c o n t a m i ­
n a t i o n ,  e t c . ,  w e r e  t a k e n  f o r  s a m p l i n g .  B e c a u s e  o f  
t h e  r e c o g n i z e d  r o l e  o f  f e c a l  c o n t a m i n a t i o n  i n  d i s ­
s e m i n a t i n g  S a lm o n e lla  s p p .  a n d  P a ra c o h b a c tru m  
a risonac, t h e  c e c a l  a r e a  o f  t h e  i n t e s t i n e  w a s  e x c i s e d  
w i t h  s t e r i l e  i n s t r u m e n t s ,  p l a c e d  in  a  h a l f - p i n t  i c e  
c r e a m  c a r t o n  a n d  s e a l e d  f o r  b a c t e r i o l o g i c a l  e x a m i ­
n a t i o n .  L i v e r s  f o r  b a c t e r i o l o g i c a l  c u l t u r e  w e r e  a l s o  
p l a c e d  in  h a l f - p i n t  i c e  c r e a m  c a r t o n s  a n d  s e a l e d .  
W h e n  h i s t o p a t h o l o g y  w a s  t o  b e  e x a m i n e d ,  a  s m a l l  
s e g m e n t  o f  t h e  l i v e r  w a s  f i r s t  e x c i s e d  w i t h  s t e r i l e  
i n s t r u m e n t s  f r o m  t h e  a r e a  e x h i b i t i n g  g r o s s  p a t h ­

o l o g y ,  i f  a n y  w a s  p r e s e n t ,  a n d  d r o p p e d  i n t o  a  10%  
f o r m a l i n  s o l u t i o n .  C a r t o n s  c o n t a i n i n g  t h e  c e c a l  
a r e a  o f  t h e  i n t e s t i n e s  a n d / o r  t h e  l i v e r s  w e r e  c o v e r e d  
w i t h  i c e  a n d  t a k e n  t o  t h e  l a b o r a t o r y .  I n t e s t i n a l  
s a m p l e s  w e r e  o p e n e d  w i t h  s t e r i l e  i n s t r u m e n t s ,  a n d  
p o r t i o n s  o f  c e c a l  t o n s i l s  a n d  i n t e s t i n a l  c o n t e n t s  w e r e  
p l a c e d  in  a  t u b e  o f  s e l e n i t e  e n r i c h m e n t  b r o t h .  T h e  
l a r g e s t  s u r f a c e  o f  t h e  l i v e r  w a s  s e a r e d  w i t h  a  h o t  
s p a t u l a ,  a  s t i f f  i n o c u l a t i n g  l o o p  w a s  i n s e r t e d  t h r o u g h  
t h e  s e a r e d  s u r f a c e ,  a n d  a  p i e c e  o f  t i s s u e  o f  a p p r o x i ­
m a t e l y  2 - 3  c u b i c  m m  w a s  r e m o v e d  f o r  c u l t u r e .  C u l ­
t u r a l  p r o c e d u r e s  f o r  b o t h  i n t e s t i n e s  a n d  l i v e r  h a v e  
b e e n  d e s c r i b e d  ( S a d l e r  a n d  C o r s t v e t ,  1 9 6 5 a ;  S a d l e r  
e t al., 1 9 6 5 ) .  S e c t i o n s  f o r  m i c r o s c o p i c  e x a m i n a t i o n s  
w e r e  p r e p a r e d  b y  s t a n d a r d  p r o c e d u r e s ,  s t a i n e d  w i t h  
h e m o t o x y l i n - e o s i n ,  a n d  e x a m i n e d  b y  a  p a t h o l o g i s t ,

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

T u r k e y s C h ic k e n  f r y e r s C h ic k e n  h e n s
P a s s e d C o n d e m n e d P a s s e d C o n d e m n e d P a s s e d  C o n d e m n e d

S e r o t y p e s  i s o l a t e d
v9. a n a t u m 2 7 2
S .  b redeney 2 9 3 3 h
S .  c h c s t c r - s a n  d i c f i o 21 8
S . d erby 1 6 5
S . (live 4 1
S . h eidclbcrg 11 1 0 l
S . in f  a n tis 5 0 3 4 1 3  3
S .  n e w  p o r t 4 5 2
S . oran ienberg 3 0
S . so n  d iego 3 0
S . sch w a rse n g ru n d 2 1
S .  sen fte n b erg i 0
S . s t  P a u l i 0
.S’, th o m p so n 6 2
S . ty p h im u riu m 2 5 3 2 9 1 1
S .  W o r t h i n g t o n 0 1
S a l m o n e l l a  s p e c i e s 6 0
P ara co lu b a c tru m  arisonac 10 0 4 1 1

T o t a l  i s o l a t e s 2 0 9 2 6 5 5 2 9 1 4  4
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w h o  r e c o r d e d  h i s  f i n d i n g s  i n  a  s e r i e s  o f  c a t e g o r i e s  
c h o s e n  in  a n  a t t e m p t  t o  d e v e l o p  s u f f i c i e n t l y  o b j e c ­
t i v e  o b s e r v a t i o n s  f o r  m e a n i n g f u l  a n a l y s i s .  H i s t o -  
p a t h o l o g i c a l  a n d  b a c t e r i o l o g i c a l  f i n d i n g s  w e r e  r e ­
c o r d e d  q u a l i t a t i v e l y  r a t h e r  t h a n  q u a n t i t a t i v e l y .

RESULTS AND DISCUSSION
Table 1 shows the relative frequency of 

isolation of Salmonella spp. or Paracolo- 
bactrum arizonae from the intestines of 4701 
turkeys, chicken fryers, and chicken hens 
classed individually as passed or condemned. 
The isolation of Salmonella spp. from the in­
testines of chicken fryers significantly cor­
related with the “wholesomeness” status of 
the carcass. This suggests one of three pos­
sibilities with this class of market poultry:
1) Salmonella spp. in the intestinal tract are 
associated with disease processess which 
render the carcass unwholesome; 2) chicken 
fryers debilitated by disease are more prone

to infection with Salmonella spp. ; or 3) 
Salmonella spp. proliferate more readily in 
the intestines of chicken fryers debilitated by 
disease and thus are easier to detect. Neither 
the Salmonella spp. nor the Paracolobactrum 
arisonae appeared to be correlated with 
disease processes in either the turkeys or 
chicken hens at slaughter. The serotypes of 
Salmonellae isolated from the passed and 
condemned birds are listed in Table 2. In 
chicken fryers, each serotype found, except
S. thornpson, was consistently more prevalent 
in condemned carcasses than in passed 
carcasses. Obviously, the numbers of any 
one serotype are insufficient to make mean­
ingful statistical analysis of the relationship 
of its presence to the condemned or passed 
status of the carcasses.

Livers of 5524 turkeys, chicken fryers, 
and chicken hens were examined bacterio- 
logically. Tables 3, 4, and 5 show the rela-

T a b l e  3 .  P e r c e n t a g e o f  t u r k e y  l i v e r s  f r o m  \v h i e l t  b a c t e r i a l  a g e n t s  w e r e i s o l a t e d .
S t a t u s o f  l i v e r s  f r o m C a u s e  o f  c o n d e m n a t io n

p a s s e d  c a r c a s s e s o f  c a r c a s s e s
L iv e r L iv e r S ep t.*1 In f lm . O t h e r  o r

p a s s e d c o n d e m n e d to x . p ro c . L e u c o s is u n k n o w n

T o t a l  n u m b e r  s a m p l e d 1 1 6 0 6 7 3 6 4 5 1 6 4 6
P e r c e n t  o f  t o t a l  y i e l d i n g

o n e  o r  m o r e  i s o l a t e s 3 9 .1 4 0 .7 5 4 .7 4 9 .0 5 0 .0 2 8 .3

I s o l a t e P e r c e n t  y i e l d i n g  e a c h  i s o l a t e
A c h r a m o b a c t c r  s p p . 0.8 0 .4 0 0 0 0
B a c i l l u s  s p p . 4 .4 3 .9 7 .8 0 0 2.2
C l o s t r i d i u m  s p p .  ( n o t  p e r f r i n g e n s ) 0 .0 8 0 .3 0 0 0 0
C o l i f o r m  g r o u p 9 .5 8 .4 1 7 .2 11.8 1 6 .7 6 .7
D i p h t h e r o i d s 2.8 3 .0 3 .0 2.0 1 6 .7 2.2
L a c t o b a c i l l u s  s p p . 5 .9 6 .4 9 .4 7 .8 1 6 .7 2.2
P a r a c o l o b a c t r u m  s p p .

( n o t  a r i z o n a e ) 0 .7 0 .4 1.6 0 0 4 .3
P a s t e u r e l l a  s p p .  ( g a l l i n a r u m ) 0 .0 8 0.1 0 0 0 0
P a s t e u r c l l a  s p p .  ( h e m o l y t i c a ) 0 .5 0.1 0 2.0 0 0
P a s t e u r d l a  s p p .  ( m u l t o c i d a ) 0 .0 8 0.1 1.6 5 .9 0 0
P r o t e u s  s p p . 0 .4 0.6 1.6 2.0 0 2.2
P s e u d o m o n a s  s p p . 0 .5 1 .3 0 2.0 0 8 .7

S a l m o n e l l a  s p p .  ( t y p h i m u r i u m ) 0 0.1 1.6 0 0 0
S t a p h y l o c o c c u s  a u r e u s

(  c o a g u l a s e - p o s i t i v e  ) 2.1 1 8 4 .7 3 .9 0 4 .3
S t a p h y l o c o c c u s  a u r e u s

( c o a g u l a s e - n e g a t i v e ) 12.0 9 .7 7 .8 2.0 0 4 .3
S t r e p t o c o c c u s  s p p .

( b e t a  h e m o l y t i c ) 2.2 1 .3 0 0 0 0
S t r e p t o c o c c u s  s p p .

( a l p h a  &  g a m m a  h e m o l y t i c ) 8 .4 10.0 3 .1 11.8 0 4 .3
S t r e p t o c o c c u s  s p p .  ( a n a e r o b i c ) 1.2 1.0 3 .1 2.0 0 2.2

'  S e p t .  t o x .  =  s e p t i c e m i a  o r  t o x e m i a  ; I n f l m .  p r o c .  =  i n f l a m m a t o r y  p r o c e s s .
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T a b l e  4 .  P e r c e n t a g e  o f  c h i c k e n  f r y e r  l i v e r s  f r o m  w h i c h  b a c t e r i a l  a g e n t s  w e r e  i s o l a t e d .
S t a t u s  o f  l i v e r s  f r o m C a u s e  o f  c o n d e m n a t io n

p a s s e d  c a r c a s s e s o f  c a r c a s s e s
L iv e r L iv e r S e p t .a I n f lm . O t h e r  o r

p a s s e d c o n d e m n e d to x . p ro c . L e u c o s is u n k n o w n
T o t a l  n u m b e r  s a m p l e d 1 5 2 0 2 5 2 7 5 1 7 0 2 4 1 3 4
P e r c e n t  o f  t o t a l  y i e l d i n g

o n e  o f  m o r e  i s o l a t e s 66.6 5 6 . 0 7 6 . 0 5 9 .4 6 6 .7 7 0 .3
I s o l a t e P e r c e n t  y i e l d i n g  e a c h  i s o l a t e

A c h r o m o b a c t e r  s p p . 1 .3 0 1.8 1.2 4 .2 0
B a c i l l u s  s p p . 4 .3 4 . 0 4 . 4 1.2 8 .3 4 .5
C l o s t r i d i u m  s p p .  ( p e r f r i n g e n s ) 0 0 0 .4 0 0 0
C o l i f o r m  g r o u p 4 0 .7 4 4 .0 5 4 .5 3 4 .7 2 9 . 2 3 5 .0
D i p h t h e r o i d s 3 .9 4 .0 2.2 2 .4 0 0
L a c t o b a c i l l u s  s p p . 8 . 4 0 5 .1 2 .4 0 0
P a r a c o l o b a c t r u m  s p p .

( n o t  a r i z o n a e ) 0 0 1.1 2 . 9 0 0
P a s t c n r e l l a  s p p .  ( g a l l i n a r u n t ) 0.1 0 1.1 0 0 0
P a s t e u r  c l l a  s p p .  ( h e m o l y t i c a ) 0.1 0 0 0 0 0
P r o t e u s  s p p . 1.1 4 . 0 1.1 4 . 7 0 1 .5
P s e u d o m o n a s  s p p . 0.6 0 1.8 3 .5 0 0
S a l m o n e l l a  s p p .  ( t y p h i m u r i u m ) 0 0 1.1 0 0 0
S  t a p  h y l o c o c c  ? i s  a u r e u s

( c o a g u l a s e - p o s i t i v e ) 3 .6 8.0 4 .0 1.8 0 2.2
T t a p h y l o c o c c u s  a u r e u s

( c o a g u l a s e - n e g a t i v e ) 2 1 . 9 3 2 . 0 1 8 .5 4 .1 0 1 4 .9
. S t r e p t o c o c c u s  s p p .

( b e t a  h e m o l y t i c ) 3 .5 0 1.8 0.6 4 .2 0 .7
S t r e p t o c o c c u s  s p p .

( a l p h a  &  g a m m a  h e m o l y t i c ) 2 4 .1 4 .0 1 4 .9 11.8 1 6 .7 1 2 .7
S t r e p t o c o c c u s  s p p .  ( a n a e r o b i c ) 0 .3 0 0 0.6 0 0

* S e p t .  T o x .  =  s e p t i c e m i a  o r t o x e m i a  ;; I n f ir m  P r o c . =  i n f l a m m a t o r y  p r o c e s s .
T a b l e  5 . P e r c e n t a g e  o f  c h i c k e n  h e n  l i v e r s  f r o m w h i c h  b a c t e r i a l  a g e n t s  w e r e  i s o l a t e d .

S t a t u s o f  l iv e r s  f r o m C a u s e  o f  c o n d e m n a t io n
p a s s e d  c a r c a s s e s o f  c a r c a s s e s

L iv e r L iv e r S e p t .11 I n f lm . O t h e r  o r
p a s s e d c o n d e m n e d to x . p ro c . L e u c o s is u n k n o w n

T o t a l  n u m b e r  s a m p l e d 9 1 3 4 9 1 4 8 1 0 5 5 0 i n
P e r c e n t  o f  t o t a l  y i e l d i n g

o n e  o r  m o r e  i s o l a t e s 4 5 .1 4 9 . 0 6 0 .1 4 5 .7 5 8 .0 5 4 .1
P e r c e n t  y i e l d i n g e a c h  i s o l a t e

A c h r o m o b a c t e r  s p p . 3 .2 0 8.1 7 .6 2.0 1.8
B a c i l l u s  s p p . 4 .1 6.1 2.0 0 2.0 1.8
C o l i f o r m  g r o u p 7 .9 2 0 .4 1 9 .6 1 3 .3 1 8 .0 2 8 .0
D i p h t h e r o i d s 2.8 2.0 2 .7 0 .9 4 .0 0 .9
L a c t o b a c i l l u s  s p p . 7 .8 8.2 6.8 3 .8 0 2 .7
P a s t e u r  c l l a  s p p .  ( h e m o l y t i c a ) 1.0 0 2.0 1 .9 0 0 .9
P r o t e u s  s p p . 1.2 2.0 0 . 7 1 . 9 4 . 0 3 . 6

P s e u d o m o n a s  s p p . 1.0 2.0 1 .4 0 0 2 .7
S t a p h y l o c o c c u s  a u r e u s

(  c o a g u l a s e - p o s i t i v e ) 3 .6 2.0 1 .4 1.0 6.0 3 .6
S t a p h y l o c o c c u s  a u r e u s

( c o a g u l a s e - n e g a t i v e ) 1 9 .4 2 4 .5 12.2 5 .7 1 4 .0 2 2 .5
S t r e p t o c o c c u s  s p p .  ( b e t a  h e m o l y t i c ) 2.0 0 1 .4 0 0 3 .0
S t r e p t o c o c c u s  s p p .

( a l p h a  &  g a m m a  h e m o l y t i c ) 1 2 .9 6.1 1 4 .9 1 3 .3 2 6 .0 9 .9
S t r e p t o c o c c u s  s p p .  ( a n a e r o b i c ) 0 0 0 1.0 0 0 .9

‘  S e p t .  t o x .  =  s e p t i c e m i a  o r t o x e m i a  ; I n f i t t i ,  p r o c . =  i n f l a m m a t o r y  p r o c e s s .
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tionship of the presence of the indicated 
bacteria in the livers to either the disposition 
of the livers from passed carcasses or to the 
cause of condemnation of condemned car­
casses. The categories of livers taken from 
each of the market classes of poultry were : 
3 ) normal (passed) livers from carcasses 
passed as wholesome ; 2) condemned livers 
from such carcasses; and 3) livers, of un­
known pathological state themselves, from 
carcasses condemned for one of the indicated 
conditions. In the latter categories, there was 
no information as to whether the livers would 
or would not have been condemned on the 
basis of their own gross pathology if they 
had not come from condemned carcasses. 
There was no evidence of a significant dif­
ference in the incidence of any of the organ­
isms isolated from the various categories.

To provide adequate numbers for statis-

tical evaluations, data from all three market 
classes of poultry were combined in three 
categories of liver or carcass disposition:
3) passed liver from passed carcass; 2 ) 
condemned liver from passed carcass; and
3) liver from carcass condemned for 
septicemia-toxemia or inflammatory process. 
Since certain bacterial agents are associated 
most often with either septicemia-toxemia or 
inflammatory process (which cause con­
demnation of the carcass), the combined data 
from these categories are compared with the 
passed-carcass passed-liver category for each 
isolation. Since certain bacterial agents have 
been found to be associated with pathological 
processes of the liver, combined condemned- 
liver passed-carcass data are also compared 
with passed-liver passed-carcass data. These 
data and the results of tests for significance 
of observed differences are presented in

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

N u m b e r  y ie ld in g  iso la te  f ro m  l iv e r  o f  in d ic a te d  
s ta tu s

L iv e r  f ro m  
c a rc a s s  c o n ­
d e m n e d  fo r

P a s s e d  l iv e r  
f ro m  p a ssed  

c a rc a s s
C o n d e m n e d  l iv e r  

f ro m  p a ss e d  
c a rc a s s

se p tic e m ia -  
to x e m ia  o r 

in f la m m a to ry  
p ro c e ss

T o t a l  l i v e r s  in  s e l e c t e d  c a t e g o r i e s 3 5 9 3 7 4 7 8 1 3
T o t a l  y i e l d i n g  o n e  o r  m o r e  i s o l a t e 866 2 9 8 " 1 9 7

A c h r o m o b a c t e r  s p p . 5 7 3 2 7 "
B a c i l l u s  s p p . 1 5 3 3 0 22
C l o s t r i d i u m  s p p .  ( n o t  p e r f r i n g e n s ) 1 2 1
C o l i f o r m  g r o u p 8 0 1 " 7 8 2 6 9 "
D i p h t h e r o i d s 1 1 8 22 1 8
L a c t o b a c i l l u s  s p p . 2 6 8 4 7 4 2
P a r a c o l o b a c t r u m  s p p .  ( n o t  a r i z o n a e ) 1 4 3 9 "
P a s t e u r e l l a  g a l l i n a r u m 3 1 3 b
P a s t e u r e l l a  h e m o l y t i c a 1 7 1 6
P a s t e u r e l l a  m u l t o c i d a 1 1 4 ”
P r o t e u s  s p p . 3 2 6 1 6 ”
P s e u d o m o n a s  s p p . 2 4 10 1 4 "
S a l m o n e l l a  s p p .  ( t y p h i m u r i u m ) 0 1 2
S t a p h y l o c o c c u s  a u r e u s  ( c o a g u l a s e - p o s i t i v e ) 111 1 5 22
S t a p h y l o c o c c u s  a u r e u s  ( c o a g u l a s e - n e g a t i v e ) 6 4 9 " 8 5 88"
S t r e p t o c o c c u s  s p p .  ( b e t a  h e m o l y t i c ) 9 6 " 9 8
S t r e p t o c o c c u s  s p p .  ( a l p h a  &  g a m m a  h e m o l y t i c ) 640- a 71 1 0 5
S t r e p t o c o c c u s  s p p .  ( a n a e r o b i c ) 1 9 7 5

" C h i - s q u a r e  t e s t  i n d i c a t e s  s i g n i f i c a n t l y  h i g h e r  ( P  <  . 0 1 )  n u m b e r  o f  i s o l a t i o n s ,  c o m p a r i n g  
p a s s e d  l i v e r s  f r o m  p a s s e d  c a r c a s s e s  a n d  c o n d e m n e d  l i v e r s  f r o m  p a s s e d  c a r c a s s e s .

" C h i - s q u a r e  t e s t  i n d i c a t e s  s i g n i f i c a n t l y  h i g h e r  ( P < . 0 1 )  n u m b e r  o f  i s o l a t i o n s ,  c o m p a r i n g  
p a s s e d  l i v e r s  f r o m  p a s s e d  c a r c a s s e s  a n d  l i v e r s  f r o m  c a r c a s s e s  c o n d e m n e d  f o r  s e p t i c e m i a - t o x e m i a  
o r  i n f l a m m a t o r y  p r o c e s s .



778 POULTRY CARCASS AND LIVER CONDEMNATION

T a b l e  7 .  O c c u r r e n c e  o f  h i s t o p a t h o l o g y  i n  p a s s e d  a n d  c o n d e m n e d  c h i c k e n  a n d  t u r k e y  l i v e r s .
P e rc e n t  o f c a te g o ry  w ith  lesion

H is to p a th o lo g y
P a s s e d  l iv e rs  
f ro m  p a ssed  

c a rc a s se s
C o n d e m n e d  liv e rs  

f ro m  p a ssed  
c a rc a s se s

L iv e rs  fro m  
co n d e m n ed  

c a rc a s se s

F i b r o s i s 1 .4 0 4 .0
I n f l a m m a t i o n  g r a n u l o m a t o u s 1 .4 4 .7 1.0
I n f l a m m a t i o n  n o n s u p p u r a t i v e 7 .6 11.0 3 7 . 7 “
I n f l a m m a t i o n  s u p p u r a t i v e 1 .4 1.1 4 .0
L i p i d o s i s  ( d e g e n e r a t i o n  o r  e x c e s s i v e i n f i l t r a t i o n )  1 4 .1 21.6 7 .9
N e c r o s i s 3 .8 7 .4 20.8 "
N e o p l a s i a 0 .3 0 .5 5 .9 "
O n e  o r  m o r e  l e s i o n s 22.2 4 7 .4 " 6 7 .3 "

T o t a l  e x a m i n e d 3 7 0 1 9 0 101

" S i g n i f i c a n t l y  g r e a t e r  f r e q u e n c y  t h a n  i n  e i t h e r  o f  t h e  o t h e r  t w o  c a t e g o r i e s  o f  l i v e r s  ( c h i -  
s q u a r e  =  P  <  . 0 1 ) .

b S i g n i f i c a n t l y  g r e a t e r  f r e q u e n c y  t h a n  i n  p a s s e d  l i v e r  c a t e g o r y  ( c h i - s q u a r e  =  P  <  . 0 1 ) .

Table 6. As would be expected, significantly 
relatively more condemned livers than passed 
livers yielded at least one or more isolates. 
There was no evidence of a higher rate of 
isolation of any single genus from the con­
demned livers than from passed livers. Three 
organisms—Coliform group, Staphylococcus 
aureus (coagulase-negative), and Strepto­
coccus spp. (alpha and gamma hemolytic) — 
were each isolated significantly more often 
from passed livers than from condemned, 
suggesting that these may he “normal” 
inhabitants of the liver. This is not sur­
prising, since these are all ubiquitous in 
either the intestinal tract or the external 
environment. Eight bacteria were isolated 
significantly more often from livers from 
carcasses condemned for septicemia-toxemia 
or inflammatory process than from passed 
livers from passed carcasses. These findings 
are not surprising, in view of the genera and 
species of bacteria involved. As in the pre­
vious comparison, there were organisms— 
alpha, beta, and gamma hemolytic Strepto­
coccus spp.—that were found proportionately 
more often in normal livers than in livers 
from condemned carcasses, suggesting that 
these are “normal” flora.

Histopathological examination was made 
of 661 livers: 370 passed livers from passed 
carcasses, 190 condemned livers from passed 
carcasses, and 101 livers from carcasses con­
demned because of disease processes. Again, 
there was no information as to whether the 
livers in this last category would have been 
condemned on their own characteristics if

they had not come from condemned carcasses. 
Table 7 presents the relationship of the 
various categories of histopathologic change 
in the three disposition categories of livers. 
The histopathologic categories were chosen 
arbitrarily as representative of the type of 
pathology observed in these market classes 
of poultry. The descriptiveness of the re­
corded pathology had to be limited so that 
enough observations could be made in each 
category to permit even a cursory analysis 
of the data. No attempt was made to quanti­
tate the histopathology, since the numbers in 
each category were so small. In comparing 
passed livers with condemned livers from 
passed carcasses, the only significant dif­
ference found was the greater frequency of 
“one or more lesions” in the condemned than 
in the passed livers. There was no significant 
difference for any one type of lesion. How­
ever, when livers from condemned carcasses 
were compared with each of the other two 
categories, several differences were signifi­
cant. Non-suppurative inflammation, necro­
sis, and neoplasia were each found signifi­
cantly more often in livers from condemned 
carcasses than in either passed or condemned 
livers from passed carcasses. As would be 
expected, the category of “one or more 
lesions” applied significantly more often to 
livers from condemned carcasses than to 
either of the other two groups. Histopatho­
logical and bacteriological findings in the 
661 livers are compared in Table 8. No 
single bacterial agent was significantly cor­
related with a specific histopathologic change.
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T o t a l  w i t h  e a c h  p a t h o l o g i c a l

p r o c e s s 661 240 9 15 88 n 101 4 9 8
N u m b e r  w ith  bo th  le s io n  a n d iso la te

T o t a l  y i e l d i n g  o n e  o r
m o r e  i s o l a t e 2 3 7 103 “ 3 6 3 8 6 35 23 4

A c h r o m o b a c t e r  s p p . 7 4 0 0 3 0 0 0 1
B a c i l l u s  s p p . 28 I S 1 0 4 0 8 2 0
C l o s t r i d i u m  s p p .  ( n o t

p e r f r i n g e n s ) 2 0 0 0 0 0 0 0 0
C o l i f o r m  g r o u p 9 7 3 6 1 1 18 1 8 8 2
D i p h t h e r o i d s 14 10 1 2 2 2 2 1 0
L a c t o b a c i l l u s  s p p . 66 19 0 1 6 1 8 2 1
N d c a r d i a  s p p . 1 1 0 0 1 0 0 0 0
P  a r a c o l o b a c t r u m  s p p .

( n o t  a r i z o n a e ) 3 1 0 0 0 0 1 0 0
P a s t e u r e l l a  m u l t o c i d a 2 2 0 0 1 1 0 1 0
P r o t e u s  s p p . 6 4 1 0 1 0 1 1 1
P s e u d o m o n a s  s p p . 14 4 0 0 1 0 1 2 0
S a l m o n e l l a  s p p .

( t y p h i m u r i u m ) 1 0 0 0 0 0 0 0 0
S t a p h y l o c o c c u s  a u r e u s

( c o a g u l a s e - p o s i t i v e ) 2 3 9 0 2 4 1 1 1 0
S t a p h y l o c o c c u s  a u r e u s

(  c o a g u l a s e - n e g a t i  v e  ) 7 3 32 1 2 9 3 11 7 2
S t r e p t o c o c c u s  s p p .

( b e t a  h e m o l y t i c ) IS 4 0 1 1 0 0 2 0
S t r e p t o c o c c u s  s p p .  ( a l p h a

&  g a m m a  h e m o l y t i c ) 66 2 6 1 1 10 0 8 6 0
S t r e p t o c o c c u s  s p p .

( a n a e r o b i c ) 2 1 0 0 0 0 1 0 0
S i g n i f i c a n t  c o r r e l a t i o n  ( c h i - s q u a r e  =  P  <  . 0 1 ) .

However, the presence of one or more 
bacterial agents was significantly correlated 
with the presence of one or more histopatho­
logic lesions.

Obviously, the results of the histopatho- 
logical observations are weighted in favor 
of a high correlation between gross observa­
tions and microscopic findings. The portion 
of the liver usually selected had the greatest 
gross pathologic change, so the pathologist 
examining the tissue microscopically had a 
marked advantage in detecting cellular altera­

tions. Although the correlation between iso­
lation of a bacterial agent from a liver and 
microscopic lesions was significant at the 
1% level (chi square =  8.22), the lack of a 
stronger correlation may be explained on the 
basis of the paucity of acute inflammatory 
lesions observed in the tissue sections ; non­
inflammatory categories of liver pathology 
would not be expected to yield organisms 
upon bacteriological culture. Even gran­
ulomatous inflammation of the liver, a lesion 
seen most commonly in turkey livers, would
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have viable organisms since these lesions are 
usually the result of parasitic invasion. Pos­
sibly, the significance of the data, favoring 
the isolation of bacteria where histopatho­
logic changes were observed, may be related 
to the relatively high incidence of necrotic 
lesions in the condemned livers (Table 7).

Inspection passed livers of which 22.2% 
had varying degrees of h is to p a th o lo g ic  
processes, condemned livers of which 52.6% 
were without evident histopathologic proc­
esses, and condemned carcasses (because 
of disease processes) from which 32.7% 
of the livers were without evident histo­
pathologic processes. The fact that histo­
pathologic processes were detected in 22.2% 
of the passed livers and were not de­
tected in 52.6% of the condemned livers 
suggests either that there is no strong cor­
relation between gross and histopathologic 
processes in this organ or that discoloration 
or other apparent abnormalities are easily 
mistaken for pathologic lesions in the liver. 
Because only a very small portion of each 
liver was examined microscopically, histo­
pathologic lesions may have been present in 
other areas. However, as previously men­
tioned. all tissues for histopathological exam­
ination were taken from the area exhibiting 
gross pathology, if present, thus weighting 
the results in favor of a correlation between 
gross and microscopic lesions. Certain histo­
pathologic processes found in passed livers 
(i.e. inflammation, necrosis, neoplasia) 
render tissue unwholesome by the accepted 
definition. Thus inspection can, apparently, 
only assure a relative degree or level of 
wholesomeness of the liver, and probably 
of other tissues as well. This conclusion also 
applies to detection of livers harboring genera 
of bacteria with varying associations with 
abnormal conditions and to detection of 
carcasses harboring Salmonella spp. either 
in their intestinal tracts or on their surfaces. 
Erysipelothrix insidiosa was not isolated in 
the studies reported here, but, with experi­
mentally infected turkeys, this organism has 
been isolated from bone marrow and liver 
of lesion-free carriers in which the livers 
yielding the organism were themselves with­
out gross lesions (Sadler and Corstvet, 
1956b). In market poultry, “absolute” as­

surance of wholesomeness is an unattainable 
goal, particularly in view of the subjectivity 
of the very definition of wholesomeness. 
Each term used in its definition is subject 
to various definitions by different ethnic, 
social, and economic groups as well as by 
personal taste (esthetics). However, the 
significant contribution that inspection makes 
to the assurance of wholesomeness is in­
dicated by the findings that histopathologic 
processes were found in only 22.2% of 
passed livers, but were found in 47.4% of 
condemned livers, and in 67.3% of livers 
from carcasses condemned because of disease 
processes. The contribution of inspection is 
further indicated by the findings that a sig­
nificantly greater number of condemned livers 
yielded “one or more” bacterial isolates than 
the passed livers and that livers from con­
demned carcasses yielded 8 species of orga­
nisms significantly more often than did livers 
from passed carcasses.
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Effect of Soaking and Germinating on the Nutritive
Value of Navy Beans

SUM M ARY
T h e e ffe c t o f  so a k in g  or g erm in a tio n  o n  th e  

p ro te in  co n ten t, tryp sin  in h ib ito r  activ ity , and  
h em a g g lu tin in  activ ity  o f  navy  b ea n s was stu d ­
ied . S oa k in g  navy  b ean s fo r  1—4  days d e­
creased  th e  tryp sin  in h ib ito r  activ ity , and  e sp e ­
c ia lly  th e h em a g g lu tin in  a ctiv ity . T h e d ecrease  
in  p ro te in  co n te n t d u e to so a k in g  did n o t a c­
co u n t fo r  a ll o f  th e d ecrease  in  anti-tryp sin  
and h em a g g lu tin in  a ctiv ity . N o  s ig n ific a n t  
ch a n ges w ere observed  in  h em a g g lu tin in  a ctiv ­
ity  d u e to g er m in a tio n , a lth o u g h  so m e decrease  
in  th e tryp sin  in h ib ito r  activ ities  o f  germ in ated  
beans was n o tic ed . P ro te in  co n ten t in creased  
p rogressive ly  in  b ean s g erm in ated  1—4  days, 
and d ecreased  in  b ean s soak ed  1—4  days. R ats  
fed  raw, soa k ed , and  g erm in ated  navy b ea n s as 
a source o f  d ietary  p ro te in  lo st  w eigh t and  
d ied  8 —16 days a fte r  th e  b eg in n in g  o f  th e  
ex p er im en t. I t  is co n clu d ed  that so a k in g  p rior  
to h ea tin g  is n o t n ecessary  to  e lim in a te  th e  
to x ic ity  o f  navv b ean s.

INTRODUCTION
Peas and beans constitute an important 

source of dietary protein for a majority of 
the world’s population (Patwardhan, 1962). 
Most beans contain “toxic” substance(s) 
(Liener, 1962). Besides the isolation and 
characterization of the toxic factors present 
in the edible beans their elimination appears 
to be of particular interest from the stand­
point of public health and safety. Most of the 
toxic substances in beans can be inactivated 
or destroyed by proper heat treatment (Lie­
ner, 1962), but in some cases treatments such 
as soaking or germination as well as heating 
are necessary to eliminate the toxicity com­
pletely. Jaffe (1949) and Honavar et al.
(1962) showed that soaking prior to heat 
treatment is an essential step to abolish the 
deleterious effects of beans (Phaseolns vul­
garis). Various workers (Everson et al., 
1944; Desikachar and De, 1947; Chattopad- 
hay and Banerjee, 1953) have demonstrated 
that germination improved the nutritive val-

1 P r e s e n t  a d d r e s s  : D e p a r t m e n t  o f  B i o c h e m i s t r y  
a n d  N u t r i t i o n ,  U n i v e r s i t y  o f  N e b r a s k a ,  L i n c o l n ,  
N e b r a s k a  6 8 5 0 3 .

ties of certain beans. The present investiga­
tion was undertaken, therefore, to determine 
the effect of soaking and germinating on the 
nutritive value of navy beans.

EXPERIMENTAL
N a v y  b e a n s  ( P h a s e o l u s  v u l g a r i s )  w e r e  f i r s t  

s o a k e d  o v e r n i g h t  i n  t a p  w a t e r  a t  r o o m  t e m p e r a t u r e .  
T h e n  t h e y  w e r e  s o a k e d  1 - 4  d a y s  a n d  t h e  w a t e r  
c h a n g e d  e v e r y  d a y .

G e r m i n a t i o n  w a s  c a r r i e d  o u t  b y  s p r e a d i n g  t h e  
s o a k e d  b e a n s  ( s o a k e d  o v e r n i g h t )  o n  t h e  t r a y s  a t  
r o o m  t e m p e r a t u r e  f o r  1 - 4  d a y s .  A t  t h e  e n d  o f  t h e  
d e s i r e d  p e r i o d  t h e  b e a n s  w e r e  d r i e d  b e f o r e  a  f a n  
a n d  g r o u n d  i n t o  f i n e  f l o u r .

P r o t e i n  ( A O A C ,  1 9 6 0 ) ,  t r y p s i n  i n h i b i t o r  a c t i v i t y  
( I v u n i t z ,  1 9 4 7 ) ,  a n d  h e m a g g l u t i n i n  a c t i v i t y  ( L i e n e r ,  
1 9 5 3 )  w e r e  d e t e r m i n e d  o n  g e r m i n a t e d  a n d  s o a k e d  
b e a n s .

R a t  f e e d i n g  e x p e r i m e n t s  w e r e  c o n d u c t e d  t o  e v a l u ­
a t e  t h e  g r o w t h - p r o m o t i n g  p r o p e r t y  o f  s o a k e d  a n d  
g e r m i n a t e d  b e a n s .  R a w  a n d  h e a t e d  n a v y  b e a n s  
w e r e  i n c l u d e d  i n  t h e  d i e t s  t o  f u r n i s h  a  10%  p r o t e i n  
l e v e l .  T h e  c o m p o s i t i o n  o f  t h e  b a s a l  d i e t  a n d  t h e  
d e t a i l s  o f  r a t  f e e d i n g  e x p e r i m e n t s  a r e  d e s c r i b e d  
e l s e w h e r e  ( K a k a d e  a n d  E v a n s ,  1 9 6 5 a ) .

RESULTS AND DISCUSSION
The trypsin inhibitor activity and hem­

agglutinin activity of raw, soaked, and ger­
minated navy beans are presented in Table 1. 
Soaking for a longer time decreased these 
activities progressively. Soaking the beans 
for 4 days destroyed about 28% of the tryp­
sin inhibitor activity and 75% of the hem­
agglutinin activity. The decrease in protein 
content could not account for all the observed 
decrease in these activities, since the trypsin 
inhibitor and hemagglutinin activity values 
per gram of protein gave essentially the same 
values as those per gram of beans. It appears 
therefore that the trypsin inhibitor and hem­
agglutinins were destroyed or inactivated or 
possibly leached out of the beans as a result 
of soaking.

Germination had the following effects:
1) increased the protein content of the beans ;
2) first decreased and then increased the 
trypsin inhibitor activity; and 3) did not 
change the hemagglutinin activity.
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T a b l e  1 . I n f l u e n c e  o f  s o a k i n g  a n d  g e r m i n a t i o n  o n  t h e  t r y p s i n  i n h i b i t o r  a n d  h e m a g g l u t i n i n  
a c t i v i t i e s  o f  n a v y  b e a n s .

T r y p s i n  in h i b i to r  H e m a g g lu t in in
a c t i v i t y  ____________a c t iv i ty

T r e a t m e n t
P r o t e i n

( % )
T I U  * / gb e a n

T I U / g
p ro te in

H U  » / g  b e a n
X  t o 3

H U / g
p r o te in

x  t o 3
N o n e  ( r a w  b e a n s ) 2 3 .6 0 2 3 .2 5 9 8 .5 8 3 3 .9
S o a k e d  1 d a y 21.88 2 2 . 5 0 102.8 8 3 6 .5
S o a k e d  2  d a y s 2 1 .6 3 22.00 1 0 1 .7 8 3 7 .0
S o a k e d  3  d a y s 2 0 .3 1 1 9 .7 5 9 7 . 2 4 1 9 .7
S o a k e d  4  d a y s 20.00 1 6 .7 5 8 3 . 7 2 10.0
G e r m i n a t e d  f o r  1 d a y 2 4 . 8 8 2 1 .2 5 8 5 .4 8 3 2 .1
G e r m i n a t e d  f o r  2  d a y s 2 5 .3 1 2 1 .5 0 8 4 . 9 8 3 1 .6
G e r m i n a t e d  f o r  3  d a y s 2 5 .6 3 2 4 . 0 0 9 3 .6 8 3 1 .3
G e r m i n a t e d  f o r  4  d a y s 2 6 .3 1 2 4 . 5 0 9 3 .1 8 3 0 .4

“ T r y p s i n  i n h i b i t o r  u n i t  e x p r e s s e d  i n  t e r m s  o f  t r y p t i c  u n i t s  i n h i b i t e d ,  t h e  t r y p t i c  u n i t  b e i n g  
d e f i n e d  a s  t h e  i n c r e a s e  o f  o n e  u n i t  o f  e x t i n c t i o n  a t  2 8 0  m ,u ./m in  o f  d i g e s t i o n  u n d e r  t h e  e x p e r i ­
m e n t a l  c o n d i t i o n s .

b H e m a g g l u t i n i n  u n i t  d e f i n e d  a s  t h e  l e a s t  a m o u n t  o f  h e m a g g l u t i n i n  t h a t  w i l l  p r o d u c e  p o s i t i v e  
e v i d e n c e  o f  a g g l u t i n a t i o n  ( 1  +  )  o f  0 . 2  m l  o f  4 %  s u s p e n s i o n  o f  w a s h e d  c h i c k e n  r e d  b l o o d  c e l l s  
a f t e r  1 h r  o f  i n c u b a t i o n  a t  3 7 °  C .

The biological implications of soaking and 
germination as reflected in the decrease and/ 
or increase in the trypsin inhibitor activity, 
and hemagglutinin activity of navy beans are 
very difficult to rationalize at present.

Table 2 shows the effect on the growth of 
rats of feeding soaked or germinated navy 
beans as a source of dietary protein. Rats 
fed raw, soaked, or germinated navy beans 
lost weight and died within the experimental 
period. Since heated and soaked beans gave 
essentially the same growth rate as heated 
beans (Kakade and Evans, 1965a), no 
growth studies were made in the present in­
vestigation involving the soaked and germi­
nated beans which had received heat treat­
ment. The fact that rats fed the heated navy 
bean diet supplemented with methionine

grew as well as rats fed the casein diet (K a­
kade and Evans, 1965a) seems to indicate 
that heating alone could completely eliminate 
the toxicity. These results are in contrast to 
those obtained by Jaffe (1949) and Honavar 
et al. (1962), who observed that soaking 
beans (Phaseolus vulgaris) prior to heating 
was necessary to destroy or inactivate all 
the toxic effects of Phaseolus vulgaris. One 
explanation for these differences may be the 
use of different varieties of P. vulgaris.

According to Liener (1962), the causative 
factor for the toxicity of the P. vulgaris is 
hemagglutinin, which could be destroyed or 
inactivated only by preliminary soaking fol­
lowed by heating. In the light of the present 
results, it appears that the hemagglutinin 
may not be the only active factor for the

T a b l e  2 .  E f f e c t  o n  g r o w t h  o f  r a t s  o f  f e e d i n g  s o a k e d  a n d  g e r m i n a t e d  n a v y  b e a n s .

P r o t e i n  s o u rc e
W e ig h t  

g a i n / d a y  
( g )

F o o d  i n ­
t a k e / d a y  

( g )
M o r t a l i t y

( d a y s )
H e a t e d  b e a n s * 1 .5 0 8 .7 5
R a w  b e a n s - 0 . 9 2 2 .9 5 9 - 1 4
S o a k e d  1 d a y - 1.00 2 .9 0 1 1 - 1 5
S o a k e d  2  d a y s - 1.11 3 .0 0 1 0 - 1 6
S o a k e d  3  d a y s - 1 . 0 6 2 .9 2 1 2 - 1 6
S o a k e d  4  d a y s - 1.10 3 . 1 0 1 0 - 1 4
G e r m i n a t e d  f o r  1 d a y - 0 . 9 9 3 .0 2 8 - 1 6
G e r m i n a t e d  f o r  2  d a y s - 0 . 9 6 2 .9 4 8 - 1 6
G e r m i n a t e d  f o r  3  d a y s - 1 . 0 5 2 .9 9 1 0 - 1 6
G e r m i n a t e d  f o r  4  d a y s - 1 . 0 9 3 .1 0 1 0 - 1 6

* A u t o c l a v e  a t  1 2 1 ° C  f o r  S m i n .
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toxicity of navy beans, a conclusion sup­
ported by work of Kakade and Evans 
(1956b).
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H E R B E R T  ST O N E
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M e n l o  P a r k ,  C a l i f o r n i a  9 4 0 2 5

Factors Influencing Behavioral Responses to Odor
Discrimination— A Review

Numerous suggestions and hypotheses 
have been proposed to account for the mech­
anisms of olfactory detection and discrimi­
nation ; however, no satisfactory theory has 
yet been formulated (Jones and Jones, 1954; 
Moulton and Tucker, 1964). One reason is 
the paucity of good, reliable experimental 
data on olfaction, considered both as a psy­
chophysical experience and as a psycholog­
ical one—that is, from the point of view of 
both quantitative and qualitative measure­
ment—and the interaction between these two 
response modes. This is especially impor­
tant in view of the more recent research 
findings relating to molecular properties and 
odor quality (Amoore, 1964; Beets, 1964; 
Davies, 1965; Schütz et al., 1958).

In an attempt to meet this challenge, we 
have given some thought to the individual 
steps involved in olfaction: the stimulus,
stimulus presentation, the discrimination pro­
cess (perceptual task), and how the data are 
interpreted.

From the work of Thurstone, as reported 
by Guilford (1954), Torgeson (1958), 
Swets (1961), and others, it is recognized 
that stimulus detection and discrimination is 
confounded by numerous and unrelated fac­
tors. For example, it has been shown ex­
perimentally that in the resting state there 
will be indiscriminate firing of receptors 
from the olfactory mucosa as recorded by 
electrophysiological techniques. In olfactory 
threshold experiments with man, one con­
tinually encounters subjective comments of 
the presence of something different from the 
background, yet not identifiable as the stimu­
lus. Thus it is not surprising that for any 
individual the threshold might show consid­
erable variation. The stimulus might not 
elicit the same response from the same sub­
ject at different test sessions. Furthermore, 
the behavioral response at supra-threshold 
concentrations usually bears little relation to 
the response at the “threshold.” While it is 
true that both are part of the same discrimi­
nation process, there are differences (in the
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form of background, frame of reference, and 
hedonic continuum) which vary in impor­
tance as one approaches the detection thresh­
old. There also exists confusion as to which 
odor threshold one is considering: absolute 
or recognition and/or the mathematically 
derived 50, 67, or 75% value.

In discussing the significance of sensory 
thresholds, Swets (1961) emphasized the 
difficulties encountered with measuring the 
“threshold” : the problem of the signal to 
noise ratio, the “likelihood-ratio criterion,” 
and their effect on the discriminal process 
and data interpretation. According to Swets 
there may be a sensory threshold, but it is 
a very low value and probably directly re­
lated to the mean for the noise distribution. 
This is especially important in its application 
to study of the olfactory process. By defin­
ing the olfactory threshold mathematically, it 
is possible to use these data in developing a 
theory of olfaction. It also permits applica­
tions of these data to more sophisticated 
methods of analysis which have been devel­
oped as a part of information theory. As 
knowledge of the behavioral aspects of olfac­
tion and means of transmitting this informa­
tion into a useful form increases, it is possible 
to better utilize these data.

Several recent experiments (Stone, 1964; 
Stone and Bosley, 1965a) have demonstrated 
the value of including behavioral data from 
threshold and suprathreshold tests to estab­
lish a more realistic and accurate measure of 
the Weber fraction for olfaction. This rela­
tionship, shown in Fig. 1, is described by 
Eq. 1:

Y e =  -2 .0 5 +  .28 l.r [1]
and was based on the Weber fraction, Eq. 2 :

Where AI  is the difference threshold, I  is 
the reference stimulus concentration, and I t 
represents the experimentally determined
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50% threshold. The 50% threshold is deter­
mined from probit analysis of data collected 
in a forced-choice, constant-stimulus test 
situation. These data have added advantage 
since you can obtain any threshold desired 
by reference to the plotted curve. This equa­
tion would permit one to predict either I t or 
AI  from knowledge of the other provided its 
validity can be tested. Experiments are now 
in progress with different stimuli to de­
velop this information (Stone and Bosley, 
1965a,b). However, the utilization of this 
information in developing a reliable theory 
of olfaction remains to be developed. As 
mentioned earlier, establishment of a jnd 
threshold represents a task not entirely com­
parable to the task in the 50% threshold test. 
For example, at suprathreshold concentra­
tions, unpleasant stimuli may evoke a re­
sponse different from pleasant stimuli which 
might influence discrimination ; in some ex­
periments, it has been shown that subjects 
were better able to discriminate differences 
between unpleasant stimuli, while pleasant 
stimuli seemed to cause greater difficulty in 
discrimination (Stone, 1963b). A recent ex­
periment by Engen and McBurney (1964) 
indicated that the hedonic scale for odors 
was much greater than the intensity scale 
for different concentrations of the same 
odorants. In order to make better use of 
such information, it is important to know 
what factors influence odor discrimination 
and how behavioral data can best be used in 
developing a theory of olfaction. The fol­
lowing sections discuss these problems in 
detail.

The Stimulus
Presentation of a stimulus to a subject can 

evoke a number of different types of re­
sponses, dependent on stimulus concentra­
tion, hedonic properties, and the perceptual 
task. When we reduce the stimulus concen­
tration and approach the 50% threshold, the 
subject soon loses the ability to recognize 
the characteristic quality associated with the 
stimulus. He then relies on a variety of de­
vices and cues in order to detect a difference 
from the background, which brings up a 
number of problems associated with the dis­
crimination process and the response matrix.

Typically, the stimulus is presented to the 
subject in a variety of ways: as a solute in 
a non-odorous solvent system, adsorbed on 
cotton-balls or in a controlled-air system. 
Each technique has certain limitations. The 
most important factor here is the experi­
menter’s ability to control concentration for 
as long as the experiment is in progress. 
All three techniques are used, although there 
has been some recent evidence to suggest an 
air-dilution system as being more reliable 
(Benjamin et al., 1965). It was also dem­
onstrated that some solvent systems do not 
yield ideal solutions at concentrations ap­
proaching threshold (Stone, 1963a). These 
data indicated mineral oil-propionic acid 
mixtures were non-ideal even at threshold 
concentrations. Some of these data are shown 
in Table 1. Clearly, care should be used in 
the selection of an appropriate solvent sys­
tem. If one is concerned with the quanti­
tative aspects of olfaction, e.g., threshold 
measurements or the adaptive process, it is 
extremely important to control stimulus con­
centrations—a problem that has been given 
some attention.

It may be that only certain solvents lend

T a b l e  1 . C a l c u l a t e d  a n d  o b s e r v e d  c o n c e n t r a t i o n s  
o f  p r o p i o n i c  a c i d - l - C 14 i n  t h e  v a p o r  o f  m i n e r a l  o i l -  
p r o p i o n i c  a c i d  s o l u t i o n s . “

C o n c e n t r a t io n  ( m g / L  a i r )
C a lc u la te d Observed
.0003 .025
.00016 .0067
.000079 .00136
.000016 .00069

“ S t o n e  ( 1 9 6 3 a ) .
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themselves to use in odor testing. This might 
be based on the polarity or non-polarity of 
the solvent and of the odorant. Many sol­
vents have an odor, thus introducing another 
variable in the procedure. Engen et al. 
(1963 ) managed to circumvent this problem 
through the use of “Q-tips” set in test tubes 
containing a few cc of the purified odorant. 
The subject merely removes the stopper 
holding the stem of the “Q-tips” and sniffs 
the cotton ball containing the stimulus. This 
method permits a wider range of studies in­
volving olfaction. However, if one is inter­
ested in studying the basic mechanisms of 
the olfactory process, the air-dilution olfac­
tometer, with precise control of air flow and 
odor concentration, is necessary. This 
method provides rapid presentation and re­
moval of the stimulus.
The Perceptual Task

In some situations, the perceptual task is 
relatively simple, e.g., a jnd test where the 
subject is required to indicate the sample of 
a pair having the most intense odor. In other 
situations, the subject might be required to 
describe a stimulus in relation to some iden­
tified standards, i.e., multi-dimensional scal­
ing. Both odor quality and quantity are 
equally important in any sensory problem, 
whether we are dealing with a single stimu­
lus or a complex food material. In most ex­
periments, the degree of difficulty of the 
perceptual task will affect the amount of 
training and familiarization, the response 
and type of response, and the maximum num­
ber of tests the subject can effectively handle 
per test session. Unfortunately, our knowl­
edge to date does not permit us to make 
specific rules for each test method. We must 
rely on informational feedback during the 
preliminary stages of the experiment. The 
theoretical aspects of this area of psycho­
physics have been adequately reviewed else­
where (Garner and Hake, 1951; Guilford, 
1954: Tanner and Swets, 1954; Torgeson, 
1958). Recently, several studies have been 
published which have application here.

Ough et al. (1964) found that subjects 
could judge a quantity difference slightly 
better when a time limit was imposed, while 
taste quality was judged better when time

was not a factor. The perceptual task is 
more difficult for a quality judgment and 
requires more information from the subject.

From another experiment, Ough and Ba­
ker (1964) reported that subjects, when 
required to scale odor differences, responded 
similarly as far as scale structure was con­
cerned. Intensity ratings for differences 
yielded as much information as the paired- 
comparison method, but in a shorter time. 
Experiments in our laboratory (Stone and 
Bosley, 1965b), while not directly appli­
cable, yielded opposing results. Our sub­
jects were required to make intensity rat­
ings during or after the jnd test. Results 
indicated that subjects were not using the 
entire scale and were not capable of dis­
criminating differences as measured by the 
intensity ratings.
Hedonic Properties

Engen and McBurney ( 1964) studied 
magnitude and category scales of odor pleas­
antness. The study evolved from several 
earlier experiments by Engen (1956, 1961), 
who attempted to develop a psychophysical 
scale for odor intensity by the fractionation 
method. In that particular study it was 
found that the scale for odor pleasantness 
was much greater than the intensity scale 
(125:1 vs. 3:1, respectively). These data 
suggest that hedonic scales should he used 
for sensory problems, since this would per­
mit the determination of much finer dis­
criminations.
Adaptation

Adaptation to odors occurs rapidly in man 
and is dependent, at least in part, on stimu­
lus concentration and exposure time. Ac­
cording to Stuiver (1958), adaptation is 
primarily a central phenomenon which re­
sults in an increase in the stimulus detection 
threshold but not in proportion to the con­
centration of the adapting stimulus. Recov­
ery appears to occur in two phases: a fast 
central and a slow peripheral process. Stud­
ies by Schütz et al. (1961) indicated the 
adaptation rate was different for different 
stimuli.

Experiments in our laboratory, while not 
directly comparable, are pertinent to this 
discussion (Stone and Bosley, 1965b). The
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procedure involved continuous stimulation 
with timed intervals for judgment of odor 
intensity in an attempt to investigate adapta­
tion and recovery as a function of stimulus 
concentration and exposure time.

Fig. 2 shows results of some preliminary 
experiments to establish the appropriate 
time interval with n-propyl alcohol as the 
stimulus. In this experiment the subject was 
instructed to breathe normally, and at a 
pre-set time interval of 5, 10, or 15 sec a 
signal light would direct the subject to rate 
the stimulus intensity. The scale was 0 to 
10, from no detectable odor to most intense 
odor. The subjects received identified warm­
up samples of 10 and 0 intensities. Experi­
ments were carried out for as long as 10 
m in; however, as these data show, adapta­
tion was very rapid, especially during the 
first 1.5 min.

Fig. 3 shows the results of two additional 
experiments involving adaptation with propyl 
alcohol and serves to demonstrate the kinds 
of problems we are dealing with. The data 
with the solid circles were based on 9 repli­
cations by each of 2 subjects at the 10-sec 
timed interval. The open circles indicate 
responses obtained in a somewhat different 
experiment. The subjects were presented 
with the first sample after 70 sec of exposure 
to the stimulus, and then asked to rate the 
intensity; the second sample followed 100 
sec later. The purpose of the experiment 
was to determine the reliability of the data 
from the set-interval test.

After the first few experiments, the sub­
jects quickly realized that the stimulus con­
centration was decreasing with time. It

o  10

^  6>-
b  4 co
g  2
2  0

0 I 2 3 4 5 6 7
TIME— minutes

R A - 4 3 9 4 - 1

F i g .  2 .  A d a p t a t i o n  t o  n - p r o p y l  a l c o h o l  a t  t h r e e  
t i m e  i n t e r v a l s :  A ,  S s e c ;  Q ,  1 0  s e c ;  O .  1 5  s e c ;  
f o l l o w e d  b y  a  5 - s e c  t e s t  p e r i o d .

oÂA
\ °

\ 1 I I
N - P R O P Y L  A L C O H O L  

12* IO"3 m g / l  
T IM E  IN T E R V A L  

o |5 -5“10-5 o
^ 4 5 - 5 „  °  o  °  °) ----- O-------.

I 0 1

would be possible for the subject to intro­
duce a bias by indicating the presence of the 
stimulus when, in fact, he was adapted. In 
this particular experiment no such problem 
was encountered. Flowever, Fig. 4 shows 
the results of an experiment on adaptation 
and recovery with another subject. Obser­
vation of these data indicated that adapta­
tion occurred in 6 min, although the subject 
never indicated “no odor” (0 on the score 
sheet). The recovery experiment was car­
ried out at 30-sec intervals for an additional
2.5 min, at which time the subject was ap­
proximately 80% recovered. Interestingly, 
when the subject was retested 5 min later at 
70 sec and 100 sec, the scale values did not 
coincide with the previous results. It ap­
peared that the subject experienced no adapt­
ing effects of the stimulus for the first min­
ute. followed by adaptation much the same 
as in previous tests. While the line is dis­
placed, it is quite obvious that the slope is 
steep, and equally so, for recovery.

These data are preliminary, and experi­
ments are now in progress to study this 
problem more thoroughly with several stim­
uli, at high and low stimulus concentrations. 
To overcome the scaling error, a signal sys­
tem has been installed to replace the score 
sheet, so subjects will not be confronted by 
tbeir previous scores. Adapting at longer 
time intervals for spot checks is also pro­
grammed. Flowever, from these preliminary 
data it seems that continuous exposure to a 
stimulus for longer than 30 sec will lead to 
adaptation.
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m e n t s  a t  m o r e  p r o l o n g e d  t i m e  i n t e r v a l s .
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F i g .  4 .  R a t e  o f  a d a p t a t i o n  a n d  r e c o v e r y  t o  « -  
p r o p y l  a l c o h o l .  A r r o w s  r e f e r  t o  r e p e a t  e x p e r i m e n t s  
a t  m o r e  p r o l o n g e d  t i m e  i n t e r v a l s .

Other types of studies involving adapta­
tion and odor interaction have been carried 
out by several methods. One area of con­
siderable interest is the phenomenon of cross­
adaptation and background odor. Cheesman 
and Townsend (1956) reported that when 
adapting and test stimuli are the same or 
from the same chemical class, the threshold 
for the test stimulus is reduced by a factor 
of 0.7. When the stimuli are different, the 
reduction in threshold is not the same. While 
the data are not extensive, the results are 
suggestive.

Rosen et al. (1962) investigated the addi­
tive and synergistic effects produced by mix­
tures of butanol, p-cresol, and pyridine. Both 
additive and synergistic effects were found 
with these stimuli when tested at the thresh­
old. Unfortunately, suprathreshold concen­
trations of the mixtures were not tested. 
More recently, Baker (1963) found similar 
results in a more extensive investigation in­
volving a larger number of odorants. Binary 
mixtures were studied, as well as an eight- 
component mixture. In the latter study, the 
mixtures produced a significant olfactory re­
sponse, with most subjects detecting the 
odor or requiring further dilution to reach 
threshold.

Schütz et al. (1958) studied the problem 
of cross-adaptation at suprathreshold con­
centrations, and concluded that there was no 
effect. They suggested that the odorants may 
have been too dissimilar or that adaptation 
may be a central phenomenon, and, with

introduction of a new stimulus, a new pat­
tern occurs in the brain.

Jones and Woskow (1964) also studied 
the intensity of odor mixtures at supra­
threshold concentrations. Their data indi­
cated neither an additive nor a simple aver­
age effect; instead, responses fell between 
these two limits. If one considers these data 
in line with conclusions reached by the pre­
vious workers, it is evident that our knowl­
edge of odor interaction is quite incomplete. 
However, there are aspects of these data 
which need to be mentioned and which do 
give us a further insight into this problem. 
Baker’s data were obtained from threshold 
experiments of aqueous solutions, while 
those by Schütz and Jones and Woskow 
were suprathreshold measurements using an 
air-dilution type of apparatus. Finally, the 
selection of stimuli can be very important in 
influencing the results.
Temperature and Humidity

Evidence for the influence of temperature 
and humidity on olfactory perception and 
discrimination has been reported elsewhere; 
however, there are questions which require 
additional investigation (Tucker, 1963; 
Stone, 1964). Tucker’s experiments with 
the tortoise indicated that variations in rela­
tive humidity and temperature had little if 
any effect on recorded response. The data 
reported by Stone were from experiments 
using man in the olfactometer. Odor thresh­
olds were determined for acetic acid from
12.5 to 35°C. No significant difference was 
found between the 50% thresholds at 12.5, 
15, 20, 30, and 35°C for the panel. To 
support the behavioral information, tempera­
ture recordings were obtained at the inferior 
turbinate. The recordings revealed that the 
turbinates provided not only physical pro­
tection but maintained the olfactory region 
at body temperature. Thus, under normal 
physiological conditions, temperature does 
not have a significant role in odor detection. 
Fig. 5 is a summation o: these temperature 
recordings.

The information on relative humidity is 
not as clearly defined; however, Tucker’s 
data indicated no effect. Tt is reasonable to 
assume, for the moment, that, provided ex-
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treme conditions are not encountered, no 
significant changes in olfactory sensitivity 
would occur. This also applies for the tem­
perature experiments, since both Tucker’s 
and Stone’s studies went only from 10 
to 35°C.
Summary and Conclusions

While it is evident that there are other 
factors which influence the behavioral re­
sponse to odors, the aforementioned prob­
lems—stimulus presentation, perceptual task, 
the solvent system, stimulus concentration, 
temperature and humidity—were considered 
most important and timely. Increased re­
search in olfaction, coupled with the use of 
more sophisticated experimental tools, has 
permitted us to better understand the olfac­
tory process. However, much basic knowl­
edge is needed if we are to develop a work­
able theory of olfaction. At present, there is 
a scarcity of quantitative data on odor thresh­
olds, the relationship between threshold and 
suprathreshold concentrations, and the ap­
propriate handling of behavioral data.

Certainly, the sense of smell has been 
considered as one of our less used sensory 
channels. It is becoming evident that man’s 
olfactory sense is capable of very fine dis­
criminations and is able to perform reliably 
over long periods.
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Evaluation of Objective Methods of Measuring Differences 
in Texture of Freeze-Dried Chicken Meat

SUM M ARY
B reast and  th ig h  m ea t o f  n in e-w eek -old  

fryers fr o m  a co m m ercia l sou rce was p rocessed  
as fr o z en  or freeze-d ried  raw or co o k ed  m ea t. 
O b jective m eth o d s w ere com p ared  w ith  sen sory  
ev a lu a tio n  o f  tex tu re  and  ju ic in ess  d ifferen ces  
in  th e  m ea t. T h e e ffe c t o f  fr e e z in g  tem p era ­
tu re ( —2 3 °  and  — 1 9 1 °C ) o n  th e  q u a lity  o f  
freeze-d ried  p o u ltry  m ea t and  th e  d iffer in g  
e ffe c t o f  fr ee ze  d ry in g  o n  raw and  co o k ed  
b reast and  th ig h  m ea t w ere a lso  d eterm in ed .

F reeze-dried  ch ick en  m ea t was rea d ily  d is­
tin g u ish ed  fr o m  fr o z en . F reeze-d ried  m ea t h ad  
p oorer tex tu re  and  less  ju ic in ess , h ig h er  shear  
resistan ce , and  m o re ex p re ss ib le  liq u id  th an  
fro zen . C ooked  ch ick en  m ea t h ad  s ig n ifica n tly  
h ig h er  shear resistan ce  (A llo -K ra m er and  
In str o n ) a fter  freeze -d ry in g  th a n  a fte r  fr e e z ­
in g . T h e  sh ear re sistan ce  tests a greed  w ell w ith  
p a n e l ju d g m en ts  o f  tex tu re  and  co u ld  b e su b ­
stitu ted  fo r  th e m . H ow ever, fo r  m ea t th a t was 
fr o z en  or fr ee ze  dried  b efo re  co o k in g , th e  
d ifferen ces  in  sh ear resistan ce  w ere n o t co n ­
sisten tly  s ig n ifica n t. F reeze-d ried  b reast m ea t  
h ad  larg er  a m ou n ts o f  ex p ress ib le  liq u id  (S u c-  
c u lo m e ter ) th a n  th e  fr o z en . F or b reast m eat 
th is  o b jectiv e  test a greed  w ell w ith  p a n e l ju d g ­
m en ts  o f  ju ic in ess  and  co u ld  b e su b stitu ted  fo r  
th em . A lth o u gh  th e  p a n e l co n sisten tly  d istin ­
g u ish ed  d ifferen ces  b etw een  fr o z en  and  freeze-  
d ried  th ig h  m ea t, litt le  or no  liq u id  co u ld  b e  
ex p ressed  fr o m  any  o f  th e  th ig h  m ea t; th u s  th e  
te st co u ld  n o t b e su b stitu ted  fo r  th e  p a n e l  
ju d g m en ts . N o s ig n ific a n t d ifferen ces in  “ w ater­
h o ld in g  cap ac ity ” (G rau -H am m  p r e ss )  w ere  
fo u n d  b etw een  fr o z en  and  freeze-d ried  m ea t;  
th is  test co u ld  n o t b e su b stitu ted  fo r  th e  p an e l 
tests u n d e r  th e  co n d itio n s  u sed .

F reez in g  tem p era tu re  ( —2 3 °  a n d  —1 9 1 °C )  
had n o  s ig n ific a n t e ffe c t o n  m ea t freeze-d ried  
b efo r e  co o k in g . T h e  fr ee z in g  tem p era tu res re­
su lted  in  d etectab le  d ifferen ces  in  m ea t freeze  
d ried  a fte r  co o k in g , b u t th e  d ifferen ces  w ere  
too  sm a ll to  b e  o f  p ractica l im p o rta n ce .

F reeze  d ry in g  adverse ly  a ffec ted  b reast m ore  
th an  th ig h . T h e b reast m ea t was le ss  ten d er

* P r e s e n t  a d d r e s s  : M i c h i g a n  S t a t e  U n i v e r s i t y ,  
E a s t  L a n s i n g ,  M i c h i g a n  4 8 8 2 3 .

and  ju ic y , and  h ad  h ig h er  sh ear resista n ce , and  
m o re  ex p ress ib le  liq u id .

M eat co o k ed  a fter  fr ee ze  d ry in g  h ad  b etter  
tex tu re  and  ju ic in ess , low er sh ear  resistan ce , 
and le ss  ex p ress ib le  liq u id  th an  m ea t co o k ed  
b efo re  fr ee ze  d ry in g .

INTRODUCTION
At present, freeze-dried poultry meat is 

not uniform in rehydration, reconstitution, 
texture, juiciness, or flavor. To expedite the 
development of improved freeze-dried poul­
try products, means are needed to measure 
the effect of treatment variations on the meat 
quality. Since testing foods by panels is 
usually time-consuming and expensive, sup­
plementation or replacement of sensory eval­
uation by objective methods of measurement 
is desirable, particularly for routine com­
mercial control.

The main purpose of this investigation 
was to determine whether objective methods 
of measuring the texture, tenderness, and 
juiciness of freeze-dried poultry could be 
substituted for sensory methods. Also deter­
mined were the effects of freeze drying on 
the quality of cooked and raw breast and 
thigh meat and of freezing the meat at —23° 
and —191°C.

Research on freeze-dried meat has been 
reported by Auerbach et al. (1954), Burke 
and Decareau (1964), Doty et al. (1953), 
Harper and Tappel (1957), Tappel et al. 
(1955, 1957) Wang étal. (1953, 1954), and 
Yao et al. (1956). Connell (1957) defined 
rehydration as the total uptake of water by 
the dried sample, and reconstitution as the 
actual water-binding capacity of the dried 
sample such that it is indistinguishable from 
the original product. The rehydration level 
of freeze-dried beef has generally been above 
80% of the original water content. Wang 
et al. (1954) found that all samples, regard­
less of freezing rate, rehydrated to 85-90% 
of the original moisture content, and that
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muscle fibers returned to 89-98% of their 
original diameter. Suden et al, (1964) re­
ported that freeze-dried pork rehydrated 
to 73.8%.

In sensory evaluations the freeze-dried 
food could be differentiated from the frozen 
control and usually had a drier texture. 
Brooks (1958), Burke and Decareau 
(1964), Harper and Tappel (1957), and 
Tappel et al. (1955) reported that reconsti­
tuted freeze-dried meat was tougher and had 
a drier texture than frozen control meat. 
Hamdy et al, (1959) reported that the loss 
of tenderness and juiciness of rehydrated 
freeze-dried meat samples is apparently 
caused by a loss of the water-holding ca­
pacity of muscle proteins. Tappel et al.
(1955), Harper and Tappel (1957), and 
Hamdy et al, (1959) pointed out that dry 
texture and poor rehydration are the prin­
cipal problems in freeze-dried meat.

Rehydration levels for freeze-dried poul­
try have been low. Tappel et al. (1957) re­
ported that pre-cooked freeze-dried poultry 
rehydrated poorly. Rehydration was 68% 
in 212°F water for 15 min at atmospheric 
pressure, and 63% under 690-mm vacuum 
for 2 min. For serving-size pieces (1% X 
2 X  ^  in.) of pre-cooked freeze-dried poul­
try Yao et al, (1956) reported a low rehy­
dration of 57-74% and a sensory quality 
comparable with that of controls which had 
not been freeze-dried.

Commercial cold-air blast and liquid im­
mersion freezing (i.e., sodium chloride, liq­
uid nitrogen, propylene glycol) have made 
possible very rapid freezing of meat. Both 
methods are being used with poultry (Barrie 
et al., 1964; Marion and Stadelman, 1958).

Deatherage and Hamm (1960) showed 
that rapid freezing of beef muscle tissue 
neither decreases the rehydration of muscle 
nor denatures proteins. They concluded that 
the effect of freeze dehydration on the water­
holding capacity of meat is due not to the 
freezing process but to the process of dehy­
dration. Meat frozen quickly ( — 55°C) re­
constituted better than meat frozen slowly
( —15°C).

Barrie et al. (1964) reported that blast vs. 
liquid freezing made no difference to the 
general acceptability of turkey, and that the

freezing method had no significant effect on 
the shear resistance of light or dark meat. 
Marion and Stadelman (1958) found that 
the method of freezing (liquid at 10°F, plate 
at —5°F, and moving air at — 15°F) did 
not change percentage drip, percentage total 
cooking loss, or tenderness of turkey breast. 
Wang et al. (1954) found that rehydration 
of beef muscle does not depend on the freez­
ing temperature ( — 150, —80, and —17°C).

PROCEDURE
Sample processing. B r e a s t s  a n d  t h i g h s  f r o m  

n i n e - w e e k - o l d  m i x e d - s e x  f r y e r  c h i c k e n s ,  c o m m e r ­
c i a l l y  p r o c e s s e d  a n d  c h i l l e d  f o r  2 4  h r ,  w e r e  d i v i d e d  
i n t o  t w o  l o t s ,  h a l f  d e b o n e d  r a w  a n d  t h e  o t h e r  h a l f  
s t e a m e d  b e f o r e  d e b o n i n g  ( “ S t e a m c r a f t ”  s t e a m  
c o o k e r ,  C l e v e l a n d  R a n g e  C o . ,  C l e v e l a n d ,  O h i o ,  
d i r e c t  s t e a m ,  t w o - c o m p a r t m e n t  m o d e l ) .  B r e a s t s  
w e r e  c o o k e d  1 5  m i n ,  a n d  t h i g h s  2 0  m i n .  S k i n  a n d  
s u b c u t a n e o u s  f a t  w e r e  r e m o v e d  f r o m  t h e  m u s c l e s .  
D e b o n e d  m e a t  w a s  h e l d  o n  t r a y s  o v e r n i g h t  a t  
— 7 ° C  ( 2 0 ° F )  t o  m a k e  i t  f i r m  e n o u g h  f o r  d i c i n g .

T h e  m e a t  w a s  d i c e d  i n t o  %  X  %  X  % - i n .  p i e c e s  
w i t h  a  U r s c h e l l  d i c e r  ( m o d e l  F ,  U r s c h e l l  L a b s . ,  
I n c . ,  V a l p a r a i s o ,  I n d . ) a n d  w e i g h e d  i n t o  p o l y e t h y ­
l e n e  b a g s .  H a l f  o f  e a c h  l o t  w a s  r a p i d l y  f r o z e n  in  
l i q u i d  n i t r o g e n  a t  — 1 9 1 ° C  ( — 3 2 0 ° F )  a n d  h e l d  a t  
— 3 4 ° C  ( —  3 0 ° F )  ; t h e  o t h e r  h a l f  w a s  s l o w l y  
f r o z e n  i n  a n  a i r  f l o w  o f  a p p r o x i m a t e l y  5 0  f t / m i n  
a t  — 2 3 ° C  (  —  1 0 ° F )  a n d  h e l d  a t  — 2 3 ° C .  T e s t i n g  
w a s  c o m p l e t e d  w i t h i n  2 %  m o n t h s .

H a l f  o f  t h e  f r o z e n  b r e a s t  a n d  t h i g h  m e a t  t e s t e d  
e a c h  d a y  w a s  d r i e d  in  a  f r e e z e  d r y e r  ( R e P P  S u b -  
l i m a t o r ,  R e P P  I n d u s t r i e s ,  V i r T i s  C o . ,  G a r d i n e r ,
N .  Y . ,  m o d e l  1 1 - 1 5 )  d u r i n g  t h e  2 0 - 2 4  h r  i m m e ­
d i a t e l y  p r i o r  t o  u s e .  T h r o u g h o u t  t h e  f r e e z e ­
d r y i n g  o p e r a t i o n  t h e  c o n d e n s e r  w a s  a t  — 5 1 ° C  
( —  6 0 ° F ) ,  t h e  c h a m b e r  p r e s s u r e  2 5 - 5 0  ¡ i  H g ,  a n d  

t h e  s h e l f  h e a t  w a s  a u t o m a t i c a l l y  s h u t  o f f  w h e n  
t h e  p r o d u c t  t e m p e r a t u r e  r e a c h e d  — 1 5 ° C  ( 5 ° F ) .  
B e c a u s e  s o m e  o f  t h e  d i c e d  m e a t  s t u c k  t o g e t h e r  a n d

F(-191'-;DC F(-191‘)C F(-23')DC F(-23:C CFi-23 ;D CFi-23;) CF(-191!)D CFl-191'5

F i g .  1 . D i a g r a m  o f  e x p e r i m e n t a l  d e s i g n .
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f r o z e  i n  l a r g e  c l u m p s ,  s o m e  r a w  s a m p l e s  r e q u i r e d  
l o n g e r  t h a n  2 4  h r  t o  d r y .  F i g .  1 i s  a  d i a g r a m  o f  
t h e  e x p e r i m e n t a l  d e s i g n .

Sample preparation and rehydration. T h e  f r o ­
z e n  m e a t  w a s  t h a w e d ,  o r  d r i e d  m e a t  w a s  c o o k e d  
o r  r e h y d r a t e d ,  a c c o r d i n g  t o  t h e  f o l l o w i n g  p l a n : 

F C :  f r o z e n  ( — 2 3  o r  —  1 9 1 ° C ) ,  c o o k e d  
F D C :  f r o z e n  ( — 2 3  o r  — 1 9 1 ° C ) ,  d r i e d ,  c o o k e d  

C F : c o o k e d ,  f r o z e n  ( — 2 3  o r  — 1 9 1 ° C )
C F D : c o o k e d ,  f r o z e n  ( — 2 3  o r  —  1 9 1 ° C ) ,  d r i e d  
B a s e d  o n  p i l o t  t e s t s  o f  r e h y d r a t i o n  t i m e  ( 1 0 - 3 0  

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

S a m p l e s  f o r  t h e  p a n e l  w e r e  h e l d  in  c o v e r e d  
d i s h e s  i n  a  w a t e r  b a t h  a t  5 2 ° C  ( 1 2 6 ° F )  f o r  a  
h a l f - h o u r  t o  e n s u r e  u n i f o r m  s e r v i n g  t e m p e r a t u r e .

Sensory evaluation. E i g h t  p e r s o n s  f r o m  t h e  
P o u l t r y  L a b o r a t o r y  w i t h  p r e v i o u s  e x p e r i e n c e  in  
j u d g i n g  t e x t u r e  a n d  t e n d e r n e s s  o f  p o u l t r y  s e r v e d  
a s  t h e  p a n e l .  P a n e l  m e m b e r s  w e r e  b l i n d f o l d e d .

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

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

F r o z e n  v s .  f r e e z e - d r i e d  m e a t  
B r e a s t  m e a t

F ( — 2 3 ° )  C  v s .  F ( — 2 3 ° ) D C  
F (  — 1 9 1 °  ) C  v s .  F (  — 1 9 1 ° )  D C  
C F ( — 2 3 ° )  v s .  C F ( — 2 3 ° ) D  
C F (  — 1 9 1 ° )  v s .  C F ( - 1 9 1 ° ) D  

T h i g h  m e a t
S a m e  a s  f o r  b r e a s t  m e a t  

F r e e z i n g  a t  — 2 3 ° C  v s .  a t  —  1 9 1 ° C  b e f o r e  f r e e z e ­
d r y i n g

B r e a s t  m e a t
F ( — 2 3 ° ) D C  v s .  F ( — 1 9 1 ° ) D C  
C F ( — 2 3 ° ) D  v s .  C F ( — 1 9 1 ° ) D  

T h i g h  m e a t
S a m e  a s  f o r  b r e a s t  m e a t  

F r e e z e - d r i e d  b r e a s t  m e a t  v s .  f r e e z e - d r i e d  t h i g h  
m e a t

B r e a s t  C F ( - 2 3 ° ) D  v s .  T h i g h  C F ( - 2 3 ° ) D  
B r e a s t  C F ( - 1 9 1 ° ) D  v s .  T h i g h  C F ( - 1 9 1 ° ) D  

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

Objective evaluation. A llo - I C r a m e r  s h e a r  p re s s .  
A  r e c o r d i n g  A l l o - K r a m e r  s h e a r  p r e s s  ( K S P ,  m o d e l  
S P - 1 2  I m p ) ,  e q u i p p e d  w i t h  a n  a u t o m a t i c  r e c o r d e r  
( V a r i a n  s t r i p - c h a r t  r e c o r d e r ,  m o d e l  G  1 1 A - F 1 ) ,  
m e a s u r e d  s h e a r  r e s i s t a n c e .  T h e  c o n d i t i o n s  f o r  t h i s

E a c h  s e t  o f  s a m p l e s  w i l l  c o n t a i n  2  l i k e  a n d  1 o d d  s a m p l e .

S a m p le
C h e c k  O d d  

S a m p le P l e a s e  i n d ic a te  b a s i s  f o r  s e l e c t io n  o f  o d d  s a m p le

F l a v o r J u i c i n e s s
( d r y ,  j u i c y ,  r a p i d  
m o i s t u r e  r e l e a s e )

T e x t u r e
( s o f t ,  h a r d ; s t r i n g y ,  

r u b b e r y  •  t e n d e r ,  
t o u g h ,  f r i a b l e )

C o m m e n t s

A

B

C

F i g .  2 .  S c o r e  s h e e t ,  t r i a n g l e  t e s t .
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t e s t  w e r e  b a s e d  o n  i n f o r m a t i o n  b y  K r a m e r  ( 1 9 6 1 )  
a n d  o n  p r e l i m i n a r y  t e s t s  w i t h  t h e  d i c e d  c h i c k e n .  
U s e  o f  a  w e i g h e d  s a m p l e  r a t h e r  t h a n  a  f u l l  c e l l  
i m p r o v e d  p r e c i s i o n .  P r e l i m i n a r y  t e s t s  w i t h  s a m p l e s  
w e i g h i n g  3 0 - 1 0 0  g  g a v e  s h e a r  r e s i s t a n c e s  w h i c h  
w e r e  h i g h .  A s  t h e  s a m p l e  s i z e  i n c r e a s e d ,  t h e  s h e a r  
r e s i s t a n c e  ( k g  f o r c e  p e r  g  s a m p l e )  d e c r e a s e d .  
S a m p l e s  o f  1 2 0 - 1 4 0  g  ( w e t  w e i g h t )  w e r e  u s e d  
b e c a u s e  t h e y  g a v e  m o s t  c o n s i s t e n t  r e s u l t s .

S a m p l e s  w e r e  p o u r e d  i n t o  t h e  s t a n d a r d  c e l l  w i t h  
r a n d o m  o r i e n t a t i o n  o f  t h e  m e a t  f i b e r s  w i t h  r e s p e c t  
t o  t h e  s l o t s  o f  t h e  s h e a r  p r e s s .  M e a t  s a m p l e s  c u t  
w i t h  o r  a g a i n s t  t h e  f ib e r  g r a i n  y i e l d  d i f f e r e n t  v a l u e s  
d e p e n d i n g  o n  o r i e n t a t i o n  in  t h e  t e s t  c e l l .  H o w e v e r ,  
o r i e n t a t i o n  o f  d i c e d  c h i c k e n  i s  i m p r a c t i c a l ; t h e  
p r o d u c t  d i d  n o t  t e n d  t o  p a c k  o r  f o r m  c a v i t i e s .

T h e  f a s t e r  t h e  b l a d e  d e s c e n d e d  t h r o u g h  t h e  
s a m p l e ,  t h e  h i g h e r  w a s  t h e  p e a k  r e a d i n g .  F o r  e x ­
a m p l e ,  t w o  66- g  s a m p l e s ,  o n  3 0 0 0 - l b  r e c o r d e r  r a n g e ,  
h a d  s h e a r  r e s i s t a n c e  o f  6 .7  k g / g  w i t h  a  I S - s e c  
d o w n s t r o k e  a n d  5 .S  k g / g  w i t h  a  3 0 - s e c  d o w n s t r o k e .

S a m p l e s  w e r e  s h e a r e d  o n l y  o n c e ,  s i n c e  r e p e a t e d  
s h e a r i n g s  o n  t h e  s a m e  s a m p l e  h a d  l o w e r  r e a d i n g s  
f o r  a  c o n s t a n t  s a m p l e  w e i g h t  ( i . e . ,  f i r s t  p a s s :  S .4  
k g / g ;  s e c o n d  p a s s :  4 . 7  k g / g ;  a n d  t h i r d  p a s s :
4 .5  k g / g ) .  A v e r a g e  o f  t h e  s u c c e s s i v e  p a s s e s  i s  n o t  
a  t r u e  i n d i c a t i o n  o f  t h e  t e x t u r e  o f  t h e  t e s t  s a m p l e .  
W e l l s  e t  a l .  ( 1 9 6 2 )  s h e a r e d  e a c h  s a m p l e  s e v e r a l  
t i m e s ,  w h e r e a s  o t h e r  i n v e s t i g a t o r s  r e p o r t  s h e a r i n g  
t h e  s a m p l e  o n c e .

A  c a l i b r a t i o n  o f  3 0 0 0 - l b  f u l l - r a n g e  s c a l e ,  3 0 0 0 - l b  
p r o v i n g  r i n g ,  a n d  1 5 - s e c  d o w n s t r o k e  w a s  m a i n ­
t a i n e d  f o r  a l l  t e s t s  o n  s a m p l e s  o f  1 2 0 - 1 4 0  g .  T h e  
m a x i m u m  s h e a r  r e s i s t a n c e  w a s  r e c o r d e d  a n d  t h e n  
d i v i d e d  b y  t h e  w e i g h t  o f  t h e  s a m p l e  t o  o b t a i n  t h e  
r e s i s t a n c e  p e r  g r a m .  T h i s  v a l u e  w a s  u s e d  a s  t h e  
m e c h a n i c a l  i n d e x  o f  s h e a r  r e s i s t a n c e  f o r  t h e  s a m p l e s  
t e s t e d .  R e p r e s e n t a t i v e  c u r v e s  o f  s h e a r  r e s i s t a n c e  
f o r  t h e  d i f f e r e n t  t e s t  s a m p l e s  a r e  p r e s e n t e d  in  
F i g .  3 .

---- TIME (sec) -------- ►

F i g .  3 .  T y p i c a l  s h e a r - r e s i s t a n c e  c u r v e s .

I n s t r o n .  A  s t a n d a r d  t e s t  c e l l  f o r  h o l d i n g  t h e  
m e a t  a n d  a  p l u n g e r  a d a p t e d  f r o m  t h e  A l l o - K r a m e r  
t e s t  c e l l  w e r e  c o n s t r u c t e d  a n d  m o u n t e d  o n  a n  
I n s t r o n  ( M o d e l  T M ,  I n s t r o n  E n g i n e e r i n g  C o r p . ,  
C a n t o n ,  M a s s . ) .  T h i s  i n s t r u m e n t  m a k e s  a  c o n ­
t i n u o u s  r e c o r d i n g  o f  t h e  f o r c e - p e n e t r a t i o n  c u r v e .  
T h e  p l u n g e r  c o n s i s t e d  o f  2 0  u n i f o r m l y  s p a c e d  
m e t a l  d o w e l s  ( 6 . 3 5  m m  in  d i a m e t e r ,  2 5  m m  i n  
l e n g t h )  w h i c h  w e r e  f o r c e d  d o w n  t h r o u g h  t h e  
s a m p l e  i n  a  c e l l  h a v i n g  h o l e s  3  m m  a p a r t ,  s p a c e d  
t o  m a t c h  t h e  m e t a l  d o w e l s  ( F i g .  4 ) .

S a m p l e s  o f  1 0  g  w e t  w e i g h t  w e r e  r a n d o m l y  
o r i e n t e d  a s  t o  m e a t  f i b e r s  in  t h e  c e l l ,  a n d  s h e a r e d .  
I n i t i a l  s t u d i e s  i n d i c a t e d  t h a t  a  c a l i b r a t i o n  o f  2 0 0 - l b  
f u l l  s c a l e ,  5 - l b  f u l l  l o a d ,  a n d  d o w n s t r o k e  o f  2 - in .  
p e r  s e c  w o u l d  b e  m o s t  s u i t a b l e .  T w o  s a m p l e s  o f  
e a c h  t r e a t m e n t  w e r e  s h e a r e d  o n c e .  C a l c u l a t i o n  o f  
s h e a r  r e s i s t a n c e  w a s  t h e  s a m e  a s  f o r  t h e  A l l o -  
K r a m e r .  R e p r e s e n t a t i v e  s h e a r  r e s i s t a n c e  c u r v e s  
a r e  p r e s e n t e d  i n  F i g .  3 .

S u c c u l o m e t c r .  E x p r e s s i b l e  l i q u i d  w a s  d e t e r m i n e d  
in  t h e  S u c c u l o m e t c r  c e l l  s u p p l i e d  w i t h  t h e  A l l o -  
K r a m e r .  A  7 0 - g  s a m p l e ,  w e t  w e i g h t ,  w a s  r a n d o m l y  
o r i e n t a t e d  i n  t h e  c e l l .  A  s t a n d a r d  c a l i b r a t i o n  o f  
3 0 0 0 - l b  f u l l  s c a l e ,  3 0 0 0 - l b  p r o v i n g  r i n g ,  a n d  3 0 - s e c  
d o w n s t r o k e  w a s  u s e d .  T h e  f u l l  f o r c e  w a s  m a i n -

F i g .  4 .  I n s t r o n  t e s t  c e l l :  A )  c o m p o n e n t  p a r t s ;  
B )  a s s e m b l e d .
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t a i n e d  o n  t h e  s a m p l e  f o r  3 0  s e c ,  a n d  l i q u i d  e x ­
p r e s s e d  t h r o u g h  the sprout in the c e l l  w a s  c o l l e c t e d  
in  a  g r a d u a t e d  c y l i n d e r .  E x p r e s s i b l e  l i q u i d  w a s  
c a l c u l a t e d  a s  t h e  p e r c e n t  o f  t h e  k n o w n  w e i g h t  o f  
m a t e r i a l  s q u e e z e d  o u t  a s  l i q u i d  u n d e r  e s t a b l i s h e d  
c o n d i t i o n s  o f  p r e s s u r e  a n d  t i m e ,

G r a u - H a m m  p r e s s .  I n  t h e  m e t h o d  o f  G r a u  a n d  
H a m m  ( 1 9 5 7 ) ,  3 0 0  m g  o f  m e a t  t i s s u e  w a s  p l a c e d  
o n  a  p i e c e  o f  f i l t e r  p a p e r  a n d  c o m p r e s s e d  b e t w e e n  
t w o  p l e x i g l a s s  p l a t e s .  T h e  p r e s s u r e  o n  t h e  p l a t e s  
w a s  e x e r t e d  b y  t u r n i n g  d o w n  t w o  h a n d  s c r e w s .  
T h e  p r e s s u r e  w a s  a p p l i e d  t o  t h e  p l a t e s  f o r  5  m i n .

T h e  m e t h o d  h a s  b e e n  u s e d  i n  c o m b i n a t i o n  w i t h  
t h e  C a r v e r  p r e s s  t o  d e t e r m i n e  e x p r e s s i b l e  l i q u i d  
in  b e e f  a n d  t u r k e y  ( S a n d e r s o n  a n d  V a i l ,  1963; 
B a r r i e  c t  a l . ,  1 9 6 4 ) .  T h e  m e t h o d  r e p o r t e d  b y  
B a r r i e  c t  a l .  ( 1 9 6 4 )  w a s  m o d i f i e d  f o r  t h i s  s t u d y ,  
o n  t h e  b a s i s  o f  p r e l i m i n a r y  e x p e r i m e n t s ,  b y  u s i n g  
a  p r e s s u r e  o f  1 0 0 0  lb  i n s t e a d  o f  1 0 ,0 0 0  l b  f o r  5  m i n .  
T h e  m e a t  ( 3 0 0  m g )  w a s  p r e s s e d  t o  a  t h i n  r o u n d  
f i l m ,  a n d  t h e  e x p r e s s e d  j u i c e  w a s  a b s o r b e d  b y  t h e  
f i l t e r  p a p e r .  T h e  a r e a  o f  t h e  o u t e r  r i n g  o f  e x p r e s s e d  
j u i c e  a n d  t h e  a r e a  o f  t h e  i n n e r  m e a t  d i s c  w e r e  d e ­
t e r m i n e d  w i t h  a  p l a n i m e t e r .  T h e  " w a t e r - h o l d i n g  
c a p a c i t y "  w a s  e x p r e s s e d  a s  a  r a t i o  o f  t h e  a r e a  
o f  t h e  o u t e r  c i r c l e  t o  t h a t  o f  t h e  i n n e r  c i r c l e .

Statistical analysis. D a t a  f r o m  t h e  A l l o - K r a -  
m e r ,  I n s t r o n ,  S u c c u l o m e t e r ,  a n d  G r a u - H a m m  p r e s s  
w e r e  s u b j e c t e d  t o  a n a l y s i s  o f  v a r i a n c e  ( G u e n t h e r ,  
1 9 6 4 )  u s i n g  a  o n e - w a y  c l a s s i f i c a t i o n .  S i g n i f i c a n t  
d i f f e r e n c e s  f o r  t h e  t a s t e - p a n e l  t r i a n g l e  t e s t s  w e r e  
d e t e r m i n e d  b y  t h e  m e t h o d  o f  R o e s s l e r  ct al. ( 1 9 4 8 ) .  
C o r r e l a t i o n s  w e r e  c a l c u l a t e d  b e t w e e n  t h e  A l l o -

K r a r n e r  v s .  I n s t r o n  f o r  f r o z e n  b r e a s t ,  f r e e z e - d r i e d  
b r e a s t ,  f r o z e n  t h i g h ,  a n d  f r e e z e - d r i e d  t h i g h .

RESULTS AND DISCUSSION
Correlation between taste-panel and ob­

jective tests. Panel tests. The taste panel 
was able to distinguish between frozen and 
freeze-dried meat under all conditions tested 
(Table 1). Differences were highly signifi­
cant (p <  0.01) for all comparisons. The 
panel indicated that the frozen samples had 
better sensory properties than the freeze- 
dried samples. Texture and juiciness were 
usually the basis for distinguishing between 
the samples. This agrees with results of 
Brooks (1958) and Tappel et al. ( 1955,
1957) that reconstituted freeze-dried meat 
and poultry were tougher and had a drier 
texture than the control meat. A flavor dif­
ference was noted by % of the judges in one 
comparison of frozen and freeze-dried thigh 
meat (F-191°C vs. F-191°DC) (Table 1).

The texture of breast meat frozen before 
cooking (FC) was described by the panel 
as more cohesive, firm, tender, and better 
than the texture of the freeze-dried (FD C), 
which was generally described as hard and 
slightly more tough. Thigh meat frozen 
before cooking (FC) was described as ten­
der, firm, and good or outstanding, compared

T a b l e  1 . A b i l i t y  o f  p a n e l  t o  d i s t i n g u i s h  f r e e z e - d r i e d  f r o m  f r o z e n  p o u l t r y  m e a t .

T y p e  o f  
m e a t

F r e e z in g
te m p .
( ° C )

T r i a n g le  t e s t  a
N o . o f  
c o r r e c t  

o d d  s a m p le %  of correct o d d  s a m p le  
s e le c t io n s  h a v in g  c o m m e n ts  on

o u t  o f  32  b T e x t u r e J u ic in e s s F l a v o r

< . % ) ( % ) < % )

F r o z e n  a n d  f r e e z e  d r i e d  b e f o r e  c o o k i n g
B r e a s t - 2 3 ° 2 9 * * * 3 4 6 2 2 8

- 1 9 1 ° 27* * * 7 0 5 2 11

T h i g h — 2 3 ° 1 8 * * 3 9 5 0 4 4
- 1 9 1 ° 2 8 * * * SO 2 9 68

F r o z e n  a n d  f r e e z e  d r i e d  a f t e r  c o o k i n g

B r e a s t - 2 3 ° 2 7 * * * 8 1 6 3 3 0
- 1 9 1 ° 2 7 * * * 6 7 6 7 11

T h i g h 1 t-o OJ o 3 2 * * * 8 4 6 3 3 4
- 1 9 1 ° 3 | * * * 90 6 5 3 5

a 8 j u d g e s ,  4  r e p l i c a t i o n s  o f  e a c h  t e s t ,  
b * * *  r e s p e c t i v e l y ,  p  < )  0.01 a n d  0.001.
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with the freeze-dried (FDC), variously de­
scribed as tough or tender, stringy, and 
slightly more rubbery.

Texture of meat frozen after cooking 
(CF) was usually described as softer, more 
tender, and better than the texture of the 
freeze-dried (CFD), which was described 
as dry, grainy, stringy, rubbery, tough, and 
hard.

Breast and thigh meat frozen before cook­
ing (FC) was generally described as more 
juicy and having sustained moisture release 
during chewing compared with the freeze- 
dried (FD C), described as releasing water 
more rapidly and being soggy, watery, 
mealy, wet, or dry (a conflict probably based 
on the initial presence of loosely held water 
and its rapid release on chewing).

A similar difference in juiciness was found 
between the samples frozen or freeze-dried 
after cooking. The CF samples were gen­
erally described as more juicy and the CFD 
samples as more dry and as releasing water 
more rapidly. Szczesniak et al. (1963) ob­
served that rehydrated freeze-dried beef re­
leases most of its moisture quickly (on the 
first two chews).

The flavor of breast meat frozen before 
cooking (FC) was described as good-to- 
superior, compared with the freeze-driecl 
( FD C ), described as flavorless, flat, bland, 
off, stale, and watery. The FC thigh meat 
had typical desirable chicken flavor compared 
with the FDC meat, which was described as 
slightly off or rancid, cardboard, bland, and 
having less chicken flavor. However, since 
approximately equal numbers of favorable 
and adverse flavor comments were made on

chicken meat frozen or freeze-dried after 
cooking, it was apparent that flavor was not 
responsible for the ease with which CF and 
CFD samples were differentiated.

Shear resistance. The shear resistance of 
the freeze-dried meat was consistently 
greater than that of the frozen meat (Table
2). For all comparisons of CF vs. CFD 
meat, the differences between Allo-Kramer 
values were significant at p <  0.01 or p <
0.001 level; differences between Instron val­
ues were significant at p <  0.03 or <  0.001. 
Differences between FC and FDC Allo- 
Kramer values were not significant except 
for the breast meat frozen at —191 °C (p <
0.01). Difference between F ( — 23°)C vs. 
F ( — 23°)DC Instron values were significant 
(p <  0.05), but not those for F ( —191°)C 
vs. F ( -1 9 1 ° )DC.

The correlations between the shear values 
from the Allo-Kramer and Instron tests 
were high. The correlation coefficients be­
tween these two objective methods were for 
the frozen breast +0.975, freeze-dried breast 
+0.940, frozen thigh +0.995, and freeze- 
dried thigh +0.964. The shear values (kg /g) 
for frozen breast meat ranged from 2.8-
6.3 on the Allo-Kramer and from 3.6-7.4 on 
the Instron; for freeze-dried breast, 2.9-9.6 
(A -K ) and 4.8-9.0 (Instron) ; for frozen 
thigh, 1.3-2.8 (A -K ) and 2.S-4.8 (In ­
stron) ; for freeze-dried thigh, 1.2-6.2 
(A -K ) and 3.0-6.8 (Instron).

Differences in texture detected by the 
panel were reflected in Allo-Kramer or In­
stron measurements at the same or nearly 
the same levels of statistical significance for 
CF vs. CFD meat. However, the instru-

T a b l e  2 .  S h e a r  r e s i s t a n c e  o f  f r o z e n  a n d  f r e e z e - d r i e d  m e a t .
S h e a r  r e s i s t a n c e  a ( K g / g )

T y p e  o f  
m e a t

F r e e z in g
te m p .
C C )

R a w  o r  
c o o k ed

K r a m e r I n s t ron
F r o z e n D r ie d F r o z e n D r ie d

B r e a s t - 2 3 ° R a w 3 .2 3 .9 4 . 6 6.1
C o o k e d 4 .1 8.1 5 .4 8 .4

- 1 9 1 ° R a w 3 .1 4 .5 ' 5 .5 6.2
C o o k e d 4 .5 6 .7 6.1 7 .5

T h i g h - 2 3 ° R a w 1 .7 1 .9 3 .1 3 .6
C o o k e d 2.1 5 .0 3 .7 5 .4

- 1 9 1 ° R a w 1 .7 1 .9 3 .1 3 .6
C o o k e d 2.2 4 . 9 3 .4 5 .2

* K g  o f  f o r c e  p e r  g  o f  s a m p l e  ; t h e  l o w e r  t h e  v a l u e  t h e  m o r e  t e n d e r  t h e  m e a t . E a c h  v a l u e
i s  a n  a v e r a g e  o f  3 - 4  s a m p l e s  o f  f r o z e n  m e a t ,  7 - 8  s a m p l e s o f  f r e e z e - d r i e d  m e a t .
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T a b l e  3 . S u m m a r y  o f  s i g n i f i c a n t  d i f f e r e n c e s ' *  b e t w e e n  f r o z e n  a n d  f r e e z e - d r i e d  p o u l t r y  m e a t .

T y p e  o f  
m e a t

F r e e z in g
te m p .
( ° C ) P a n e l  b K r a m e r  '' I n s t r o n  11 S u c c u lo m e te r  p G r a u - H a m m  f

F r o z e n  a n d  f r e e z e  d r i e d  b e f o r e  c o o k i n g
B r e a s t - 2 3 ° 0.001 N . S . 0 .0 5 0.01 N . S .

- 1 9 1 ° 0.001 0.01 N . S . 0 .0 5 N . S .
T h i g h - 2 3 ° 0.01 N . S . 0 .0 5 N . S . N . S .

- 1 9 1 ° 0.001 N . S . N . S . N . S . N . S .

F r o z e n  a n d  f r e e z e - d r i e d  a f t e r  c o o k i n g
B r e a s t - 2 3 ° 0.001 0.001 0.001 0.01 N . S .

- 1 9 1 ° 0.001 0.01 0 .0 5 0 .0 5 N . S .
T h i g h - 2 3 ° 0.001 0.001 0.001 N . S . N . S .

- 1 9 1 ° 0.001 0.01 0.001 N . S . N . S .
“ E x p r e s s e d  a s  p r o b a b i l i t y  l e v e l s .  
b T r i a n g l e  t e s t : 8 j u d g e s ,  4  r e p l i c a t i o n s  o f  e a c h  t e s t .  
c N o .  o f  s a m p l e s  : 3 - 7  
11 N o .  o f  s a m p l e s  : 4 - 8  
° N o .  o f  s a m p l e s  : 2 - 8  
1 N o .  o f  s a m p l e s :  3 - 6

ments were not as consistent as the panel in 
recording texture differences in the FC vs. 
FDC meat (Table 3).

Good correlations between the Allo-Kra* 
mer and tenderness judgments of competent 
taste panels have been reported by Shannon 
et al. (1957) on cooked breast muscle, and 
by Sosebee et al. (1964) on freeze-dried 
chicken. However, Wells et al. (1962) re­
ported that Allo-Kramer measurements con­
tradicted taste-panel findings on the tender­
ness of freeze-dried chicken breast meat.

The shear resistance of meat freeze dried 
after cooking was 49-168% higher on the 
Allo-Kramer test and 21-52% higher on 
the Instron test than the shear resistance of 
meat freeze dried before cooking. Thus, 
freeze-drying the cooked meat was more 
damaging than freeze-drying the raw meat. 
Meat frozen after cooking also had higher 
shear values than meat frozen before cook­
ing. These differences ranged 24-43% for 
the Allo-Kramer and 10-19% for the In­
stron tests. Similar results have been found 
for freezing of raw vs. pre-cooked turkey 
meat (Goodwin et al.. 1962) and for chicken 
meat (Mickelberry and Stadelman, 1962).

Processing losses. Three factors could 
contribute to the juiciness differences be­
tween frozen and freeze-dried meat detected 
by the panel: 1) differences in the moisture 
lost during processing; 2) the amount ab­

sorbed during rehydration; and 3) the ex­
pressible moisture of the cooked meat.

The cooking loss from diced FC breast 
meat was 25% ; the decrease in yield after 
rehydration of diced FDC breast meat was 
32% (Table 4). Comparable losses for FC 
and FDC thigh meat were respectively 37 
and 39%.

The cooking losses from the CF and CFD 
breast and thigh meat were not determined, 
because the breasts and thighs were cooked 
before deboning. However, the yield of CFD 
breast meat after rehydration was 22% 
lower than that of the CF m eat; the yield 
of CFD thigh meat was 30% lower than 
that of the CF meat.

Expressible liquid and “water-holding ca­
pacity.” The differences in the fluid release 
of frozen and freeze-dried chicken breast 
meat that were detected by sensory judg­
ments of juiciness were reflected in tests 
with the Succulometer. Much of the water 
absorbed by the freeze-dried meat was not 
firmly held. More water could be pressed 
from the freeze-dried breast meat than from 
the frozen breast meat. The difference was 
significant at p <  0.001 for meat frozen or 
freeze dried before cooking and for the meat 
frozen or freeze dried after cooking. Little 
or no measurable water could he pressed 
from either the frozen or freeze-dried thigh 
meat (Table 5).
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T a b l e  4 . M e a t  w e i g h t  a f t e r  p r o c e s s i n g  s t e p s  ( p e r c e n t  o f  w e i g h t  o f  f r o z e n m e a t ) .

C o n d i t io n  
o f  d ic e d  

m e a t

P r o c e s s in g  s te p s
P r e s s e d

m e a t
( a f t e r

S u c c u lo m e te r
t e s t )T y p e  o f  

m e a t F r o z e n
F r e e z e
d r i e d R e h y d r a te d C o o k ed

R a w B r e a s t 100 75 69
25 87 68 54

T h i g h 100 63 63
25 89 61 61

C o o k e d B r e a s t 100 85
28 78 62

T h i g h 100 100
30 70 70

'h e r e  w e r e  n o s ig n i f ic a n t  d i f f e r e n c e s  in s a m p le s .  H o w e v e r , s in c e c o m m e n ts
>s f lu id  f r o m  f r o z e n  v s . f r e e z e - d r ie d  m e a t co m ip a ra b le  f o r s a m p le s  f r o z e n  a t  th e

tested by the Grau-Hamm press method 
(Table 5). Since the method did not show 
differences between frozen and freeze-dried 
samples that were detected by the taste 
panel and Succulometer, it was of little value 
in this study.

Effect of freezing method on quality of 
freeze-dried poultry. Panel tests. The taste 
panel detected no difference due to freezing 
temperature used for the chicken meat freeze 
dried before cooking (F-23°DC vs. F-191° 
DC). However, the freezing temperature 
did result in a difference in the properties 
of meat frozen vs. dried after cooking (CF- 
23°D vs. CF-191°D). The panel detected 
this difference at p <  0.001 for the thigh 
meat and p <  0.01 for breast meat. Texture 
and juiciness were the characteristics men­
tioned by the panel to distinguish between

temperatures, the difference between the 
freezing temperatures was judged to be 
unimportant.

Shear resistance. The freezing tempera­
tures used did not have a significant effect 
on the shear resistance of the FDC meat. 
However, for CFD meat, breast meat sam­
ples frozen at —191 °C had lower shear re­
sistance than those frozen at —23°C. The 
difference was significant at p <  0.01 for 
the Allo-Kramer and p <  0.05 for the In- 
stron; the difference in thigh meat was not 
significant (Table 2).

Ho panel comparisons were made of 
chicken meat frozen at the two temperatures 
(F-23° vs. F-1910) ; objective evaluations 
show no significant differences. These data 
agree with those of Marion and Stadelman 
(1958) and Barrie ct al. (1964).

T a b l e  5 .  E x p r e s s i b l e  l i q u i d  o f  f r o z e n  a n d  f r e e z e - d r i e d  m e a t .
T r e a t m e n t  __________________________E x p r e s s ib le  l iq u id

b e fo r e  
f r e e z in g  

o r  d r y in g
F r e e z in g

te m p .r e ) F  ro z e n  
o r  d r i e d

S u c c u lo m e te r  a G r a u - H a m m  P r e s s  b
B r e a s t T h ig h B r e a s t T h ig h

R a w - 2 3 ° F r o z e n 6.4 0.0 4.4 3.5
D r i e d 16.0 0.0 3.9 3.4

-1 9 1 ° F r o z e n 11.6 0.0 3.9 3.4
D r i e d 21.2 0.4 4.6 3.4

C o o k e d - 2 3 ° F r o z e n 17.1 0.7 4.9 3.6
D r i e d 23.8 0.5 3.7 3.1

- 1 9 1 ° F r o z e n 15.5 0.0 5.6 3.6
D r i e d 19.5 0.0 9.6 3.3

“ P e r c e n t  o f  s a m p l e  w e i g h t .
b R a t i o  o f  a r e a  o f  o u t e r  c i r c l e  t o  a r e a  o f  i n n e r  c i r c l e .  E a c h  v a l u e  i s  a n  a v e r a g e  o f  2 - 4  s a m ­

p l e s  o f  f r o z e n  m e a t ,  6-8 s a m p l e s  o f  f r e e z e - d r i e d  m e a t .
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Expressible liquid. About 4% more liquid 
based on percent of sample weight was 
pressed from the C F (— 23° )D breast meat 
than from the CF( —191°)D meat during 
the Succulometer test. About 5% more liq­
uid was pressed from the F ( —191°) DC 
meat than from the F ( — 23°)DC meat. The 
differences were unimportant, however, since 
the panel’s comments on juiciness did not 
indicate any consistent difference due to 
freezing temperature.

Little or no liquid could be pressed out of 
any of the freeze-dried thigh meat subjected 
to any of the processing variables (Table 5).

Differential effect of freeze drying. 
Panel tests. The panel distinguished (p <
0.001) between breast and thigh meat freeze 
dried after cooking, primarily on the basis 
of texture and juiciness (Table 6). CF- 
( — 23°)D meat was correctly distinguished 
in 84% of the panel judgments, CF- 
( —191°)D meat in 81% of the judgments. 
The freeze-dried thigh meat was more desir­
able than the breast meat. Although adverse 
comments were made about the texture and 
juiciness of both samples, the breast meat 
was generally considered to be more dry, 
powdery, stringy, hard, and tough, and to 
have more rapid moisture release than the 
thigh meat. No panel comparisons were 
made between breast and thigh meat freeze 
dried before cooking.

Shear resistance. Freeze-dried thigh meat 
had lower shear resistance than freeze-dried 
breast meat, whether the meat was freeze 
dried before or after cooking (Table 2). The 
shear values were significantly different at 
p <  0.001 for all comparisons with both the 
Allo-Kramer and the Instron.

Expressible liquid. The Succulometer

pressed little or no water from the thigh 
meat compared with that pressed from the 
breast meat, indicating that the liquid ab­
sorbed by the thigh was held more firmly by 
the muscle cell structure ( Table 5). The 
difference was significant (p<0.001) for the 
FDC and for the CFD meat.
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