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ABSTRACTS:
IN  T H I S  I S S U E

CAPILLARY DISTRIBUTION AND FIBER CHARACTERISTICS 
IN SKELETAL MUSCLE OF STRESS-SUSCEPTIBLE ANIMALS.
C. C. COOPER, R. G. CASSENS & E. J. BRISKEY. J. Food Sci. 34, 
299-302 (1969)—More capillaries were associated with red fibers than 
with white fibers and there was a greater capillary fiber ratio in red 
than white muscle. There was no difference in capillary to fiber ratio 
between normal (from stress-resistant pigs) and PSE (from stress-sus
ceptible pigs) muscle. Muscle from stress-susceptible animals had more 
intermediate fibers than did muscle from stress-resistant animals. Cer
tain intermediate fibers from stress-susceptible animals had a high amylo- 
phosphorylase and ATPase activity. It was postulated that such fibers 
are important in the drastic post-mortem muscle behavior in stress-sus
ceptible animals and may represent the characteristic which causes 
muscle to become PSE.

TURBIDITY, VISCOSITY AND ATPase ACTIVITY OF FIBRILLAR 
PROTEIN EXTRACTS OF RABBIT MUSCLE. P. D. WEINER, A. M. 
PEARSON & B. S. SCHWEIGERT. /. Food Sci. 34, 303-305 (1969) — 
ATPase activity, turbidity and viscosity were determined for fibrillar 
protein extracts from prerigor and rigor rabbit muscle. Results suggest 
that actomyosin from rigor muscle is more easily dissociated than 
actomyosin from prerigor muscle. Addition of MgCb decreased the 
rate of ATP hydrolysis and extended the clear phase. Pyrophosphate 
plus magnesium was just as effective as ATP for clearing actomyosin. 
On hydrolysis of ATP, viscosity increased to values greater than before 
the addition. However, pyrophosphate-cleared samples retained their 
low' viscosity indefinitely.

CONNECTIVE TISSUES FROM NORMAL AND PALE, SOFT AND 
EXUDATIVE (PSE) PORCINE MUSCLES. 2. Physical Characteriza
tion. P. E. McCLAIN & A. M. PEARSON. J. Food Sci. 34, 306-308 
(1969)—The epimysial connective tissues from normal and PSE longis- 
simus dorsi muscles were subjected to physical characterization. No 
differences in conventionally determined shrinkage temperatures vrere 
observed. However, differential thermal analysis (DTA) studies revealed 
that epimysium from PSE tissues had lower onset and recovery tempera
tures and contained a higher percentage of components melting at low 
temperatures than epimysium from normal tissues. The epimysium from 
PSE pigs also had a higher initial moisture and lower dry matter con
tent. Epimysial connective tissues underwent osmotic swelling in neutral 
solutions, with those from PSE muscles imbibing significantly more 
water than those from normal muscles.

STUDIES ON NATURAL ACTOMYOSIN: SURVEY OF EXPERI
MENTAL CONDITIONS. H. K. HERRING, R. G. CASSENS, T. 
FUKAZAWA & E. J. BRISKEY. J. Food Sci. 34, 308-311 (1969)—Pro
cedures for the preparation of natural actomyosin are given along with 
a comparison of some properties of rabbit and bovine actomyosin. 
Rabbit actomyosin had about two times the ATPase activity of bovine 
actomyosin. Actomyosin from both species behaved similarly with re
spect to ionic conditions.
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EFFECT OF DIETARY FATS ON SOME CHEMICAL AND FUNC
TIONAL PROPERTIES OF EGGS. R. D. PANKEY & W. J. STADEL-
MAN. J. F o o d  S c i. 34, 312-317 (1969)—Fatty add  composition of 
total yolk lipids (triglyceride, cepholin and lecithin fractions of lipo- 
vitellin and lipovitellenin) was influenced by 10% vegetable oil diet sup
plement (corn, soybean, olive, safflower or hydrogenated coconut oil). 
The fatty acid composition of the total yolk lipids was influenced by all 
dietary fats. The major change was in the linoleic acid at the expense 
of oleic acid with corn, soybean and safflower oil. Olive oil increased the 
oleic acid and hydrogenated coconut oil increased lauric, myristic and 
myristoleic acids. The fatty acid composition of the fractions of the 
lipoproteins was influenced by the dietary fats and varied between frac
tions.

POTENTIOMETRIC DETERMINATION OF FLUORIDE IN BEV
ERAGES BY MEANS OF THE ION SELECTIVE SOLID STATE 
ELECTRODE. W. P. Ferren & N. A. Shane. J. F o o d  S c i. 34, 317-319 
(1969)—Free available fluoride ion content of representative carbonated 
and noncarbonated beverages was determined in the presence of a buf
fered “swamping solution.” Results indicated (1) commercial carbon
ated beverages analyzed had fewer than 0.019 ppm fluoride, (2) non
carbonated beverages prepared at home from packaged powders retain 
the free available fluoride present in the fluoridated water supplies, (3) 
milk samples and orange juice samples analyzed had fewer than 0.019 
ppm for free available fluoride but when spiked with sodium fluoride, 
the fluoride present is in the free available form.

LETHALITY OF RADIO-FREQUENCY ENERGY UPON MICRO
ORGANISMS IN  LIQUID, BUFFERED, AND ALCOHOLIC FOOD 
SYSTEMS. D. E. CARROLL & A. LOPEZ. J. F o o d  S c i. 34, 320-324 
(1969)—This work was done to determine if 60 mc/sec R-F energy 
has a selective killing effect on microorganisms other than that attribut
able to heat. The organisms studied were S a c c h a r o m y c e s  c e r e v is ia e ,  
E sc h e r ich ia  c o i l  and B a c illu s  s u b ti l is . No killing effect of the R-F energy 
per se on the organisms was observed at any of the various buffer pH 
values, nor was there an observable synergistic killing effect of R-F en
ergy and heat on the microorganisms. However, a synergistic killing ef
fect of ethanol and heat at 48.8°C was demonstrated on S. c e r e v is ia e .  
Irradiating S. c e r e v is ia e  and E . c o l i  in several liquid foods also failed 
to show a selective killing effect of R-F energy.

REACTION AT LIMITED WATER CONCENTRATION. 1. SU
CROSE HYDROLYSIS. T. Schoebel, S. R. Tannenbaum & T. P. 
Labuza. J. F o o d  S c i. 34, 324-329 (1969)—Saturated sucrose solutions 
containing various acids and inert solid materials gave identical rate 
constants and energy of activation as predicted from dilute solutions. 
Reaction rates in freeze-dried systems humidified to low moisture con
tents indicated that any equation describing the rate of hydrolysis must 
include a term for the velocity of dissolution of solid sucrose into the 
surface water. The rate of hydrolysis was a pseudo first-order reaction 
obeying the same kinetics as in dilute solution; the rate of dissolution 
became rate-limiting when the initial supply of dissolved sucrose was 
exhausted.

FREE AMINO ACIDS IN BOVINE MUSCLES AND THEIR RELA
TIONSHIP TO TENDERNESS. R. A. FIELD & YET-OY CHANG. 
J. F o o d  S c i. 34, 329-331 (1969)—Free amino acid (FAA) analyses 
were conducted on 87 1. dorsi and 58 b. femoris samples from cattle 
varying in sex, breeding and age to study the relationships between these 
muscle constituents and Warner-Bratzler Shear values. The b. fermoris 
contained greater amounts of FAA than the 1. dorsi and was signifi
cantly tougher. Muscles from a line of cattle that tended to be more 
tender possessed greater amounts of FAA. With few exceptions the 1. 
dorsi of steers contained greater amounts of FAA than the same muscle 
from bulls. Differences in bull muscles due to age were not significant 
for any FAA. Steer muscle with low shear values tended to possess 
greater amounts of FAA than steers with high shear values. Although 
not significantly correlated, individual and total FAA increased slightly 
with increasing tenderness within beef muscles.

SOME PROPERTIES OF MITOCHONDRIA FROM IRRADIATED 
TOMATO FRUIT. S. R. PADWAL-DESAI, E. M. AHMED & R. A. 
DENNISON. J. F o o d  S c i. 34, 332-335 (1969)—Homestead tomato 
fruit were irradiated with 300 Krad of "Co gamma rays at three stages 
of maturity—mature-green, 2 days and 6 days from color break. Though 
oxygen consumption by mitochondrial preparations was greatly sup
pressed immediately after irradiation, it increased to a maximum dur
ing the following 2 days and then declined similarily to nonirradiated 
fruit. Oxygen consumption was reduced considerably during ripening 
of the nonirradiated and irradiated 6 day breakers. Mitochondria from 
irradiated fruit exhibited lower P /O  ratios than from nonirradiated 
fruit. A considerable reduction in mitochondrial protein, was found 
during ripening of mature-green fruit. This reduction was less apparent 
with the 2 and 6 day breakers.

THE VOLATILE COMPONENTS OF IRRADIATED BEEF AND 
PORK FATS. J. R. CHAMPAGNE & W. W. NAWAR. J. F o o d  S c i. 34, 
335-339 (1969)—Of the components produced by irradiation, 41 were 
identified by gas chromatography and mass spectrometry. These include 
a series of n-alkanes, 1-alkenes, internally unsaturated alkenes and alka
dienes. The latter two groups of compounds have not been reported 
previously in meats or meat fats. In addition, hexadecanal, octadecanal 
and octadecenal were found to be produced in relatively large quanti
ties by irradiation. Flavor threshold values of the unsaturated classes of 
hydrocarbons vary widely among themselves but are much lower than 
those of the n-alkanes.

IDENTIFICATION AND CHARACTERIZATION OF THE PECTIC 
ENZYMES OF THE MCFARLIN CRANBERRY. O. A. ARAKJI &
H. Y. YANG. J. F o o d  S c i. 34, 340-342 (1969)—Endo-polygalacturo- 
nase and pectin esterase were found in frozen cranberries. Phenol bind
ing agents were necessary to obtain high enzyme activity. Optimum pH’s 
for cranberry polygalacturonase and pectin esterase were 5.0 and 7.5, 
respectively. Heating at 100°C destroyed polygalacturonase in 35 min 
and esterase in 5. Optimum pectin esterase activity occurred when 
treated with 0.15 M  NaCl.

THE RELEASE OF DIPICOLINIC ACID FROM SPORES OF Ba
cillus stearothermophilus NCA 1518. Y. ROTMAN & M. L. FIELDS.
J. F o o d  S c i. 34, 343-344 (1969)—Both pH of the spore suspensions 
and autoclaving time affect the release of dipicolinic acid (DPA) from 
spores. At pH 14 maximum release of DPA was obtained for spore 
suspensions of both variants autoclaved at 250°F for 15 min. With the 
smooth variant, maximum release of DPA was also achieved at pH 7.0. 
Autoclaving at 250°F for 15 and 70 min was required for complete re
lease of DPA from spores of the smooth and the rough variants. Loss of 
viability of spores of both variants succeeded complete release of DPA.

CHEMICAL COMPOSITION AND HEAT RESISTANCE OF Ba
cillus stearothermophilus SPORES. Y. ROTMAN & M. L. FIELDS.
J. F o o d  S c i. 34, 345-346 (1969)—Heat resistance measurements demon
strated that the rough variant was more heat tolerant than the smooth 
variant. Spores of the two variants were analyzed for DPA, calcium, 
manganese, magnesium and zinc. No direct relationship was found be
tween DPA, mineral concentrations and heat resistance.

A STUDY ON THE SPORULATION OF ROUGH AND SMOOTH 
VARIANTS OF Bacillus stearothermophilus. Y. ROTMAN & M. L. 
FIELDS. J. F o o d  S c i. 34, 346-349 (1969)—Sporulation of the two vari
ants, rough and smooth, of B . s te a r o th e r m o p h ilu s  NCA 1518 was studied 
in three complex media: nutrient agar, nutrient broth and trypticase soy 
agar. The rough variant sporulated best on nutrient agar enriched with 
one ppm manganese with or without yeast extract, but did not sporulate 
in liquid media. Aerated broth fortified with yeast extract and 1 
ppm manganese was the best sporulating medium for the smooth vari
ant. The effects of calcium, cobalt and dextrose on the sporulation of 
the two variants are discussed.
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COLORIMETRY OF FOODS. 1. Correlation of Raw, Transformed and 
Reduced Data with Visual Rankings for Spinach Puree. F . M . C L Y D E S 
D A L E  & F . J .  F R A N C I S .  J. Food Sci. 3 4 , 3 4 9 - 3 5 2  ( 1 9 6 9 ) — C o lo r  d a ta  
w e r e  o b ta in e d  f o r  th r e e  s e r ie s  o f  p ro c e s s e d , s to r e d  s p in a c h  p u r é e s  u s in g  
a  G e n e r a l  E le c t r ic  R e c o rd in g  S p e c t r o p h o to m e te r ,  a  H u n te r l a b  M o d e l  
D 2 5  C o lo r  D if f e r e n c e  M e te r ,  a n d  a  C o lo r m a s te r  D if fe r e n t ia l  C o lo r im e 
te r ,  M o d e l  V . T r i s t im u lu s  v a lu e s  f r o m  th e  th r e e  in s t r u m e n ts  w e re  m a th e 
m a t ic a l ly  t r a n s f o r m e d  to  th e  t r is t im u lu s  v a lu e s  o f  o th e r  tw o  c o lo r  s y s 
te m s  in  e a c h  c a se . T r is t im u lu s  v a lu e s  f r o m  th e  in s t r u m e n ts  w e re  a ls o  r e 
d u c e d  to  c o m m o n  c o lo r  f u n c t io n s .  C o r r e la t io n s  o f  th e s e  d a t a  v e r s u s  v is 
u a l  r a n k in g  o f  th e  s a m p le s  w e re  a ls o  c a lc u la te d .  R e s u l t s  in d ic a te d  g o o d  
c o r r e la t i o n  o f  r a w  in s t r u m e n t  d a ta  w ith  v is u a l r a n k  b u t  t r a n s f o r m a t io n  
o r  r e d u c t io n  o f  th e  d a ta  o f te n  lo w e r e d  th e  c o r r e la t io n s .

DETERMINING GLUCOSE AND GLYCOGEN FROM A SINGLE 
SAMPLE OF MEAT. P . M . H E F F E R A N  & K . C . G O O D N I G H T . J.
Food Sci. 3 4 , 3 5 3 - 3 5 4  ( 1 9 6 9 ) — A  m e th o d  w a s  d e v e lo p e d  d e te r m in in g  
g lu c o s e  a n d  g ly c o g e n  a s  s e p a ra te  e n t i t ie s  f r o m  a  s in g le  s a m p le  o f  m e a t .  
T h is  m e th o d  is b a s e d  o n  th e  q u a n t i t a t iv e  s e p a r a t io n  o f  g ly c o g e n  f r o m  
g lu c o s e  b y  p r e c ip i ta t io n  o f  th e  f o r m e r  sp e c ie s  w ith  a n  in e r t  o r g a n ic  
s o lv e n t.  D u r in g  th is  s e p a r a t io n  c a r e  m u s t  b e  e x e rc is e d  n o t  to  a l lo w  th e  
t e m p e r a tu r e  o f  th e  m e a t  e x t r a c t  to  r is e  a b o v e  5 ° C .  A f t e r  s e p a r a t io n  th e  
tw o  c a r b o h y d r a te  sp e c ie s  m a y  b e  a n a ly z e d  b y  e x is t in g  m e th o d s .  T h e  
a c c u r a c y  o f  th is  m e th o d  w a s  te s te d  b y  c o m p a r in g  i ts  r e s u l t s  w ith  th o s e  
o f  e s ta b l is h e d  m e th o d s  f o r  th e  d e te r m in a t io n  o f  g lu c o s e  a n d  g ly c o g e n .

NUTRITIVE VALUE OF 1.2-DICHLOROETHANE-EXTRACTED 
FISH PROTEIN CONCENTRATE. B . H . E R S H O F F  & P . G . 
R U C K E R . J. Food Sci. 34, 3 5 5 - 3 5 9  ( 1 9 6 9 ) — T h e  n u t r i t iv e  v a lu e  o f  
f ish  p r o te in  c o n c e n t r a te  ( F P C )  p r e p a r a t io n s  w a s  d e p e n d e n t  o n  th e  t e m 
p e r a tu r e  a n d  le n g th  o f  e x t r a c t io n  t im e . R a ts  f e d  d ie ts  c o n ta in in g  F P C  
e x t r a c te d  a t  6 5 °  ±  2 ° C  o r  4 0 °  ±  2 ° C  f o r  2 4  h r  o r  a t  a  te m p e r a tu r e  
o f  83 ° C  f o r  6 h r  o r  3 h r  a n d  v a c u u m  d r ie d  w i th o u t  s te a m in g  w e re  n o r 
m a l  in  a p p e a r a n c e  a n d  e x h ib i te d  in c r e m e n ts  in  b o d y  w e ig h t  a n d  fe e d  
e ff ic ie n c y  c o m p a r a b le  to  th o s e  o f  r a t s  f e d  s im i la r  2 0 %  c a s e in  p r o te in  
d ie ts . F P C  e x t r a c te d  f o r  2 4  h r  a t  83 ° C  w i th o u t  r e p la c e m e n t  o f  e v a p 
o r a te d  s o lv e n t  d u r in g  th e  la s t  6 h r  o f  e x t r a c t io n  w a s  to x ic .

QUANTITATIVE DETERMINATION OF FORMIC, ACETIC, PRO
PIONIC AND BUTYRIC ACIDS IN FROZEN WHOLE EGGS BY 
GAS-LIQUID CHROMATOGRAPHY. J. E . S T E I N H A U E R  & L . E . 
D A W S O N . J. Food Sci. 34, 3 5 9 - 3 6 4  ( 1 9 6 9 ) — W h o le  eg g s  c o n ta in in g  
k n o w n  a m o u n ts  o f  f o rm ic ,  a c e t ic ,  p r o p io n ic  a n d  b u ty r ic  a c id s  ( C i - C 4) 
w e re  e v a lu a te d  u s in g  g a s - l iq u id  c h r o m a to g r a p h y  ( G L C )  a n d  A O A C
(1 9 6 0 )  p r o c e d u r e s .  A c e t ic ,  p r o p io n ic  a n d  b u ty r ic  a c id s  w e re  r e c o v e r e d  
a n d  c h r o m a to g r a p h e d  a s  th e  a c id s  p e r  se , a n d  f o rm ic  a n d  a c e t ic  a c id s  a s  
th e i r  b u ty l  e s te r  d e r iv a t iv e s .  T h e  r e c o v e ry  o f  a c id s  f r o m  w h o le  e g g  
s a m p le s  b y  G L C  p r o c e d u r e s  w a s  a s  a c c u r a te ,  a n d  g e n e r a l ly  less  v a r ia b le ,  
th a n  b y  A O A C  ( 1 9 6 0 )  p r o c e d u r e s .  T h e  p e r c e n ta g e  r e c o v e r y  d e p e n d e d  
o n  th e  c o n c e n t r a t io n s  o f  th e  a c id s  p r e s e n t ,  a n d  w a s  a s  fo l lo w s , lo w  to  
h ig h  c o n c e n t r a t io n s  r e s p e c tiv e ly :  a c e t ic  a c id , 114 to  1 0 0 % ; p r o p io n ic  
a c id , 101 to  1 0 0 % ; b u ty r ic  a c id ,  103 to  9 9 % ;  f o r m ic  a c id  ( a s  b u ty l  
e s te r  ) , 104 to  9 6 %  ; a n d  a c e t ic  a c id  ( a s  b u ty l  e s te r ) ,  1 02  to  9 8 % .

THE ANTHOCYANINS OF STRAWBERRY, RHUBARB, RADISH 
AND ONION. T . F U L E K I .  J. Food Sci. 34, 3 6 5 - 3 6 9  ( 1 9 6 9 ) — T h e  
p r e s e n c e  o f  a  la r g e  n u m b e r  o f  p r e v io u s ly  u n n o t ic e d  a n th o c y a n in s  w a s  
d e m o n s tr a te d  in  s t r a w b e r r y ,  r h u b a r b ,  r a d is h  a n d  o n io n .  T h e  n u m b e r  o f  
a n th o c y a n in s  f o u n d  in  th is  s u rv e y  a n d  th o s e  r e p o r te d  p r e v io u s ly  ( in  
p a r e n th e s i s )  in  e a c h  p la n t  w e re  a s  f o l lo w s :  s t r a w b e r r y :  6 ( 4 ) ,  r h u b a r b :  
3 ( 2 ) ,  r a d i s h :  13 ( 5 ) ,  o n io n :  8 ( 3 ) .  S o m e  o f  th e  c h r o m a to g r a m s  in d i 
c a te d  th a t  th e  n u m b e r  o f  a n th o c y a n in s  p r e s e n t  w a s  e v e n  g r e a te r  th a n  
th a t .  A  q u a n t i ta t iv e  r a t h e r  th a n  q u a l i ta t iv e  d i f fe r e n c e  w a s  f o u n d  b e 
tw e e n  th e  a n th o c y a n in  p a t t e r n  o f  th e  e x a m in e d  v a r ie t ie s .  T h e  s u rv e y  
w a s  c a r r ie d  o u t  u s in g  p a p e r  c h r o m a to g r a p h y  o n  W h a tm a n  N o . 3 M M  
p a p e r  w i th  tw o  n e w  s o lv e n t  s y s te m s  o f  h ig h  r e s o lv in g  p o w e r . T h e  s o l 
v e n ts  w e r e :  1- b u ta n o l -b e n z e n e - f o r m ic  a c id - w a te r  ( 1 0 0 : 1 9 :1 0 : 2 5 )  a n d  
1 - b u ta n o l - f o r m ic  a c id - w a te r  ( 1 0 0 : 2 5 : 6 0 ) .  T h e  f a c to r s  w h ic h  im p ro v e d  
th e  s e n s i t iv i ty  o f  th e  c h r o m a to g r a p h ic  m e th o d  e m p lo y e d  w e re  d isc u sse d  
in  s o m e  d e ta i l .

ENZYME-CATALYZED REACTIONS AS INFLUENCED BY IN 
ERT GASES AT HIGH PRESSURES. J. R . B E H N K E , O . F E N N E M A  
& W . D . P O W R I E . J. Food Sci. 34, 3 7 0 - 3 7 5  ( 1 9 6 9 ) — T h e  a c t iv i t ie s  o f  
v a r io u s  e n z y m e s  w e re  s tu d ie d  a f t e r  e x p o s u re  to  d i f f e r e n t  h ig h - p re s s u r e  
in e r t  g a se s . E x p o s u r e  t o  th e s e  g a s e s  f a i le d  to  s ig n if ic a n t ly  in h ib i t  t y r o 
s in a s e  a c t iv i ty  in  f lu id  s y s te m s , b u t  s ig n if ic a n t ly  d e p r e s s e d  th e  r a te s  o f  
ty r o s in a s e -c a ta ly z e d  r e a c t io n s  in  n o n f lu id  sy s te m s . T h is  i n h ib i t io n  w a s  
o x y g e n  d e p e n d e n t  a n d  r e v e r s ib le .  P re s s u r iz a t io n  e x p e r im e n ts  w i th  in -  
v e r ta s e ,  t r y p s in  a n d  c h y m o tr y p s in  in d ic a te d  t h a t  h ig h - p re s s u r e  in e r t  
g a s e s  d id  n o t  s ig n if ic a n t ly  in h ib i t  th e s e  n o n o x y g e n  d e p e n d e n t  e n z y m e s . 
T h e r e  a p p e a r s  l i t t le  h o p e  th a t  th e  e n z y m e s  in  f o o d  s y s te m s  c a n  b e  e f 
f e c tiv e ly  in h ib i te d  b y  b r ie f  e x p o s u re  to  in e r t  g a se s  a t  p r e s s u re s  o f  5 0 0 0  
p s ig  o r  less.

THE INFLUENCE OF TENSION ON PRE-RIGOR EXCISED BO
VINE MUSCLE. W . A . G I L L I S  & R . L . H E N R I C K S O N . ./. Food Sci. 
3 4 , 3 7 5 - 3 7 7  ( 1 9 6 9 ) — T h e  in f lu e n c e  o f  f o u r  le v e ls  o f  te n s io n  in  tw o  b o 
v in e  m u s c le s  o n  f ib e r  d ia m e te r ,  s a r c o m e r e  le n g th , p e r c e n t  k in k in e s s ,  a n d  
s h e a r  v a lu e  w e re  s tu d ie d . F ib e r  d ia m e te r  w a s  f o u n d  to  b e  s m a l le r  w ith  
1,0 0 0 -g  p u l l  t r e a tm e n t  th a n  w h e n  th e r e  w a s  n o  te n s io n ,  b u t  n o  s ig n if ic a n t  
c h a n g e  w a s  f o u n d  w i th  s u c c e e d in g  in c r e a s e s  in  t e n s io n .  S a r c o m e r e  
l e n g th  w a s  f o u n d  to  in c re a s e  to  th e  2 ,5 0 0 -g  p u l l  t r e a t m e n t  a n d  th e n  le v e l 
o ff. B o th  m u s c le s  e x h ib i te d  le ss  k in k in e s s  to  th e  1 ,0 0 0 -g  p u l l  t r e a tm e n t .  
H o w e v e r ,  a f t e r  th is  le v e l th e  s e m ite n d in o s u s  m u s c le  in c r e a s e d  w h e r e a s  
th e  s e m im e m b r a n o s u s  d e c re a s e d .

ENZYMIC AND ACID HYDROLYSIS OF SUCROSE AS INFLU
ENCED BY FREEZING. D . B . L U N D , O . F E N N E M A  & W . D . 
P O W R I E . J. Food Sci. 3 4 , 3 7 8 - 3 8 2  ( 1 9 6 9 ) — S u c ro s e  h y d r o ly s is  c a t a 
ly z e d  b y  in v e r ta s e  w a s  s tu d ie d  o v e r  th e  t e m p e r a tu r e  r a n g e  12 to  — 2 2 ° C  
in  s o lu t io n s  o f  v a r io u s  c o n c e n t r a t io n s .  F r e e z in g  d e c r e a s e d  in v e r ta s e  a c 
t iv ity , b u t  it w a s  s h o w n  th a t  ic e  c r y s ta ls  w e re  n o t  d i r e c t ly  r e s p o n s ib le .  
T h e  d e c r e a s e  in  in v e r ta s e  a c t iv i ty  in  f r o z e n  s y s te m s  c o u ld  b e  q u a n t i t a 
t iv e ly  a c c o u n te d  f o r  b y  th e  c o n c e n t r a t io n  o f  s o lu te s  r e s u l t in g  f r o m  f r e e z 
in g , a n d  b y  a  t e m p e r a tu r e  e f fe c t  in  e x c e ss  o f  t h a t  p r e d ic te d  f r o m  th e  
A r r h e n iu s  e q u a t io n .  S u c r o s e  h y d r o ly s is  c a ta ly z e d  b y  a c id  (H C 1 )  w a s  
s tu d ie d  o v e r  th e  ra n g e  12 to  — 1 6 .5 ° C . T h e  r e a c t io n  r a t e  p a s s e d  th r o u g h  
a  s u b -z e ro  m a x im u m  b e tw e e n  — 8 .5  a n d  — 1 6 .5 ° C .

HIGH RESOLUTION VAPOR ANALYSIS FOR FRUIT VARIETY 
AND FRUIT PRODUCT COMPARISONS. R . A . F L A T H ,  R . R . 
F O R R E Y  & R . T E R A N I S H I .  J. Food Sci. 3 4 , 3 8 2 - 3 8 6  ( 1 9 6 9 ) — B y 
u s in g  a  s y s te m  in c o r p o r a t in g  la r g e -b o r e  o p e n - tu b u la r  g a s  c h r o m a to 
g r a p h ic  c o lu m n s , h ig h  r e s o lu t io n  v a p o r  a n a ly s e s  o f  fiv e  f r e s h  a p p le  
v a r ie t ie s  a n d  f o u r  a p p le  p r o d u c ts  w e re  r u n .  T h e  im p r o v e d  p e a k  s e p a r a 
t io n  a t t a in a b le  w ith  s u c h  a  s y s te m  p e r m i ts  m o r e  d e ta i le d  c o m p a r is o n s  
b e tw e e n  d i f fe r e n t  s a m p le s .  T h is  is a  c o n s id e ra b le  a id  in  v a r ie ta l  s tu d ie s  
a n d  in  fo l lo w in g  lo s s  a n d  c h a n g e  o f  v o la t i le s  d u r in g  p ro c e s s in g . T h e  
a p p le  v a r ie t ie s  e x a m in e d  a p p e a r  to  d if fe r  m o s t ly  in  th e  r e la t iv e  p r o p o r 
t io n s  o f  in d iv id u a l  c o m p o n e n ts  r a th e r  th a n  in  th e  p r e s e n c e  o r  a b s e n c e  
o f  c e r ta in  c o n s t i tu e n ts .

DEGRADATION OF DDT AND DDE BY CHEESE MICROOR
GANISMS. R . A . L E D F O R D  & J . H . C H E N . J. Food Sci. 34, 3 8 6 - 3 8 8  
( 1 9 6 9 ) — G r o w th  o f  L ie d e rk r a n z  c h e e s e  is o la te s  o f  B r e v ib a c te r iu m  lin e n s  
a n d  sp e c ie s  o f  g e o t r ic h u m  in  m e d ia  c o n ta in in g  0 .5  p p m  l in d a n e ,  p -p  
D D E ,  a n d  p -p  E JD T  r e s u l te d  in  s ig n if ic a n t  r e d u c t io n s  in  c o n c e n t r a t io n s  
o f  D D E  a n d  D D T . A e r o b ic  m e ta b o l is m  o f  B. l in e n s  a p p e a r e d  to  d e -  
c h lo r in a te  D D T  to  D D D , w h ile  g r o w th  o f  g e o t r i c h u m  d e g r a d e d  b o th  
D D E  a n d  D D T . T h e  lev e l o f  l in d a n e  in  a ll  e x p e r im e n ts  w a s  n o t  c h a n g e d  
s ig n if ic a n tly . T h e  d a t a  s u g g e s t  th e  p o s s ib i l i ty  t h a t  D D E  a n d  D D T , i f  
p r e s e n t  in  c e r ta in  ty p e s  o f  s o f t  c h e e s e s , m ig h t  b e  d e g r a d e d  to  u n id e n t i 
fied c o m p o u n d s .
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Capillary Distribution and Fiber Characteristics 
in Skeletal Muscle of Stress-Susceptible Animals

SUMMARY— — Muscle from stress-susceptible and stress-resistant pigs was studied for 
capillary distribution and fiber characteristics. More capillaries were associated with red 
fibers than white fibers and there was.a greater capillary to fiber ratio in red than white 
muscle. There was no difference in capillary fiber ratio between normal (from stress- 
resistant pigs) and PSE (from stress-susceptible'pigs) muscle. Muscle from stress-sus
ceptible animals had more intermediate fibers than did muscle from stress-resistant ani
mals. Certain intermediate fibers from stress-susceptible animals had a high amylophos- 
phorylase and ATPase activity. It was postulated that such fibers are important in the 
drastic post-mortem muscle behavior in stress-susceptible animals and may represent 
the characteristic which causes muscle to become PSE.

IN TR O D U C TIO N
LACTIC ACID levels in the muscles of 
“stress-susceptible” (Judge et al., 1968) 
animals increase rapidly when muscles 
are exposed to anoxia in vivo (Forrest 
et al., 1968; Sair et al., 1969) and the 
animals will succumb if not given therapy. 
Lactic acid levels also increase rapidly 
due to muscle excision or animal exsan- 
guination (Lister et al., 1969). In all in
stances, as large am ounts o f lactic acid 
accumulate, creatine phosphate (C P ) lev
els diminish and adenosine triphosphate 
(A T P) breaks down rapidly. These rapid 
metabolic changes result in an extreme 
acidity at body tem perature and the mus
cles develop a pale, soft, exudative (PSE) 
character.

Even when animals are anesthetized, 
intubated with endotracheal tubes and 
given positive pressure respiration during 
and after adm inistration of rf-tubo-cura- 
rine chloride, the concentration of CP 
and lactic acid in subsequent biopsy sam
ples are especially variable (Lister et al.,
1969). A  considerable decrease in CP 
and increase in lactic acid m ay occur dur
ing the excision of a sample and prior to 
cessation of its metabolic activity by 
freezing in liquid nitrogen.

Lister et al. (1969) noticed a difference 
between muscles from  stress-susceptible 
and stress-resistant animals during the 
course of routine histological observa
tions. Sudan black B positive fibers were 
larger in diam eter and represented a large 
proportion of the total fiber area in stress- 
susceptible animals. Since typical red 
fibers are known to have a low adenosine 
triphosphatase (A TPase) activity (Bar- 
any et al., 1965) and low phosphorylase 
activity (Bocek et al., 1966), it is diffi
cult to explain why anoxia should pro
duce a rapid increase in lactic acid level

from  muscles with a high red fiber con
tent. Additionally, Quass et al. (1968) 
found that myosin isolated from muscles 
of stress-susceptible animals had higher 
C a++-activated  ATPase activity than 
myosin from muscles of stress-resistant 
animals.

It appeared that muscles of such stress- 
susceptible animals varied in available 
blood supply or inherent metabolic dif
ferences of individual fibers. The pres
ent study represents a histochemical eval
uation of the capillary supply to individ
ual fibers, as well as specific character
istics of red, white and interm ediate fibers 
from  stress-susceptible animals which de
veloped PSE muscle and stress-resistant 
animals with norm al muscle. Particular 
emphasis was given to the histochemical 
evaluation of amylophosphorylase and 
ATPase activity.

M ATERIALS &  M ETH O D S
T H E  s tr e s s - s u s c e p t ib le  a n d  s t r e s s - r e s is ta n t  
p ig s  u s e d  in  th is  s tu d y  w e r e  f r o m  th e  s a m e  
s t r a in s  o f  P o la n d  C h in a  a n d  C h e s te r  W h ite  
a n im a ls  p r e v io u s ly  d e s c r ib e d  b y  J u d g e  e t  a l. 
( 1 9 6 8 )  a n d  F o r r e s t  e t  a l .  ( 1 9 6 8 ) .  A l l  a n i 
m a ls  w e r e  o f  a p p r o x im a te ly  th e  s a m e  a g e  
a n d  w e ig h t  (9 0  k g )  a n d  w e re  r e a r e d  w ith  
id e n t ic a l  e n v i r o n m e n ts  a n d  f e e d in g  re g im e s .

F o r  th e  c a p i l l a r y  s tu d y , th e  lo n g is s im u s  
a n d  t r a p e z iu s  m u s c le s  f r o m  e ig h t  p ig s  w e re  
u s e d . I m m e d ia te ly  a f t e r  e x s a n g u in a t io n ,  
s a m p le s  f r o m  b o th  m u s c le s  w e r e  e x c is e d , 
f r o z e n  a t  l iq u id  n i t ro g e n  te m p e r a tu r e  a n d  
th e n  e q u i l ib r a te d  a t  — 2 0 ° C  p r io r  t o  se c 
t io n in g . S e r ia l  s e c t io n s ,  10/x in  th ic k n e s s ,  w e r e  
c u t  in  a  c r y o s ta t ,  m o u n te d  o n  s l id e s  a n d  a ir  
d r ie d  p r io r  t o  in c u b a t io n  in  th e  a p p r o p r ia te  
h i s to c h e m ic a l  m e d ia .  A  m o d if ie d  a z o  d y e  
t e c h n iq u e  ( B a r k a  e t  a l . ,  1 9 6 3 ) w a s  e m p lo y e d  
f o r  s t a in in g  c a p i l la r ie s  w i th  a - n a p h th y l  p h o s 
p h a te  a n d  d i a z o ta te - 4 '- a m in o - 2 ',  5 '- D ie th o x y -  
b e n z a n i l id e .

T h e  p r o c e d u r e  w a s  e s s e n t ia l ly  t h a t  d e 

s c r ib e d  b y  R o m a n u l  (1 9 6 5 ). A m y lo p h o s 
p h o r y la s e ,  a d e n o s in e  t r ip h o s p h a ta s e  ( A T P a s e )  
a n d  r e d u c e d  d ip h o s p h o p y r id in e  n u c le o t id e -  
t e t r a z o l iu m  r e d u c ta s e  ( D P N H - T R )  s ta in s  a s  
d e s c r ib e d  b y  E n g e l  e t  a l. ( 1 9 6 7 )  w e re  u t i l iz e d  
in  th e s e  s tu d ie s .  T h e  c a p i l l a r y  f ib e r  r a t io  
w a s  d e te r m in e d  a s  a n  a v e r a g e  f r o m  2 5  
m u s c le  b u n d le s  f o r  e a c h  a n im a l .  L o n g is s im u s  
m u s c le  f r o m  a n  a d d i t io n a l  s ix  p ig s  w a s  s u b 
je c te d  to  th e  a m y lo p h o s p h o r y la s e ,  A T P a s e  
a n d  D P N H - T R  r e a c t io n s  in  o r d e r  to  s tu d y  
th e  f ib e r  ty p e  p a t t e r n  in  s t r e s s - s u s c e p t ib le  
a n d  s t r e s s - r e s is ta n t  a n im a ls  f u r th e r .

RESULTS & DISCUSSION
Capillary distribution

Figure 1 illustrates the appearance of 
capillaries as distinguished with the al
kaline phosphatase reaction. The reaction 
product reportedly occurs in the capillary 
endothelium (Romanul, 1965). Bare 
spots o r patches of no reaction have also 
been considered a difficulty with this 
technique. However, we felt the technique 
worthy of investigation, particularly in 
view of the probable connection of the 
circulatory system to stress-susceptible 
animals and the PSE problem.

Experiments to perfuse the longissimus 
are also prone to some problems inherent 
in the methodology. M ost of the capil
laries were located axially within the fasi- 
culi with only a few at the periphery of 
the fasiculi. There were also segments of 
capillary rings around some fibers located 
peripherally in the bundles. This could be 
interpreted to indicate that when the 
microcirculatory system enters the bundle 
it transverses the outer fibers until it 
reaches the axial portion of the bundle 
where it parallels the fiber. Upon leaving 
the fascicle the m icrocirculatory system 
once again transverses the outer fibers of 
the muscle bundle (Krogh, 1929).

W hen serial sections were incubated 
for the D PN H -TR  reaction, the num ber 
of capillaries surrounding each fiber or 
fiber group appeared in proportion to its 
redness or its oxidative metabolic activity. 
In many cases, the only capillaries associ
ated with white fibers appeared to be 
shared with adjacent red fibers. The stain 
intensity in the capillaries varied through
out each section. Both aspects are in 
agreement with the findings of Romanul
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Fig. 1— Fresh frozen 
section of porcine lon- 
gissimus muscle reacted 
for alkaline phosphatase. 
Capillaries are seen as 
dark reaction deposits. 
lOtx thick section, 265X-

(1965) that the num ber of detectable 
capillaries vary with fiber redness and 
that the degree of stain intensity appears 
less toward the venous ends of the capil
laries.

Exercise, condition, acclimation and 
disease (Lindgren, 1935; Krogh, 1918— 
19; Ashmore et al., 1968; Carrow  et al., 
1967; Rakusan et al., 1967; Valdivia, 
1958) all have a marked influence on 
vascularization. We therefore took pre
cautions to standardize nutritional, hold
ing and handling conditions.

N o difference in capillary to fiber ratio 
was found between PSE and normal 
muscle, however the num ber of capillaries 
per unit area of red or intermediate fibers 
was less in the PSE muscle. The total 
capillary to fiber ratio was found to be 
approximately 1:3 in the longissimus and
1.2:1 in the trapezius. Although these fig
ures seem low for the longissimus they 
com pare favorably with the work of 
Nishiyama (1965) and Smith et al. 
(1956) with muscles of small laboratory 
animals. The greater supply of capillaries 
to red muscle which was expected was 
found.

It is well known that blood flow is 
normally under sensitive control in skele
tal musculature and appears to be closely 
associated with metabolic activity within 
the fibers (G reen et al., 1959). Rom anul
(1965) suggested that the existence in the 
skeletal muscles of some fibers with an 
energy metabolism sim ilar to that of heart

muscle may be a reflection of the fact 
that in skeletal muscles such fibers also 
contract more frequently or for longer 
periods than the rest of the fibers. F u r
thermore, according to Rom anul (1965) 
the axial location in the bundle of fibers 
with high lipid metabolism would be ex
pected if these fibers were to contract in
dependently or if their contraction were 
to endure beyond that of other fibers. The 
white fibers which were dependent upon 
anaerobic glycolysis, were somewhat self- 
sufficient during contraction and appeared 
to depend on blood flow mainly for the 
removal of lactic acid. Conversely, the 
red fibers, which functioned through oxi
dative metabolism, were dependent upon 
circulating blood for substrate and oxygen 
necessary to produce energy for contrac
tion.

Smith et al. (1956) and Romanul 
(1965) have dem onstrated a greater sup
ply of capillaries to red than white mus
cles. Additionally, Nishiyama (1965) has 
shown that the red, white and interm edi
ate fibers individually present dissimilar 
patterns of vascular distribution. The fact 
that muscles of stress-susceptible animals 
which appear high in intermediate fiber 
content do not have grossly dissimilar 
capillary networks perhaps indicates an
other deviation from the norm in stress- 
susceptible pigs.

Fiber characteristics
Ranvier (1873, 1874) was one of the

first workers to categorize muscle as 
either red or white. Denny-Brown (1929 ) 
and Ogata (1958) substantiated that 
muscle color was dependent upon the 
proportion of red fibers within the muscle. 
Red fibers have high oxidative enzyme 
activity, whereas white fibers have high 
glycolytic activity.

W ithin the past two decades, several 
workers have used histochemical tech
niques to classify fibers into red, white 
and interm ediate groups. Padykula
(1952) categorized fibers according to 
their metabolic functions as revealed by 
strong or weak reactions for succinate 
dehydrogenase activity. Dubowitz et al. 
(1960) used stains for succinate dehydro
genase, cytochrome oxidase and phos- 
phorylase to dem onstrate an inverse re
lationship between m itochondrial and 
glycolytic enzymes.

Recently Sair et al. (1969) studied 
fiber characteristics of PSE and normal 
pig muscle using Sudan black B, cyto
chrome oxidase and succinic dehydro
genase but they did not differentiate be
tween red and interm ediate fibers. These 
workers, (Sair et al. 1969) however, con
cluded that PSE muscle fibers were larger 
and that there was a larger area of red 
fibers (red and interm ediate) per bundle 
in the PSE muscles than in the norm al 
muscles. Kastenschmidt et al. (1968), in 
a study of “fast” and “slow” glycolyzing 
muscle, found that the metabolic inter
mediate patterns were consistent with the 
concept that phosphorylase was the pri
mary control site for post-mortem glycoly
sis. A  rapid breakdown of A TP and CP 
in the muscles of stress-susceptible ani
mals was also substantiated by Sair et al.
(1969).

In view of the reports o f Kastenschmidt 
et al. (1968) that phosphorylase activity 
was higher in muscles of stress-susceptible 
animals and of Quass et al. (1968) that 
myosin ATPase activity was higher in 
PSE muscle it was particularly striking 
that Sair et al. (1969) found these muscles 
to have higher apparent red fiber areas. 
Theoretically, red fibers should have 
lower phosphorylase and ATPase than 
white fibers. Consequently, the present 
study was conducted to histochemicallv 
characterize the individual fibers within 
these muscles.

Figure 2 illustrates the histochemical 
staining pattern for longissimus muscle 
from  a stress-resistant and a stress-sus
ceptible animal. Figures 2a, b, c are from 
a stress-resistant animal and Figures 2d. 
e, f  are from  a stress-susceptible animal. 
The same group of fibers have been num 
bered in serial sections reacted for 
D PN H -TR , am ylophosphorylase and 
ATPase in order to facilitate a discussion 
of the fiber characteristics from  each clas
sification of animals.

The first obvious difference between
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muscle from stress-resistant (Figs. 2a, b, 
c) and stress-susceptible (Figs. 2d, e, f) 
animals is that stress-susceptible animals 
have larger fibers (Sair et al. 1969). This 
difference in fiber size from  animals of 
the same body weight may be of straight
forward significance to the PSE problem. 
We found no difference in capillary/fiber 
ratio for normal and PSE muscle; perhaps 
the larger fibers simply cannot be sup
plied or relieved of substances as rapidly 
as smaller fibers. Differential contraction 
may also be important.

The reaction to D PN H -TR  should in
dicate oxidative potential of the fiber. The 
muscle from the stress-resistant animal 
(Fig. 2a) showed a more uniform  deposi
tion of diform azan than did that from  the 
stress-susceptible animal (Fig. 2d ). Red 
and interm ediate fibers can be differen
tiated on the basis of intensity and uni
formity of diform azan deposits. Heavy, 
uniform  deposits are typical of true red 
fibers, whereas dense subsarcolemmal de
posits with light centers are typical of 
intermediate fibers (see fibers 5 and 6, 
Fig. 2d).

The reaction for amylophosphorylase 
reveals an essential difference between the 
muscles of stress-resistant and stress-sus
ceptible animals. Fibers 1, 2, 3, 4 and 5 
(Fig. 2b) from the stress-resistant animal 
show a negative reaction for amylophos
phorylase. However, fibers 1 and 2 and 
to a lesser extent 5 and 6 (Fig. 2e) from  
the stress-susceptible animal show a posi
tive reaction for amylosphosphorylase 
even though they had given a definite 
reaction for DPN H -TR. A  quite similar 
situation exists for the ATPase reaction 
(see fibers 1, 2, 5 and 6 in Fig. 2f.

This is completely contrary to  the 
classical idea that fibers high in - xidative 
capacity (high D PN H -T R ) ar- low in 
glycolytic capacity (low phosphorylase). 
M oreover, red fibers (high D PN H -TR ) 
contract slowly and should have a low 
ATPase activity. It was found that many 
fibers which appear to be red by the 
D PN H -TR reaction are in reality inter
mediate as shown by the amylophos
phorylase and ATPase reactions. Com 
pared to stress-resistant animals, stress- 
susceptible animals have high numbers of 
these intermediate fibers, and we feel that 
the unusual post-mortem behavior of 
muscle from stress-susceptible animals is 
related to these fiber characteristics.

Animals with high stress-susceptibility, 
poor muscle color and poor gross m or
phology ratings were placed in one group, 
and those with high stress-resistance, de
sirable muscle color and desirable gross 
morphology were placed in another group 
in order to obtain more quantitative data. 
Several (6 -8 ) adjacent microscopic fields 
were photographed and analyzed with a 
Zeiss Particle Size Analyzer for area dis
tribution of fiber types (see Cassens et al.

1969a for details of m ethod). The white 
fiber area expressed as a percent of total 
fiber area was rather constant between 
stress-susceptible and stress-resistant ani
mals with a normal range of 70-75% . The 
rem ainder of the fiber area was made up 
of red and intermediate fibers, hereafter 
referred to as “dark” fibers.

In the muscle of stress-susceptible ani
mals which became PSE in character, 
only 20-35%  of the dark fibers were 
actually red. whereas in the case of stress- 
resistant animals with normal muscle, 60- 
75% of the dark fibers were considered 
red on the basis of their negative re

sponses to phosphorylase and ATPase 
stains. It is clear that: 1) there were con
siderably fewer red fibers and more inter
mediate fibers in muscle from  stress-sus
ceptible animals which became PSE than 
in muscle from  stress-resistant animals 
which remained normal in color and gross 
morphology, and 2) there were increased 
intensities o f reaction for ATPase and 
phosphorylase in the muscle fibers from 
stress-susceptible animals which became 
PSE and this increased intensity was es
pecially evident in the large intermediate 
fibers. It therefore appears tha t it is both 
the number and nature of the intermediate

Fig. 2— Fresh frozen section of porcine longissimus muscle reacted for DPNH-TR 
(A&D), amylophosphorylase (B&E) and ATPase (C&F). A, B and C from stress-resistant 
animal and D, E and F from stress-susceptible animal. 10fi thick sections, 6 4 x ■
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Fig. 3— Fresh frozen 
section of porcine Ion- 
gissimus muscle reacted 
for DPNH-TR. The typical 
morphology and distri
bution of giant fibers is 
shown. 10fi thick sec
tion, 44X-

fibers which are key contributors to the 
stress-susceptibility of the animal and to 
the development of PSE characteristics in 
the musculature.

Support was recently added to this 
hypothesis when muscle from  a group of 
20 animals of similar breeding and en
vironmental conditions were examined. 
W hen the animals were transported only 
a short distance from  holding facility to 
abattoir, eight died because they were 
acutely stress-susceptible. Histochemical 
study of the muscle from  the stress-sus
ceptible animals revealed that the m a
jority of the dark fibers were intermediate 
and reacted intensely for amylophos- 
phorylase and ATPase. The stress-resis
tan t animals had low to negative amylo- 
phosphorylase and ATPase activity in a 
high percentage of the dark fibers.

The second result of real significance 
from  this group of animals was the find
ing of large numbers of giant fibers in 
muscles from  all stress-susceptible ani
mals, but none from  stress-resistant ani
mals. The frequency of occurrence of 
giant fibers is unknown. They apparently 
occur in PSE muscle, but not all PSE 
muscle contains them. The appearance of 
giant fibers is illustrated in Figure 3. The 
histochemical properties of giant fibers 
have been described elsewhere (Cassens 
et al. 1969b) and they have been impli
cated in the problem of stress-susceptibil
ity and PSE muscle.

In conclusion, it seems that the re
sponse of a stress-susceptible animal to 
anoxia in its skeletal muscle is due to the 
large num ber of intermediate fibers which 
are dependent upon aerobic metabolism, 
but unlike typical red fibers they have

especially high ATPase and phosphorylase 
activity, breaking down A TP and accel
erating glycolysis to trigger a rapid gly
colytic rate in the entire muscle. A ddi
tionally, even the regular white, and to a 
lesser extent the regular red fibers have 
rather intense ATPase and phosphorylase 
activity and further contribute to the ac
celeration of these metabolic phenom ena 
in the muscles o f stress-susceptible ani
mals. These phenom ena are occurring in 
vivo during stress periods (Sair et al.,
1969) and post-mortem after succumbing 
during the stress period or with exsan- 
guination. In any of these cases, PSE 
characteristics develop in the skeletal 
musculature, and are most probably re
lated to the fiber characteristics.
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Turbidity, Viscosity and ATPase Activity of 
Fibrillar Protein Extracts of Rabbit Muscle

SUMMARY-------Results suggest that actomyosin from muscle in rigor is more easily d is
sociated than actomyosin from prerigor muscle. The addition of MgCI2 decreased the rate 
of ATP hydrolysis and extended the clear phase of the fibrillar protein extract. Pyrophos
phate in the presence of magnesium was as effective as ATP in clearing actomyosin. 
As the ATP was hydrolyzed, the viscosity of the solution returned to values greater than 
those obtained before the addition of ATP. However, samples cleared with pyrophosphate 
retained their low viscosity characteristics indefinitely.

IN TR O D U C TIO N
IM M ED IA TELY  following slaughter, 
muscle proteins possess excellent hydra
tion and fat emulsifying properties, and 
the m eat is generally considered very 
tender. During the development of rigor 
mortis, certain biochemical and physical 
changes occur that result in a decrease of 
muscle hydration and fa t emulsifying 
properties as well as in the tenderness of 
the meat.

Fujim aki et al. (1965) showed that ex
tracts of myosin B type protein from  rigor 
muscle showed relatively higher values for 
ATPase activity, A TP sensitivity and re
duced viscosity than myosin B prepared 
from  pre-rigor muscle. Robson et al.
(1966) also reported that the specific ac
tivity of myosin B prepared from  rigor 
muscle stored for 12-24 h r postm ortem 
was higher than that for myosin B pre
pared immediately after death. The pres
en t study was conducted in an effort to 
determ ine if there is any difference in the 
turbidity, viscosity and ATPase activity 
o f a fibrillar protein extract from  prerigor 
and rigor muscle. The effect of ATP and 
pyrophosphate on the viscosity of the 
myosin components of the fibrillar p ro
tein extract was also compared.

EXPER IM EN TA L
E I G H T  R A B B IT S  w e ig h in g  b e tw e e n  1 .5  
a n d  3 .0  k g  w e r e  u s e d . A  f ib r i l l a r  p r o te in  
e x t r a c t  w a s  p r e p a r e d  f r o m  th e  lo n g is s im u s  
d o r s i  m u s c le  f r o m  th e  r ig h t  s id e  o f  th e  
r a b b i t  im m e d ia te ly  a f te r  b le e d in g . A f t e r  th e  
r e m a in d e r  o f  th e  c a r c a s s  h a d  b e e n  c h i l le d  
2 4  h r  a t  0 ° C ,  a  f ib r i l la r  p r o t e in  e x t r a c t  w a s  
p r e p a r e d  f r o m  th e  lo n g is s im u s  d o r s i  m u s c le  
f r o m  th e  l e f t  s id e  b y  th e  s a m e  p r o c e d u r e .  
T h e  p r o p e r t i e s  o f  th e  f ib r i l l a r  p r o t e in  e x 
t r a c t s  w e re  in v e s t ig a te d  b y  m e a s u r in g  th e

“ P re sen t ad d ress : P e te r  E c k ric h  a n d  S ons, 
Inc ., P .O . B ox 388, F o r t  W ayne , In d ia n a  46801.

A T P a s e  a c t iv i ty  a n d  th e  c h a n g e s  in  tu r b id i ty  
a n d  v isc o s ity .

Preparation of fibrillar protein extracts
T h e  f ib r i l la r  p r o te in  e x t r a c t  o f  th e  

lo n g is s im u s  d o r s i  m u s c le  o f  th e  r a b b i t  w a s  
p r e p a r e d  a c c o r d in g  to  th e  m e th o d  o f  M ih a ly i  
e t  a l. ( 1 9 6 6 ) .  T h e  m u s c le  w a s  d is s e c te d  
f r e e  o f  f a t  a n d  c o n n e c t iv e  t i s s u e  a n d  
h o m o g e n iz e d  in  a  W a r in g  b le n d e r  w i th  f o u r  
v o lu m e s  o f  W e b e r - E d s a l l  s o lu t io n  f o r  30  
sec . T h e  s u s p e n s io n  w a s  p o u r e d  in to  a  2 5 0  
m l  c e n t r i f u g e  tu b e  a n d  le f t  f o r  2 4  h r .  A t  
th e  e n d  o f  th is  t im e , tw o  v o lu m e s  o f  W e b e r -  
E d s a l l  s o lu t io n  w e r e  a d d e d  a n d  th e  s o lu 
t io n  w a s  s t i r r e d  th o r o u g h ly  b e f o re  c e n t r i f u g 
in g  a t  2 ,6 0 0  r p m  f o r  2 0  m in .

T h e  m y o s in  a n d  a c to m y o s in  c o m p o n e n ts  
o f  th e  s u p e r n a t a n t  w e r e  p r e c ip i t a te d  b y  d i 
l u t in g  w i th  10 v o lu m e s  o f  d e io n iz e d  w a te r  
t o  r e m o v e  th e  w a te r - s o lu b le  m u s c le  c o n s t i t 
u e n ts .  T h e  p r e c ip i t a te  w a s  c o l le c te d  a f te r  
c e n t r i f u g a t io n  f o r  2 0  m in  a t  2 ,6 0 0  r p m  a n d  
w a s  d is s o lv e d  in  0 .6 M  K C 1. T h e  m y o s in  
a n d  a c to m y o s in  c o m p o n e n ts ,  w h ic h  w e re  
d is s o lv e d  in  0 .6 M  K C 1, w e r e  c la r i f ie d  b y  
c e n t r i f u g a t io n  f o r  10 m in  a t  1 2 ,0 0 0  rp m . 
T h e  s u p e r n a t a n t  w a s  th e n  d i lu te d  t o  a p 
p r o x im a te ly  0 .2 %  p r o te in  w i th  0 .6 M  K C1. 
A ll  e x t r a c t io n  s te p s  w e r e  c a r r ie d  o u t  a t  
0 - 3  ° C . A l l  n i t r o g e n  a n a ly s e s  w e r e  p e r 
f o r m e d  b y  th e  m ic r o -K je ld a h l  m e th o d ,  a n d  
th e  f in a l  p r o te in  c o n c e n t r a t io n  w a s  c a lc u 
la te d  a s s u m in g  t h a t  th e  f ib r i l la r  e x t r a c t  c o n 
t a in e d  1 6 .1 5 %  n i t r o g e n  ( M ih a ly i  e t  a l., 
1 9 6 6 ) .

ATPase activity and changes in turbidity
F o r  m e a s u r in g  c h a n g e s  in  tu r b id i ty  a n d  

A T P a s e  a c t iv i ty ,  th e  p u r if ie d  m y o s in  a n d  
a c to m y o s in  c o m p o n e n ts  w e r e  d i lu te d  w i th
0 .6 M  K C 1 to  a  f in a l  c o n c e n t r a t io n  o f  0 .6 7 5  
m g  o f  p r o te in  p e r  m l.  F o r  d e te r m in in g  th e  
e n z y m a t ic  a c t iv i ty  a n d  th e  c h a n g e s  in  t u r 
b id i ty ,  1 m l 0 .0 1 M  M g C h  w a s  a d d e d  to  23  
m l o f  th e  d i lu te d  p r o te in  e x t r a c t .  T h e  r e a c 
t i o n  w a s  s ta r te d  b y  a d d in g  1 m l o f  a  0 .0 1M  
A T P  s o lu t io n  (b u f f e r e d  a t  p H  6 .4  w i th  
T r is  b u f f e r )  t o  2 4  m l  o f  th e  M g C L -p ro te in  
s o lu t io n .  T h is  w a s  m ix e d  im m e d ia te ly ,  
p o u r e d  in to  a  c u v e t te  a n d  c h a n g e s  in  t u r 
b id i ty  w e r e  m e a s u r e d  a t  3 5 0  m,u ( P e r r y  e t  a l.,

1 9 6 5 )  w i th  a  B e c k m a n  D U  s p e c t r o p h o to m 
e te r  e q u ip p e d  w i th  a  G i l f o r d ,  M o d e l  2 2 0 , 
a b s o rb e n c e  in d ic a to r .  T h e  r e fe re n c e  t u r 
b id i ty  w a s  t a k e n  f r o m  a  s o lu t io n  c o n ta in in g
0 .5  m l  o f  0.01A T M g C b , 0 .5  m l d e io n iz e d  
w a te r  a n d  1 1 .5  m l  o f  th e  d i lu te d  m u s c le  
e x t r a c t .  C h a n g e s  in  t u r b id i ty  a n d  A T P a s e  
a c t iv i ty  w e re  a ls o  m e a s u r e d  b y  a d d in g  1 m l 
o f  th e  0 .0 1 M  A T P  s o lu t io n  t o  2 4  m l  o f  th e  
p r o te in  s o lu t io n  w i th o u t  a d d in g  M g C L .

A T P  w a s  d e te r m in e d  o n  1 m l  a l iq u o ts  o f  
th e  r e a c t io n  m ix tu r e  r e m o v e d  a t  a p p r o p r ia te  
t im e s . T h e  r e a c t io n  m ix tu re  w a s  im m e d ia te ly  
p ip e t te d  in to  b o i l in g  w a te r  t o  s to p  a l l  e n 
z y m a t ic  a c t iv i ty .  T h e  c o n c e n t r a t io n  o f  A T P  
w a s  d e te r m in e d  b y  th e  b io lu m in e s c e n c e  
m e th o d  d e s c r ib e d  b y  S t r e h le r  e t  a l .  ( 1 9 5 2 )  
a n d  S t r e h le r  ( 1 9 5 3 )  u s in g  a n  A m in c o -  
B o w m a n  s p e c t r o p h o to f lu o r o m e te r .

Viscosity
T h e  v is c o s i ty  o f  a  0.6M  K C 1 s o lu t io n  o f  

th e  p u r if ie d  W e b e r - E d s a l l  e x t r a c t  w a s  e s t i 
m a te d  b y  a n  O s tw a ld  v is c o m e te r  a t  p H  6 .4 . 
T h e  r e la t iv e  c h a n g e  in  v is c o s i ty  o f  th e  p r o 
te in  s o lu t io n  w a s  m e a s u r e d  fo l lo w in g  th e  
a d d i t io n  o f  1 m l  o f  0 .1 M  p o ta s s iu m  p y r o 
p h o s p h a te  to  a  s o lu t io n  c o n ta in in g  1 m l o f  
0 .0  I M  M g C L  in  23  m l  o f  th e  p r o te in  e x 
t r a c t .  T h e  c h a n g e  in  v is c o s i ty  fo l lo w in g  th e  
a d d i t io n  o f  A T P  w a s  m e a s u re d  in  a  s im i
l a r  m a n n e r .

RESU LTS &  D ISCUSSIO N
ATPase activities and turbidity

Following the addition of A TP to the 
fibrillar protein, only 20-25%  of the 
added A TP was detected after 1 min 
using the bioluminescence assay. The 
great initial drop in free A TP could be 
the result of binding of A TP to the fi
brillar protein as well as to the high initial 
ATPase activity. As shown in F igure 1, 
the rapid reduction in free A TP was ac
companied by an almost instantaneous de
crease in the turbidity of the solution. 
A fter the initial decrease in turbidity, it 
remained relatively constant until the 
level of A TP decreased below 15% , at 
which time the turbidity increased.

The addition of A TP causes dissocia
tion of the actin-myosin complex (Fig. 
1), as shown by a decrease in absorbence. 
In the absence of adding M g + + , A TP is 
hydrolyzed quite rapidly. As the ATP 
level falls below 10~6M  (between 10-30 
m in), it fails to keep the actin-myosin
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1 hr  2 hr 3hr  ¿h r

Time

Fig. 2— The relative changes in viscosity of fibrillar protein 
extracts from muscle in rigor. One ml of 0.1 M potassium pyro
phosphate or 0.01 M ATP (pH 6.4) was added to 24 ml of fibrillar 
protein extract containing approximately 0 .2%  protein and 0.4 
mM added MgCL Changes in viscosity were recorded at 23° C 
for ATP ( 9 )  and at 3°C for potassium pyrophosphate (®).

'h r  3hr 5 h r
T i me

Fig. 1— Effect of MgCk on the ATPase activity and relative 
changes in turbidity of pre-rigor fibrillar protein extract at 25°C. 
(®) The reaction was started by adding 1 ml of 0.01 M ATP 
(pH 6.4) to 24 ml of the diluted protein extract. ( 9)  One ml 
of 0.01 M MgCL was added to 23 ml of the diluted protein extract 
and the reaction was started by adding 0.01 M ATP.

complex dissociated and a recombination 
occurs as shown by an increase in ab
sorbency. Since added M g+ +  not only 
inhibits ATPase activity but also assists 
ATP in keeping the actin-myosin com 
plex dissociated, the entire process is 
m uch slower in the presence of added 
M g+ +.

In Figure 1, it can be seen that the ad
dition of M gCl2 suppressed the ATPase 
activity of the fibrillar protein extract and 
extended the period of time during which 
the actomyosin was dissociated (clear 
phase). K aldor et al. (1963) and Goll 
et al. (1967) also found that magnesium 
inhibited the myofibrillar ATPase activity 
if 0.3 to 0.5M  KC1 was incorporated into 
the buffer. Present results agree with 
those of N oda et al. (1958), who showed 
that the addition of magnesium ions to a 
cleared actomyosin solution extended the 
time period for the clear phase.

M aruyam a et al. (1962) and Tkemoto 
et al. (1966) suggested that the low 
ATPase activity of the actomyosin solu
tion in the presence of magnesium ions, 
as found in the present experiment, is 
attributable to the magnesium inhibited

ATPase activity of the myosin moiety. 
These results give direct evidence that the 
actin-myosin complex is dissociated as 
recently described by Goll et al. (1967).

The data in Table 1, show that after 
5 hr the concentration of A TP in the 
absence of M gCl2 was about five times 
as high as the level in the presence of 
MgCL. Statistical analysis revealed that 
these differences were significant at the 
0.05 level. Results of Levy et al. (1966) 
indicated that magnesium and A TP are

bound to the hydrolytic site on myosin. 
Szent-Gyorgyi (1951) stated that m ag
nesium has a high affinity for myosin, if 
present in high concentrations, and that 
bound magnesium ions result in the ab
sorption of A TP to the myosin molecule. 
Therefore, the m ore complete hydrolysis 
of ATP in the presence of MgCL may be 
the result of increased binding of ATP 
to the hydrolytic site.

The ATPase activity and relative 
change in turbidity for the different ex
traction times are shown in Tables 1 and 
2, respectively. Except for the significantly 
lower turbidity values at 1 and 15 min 
for samples extracted 24 hr post mortem, 
no differences were observed in ATPase 
activity and turbidity between the fibrillar 
protein extracts isolated from  prerigor 
muscle and muscle in rigor. Results sug
gest that actomyosin extracted from  m us
cle in rigor is indeed more easily dissoci
ated than actomyosin extracted from  pre-

Table 1—Effect of MgCL on the ATPase activity of the fibrillar protein extracts at 25°C.

T im e a fte r ad d in g  A T P -
P o st-m o rtem  ----- ----------------------------------------------------------------------------------------------------

tim e  o f  A d d ed  1 10 15 20 1 2 5
ex trac tio n M gC L m in m in m in m in hr hr h r

0 h r Y es 3 7 .8 3 1 .0 2 4 .8 17.6 8 .8 7 4 .2 1 .2
0 h r N o 3 1 .2 14 .6 8 .1 7 .0 7 .1 7 .5 6 .1

24 h r Y es 3 9 .8 3 3 .0 2 6 .8 18 .4 8 .5 4 .8 1 .5
24 h r N o 3 2 .6 2 2 .5 11 .8 9 .1 10.1 7 .4 6 .2

1 T h e  reac tion  w as s ta rted  by ad d in g  1 m l o f  0.01 M A T P  (p H  6.4) to  24 m l o f  th e  d ilu ted  p ro te in  
ex trac t. W hen  M gC L w as ad d ed , 1 m l o f  0.01 AT M gC L  w as ad d ed  to  23 m l o f  th e  d ilu ted  p ro te in  
ex trac t an d  th e  reac tio n  w as s ta rted  by  ad d in g  A T P.

2 V alues a re  expressed  as % o f  ad d e d  A T P .
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Table 2—Effect of MgCI? on the relative change in turbidity of the fibrillar protein extracts 
at 25°C following the addition of ATP.1

P ost-m ortem  
tim e o f 

ex trac tion
A d d ed
M gC f.

T im e a f te r  ad d in g  A T P 2

1
m in

15
m in

30
m in

1
h r

2
h r

0 h r Yes 6 8 .9 7 2 .6 7 4 .3 8 1 .8 9 1 .5
0 h r N o 7 1 .0 9 2 .7 102.6 103.6 104.8

24 h r Yes 6 2 .8 6 9 .6 74 .3 8 1 .2 9 1 .S
24 h r N o 6 3 .9 7 3 .0 102.9 105 .0 106.9

1 T h e  reac tio n  w as s ta rted  by ad d in g  1 m l o f  0.01 M A T P  (p H  6.4) to  24 m l o f  the  d ilu ted  p ro te in  
ex trac t. W hen  M gC ls w as ad d ed , 1 m l o f  0.01 M M g C b  w as a d d ed  to  23 m l o f  the d ilu ted  p ro te in  
ex trac t an d  the  reac tio n  w as s ta r te d  by  ad d in g  A T P .

1 R eference op tica l density  values fo r  tu rb id ity  ran g ed  from  0.081 to  0.354. V alues a re  expressed  as 
rela tive  change in  tu rb id ity  in reg a rd  to  the  reference so lu tion .

Table 3—The relative changes in viscosity 
of the fibrillar protein extracts from prerigor 
and rigor muscle following the addition of 
pyrophosphate.1

P ostm o rtem  tim e 
o f  e x trac tio n

T im e

5 m in 1 h r 5 h r

0 h r 4 7 .0 4 7 .0 . 4 7 .0
24 h r 4 7 .9 4 6 .4 4 7 .0

1 T he changes in  viscosity w ere reco rd ed  a t
3 C fo llow ing the ad d itio n o f 1 m l o f  0.1 AY
p o tassiu m  p y ro p h o sp h a te  to  24 m l o f  th e  fibrillar 
p ro te in  ex trac t co n ta in in g  ap p ro x im ate ly  0.2 % 
p ro te in  an d  0 .4 -m M  ad d ed  M gC L.

rigor muscle. Fujim aki et al. (1965) and 
Robson et al. (1966) have reported that 
the specific activity of myosin B prepared 
from  rigor muscle was higher than that 
for myosin B prepared immediately after 
death.

Viscosity

The data in Table 3 indicates very little 
difference in the relative changes in vis
cosity of the fibrillar protein extracts 
from the prerigor and rigor muscle fol
lowing the addition of pyrophosphate. 
Thus, the interaction of actin and myosin 
in both pre- and postrigor muscle was 
weak enough that it was completely dis
sociated by pyrophosphate in 0.55M  KC1.

A num ber of investigators (N oda et al., 
1958; W atanabe et al., 1960; Tonom ura 
et al., 1961; Yasui et al., 1964; Mihalyi 
et al., 1966) have shown that pyrophos
phate in the presence of magnesium is as 
effective as ATP in dissociating actomyo- 
sin. Results from  the present experiment 
(Fig. 2) also indicate that pyrophosphate 
in the presence of magnesium is as effec
tive as ATP in clearing actomyosin. As 
the ATP was hydrolyzed, however, the 
viscosity of the solution returned to values 
greater than those obtained before the ad

dition of ATP. On the other hand, sam
ples cleared with pyrophosphate in the 
presence of magnesium retained low vis
cosity characteristics indefinitely.

The results of Bendall (1954) and Hell- 
endoorn (1962) showed that low con
centrations of pyrophosphate in com 
bination with N aCl increase the w ater
binding of cooked meat. Immediately 
after slaughter, muscle is usually in a 
relaxed state, has a high level of ATP 
and has excellent hydration and fat em ul
sifying properties. As the level of ATP 
declines, actin and myosin complex to 
form  actomyosin with a decrease in the 
hydration and fa t emulsifying properties 
of the meat. The results from  this experi
ment suggest that the addition of ATP to 
the fibrillar protein extract dissociated 
actomyosin, but then when the ATP was 
hydrolyzed, the complex between actin 
and myosin was reformed. However, in 
the presence of pyrophosphate the acto
myosin remained dissociated indefinitely. 
This indicates that pyrophosphate may in
crease the water-binding of cooked meat 
by retaining the dissociation of actomyo
sin, thus maintaining the dissociated con
dition of the muscle proteins similar to 
that found immediately after slaughter, 
when high levels of A TP are present.

The dissociating influence of the pyro
phosphate system, as observed in the 
present study, could be conditioned by 
the M g-pyrophosphate complex (Gran- 
icher-Frick, 1965). M artonosi et al. 
(1964) concluded that the binding site 
for the pyrophosphate on myosin is iden
tical with a portion of the ATPase center 
of myosin. Results of the present experi
m ent suggest that pyrophosphate may be 
bound to the site on myosin that is re
sponsible for the splitting of the actomyo
sin complex, but it is not involved in the 
form ation of a contractile complex of 
actin and myosin as apparently can occur 
in the presence of ATP.
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Connective Tissues from Normal and Pale, Soft and Exudative (PSE)
Porcine Muscles. 2. Physical Characterization

SUMMARY— The epimysial connective tissues from normal and PSE longissimus dorsi 
muscles were subjected to physical characterization. No differences in conventionally de
termined shrinkage temperatures were observed. However, differential thermal analysis 
(DTA) studies revealed that epimysium from PSE tissues had lower onset and recovery 
temperatures and contained a higher percentage of components melting at low tempera
tures than that from normal tissues. The epimysium from PSE muscles also had a higher 
initial moisture and lower dry matter content. Epimysial connective tissues underwent 
osmotic swelling in neutral solutions, with those from PSE muscles imbibing significantly 
more water than that from normal muscles. Dry matter content decreased during neutral 
swelling, probably due to a loss of ground substance. Collagen from PSE muscles had a 
molecular weight between cross-links (Me) of 6.37  x 104 and a resultant cross-'ink den
sity of 5 ,23/molecule, while normal tissues had corresponding values of 4.67  x 104 and 
7.73. These differences were only significant at the 10%  level.

IN TR O D UCTIO N
SEVERAL W ORKERS have indicated 
that the connective tissues may be altered 
in muscles from  pigs exhibiting the pale, 
soft and exudative (PSE) condition (Sayre 
et al., 1963; Briskey, 1964). Very little 
emphasis has, however, been placed on 
the nature of these alterations. McClain 
et al. (1968a) reported an altered or de
creased ground substance content in the 
epimysium from PSE longissimus dorsi 
muscles. A subsequent report (M cClain et 
al., 1969a) revealed that epimysium from 
PSE tissues had a higher content of newly 
synthesized tropocollagen. In addition, the 
collagen proteins had lower numbers or 
decreased strength of cross-links in com
parison to normal tissue.

This study was initiated to further 
characterize the chemical and physical na
ture of the epimysial connective tissues as
sociated with porcine muscles developing 
the PSE condition.

M ATERIALS & M ETH O D S
Shrinkage temperature (Ts)

The epimysium from six PSE and six nor
mal 1. dorsi muscles from market weight 
carcasses was removed and handled as de
scribed previously McClain et al., 1968a). 
Thermal shrinkage temperatures were de
termined on epimysial collagen by a method 
similar to that of Gross (1964). Samples 
were floated in 0.9% sodium chloride on the 
heating stage of a Fisher-Johns melting point 
apparatus. A cover slip was placed over the 
heating stage, and the samples were sub
jected to heat at the rate of 3°C/min. The 
temperature was noted and recorded at the

* P re sen t ad d ress : F o o d  Q uality  and  U se L a b 
o ra to ry , H u m a n  N u tr i tio n  R esearch  D ivision, 
A R S , U S D A , Beltsville , M a ry lan d  20705.

beginning of shrinkage, at the end cf shrink
age and at the temperature of complete dis
solution.

Differential thermal analysis (DTA)
The instrument used for this investigation 

was the Du Pont 900 Differential Thermal 
Analyzer. The technique utilized has been 
reported previously (McClain et al., 1969b). 
Approximately 30 mg of sample was used, 
and the heating rate was 10°C/min under an 
air atmosphere. The T scale was set at 
10°C/min, the AT scale at 0.2°C/in. and 
the base line slope at —0.2.

Stress-strain and swelling measurements
The stress-strain method used was essen

tially that of Wiederhorn et al. (1953). The 
apparatus utilized has been described pre
viously by McClain et al. (1969b). Swelling 
characteristics of the epimysial connective 
tissues were evaluated by the change in 
weight observed after soaking in various sol
vents. Dimensional changes were also mea
sured for the swollen samples.

RESULTS &  DISCUSSIO N
Thermal shrinkage

Tem peratures at the onset of shrinkage,

Table 1—Thermal shrinkage temperature 
normal and PSE I. dorsi muscles.

completion of shrinkage and denaturation 
were very similar in epimysium from  both 
PSE and normal tissues (Table 1). The 
differences between the various tem pera
ture param eters were not statistically sig
nificant. These results were surprising in 
light of previously reported results (M c
Clain et al., 1969a) which indicated a de
crease in the am ount of cross-linking, or a 
less stable type collagen in the epimysium 
from PSE muscles.

Differential thermal analysis

Results of the D TA  study on epimys
ium from  normal and PSE tissues are 
shown in Table 2. Although differences 
between the epimysium from norm al and 
PSE muscles appeared to be small, analy
sis of variance revealed they were highly 
significant (P <  0.01) in all four D TA  
parameters.

On the basis of the data in Table 3, it is 
apparent that epimysium from PSE m us
cles had a total melting point range simi
lar to that for norm al muscles. However, 
onset and recovery occurred at lower tem 
peratures. The PSE tissues also contained 
a higher percentage of components or 
cross-links that melted at a low tem pera
ture. This probably explains the increased 
am ount of salt-soluble collagen and the 
greater release of heat labile collagen re
ported for the epimysium from PSE tis
sues (M cClain et al., 1968a).

The results of the DTA study also ex
plain why no differences in Ts values were 
observed between normal and PSE epi
mysium in the therm al shrinkage studies 
conducted with the melting point appara
tus. It is readily apparent that therm al

(Ts, °C) of epimysial connective tissues from

PSE N o rm a l

A nim al
no.

O nse t o f  
sh r in k a g e 1

C o m 
p le tion  o f  
sh r in k a g e 2

D é n a tu ra 
t io n 3

A nim al
no.

O nse t o f  
s h r in k a g e 1

C o m 
p le tio n  o f  

sh r in k a g e 2
D é n a tu ra 

t i o n 3

1 6 0 .0 0 6 1 .0 0 6 4 .0 0 2 5 9 .0 0 6 0 .0 0 6 2 .0 0
4 5 8 .5 0 5 9 .5 0 6 1 .0 0 3 5 9 .0 0 6 0 .0 0 6 2 .0 0
6 5 9 .0 0 6 0 .0 0 6 1 .0 0 5 5 9 .0 0 6 0 .0 0 6 1 .5 0

M ean 5 9 .1 6 6 0 .1 6 6 2 .0 0 5 9 .0 0 6 0 .0 0 61 .83

1 T em p era tu re  a t  beg inn ing  o f  sh rinkage.
2 T em p era tu re  a t  end  o f  sh rinkage.
3 T em p era tu re  a t  com ple te  loss o f  opac ity .
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Table 2—Differential thermal analysis of epimysial connective tissues from normal and 
PSE I. dorsi muscles.

E x tra p o la te d 2
A nim al O n s e t,1 onse t, P e a k ,3 R e co v e ry ,4

no . °C °c °C °c
P S E

1 46.41 58 .88 65 .87 78 .99
4 4 6 .9 8 59 .47 6 5 .9 7 78 .99
6 4 6 .2 5 5 9 .0 0 6 5 .6 4 76 .03

10 4 9 .6 9 5 8 .6 2 65 .25 7 4 .9 4
8 4 6 .0 4 58 .58 65 .41 7 6 .6 0

14 4 5 .4 2 5 7 .9 6 6 5 .8 7 7 8 .3 7
M ean 4 6 .793 5 8 .7 5 ’ 6 5 .673 7 7 .325
S td . dev. 1 .50 0 .5 0 0 .2 9 1 .70

N orm al
2 4 9 .3 8 60 .93 66 .81 81 .25
3 4 8 .7 5 59 .63 66 .03 8 0 .9 85 4 9 .3 7 59 .15 66 .03 7 7 .9 6
7 5 0 .0 0 60 .35 6 6 .7 0 81 .48

11 4 9 .7 4 60 .18 66 .03 81 .19
13 4 9 .3 7 60 .45 66 .19 82 .93

M ean 4 9 .4 4 6 0 .1 2 6 6 .3 0 80 .97
S td . dev. 0 .4 2 0 .6 3 0 .3 6 1.63

1 O nse t =  tem p e ra tu re  a t w hich  th e rm o g ram  d ep a rts  fro m  baseline. I t  is  the  first in d ica tio n  o f  a 
physical change (M cC la in  e t a l„  1968b).

2 E x trap o la ted  on se t =  tem p e ra tu re  co rre sp o n d in g  to  the  in te rsec tion  o f  e x trap o la tio n s  o f  the  base
line  and  the longest s tra ig h t line section  on  th e  low  tem p e ra tu re  side o f  p eak  (M cC la in  e t a l., 1968b). 
I t  rep resen ts the s ta rtin g  tem p e ra tu re  o f  the m a jo r  p o r tio n  o f  the  tran sfo rm a tio n .

3 Peak =  tem p e ra tu re  o f  reversal o r  the  tem p e ra tu re  a t  w hich the  d ifferential betw een the  sam ple 
a n d  reference is g rea test. In  co m p o u n d s  u ndergo ing  fusion , th is rep re sen ts  the  m eltin g  p o in t (M cC la in  
e t  ah , 1968b),

4 R ecovery  = tem p e ra tu re  a t w hich  th e  th e rm o g ram  re tu rn s  to e ith e r  the  sam e o r  a d ifferent baseline 
(M cC la in  e t ah , 1968b).

5 D ifference betw een m eans fo r  ep im ysium  fro m  PSE  and  n o rm al m usc les significant a t  P  <  0.01 
level.

shrinkage does not occur at a given tem
perature, but rather over a wide and vari
able range. In addition, the differences in 
D TA  peak tem perature were very slight, 
although significant at the 1% level, and 
probably would not be detected by con
ventional methods.

It is interesting to note that the DTA 
param eters for the epimysium from  PSE 
muscles are intermediate to those for the

two tissue types in the dry m atter content 
after soaking. The epimysium from  PSE 
tissues lost an average of 4.90%  dry m at
ter during soaking, while the normal tis
sue lost 6.49% .

The lower dry m atter content and de
creased loss of dry m atter from  the PSE

Table 3—DTA1 data on melting ranges for 
epimysial connective tissues from normal 
and PSE I. dorsi muscles.

S ource  o f  
ep im ysial tissu es2

N o rm a l PSE  
m uscles m uscles

T o ta l m eltin g  ran g e— °C 31 .53 30..53
O nse t to  p eak — °C 1 6 .8 6 3 18..88
O nse t to  p eak — %  o f 5 3 .5 0 3 61,.80

to ta l m elting  range
P eak  o f  recovery— °C 1 4 .6 7 3 11..65
P eak  o f  recovery  a s  % o f 4 6 .5 0 3 38..20

to ta l m elting  range

1 D T A — D ifferen tia l th erm al analysis.
2 A ll m uscles fro m  an im als ap p ro x im ate ly  5 

m o n th s  o ld .
3 D ifference betw een  m ean s fo r  ep im ysium  fro m  

PSE an d  n o rm a l m usc les sign ifican t a t  P  <  0.01 
level;

tissues during soaking in water could re
flect a lower ground substance content. 
This conclusion is substantiated by the 
findings of M cClain et al. (1968a), which 
revealed a lower content of metachro- 
matic staining material in the epimysium 
from  PSE pigs.

There was also a significantly greater 
(P <  0.05) am ount of water imbibed by 
epimysium from  the PSE pigs. The in
creased water uptake in epimysium from  
PSE tissues is not completely compatible 
with our knowledge of water-binding by 
connective tissues. G round substance is 
noted for its water holding capacity. Thus, 
the apparent low content of ground sub
stance in the epimysium from PSE tissues 
should limit the water imbibing capacity 
of the tissues. On the other hand, if the

7 week-old pigs as reported by McClain 
et al. (1968b), and the norm al 5 month- 
old pigs from the present study. The 
workers cited above reported a total melt
ing point range from onset to peak and 
from peak to recovery, respectively, of 
62.40 and 37.60% for the epimysium 
from 7 week-old pigs. These param eters 
were 61.80 and 38.20%  for the epimys
ium from 5 month-old pigs exhibiting the 
PSE condition, and 53.50 and 46.50%  for 
epimysium from normal 5 month-old pigs 
in the present study.

Swelling and stress-strain studies
The results of a swelling study con

ducted on epimysial connective tissues 
from normal and PSE muscles are shown 
in Table 4. Analysis of variance revealed 
a significantly (P  <  0.05) lower initial 
dry m atter content and a higher initial 
moisture content in the epimysium from 
PSE tissues. These differences approached 
significance at the 1% level. N o signifi
cant differences were evident between the

Table 4—Neutral swelling characteristics of epimysial connective tissues from normal and 
PSE I. dorsi muscles.

A nim al
no.

In itia l 
m o is tu re ,1

%

In itia l
dry  m a t te r ,1

%

D ry  m a tte r  
a f te r  so a k in g ,1

%

D ry  m a tte r  
lo s t ,1

%

W ate r
u p ta k e ,2

%

P S E
1 63 .25 3 6 .7 5 2 9 .2 8 7 .4 7 10.35
4 6 2 .7 4 3 7 .2 6 3 3 .7 6 3 .5 0 11 .00
6 6 1 .9 0 3 8 .1 0 36 .75 1 .32 14 .78
8 6 3 .7 8 3 6 .2 2 2 8 .9 2 7 .3 0 10 .47

10 63.01 36 .99 3 1 .8 8 5 .11 13 .84
14 6 3 .9 4 3 6 .0 6 3 1 .8 8 4 .6 8 16 .58

M ean 6 2 .9 6 3 3 6 .9 0 3 3 2 .0 8 4 .9 0 1 2 .8 4 3
S td . dev. 0 .6 2 0 .7 4 2 .9 2 2 .3 3 2 .6 1

N orm al
2 5 9 .8 4 4 0 .1 6 3 4 .4 6 5 .7 0 5 .41
3 6 2 .1 4 3 7 .8 6 3 5 .7 8 2 .0 8 10.29
5 5 8 .9 6 4 1 .0 4 3 6 .6 5 5 .3 9 12.85
7 5 6 .5 0 4 3 .5 0 29 .69 13.81 9 .0 3

11 61 .33 3 8 .6 7 29 .49 9 .1 8 7 .2 7
13 6 2 .1 7 37 .83 35 .05 2 .7 8 4 .6 3

M ean 6 0 .1 6 3 9 .8 4 3 3 .3 5 6 .4 9 8 .25
S td . dev. 2 .2 0 2 .2 0 2 .9 5 4 .3 8 3 .1 0

1 P ercen t o f  in itia l w et w eigh t o f  tissue.
2 g w atcr/g  tissue.
3 D ifferences betw een  m ean s fo r  ep im ysial connective  tissues fro m  PSE  a n d  n o rm a l m usc les significant 

a t  P <  0.05 level.
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Table 5—Results of stress-strain measurements on epimyslal connective tissues from 
normal and PSE I. dorsi muscles.

PSE N o rm al

A n im al
no . M c 1 X 104

C ross-links/
m o lecu le2

A n im al
no. M c 1 X 104

C ross-links/
m o lecu le2

14 4 .3 4 6 .9 0 7 2 .9 7 10.09
4 10.83 2 .7 6 2 9 .1 0 3 .3 0
1 7 .6 5 3 .91 13 5 .91 5 .0 8
6 4 .9 0 6 .11 3 2 .51 11.95
8 4 .5 0 6 .6 8 11 3 .6 0 8 .33

10 5 .9 4 5 .0 4 5 3 .9 2 7 .6 4
M ean 6 .3 7 5 .23 4 .6 7 7 .7 3
S td . dev. 2 .5 1 1 .65 2 .4 6 3 .1 7

1 M e =  m o lecu la r  w eigh t betw een  cross-links.
2 A ssum ing  a  m o lecu la r  w eight o f  300,000 fo r th e  co llagen  m olecule.

swelling characteristics of collagen are re
flections of looser molecular ordering and 
less cross-linking (Gustavson, 1956; Fels,
1966), then the epimysium from  PSE tis
sues would be expected to imbibe larger 
amounts of water.

The results of stress-strain studies on 
epimysial connective tissues from normal 
and PSE muscles are shown in Table 5. 
The molecular weight between covalent 
cross-links (M e) was 6.37 X 104 in the 
case of the epimysium from  PSE tissues 
and 4.67 X 104 for the norm al tissues. 
The corresponding cross-linking values 
were 5.23 and 7.73, respectively. These 
differences were, however, only significant 
at the 10% level. H ere again, it is interest
ing to note that stress-strain values found 
for the epimysium from  PSE pigs were 
very similar to those of the 7 week-old

baby pig reported by M cClain et al. 
(1968a).

Results of this and previous studies 
(McClain et al., 1969a,b) show that con
nective tissue from PSE pigs is altered as 
com pared to that from norm al animals. 
The epimysium from  PSE muscles ap
parently has a lower or altered ground 
substance content and the collagenous 
proteins are less mature, containirg fewer 
intra- and probably inter-molecular cross
links. W hether the altered connective tis
sue make-up is actually a causative factor 
in the development of the PSE condition 
or merely a result of rapid post-mortem 
changes remains to be elucidated.
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Studies on Natural Actomyosin: Survey of Experimental Conditions
SUMMARY— Natural actomyosin was prepared from the longissimus dorsi of both 
bovine and rabbit. Rabbit actomyosin had about two times the ATPase activity of bovine 
muscle actomyosin. However, both types of natural actomyosin behaved in a similar 
manner with respect to ionic conditions. They were activated by Mg** at low KCI (20-50  
mM), inhibited by Mg** at high KCI (100 mM) and activated by Ca** at high KCI (100 
mM). Bovine actomyosin, in contrast to rabbit actomyosin, did not show activation at 
low Mg** (0.01 mM) in the alkaiine pH range. Maleate, when used as Tris-Maleate buffer, 
inhibited superprecipitation of natural actomyosin from rabbit and bovine muscle. It was 
hypothesized that the low ATPase activity and the non-activation at low Mg** in the al
kaline pH range of bovine compared to rabbit actomyosin was a species difference.

IN TR O D U C TIO N

•Present address: Food Research Division, T H E  IN p LU EN C E of various ions and 
Armour & Co., Oak Brook, 111. ionic concentrations on the ATPase ac

tivity of natural actomyosin has been 
well docum ented (W eber, 1959; Nihei 
et al., 1966; W atanabe et al., 1964, 1965). 
Various electrolytes, especially the alka
line earth metals, Ca++ and M gi+, have 
been shown to alter the reactions and in
teractions of actomyosin and A TP. At 
sufficiently high ionic strength, addition 
of A TP and M g+t results in clearing of 
actomyosin (Spicer, 1952; M aruyam a et 
al., 1962a,b). On the other hand, at low 
ionic strength A TP and M g++ cause a 
rapid onset of superprecipitation (Szent- 
Gyorgyi, 1947; Ebashi, 1961). Calcium
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Fig. 1— Effect of KCI and Mg*+ concentra
tions on ATPase activity of actomyosin. 
Final concentration: KCI and Mg++ as indi
cated; 1 mM ATP; 20 mM tris-acetate (pH 
6.8); 0.33 mg actomyosin/ml; [Mg++] in M. 
Temp. 25°C.

by itself stimulates actomyosin ATPase; 
however, the degree of superprecipitation 
is in m any cases either antagonized or de
pressed by C a++ (Szent-Gyôrgyi, 1943; 
Azzone et al., 1964; W atanabe et al.,
1965). Nevertheless, C a++, in the presence 
of A TP and Mg++, is thought to be the key 
cation that regulates or controls activity of 
natural actomyosin (Ebashi, 1961; W eber 
et al., 1964).

The purpose of the experiment was to 
establish the conditions under which the 
properties of bovine actomyosin could be 
studied with the ultim ate objective of re
lating such properties to tenderness. The 
properties of rabbit actomyosin under 
various conditions are well known. There
fore, we used rabbit actomyosin as a 
standard of com parison in the investiga
tion of bovine actomyosin. The influence 
of ionic strength, various cations, EDTA. 
pH  and buffer composition on the proper
ties o f bovine and rabbit actomyosin are 
described in this paper.

EX PER IM EN TA L
Preparation of natural actomyosin

Natural actomyosin was prepared from the 
longissimus dorsi of rabbit and bovine ani
mals according to the procedure of Endo 
(1964), with slight modifications. Minced 
muscle (50 g) was mixed with three volumes 
of water, homogenized for 3 min in a Waring 
Blendor, and centrifuged 10 min at 7,000 x 
g to remove sarcoplasm. The residue was 
suspended in four volumes of 0.6 M KCI

with 0.01 M NaH C03. After a 6-8 hr extrac
tion period with slow gentle stirring at ap
proximately 50 rpm, the solution was centri
fuged at 15,000 X g for 1 hr and the residue 
was discarded. Two volumes of cold water 
were added to the supernatant, stirred gently 
to precipitate the actomyosin and centrifuged 
10 min at 7,000 x  8- The residue was dis
solved in 3 M KCI to a final concentration 
of 0.6 M, and then 0.15 M KCI was added 
with gentle stirring to bring the KCI con
centration to 0.25 M. The solution was then 
centrifuged for 10 min at 7,000 x 8 - The 
residue was dissolved in 3 M KCI to a final 
KCI concentration of 0.6 M. Cold water was 
then added with gentle stirring to a KCI con
centration of 0.15 M. The solution was cen
trifuged 10 min at 4,000 x  g, decanted and 
recentrifuged 10 min at 7,000 x 8 - The pre
cipitated actomyosin was dissolved in 1 M 
KCI to bring the concentration to 0.6 M, 
after which it was clarified at 20,000 X g for 
1 hr. All operations were performed below 
4°C and, unless noted otherwise, all solu
tions also contained 0.5 mM N aH C03. Sam
ples were stored in a deep freeze at —20°C 
with an equal volume of glycerol at least 1 
week before use. Samples used in experiments 
were washed free of glycerol by adding wa
ter to a concentration of 50 mM KCI and 
washed twice more with 50 mM KCI. They 
were dissolved in 0.6 M KCI and clarified at
20,000 x  g for 1 hr. Such preparations were 
held at 0°C and used within 10 days.

Measurement of ATPase activity
Actomyosin ATPase activity was deter

mined by measuring inorganic phosphate 
liberation at 25°C. The actomyosin was sus
pended in the appropriate reaction medium 
(see table and figures) and 30 sec later the 
reaction was started by adding ATP. Aliquots 
for phosphate analysis were removed at regu
lar intervals and the reaction was terminated 
by addition to cold 15% TCA. Inorganic 
phosphate was determined according to the 
method of Fiske et al. (1925), as modified 
by Ouass et al. (1968), at 37°C, with a re
action time of exactly 10 min. ATP hydroly
sis was followed and was negligible during 
this period of color development. The initial 
reaction rate was established by plotting mM 
phosphate concentration versus time, and the 
slope of the line was determined. Results 
were expressed as ¿¿M Pi /mg protein per min.

Superprecipitation of actomyosin
The turbidity method of Seraydarian et al.

(1967) was used, except a Beckman D.B. 
Spectrophotometer with a Texas Instrument 
recorder was employed (at 660 m ). A pro
tein concentration of 0.35 mg/ml was used 
and the actomyosin was suspended in the 
electrolyte medium, with KCI added first and 
Mg++ added just prior to ATP addition. All 
reactions were conducted at 25 °C.

Protein concentration
Protein concentrations were measured by 

the biuret method (Gornall et al., 1949) 
standardized against crystalline bovine serum 
albumin.

Materials
All reagents were analytical reagent grade. 

The disodium salt of ATP (Sigma Chemical

Co., St. Louis, Mo.) was washed in Dowex 
50 and neutralized with KOH before use.

RESULTS &  DISCUSSIO N
Effect of KCI and Mg * concentrations on 
ATPase activity

Both rabbit and bovine actomyosin 
were sim ilar in  the response of ATPase 
activity to increased KCI and M g" con
centrations (Fig. 1 ). The activity of 
rabbit natural actomyosin (Fig. la )  was 
about twice that o f bovine natural acto
myosin (Fig. lb ) .  A t low (20 m M ) KCI 
concentration, increasing the M g " con
centration resulted in the increased activa
tion of the ATPase activity. W hen the 
KCI concentration was increased, the ac- 
tivity-Mg++ relationship shifted to bell
shaped curves emphasizing the diphasic 
response to increasing M g++ (W atanabe et 
al., 1964). A t high KCI concentration, 
M g++ exerted an inhibitory effect, espe
cially for bovine actomyosin, even at 
10'5 M M g++ as the clearing reaction was 
observed concom itantly with the slow 
ATPase activity. N o attem pts were made 
to remove C a++ from  reagent grade KCI 
used in these experiments; therefore, the 
activating effect of M g " was easily dem 
onstrated at low KCI concentrations. The 
inhibitory effect of high KCI concentra
tions on ATPase was due either to an in
crease in the ionic strength resulting in 
clearing (M aruyam a et al., 1962a,b), or 
K + binding to protein (M aruyam a et al., 
1963; N ihei et al., 1966), o r both. N ihei 
et al. (1966) have presented a simple 
mechanism whereby the binding of diva
lent cations to actomyosin explained the 
activation by Mg++ and an increase in K + 
concentration displaced divalent cations 
from  binding sites resulting in inhibition. 
The clearing of actomyosin at an ionic 
strength of 0.15 to 0.16 brought about by 
ATP in the presence of M g++ has been 
interpreted as being due to dissociation of 
actomyosin into its constituent proteins, 
myosin and actin (M aruyam a et al., 
1962a,b).

Interrelationships among KCI, Ca++, and 
Mg++

The effect of KCI concentration on 
Ca++-activated ATPase is shown in Figure
2. Rabbit actomyosin behaved similarly to 
bovine actomyosin and optim um  activity 
was reached in both at 100 mM  KCI. The 
effect of increasing Ca++ in the presence 
of M g++ is shown in F igure 3. Ca++ ac
tivated the ATPase of rabbit natural acto
myosin at concentrations up to 1 mM; 
however, at 10 mM, C a++ actually in
hibited the ATPase. Bovine actomyosin 
at 75 mM KCI and 0.1 m M  M g++ did not 
respond to increasing Ca++ concentrations. 
This m ay have been due to displacement 
of protein bound Mg++ by C a++ (Nihei et 
al., 1966). A t high KCI (150 m M ). C a++

b
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Fig. 2— Effect of KCI concentration on Ca**- 
ac tivated ATPase activity of natural acto
myosin. Final concentration: 1 mM ATP; 
20 mM tris-acetate (pH 6 .8 ); 1 mM Ca**; 
0 .33  mg actomyosin/ml. Temp. 25°C.

Fig. 3— Influence of Ca1 Mg**, and KCI on 
ATPase activity of natural actomyosin. 
Final concentrations: KCI and Mg** as indi
cated; 1 mM ATP; 20 mM tris-acetate (pH 
6 .8 ); 0.33 mg actomyosin/ml; [Ca++] in 
M. Temp. 25°C.

Fig. 4— Influence of pH on ATPase activity 
of natural actomyosin. Final concentra
tions: 50 mM KCI; 1 mM ATP; Mg** as in
dicated; 20 mM tris-acetate; 0.33 mg/ml 
actomyosin. Temp. 2 5 °C.

did not overcome inhibition by Mg"+ until 
a concentration of 10 mM  was reached. 
Barany et al. (1960) concluded that when 
Ca++ was the only bivalent cation present, 
actomyosin split A TP with a mechanism 
similar to that of myosin. M iihlrad et al. 
(1965) found there was an “essentiality of 
Ca++” for ATPase of myofibrils and that 
free C a++ at concentrations of 10“  M sup
pressed the dissociation of actomyosin 
that occurred in the presence of suffi
ciently high Mg++ and ATP, but low free 
Ca++ (10 7 M ). W eber et al. (1964) con
cluded that the Ca-actomyosin complex 
form ed when the Ca++ concentration was 
sufficiently high reversed the dissociating 
effect of Mg++ in the presence of ATP.

Effect of EDTA
As shown in Table 1, ED TA  washing 

of natural actomyosin had little effect on 
the activity of the Mg++-activated ATPase 
(no attem pt was made to  remove C a,+ 
from  the KCI used in these experim ents). 
ED TA  inhibited the ATPase of natural 
actomyosin in the presence of 1 mM M g++ 
while addition of 1 mM  Ca++ reversed the 
inhibition by ED TA  and M g++. It is well

Fig. 5— Influence of buffer on superprecipi
tation of natural actomyosin. Final concen
trations: KCI as indicated; 1 mM ATP; buf
fer as indicated (pH 6 .8 ); 1 mM Mg**; 0.35 
mg/ml actomyosin. Temp. 2 5 °C.

established that Ca++ is needed for activity 
of natural actomyosin but not actomyosin 
reconstituted from  pure myosin and pure 
actin (Perry et al., 1956; W eber et al., 
1963; Ebashi et al., 1964). These studies 
implicated “native tropom yosin” (Ebashi,
1963) containing the C a++-sensitizing p ro 
tein factor, troponin (Ebashi et al., 
1965b), as being present in natural acto- 
myosin, but not in reconstituted actom yo
sin. It appears, therefore, that bovine 
natural actomyosin also contains “native 
tropomyosin.”

Effect of pH
Figure 4 summarizes the effect o f pH  

on Mg++-activated ATPase at various con
centrations of M g++. The optim al pH  fo r 
natural actomyosin of rabbit (Fig. 4a) 
and bovine (Fig. 4b) muscle was about 
pH  6.8 at 0.1 and 1 mM Mg++. However, 
optim um activity was shifted to a higher 
pH  for rabbit natural actomyosin (Fig. 
4b) when 0.01 mM  Mg++ was used. These 
data are in general agreement with those 
of W atanabe et al. (1965) and Carvalho 
et al. (1966) for ATPase of rabbit natural 
actomyosin, and of M aruyam a (1966) 
for ATPase of insect actomyosin. T hat 
bovine actomyosin did not have its 
ATPase increase in a m anner similar to  
rabbit actomyosin in the alkaline range 
(pH  7.5) at 0.01 mM Mg“  may be a 
reflection of a higher red fiber content in 
the bovine longissimus dorsi than in rabbit 
longissimus dorsi (M oody, 1967, personal 
com m unication). Barany et al. (1965) 
have shown the Ca++ and EDTA-activated 
ATPase of myosin from red muscle did

Table 1— Effect of EDTA on A TP a se1 of 
natural actomyosin

E D T A  co n cen tra tio n

T re a tm e n t2 0
(m M ) 

0 .0 1  0 .1 1 .0

R abb it
C o n tr o l3 .212 .168 .024 .018
E D T A -w a sh e d 4 .220 .170 .034 .028
C o n tro l +  1 m M

Ca++ .231
E D T A -w ash ed  4- 1 

m M  C a ++ — — — .242

Bovine
C o n tr o l3 .066 .054 .015 .011
E D T A -w ash ed 4 .064 .055 .014 .009
C o n tro l +  1 m M

Ca++ .056
E D T A -w ash ed  - f  1 

m M  C a ++ — — — .076

1 A T P a se  activ ity  in  P j/m g  p e r  m in .
2 F in a l c o n cen tra tio n s : 50 m M  K C I, 20 m M  

tris -ace ta te , p H  6.8, 1 m M  M gC L , 1 m M  A T P . 
T em p . 25 °C .

5 C o n tro l sam ples w ere w ash ed  a f te r  rem o v a l 
f ro m  glycerol th ree  tim es w ith  50 m M  K C I.

4 S am ples w ere w ash ed  o n ce  a f te r  rem o v a l from  
glycerol w ith  50 m M  K C I p lu s  1 m M  E D T A  an d  
th en  tw ice m o re  w ith  50 m M  K C I.
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not increase com pared to myosin from  
white muscle in the alkaline pH  range.

Superprecipitation and buffer composition
The influence of buffers on superpre

cipitation of actomyosin was investigated. 
Tris-maleate was used initially because 
Ebashi (1961) had used it in his studies 
of superprecipitation. However, we found 
that the rate of superprecipitation of bo
vine actomyosin was strongly inhibited by 
40 mM tris-20  mM  maleate (Fig. 5b ). 
Tris-maleate also inhibited, but to a lesser 
degree, superprecipitation of rabbit natu
ral actomyosin. W hen identical concentra
tions (60 m M ) of trisacetate were used 
(Fig. 5) the inhibition of superprecipita
tion was less dramatic. These observations 
were interesting in view of the finding of 
Ebashi et al. (1965a) that a-actinin was 
necessary fo r superprecipitation to occur 
with reconstituted actomyosin. These in
vestigators used tris-maleate in their reac
tion mixture. Only under very special con
ditions, including the presence of tris- 
maleate, could Briskey et al. (1967a,b) 
duplicate the findings of Ebashi et al. 
(1965a).

In searching for an explanation of the 
effect o f the m aleate ion it was found that 
maleate is classified as an enzyme and 
metabolic inhibitor (Webb, 1966). Webb 
suggested that m aleate reacted with SH 
groups on proteins if steric conditions per
mitted, bound activating cations, chelated 
enzyme-bound m etal ions, and competed 
with certain anionic substrates. The mech
anism, therefore, whereby maleate could 
inhibit natural actomyosin is not known, 
but could possibly be by any of the mech
anisms m entioned above, o r by nonspe
cific ionic or ionic strength effects. This 
may be partially due to the double nega
tive charge on the m aleate molecule. 
Therefore, it was decided that further 
experiments with superprecipitation of 
natural actomyosin would be accom
plished using tris-acetate instead of tris- 
maleate.
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Effect of Dietary Fats on Some Chemical and
Functional Properties of Eggs

SUMMARY— Laying puliets were fed a low fat semipurified diet or the low fat d ’et sup
plement with 10%  vegetable oil (corn, soybean, olive, safflower or hydrogenated co
conut oil). The eggs were analyzed for change in the fatty acid composition of tne total 
yolk lipids with time on the diet and for fatty acid composition of the triglyceride, cepha- 
lin and lecithin fractions of lipovitellin and lipovitellenin. Determinations were made for 
volume of sponge cakes, emulsification, and lipid content of stored eggs. A taste panel 
was used to assess any difference in flavor and mouth feel of yolk from stored eggs. The 
fatty acid composition of the total yolk lipids was influenced by all dietary fats. The ma
jor change was in the linoleic acid at the expense of oleic acid with corn, soybean and 
safflower oil. Olive oil increased the oleic acid and hydogenated coconut oil increased 
lauric, myristic and myristoleic acids. The fatty acid composition of the fractions of the 
lipoproteins was influenced by the dietary fats and varied between fractions. Differences 
were noted between spcnge cake volume with eggs of low fat, corn oil, soybean oil and 
hydrogenated coconut oil diets. The dietary fats did not appear to affect emulsification 
capacity or migration of the yolk. A taste panel was unable to differentiate on the basis 
of flavor or mouth feel the egg yolk from the several treatments.

IN TR O D U C TIO N
T H E  CH A N GES that occur in fatty acid 
composition of egg yolk lipids by modify
ing the dietary fa t have been extensively 
studied since the early report of Cruick- 
shank et al. (1939). Cruickshank et al. 
(1939), Reiser (1950), Fisher et al., 
(1957) and several others more recently 
have found the fatty  acid composition of 
total yolk lipids to vary significantly, de
pending on the fatty acid composition of 
the dietary fats.

M ost of the reports have dealt with 
modifying the unsaturated fatty acid com
position of the total yolk lipids. Chung et 
al. (1964) reported increases in linoleic 
acid with com parable decreases in oleic 
acid when corn oil or soybean oil was in
cluded in the diet of the hens. They also 
found a large deposition of short-chain 
fatty acids (lauric, myristic and m yristo
leic acids) resulted from  dietary supple
m entation with hydrogenated coconut oil.

There is relatively limited inform ation 
on the effect of dietary fats on the glycer
ide and phospholipid fractions of the yolk 
(Reiser, 1950; Choudhury et al., 1959; 
Evans et al., 1961). Chen et al. (1965) 
reported that when linseed oil was in
cluded in the diet of the hen, linoleic acid 
was deposited to a greater extent in the 
triglyceride fraction than in the phospho
lipid fractions.

There is little inform ation, however, 
upon the effect, if  any, o f different fats in 
the hen’s feed upon the functional prop-

* P re sen t ad d ress : Q u a k e r  O a ts  C o ., 617 W . 
M a in  St., B a rrin g to n , I llino is  60010.

erties of the eggs produced. Jordan et al.
(1962) reported a significant improve
m ent in volume of sponge cakes made 
from  eggs laid by hens fed a diet contain
ing 10% corn oil. They found no effect of 
dietary fat on emulsifying capacity of egg 
yolk when com paring 10% corn oil or 
beef tallow to a low fa t diet. Jordan et al. 
(1960) found a significant flavor differ
ence between eggs from  hens fed 10% 
beef tallow and a low fat ration.

This study was initiated to investigate 
the effect of additional dietary fats on the 
fatty acid composition of yolk lipids and 
the lipid fractions of the lipoproteins. The 
study also included the effect of changes 
in dietary lipids o f the hens on some func
tional properties of the eggs.

EXPER IM EN TA L
PROCEDURES

Design of experiments
White Leghorn hens were randomly dis

tributed into six groups of 30 hens each. The 
dietary treatments consisted of a low fat con
trol ration (LF) (Table 1) and the low fat 
ration supplemented with 10% corn oil (CO), 
soybean oil (SO) hydrogenated coconut oil 
(HCO), safflower oil (SFO) or o'.ive oil 
(OO). All groups were fed the control ration 
for two weeks; thereupon they were fed the 
respective experimental ration. After eight 
weeks on the experimental rations, they were 
again fed the control ration.

Rations containing the various vegetable 
oils were fed to hens to study influence of the 
oil on: (1) the total yolk lipid content, (2) 
the change in fatty acid composition of the 
total lipids of yolk with respect to time on 
the ration, and (3) the fatty acid composi
tion of the triglyceride, lecithin and cephalin

fractions of the lipovitellin and lipovitellenin.
The eggs were used to study the effect of 

the modified fatty acid composition on: (1) 
emulsification capacity of the whole yolk, 
(2) sponge cake volume, (3) flavor and 
mouthfeel of the yolk of stored eggs, and 
(4) migration of lipids from the yolk to the 
white during storage.

Egg yolk and white
Eggs were collected every Sunday, Tues

day and Thursday evening during the first 
three weeks and last three weeks of the ex
periment for analysis the following day. 
These analyses included emulsifying capacity 
of yolk, and sponge cake volume. The yolks 
from each treatment were pooled and 
blended in a Waring Blendor. The whites 
from all treatments were pooled, blended in 
a Waring Blendor and strained through 
cheese cloth. These whites were added back 
to the yolk in natural proportion for use in 
making sponge cakes.

Lipoproteins
Eggs were collected on Sunday of the fifth 

through eighth week and handled as indicated 
previously. Approximately 200 g of yolk 
from each treatment were used to prepare 
lipovitellin and lipovitellenin by the method 
of Evans et al. (1961).

Lipid extraction
Lipids were extracted from the whole yolk, 

by a modification of the method of Ostrander 
et al. (1961).

Table 1—Composition of low rat ration (%).

In g red ien t L F

S oybean oil m eal (50% ) 3 6 .0 0
C erelose 53 .21
V itam in  p re m ix 1 1 .0 0
C aC O s (g ro u n d ) 6 .2 5
D ica lc ium  p h o sp h a te 3 .0 0
N aC l (iodized) 0 .4 5
M n S O r (techn ical) 0 .0 5
ZnCO.3 0 .01
F e S O T H .O 0 .0 2
B uty lated  hyd roxy  to lu en e 0 .0 1

1 V itam in  p rem ix  co m p rised  o f  th e  fo llow ing  
ing red ien ts  p e r  100 lb  feed : C h o lin e  ch lo rid e  
(25% ), 0.40 lb ; V itam in  A  (5000 U S P /g ), 0 .20 lb ; 
V itam in  D s (3000 U S P /g), 0.05 lb ;  V itam in  m ix  
4-8-18 (R iboflav in , C a  p en to th en a te , N iac in ) ,r0 .10  
lb ;  T h iam ine  hyd ro ch lo rid e , 0 .30 g ; P y ro d o x in e  
h y d ro ch lo rid e  0.50 g ; F o lic  acid , 0.12 g ; B io tin , 
0 .02 g; In o sito l, 23.0 g ; V itam in  B u (6 m b /lb ), 
0 .10 lb ; M yvam ix  (V it. 3), 12.0 g ; K io to g en  F  
(10 g syn the tic  v it. K /lb ), 4 .0  g ; D L  M e th io n in e , 
0 .10 lb.
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Lipids from the lipoproteins and feed sam
ples were extracted with 3:1 chloroform- 
methanol for two hours on a mechanical 
shaker at 45 "C. The insoluble material was 
removed by percolating through a cellite plug 
in a column chromotography tube. Solvent 
was removed with a rotary evaporator and 
the lipid sample stored in a screw cap glass 
vial under nitrogen at 10°F.

Lipoprotein fractionation
The method of Privett et al. (1962) was 

utilized to separate the triglyceride, lecithin 
and cephalin fractions of lipids from lipo- 
vitellin and lipovitellenin. The fractions were 
located on the plates by spraying with 0.2% 
of 2',7'-dichlorofluorescein in ethanol and 
viewing with ultraviolet light.

Fatty acid composition
The lipid extracts of whole yolk were 

saponified and free fatty acids were prepared 
according to Ast (1963). Subsequent méth
ylation of the free fatty acids was accom
plished according to the method of Rogo- 
zenski (1964).

The methyl esters of the triglyceride, 
lecithin and cephalin fractions were prepared 
by scraping their respective “spots” from the 
thin layer plates into a 100-ml round-bottom 
flask and refluxing for one hour with 5% 
sulfuric acid in anhydrous methanol (Evans 
et al., 1961).

The relative fatty acid distribution was de
termined with an Aerograph Model A-350-B 
gas chromatograph using 10 ft-14-in. stainless 
steel column packed with 20% diethylene 
glycol succinate on 60-80 mesh chromosorb
P. The column temperature was maintained 
between 210° and 220°C with a helium flow 
rate of 125 ml/min.

Lipid content of egg yolk
The total lipid contents of the yolk was de

termined by a Mojonnier modification of the 
method for fat by acid hydrolysis (Associa
tion of Official Agriculture Chemist, 1960).

Lipid content of egg white
The lipids from the egg white were ex

tracted according to the procedure of Berg- 
quist et al. (1956). The “spread area” of the 
monomolecular lipid layer was determined 
on a “measuring tray” according to the 
method of Colburn et al. (1964).

Sponge cakes
Small sponge cakes, one-egg size (30 g 

white plus 18 g yolk) were prepared accord
ing to the method of Jordan et al. (1960). 
After removal from the oven, the pans were 
placed on wire racks, cooled and the cake 
volume was measured by rape seed displace
ment. Cakes were then cut and observations 
made on general appearances.

Emulsification capacity
A modified method of Swift et al. (1961) 

was utilized to determine the emulsifying ca
pacity of whole egg yolk (Bennett, 1965, 
personal communication). Corn oil (Ma
zd a ) was added drop-wise to a mixture of 
0.5 g whole yolk and 15 ml distilled water in 
a microblender cup of a Waring Blendor. 
Emulsification capacity was determined as 
the volume of oil that could be incorporated

Table 2—Average fatty acid composition of the total yolk lipid of chickens fed for 20 days 
on experimental rations.

F a tty  ac id  (% )

R a tio n 1 2 :0 i 14 :0 14:1 16 :0 16:1 18 :0 18:1 18 :2 2 0 :4

L F 2 — 0 .9 5 — 2 5 .0 5 4 .7 3 8 .4 8 5 5 .2 6 4 .8 4 1 .0 4
SO — 0 . 3 8 -  3 — 2 2 . 3 3 - 3 . 0 2 - 7 .9 8 4 0 .6 4 - 2 2 .2 9  + 2 .3 4
H C O 1 .0 4 5 .9 3  + 1 .6 6 2 5 .7 6 5 .8 4 8 .3 7 4 5 . 9 2 - 4 .9 5 0 .7 7
C O — 0 . 3 2 - — 23 .51 2 . 7 9 - 6 .7 7 4 2 . 7 0 - 2 1 .1 3  + 2 .0 3
O O — 0 . 2 4 - — 2 2 .1 5 - 3 .9 4 4 .8 6 58 .13  + 9 .7 4 0 .9 2
S F O — 0 . 2 0 - — 2 3 .5 5 2 . 3 8 - 8 .6 0 3 7 . 1 5 - 2 7 .0 3  + 1 .1 0

1 C h a in  len g th : d o u b le  bonds.
2 L F — low  fa t, SO — so y b ean  oil, H C O — h y d ro g en a ted  c o c o n u t oil, C O — c o rn  oil, OO— olive oil 

a n d  S F O — safflow er oil ra tio n .
3 ( + )  in d ica tes a  sign ifican t in crease  a n d  a ( —) in d ica tes  a  sign ifican t decrease  in  th is  value as c o m 

p ared  to  the  low  fa t  ra tio n  (P  <  0.05).

before disruption of the emulsion occurred. 

Flavor and mouthfeel of egg yolks
Eggs were gathered during the 7th week on 

the experimental diets, dipped in mineral oil 
and stored at 68-75°F in the laboratory. 
Flavor and mouthfeel of the yolk was eval
uated by a taste panel at 0, 1, 2, 4, 8, 12 and 
16 weeks. The sample was divided into two 
parts for duplicate paired comparison with a 
known fresh standard. The yolk samples were 
heated to 125 °F in a water bath and tasted 
with glass rod in a dark room equipped with 
a red light. A “hidden” control was used to 
determine the reliabiTty of the panel.

R E S U L T S
Fatty acids composition 
total egg yolk lipid

The average fatty  acid composition of 
the total yolk lipids after 20 days on the 
experimental rations is presented in Table
2. Hydrogenated coconut oil in the ration 
significantly increased the myristic and 
palmitoleic acid contents and decreased 
the oleic acid content. The appearance of 
lauric and myristoleic acid was also noted. 
Supplementation of the ration with olive 
oil significantly decreased the myristic, 
palmitic, palmitoleic and stearic acid con
tent and significantly increased the oleic 
and linoleic acid content.

Adding safflower oil to the rations re
sulted in a significant increase in the 
stearic and linoleic acid content o f the 
total yolk lipids and a significant decrease 
in palmitic, palmitoleic and oleic acid con
tent.

The addition of corn oil o r soybean oil 
to the ration resulted in similar effects. A 
significant decrease in the palmitoleic and 
oleic acid contents and an increase in the 
linoleic acid content were evident. Soy
bean oil in the ration significantly de
creased the palmitic acid content of egg 
yolk lipid, whereas the difference was not 
significant with corn oil.

The m ajor changes in the total yolk 
lipid occurred in the oleic and linoleic 
acid content in 9 to 11 days. As linoleic 
acid content increased with soybean oil,

corn oil and safflower oil supplemented 
rations, the oleic acid content decreased. 
The linoleic acid content reached a maxi
mum of 22.75%  on the corn oil ration 
and 22.80%  on the soybean oil ration. 
W ith the safflower oil ration, linoleic acid 
reached a maximum of 30.05%  and oleic 
acid reached a minimum of 34.75% . The 
oleic and linoleic acid content increased 
and decreased, respectively, when the 
chickens were again placed on the low fat 
ration, and approached the original level 
at a slower rate. W ith hydrogenated coco
nut oil, the decrease in oleic acid was ac
companied by an increase in the shorter 
chain fatty  acids.

The oleic acid content of the total yolk 
lipids of chickens on the olive oil supple
m ented ratio increased, leveling off at 
about 59.95% . No one single fatty  acid 
decreased significantly to com pensate for 
the oleic acid increase. The myristic, pal
mitic, palmitoleic and stearic acids were 
all lower in eggs from  hens fed the olive 
oil supplemented ration than eggs from  
hens fed the low fat ration. The oleic acid 
content returned to the original level 9 
days after the chickens had been returned 
to the low fat ration.

Lipoproteins of egg yolk
Lipovitellin. The fatty acid composi

tion of the triglyceride, lecithin and ceph
alin fractions of the lipovitellin is pre
sented in Table 3.

Significant differences in the triglycer
ides were observed in the levels o f my
ristic, palmitic, stearic and linoleic acids. 
The myristic acid level was increased 
greatly by feeding hydrogenated coconut 
oil, and lauric and myristoleic acids were 
noted.

The olive oil ration significantly de
creased the stearic acid content and in
creased the linoleic acid contents of the 
triglyceride fraction. The oleic acid level 
produced by the olive oil ration was sig
nificantly higher than produced by corn 
oil, soybean oil and safflower oil rations 
but was not significantly different than 
that from  the low fat ration. Safflower oil
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Table 3—Average fatty acid composition of the triglyceride, lechithin and cephalin fractions 
of lipovitellin of egg yolk from chickens fed for 30 days or more on the experimental rations.

F a tty  ac id  ( %)

F ra c tio n R a tio n 1 2 :0 i 14 :0 14:1 16 :0 16:1 18 :0 18:1 18 :2 2 0 :4

T rig lyceride L F 2 — 0 .5 3 — 2 4 .9 6 5 .9 8 5 .9 4 5 8 .0 6 4 .5 5
SO ----- - 0 .7 0 ------ 2 5 .2 7 4 .4 0 7 .3 0 3 9 . 4 0 -  3 2 1 .1 8 +
H C O 1.32 7 .1 9  + 2 .2 7 2 5 .5 4 7 .3 3 5.21 47 .63 3 .4 6
C O — 0 .6 7 — 2 4 .0 8 3 .1 9 6 .5 7 4 5 .6 4 1 9 .7 8 +
O O — 0 .31 — 2 0 .7 9 3 .7 5 4 . 0 5 - 6 2 .8 6 8 .2 3  +
S F O — 0 .4 5 — 23 .41 3 .1 7 6 .7 3 3 9 . 0 4 - 2 7 .2 0 +

L ecith in L F — 0 .2 7 — 3 5 .4 0 2 .7 5 13 .50 4 3 .4 5 6 .4 0 3 .3 7
SO — 0 .2 9 — 3 1 .1 5 1 .3 0 16.45 2 5 . 9 0 - 2 0 .7 5  + 3 .8 5
H C O 0 .4 6 2 .8 4 + 0 .8 3 30 .83 3 .6 0 13.41 3 6 . 3 6 - 9 .6 3 2 .8 6
C O — 0 .2 3 — 3 1 .7 3 0 .8 5 16 .04 2 3 . 9 3 - 2 2 .1 1  + 5 .2 2
O O — - — 3 1 .0 3 — 13 .37 4 0 .5 7 10.93 4 .1 0
S F O — - — 3 1 .3 7 — 17.83 + 2 1 .4 7 - 2 6 .8 0 + 3 .7 3

C e p h a lin L F — 0 .2 8 — 12.61 1 .4 4 2 8 .4 9 3 0 .8 9 5 .8 0 12.25
SO — — — 18.49 0 . 3 9 - 32 .31  + 1 9 .2 4 - 17 .35  + 12.25
H C O — 0 .7 4 + — 18 .54 0 .8 3 2 8 .2 6 2 4 .5 0 9 .0 1 16 .98
C O — 0 .2 0 — 16.99 0 . 4 7 - 3 2 .8 5  + 1 7 .8 6 - 1 6 .9 8 + 14.93
O O — — — 16 .80 — 3 0 .2 7 + 2 7 .8 3 8 .4 0 16.73
SF O — — — 16.53 — 3 2 .5 3  + 1 5 .3 3 - 2 0 .6 7 + 15 .00

1 See F o o tn o te  1, T ab le  2.
2 See F o o tn o te  2, T ab le  2.
3 See F o o tn o te  3, T ab le  2.

in the ration significantly decreased the 
oleic acid and increased the linoleic acid. 
Corn oil and soybean oil increased the 
linoleic acid content significantly.

Supplementation with corn oil, olive 
oil, soybean oil and safflower oil signifi
cantly affected the levels of stearic, oleic 
and linoleic in the lecithin fraction. Saf
flower oil in the ration significantly in
creased the stearic and linoleic acid con
tent and decreased the oleic acid content. 
Likewise, dietary corn oil and soybean oil 
significantly decreased the oleic acid con
tent and increased the linoleic acid con
tent. Olive oil in the ration also produced 
a significant increase in the linoleic acid 
content. Hydrogenated coconut oil signifi
cantly increased the myristic and linoleic 
acid levels and significantly decreased the 
oleic and arachidonic acid content. Laurie 
and myristoleic acids were also detected.

Hydrogenated coconut oil in the ration 
significantly increased the level of myristic 
and linoleic acids and decreased tha t of 
palmitoleic acid in the cephalin fraction. 
Corn oil, soybean oil and safflower oil ra 
tions significantly decreased the palm ito
leic and oleic acids and increased the 
am ount of linoleic acids. Olive oil in the 
ration significantly increased the stearic 
acid level.

Lipovitellenin. The fatty acid composi
tion of the triglyceride, lecithin and ceph
alin fractions of lipovitellenin is presented 
in Table 4.

Significant differences due to dietary 
treatm ents were noted in all fatty  acids 
except arachidonic acid in the triglyceride 
fraction. Olive oil in the ration signifi
cantly decreased the levels of myristic, 
palmitic, palmitoleic and stearic acids and 
increased the levels of oleic and linoleic

acids. Similarly, dietary corn oil and soy
bean oil significantly decreased pa mitic, 
palmitoleic and oleic acids but not stearic 
acid and increased the levels of linoleic 
acid. Safflower oil in the ration produced 
a significant decrease in the myristic, pal
mitic, palmitoleic and oleic acid content 
and increased the content of linoleic acid.

The use of hydrogenated coconut oil 
ration resulted in a significant increase in 
the myristic, palmitic and palmitoleic acid 
levels and a decrease in the oleic acid con
tent of the triglyceride fraction. Laurie 
and myristoleic acids were also present.

The hydrogenated coconut oil in the

ration produced a significant increase in 
the myristic, stearic and linoleic acid 
levels of the lecithin fraction and de
creased the oleic acid level. Laurie acid 
and myristoleic acids were also noted. 
Corn, soybean and safflower oils in the 
ration significantly decreased the oleic 
acid content and increased the linoleic 
and stearic acid levels.

The level of palmitoleic acid in the 
cephalin fraction was significantly higher 
with the hydrogenated coconut oil and 
low fat rations. Corn oil in the ration 
caused a significant increase in the m y
ristic, palmitoleic and linoleic acids con
tent and a decrease in the oleic acid con
tent. Significant increases in the levels of 
palmitoleic, stearic and linoleic acids and 
decrease in the oleic acid content were 
produced on soybean oil rations.

Safflower oil in the ration significantly 
increased the linoleic acid content and de
creased the oleic acid content of the ceph
alin fraction. Olive oil in the ration  also 
significantly increased the linoleic acid 
level but not to as great an extent as corn 
oil, soybean oil and safflower oil.

Functional properties— 
emulsification capacity

The average values for emulsification 
capacity are shown in Table 5. The di
etary treatm ents produced no significant 
differences in emulsification capacity but 
there was a significant difference over 
time during the “changeover” periods of 
the egg yolk.

Sponge cake volume
The averages of the volumes of sponge 

cakes are presented in Table 6. Each di
etary treatm ent significantly increased the

Table 4—Average fatty acid composition of the triglyceride, lecithin and cephalin of lipc- 
vitellenin of egg yolk from chickens fed for 30 days or more on the experimental rations.

F ra c tio n R a tio n

F a t ty  ac id  ( %)

12:0* 14:0 14:1 16:0 16:1 18:0 18:1 18:2 2 0 :4

T rig lyceride L F 2 — 0 .5 4 — 24 .7 2 6 .2 2 5 .2 2 5 7 .9 0 5 .3 2
SO — 0 .4 4 — 2 2 . 9 7 - 3 3 . 8 1 - 5 .25 4 4 . 3 6 - 2 2 .1 5  +
H C O 1.40 7 . 3 0 + 2 .4 8 26 .61  + 7 .6 3  + 5 .0 6 4 5 . 4 9 - 4 . 3 4
C O — 0.5 5 — 2 3 . 1 8 - 3 . 5 2 - 5 .4 7 4 4 . 7 3 - 2 2 .6 9  +
OO — 0 . 3 2 - — 2 1 . 5 9 - 4 . 2 0 - 3 . 5 5 - 6 3 .1 2  + 7 .1 8  +
SF O — 0.4 5 — 2 2 . 8 3 - 3 . 3 5 - 6 .5 4 3 7 . 9 1 - 2 8 .9 2  +

L ecith in L F — 0 .2 8 — 34 .6 0 2 .1 7 13.08 42 .33 7 .4 0 2 .1 5
SO — 0.31 — 32 .0 2 1 .27 1 8 . 8 0 + 2 3 . 9 6 - 2 1 . 8 4 + 2 .7 8
H C O 0 .3 4 2 .6 8  + T 31.95 2 .43 1 5 . 4 6 + 3 6 . 7 0 - 9 . 8 4 + 2 .4 0
C O — 0 .2 6 — 32 .75 0 .6 9 15.73 + 2 4 . 9 1 - 2 2 . 4 8 + 3 .8 6
O O — — — 30.17 — 15.03 3 8 . 7 3 - 1 2 . 3 0 + 3 .8 0
S F O — — — 29.63 — 15.53 + 2 1 . 2 3 - 2 8 . 0 0 + 5 .5 7

C ep h alin L F — — — 20.11 0 .2 9 2 5 .7 2 3 0 .3 4 7 .9 0 15 .90
SO — — — 17.58 1 .15  + 32 .1 3  + 2 4 . 4 7 - 16.33  + 12.68
H C O — — — 20.71 0 .5 3  + 2 9 . 2 5 + 2 7 .9 8 10.68 13.98
C O — 0 .8 5  + — 17.35 1.13 + 30.51  + 1 9 . 4 2 - 17.35 + 15.45
O O — — — 19.03 — 24 .9 7 2 8 .4 7 10.57 15.97
S F O — — — 18.57 — 27 .33 1 7 . 5 0 - 2 1 . 4 7 + 15 .20

1 See F o o tn o te  1, T ab le  2.
2 See F o o tn o te  2, T ab le  2.
3 See F o o tn o te  3, T ab le  2.



E F F E C T  O F  D IET A R Y  FA T S  ON E G G S — 3 1 5

Table 5—Summary of the emulsification capacity of whole egg yolks.

P erio d

R a tio n

L F 1 SO H C O C O O O 3 S F O 3

0 -1 9 th  day 5 0 .2 2 5 0 .3 4 9 .8 5 0 .4 5 0 .2 5 0 .4
3 7 th -5 8 th  day 4 8 .9  4 8 .7 4 8 .6 4 8 .9 4 8 .9 4 8 .9
7 0 th -8 8 th  day 4 8 .2  4 8 .3 48 .1 4 8 .3 4 8 .2 4 8 .1

1 See F o o tn o te  2, T ab le  2.
2 m l o f  co rn  oil em ulsified  by 0.5 g w ho le  yo lk in  15 m l H 2O,
3 D a ta  ad ju sted  fo r  co m p ara tiv e  p u rp o ses .

Table 6—Summary of the sponge cake volumes made from eggs.

R a tio n

P eriod L F 1 SO H C O C O O O SFO

0 -1 9 th  day 2 8 9 .9 2 3 2 5 .6 + 3 0 9 .2 3 3 2 .9  + 3 1 4 .3  + 3 2 6 .8 +
37th~58th  day 3 4 7 .7  3 6 1 .2 + 3 5 6 .6 + 3 5 5 .8 + 3 2 5 .5 3 3 0 .0
7 0 th -8 8 th  day 301 .3  3 1 6 .6 3 1 0 .5 312 .1 3 0 4 .5 3 0 9 .6

R a tio n  A ve. 3 0 6 .0  329 .1 3 2 7 .0 3 2 9 .2 3 1 3 .2 3 2 1 .7

1 See F o o tn o te  2, T ab le  2.
2 V o lum e expressed  as cc o f  cake per 80 g b a tte r

volume of the sponge cakes during the 
first analysis period. The increases in vol
ume produced by the corn, soybean and 
safflower oils in the rations was signifi
cantly greater than those produced by 
hydrogenated coconut oil and olive oil in 
the ration, but were not significantly dif
ferent from  each other. The volume of 
sponge cakes m ade from  eggs from  the 
dietary oil treated groups decreased sig
nificantly after the chickens were returned 
to the low fat ration. The significance was 
determined by appropriate statistical tests. 
However, the magnitude of the differences 
between periods was such as to cause 
question as to a practical significance in 
sponge cake volume attributable to dietary 
treatments.

Generally, the sponge cakes were of

Table 7—Summary of flavor and mouthfeel 
differences of yolks of eggs stored up to 16 
weeks.

W eek L F 1 SO H C O C O O O SF O

0 0 .5 0 2
F lavor ra tion  

0 .3 3  0 .5 0  0 .5 0 0 .2 2 0 .3 9
1 0 .5 0 0 .5 6 0 .5 6 0 .5 6 0 .4 0 0 .3 0
2 0 .2 5 0 .5 0 0 .3 8 0 .6 3 0 .1 4 0 .21
4 0 .6 5 0 .6 0 0 .4 0 0 .5 0 0 .3 3 0 .3 9
8 0 .6 7 0 .3 9 0 .4 4 0 .3 3 0 .3 1 0 .4 4

12 0 .5 6 0 .5 0 0 .61 0 .2 8 0 .6 7 0 .7 5
16 0 .6 0 0 .8 0 0 .7 5 0 .7 0 0 .3 3 0 .6 1

0 0 .2 8
M outhfeel ra tion
0 .1 6  0 .1 6  0 .2 2 0 .3 8 0 .3 3

1 0 .3 3 0 .3 8 0 .4 4 0 .3 8 0 .3 0 0 .2 5
2 0 .1 3 0 .1 6 0 .2 9 0 .4 4 0 .21 0 .21
4 0 .3 5 0 .4 0 0 .3 5 0 .4 0 0 .6 1 0 .5 6
8 0 .3 3 0 .2 8 0 .5 0 0 .3 8 0 .4 4 0 .6 3

12 0 .7 2 0 .6 7 0 .5 6 0 .61 0 .5 8 0 .6 7
16 0 .7 0 0 .8 0 0 .7 5 0 .7 5 0 .3 9 0 .5 0

good quality with similar texture and 
crumb color. The experimental rations 
were semipurified and lacked the pig
mented ingredients of norm al diets. The 
color of the yolk progressively decreased 
to a pale yellow-white during the first two 
weeks on the experimental feed. The 
crumb color of the sponge cake also be
came progressively lighter.

Flavor and mouthfeel

The data in Table 7 summ arize the 
flavor and m outhfeel determ ination on 
egg yolk by the taste panel. N o significant 
difference was found in flavor or m outh
feel due to dietary treatm ent. The flavor 
of the yolk did not change significantly 
during storage, whereas the m outhfeel of 
the yolk from  chickens fed the low fat, 
soybean oil, hydrogenated coconut oil, 
corn oil and safflower oil becam e progres
sively different from  the standard egg 
after storage for varying lengths of time.

Lipid content of whites

The lipid content of white of eggs 
stored up to 16 weeks at room  tem pera
ture (68 to 7 5 °F ) is presented in Table 8.

The differences in lipid content varied 
little between treatm ent groups for each 
storage period. The lipid content increased 
by 0.0017 to 0.0022%  during storage for 
16 weeks, but the difference was not sig
nificant.

Lipid content of yolks

The lipid content of egg yolks from 
chickens that had been on the experi
mental rations was determined. The lipid 
content of the yolks did not differ sig
nificantly regardless of dietary treatment. 
All were between 32.35 and 32.77% .

D ISC U SS IO N
T H E  FA TTY  A CID  composition of egg 
yolk lipids of the hen can be modified by 
the addition of various fats to their diet. 
The degree of influence is dependent on 
the class of yolk lipid, and the fatty acid 
composition and am ount of the fat in the 
diet. Those fats (soybean oil, corn oil and 
safflower oil) containing high levels of 
linoleic acid significantly increased the 
linoleic acid content of all yolk lipids. The 
linoleic acid appeared to be selectively de
posited at the expense of oleic acid.

Each experim ental ration affected the 
respective lipid fractions of lipovitellin 
and lipovitellenin in a similar manner. The 
fatty acid composition of the triglyceride 
fractions of eggs from  hens fed the low 
fat and hydrogenated coconut oil ration 
were similar to those reported by Privett 
et al (1962), and Chen et al. (1965), ex
cept for the proportions of oleic and 
linoleic acid. The fatty acid composition 
of the triglyceride fractions, which com
prise the m ajor portion of the lipids of egg 
yolk (Evans et al., 1961; Privett et al., 
1962) paralleled the fatty acid composi
tion of the total yolk lipid.

Lecithin and cephalin were good car
riers of long chain polyunsaturated fatty 
acids and shorter chain saturated fatty 
acids regardless of dietary treatm ent. 
Lecithin contained a lower proportion of 
highly polyunsaturated acids and higher 
proportions of palmitic acid.

N o significant differences were found 
in the fatty acid composition of the total 
yolk lipids or yolk lipid fractions due to

Table 8—Lipid content of whites from eggs stored up to sixteen weeks (%)

1 See F o o tn o te  2, T ab le  2.
2 P ercen t o f  “yes th e re  w as a  d ifference”  w ith 

“yes”  o r  “ n o ”  being  th e  on ly  choices.

R a tio n

W eeks

0 1 2 . 4 8 12 16

L F 1 0 .0 0 3 7 0 .0041 0 .0043 0 .0 0 4 4 0 .0 0 4 8 0 .0051 0 .0 0 5 4
SO 0 .0 0 3 8 0 .0 0 4 0 0 .0 0 4 2 0 .0045 0 .0049 0 .0 0 5 4 0 .0057
H C O 0 .0 0 3 6 0 .0039 0 .0041 0 .0 0 4 4 0 .0049 0 .0053 0 .0 0 5 6
C O 0 .0 0 3 7 0 .0041 0 .0 0 4 4 0 .0045 0 .0047 0 .0 0 5 4 0 .0058
O O 0.0038 0 .0 0 4 0 0 .0043 0 .0045 0 .0048 0 .0 0 5 2 0 .0057
SF O 0 .0 0 3 7 0.0041 0 .0043 0 .0 0 4 6 0 .0049 0 .0055 0 .0059

1 See F o o tn o te  2, T ab le  2.
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the feeding of corn oil as com pared to 
soybean oil. This was expected, since the 
fatty  acid composition of the rations dif
fered only in that the soybean oil ration 
contained about 7% less linoleic acid, 
which was compensated for by about 7% 
linolenic acid.

The safflower oil ration contained 
75.9%  linoleic acid and resulted in a 
change of the fatty acid composition of 
the yolk lipids similar to, but greater in 
m agnitude than that caused by the corn 
oil and soybean oil rations. The olive oil 
contained 69.8%  oleic acid and the oleic 
acid content of the tota, yolk lipid did in
crease significantly, but not to as great an 
extent as did the lincleic acid content 
when corn, soybean or safflower oil were 
fed.

Laurie acid (4 7 .1% ) was the predom 
inant fatty acid in the hydrogenated co
conut oil ration. But no increase in the 
lauric acid content of egg yolk lipids was 
observed com parable to that of linoleic 
acid when corn, soybean or safflower oil 
was fed.

The total lipid content of the egg yolk 
was not influenced by the supplementation 
of the ration with the various vegetable 
oils as has also been observed by other 
workers (Chung, 1963; Chen et al., 
1965).

The lipid content of the whites of eggs, 
at the beginning of the storage period, 
corresponded to the yolk content of the 
whites o f fresh eggs reported by Berg- 
quist et al. (1956), M eehan et al. (1962), 
and Colburn et al. (1964). The fatty acid 
composition of the yolk lipids apparently 
had no effect on the transfer of lipid m a
terial across the vitellin m em brane into 
the white. The lipid contents of the whites 
increased at a slower rate than that re
ported by M eehan et al. (1962) for shell 
eggs stored at 75°F . The difference in rate 
is possibly due to the fact that the eggs 
in the present study were oil-dipped be
fore storage. Smith (1959) states that the 
quantity of diffused lipid (yolk to white) 
is proportional to the period of exposure 
in an environm ent that promotes moisture 
loss.

N o significant difference was found in 
the emulsification capacity of whole egg 
yolk from  hens fed rations supplemented 
with various vegetable oils. This agrees 
with the findings of Jordan et al. (1962). 
The differences in emulsification capacity 
noted over time during certain analysis 
periods were random, and are believed to 
be due to uncontrolled factors, such as 
tem perature, that was constant for any 
one day, but varied between days.

The results of the observations on fla
vor of the yolks from  hens fed the fat- 
supplemented rations support the finding 
of earlier workers. The only fat-supple
m ented rations reported in the literature 
to affect the flavor of eggs were those that

contained linseed oil or cod-liver oil 
(Cruickshank, 1934; Cruickshank et al., 
1939; Albright et al., 1935; and W heeler 
et al., 1959).

The significant changes noted in the 
m outhfeel of the yolks possibly can be 
attributed to the “natural” thinning noted 
in storage eggs. Changes in the fatty acid 
composition of fat also affect its physical 
characteristics (melting point, firm ness), 
which may also be a contributing factor 
to the mouthfeel. However, the observa
tions on the m outhfeel of the eggs from 
treatm ent groups did not give any indica
tion to this effect.

Jordan et al. (1960 and 1962) found 
that com  oil added to the rations of hens 
significantly increased the volume of 
sponge cakes made from  the eggs of those 
hens. They also reported that the volume 
of the cakes increased as the length of 
time on the corn oil ration increased. P ro 
cedures followed by Jordan et al. (1960 
and 1962) varied from  those used in this 
report in that in their work they blended 
egg whites from  each dietary group and 
used these whites only in combination 
with blended yolk from the same dietary 
treatm ent in the form ulation of sponge 
cake batter. In the present study, egg 
white from  all treatm ent groups was 
blended together. This mixture was used 
in combination with blended yolk from 
each dietary treatm ent. The results of the 
present study generally agree with the re
sults of Jordan et al. (1960 and 1962). 
The wide variation in results with all treat
ment groups over periods has no readily 
apparent explanation.

No explanation is apparent to account 
for the increased volume of the sponge 
cakes made from  eggs of the oil treat
ment groups. The volume increase might 
be related to the increase in linoleic acid 
content noted with the corn oil, soybean 
oil and safflower oil treatm ent groups. 
This does not account for the increase in 
the sponge cake volume with the eggs 
from  the hydrogenated coconut oil and 
olive oil treatm ent groups.

Jordan et al. (1960) suggested that per
haps differences in only certain lipids of 
the egg were involved in differences in 
functional properties. Exam ination of the 
fatty acid composition of the various lipid 
fractions does not indicate a common 
factor or tendency that would support 
their theory.

C O N C L U S IO N S
1. The m ajor changes in the fatty acid 

composition occurred in the linoleic, oleic 
and palmitic acid levels of the total yolk 
lipids and lipid fractions of the egg yolk 
lipoproteins of hens fed corn oil, soybean 
oil, safflower oil and olive oil. The m ajor 
changes occurred in the shorter chain 
fatty  acids and oleic acids of hens fed

hydrogenated coconut oil.
2. The major change in the fatty acid 

composition (as exemplified with linoleic 
acid) in the total egg yolk lipids occurred 
after 9 to 11 days of feeding the hens the 
oil supplemented ration. Twenty days 
after the hens had been returned to the 
low fa t ration the total egg yolk lipid had 
not returned to the pretreatm ent condi
tion.

3. The triglyceride, lecithin and cepha- 
lin fractions of the lipoproteins showed 
the same relative response to each dietary 
treatment.

4. The fatty acid composition of the 
triglyceride fractions of the egg yolk lipo
proteins paralleled the fatty acid com po
sition of the total yolk lipids.

5. Lecithin and cephalin fractions of 
egg yolk lipoprotein are good carriers of 
long chain polyunsaturated fatty acids 
and shorter chain saturated fatty  acids.

6. No differences due to dietary trea t
m ent were observed in emulsification ca
pacity of whole egg yolk.

7. The volumes of sponge cakes made 
with eggs from  hens of the oil-supple
mented ration groups were statistically sig
nificantly greater than those of the low fat 
ration group. The practical significance is 
slight.

8. N o difference due to dietary trea t
ment was observed in the flavor or m outh
feel of the yolks of eggs stored up to 16 
weeks.

9. N o change in flavor of the yolks 
was observed over the 16 weeks of storage 
but the m outhfeel of the yolks of eggs 
from  hens fed the low fat, soybean oil, 
corn oil and safflower oil ration changed 
over the 16 weeks of storage.

10. No difference in the lipid content 
of egg white nor in the rate of increase in 
the lipid content of egg white with stor
age was observed between the eggs of 
hens on the dietary treatments.

11. N o difference was observed in the 
yolk lipid content o f eggs from  hens in 
the dietary treatments.
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S U M M A R Y —A m e t h o d  e m p l o y i n g  t h e  f l u o r i d e  i o n - s e l e c t i v e  s o l i d - s t a t e  m e m b r a n e  e l e c 

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

c a r b o n a t e d  a n d  n o n c a r b o n a t e d  b e v e r a g e s .  Representative carbonated a n d  n o n - c a r b o n -  

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

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

c u r v e s  w e r e  c o n s t r u c t e d  f o r  e a c h  s y s t e m  w h e r e i n  f l u o r i d e  c o n c e n t r a t i o n  ( p p m ) ,  w a s  

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

i o n - a c t i v i t y - e l e c t r o d e  a s  t h e  i n d i c a t o r  e l e c t r o d e  a n d  a  s a t u r a t e d  c a l o m e l . e l e c t r o d e  ( S C E ) ,  

a s  t h e  r e f e r e n c e  e l e c t r o d e .  B e v e r a g e s  s t u d i e d  w e r e  s e l e c t e d  t o  r e p r e s e n t  a  r a n g e  o f  p H  

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

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

IN TRO D U CTIO N

D E TER M IN A TIO N  of fluoride ion con
centration in carbonated and noncarbon
ated beverages has traditionally required 
distillation as the preliminary separatory 
procedure. The classical W illard-W inter 
distillation (1933) as modified into an 
A.O.A.C. m ethod (1960) has been the 
basis for most analytical procedures. Spec- 
trophotom etric, oscillometric and other 
procedures are described in review articles 
written by Fishman et al. (1967). D irect 
determination of fluoride in water solu
tion has been carried out without prelim i
nary separation of any kind by means of 
wide line nuclear magnetic resonance by 
Ferren et al. (1967).

The m ethod described in this paper

employs a probe which has been described 
by Lingane (1967) as being “so specific 
that fluoride ion activity can be measured 
as easily as pH  is m easured with a glass 
electrode.” O ur m ethod requires no pre
liminary separatory step and detects fluo
ride ion content in complex beverage sys
tems in the range 2 to 0.02 ppm.

Interest in fluoride ion in hum an nutri
tion stems from  the pioneer efforts of in
vestigators such as Churchill (1931), who 
pointed out the danger of fluoride in caus
ing mottled teeth enamel. In contrast to 
this early view, Knutson et al. (1967) 
stated that systemic adm inistration of 
fluoride in salt, flour, bread, rice, sugar, 
milk and other stable foods was most de
sirable in underdeveloped countries where 
fluoridated w ater supplies were not avail

able. The pros and cons of enforced fluo
ride consum ption in water supplies in o r
der to  prevent caries has often been an 
em otional rather than a scientific debate 
with the vast majority of dental authori
ties such as M uhlem ann (1967) and 
Gedalia (1967) advocating continued 
fluoridation of w ater supplies plus the use 
of auxiliary topical and systemic sources 
of fluoride. An im portant consideration in 
the analysis of fluoride is often whether 
the fluoride is present as the free available 
ion. N uclear m agnetic resonance detects 
total fluoride, while the m ethod described 
in this paper detects only free available 
fluoride ion, and does not measure com- 
plexed, precipitated or otherwise unavail
able fluoride ion. Beverages were selected 
to  represent com mercial soft drinks 
(wherein the m anufacturer has the option 
to  use fluoride-free or fluoride-containing 
w ater), and hom e-m ade noncarbonated 
soft drinks produced from  packaged pow
ders (wherein the consum er usually uses 
the readily available tap w a te r) .

E X P E R IM E N T A L
Twelve repetitive measurements of each 

beverage system containing known amounts
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of added sodium fluoride revealed a preci
sion wherein the standard deviation was 
equal to 0.02%. The 95% confidence limit 
was found to be ±0.14% , and the relative 
error of our method compared to the stan
dard distillation method was found to be 
less than 1 %.

Instrumentation

Orion Model 801 Digital pH Meter 
equipped with the Orion No. 94-09-00 fluo
ride ion activity electrode was the principal 
instrument used. Varian PA-7 NMR analyzer 
was used to provide auxiliary data.

Reagents
Reagents used were sodium fluoride, po

tassium chloride, potassium acetate (J. T. 
Baker), Mallinckrodt BuffAR pH 7. Water 
employed was (1) distilled, (2) well water, 
(3) municipal fluoridated water. Beverages 
prepared from pre-packaged powders were 
made with the various types of water men
tioned.

Stock solutions
Stock solutions of sodium fluoride were 

prepared by diluting 420 mg of sodium fluo
ride (±0.1 mg) to 1 L in fluoride-free dis
tilled water to yield a solution of 190 ppm 
fluoride concentration. A series of one to 
10 dilutions then yielded a series of so
dium fluoride stock solutions at 19, 1.9, 
0.19, 0.019 and 0.0019 ppm of free fluo
ride ion content. These fluoride stock so
lutions will be referred to as 1 M F~, 0.1 
M F~, 0.01 M FT 0.001 M F t  0.0001 M F  
and 0.00001 M F* or 10°MFt  lO^MF, 
1(T2MF, 10"3MF, 10-‘MF, and 10~BMF. A 
stock solution used in our method will be 
called the “swamping solution” and is made 
by mixing 100 ml of 1 M potassium acetate; 
100 ml of 1 M potassium chloride and 50 
ml of Mallinckrodt BuffAR pH 7.

Test solutions

Well water (containing 0.4 ppm of fluo
ride); municipal water (containing 1.0 ppm 
of fluoride); commercial carbonated soft 
drinks; and noncarbonated soft drinks pre
pared from packaged powders using (a) dis
tilled water, (b) well water and (c) munici
pal water were used to establish calibration 
curves after spiking with sodium fluoride. 
Fluoride content in original system subse
quently determined by the procedures de
scribed below.

Analytical procedures

Measurements performed with the Orion 
Model 801 Digital pH meter are very similar 
in procedure to those required in using any 
standard pH meter. It is advisable tc condi
tion the fluoride ion electrode by allowing 
it to stand overnight in a solution of distilled 
water containing the fluoride ion at a con
centration within the range of interest. It is 
also important to maintain consistency of 
procedure, e.g., (1) stirring of solutions at 
same rate, (2) maintenance of constant tem
perature, (3) reading of meter at same time 
after initial contact with electrodes (ap
proximately 5 min contact insures a stable 
reading). Details concerning operating pro
cedures and maintenance of the Orion in
strument are in literature supplied by the 
manufacturer. Measurements carried out 
with the Varian PA-7 NMR analyzer fol
lowed procedures described by Ferren et al.
(1967).

Sample preparation

Carbonated beverages were de-carbonated 
by a simple two-step process of (1) gentle 
heating for several minutes at 60° to 80 °C 
followed by (2) 5 min bubbling with nitro
gen gas. Measurements were carried out on 
systems consisting of one part “swamping
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p o t e n t i o m e t r i c  measurements ( m v )  m a d e  

d i r e c t l y  i n :  ( 1 )  d i s t i l l e d  w a t e r  a n d  ( 2 )  i n 

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

t i l l e d  w a t e r .

F i g .  2 — F l u o r i d e  c o n t e n t  ( p p m )  o f  f l u o r i d e  

s t o c k  s o l u t i o n  i n  c o m b i n a t i o n  w i t h  

“ s w a m p i n g  s o l u t i o n ’’ a n d  a n y  m e a s u r e d  

t e s t  s o l u t i o n  i n  1 : 1 : 1  r a t i o  b y  v o l u m e .

solution” (SS), one part test solution (TS) 
and one part fluoride solution (FS). Cali
bration curves were obtained by plotting 
known fluoride content versus millivolts.

R E S U L T S  & D IS C U S S IO N
The use of this m ethod enables one to 

determine the am ount of available free  
fluoride ion in almost any beverage sys
tem in the range of 2 ppm  and less. Figure 
1 illustrates the effect of the diverse ingre
dients found in a powdered instant soft 
drink upon fluoride measurements. These 
ingredients included: fum aric acid, sugar, 
natural lemon-lime flavor, artificial color, 
calcium carbonate, dioctyl sodium sulfo- 
succinate and butylatedhydroxy-anisole. 
The fact that the distilled water and pow
dered beverage plots have the same slope 
indicates that the prim ary effect is prob
ably due to ionic strength differences in 
the two systems.

In this prelim inary experiment the only 
variable was the am ount of fluoride pres
ent while the concentration of other di
verse substances rem ained constant. The 
Orion electrode measures fluoride ion ac
tivity [F ~ ]  and no t fluoride ion concen
tration ( F ~ ) .  The relationship between 
activity and concentration of fluoride is 
stated as being: [F - ] =  yF_ ( F ~ )
wherein yF_  represents the activity co
efficient. The activity coefficient varies 
as a function of total ionic strength, ¡x, as 
defined by the following form ula:

M = i/2Ez,2c,

where Z i is the charge of each ion present 
and Q  is the concentration of each ion 
present.

As a m atter of practicality, the appli
cation of this form ula in a literal sense 
could not be attem pted in the present ap-

F i g .  3 — F l u o r i d e  c o n t e n t  ( p p m )  v e r s u s  

p o t e n t i o m e t r i c  m e a s u r e m e n t s  ( m v )  i n  d i s 

t i l l e d  w a t e r .
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Table 1—Comparison of “free available’’ 
and “total” fluoride ion in stannous 
fluoride and sodium fluoride solutions at 
the same fluoride ion concentration in 
distilled water.

A d d ed
fluo ride

ion
co n cen 
tra tio n
(ppm )

C a lcu la ted  
N M R  signal“ 

(Signal heigh t, 
m m )

sta n n o u s  o r 
so d iu m  fluoride

P o ten tio m e tric  
re ad in g  using  
io n  selective 

electrode*1 (mv) 
s ta n n o u s  sod ium  
fluo ride  f luo ride

1 .9 2 .6 4  X  10-s 6 0 .6 6 2 .6
0 .1 9 2 .6 4  X  10~7 102.5 117.2
0 .0 1 9 2 .6 4  X  10”8 129 .0 155 .0

a Id en tic a l N M R  signal h e igh ts  o b ta in ed  fo r 
s ta n n o u s a n d  so d iu m  flu o rid e  so lu tio n s  a t  sam e  
flu o rid e  io n  c o n cen tra tio n . V alues ca lcu la ted  
fro m  so lu tio n s a t  flu o rid e  io n  co n cen tra tio n s  o f  
O .lA f a n d  h ig h er c o n cen tra tio n s . T otal fluo ride  
co n ten t is m easu red  by  th e  N M R  techn ique.

b D ifferen t p o ten tio m e tric  read in g s o b ta in ed  fo r  
s ta n n o u s  a n d  so d iu m  flu o rid e  so lu tio n s  a t  same 
a d d e d  flu o rid e  co n cen tra tio n . V alues differed  to  
even  g rea te r  ex ten t a t  0.1 M  a n d  h ig h er c o n cen tra 
tio n s. Free available f luo ride  is m easu red  by th is  
p o ten tio m e tric  techn ique .

plication. However, the gross application 
of this relationship was m ade by means of 
conductivity measurements. It was found 
that commercial sodas exhibited m ea
surements in the range of 500 to 1500 
mhos, and that the variation between ionic 
strengths and hence fluoride m easure
ments was reflected in these variances in 
conductivity. Rather than attem pting to 
adjust each beverage system, the “swamp
ing solution” described under sample 
preparation was discovered to increase 
the order of magnitude of conductivity to 
a point at which our procedure yielded an 
excellent correlation between fluoride 
content and millivolts for all test solutions 
examined. A t the same time, the use of 
the incorporated buffer insured the dis
sociation of all fluoride. As shown in Fig. 
2, our m ethod may be employed on a va
riety of beverages and is not restricted to 
situations where a known fluoride-free 
sample is readily available.

F igure 3 illustrates the typical plot of 
fluoride content versus millivolts obtained 
by directly adding fluoride ion to dis
tilled water. This type of curve is a use-

Table 2—Comparison of fluoride 
measurement results.

S od ium
fluoride
p resen t
(ppm )

O =  o rio n  
e lec trode  
method® 

(ppm )

D  =
d is tilla tion
m ethod*1

(ppm )
18 2 2 .8 18

2 2 .3 18
2 2 .5 19
2 2 .3 18
2 2 .8 18
2 2 .7
2 2 .4
2 2 .3
2 2 .5
2 2 .6
2 2 .7
2 2 .3

20 2 0 .3 2 0 .2
22 18. 1 2 2 .4
24 15 .4 2 3 .8
26 13 .7 2 6 .0

s ta n d a rd  dev ia tio n

« -  . +  da2 +  d s2 . . . -i_ H 2r  u n -----l b  9 0 7
\  N  -  1 .............

95 p ercen t confidence lim it ±  t s / \ / N  =  ± 0 .1 4 %

p ercen t re la tive  e r ro r  X 100 =  0 .8 %

“ F irs t  exam ple  given com ple te , o th e r  values as 
average  o f  12 m easu rem en ts .

b F irs t  exam ple  given com ple te , o th e r  values as 
ave rag e  o f  five d e te rm in a tio n s.

ful starting point, but when beverage sys
tems of appreciable ionic strength replace 
distilled water, a given millivolt reading 
may no longer be equal to the same fluo
ride ion concentration. The use of the 
“swamping solution” removes this restric
tion and permits one to relate the same 
millivolt reading to the same fluoride ion 
concentration for a variety of beverages 
of diverse ionic strengths.

The m ethod described in this paper is 
com plem entary to the wide line N M R 
method which measures total fluoride 
content. Table I illustrates the utility of 
both methods in differentiating between 
total and free available fluoride content. 
The precision and accuracy of our method 
is illustrated by the data shown in Table 
2 .

Our findings may be summarized as 
follows: (1) Com mercial carbonated bev
erages examined were for all practical 
purposes devoid of free available fluoride 
ion; (2 ) Beverages prepared from pack
aged ingredients at home using fluori
dated water retained the original fluoride 
content as free available fluoride ion; (3) 
Milk and orange juice samples examined 
had fewer than 0.019 ppm as free fluoride 
ion, but when prepared or spiked with 
sodium fluoride, the fluoride remained 
present as free available fluoride ion. The 
statem ent of the special joint subcommit
tee of the Commission on Public Dental 
H ealth Services and the Commission on 
Dental Research (1967) that, “the devel
opment and promotion of fluoridated 
staple foods is particularly urgent and 
valid for the developing countries,” should 
lead to increased interest as to whether 
food products and beverages contain free 
available fluoride ions and the need for 
methods of fluoride analyses such as the 
m ethod described in this paper.
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Lethality of Radio-Frequency Energy upon Microorganisms 
in Liquid, Buffered, and Alcoholic Food Systems

SUMMARY-------This work was done to determine if 60 m e/sec R-F energy has a selective
killing effect on microorganisms other than that attributable to heat. The organisms 
studied were Saccharomyces cerevisiae, Escherichia coli, and Bacillus subtills. An 
aqueous buffer medium was used to suspend the microorganisms for the irradiation 
treatments. No killing effect of the R-F energy per se on the organisms was observed 
a t  any of the various buffer pH values, nor was there an observable synergistic killing 
effect of R-F energy and heat on the microorganisms in any of the buffers. However, a 
synergistic killing effect of ethanol and heat at 48 .8°C was demonstrated on S. cerevisiae. 
Irradiating S. cerevisiae and E. coli in several liquid foods also failed to show a selective 
killing effect of R-F energy.

IN TRO D U CTIO N
T H E  1960’s have witnessed an intensifi
cation of research activities in the area of 
application of R-F (radio-frequency) en
ergy to the solution of difficult heating 
problems encountered in the processing 
of foods. One of the more interesting and 
im portant facets of these applications is 
the possibility o f sterilizing or pasteuriz
ing a food product at tim e-tem perature 
values much lower than those now re
quired using conventional heating tech
niques. This can be done with R -F  en
ergy only if it has a selective killing ef
fect on microorganisms other than that 
attributable to a heating effect.

This work was done to determine if 
60 m e/sec R-F energy has a selective 
killing effect on microorganisms other 
than tha t attributable to heat.

Beckwith et al. (1931) reported sig
nificant reductions in the num bers of 
Saccharomyces ellipsoideus and other 
yeast irradiated with R-F waves. In three 
cases, sterilization of the yeast suspension 
was achieved in 15 min. Tem peratures of 
the irradiated suspensions were not al
lowed to exceed 39 °C. Frequency of the 
radiation was not specified.

Fabian et al. (1933) treated 20-cc 
broth suspensions of Escherichia coli with
7.5, 10, and 15 m e/sec R-F energy in a 
com bination condenser-cooler apparatus 
which m aintained the medium at about 
19°C by circulation of cold water in the 
jacket o f the condenser. They found that 
destruction of the bacteria occurred at 
the three frequencies with the lethal effect *

* P re se n t a d d re ss : D e p a r tm e n t o f  F o o d  S c i
ence , North C a ro lin a  S ta te  U n iversity , Raleigh, 
N o r th  C a ro lin a  27607.

greatest at 10 m c/sec. About 88% de
struction of E. coli occurred after 8 h r of 
treatm ent.

Yen et al. (1934) investigated the ef
fect of R-F waves of 1.5 m c/sec on 10 
different strains of bacteria. They exposed 
the bacteria in saline solution between 
electrodes in a 15-mm diam eter glass tube 
that was cooled by a coil in the tube 
through which cold water was circulated. 
Tem perature in the tube never exceeded 
20 “C. They reported that E. coli, Bacillus 
typhosus (Salmonella typhosa), Bacillus 
proteus (Proteus vulgaris) and Bacillus 
dysenteriae Shiga (Shigella dysenteria) 
were completely destroyed in 90 min. 
F our other strains of bacteria exhibited 
significant decreases in num ber of viable 
cells after irradiation for 90 min.

Fleming (1944) irradiated E. coli with 
R-F energy of various frequencies from 
11 to 350 m c/sec. The bacteria were 
suspended in 10 cc of nutrient broth in a 
tube and placed between the plates of a 
condenser. A  10-W power input was used 
and the tim e of exposure for all treat
ments was 1 min. M aximum tem perature 
reached during any treatm ent was 30°C. 
All frequencies tested had a lethal effect 
on the bacteria with the greatest effect, 
about 98%  destruction, occurring at ap
proximately 60 m c/sec.

N yrop (1946) applied R -F  energy of 
10-100 k c/sec  to E. coli in broth suspen
sions. H e used electrodes in intim ate con
tact with the broth medium. H e observed 
that 99.6%  kill was achieved with a field 
strength of 205 V /cm  in 5-sec and 99.8%  
kill in 10-sec exposure. There was no 
m arked difference in results when the 
treatm ents were m ade between 12-40 and 
40-60°C .

Jacobs et al. (1950) carried out many

experiments on E. coli and Staph, aureus 
using R-F energy of frequencies from  1.2 
to 66 m c/sec. They exposed 6-ml po r
tions of broth cultures of the organisms to 
R-F energy applied either by two flat 
electrodes or by a concentric foil elec
trode. In most of their experiments, no 
significant killing of the microorganisms 
was observed. The maxim um  tem pera
tures reached in the suspensions were 
about 32°C.

Brown et al. (1954) studied the effect 
of R-F energy at 50 c/sec, 190 kc/sec , 
26 m c/sec on E. coli. The bacteria were 
irradiated in nutrient broth by means of 
a 6.5-cc capsule electrode assembly. Their 
initial experiments disclosed m any in
stances of destruction of E. coli. They 
found, however, that a therm al effect was 
responsible as tem peratures in the capsule 
reached 55 °C. They repeated their earlier 
work and concluded there was no sig
nificant killing effect in most treatm ents 
unless the final tem perature exceeded 
about 50 °C.

Olsen et al. (1966) have reviewed the 
recent literature on the biological effects 
of microwave energy. They report that 
unpublished data of Baker et al. (1965) 
have shown that microwave energy at 
2,450 m c/sec inhibits the germ ination of 
macrospores of Fusarium solani var. 
phaseoli, probably by affecting a m eta
bolic system in a way distinct from  that 
of heat. Olsen (1965) and Olsen et al.
(1966) report that bread mold fungal 
spores can be eliminated by treatm ent 
with microwaves in a conveyor asembly. 
The tem perature of the bread was brought 
to 65°C in 2 min and cooled to room 
temperature. W hen spores of the same 
fungus were exposed to  identical condi
tions by conventional heating, there was 
no reduction in spore viability. Thus, they 
infer that R-F energy has a nontherm al 
effect on the spores.

Robe (1966) reported on a process for 
pasteurizing liquids with R-F energy of 
27.12 m c/sec which uses a wave guide 
configuration surrounding a glass or plas
tic tube through which the liquid flows. 
Experiments were conducted on beer and 
wine inoculated with yeast. Sterilization 
of these products was brought about re
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peatedly by heating them to 46.2-48.8 °C 
with R-F energy. As 30 min at 60°C is 
usually required for sterilization using 
conventional heating, the deduction was 
made that the R-F energy had a syner
gistic killing effect with heat on the yeast.

EX P E R IM E N T A L
Apparatus

Description of radio-frequency apparatus.
A schematic diagram of the apparatus is 
presented in Figure 1. A 500-watt R-F gen
erator having a fixed frequency output of 
60 mc/sec was used to supply the R-F 
energy, which was bound to the medium 
through a two-electrode capacitor arrange
ment, with the fluid flowing between the 
two electrodes as shown in Figure 2. The 
inner electrode was a solid stainless steel 
rod, 1/ i in. in diameter by 8V4 in. long. 
The outer electrode was a stainless steel 
sheath, 1V2 in. inside diameter by 12 in. 
long.

The inner electrode was connected at 
one end, through Teflon packing, to the 
upper plate of a capacitor by a hollow 
copper tube. The bottom plate of the capaci
tor was connected to one of the output 
terminals of the generator. The outer elec
trode was grounded to the generator chassis 
and was thereby connected to the other 
terminal of the generator. Current delivered 
to the electrodes was varied by increasing 
or decreasing the spacing between the ca
pacitor plates.

The evaporation chamber was constructed 
of Pyrex glass and equipped with a mercury- 
glass thermometer. The remaining compo
nents of the R-F evaporation system were 
constructed of stainless steel and were joined 
using 1-in. stainless pipe, together with the 
appropriate elbows and tees. Fittings were 
the “clamp-type” with a hard rubber, form- 
fitting gasket between them. The unit was 
easily disassembled for cleaning after use. An 
in-line flowmeter was used to measure the 
flow rate.

Thermocouples and a potentiometer were 
used to make temperature measurements on 
the fluid at positions in the area of the elec

trode. A vacuum tube volt meter, Model 
410B, Hewlett-Packard Co., Palo Alto, Cal., 
was used to measure the voltage difference 
across the electrodes.

Operation of high-frequency evaporation 
apparatus. The apparatus was operated in 
the following manner. A vacuum of about
29.4 in. Hg was drawn on the system by a 
vacuum pump. The unit was charged by 
opening the product feed valve and allowing 
the test fluid to flow into the unit through a 
submerged glass tube. When the desired op
erating volume was reached, the recirculating 
pump was activated and the flow of the liq
uid adjusted to the desired rate by use of two 
valves; one on the pump bypass and the other 
situated in the main line below the flowmeter. 
The liquid was circulated through the flow
meter into the electrode assembly where the 
R-F energy was applied. The fluid was then 
pumped through a nozzle into the flash 
evaporator. Water vapor was drawn into the 
condenser, recondensed into water and col
lected in the receiving flask.

Procedures
Experimental design. Three species of mi

croorganisms were selected for study: Sac- 
charomyces cerevisiae, Strain No. 1, obtained 
from the V.P.I. Department of Bacteriology 
Culture Collection; Bacillus subtilis, Strain 
No. 1, also from V.P.I.; Escherichia coli 
A.T.C.C., No. 11775, obtained from the 
American Type Culture Collection, Washing
ton, D. C. They were selected because they 
are nonpathogenic, easy to culture and each 
represents a different type of microorganism.

Experiment I. The possible effect of the 
R-F energy per se on the microorganisms 
was investigated by irradiating them for 46 
min with R-F energy during 2-hour unit op
erating periods. The experiment was con
ducted under a partial vacuum at buffer pH 
values of 7.0, 5.0 and 3.0 for S. cerevisiae, 
and 7.0 and 5.0 for E. coli and B. subtilis. 
The evaporation of water from the system at 
a temperature of about 20 °C eliminated the 
possibility of thermal damage to the micro
organisms. Plate counts were made before 
and after exposure to determine if there was 
any decrease in the number of microorga
nisms.

Experiment II. The possible synergistic ef
fect of R-F energy and heat on the micro
organisms was investigated at the same buffer 
pH values as those previously given. The 
basic procedure was to determine, by water 
bath studies with a given microorganism, a 
temperature at which a gradual death phase 
occurred. The extent of this heat-lethality 
was determined quantitatively as a function 
of the pH value of the suspension medium. 
A corresponding R-F treatment was given to 
the microorganism at the predetermined 
temperature. If the R-F energy has a syner
gistic effect with heat on the microorganism, 
a greater killing effect than that determined 
in the water bath studies should be observed.

Experiment III. To check the effect of 
R-F energy on microorganism in complex 
media, several studies were made using liq
uid foods as the suspension media rather 
than the buffer.

Microbiological methods. A citrate-diso- 
dium phosphate buffer in distilled water was 
selected as the suspension medium for the 
microorganisms. It can be formulated to any 
pH value from 2.2 to 8.0. A final concen
tration of about 0.06 M  citrate-disodium 
phosphate was used for all pH values of the 
buffer.

S. cerevisiae was cultured in malt extract 
broth (Baltimore Biological Laboratory, Bal
timore, Md.) for 48 hr at 26.7 °C. The yeast 
cells were harvested by centrifugation of 200 
ml of broth in 250-ml stoppered centrifuge 
tubes at 900 g for 3 min followed by decan
tation of the supernatant liquid. The cells 
were resuspended in about 200 ml of 0.06 M  
buffer of the appropriate pH value. E. coli 
was grown in tryptic soy broth (Difco Labo
ratories, Detroit, Mich.) at a temperature of 
36.6°C for 24 hr. The cells were harvested 
by centrifugation and resuspended in 0.06 
M  buffer. The absorbancy of the suspension 
was adjusted with sterile buffer to a value of 
0.1 at a wave length of 590 m u . in a Bausch 
and Lomb “Spectronic 20” spectrophotom
eter. Optically matched curvettes 101 mm 
long and 12 mm I.D. were used.

B. subtilis was grown in tryptic soy broth 
at 32.2°C for 48 hr. The cells were harvested 
and resuspended as described for E. coli,

Fig. 1— Schematic diagram of laboratory radio-frequency elec
tronic evaporator. Fig. 2— Diagram of the electrode assembly.
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Table 1—Effect of 60 mc/sec R-F energy on the survival of S. cerevisiae, E. coli. and B. 
subtills at various pH values in 0.06 M citrate-disodium phosphate buffer at 20°C or less 
under vacuum conditions.

N u m b e r  o f  v iab le  m ic ro o rg an ism s (m illion /m l)
R -F  ex p o su re  ---------- -------------------------------------------------------------------------------------------------------------------

tim e (m in) S. cerevisiae E. coli B. subtilis

p H  7 .0 p H  5 .0 p H  3 .0 p H  7 .0 p H  5 .0 p H  7 .0 p H  5 .0
1.775 1 .620 1 .860 5 .4 5 0 6 .0 5 0 1.195 1 .310
1.765 1.625 1 .880 5 .3 0 0 6 .1 0 0 1 .180 1 .315

except the absorbancy of the suspension was 
adjusted to a value of 0.7-0.8. The stock 
suspensions had the following concentrations 
of viable microorganisms: S. cerevisiae,
about 35 million cells/ml; E. coli, about 120 
million cells/ml; B. subtilis, about 25 million 
cells/ml.

S. cervisiae was plated on Difco potato 
dextrose agar. Incubation was at 26.7 °C for 
4-5 days. E. coli and B. subtilis were plated 
on Difco Standard plate count agar. Incuba
tion was at 36.6°C for 48 hr.

R-F treatments. Contamination in the ap
paratus was reduced to an average level of 
less than two viable microorganisms per ml 
of circulated buffer by the following pro
cedure. Chlorinated tap water, at the rate of 
500 ppm of available chlorine, was circu
lated through the unit for 10 min. After be
ing drained, the unit was flushed out several 
times with hot tap water and allowed to drain 
overnight. Immediately prior to use the next 
day, the apparatus was flushed out with warm 
tap water. Finally, water at 210°F was fed 
into the unit and circulated for 10 min. The 
unit was drained immediately before use.

Experiment I. To initiate a given treat
ment, sufficient stock inoculum was intro
duced into the buffer in the unit to give about 
a 1:20 final dilution. The buffer was circu
lated at the maximum flow rate for several 
min in order to insure tnorough dispersion 
of the cells and then two zero-time control 
samples were withdrawn into sterile 125-ml 
bottles. The fluid level in the unit was 
brought to 3 L and the flow rate was ad
justed to about 1.14 L/min which was the 
slowest rate commensurate with satisfactory 
functioning of the unit. Therefore, approxi
mately 2.6 min were required for 3 L of 
fluid to be pumped through the electrode as
sembly. At this point the R-F generator was 
turned on and current to the electrodes ad
justed to 300 ma. Periodic introduction of 
sterile distilled water was used to maintain 
the volume in the unit at a functional level. 
Liquid level of the system was readjusted to 
3 L upon termination of a R-F treatment. 
Samples of the treated suspension were 
plated to determine if any destruction of the 
microorganisms occurred.

Experiment 11. This experiment was simi
lar to Experiment I except for the following 
variations. The temperatures selected at 
which to study the possible synergistic ef
fect of R-F energy and heat were: 48.8°C 
for S. cerevisiae, 54.5°C for E. coli, and
46.1 °C for 11. subtilis. To initiate a treatment, 
the buffer was heated to the desired tem
perature in the unit. The inoculum was in
troduced into the system and allowed to 
thoroughly mix with the buffer. Zero-time 
control samples were taker, and cooled. Next, 
the R-F energy was turned on and timing of 
the exposure was begun.

Temperature of the buffer was held near 
the desired value, about 0 to —2°C, by reg
ulating manually the vacuum valve to allow 
distillation of water if the buffer tempera
ture was about to exceed the desired value. 
The treatments were terminated after various 
time periods ranging from 16 to 64 min. 
Samples of about 50 ml volume, to be used 
for plate counts, were drawn into chilled 
125-ml bottles and rapidly cooled to sub

lethal temperatures by vigorously shaking 
them in a cold water bath.

Experiment 111. Studies were made using 
tomato juice, milk and orange juice as the 
suspension medium rather than the buffer.

Freshly made and pasteurized tomato juice 
was inoculated with S. cerevisiae to give a 
concentration of about 3 million yeast per 
ml of juice in the evaporator unit. Fresh, 
whole, pasteurized milk was inoculated with
E. coli to give a concentration of about 54 
million bacteria per ml of milk in the evap
orator. Conduct of both determinations was 
similar to that of Experiment I except that 
both the tomato juice and the milk were con
centrated in the unit to produce 3:1 con
centrated products. Whenever the liquid vol
ume in the unit dropped to about 2 L, refrig
erated, pasteurized tomato juice or milk was 
introduced into the unit to restore operating 
volume. Volume level in the unit was 3 L 
at the time microbiological samples were 
withdrawn.

The possible synergistic effect of heat at 
48.8°C and R-F energy on S. cerevisiae was 
determined in reconstituted and freshly pas
teurized orange juice. Conduct of this de
termination was similar to that described in 
Experiment II. The orange juice was inocu
lated to give a concentration of about 1.7 mil
lion yeast per ml of orange juice in the 
evaporator at the start of the R-F treatment.

Procedure for water bath determinations.
Three stoppered Pyrex tubes, 1 in. in diam
eter and 6 in. in length, were filled with 38 
ml of buffer solution, placed in a wire basket 
assembly, and submerged to Vi in. above 
the buffer level in the tubes. After the tem
perature in tubes reached that of the water 
bath, the determination was initiated by 
pipetting 2 ml of the stock microorganism 
suspension into each of three tubes. A fourth 
tube was likewise inoculated and held at 
room temperature to serve as a zero-time 
sample. Samples were withdrawn from the 
tubes under aseptic conditions after time 
periods of 4, 8, 16, 24, 32, 40, 48, 56 and 
64 min. The tubes were sampled in rotation. 
A 1-ml sample was withdrawn in the ma
jority of samplings and pipetted direcLy into 
either 9 ml or 99 ml of diluent as required, 
thus insuring nearly instantaneous cooling of 
the sample to a sublethal temperature.

For samples to be plated undiluted, a vol
ume of about 4 ml was withdrawn using a 
10-ml pipette and pipetted directly into a 
dilution bottle that had been previously 
chilled to a temperature of — 23 °C. The bot
tle was shaken vigorously to speed the cool
ing of the sample. In these water bath de
terminations, four replicates were made at

each of the various pH values for S. ce
revisiae and E. coli, and two replicates for 
B. subtilis.

R E S U L T S  & D IS C U S S IO N
IT  WAS considered necessary to  include 
the pH  value of the suspension medium 
as a param eter in this study. The effect of 
pH  in lowering the resistance of m icro
organisms to heat or to chemical sanitiz
ing agents is a well-known phenom enon. 
In the literature there has been no m en
tion of investigating the influence of pH. 
In  addition, the m edia used to suspend 
the microorganisms during R-F irradia
tion has, in general, been poorly defined. 
This situation makes it m ost difficult to 
duplicate published experiments and may 
partially explain the many discrepancies 
concerning the effects of R-F energy on 
microorganisms.

F or all of the R-F treatm ents to be 
discussed, the average tem perature rise 
of the various test fluids per pass through 
the electrode was about 5°C and the elec
tric field intensity in these fluids ranged 
from  190 to 205 V.

The results of Experim ent I are p re
sented in Table 1. It is apparent that there 
was no significant decrease in the num 
bers of microorganisms at any of the 
buffer pH  values tested.

The results of Experiment II are p re
sented in Figures 3, 4 and 5. These graphs 
show that the decrease in numbers of 
microorganisms during the combined R-F 
and heat treatm ents fall in the range 
estimated in the water bath studies. T here
fore, the unavoidable conclusion is that 
the only lethal effect on 5. cerevisiae, E. 
coli, and B. subtilis attributable to the R-F 
treatm ent is a therm al one and that there 
was no synergistic effect o f heat and R-F 
energy on these microorganisms.

The unusual configuration of the plots 
in the case of B. subtilis (Fig. 5) can be 
explained by the presence of spore form s 
of the organism in the buffer suspensions. 
The initial slope in the plots results from 
the death of vegetative cells, while the 
leveling of the data parallel to the abscissa 
results from the survival o f the spore 
forms which are known to be very heat 
resistant.

It was not considered necessary to
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replicate all of the treatm ents in Experi
ments I  and II. However, the treatm ents 
a t pH  3 for S. cerevisiae and at pH  5 for 
E. coli and B. subtilis were replicated, and

no lethal effects of R-F energy were ob
served.

The failure to dem onstrate a synergistic 
effect o f heat and R-F energy or. S.

cerevisiae is at variance with results p re
viously cited in the liturature (Robe,
1966). As beer contains about 5% eth
anol and wine 10-20%  ethanol, it was 
thought that the ethanol content of these 
products m ight have contributed with 
heat in causing the reported lethality. To 
investigate this possibility, a water bath 
study was made at 48 .8°C at buffer pH  
values of 7.0, 5.0 and 3.0 in com bination 
with concentrations of ethanol of 2, 6 
and 10% . The results presented in 
graphic form  in Figure 6 show that 
ethanol greatly increased the susceptibil
ity of S. cerevisiae to destruction by heat. 
An additional w ater bath study, using 
beer and wine in place of buffer, gave 
similar results. The beer had an ethanol 
content o f about 5% , a pH  of 4.3, and 
an initial yeast count of 2.330 million 
cells per ml. The wine was 12% ethanol, 
had a pH  of 3.6 and an initial yeast count 
of 1.805 million cells per ml. Sterilization 
was extrapolated to occur at about 4.8 
min in the beer and at about 3.9 min in 
the wine. In the light of these data, there 
is the possibility that the results presented 
by Robe (1966) were due to the com 
bined effect o f ethanol and heat rather 
than to that of heat and R-F energy.

The results of Experim ent II  failed to 
reveal any lethal effect of R-F energy on
S. cerevisiae in tom ato juice or E. coli in 
milk. There was no reduction in numbers 
of either m icroorganism after 3.3 hr of 
exposure to R-F energy during 9-hr unit 
operating periods. In  addition, the results 
of the orange juice study failed to reveal 
a synergistic effect of heat and R-F en
ergy on S. cerevisiae. The values for the 
16 and 32 min R-F and heat treatments 
were reasonably close to their correspond
ing water bath values, i.e., 530,000 viable 
yeast per ml for the water bath treatm ent 
at 16 m in vs. 780,000 for the R-F plus 
heat treatm ent at 16 min and 5,700 vi
able yeast per ml for the water bath treat
ment at 32 min vs. 8,400 viable yeast per
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Fig. 3— Synergistic effect of 60 m e/sec R-F energy and heat at 48 .8 °C on S. cerevisiae 
in 0.06 M citrate-disodium phosphate buffer at pH 7.0, 5.0 and 3.0.
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ml for the R-F plus heat treatm ent at 
32 min.

The selective destruction of m icroor
ganisms through the application of R-F 
energy could not be dem onstrated under 
the experimental conditions described in 
this paper. However, the possibility of 
accomplishing this objective still exists.

Radio-frequency energy is not sensibly 
“hot” ; it is on the contrary, “cold.” H eat
ing and other effects occur only through 
the interaction of the impinging R-F en
ergy and the molecules that constitute the 
broth medium. W ith this in mind, there 
are three principal ways in which R-F 
energy might cause the destruction of 
microorganisms.

If heat can be generated faster in the 
microbial cell than in the suspension m e
dium, the cell might be destroyed ther
mally at a comparatively low heating rate 
of the suspension medium. This possibility 
is dependent upon the chemical composi
tion of the suspension medium and of 
the m icrobial cells.

Since most microbial cells bear an 
electrical charge, usually negative, there 
exists the possibility of mechanically dis
rupting the cell by causing it to  oscillate 
rapidly in the high-frequency field. If 
these oscillations are rapid enough an d /o r  
of a large enough displacement, the elas
tic limits o f the cell structure might be 
exceeded, thus causing the cell to  rupture 
and die. In  the w ork reported in this 
paper, however, the microbial cells were

exposed to a voltage difference across the 
electrodes of 190-205 V  and no lethality 
was noted.

If R-F energy of a given frequency is 
selectively absorbed by certain critical 
organic molecules o f the microbial cell, 
such as an essential protein or D N A  mole
cules, these molecules could be irrevers
ibly denatured and the microorganisms 
rendered nonviable at low-heating levels 
of the suspension medium. W hether or 
not this possibility occurs depends upon 
w hat happens on a m olecular level. Very 
little is known concerning the effects of 
R-F energy on molecules other than 
water. An investigation into determining 
a R -F  frequency at which D N A  mole
cules resonate could prove especially 
fruitful. If  such a resonance frequency 
exists, the application of R-F energy of 
sufficient intensity at this frequency might 
cause either a direct, physical change in 
the configuration of the molecule, o r the 
energy could be dissipated mainly as heat. 
E ither o r both occurrences might be of 
large enough m agnitude to cause the ir
reversible denaturation of the molecule.

The authors are unable to explain away 
the killing effects of R-F energy per se 
reported by other workers, notably Beck
with et al. (1931), Fabian et al. (1933), 
Yen et al. (1934), Fleming (1944), and 
N yrop (1946). Aside from  the differences 
in frequencies employed, there is the pos
sibility that localized overheating or some 
experimental artifact might be responsible

for the observed lethalities. These w ork
ers treated small quantities of fluid, on 
the order of 5 -20 ml, and did not con
tinuously m onitor tem perature readings.
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Reaction at Limited Water Concentration
1. Sucrose Hydrolysis

SUMMARY— To enable development of a model describing reaction kinetics in dehy
drated foods, we studied sucrose hydrolysis at limited water concentration. Satwated  
sucrose solutions containing various acids and inert solid materials gave identical rate 
constants and energy of activation as predicted from dilute solutions. Reaction rates in 
freeze-dried system s humidified to low moisture contents indicated that any equation 
describing the rate of hydrolysis must include a term for the velocity of dissolution of 
solid sucrose into the surface water. The rate of hydrolysis was a pseudo first-order 
reaction obeying the same kinetics as in dilute solution; the rate of dissolution became 
rate-limiting when the initial supply of dissolved sucrose was exhausted.

IN TRO D U CTIO N
T H E  RA TE of various deteriorative reac
tions which occur in dehydrated foods is

usually a function of the am ount and state 
of water in the food. There have been ex
tensive investigations of the mechanism 
of enzymatic reactions (Acker, 1963),

lipid oxidation (M aloney et al., 1966; 
Labuza et al., 1966), and nonenzym atic 
browning (Lea, 1958; Tannenbaum , 
1966) in dehydrated systems. These in
vestigators stressed the im portance of the 
interaction between water and the various 
reactants. The similarities between dehy
dration and freezing (Fennem a, 1966) 
as methods of limiting w ater concentra
tion are significant.

With nonenzymatic browning of sugar- 
amino systems, Hodge (1953) has shown 
that a carbonyl group on the sugar is nec-
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essary for the reaction to occur. How
ever, the recent w ork of Karel et al.
(1967) shows that in a dehydrated system 
containing the nonreducing sugar sucrose 
and citric acid at low w ater activity, an 
appreciable browning reaction can occur. 
Their data indicate that the browning re
action was preceded by hydrolysis of su
crose. This hydrolysis form ed fructose 
and glucose, which are reducing sugars. 
In  the present study, the mechanism of 
the sucrose hydrolysis reaction was 
studied in systems at limited water con
centration. The results could be used both 
to explain the browning of nonreducing- 
sugar systems as well as to increase the 
knowledge about the state of water at low 
activity.

T H E O R E T IC A L
General mechanism

The rate of sucrose hydrolysis is a function 
of the concentrations of reactants, tempera
ture and acid-catalyst concentration. The 
stoichiometric reaction is:

in which

S»
St
S »  -  X
Wo
X

t
k

= initial sucrose concentration 
= sucrose concentration at any time 
= sucrose concentration at time t 
= initial water concentration 
= reducing sugar concentration 

(equals glucose +  fructose)
= time, and 
= rate constant.

Integration of Eq (1) gives this second- 
order equation:

developed this empirical equation for the 
rate constant:

1 In

In So
S0 -  X = kt

Sucrose +  H20  ■
H +

Fructose +  Glucose

(Glasstone, 1946). Under these conditions 
the rate of disappearance of sucrose or ap
pearance of reducing sugar is:

k{So ~  X) {H'° ~  X) 0)

log10(k) = 16.91 +  logio(IEo)
5670

T pH (4)

in which

lF„r(So-X)l 
s» = (2)So -  ITo SoL(1Eo

However, if water is present in great ex
cess, the fraction of water used in the reac
tion is negligible. Thus the water value can 
be included in the constant k, and Eq (1) 
can be integrated to give the pseudo first- 
order reaction-rate equation:

(3)

A semi-log plot of So/So—X  vs. time would 
therefore be a straight line whose slope is the 
observed first-order rate constant k. When 
the water concentration is in excess, the 
data could then be plotted both as a first- or 
second-order reaction. When water becomes 
limiting, as might be expected at high sucrose 
concentration and low water activity, only 
the second-order rate reaction should apply 
to the data.

The rate constant k can be divided into its 
component parts of temperature dependence, 
water concentration and catalyst concentra
tion. After reviewing the literature on sucrose 
hydrolysis in dilute solution, Yukov (1965)

k = measured rate constant
IFo = initial water concentration
T = absolute temperature.

Thus, the log of the rate constant is propor
tional to the inverse of the absolute tempera
ture and directly proportional to the pH.

Hydrolysis in a “dry” system
Water in the hydrolysis reaction serves 

both as a substrate as well as a medium for 
reaction. At low water activity (low relative 
humidity) and on a soluble solid substrate, 
the state of water should control the fraction 
of the total quantity of substrate that can 
participate in the hydrolysis reaction. The 
moisture isotherm of the material would 
give a picture of the state of water by divid
ing it into tightly bound water below the 
monolayer, loosely bound multilayer water, 
and free water of capillary condensation 
(Adamson, 1960). The extent to which the 
pseudo first-order kinetic model described 
above is consistent with the experimental 
data should give information on the avail
ability of water at low activity, since when 
water becomes a limiting reactant the kinetics 
will no longer be first order.

If excess solid sucrose is present in a 
saturated sucrose solution undergoing hy
drolysis, a diffusion gradient will exist be
tween the solid surface and the lower concen
tration in the aqueous media surrounding it, 
once hydrolysis occurs. Thus, solid sucrose 
should dissolve to maintain the concentration 
at the saturation value. However, as hydroly
sis occurs, the concentration of invert sugar 
increases and thus depresses the solubility of 
sucrose and establishes a lower saturation 
value. The data of Jackson et al. (1924) are 
interpolated at 37°C to show this effect and 
are presented in Fig. 1.

r i  [ J e l l  t o  i n v e ì  L - o u g a i  i i i  jlvju  p u i  w  * *  t u c - i

Fig. 1— Effect of invert-sugar concentration on solubility of 
sucrose at 37°C.

TIM E

Fig. 2— Theoretical: Reducing-sugar formation in systems at 
limited water concentration.
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Under these conditions, the overall kinetic 
pattern for sucrose hydrolysis in the presence 
of solid sucrose can be represented as fol
lows:

UNDISSOLVED SUCROSE

Dissolution

rate = +  —f  - = /  (gradient) at

= Si

Hydrolysis

R a te  =  -  =  kS,dt

Invert sugar = X

There are 3 possible cases for this model:
(a) The rate of dissolution is greater or 

equal to the rate of hydrolysis. Thus, the 
aqueous phase always remains at the satura
tion value Si* which decreases as X  in
creases :

Si = St* Case a

(b) The rate of dissolution is negligible 
compared to the rate of hydrolysis:

St = So — X  Case b
(c) A condition between the 2 extremes in 

which the dissolution rate is small, but not 
negligible:

So -  X < St < S t* Case c
These 3 conditions are represented graphi

cally in Fig. 2. In all cases the effect of water 
depletion is neglected.

M A T ER IA LS  & M ETH O D S
Model systems

Four types of model systems were pre
pared as follows:

System I. The exact amount of sucrose 
necessary to make a saturated solution 
(Bates, 1942) is added to water at room tem
perature with continuous stirring on a stirrer 
hot plate. After covering the beaker with 
Parafllm, we heated the solution to not more 
than 5°C above the desired temperature to 
complete dissolution. The required amount 
of acid was then added and dissolved. Under 
these conditions water loss and hydrolysis 
were negligible.

System n .  A known amount of system I 
was mixed with microcrystalline cellulose 
(Avicel, American Viscose Co., Marcus

Hook, Pa.) in the ratio of 50 g microcrystal
line cellulose to 100 g water in a Sorvall 
Omni-Mixer mixing cup (full speed for 5 
min). The mixing was done in an ce bath 
to prevent heating.

System m . To a known amount of system 
II, sucrose crystals were added and mixed in 
by hand until a homogeneous mixture was 
obtained. Enough excess crystals were added 
so that an excess was always presen: during 
the hydrolysis reaction.

System IV. Samples of about 35 g of 
system II were transferred into 125-ml flasks, 
frozen in liquid nitrogen, and then freeze- 
dried at 20 ^Hg for 96 hr at 80°F. After 
freeze-drying, the samples were equilibrated 
to 75% relative humidity over saturated so
dium chloride solution for 5 hr.

Hydrolysis
After preparation the samples were placed 

in covered containers in a water bath main
tained to within ±0.01 °C. The extent of 
hydrolysis was measured in 2 ways:

Reducing-sugar test. A modified Somogyi 
procedure (Bates, 1942) was used, after dis
solving a known weight of the test sample. 
Care was taken to prepare dilutions in the 
proper range to insure accuracy of measure
ment. The standard curve was prepared by 
using equimolar amounts of gluccse and 
fructose since their individual reducing prop
erties differ slightly.

Polarimetric method (Bates, 1 9 4 2 ). W e
used the standard polarimetric technique in 
which the measure of the change in optical 
rotation of a solution can be related to the

Table 1—Saturated-sucrose solution runs1

R u n

T em 
p e ra 
tu re
(°C )

S u 
crose A c id  u sed

p H
aver
age k X  103

1 25 211 5 g c itric 1 .7 0 2 .41
2 25 211 10 g c itric 1 .5 2 3 .5 4

4, 5, 6 37 232 5 g citric 1 .8 0 13 .84
7, 8 ,9 37 232 10 g c itric 1 .60 2 0 .2 0

10 3 8 .5 232* 5 g c itric 1 .83 17 .30
11 3 8 .5 23 2 2 10 g c itric 1 .63 2 5 .3 2
12 37 232 5 g ad ip ic 2 .6 3 2 .1
13 37 232 0 .0 1 V H C 1 1 .68 2 1 .4
14 37 232 0 .0011V H C 12 .7 6 1 .67
15 3 37 232 5 g c itric 1 .9 2 10.1
163 37 232 10 g c itric 1 .7 0 16.3

1 100 g w ater/sy stem .
2 S lightly  below  sa tu ra tio n  va lue  o f  23 5 g fo r  

38 .5°C .
3 C o n ta in s  in  a d d itio n  100 g m icrocrysta lline  

cellu lose (system  II) .

Table 2—Activation energy for sucrose 
hydrolysis ________

D ilu te  so lu tio n R eference
E n k ca l/m o le

2 6 .0 Sizer (1937)
2 5 .7 H e id t (1938)
2 5 .8 L am b le  e t a l. (1915) 

M oe lw yn  e t al. (1930)
2 8 .2

S a tu ra ted  so lu tio n
B od am er e t a l. (1951)

2 6 .3  (5 g c itric  acid) P resen t study
2 6 .6  (10 g c itr ic  acid) P re sen t study

concentration of the various optically active 
components in the system. The test system 
was dissolved in water to a suitable dilution 
and filtered, when microcrystalline cellulose 
was present, to give a clear solution. A Hilger 
and Watts polarimeter (model C412), giving 
an accuracy of ±0.01°, was used with a 
20-cm jacketed tube.

When the microcrystalline cellulose was 
present in the system, an additional rotation 
of 0.7—1.50° was obtained over that of 
pure sucrose (21.90°). In all cases, there
fore, the polarimetric results were corrected 
for this additional rotation. No other addi
tives contributed to specific rotation.

The extent of hydrolysis (H % ) is ex
pressed in the Results section as the moles of 
reducing sugar (1 mole reducing sugar =  1 
mole glucose +  1 mole fructose) divided by 
the initial sucrose concentration.

Where possible, pH was measured with a 
Corning (model 12) pH meter by use of a 
microelectrode.

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

Saturated sucrose solutions of system I 
were prepared according to the com posi
tion shown in Table 1. The extent of hy
drolysis and the variation of pH  were 
measured as a function of time. An exam
ple of the data is shown in Fig. 3 for ex
tent of hydrolysis. The pH  was found to 
decrease slightly during the experiment, 
and an average pH  was determined from  
the time during which approxim ately 4 0 - 
50%  of the hydrolysis occurred (Table 
1 ) .

The system I solutions, although con
taining only about 8 moles w ater/ mole 
sucrose, clearly exhibited a pseudo first- 
order reaction rate as shown in Fig. 4 for 
the runs at 37°C. Even with close to 90%  
hydrolysis, the 10% decrease in water 
concentration did not affect the rate equa
tion. The close agreement of the polari
metric and reducing-sugar tests (Fig. 3) 
indicated that browning had not yet oc
curred. The calculated rate constants for 
system I are tabulated in Table 1. The 
calculated activation energy was 26 .3- 
26.6 kcal/m ole. Values of activation en
ergy in dilute solution vary in the litera
ture but are very close to the present re
sults for saturated solutions. The results 
are tabulated in Table 2 for comparison.

The variation of the rate constant in 
dilute solution with pH  has been shown 
previously in equation (4 ). A  semi-log 
plot of k  vs. pH  should be a straight line 
with a slope equal to  one. The average 
estimated pH  values vs. the measured rate 
constant at 37°C  plotted in Fig. 5 show 
that the saturated solution also follows 
this equation. The points for hydrochloric 
acid fell slightly above the line; this was 
probably due to  the slight catalytic effect 
of the chloride ion (Ham m et et al., 1933). 
From  equation (4) for hydrochloric acid 
at pH  2 in a saturated solution at 37°C,
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R u n  II O  p o la rlm e te r te s t
(10 g c it r ic ) A  R .S . te s t

Fig. 4— First-order rate plot from sucrose hydrolysis in a satu
rated solution at 3 7 °C.

R u rf lO  •  p o la rim e te r te s t
(5 g c it r ic ) A  R .S . te s t

Fig. 3— Extent of sucrose hydrolysis in a saturated solution as 
a function of time at 38.5°C

the calculated value of k =  10.5 x  10~a 
h r 1 compares favorably with the data of 
Fig. 5.

The composition for system II contain
ing added microcrystalline cellulose (runs 
15, 16) are presented in Table 1. The 
hydrolysis data at 37°C  followed observed 
first-order kinetics (Fig. 6 ), and no sur
face catalytic effect of the cellulose was 
found. The m ajor effect of the cellulose

100

is to increase the pH  slightly by a buffer
ing action (Fig. 5 ) . In the presence of 
cellulose the pH  was constant throughout 
the hydrolysis reaction due to this buffer
ing action.

Saturated sucrose solutions 
with excess solid sucrose

Excess solid sucrose can affect the rate 
of hydrolysis as suggested in the Theo

retical section. Two runs were made at 
37°C  with the compositions shown in 
Table 3. The extent of hydrolysis, pH  and 
the concentration of dissolved sucrose in 
the aqueous phase was m easured with 
time. This latter test was made by cen
trifugation of the sample at 27,000 g and 
measurem ent o f the total reducing sugars 
in the supernatant before and after com 
plete hydrolysis w ith hydrochloric acid. 
F rom  this data, the actual concentration 
of sucrose in the aqueous phase can be 
com pared to:

(a) S t*— the saturated solution con
centration of sucrose assuming a rapid 
dissolution rate o f solid sucrose (cor
rected for reducing-sugar salting-out ef
fect).

(b) Sn—X — the concentration of su-

pH
o  R U N S  4,5,6 5 g c it r ic  V  —  13 H CI ~  0.01 N
•  —  7,8,9 10 g c it r ic  V  — 14 H CI ~  0.001 N
A  RU N  12 a d ip ic  □  — 15 av ice l

■ -— 16 av ice l

Fig. 5— Dependence of first-order rate constant on pH for su
crose hydrolysis in a saturated solution at 37°C.

time in hours
Pig, 6— Effect of the presence of an inert solid on sucrose hy

drolysis in a saturated solution at 37°C. First-order rate plot.
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Table 3—Composition: saturated-sucrose 
solution runs with excess sucrose (tempera
ture =37°C) ________  _______

R u n  18 R u n  19
T o ta l su c ro se  (g) 392 537
C itric  ac id  (g) 10 10
M ic ro c ry sta llin e  cellu lose (g) 50 50
W a te r  (g) 
D isso lv ed  sucrose

100 100

So (m oles/100 g solids) 0 .1 5 0 0 .1 1 4
Wo (m oles/100 g solids) 1 .230 0 .9 3 3
p H  (average) 1.75 1.73
k X  103 ( h r - 1) 14.9 16 .2

crose in solution assuming no dissolution 
of solid sucrose.

As an example, these values are shown 
in Table 4 for run 18. The data clearly 
indicate no measurable dissolution of ex
cess sucrose. Similar data were obtained 
for run 19. U nder these conditions, the 
data obey the first-order rate equation (3) 
and are consistent with a model of case 
b. The rate constants shown in Table 3 
fall on the line of Fig. 5 for the average 
m easured pH  value, and thus indicate 
conclusively that the excess sucrose had 
no surface catalytic effect.

Hydrolysis in humidified 
freeze-dried model systems

The m ajor problem in attem pting a 
kinetic analysis of sucrose systems under
going hydrolysis at a very low moisture 
content is that it is not possible to m ea
sure directly both the portion of the water 
available for dissolution of sugar and the 
pH  of this solution. Two runs were made 
at 37°C  with system IV  models in which 
10 g of citric acid was the catalyst, and 
hydrolysis was m easured as before.

The measured initial moisture content

Table 4—Hydrolysis in a saturated-sucrose 
solution in the presence of undissolved 
sucrose (run 18)_________________________

T im e
(hr)

(m o le s /100 g so lids)
X i S<2 So -  X* S ,* 4

24 4 .8 9 .6 10 .2 13 .5
48 7 .9 7 .0 7.1 12 .8
72 9 .9 5 .6 5 .2 12 .0
96 1 1 .4 3 .8 3 .6 11.5
1 M easu red  a m o u n t o f  reducing  sugars.
2 M e asu red  suc rose c o n cen tra tio n .
3 C a lcu la ted  sucrose c o n cen tra tio n . N o  d isso lu 

t io n  o f  excess sucrose.
4 C a lcu la ted  suc rose  co n cen tra tio n . R a p id  

d isso lu tio n  o f  excess sucrose .

for the samples prepared for run  20 was
3.1 g H 2O /100  g solids. The extent of 
hydrolysis for rim 20 is shown as a func
tion of time in Fig. 7. The data show that 
even at this moisture content, hydrolysis 
can occur. In order to  analyze the ki
netics of this reaction, it was initially pre
sumed that all the water is available for 
solution even though this water may be 
held tightly. This am ount of water then 
gives the value of S0 as shown in Fig. 7. 
Assuming the same conditions as in analy
sis of system III, and using the calculated 
hydrolysis rate constant for the first 10 
hr (under this condition the am ount of 
hydrolysis is very small so the concentra
tion gradient for dissolution is negligible), 
we show the theoretical curves for ro  dis
solution (Case b) and maximum dissolu
tion (Case a) of solid sucrose in Fig. 7. 
In  run 21, the sucrose crystallized as a 
m onohydrate with a water content of 4.2 
g /100  g solids at <0.1 % RH . If  the equi
librium water content of this system at 
75%  RH  (6.3 g H o O /100 g solids) is cor
rected for the mole of water per mole of

sucrose unavailable for reaction, then the 
initial sucrose concentration is (50) 2 =  
1.65 x l O 2 m oles/100 g solids. The un
corrected value is (So)! =  4.3 X 10-2 
m oles/100 g solids. The extent of hy
drolysis with time and the kinetic param 
eters discussed for run  20 are shown in 
Fig. 8. The data for these 2 runs suggest 
the following:

1. Sucrose hydrolysis can occur in sys
tems in which the w ater activity is low. 
W ater of crystallization, however, is not 
available for this reaction.

2. As dissolved sucrose is hydrolyzed, 
dissolution of sucrose occurs into the 
aqueous phase. The reason for the m ea
surable dissolution rate under these con
ditions as com pared to the system III  
saturated-solution models in which no dis
solution was found is probably due to 
the solid surface area to liquid volume ra
tio. A t low m oisture contents, this ratio 
is very large, and since the am ount of dis
solution should be proportional to  solid 
surface area, a proportionally larger quan
tity of sucrose dissolves. In our tests for 
both runs the initial am ount of sucrose 
was hydrolyzed in 80 hr.

3. The initial rate constants predict a 
pH  of 1.58-1.64, which is not unreason
able to assume for the aqueous phase on 
the solid surface. O ur results (Fig. 5) for 
run 20 were k  =  19.2 X 10~3 hm 1 and 
run 21, k  =  21.8 X 10“3 h r-1.

C O N C L U S IO N S
This study indicates that sucrose hy

drolysis in saturated solutions obeys the 
same kinetics as that in dilute solutions. 
Catalysis by inert solids is negligible and 
dissolution of excess solid sucrose occurs

50  100 150 2 0 0  ^  320

time (hours)
•  red u c ing -su g a- te s t  O  p o la rim e te r te s t

Fig■ 7— Extent of sucrose hydrolysis in a freeze-dried system at
limited water concentration (3.1 g Ha0/100 g solids) at 37°C.

•  red u c ing  su g a r te s t  O  p o la rim e te r te s t

Fig. 8— Extent of sucrose hydrolysis in a freeze-dried system at
limited water concentration (6 .3  g Fh.0/100 g solids) at 3 7 °C .
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so slowly that there is no effect on the 
normal kinetics. A t very low moisture 
contents, the data indicate that the same 
kinetics of hydrolysis occur in the small 
am ount of adsorbed w ater as in saturated 
solutions. This observation shows that the 
adsorbed w ater is readily available for 
reaction. It was also shown that dissolu
tion of solid sucrose occurs at a m easur
able rate when the solid-sucrose surface 
area to liquid volume ratio is large.
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R. A. FIELD and YET-OY C H A N G
Departments of Animal Science and Biochemistry, University of Wyoming, Laramie, Wyoming, 82070

Free Amino Acids in Bovine Muscles 
and Their Relationship to Tenderness

SUMMARY-—Free amino acid (FAA) analyses were conducted on 87 I. dors/ and 58 b. 
femoris samples from cattle varying in sex, breeding and age to study the relationships 
between these muscle constituents and Warner-Bratzler Shear values. The b. fenoris  
contained greater amounts of FAA than the I. dors/ and was significantly tougher. Mus
cles from a line of cattle that tended to be more tender possessed greater amounts of 
FAA. With few exceptions the I. dors/ of steers contained greater amounts of FAA than 
the same muscle from bulls. Differences in bull muscles due to age were not significant 
for any FAA. Steer muscle with low shear values tended to possess greater amounts of 
FAA than steers with high shear values. Although not significantly correlated individual 
and total FAA increased slightly with increasing tenderness within beef muscles.

IN TRO D U CTIO N
TH E TOTAL amino acid composition of 
muscle protein is quite constant regard
less of the species o r the muscle from  
which it is obtained (Lym an et al., 1949; 
Schweigert et al., 1945; Blum et al., 
1966). Nevertheless, free amino acid 
composition of muscle has been reported 
to vary with aging (Niewiarowicz, 1958;

Colombo et al., 1958), cooking (Ginger 
et al., 1954; Zoltowska, 1967), and 
frozen storage tim e and tem perature 
(Golovkin et al., 1966). M a et al. (1961) 
and Usborne (1967) have shown that 
greater amounts of certain free amino 
acids are related to m ore tender beef and 
pork, respectively. M iller et al. (1965), 
however, found no relation between ten

derness and the general pattern of free 
amino acid concentration or between 
tenderness and the concentration of any 
single free amino acid in chicken muscle. 
M cClain et al. (1968) reported that cor
relation coefficients between 12 of the 
free amino acids in aged ham  muscle and 
aged flavor were highly significant. They 
referred to work by several investigators 
who suggested that certain amino acids 
are im portant precursors of the flavor 
components released when foods are 
heated.

The purpose of this experiment was to 
study variation in free amino acids due 
to muscle, sex, age and line of beef cattle 
and to relate free amino acid composition 
to tenderness of beef after a constant 
aging period. The inform ation obtained 
may also be of value in interpreting flavor



3 3 0 — JO U R N A L  O F  FO O D  S C IE N C E — V o lum e 3 4  (1 9 6 9 )

differences in beef muscle.

EX P E R IM E N T A L
FREE amino acids were determined in the 
longissimus dorsi (1. dorsi) and biceps 
femoris (b. femoris) muscles from 34 good 
and choice bull carcasses approximately 14 
months of age, and from 24 good and choice 
bull carcasses approximately 20 months of 
age. All bulls had received similar rations. 
The carcasses were from a line of inbred 
Herefords that had been selected for rate 
of gain for 13 years; a line of Angus; and a 
second line of Herefords. Number of car
casses were approximately evenly distributed 
with respect to age and lines. Free amino 
acids were also determined in the 1. dorsi 
muscle of 29 choice grade Hereford steer 
carcasses approximately 20 months of age. 
These were selected as the 14 most tender 
and the 15 least tender from a group of 109 
steer carcasses.

All carcasses were aged for 7 days after 
slaughter at approximately 40°F. The 
epimysium was removed from 1. dorsi and 
b. femoris steaks cut from the 12th rib 
section and the dorsal end of the bottom 
round, respectively. Samples from these 
steaks were then ground through a Vs-in. 
diameter plate and frozen for 4 to 6 months. 
Adjacent steaks were frozen for 4 to 6 
months, thawed at room temperature and 
roasted in a 350°F oven to an internal tem
perature of 160°F. The Warner-Bratzler 
Shear was used as an objective measure of 
tenderness of the cooked meat. Three 1-in. 
cores cut parallel with the muscle fibers 
were taken from the lateral, central and 
medial positions of the 1. dorsi and b. femoris 
muscles. Each core was sheared three times.

The ground muscle samples were re
moved from the freezer and allowed to thaw 
at room temperature approximately 1 hour. 
Deproteinization of the meat samples was 
carried out by a modified method of Stein 
et al. (1954). Six to 7 g of muscle were 
then homogenized with 100 ml of 1% 
picric acid. The samples were agitated, 
centrifuged and the supernatant poured off 
and filtered. The remaining precipitate was 
then washed twice with 10 ml of 1% 
picric acid, centrifuged and filtered. The 
washings, combined with the original filtrate, 
were passed through a column containing a 
Dowex 2-x8 (chloride form) resin bed. 
Prior to use, the resin was activated with 
1 N  HC1 and then washed with distilled 
water until the filtrate was neutral. The 
resin was packed 3 cm long in a 2 x  25 cm 
chromatography tube. After the yellow fil
trate was passed through the resin bed, the 
tube and the bed were washed with 3 ml of 
0.02N  HC1 five times. The colorless effluent 
and washings were combined and evaporated 
to dryness in a rotary evaporator under 
reduced pressure. The dry residue was then 
dissolved in 3 ml of distilled water and 
frozen for later use.

For the determination of free amino acids, 
the samples were brought to room tempera
ture and 0.1 ml of the resulting solution 
was applied to the chromatographic column 
for analysis of free amino acids using the 
Technicon auto amino acid analyzer. 
Threonine and serine were reported as one 
figure because the chromatogram peaks for

these two amino acids were not clearly sep
arated.

Least-squares analyses (Harvey, 1960) 
were used to estimate the effect of muscle, 
sex, age and line of beef cattle on free 
amino acids. Differences between means of 
subclasses were tested for significance using 
the method described by Kramer (1957). 
The t-distribution as described by Snedecor
(1961) was used to test differences in un
adjusted means of tough and tender steers. 
Gross correlation coefficients between free 
amino acids expressed in micromoles/g of 
fresh tissue and Warner-Bratzler Shear 
values were calculated.

R E S U L T S  & D ISC U SS IO N
LEAST-SQUARES means for free amino 
acids from  the 1. dorsi and b. femoris 
muscles and from  the Hereford, Angus 
and inbred H ereford lines of 58 bull 
carcasses are shown in Table 1. The b. 
femoris contained significantly greater 
amounts of glutamic acid, valine, m ethio
nine, isoleucine, leucine, tyrosine, phenyl
alanine, lysine, histidine and total free 
amino acids than the 1. dorsi after 7 days 
aging and 4 to 6 months of frozen storage. 
The b. femoris was significantly (p  <
0. 05) tougher (21.1 lb /in .2) than the 1. 
dorsi (18.2 lb /in .2) when adjacent steaks 
to those analyzed for free amino acids 
were tested for tenderness with the W ar
ner-Bratzler Shear. These results are not 
in agreement with those of M a et al. 
(1961) who found that the more tender
1. dorsi contained more leucine and isoleu
cine than the less tender semitendinosus.

It was reported by Tum a et al. (1963) 
that less tender muscle benefited more 
from  aging than did m ore tender muscle. 
Pearson (1963) stated that free amino 
nitrogen increases as proteolysis or aging 
proceeds. Zender et al. (1958) and Sharp
(1963) have also found that autolysis

occurs during aseptic storage of muscle at 
ambient temperatures. If  the tougher b. 
femoris benefited m ore from  aging 7 days 
than the 1. dorsi, it could have greater 
amounts of free amino acids because of 
increased proteolysis.

Muscles from  different lines of cattle 
were not significantly different in tender
ness. Nevertheless, the Angus line had 
significantly greater am ounts of valine, 
methionine, isoleucine, leucine and lysine 
when com pared with the two H ereford 
lines. The small numbers in this study do 
not allow a statem ent about variation in 
free amino acids due to breed differences. 
It is possible, however, that the greater 
amounts of free amino acids in the Angus 
is related to the fact that they are smaller, 
earlier maturing cattle than the Herefords.

Usborne (1967) reported that free 
amino acids, which swine cannot ana- 
bolically synthesize, generally increased 
linearly with weight in muscle tissue. H e 
hypothesized that the increase probably 
resulted from a decrease in the rate of 
protein synthesis as the animals matured. 
In the present study no significant change 
in free amino acid content of muscles with 
age was noted. Perhaps it should not have 
been expected since Field et al. (1966a) 
found that muscle was still increasing in 
weight at a faster rate than fat or bone 
in 20-month-old bulls similar to those in 
this study. This fact, coupled with a rela
tively narrow' age range of 6 months, par
tially explains the insignificant change in 
free amino acid content of muscle with 
age.

Least-squares means for free amino 
acids in the 1. dorsi muscle of 29 steers 
and 58 bulls that differed significantly (p  
<  0.05) are given in Table 2. W ith the 
exception of threonine and serine, all free 
amino acids listed were found in more

Table 1—Least-squares means for free amino acids by muscle and line of cattle holding 
age constant.1'2

F re e  am in o  ac id s
M uscle

L ine

H ere fo rd s A ngus
In b re d

H ere fo rd sL . do rsi B. fem oris

T h reo n in e  & Serine 1 .788 1 .836 1 .674 1 .947 1.813
G lu tam ic  acid 0 .7 8 3 1 1.1452 0 .9 2 6 1 .090 1 .052
P ro lin e 0 .363 0 .291 0 .3 4 5 0 .3 2 6 0 .3 1 0
G lycine 1 .167 1.281 1.179 1 .168 1 .324
A lan ine 1 .960 2 .0 7 2 2 .1 6 9 1 .930 1 .949
V aline 1 .0 5 5 1 1 .3282 0 .9931 1 .4 2 6 2 I . 227 1 . 2
M e th io n in e 0 .2 5 6 1 0 .3 5 0 2 0 .2 8 6 1 .2 0 .3531 0 .2 7 2 2
Iso leu c in e 0 .4 1 6 1 0 .5 0 6 2 0 .4 0 8 2 0 .5211 0 .4 5 4 1 . 2
L eucine 0 .7 4 0 1 0 .9 3 0 2 0 .7 6 9 2 0.9091 0 .8 4 2 1 .2
T y ro sin e 0 .3 6 7 1 0 .4 4 2 2 0 .3 7 2 0 .4 4 8 0 .393
P h en y la lan in e 0 .3 4 5 1 0 .4 6 9 2 0 .3 7 6 0 .4 5 2 0 .393
L ysine 0 .6791 0 .7 6 3 2 0 .6341 0 .7 9 2 2 0 .7 3 7 1 . 2
H istid in e 0.4901 0 .5 7 6 2 0 .4 8 9 0 .5 9 8 0 .5 1 2
A rg in in e 0 .5 7 5 0 .6 2 7 0 .5 3 6 2 0 .6771 0 .6 1 2 1 .2
T o ta l free  am in o  acids 10 .9  84 1 1 2 .6 1 6 2 11 .156 12 .637 1 1 .890

1 M ean s w ith in  m usc le  g ro u p s o r  line o f  b reed ing  g ro u p s b ea rin g  d ifferen t su p e rsc rip t le tte rs  differ 
significantly  (P <  0.05).

2 E rro r  degrees o f  freedom  =  111. L east-sq u ares m ean s a re  expressed  in  m ic ro m o les  p e r g ram  o f  
fresh  m uscle .
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Table 2—Least-squares means for free 
amino acids in the I. dorsi muscle by sex.1'2

29 steers 58 bulls

T h reo n in e  & serine 1 .2 7 0 1 1 .7 6 5 2
M eth io n in e 0 .3 7 4 1 0 .2 5 7 2
Iso leucine 0 .4 9 2 1 0 .4 0 9 2
L eucine 0 .9 6 7 1 0 .7 3 1 -
T yrosine 0.4921 0 .3 6 5 2
P heny lalan ine 0 .5 1 5 1 0 .3 4 2 2
L ysine 0 .7 8 6 1 0 .6 6 5 2
T o ta l free  am in o  acids 12.03 11.49

1 M eans bearin g  d ifferent su p e rsc rip t le tte rs  
differ significantly  (P <  0.05).

2 M e an s a re  expressed  in m icrom oles p e r  g ram  
o f  fresh  m uscle.

abundant amounts in muscles from  the 
steers. Those free amino acids listed in 
Table 1 and not in Table 2 were not 
significantly (p <  0.05) different in con
centration between steers and bulls. Since 
the steers were choice grade and 20 
months of age, greater amounts of free 
amino acids probably resulted from  a de
crease in the rate of protein synthesis 
when com pared to the bulls. It is doubtful 
that proteolysis during aging occurs in the
1. dorsi of steers at a faster rate than bulls 
since bull m eat is initially tougher than 
that from  steers (Field et al., 1966b) and 
would be expected to benefit m ore from  
aging.

W arner-Bratzler Shear values were 16.7 
and 18.2 lb /in .2 for the 1. dorsi o f the 
steers and bulls, respectively. Total free 
amino acids in the steers were slightly 
higher than in the bulls but this difference 
was not significant (Table 2 ). Variability 
o f total free amino acids among species 
can be noted by com paring the average 
values of 12.03 and 11.49 m icrom oles/g 
of beef muscle in this study with 5.92 
m icrom oles/g of the same free amino 
acids in pork muscle (Usborne, 1967) 
and 24.57 or 32.27 m icrom oles/g respec
tively in dark or light broiler m eat (M iller 
et al., 1965). The methods used to quan
titate free amino acids were similar in the 
above reports.

The 29 steers were selected as the 14 
most tender (12.4 lb /in .2) and the 15 
least tender (20.7 lb /in 2) from  a group 
o f 109 carcasses that possessed an average 
W arner-Bratzler Shear value of 16.8 lb / 
in.2 Differences in individual free amino 
acids in the 1. dorsi o f the most tender 
and least tender groups of steers were not 
significant. Nevertheless, with the excep

tion of valine and histidine, 1. dorsi m us
cles from  the m ore tender steers con
tained greater am ounts o f free amino 
acids than those from  the tougher steers.

Within the 1. dorsi muscle slightly 
greater am ounts of free amino acids were 
associated with more tender beef. There
fore, simple correlations between free 
amino acids and W arner-Bratzler Shear 
values were obtained. G lutam ic acid with 
a correlation of —0.38 was the only free 
amino acid in the 1. dorsi of steers to be 
significantly (p  <  0.05) correlated with 
W arner-Bratzler Shear values. This agrees 
with Usborne (1967) who reported that 
pork tenderness increased as free glutamic 
acid increased (r =  0.44). He also found 
a significant correlation with leucine and 
tenderness, not present in this study.

M ost other free amino acids studied in 
the 1. dorsi and b. femoris muscles were 
also negatively correlated with W arner- 
Bratzler Shear values, but not signifi
cantly. Correlating the sum of several dif
ferent combinations of free amino acids 
with W arner-Bratzler Shear values did 
not increase the magnitude of the correla
tions. W hen total free amino acids in the
I. dorsi were correlated with W arner- 
Bratzler Shear values of the 1. dorsi from 
29 steers 20 months old, 34 bulls 14 
months old and 24 bulls 20 months old 
the correlations were —0.23, —0.10 and 
—0.18, respectively.

These negative correlations suggest that 
greater quantities of free amino acids are 
associated with more tender meat. Signifi
cant differences in free amino acids due 
to muscle, sex and line of cattle were 
found, and greater amounts of free amino 
acids within muscles were related to 
tenderness. Nevertheless, simple correla
tions supporting the hypothesis that 
greater quantities of free amino acids are 
associated with m ore tender m eat were 
not statistically significant for total free 
amino acids or for most individual free 
amino acids.
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Some Properties of Mitochondria from Irradiated Tomato Fruit
SUMMARY— -—Homestead tomato fruit were irradiated with 300 Krad of mCo gamma rays 
at three stages of maturity— mature-green, 2 and 6 days from color break. Though oxy
gen consumption by mitochondrial preparations was greatly suppressed immediately 
after irradiation it increased to a maximum during the following 2 days and then de
clined similarity to nonirradiated fruit. Oxygen consumption was reduced considerably 
during ripening of the nonirradiated and irradiated 6 day breakers. Mitochondria from 
irradiated fruit exhibited lower P/O ratios than from nonirradiated fruit. A considerable 
reduction in mitochondrial protein was found during ripening of mature-green fruit. This 
reduction was less pronounced with the 2 and 6 day breakers. In vitro irradiation of mi
tochondrial preparations indicated no differences in activity with doses up to 100 Krad, 
but at 150 and 300 Krad, the activity decreased by 50 and 90 % , respectively.

IN TRO D U CTIO N
IT  IS NOW  almost a decade since Bums 
et al. (1957) reported tha t respiratory 
rates of m ature green tomatoes increased 
in proportion to  the am ount of radiation 
dose applied. Since then, it has been 
shown that irradiation enhanced respira
tion and stimulated ethylene production 
in both climacteric (D harkar et ah, 1966; 
Maxie et ah, 1966a) and nonclimacteric 
fruits (M axie et ah, 1965; A hm ed et ah, 
1966; Dennison et ah, 1966; G uerrero et 
ah, 1967; G reen et ah, 1968).

The maximum increase in respiration 
occurs during the first 24-48 hr following 
irradiation, however, the mechanism of 
this augm ented respiratory activity is still 
obscure. M itochondria, being the site for 
respiratory activities, may be best suited 
to evaluate this mechanism of increased 
respiration. The purpose of this study was 
to evaluate some properties of m itochon
drial preparations from  irradiated tom ato 
fruit.

E X P E R IM E N T A L
Materials

Tomato fruit (Lycopersicon esculentum, 
Mill, var. Homestead) were irradiated with 
300 Krad of “Co gamma rays at three stages 
of maturity—mature-green, 2 days and 6 
days from color break. The control (0 
Krad) and irradiated fruit from each ma
turity stage were ripened at 20°C and 90% 
R.H. for 6 days. For in vitro studies, 
mitochrondria isolated from tomato fruit 
at the mature-green and 2 day from color 
break stages of maturity were subjected to 
radiation doses ranging from 0 to 300 Krad. 
Fruit were irradiated at 13 "C and under 
continuous flow of air; whereas isolated

“P re se n t ad d ress : B io ch em istry  a n d  F o o d
T e ch n o lo g y  D iv ision , B h a b h a  A to m ic  R e sea rch  
C e n te r, T ro m b ay , B om bay , 74  In d ia .

mitochrondrial preparations were irradiated 
at 0-4 °C.

Mitochrondrial Preparation
The mitochrondria were isolated from 

control and irradiated fruit every day dur
ing the ripening period. The procedure em
ployed was essentially that of Ku et al.
(1968) with some modification (Fig. 1, 
Table 1).

The fruit were washed with distilled 
water and chilled at 0-4 °C in the dark from 
1-4 hr before isolation. All subsequent 
steps were carried out at these temperatures. 
The chilled fruit were cut into two or more 
pieces. The seeds and the highly acid locular 
contents (McCollum, 1956) were carefully 
and completely removed. The 100 g por
tions of the outer wall tissue were imme
diately washed with grinding medium (Table 
1) and immersed into the same medium 
where they were cut into very thin slices 
with a stainless steel razor blade. Finally, 
tissue was thoroughly ground with a pestle 
and mortar.

A pH range of 7.0 to 7.4 was maintained 
throughout slicing and grinding procedures 
with dropwise addition of 1 A  KOH. The 
homogenate was strained through eight 
layers of cheesecloth and the remaining 
procedure is summarized in Figure 1.

Methods
Protein estimation of mitochondrial and 

soluble fractions were done by the method 
of Lowry et al. (1951).

Oxygen consumption of the mitochrondrial 
preparations was measured manometrically 
(Dickinson et al., 1965) at 30°C with air 
as the gas phase. Phosphorylation was de
termined by estimating the disappearance of 
inorganic phosphorus (Fiske et al., 1925).

Succinic dehydrogenase assay was carried 
out by measuring the oxygen uptake by 
Warburg manometer at 30°C (Umbreit 
et al., 1964). The pH and titratable acidity 
were determined according to accepted lab
oratory procedures.

For each determination 100 g of fresh 
tomato tissue, in duplicate, were obtained 
from four fruits. Experiments were repeated 
at least twice and results are reported as 
mean values.

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

Several methods were tried for isolation 
of m itochondria from  Hom estead tom ato 
fruit (Hulm e et ah, 1964; Dickinson et 
ah, 1965; Lance et al., 1965; Plesnicar et 
al., 1967; K u et al., 1968). Consistent m i
tochondrial yield and activity were ob
tained by the use of the method of K u et 
al. (1968). Electron microscope studies 
(K u et ah, 1968) have revealed that their 
method gives homogeneous and relatively 
uninjured m itochondria with a higher 
respiratory control ratio.

Respiration and phosphorylation

Oxygen consumption by tom ato m ito
chondrial preparations was about twice as 
much when succinate, as com pared to 
malate, was used as a substrate (Fig. 2 ). 
The results are in agreem ent with re
ported work (Hulm e et al., 1964; K u et 
al., 1968). Oxygen consum ption by m ito
chondrial preparations was greatly sup
pressed immediately after irradiation, but 
increased to a maxim um  during the fol

Table 1—Composition of media.
G rin d in g W ashing S u sp en d in g

p H , 7.6 p H , 7.2 p H , 7.0
Sucrose, 0.4 M S ucrose, 0.4 M M a n n ito l, 0.3 M
C ysteine, 4 m  M K H 2P O 4, 10 m M T ris -H C L , 0.01 M
M gC L, 2 m  M K C L , 10 m M M gC b, 0.005 M
I<C L, 10 m M  
E D T A , 10 m M 
T ris -H C L , 50 m M 
B ovine serum  
a lb u m in  0.5 m g/m l

B ovine se rum  
a lb u m in  0.5 m g/m l

3 3 2 — JO U R N A L  O F  FO O D  S C IE N C E — V o lum e 3 4  (1 9 6 9 )
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lowing 2 days and then declined similarly 
to the nonirradiated fruit (Fig. 2 ). Oxy
gen uptake was reduced considerably dur
ing ripening of the nonirradiated and ir
radiated 6 day breakers.

The increase in m itochondrial activity 
to a maximum is in accord with the re
ported carbon dioxide evolution from  
peaches and nectarines (M axie et al., 
1966b) and from  lemons and oranges 
(M axie et al., 1965; Ahm ed et al., 1966; 
Dennison et al., 1966; G reen et al., 1968). 
Tom ato fru it irradiated with doses of 0.5 
X 108 — 1.5 X 106 rep cathode rays 
exhibited an initial increase in C 0 2 evolu
tion followed by a decrease and then an 
increase to a maxim um  in 96 h r  which

Table 2—P/O in tomato mitochondria 
isolated from control and irradiated fruit.

S u b s tra te

M a la te  S uccinate

D ay s
(P o s t-irrad ia tio n ) 0

—D o se  (K ra d )— 
300 0 300

M atu re-g reen
0 2 .3 1 1 .98 2 .3 5 2 .1 8
2 2 .2 8 2 .3 1 2 .4 0 2 .3 7
4 2 .4 1 2 .0 0 2 .4 5 2 .2 5
6 2 .3 1 1 .85 2 .3 5 2 .1 5

2 d a y  b reak ers
0 2 .4 5 2 .0 0 2 .3 0 2 .1 0
2 2 .4 0 2 .2 9 2 .2 5 2 .3 0
4 2 .31 2 .1 1 2 .1 7 2 .2 5
6 2 .5 5 2 .0 0 2 .1 1 2 .0 0

6 d ay  b reak ers
0 2 .0 0 1.73 2 .0 0 1 .95
2 1 .98 1 .8 0 2 .1 8 2 .1 0
4 2 .1 0 1.65 1 .98 1.85
6 1 .8 0 1.63 2 .0 0 1 .78

was directly proportional to the dose sup
plied (Burns et al., 1957).

The considerable suppression in m ito
chondrial activity immediately after irra
diation followed by increased activity to 
a maximum (Fig. 2) might be due to a 
repair phenom enon of a radiation dam 
age. Probably, m itochondrial preparations 
isolated immediately after irradiation 
were m ore liable to dam age during the 
isolation procedure than those isolated 
from  nonirradiated fruit.

Irradiation might also have induced an 
immediate change in permeability of mi
tochondrial m em brane which ultimately 
restricted or inhibited incoming supply of 
substrates to mitochondria. The perm e
ability seemed to  be restored through sub
sequent ripening periods.

Ethylene was shown to change the per
meability of isolated m itochondria (Ly
ons et al., 1964). Maxie et al. (1965, 
1966a) reported tha t ethylene production 
was stimulated immediately following ir
radiation. The production of ethylene or 
any other hydrocarbon stimulated by ir
radiation might have ultimately resulted 
in suppression of activity.

Cytoplasmic particles isolated from  
pear fru it exhibited suppressed oxygen 
uptake immediately after irradiation fol
lowed by increased activity fo r 6 days 
(M iller et al., 1964). D im inution in den
sity of the intracellular particles with tis
sue aging was also found. However, Ro
mani et al. (1964) reported a  sharp fall 
in respiration of m itochondrial suspen
sions from  fruits irradiated with 1000 
K rad or more.

Accelerated oxygen uptake using suc
cinate as a substrate also concomitantly 
increased the rate o f phosphorylation or 
form ation of A TP. This has helped to 
m aintain P / O ratios similar to  those when 
m alate was used as a substrate (Table 2 ) . 
However, m itochondrial preparations 
from  irradiated fruit exhibited lower P /  O 
ratios than those from  nonirradiated fruit 
indicating a slight reduction in phos
phorylation.

Succinic-dehydrogenase activity of 
mitochrondrial suspension

A  decline in m em brane permeability or 
dehydrogenase activity during ripening 
could account fo r the lower oxidative ac-

I MALATE SUCCINATE

OXYGEN UPTAKE(JJL)

Filtered homogenate a
(lOOg tissue/IOOml grinding medium )

y
Centrifuge 2,000xg, 15 min

l
Sediment-discard

1
Supernatant

Centrifuge 11,000xg, 20min

Supernatant 1
ly  . - O  Suspend pellet in washing medium

(20 ml)
Centrifuge 11,000xg, 15 min

1 4
Supernatant 2 Mitochondrial pellet suspend in 3 ml
(supt. 1 and 2 were pooled suspending medium0
for soluble protein content)

a For medio composition see Table I.

Fig. i — I s o l a t i o n  o f  m i t o c h o n d r i a  f r o m  t o m a t o  f r u i t .

6-DAY BREAKERS

Fig. 2— O x y g e n  u p t a k e  b y  m i t o c h o n d r i a l  p r e p a r a t i o n s  u s i n g  

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

a t e d  t o m a t o  f r u i t  a t  m a t u r e - g r e e n ,  2  d a y s  a n d  6  d a y s  f r o m  

c o l o r  b r e a k s .
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Table 3—Succinic dehydrogenase activity1 in tomato mitochondria isolated from control 
and irradiated fruit.

M a tu re -g reen  2 day  b reak ers 6 day  b reak ers

D a y s -------------------------------------------D o se  (K ra d )-----------------------------------------

Table 6—In vitro irradiation of mitochon
drial preparation: respiration1 and phos
phorylation.2

M a tu re -g reen  2 day  b reak ers  
D o se  -------------------------- --------------------------

(P o s t-irrad ia tio n ) 0 300 0 300 0 300 (K rad ) O 2 u p tak e P /O O 2 u p ta k e P /O

0 6 1 .5 4 3 .7 6 2 .5 4 1 .8 4 9 .4 3 8 .2 0 5 7 .2 2 .3 5 4 5 . 1 2 .1 1
1 64 .3 5 8 .2 6 2 .0 5 9 .0 5 0 .5 4 7 .2 50 5 6 .2 2 .2 1 4 3 . 8 2 .1 5
2 69 .3 69 .9 58.3 55 .3 4 8 .6 45.1 100 59 .5 2 .4 5 4 6 .3 2 .1 0
3 71 .5 7 0 .4 57.1 5 4 .8 4 5 .2 43 .3 150 3 1 .0 1 .95 2 3 .2 2 .3 5
4 70 .3 7 1 .6 5 5 .0 5 4 .7 3 9 .5 3 7 .2 200 10 .2 2 .0 0 7 .0 2 .1 0
5 6 6 .5 70 .1 5 3 .0 5 2 .9 3 5 .2 35 .1 300 6 .6 2 .1 0 3 .0 1 .95
6 6 3 .2 68 .3 5 5 .5 4 7 .8 3 8 .3 3 3 .0

1 ul O 2 u p ta k e /h r /1 0  g fresh  tissue, using! N a-
1 gl O 2 u p tak e /h r/1 0 0 g  fresh  tissue. succinate  as  su b stra te . 

2 P /O  ra tio .

Table 4—Changes in mitochondrial and 
soluble protein1 during ripening of control 
and irradiated tomato fruit.

D ay s
(P o s t-irrad ia tio n )

M ito ch o n d ria So lub le

0 300 0 300

M a tu re  green
0 16.3 17.5 2 5 .6 2 5 .9
2 16.9 17.5 2 4 .9 2 5 .6
4 12 .5 11.9 2 5 .6 2 5 .0
6 10.3 10.2 2 5 .6 2 6 .4

2 d ay  b reakers
0 9 . 4 9 .4 2 4 .7 2 3 .8
2 9 . 4 8 .8 2 5 .0 2 4 .7
4 8 . 2 8 .9 2 4 .1 2 5 .6
6 7 . 5 9 .0 2 5 .9 2 6 .5

6 d ay  b reakers
0 8 . 3 8 .1 2 1 .9 2 2 .2
2 8 . 0 8 .1 2 2 .2 2 1 .9
4 8 . 2 8 .1 2 1 .8 2 3 .6
6 7 . 5 8 .0 2 2 .8 2 3 .8

1 m g  p ro te in /1 0 0 g  fresh  tissue.

Table 5—Changes in pH and titratable 
acidity (ml 0.1N NaOH) during ripening of 
control and irradiated tomato fruit.

p H A cid ity

TA 1 \

(P o s t-irrad ia tio n )  0 300 0 300

M a tu re  green
0 4 . 4 5 4 .3 5 5 .9 0 5 .9 5
1 4 . 4 5 4 .2 5 6 .2 0 6 .5 5
2 4 . 3 5 4 .6 5 6 .6 0 5 .3 0
3 4 .2 5 4 .5 5 7 .55 5 .6 0
4 4 .2 5 4 .6 5 7 .8 0 5 .3 0
5 4 .4 0 4 .8 0 5 .35 4 .9 5
6 4 .2 0 4 .8 5 6 .9 0 4 .7 5

2 d ay  b reak ers
0 4 .4 0 4 .4 0 5 .5 0 5 .5 0
1 4 .6 5 4 .3 0 5 .6 0 6 .9 0
2 4 .3 5 4 .5 5 5 .7 0 4 .8 0
3 4 .4 0 4 .6 5 5 .45 4 .7 0
4 4 .4 5 4 .5 5 6 .1 0 4 .6 5
5 4 .5 5 4 .6 5 5 .5 0 4 .7 5
6 4 .5 0 4 .6 0 5 .2 0 4 .5 0

6 d ay  b reak ers
0 4 .5 0 4 .4 5 5 .2 0 5 .4 0
1 4 .4 5 4 .4 0 6 .1 0 5 .6 0
2 4 .7 0 4 .6 0 4 .9 0 4 .5 0
3 4 .5 5 4 .6 5 5 .1 0 4 .9 0
4 4 .6 0 4 .6 5 5 .0 0 4 .5 0
5 4 .6 5 4 .7 0 4 .9 0 4 .3 0
6 4 .6 5 4 .6 5 4 .9 5 4 .5 5

tivity of mitochondrial preparation of ripe 
tom ato fruit (Dickinson et al., 1965). I r 
radiation may alter m em brane permeabil
ity o r dehydrogenase activity. Succinic- 
dehydrogenase activity accordingly 
showed a significant drop following irra
diation treatm ent (Table 3 ). The loss in 
the activity of this enzyme could explain 
the suppression of oxygen uptake by m i
tochondrial preparations immediately af
ter irradiation. This suppression seems to 
be restored as the ripening period was 
prolonged. However, the overall trend of 
succinic-dehydrogenase activities from 
mature-green to 2 day and 6 day breaker 
stages resemble the climacteric pattern of 
the fruit.

Yield of soluble and 
mitochrondrial protein

D uring ripening of the mature-green 
fruit, yield of mitochondrial protein de
clined more rapidly than the yield of solu
ble protein (Table 4 ). The results indicate 
degradation of the particulate fraction of 
the cells during ripening. Similar trends 
were observed for the irradiated fruit. A 
decrease in overall particulate yield was 
noted following irradiation of fruit tissues 
(Rom ani et ah, 1962). The apparent loss 
of intracellular structures was followed by 
a partial recovery after low doses (250- 
300 K rad ), but not after high doses (600- 
1000 K rad) (Rom ani et ah, 1962). The 
change in particulate m aterial m ay be a 
function of fru it age. The results also 
suggest the overall reduction in protein 
synthesis as the fruit approaches senes
cence.

pH  and total acidity
The obtained values for pH  and acidity 

in both control and irradiated fruit were 
less indicative of any significant role per
taining to m itochondrial activity in the 
present study. However, a drop in pH 
values was observed 24 h r following irra
diation which was concurrent with the in
crease in respiratory activity (Table 5 ). 
Production of some types and amounts of 
organic acids may have been stimulated 
or inhibited resulting in the varied

amounts of titratable acidities (Table 5 ).
Hulme (1959) noted tha t succinic acid 

accum ulated in irradiated fruit; whereas 
Maxie et al. (1964) showed a m arked de
crease in total acidity (expressed as per
cent citric acid) in irradiated lemon fruit. 
Romani (1964) presented data indicating 
that the loss in acidity is not a direct ra
dio-decarboxylation of acids. The am ount 
of ascorbic acid in tomatoes within each 
ripeness class declined with increasing 
dose and time (M axie et al., 1966b).

In vitro irradiation of mitochrondria
Isolated mitochondrial suspensions 

from  tom ato fruit (m ature-green and 2 
day breakers) were subjected to different 
doses of radiation (0-300  K rad ). The 
respiration and phosphorylation rates 
varied from  those obtained in the in vivo 
studies. It seems that up to 100 K rad, ir
radiation did not influence the activity, 
but there was about 50 and 90%  reduc
tion in oxygen consumption at 150 and 
300 Krad, respectively (Table 6 ). As the 
rate of phosphorylation was decreased si
multaneously with the increase in rad ia
tion doses, P /O  ratios rem ained un
changed. M itochondria from  mature- 
green fruit exhibited higher rates of oxy
gen consumption.
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The Volatile Components of Irradiated Beef and Pork Fats
SUMMARY— Samples of beef and pork fats were irradiated under vacuum at seven 
doses ranging from 0.5 to 6.0 megarads. Of the components produced by irradiation, 
41 were identified by gas chromatography and mass spectrometry. These include a series 
of n-alkanes, 1-aikenes, internally unsaturated alkenes and alkadienes. The latter two 
groups of compounds have not been reported previously in meats or meat fats. In addi
tion, hexadecanal, octadecanal and octadecenal were found to be produced in rela
tively large quantities by irradiation. Quantitative data showed that a definite relation
ship exists between the volatile pattern and the fatty acid composition of the irradiated 
material. Flavor threshold values of the unsaturated classes of hydrocarbons vary widely 
among themselves but are much lower than those of the n-alkanes.

IN TRO D U CTIO N
T H E  M AJOR obstacle to practical appli
cation of high-energy radiation in the 
preservation of meats has been the devel
opm ent of off-odors that render the prod
uct unacceptable. In search of the causes 
of flavor deterioration some investigators 
attem pted to isolate and identify the vola
tiles from  irradiated meats (Batzer et al., 
1955. 1957; Burks et al., 1959; M erritt 
et al.. 1959; M onty et al., 1961; Salvador 
et al., 1962; W ick et al., 1961) while 
other workers stud'ed the effects of irra
diation on m eat components such as fats 
and proteins (Chipault et ah, 1966; Hedin 
et ah, 1961; M erritt et ah, 1966; Rhodes

* P re sen t ad d ress : H u n t-W esso n  F o o d s , F u lle r 
ton , C a lifo rn ia .

et ah, 1964; Sribney et ah, 1955; W itting 
et ah, 1958).

Amines, sulfur compounds and some 
carbonyl com pounds were presumed to 
originate from  the m eat proteins while 
the lipid fraction is believed to produce 
carbonyl com pounds and hydrocarbons. 
In some cases the identified compounds 
did not differ qualitatively from those 
found in unirradiated samples and in 
other instances they were typical of the 
classic products of fat oxidation.

M ore recently, M erritt et ah (1966) 
irradiated beef, veal, mutton, lamb and 
pork meats and identified the normal al
kanes from  Cj to C,~, the alkenes from  
C2 to C 14 and the C i0 and Cn  alkynes. 
With the exception of undecyne, these 
compounds were found in all five sam

ples in similar quantities. N o aldehydes 
higher than C 8 were detected. The authors 
concluded that the hydrocarbons orig
inated from  the m eat lipids and that their 
form ation resulted from  random  splitting 
at carbon-carbon bonds along the fatty 
acid chains, and emphasized their pos
sible role in the development of irradia
tion off-odor.

On the other hand, W ick et al. (1963, 
1965a,b), who irradiated enzyme-deacti
vated beef in the presence of air, a t
tributed the off-odor to carbonyl com 
pounds. These workers, however, also 
identified n-alkanes and alkenes up to 
C 18 in irradiated beef.

In the present study, beef and pork 
fats were irradiated under non-oxidative 
conditions and the volatile components 
studied qualitatively and quantitatively. 
The effect of irradiation dose on the 
form ation of hydrocarbons and the flavor 
significance of the latter compounds are 
reported.

EX P E R IM E N T A L
Materials

Beef and pork fats were selected from
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the perinephric and the outer loin portions 
respectively. The fats were melted in an 
open steam-jacketed kettle and then filtered 
through eight layers of cheesecloth. Fifteen-g 
samples were sealed under vacuum in either 
30 ml ampoules or in special break-seal 
flasks (125 ml) similar to those described 
by Merritt et al. (1966).

Saturated and unsaturated hydrocarbons 
(99% purity) were purchased from Poly- 
science Laboratories, Evanston, 111. These 
compounds were checked for purity by 
flame ionization gas chromatography. When 
necessary, the hydrocarbons were purified 
by preparatory gas chromatography.

Irradiation
The samples were transported by private 

automobile to the U.S. Army Laboratories 
in Natick, Massachusetts, a distance of 
approximately 70 miles. Irradiation was per
formed at controlled temperatures using the
1.1 megacurie cobalt 60 source. Immediately 
after irradiation, the samples were packed 
in dry ice and returned to the laboratory for 
analysis.

Collection of volatiles
The irradiated samples and the unir

radiated controls were distilled under iden
tical conditions. For analysis of the higher 
boiling compounds (Ca-Cn), samples were 
transferred from the ampoules to appro
priate distillation flasks, distilled under 
vacuum (10~3 mm) at 80 C for 2 hr and 
the volatiles collected in a liquid nitrogen 
vacuum trap (Corning 7729). For the low 
boiling compounds the radiation flasks fitted 
with the break-seal tubes were connected 
to a 4 x  Vs -in precolumn packed with 
60/80 mesh F-20 activated alumina, which 
was in turn connected to a high vacuum 
pump.

The precolumn was held in liquid nitro
gen and the volatile collection was initiated 
by shattering the break-seal with a magnetic 
bar and continued for 2 hr after which the 
precolumn was fitted between the injection 
port of the gas chromatograph and the in
let of a 12-ft alumina column. The liquid 
nitrogen was then removed and the carrier 
gas flow resumed for GLC analysis.

Gas chromatography (GC)
Three gas chromatographic instruments 

were used in this study: an F & M model 
810, an Aerograph model 1200 and a 
Perkin-Elmer model 226—all equipped with 
flame ionization detection systems. The 
higher-boiling compounds were separated 
on two 12-ft X Vs-in. columns; one packed 
with 10% silicone rubber SE-30 and the 
other with 15% Carbowax 20 M. Both 
columns were programmed from 60-200 °C 
at 2°/min. A 200-ft X 0.02-in. capillary 
column was used in the Perkin-Elmer in
strument.

The lower-boiling compounds were sepa
rated on a 12-ft X Vs-in. column packed 
with activated alumina F-20 with program
ming at 15°/min from 60° to 360°C. Analy
sis of hydrocarbons by gas-solid chroma
tography was described earlier by List et al. 
(1965).

Methyl esters of fatty acids were analyzed 
on a 12-ft X Vs-in. column packed with

Table 1—Fatty acid composition of beef 
and pork fats used in this study (%).

F a tty  A cid B eef P o rk

M yristic 4 .1 1 .6
Palm itic 2 7 .9 2 0 .8
P alm ito le ic 2 .9 5 .1
S tearic 3 1 .4 1 0 .6
Oleic 3 3 .4 6 0 .6
L inoleic 0 .3 1 .3

diethylene glycol succinate.
The hydrocarbons used for flavor thresh

old determination were purified by prepara
tive gas chromatography using an 8-ft X 
'/--in. column packed with silicone SE-30 
in an F & M model 720 gas chromatograph 
equipped with a thermal conductivity de
tector.

Mass spectrometry
A combination GC-mass spectrometer

system was used, in which 50% of the 
column effluent was directed to the flame 
ionization detector while the other 50% 
was admitted via a heated line to a Biemann 
helium separator and then to the ion source 
of a Hitachi-Perkin-Elmer RMU-6A mass 
spectrometer. The source was operated at 
80 electron volts and the ionization chamber 
held at 250 °C. The electron multiplier was 
operated at 3,000 volts and a sensitivity of 
1 or at 2,500 volts and a sensitivity of 10, 
depending on the size of the GC peak. The 
ion source was equipped with a total ion 
monitor, the output of which was amplified 
by a Keathly piccoammeter and displayed on 
a strip chart recorder. Spectra were recorded 
with a Honeywell 1508 Visicorder.

Quantitative analysis
The concentration of each radiolytic 

product in the fat was determined by the 
use of an appropriate internal standard and 
conversion factors as described previously 
by Buziassy et al. (1968). A hydrocarbon,

Table 2—Identification of the volatiles formed in beef and pork fats by irradiation.

C o m p o u n d

G C  re ten tio n M ass sp ec tro m etry

A g reem en t w ith  a u th . com pds. o n :
A g reem en t w ith  

au th . com pds.
In te rp re 

ta tio n  on lyA lu m in a C a rb o w ax S ilicone

A lk an es :
M e th an e X
E th a n e X
P ro p a n e X X
B u tane X X
P en tan e X X
H ex an e X X
H e p ta n e X X X
O ctan e X X X X
N o n an e X X X X
D ecan e X X X X
U n d ecan e X X X
D o d ecan e X X X
T ri decane X X X
T e tra  decane X X X
P en tad ecan e X X X
H ex ad ecan e X X X
H ep tad ec an e X X X

1-A lkenes:
E th y len e X
P ro p en e X X
B utene X X
P en ten e X X
H ex en e X X
H ep ten e X X X
O ctene X X X X
N o n en e X X X X
D ecene X X X X
U ndecene X X X
D o d ecen e X X X
T ri decene X X X
T etrad ecen e X X X
P en tad ecen e X X X
H exadecene X X X
H ep  ta  decene X X X

In te rn a l A lkenes:
P en tad ecen e X X X
H exadecene X X X
H ep tad ecen e X X X

A lk ad ien es :
T ridecad ien e X X X
T etrad ecad ien e X X X
P en tad ecad ien e X X X
H ex ad ecad ien e X X X
H ep tad ec ad ien e X X X

A ld e h y d e s :
H ex ad ecan a l X
O ctad ecan a l X
O ctadecenal X
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6-dodecyne, which is not produced by 
irradiation does not interfere with the GC. 
peaks of the irradiated pork or beef fats, was 
used. Equal amounts of the n-alkane and 
1-alkene series from C, to CJS plus the internal 
standard were added to fresh pork fat and 
the volatiles analyzed under the conditions 
described above.

A conversion factor for each compound 
was calculated from the ratio of the GC 
peaks of the internal standard to that of 
the compound. An accurately weighed 
amount of the internal standard was added 
to each sample immediately before distilla
tion and the amount of each compound in 
the fat was calculated according to the 
formula:

. PHc x  Chc X Ismg He in sample = --------- - -----  —
ri<

where He — hydrocarbon
PHc =  peak area of hydrocarbon 
Chc =  conversion factor for 

hydrocarbon
Is =  mg internal standard added 
Pis =  peak area of internal 

standard

The amounts of the lower-boiling com
pounds were determined by means of a 
number of standard curves obtained from 
the analysis of a series of varying quantities 
of the shorter-chain hydrocarbons on 
alumina as described above.

Odor threshold determinations
The methods and procedures for thresh

old determinations were reviewed by Guil
ford (1954), and the precautions suggested 
therein were observed throughout this in
vestigation.

A panel of 8 to 10 members was chosen 
on the basis of consistency, and odor evalua
tions were conducted in a special taste panel 
laboratory. Six different concentrations of 
each compound in mineral oil were pre
sented at random in each session. Panel 
members were asked to smell each sample 
and report whether or not it contained a 
chemical. A control sample of mineral oil 
was supplied to the panel for comparison.

The individual’s odor threshold was con
sidered to be the lowest consistently correct 
concentration. The odor threshold of each 
hydrocarbon was determined by averaging 
the entire panel’s scores. The thresholds 
were expressed in m g /100 g of mineral oil.

R E S U L T S  & D IS C U S S IO N
T H E  fatty acid composition of the beef 
and pork fats used in this study is given 
in Table 1. W hile the C 16, C18 and C 18:! 
acids were present in approximately equal 
amounts in the beef fat, oleic acid ac
counted for m ore than half of the pork 
fatty acids.

Table 2 shows the com pounds identi
fied in irradiated beef and pork fats and 
the criteria used for their identification. 
These compounds were found in both 
irradiated fats but were not detected in 
the unirradiated controls under the ex
perim ental conditions used.

The alkanes and 1-alkenes gave mass

Table 3—Quantitative analyses of the volatiles formed in beef fat by irradiation at 25°C 
(mg/100 g).

C o m p o u n d

M e g a ra d s

0 .5 1 2 3 4 5 6

« -p ro p an e 0 .0 4 0 0 .0 8 2 0 .1 6 8 0 .2 9 8
l-p ro p en e 0 .0 0 7 0 .0 2 2 0 .021 0 .0 2 6
n-b u tan e 0 .0 3 4 0 .0 8 8 0 .1 4 0 0 .2 5 2
1-butene 0 .0 1 8 0 .0 1 6 0 .0 1 6 0 .0 1 7
« -p en tan e 0 .0 5 0 0 .0 8 9 0 .1 1 4 0 .223
l-p en ten e 0 .0 0 2 0 .0 0 4 0 .0 0 7 0 .0 1 5
«-hexane 0 .0 0 6 0 .0 2 8 0 .0 8 6 0 .1 7 4
1-hexene 0.001 0 .0 0 5 0 .029 0 .0 3 6
n-h ep tan e 0 .0 2 6 0 .0 5 8 0 .1 0 4 0 .1 7 2 0 .2 2 0 0 .2 8 4 0 .4 0 2
1-heptene 0 .0 0 7 0 .0 2 2 0 .0 3 8 0 .0 6 5 0 .0 6 8 0 .1 1 4
«-octane 0 .0 3 0 0.071 0 .1 7 2 0 .1 7 6 0 .2 4 4 0 .351 0 .5 3 0
l-o c ten e 0 .0 0 5 0 .0 2 9 0 .0 5 0 0 .0 5 6 0 .075 0 .081 0 .1 5 4
«-n o n an e 0 .081 0 .0 5 4 0 .0 9 6 0 .1 4 8 0 .1 9 9 0 .2 7 6 0 .3 7 4
1-nonene 0 .0 1 2 0 .0 2 8 0 .039 0 .0 4 9 0 .0 7 4 0 .083 0 .101
«-decane 0 .0 4 9 0 .0 6 9 0 .1 2 7 0 .1 6 6 0 .2 3 0 0 .3 1 1 0 .439
1-decene 0 .0 2 2 0 .0 3 8 0 .0 7 0 0 .091 0 .1 2 4 0 .1 6 0 0 .1 9 2
/i-undecane 0 .0 4 0 0 .0 6 2 0 .1 0 8 0 .1 3 2 0 .1 9 7 0 .2 5 7 0 .3 2 6
1-undecene 0 .0 1 6 0 .023 0 .0 5 4 0 .0 6 7 0 .0 8 8 0 .1 0 0 0 .1 3 0
n-dodecane 0 .0 3 7 0 .053 0 .0 8 7 0 .1 2 2 0. 167 0 .2 3 5 0 .2 9 6
1-dodecene 0 .0 6 7 0 .1 0 8 0 .1 7 4 0 .2 4 9 0 .361 0 .4 6 2 0 .6 1 8
«-tridecane 0 .0 9 5 0 .1 6 0 0 .293 0 .3 7 9 0 .6 0 2 0 .8 2 7 1.131
l-trid ecan e 0 .0 6 7 0 .0 8 7 0 .141 0 .151 0 .3 1 2 0 .3 2 4 0 .4 3 8
trid ecad ien e trace trace trace trace trace trace trace
« -te trad ecan e 0 .0 5 5 0 .0 9 0 0 .131 0 .1 5 8 0 .2 5 3 0 .3 3 7 0 .4 7 5
1-tetradecene 0 .423 0 .643 1.40 1 .5 4 2 .4 2 3 .1 1 3 .7 8
te trad ecad ien e 0 .0 2 6 0 .0 5 0 0 .0 8 6 0 .1 2 2 0 .1 6 6 0 .2 0 2 0 .3 0 7
n-p en tad ecan e 0 .2 8 5 0 .5 0 4 1 .04 1.48 2 .4 5 2 .9 4 3 .6 2 5
p en tad ecen e  ( in t .)1 0 .0 4 8 0 .0 4 8 0 .101 0 .1 6 0 .211 0 .259 0 .3 8 8
1-pentadecene 0 .0 6 4 0 .0 9 7 0 .1 9 5 0 .2 4 2 0 .3 5 0 0 .4 2 8 0 .729
p en tad ecad ien e 0 .0 2 6 0 .041 0 .073 0 .1 0 6 0 .1 6 8 0 .193 0 .2 6 7
«-hexadecane 0 .0 6 0 0 .0 7 8 0 .1 0 2 0 .0 9 6 0 .1 8 2 0 .2 3 0 0 .4 5 0
hexadecene ( in t . ) 1 trace trace trace trace trace trace trace
1-hexadecene 0 .4 1 8 0 .5 8 4 0 .7 7 8 1 .436 2 .3 5 2 .7 7 3 .1 0 5
hexadeca diene 0 .5 6 4 0 .7 3 9 1 .2 6 1 .854 2 .91 3 .5 2 4 .0 4
« -h ep tadecane 0 .4 1 8 0 .5 0 0 0 .8 2 2 1.255 2 .1 4 2 .1 9 2 .6 9
h ep tad ecen e  ( in t.)1 0 .3 7 8 0 .5 4 4 0 .5 9 4 1 .562 2 .5 9 2 .7 0 3 .2 9
1-hep tadecene trace 0 .1 1 2 0 .1 7 2 0 .2 2 2 0 .1 9 8 0 .4 3 2 0 .51
h ep tadecad iene 0 .0 9 6 0 .133 0 .263 0 .3 1 0 0 .4 0 7 0 .6 3 5 0 .8 2

1 In te rn a lly  u n sa tu ra ted .
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Table 4—Quantitative analyses of the volatiles formed In pork fat by irradiation at 25°C 
(mg/100 g).

C o m p o u n d s

M eg arad s

0 .5 i 2 3 4 5 6

« -p ro p an e 0 .0 3 4 0 .091 0 .2 1 5 0 .3 7 0
1-p ropene 0 .0 2 0 0 .0 3 7 0 .0 9 6 0 .133
« -b u tan e 0 .0 2 9 0 .0 8 0 0 .1 8 2 0 .3 0 7
1-b u ten e 0 .0 0 4 0 .035 0 .0 5 8 0 .0 7 9
«-p en tan e 0 .0 2 9 0 .0 6 8 0 .1 4 0 0 .2 8 0
l-p en ten e 0 .0 0 4 0 .0 2 4 0 .0 4 2 0 .0 6 8
«-hexane 0 .0 0 7 0 .041 0 .1 0 7 0 .193
1-hexene 0 .0 1 2 0 .0 3 3 0 .0 8 4 0 .2 0 4
«-h ep tan e 0 .0 4 2 0 .031 0 .0 6 9 0 .121 0 .259 0 .3 0 2 0 .351
1 -hep tene 0 .0 1 9 0 .0 2 8 0 .0 6 4 0 .1 0 6 0 .1 7 8 0 .2 5 0 0 .2 9 0
« -oc tane 0 .071 0 .0 6 6 0 .1 1 4 0 .1 7 2 0 .1 9 8 0 .3 2 2 0 .4 8 0
l-o c ten e 0 .0 2 9 0 .0 4 4 0 .0 6 8 0 .0 9 6 0 .1 7 6 0 .2 2 0 0 .2 5 8
«-n o n an e 0 .0 1 6 0 .0 3 6 0 .0 7 6 0 .123 0 .2 0 2 0 .2 3 6 0 .2 5 4
l-n o n en e 0 .021 0 .0 4 6 0 .0 8 2 0 .1 2 2 0 .1 3 8 0 .223 0 .301
«-decane 0 .021 0 .0 4 4 0 .0 9 7 0 .1 3 4 0 .1 6 0 0 .2 2 6 0 .2 7 0
1-decene 0 .0 4 4 0 .0 9 0 0 .1 7 0 0 .243 0 .3 2 5 0 .4 3 7 0 .5 2 0
« -undecane 0 .0 3 5 0 .0 4 7 0 .0 8 6 0 .1 1 4 0 .1 4 4 0 .199 C.278
l-u n d ecen e 0 .0 2 4 0 .041 0 .073 0 .083 0 .1 0 2 0 .1 4 0 0 .1 6 6
« -dodecane 0 .035 0 .045 0 .0 3 7 0 .1 1 6 0 .1 2 7 0 .1 6 2 C .200
l-d o d ecen e 0 .0 5 2 0 .089 0 .183 0 .2 8 7 0 .3 1 4 0 .4 6 0 C.515
« -trid ecan e 0 .0 4 7 0 .079 0 .1 4 0 0 .1 9 4 0 .2 4 2 0 .3 1 5 0 .4 4 7
1-tridecene 0 .0 2 5 0 .0 5 0 0 .0 8 9 0 .1 4 2 0 .1 9 6 0 .2 2 7 0 .3 3 4
trid ecad ien e trace trace trace trace trace trace trace
« -te trad ecan e 0 .021 0 .0 3 9 0 .0 7 8 0 .0 8 8 0 .1 4 4 0 .1 6 4 0 .2 0 4
1-te tradecene 0 .1 8 8 0 .4 0 2 0 .7 9 4 1 .24 1.75 2 .0 3 2 .8 0
te trad ecad ien e 0 .0 4 4 0 .0 8 4 0 .1 5 8 0 .2 7 6 0 .383 0 .4 0 8 0 .5 7 9
«-pen tad ecan e 0 .1 9 6 0 .3 3 5 0 .6 6 2 0 .9 7 8 1.39 1 .80 2 .1 0
p en tad ecen e  ( in t .) 1 0 .0 3 6 0 .063 0 .113 0 .2 0 6 0 .2 7 4 0 .3 3 0 0 .3 4 4
1-p en tadecene 0 .0 3 7 0 .059 0 .1 6 6 0 .2 0 8 0 .3 3 2 0 .3 3 4 0 .5 0 8
p en tad ecad ien e 0 .0 4 0 0 .0 5 4 0 .0 7 4 0 .141 0 .191 0 .2 1 2 0 .2 5 8
«-hexadecane 0 .0 1 2 0 .0 1 7 0 .003 0 .0 5 9 0 .0 6 6 0 .0 8 4 0 .1 0 8
hexadecene ( in t .)1 0 .0 1 8 0 .0 1 8 0 .0 3 2 0 .0 5 0 0 .0 9 7 0 .1 0 8 0 .151
1-hexadecene 0 .101 0 .1 6 2 0 .329 0 .4 6 2 0 .6 3 9 0 .8 4 0 0 .9 4 5
hexadecad iene 0 .4 8 6 1 .02 1.97 2 .6 7 3 .81 4 .9 0 6 .8 4
« -h ep tad ecan e 0 .0 7 7 0 .1 5 6 0 .2 8 0 0 .5 7 9 0 .7 2 7 0 .8 0 5 0 .9 8 4
h ep tad ecen e  ( in t .)1 0 .3 1 7 0 .6 9 0 1.41 1 .90 2 .9 9 3 .5 8 3 .9 6
1-h ep tadecene trace trace trace trace trace trace trace
h ep tad ecad ien e trace 0 .215 0 .4 2 0 0 .6 3 0 1.03 1.08 1.28

1 In te rn a lly  u n sa tu ra te d .

spectra and GLC retention times identi
cal to those of authentic compounds. The 
mass spectra of the alkenes with internally 
situated double bond was very similar to 
the 1-alkenes of the same carbon num 
bers but their GLC retention times were 
different. On Carbowax columns, they 
emerged after the corresponding «-al
kanes but before the corresponding 1-al
kenes.

W hile this order of elution is expected 
on the basis of polarity differences, addi
tional evidence concerning position of 
unsaturation was obtained on the basis of 
differences in mass spectral peak intensi
ties. U nder mass spectrometric conditions, 
cleavage at positions beta to the double 
bond is more frequent than rupture at 
other sites along the chain (Reed, 1965). 
Exam ination of the mass spectra o f the 
two successive GC peaks of pentadecene, 
for example, showed that the fragm ent at 
m /e  153 was approxim ately 30% less 
abundant in the slower peak, which co
incided with the 1-alkene. This indicated 
m ore abundant splitting between carbons 
4 and 5, which in turn  suggested that the 
double bond was in the 6 position.

The series o f hydrocarbons eluting on 
Carbowax columns after the 1-alkenes 
were different in their retention char
acteristics from  alkynes but gave mass 
spectra typical of the com pounds with 
the general form ula CtlH 2„_2. M ore spe
cifically, the spectra included the common 
fragm ent ion series: 39, 53, 67, 81, 95, 
109, 123 . . ., etc., as well as the typical 
peaks at even num bered m /e . F urther 
evidence that they were dienes was ob
tained by the fact that the GLC peak 
assigned the structure of heptadecadiene 
agreed in retention time with, and gave 
a mass spectrum  identical to, tha t of an 
authentic sample of 1,8-heptadecadiene 
(Fig. 1).

Gas chrom atographic peaks identified 
as aldehydes agreed in retention with the 
extrapolated values of the available lower 
members o f the series (C 10-C14) and 
gave mass spectra similar to those of ref
erence spectra of authentic compounds.

The observation that hydrocarbons are 
the m ajor radiolytic products in fats is in 
agreement with the findings of M erritt 
et al. (1966). It should be pointed out, 
however, that the alkadienes and some of

the longer chain alkanes and alkenes iden
tified in the present study, have never 
been reported previously in meats or 
m eat fats.

Quantitative data fo r the volatiles 
form ed in beef and pork fats irradiated at 
seven different dosages are presented in 
Tables 3 and 4 respectively. The hydro
carbons are listed in order of increasing 
elution time on Carbowax columns. It 
can be seen tha t the am ounts of the vari
ous hydrocarbons form ed by irradiation 
vary widely. In both  fats six hydrocarbons 
(i.e., 1 -tetradecene, pentadecane, 1-hexa- 
decene, hexadecadiene, heptadecane and 
heptadecene) were produced in large 
quantities as compared to the shorter- 
chain hydrocarbons.

The m ajor hydrocarbons possessed 
either one or two carbon atoms less than 
the m ajor fatty acids present in the fats 
studied. Furtherm ore, beef fat produced 
approximately 3 and 4 times as m uch of
1-hexadecene and «-heptadecane respec
tively as did pork fat. Interestingly, the 
beef fat used in this study contained al
most three times as much stearic acid as 
pork fat. N o attem pt was m ade to m ea
sure the aldehydes quantitatively. The 
size of their peaks, however, indicates 
that they were form ed in relatively large 
quantities.

These results suggested a relationship 
between fatty acid composition and the 
m ajor radiolytic products and agreed with 
work simultaneously carried out in this 
laboratory by Dubravcic et al. on the 
radiolysis of fish oil (1968a) and simple 
triglycerides (1968b). As revealed in the 
latter study, 1-tetradecene and n-penta- 
decane were the major hydrocarbons from 
palmitic acid, 1-hexadecene and «-hepta
decane from  stearic and hexadecadiene 
and heptadecene from  oleic.

It is clear that radiolytic splitting of 
fatty acid chains is not random  but fol
lows a preferential pattern resulting in 
an uneven distribution of the hydrocar
bons formed.

The effect of irradiation dose on the 
form ation of the various hydrocarbons is 
shown in Tables 3 and 4. The increased 
production of volatiles with increase in 
dose has been previously observed by 
M erritt et al. (1959). It is interesting to 
note, however, that the rate of form ation 
(am ount of com pound produced per meg
arad) for the six m ajor hydrocarbons 
mentioned above is much greater than 
that of the shorter-chain compounds.

Flavor significance of hydrocarbons
Beef and pork fats developed a typical 

off-odor upon irradiation. This odor was 
detectable at 2 megarads and was more 
intense at the higher dosages. M erritt and 
co-workers implicated hydrocarbons in 
the off-odor of irradiated fats. The pres
ence of hydrocarbons in oxidized fats was
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Table 5—Odor thresholds of some aliphatic 
hydrocarbons.

C a rb o n
no .

m g/100  g m inera l oil

n-
a lk an es

1-
alkenes

1-
a lkynes

a lk a 
dienes

5 34. 9 .2 18.
6 9 . 0 .3 16. 0 .8
7 25. 0.1 10. 0 .5
8 134. 0 .2 0 .8 1 .0
9 215. 2 .6 1 .8 2 .9

10 400. 15. 6 .0 4 .6
11 575. 57. 11.
12 > 1 3 0 0 . 128.
14 > 1 3 0 0 . 168.
15 > 1 3 0 0 . 225.
16 > 1 3 0 0 . 320.

reported by Buttery (1961); Day et al.,
(1963); M erritt et al., (1967); and Krish- 
nam urthy et al. (1967).

To determ ine the organoleptic signifi
cance of hydrocarbons, flavor threshold 
evaluations were conducted with four 
classes of these compounds. As shown in 
Table 5, the unsaturated hydrocarbons are 
m uch more odorous than the saturated 
ones. The 1-alkenes contain the most 
odorous com pounds: hexene, heptene and 
octene.

The values presented in Table 5 pro
vide the potential for a practical applica
tion. F or example, if certain compounds 
were known to exhibit unpleasant odors, 
it would be possible, by consulting odor 
threshold data showing relationships be
tween dosage and the amounts form ed by 
irradiation, to predict how high a dose 
can be applied to a product before such 
compounds make their presence felt by 
the consumer.

The quantities of 1-heptene and 1-oc
tene, in both beef and pork fats irradiated 
at 6.0 megarads, approached or exceeded 
their odor threshold. The threshold of

1-hexene was approached in pork fat ir
radiated at the same dosage. On the other 
hand, the concentrations of the other 
hydrocarbons were well below their 
thresholds. Since the fats irradiated at 2 
megarads exhibited some off-odor and 
since at this dose, all hydrocarbons were 
below their threshold, it m ay be possible 
that additive or synergistic effects are in
volved.
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identification and Characterization of the Pectic Enzymes of
the McFarlin Cranberry

SUMMARY— Endo-polygalacturonase activity was found in cranberry proteins. Viscosity 
measurements showed that the hydrolysis of pectins with both high and low methoxyl 
content occurred on addition of a protein dialysate to pectin solutions. The use of a 
phenol binding agent in the enzyme preparation was necessary to obtain a high hydro
lytic activity. Higher activity was noted with citrus pectins than cranberry pectins. Opti
mum activity was found at pH 5.0 for cranberry polygalacturonase. Activity was de
stroyed after 35 min of heating at 100°C. Up to 0.6 M NaCI gave no significant effect on 
cranberry polygalacturonase activity at pH 5.0. Cranberry pectin esterase activity was 
low when compared to strawberry and tomato pectin esterase. The optimum pH value 
for pectin esterase was 7.5, and the enzyme was inactivated when heated for 5 mm at 
100°C. When pectin solutions were treated with NaCI, optimum pectin esterase activity 
occurred at 0.15 M concentration.

IN TRO D U CTIO N
T H E PR ESEN C E of pectic substances in 
the plant cell plays an im portant role in 
maintaining rigidity to plant tissues and 
contributes to the consistency of fruit 
purees and juices. Pectic enzymes act on 
the pectin polymer to produce smaller 
fragments, thus disrupting the rigidity of 
the tissue and affecting the consistency of 
the juice or puree.

The enzymes involved are polygalac
turonase, pectin esterase, and pectin trans- 
eliminase. They m ay be inherent in the 
plant tissue or may be produced by differ
ent types of microorganisms.

The gelling power of cranberry lies in 
its high content of pectin, facilitating the 
production of cranberry sauce and jelly. 
Pectic enzymes in cranberry could in
crease the rate of hydrolysis of the pectins 
present before heating, thus affecting the 
quality of the product.

Therefore, pectic enzymes of the M c
Farlin  cranberries were extracted by dif
ferent methods and hydrolytic activities 
were m easured at different pH ’s and salt 
concentrations.

EX P E R IM E N T A L
PHENOLIC COMPOUNDS, namely tan
nins, are abundant in the mature cranberry 
and upon maceration of the berries for en
zyme extraction, these compounds may bind 
irreversibly with proteins by hydrogen bond
ing on oxidation of tannins. Therefore, en
zyme activity is greatly retarded. For this 
reason, phenols have been removed from 
the enzymes preparation by polyethylene 
glycol (Badran and Jones, 1965) and poly
vinylpyrrolidone (Loomis et al., 1966).

Source of the fruit
The McFarlin cranberries, Vaccinium

macrocarpon, used for this study were grown 
near Markham, Washington. The ripe har
vested berries were placed in polyethylene 
bags, sealed in tin containers, frozen and 
stored at a temperature of — 20 °C.

Preparation of acetone powder
With all equipment pre-cooled and main

tained at — 20°C, 100 g of washed frozen 
cranberries were blended for 3 min with 5 
volumes (v/v) of acetone (—20°C). The 
slurry was filtered by suction through What
man No. 1 filter paper. The solid material 
was washed several times with 200 ml por
tions of cold acetone and dried for 20 hr at 
25 °C over concentrated HiSO, under vac
uum. The acetone powder was stored in a 
tight flask at —20°C. The yield was 4.3 g of 
powder per 100 g of frozen tissue.

Preparation of acetone powder in 
presence of polyethylene glycol (PEG)

The method of Badran et al (1965) was 
modified as follows: 100 g of frozen cran
berries were added to 100 ml of 2% poly
ethylene glycol. Cold acetone (—20°C) was 
also added in the ratio of V5 (suspension/ 
acetone, v /v). The mixture was blended in a 
Waring Blendor for 3 min at full speed. 
The suspension was filtered by suction 
through Whatman No. 1 filter paper. The 
cake was washed, dried, and stored as above.

The method employed for the preparation 
of cranberry proteins in presence of poly
vinylpyrrolidone (PVP) was the modified 
procedure developed by Loomis et al. (1966).

Precipitation and dialysis of 
cranberry proteins

Four g of the acetone powder preparation 
were suspended in 800 ml of cold 0.15 M  
NaCI solution at pH 7.5 and stirred gently 
for 30 min. The suspension was squeezed 
through a nylon cloth followed by filtration 
through Whatman No. 1 filter paper. The 
procedure was repeated by resuspending the 
residue in 200 ml of 0.15 M  NaCI. All fil

trates were combined.
The solubilized proteins were precipitated 

by the addition of ammonium sulfate until 
75% saturation was reached. After 18 hr, 
proteins were skimmed off the top and dis
solved in 40 ml of cold distilled water. The 
protein solution was dialyzed against distilled 
water in cellophane tubing for 20 hr. All 
steps were carried out at 4°C.

Viscometric determinations
The procedure employed in this study was 

similar to that of Bell, et al. (1955). Ten ml 
of 1.2% pectin solution, buffered at pH 5 
(citrate) were placed in an Oswald viscom
eter in a water bath maintained at 30°C. Two 
ml of cranberry dialysates were added to the 
10 ml pectin solution making a final con
centration of cranberry protein 1%. Flow 
time readings were made from 0 time to 20 
hr, and the percent loss in viscosity was cal
culated.

Viscosity changes on addition of dialysate 
were also determined over the pH range 3.0 
to 7.0.

Effect of salt and heat on PG activity
The effect of salt was determined at 0.2,

0.4 and 0.6 M  for 1.2% Sunkist polypectate 
solution; other conditions were as above.

Test tubes containing the dialysate-sub- 
strate solution were heated at 100°C for 5, 
10, 15, 25, 35 and 45 min. After heating, the 
tubes were rapidly cooled and viscosity 
changes with time were measured in the 
usual manner.

Cranberry PE
A sample of 0.25 g of acetone powder was 

dispersed in 10 ml of 0.15 M  NaCI at pH 7.5 
and stirred continuously for 15 min. The dis
persion was centrifuged at 25,000 g for 15 
min and in the supernatant pectin esterase 
was measured according to the method of 
Kertesz (1955). The activity was expressed 
in micro equivalents of ester hydrolyzed per 
g of acetone powder per hr.

A 1% Sunkist Pectin (3442) was treated 
with esterase at several pH values. By con
tinuous titration of the assay solution with 
NaOH, pH values of 5.0, 6.0, 7.0, 7.5 and
8.0 were maintained in different assays. The 
1% Sunkist Pectin (3442) was also assayed 
for esterase activity at pH 7.5 with 0, 0.15 
and 0.30 M  NaCI added.

R E S U L T S
F IG U R E  1 shows the course of action of 
the three different enzyme extracts on 1%
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Fig. 1— Percent loss in viscosity of 1%  sodium polypectate solution at pH 5.0 and 30°C  
using cranberry polygalacturonase prepared by three different methods.

Fig. 2— Effect of pH on cranberry poly
galacturonase activity on sodium polypec
tate at 30 °C.

Fig. 3— The relation between different en
zyme concentrations Of cranberry poly
galacturonase and their initial rate of ac
tivity on 1%  polypectate solution at pH 
5.0 and 30°C.

sodium polypectate solution at pH  5.0 
and 30°C. A fter a 40-60%  loss in vis
cosity, the rate o f the reaction decreased 
slowly.

Figure 2 shows the percent loss in vis
cosity in 1 hr of the solution due to the 
pectinolytic action of cranberry proteins 
at several pH  values. The highest activity 
was observed at pH  5.0 and the frequently 
noted bell-shaped curve was skewed. The 
influence of sodium chloride at 0.20, 0.40 
and 0.60 M  concentrations on the cran
berry pectinolytic activity was very small, 
as initial rate values corresponding to the 
change in viscosity during the first hour 
o f the reaction were found to be insig
nificant.

Figure 3 shows the 1 h r viscosity loss 
at 4 different protein concentrations. 
W hen the rate of activity of the enzyme 
resulted in a viscosity loss over 15% per 
hr, a linear relationship existed.

Figure 4 shows the therm al inactivation 
rate curve of cranberry pectinolytic en
zymes. A t pH  5.0, the activity of the 
polygalacturonase was inactivated to 
about 1% after 35 min of heating at 
100°C. M cGolloch et al. (1948) indi
cated that tomatoes contain an unusually 
heat resistant pectinolytic factor with 
20%  of the original activity remaining 
after a heat treatm ent of 1 h r at 100°C. 
However, Gizis (1964) found that straw
berry pectinolytic enzymes were com 
pletely inactivated when treated at 100°C 
for 35 min.

N o transelim inase activity was found 
in the protein dialysate prepared from  the 
acetone-polyethylene glycol protein prepa
rations, when assayed according to the 
procedure described by Albersheim et al.
(1960).

Fig. 4— Thermal inactivation rate curve for 
the cranberry PG activity on sodium poly
pectate at pH 5.0 and 30°C.

Figure 5 shows the extent of pectin es
terase activity at six different pH  values. 
Figure 6 shows the course of action o f 
cranberry proteins on 1% citrus pectin 
solution (3442) at pH  7.5 and 30°C . One 
g of acetone powder was used. A ccord
ing to Kertesz (1955), dem ethylation of 
the pectin does not affect the viscosity of 
their solutions except in the presence 
of calcium ions. U nder such conditions, 
the gelation properties of the pectin are

Fig. 5— Activity of PE of cranberries at dif
ferent pH vales and 3 0 °C, using citrus 
pectin as substrate.
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Fig. 6— Cranberry PE activity on 1%  citrus 
pectin solution (0 .15M NaCI) at pH 7.5 
and 30 °C.

Table 1—Effect of NaCI on cranberry pectin 
esterase activity at pH 7.5.

M N aC I
A ctiv ity  u n its  o f  
enzym e p e r  g o f  
ace to n e  p o w d er

A ctiv ity  u n i ts /100 g 
o f  fresh  tissue

0 .0 0 4 .0 17 .2
0 .1 5 8 1 .0 3 5 0 .7
0 .3 0 7 6 .0 329.1

Table 2—Effect of heat on cranberry pectin 
esterase.

T im e o f  exposu re  
to  100CC 

(m in)

li eq u iva len ts /g  
o f  ace tone  
p o w d e r/h r

0 8 1 .0 0
1 3 7 .1 0
2 2 5 .1 7
3 17.23
5 0 0 .0 0

affected. Table 1 shows the effect of NaCI 
on the activity of pectin esterase.

Table 2 shows that cranberry pectin 
esterase was inactivated when exposed to 
100°C for 5 min.

D ISC U SS IO N
TH E LOSS in viscosity exhibited by solu
tions of pectin substances is due to the 
hydrolysis of the glycosidic linkages of a 
pectin polymer, thus polygalacturonase is 
present in cranberries.

The m ethod of enzyme extraction from 
the cranberry used proves to be essential 
in obtaining an enzyme extract which 
exhibits a high rate of activity. Phenol 
complexing agents prevent the phenol- 
protein interaction which could cause a 
decrease in the activity of the enzyme. 
Figure 1 shows that when the phenol 
complexing agents are used in extracting 
the proteins from the cranberries, a 
higher activity of the polygalacturonase is 
evident. M oreover, when different types 
of phenol complexing agents are used, 
the protein extracts prepared possess dif
ferent enzyme activity. W hen the protein 
was extracted by the use of acetone in 
conjunction with polyethylene glycol, a 
higher activity was observed than when 
the acetone or the polyvinylpyrrolidone 
protein was used alone. This may be at
tributed to the stronger affinity of the 
polyethylene glycol in the presence of 
acetone to  the phenolic compounds.

The activity of the polygalacturonase 
on the different pectic substances used for 
substrates was rapid during the initial 
period of the reaction. This rapid loss in 
viscosity suggests an interior split of the

pectin polymer. Polygalacturonases which 
possess this type of specificity are referred 
to as endoenzymes. A slight pectinolytic 
preference for the citrus sodium poly- 
pectate over citrus pectin was evident. 
The latter possess a higher methoxyl con
tent.

The action of cranberry polygalac
turonase was also dem onstrated on cran
berry water soluble pectin and the calgon 
soluble pectin. The difference in the ac
tivity of polygalacturonase on both was 
slight. The enzyme showed a considerably 
higher activity on citrus pectins than on 
cranberry pectins. This may be attributed 
to the difference in structure between the 
pectins of both sources.

The foregoing discussion indicates that 
the cranberry polygalacturonase possesses 
the ability to random ly hydrolyze pectin 
substances with high and low methoxyl 
content.

Optimum pH  fo r the cranberry poly
galacturonase lies in the range of 5.0. The 
enzyme inactive at neutral pH  values is 
shown in Fig. 2. Although enzyme ac
tivity decreases with a decrease in pH, 
slight activity was observed at pH  3.0. 
The enzyme was found to be inactivated 
to within 1 % after 35 min at 100°C.

Cranberry proteins exhibited a solu
bilization effect on the insoluble parent 
material protopectin. Usually, the con
centration of protopectin in fruits de
creases with m aturation. This may be at
tributed to its contact with pectic enzymes 
which may hydrolyze it into the soluble 
form  (Kertesz, 1955).

Pectin esterase activity of the cran
berries was low as shown in Figure 6. 
Optimum pH  activity was found at a

value of 7.5 with no apparent activity at 
pH  5.0. H eating enzyme preparations for 
5 min at 100°C caused com plete inactiva
tion. NaCI at a concentration of 0 .15M  
gave an optimum pectin esterase activity. 
In the absence of the salt, the activity was 
negligible.
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The Release of Dipicolinic Acid from 
Spores of Bacillus stearothermophilus N CA1518

SUMMARY— Both pH of the spore suspensions and autoclaving time affect the release 
of dipicolinic acid (DPA) from spores. At pH 14 maximum release of DPA was obtained 
for spore suspensions of both variants autoclaved at 250°F for 15 min. With the smooth 
variant, maximum release of DPA was achieved at pH 7.0. Autoclaving at 250°F fcr 15 
and 70 min was required for complete release of DPA from spores of the smooth and 
the rough variants. Loss of viability of spores of both variants succeeded complete 
release of DPA.

IN TRO D U CTIO N
STUDIES of germinating spores of B. 
megaterium  led Powell (1953) to isolate 
and identify dipicolinic acid (D P A ). This 
acid is a strong chelating agent, found in 
spores in relatively high concentrations—  
4 to 15% of the dry weight— but could 
not be detected in vegetative cells (Hal- 
vorson et al., 1961).

The acid is released from spores during 
germination (Powell et al., 1953), o r by 
hydrolyzing the spores (Perry et al.,
1955) or by heat (Janssen et al., 1958). 
The latter is the recommended procedure 
for D PA  analysis.

The two variants-—rough and smooth—  
of this organism differ in their heat re
sistance. If D PA  plays an im portant role 
in the therm oresistance of bacterial 
spores, the rate at which the acid is re
leased should be different for the two 
variants. It was also of interest to deter
mine the dependence of viability of the 
release of DPA from the spores.

M A T ER IA LS  & M ETH O D S
pH COMBINED with heat and heating time 
were studied as to their effect on the release 
of DPA from the spores.

Spore suspensions of the two variants with 
known “D” values were prepared following 
the procedures described by Rotman (1967). 
Spore samples were brought to a concentra
tion of 10s spores/ml. The concentration was 
determined by repeated direct counting, us
ing, a Propper Double Improved Neubauer 
counting chamber.

Effect of pH
Volumes of 4 ml of samples in 15 X 125 

test tubes, were adjusted to pH values of 
2.0, 4.0 6.0, 7.0, 8.0, 10.0, 12.0 and 14 with 
1.0N  HC1 and 1.0N  NaOH. These samples 
were autoclaved for 15 min at 250°F. After 
cooling the pH values of all samples were 
adjusted to 6.5, which is the natural pH of

“ Present address: Food Industries Advisory
Service (FIAS), Rehovot, Israel.

exudates of untreated spore suspensions. The 
sample’s volumes were brought up to 5 ml 
and the concentration of DPA was deter
mined following the procedure described by 
Janssen et al. (1958).

Effect of Heating Time
Samples of both variants, 5 ml in 15 X 

125-mm test tubes, were autoclaved at 
250°F for 5, 10, 15, 20, 25, 30, 35, 40, 50, 
60, 70, 80 and 100 min. The concentration 
of DPA was measured colorimetrically 
(Janssen et al., 1958).

Viability of the autoclaved spores was de
termined by ability to: reflect light, absorb

Fig. 1— Effect of pH combined with heat 
(at 250°F for 15 min.) on the release of 
DPA from spores of rough and smooth 
variants.

malachite green, growth on dextrose tryptone 
agar and in trypticase soy broth.

R E S U L T S  & D ISC U SS IO N
SPORES of the two variants differ in size; 
those of the rough variant are larger than 
those of the smooth variant (Rotm an et 
al., 1966). F or this reason all analyses 
were perform ed on a num ber of spores 
basis rather than dry weight basis.

Effect of pH

The release of D PA  from  spores of 
both variants is influenced by the pH  of 
the heating menstruum . Spores of the 
smooth variant had two maxima, one at 
pH  7.0— 41.4 ^g D P A /1 0 8 spores re
leased, and the second at pH  14— 41.1 ¡xg 
D P A /1 0 8 spores released. The pattern of 
D PA  release from  spores of the rough 
variant exhibited two peaks. The maxi
mum release of D PA  occurred at pH 14—
39.5 pg D P A /1 0 8 spores (Fig. 1).

W alker et al. (1965) reported that 
endospores of aerobic bacilli release the 
least DPA at pH  7.0, with more acid be
ing released under unfavorable conditions. 
Similar results were observed in this study. 
A t pH  8.0, both variants released the least 
am ount of DPA. W hile at this pH  value, 
spores of the smooth variant released 
74.4%  of the maximum DPA , spores of 
the rough variant released only 54.5%  of 
the maximum DPA. A t pH  6.5 which is 
the natural pH  value of the spore suspen
sions 63.3 and 98.8%  of D PA  released 
from  spores of rough and smooth variants, 
respectively.

To induce complete release of DPA 
from  spores of thermophilic, high heat 
tolerant organisms, it is recommended to 
adjust the suspensions to pH  14, prior to 
autoclaving. To avoid involvement of rela
tively large volumes and to simplify quan
titative analyses, N aO H  at concentration 
of 1.01V is desirable.

Effect of H eating Time

The release of D PA  from spores is ac
complished by autoclaving them at 250°F  
for 15 min (Janssen et al., 1958). Be
cause of the high heat tolerance of B. 
stearothermophilus spores (Rotm an,
1967), it was necessary to determine the 
effect of autoclaving time on the release
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Fig. 2— Effect of autoclaving time at 250°F on the release of DPA from spores of rough 
and smooth variants (at natural pH of 7.65).

of D PA  and viability of the spores.
M aximum release of the acid from 

spores of the smooth variant was achieved 
after 15 min of autoclaving at 250°F . For 
release of DPA , spores o f the rough vari
ant had to be autoclaved at 250°F  for 70 
min (Fig. 2 ) . The maximum levels of 
D PA  obtained were 41.1 and 39.5 pg per 
108 spores of the smooth and the rough 
variants, respectively. These results are in 
complete agreement with the data ob
tained from  the experiment on the effect 
o f pH . M ost heat-resistant spores release 
the least D PA  under equal conditions 
(W alker et al., 1965). Spores of the rough 
variant were found more heat resistant 
(Rotm an, 1967). W hen complete release

of D PA  was achieved, the level of DPA 
was about equal for both variants. Spores 
with higher heat resistance, require more 
adverse conditions to cause complete re
lease of DPA.

The viability of the spores, as related 
to the release of DPA, was investigated. 
Spores which had been autoclaved for up 
to 100 min at 250°F, retained their ability 
to reflect light and to absorb malachite 
green, two common characteristics of vi
able spores. Spores of the smooth variant 
autoclaved for 30 min and longer did not 
grow on dextrose tryptone agar at 55°C.

Autoclaving for 50 min inhibited ger
m ination of spores of the rough variant on 
dextrose tryptone agar at 55°C. When

autoclaved spores of both variants were 
inoculated into trypticase soy broth and 
incubated at 55°C, growth occurred after 
72 hr in all tubes including those auto
claved for 100 min.

These results indicate that loss of viabil
ity for both variants occurs after the com 
plete release of DPA. Studies with B. 
megaterium  spores showed that loss of 
viability always preceded the com plete re
lease of D PA  (Rode et al., 1960). A ppar
ently, the role of D PA  varies among 
spores of different species.
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Chemical Composition and Heat Resistance 
of Bacillus stearothermophilus Spores

SUMMARY— Heat resistance measurement demonstrated that the rough variant was 
more heat tolerant than the smooth variant. Spores of the two variants were analyzed 
for DPA, calcium, manganese, magnesium and zinc. No direct relationship was found be
tween DPA, mineral concentrations and heat resistance.

Table 1—Dry weight, ash and concentration of elem ents in the spores Grg/108 spores).
S m o o th R o u g h

Concert- P ercen t C oncen - P ercen t
tra tio n o f  ash tra tio n o f  ash

D P A 4 1 .1 — 3 9 .5 —

D ry  w eight 181 .4 — 138 .7 —

A sh 16.5 — 15 .2 —

C alc ium 6 .4 6 3 9 .2 5 .3 7 3 5 .3
M an g an ese 0 .5 1 3 .1 0 .1 9 1 .25
M agnesium 0 .2 9 1.73 9 .4 1 2 .6 6
Z inc 0 .0 7 0 .4 6 0 .0 2 0 .1 2

IN TRO D U CTIO N
IN  A SPECTR O C H EM ICA L study of 
different species o f bacilli C urran et al. 
(1943) observed that spores were m ateri
ally higher in calcium, copper and m an
ganese. This high concentration of cal
cium was associated with enhanced heat 
resistance. The calcium content of spores 
increases during sporulation and it is 
closely followed by dipicolinic acid 
(D PA ) synthesis (Powell e t al., 1956).

High concentration of calcium in the 
spore might be either a reflection of the 
relative abundance of calcium in the me
dium, or enrichm ent o f the medium for 
spore form ation. Slepecky et al. (1959) 
dem onstrated that the spore’s m etal con
tent is dependent on the concentration 
and, on the balance of metals in the me
dium during sporulation.

The purpose was to determine the re
lationship between the chemical composi
tion and the heat resistance of spores of 
rough and smooth variants o f B. stearo
thermophilus N C A  1518.

M A T ER IA LS  & M ETH O D S
SPORE SUSPENSIONS at the concentration 
of 108 spores/ml were prepared following the 
methods described by Rotman (1967).

Heat resistance studies were performed fol
lowing the method described by Esty et al. 
(1924). The procedure is also described in 
(Rotman et al., 1966).

DPA concentrations were determined by 
the method of Janssen et al. (1958) after 
autoclaving the spores for 80 min at 250°F.

Atomic absorption spectrophotometry was 
used in determination of calcium, manganese, 
magnesium and zinc. Dry ashing was used in 
the preparation of the sample. Platinum cru
cibles containing 20 ml of each spore suspen
sion with 10s spores/ml were placed at 500°C 
overnight. The ash was dissolved in 1 ml of 
6N  distilled HC1. The solution was gently 
warmed to steaming then transferred into 10 
ml volumetric flasks and made to volume 
with deionized distilled water. Calcium was

1 Present address: Food Industries Advisory
Service (FIAS), Rehovot, Israel.

determined in the presence of 1000 ppm lan
thanum (Guillaumin, 1966). Conditions for 
each analysis were taken from the Analytical 
Methods book (1964). The Perkin-Elmer 
Model 290 spectrophotometer was used in all 
analyses.

R E S U L T S  & D IS C U S S IO N
SPORES of the rough variant had higher 
heat tolerance with a “D ” value of 3.5 
min, while spores of the smooth variant 
exhibited a “D ” value of 2.33 min.

Results of the chemical analyses are 
summ arized in Table 1.

The two variants did not vary in the 
concentration of D PA ; except for mag
nesium the smooth variant was richer 
with the other elements determined. A l
though the spores of the smooth variant 
are smaller in size (Rotm an et al., 1966), 
they appear to be heavier. This can at
tribute to  higher concentration of the 
heavier elements. The spores of this vari
ant were richer with calcium, manganese 
and zinc.

High concentration of D PA  was re
lated to low heat resistance (Byrne et al.,
1960). Reports suggested that higher mo
lar ratios C a:D P A  resulted in higher heat 
tolerance (Levinson et al., 1961) and that 
calcium was essential to attain maximum 
thermo-resistance (Foerster et al., 1966). 
In this study, spores of the smooth vari
ant exhibiting lower heat resistance had 
higher m olar ratios of m inerals:D PA  
(Table 2 ).

H ad the spores been autoclaved for 15 
min, as recommended by Janssen et al.

Table 2—Molar ratios of the elem ents of 
DPA.______________ _________________________________

C o m p le te  P a rtia l 
re lease  o f  re lease 

D P A 1 o f  D P A 2
S R R

C a /D P A 0 .6 5 0 .5 7 0 .9 3
C a  +  M n /D P A 0 .6 9 0 .5 8 0 .9 6
C a  +  M n  +  M g / 0 .7 4 0 .6 5 1 .07

D P A
C a +  M n  +  M g  + 0 .7 4 0 .6 5 1.08

Z n /D P A _______________________________________
1 S pores o f  th e  sm o o th  v a r ia n t w ere a u to 

claved  fo r  15 m in u tes  a t  2 5 0 °F  w hile  spo res o f  
th e  ro u g h  v a r ia n t w ere  au to c lav ed  fo r  80 m in u tes 
a t  2 5 0 °F .

2 S pores o f  th e  ro u g h  v a r ia n t w ere au to c lav ed  
fo r  15 m in u te s  a t  2 5 0 °F .

(1958), a complete release of D PA  would 
have resulted for the smooth variant, 
while spores of the rough variant would 
release only 24 p.g D P A /1 0 8 spores (R ot
man, 1967). Using the latter figure in cal
culating the m olar ratios of elements: 
DPA, the rough variant would have had 
higher ratio (Table 2 ) . It is doubtful if 
these molar ratios could serve as valid 
indicators o f heat resistance with this 
organism.

D PA  is present in different chemical 
combinations in spores of the two vari
ants. This m ay account for the faster re
lease of D PA  from  spores of the smooth 
variant (Rotm an, 1967). This rate of 
D PA  release from  spores is the key factor 
in determining the heat tolerance of the 
corresponding spores.
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A Study on the Sporulation of Rough and 
Smooth Variants of Bacillus stearothermophilus

SUMMARY— Sporulation of the two variants, rough and smooth, of B. stearothermophilus 
NCA 1518 was studied in three complex media, nutrient agar, nutrient broth and trypti- 
case  soy agar. The rough variant sporulated best on nutrient agar enriched with one ppm 
manganese with or without yeast extract but did not sporuiate in liquid media. Aerated 
broth fortified with yeast extract and one ppm manganese was found to be the best 
sporulating medium for the smooth variant. The effects of calcium, cobalt, and dextrose 
on the sporulation of the two variants are discussed.

IN TRO D U CTIO N
Bacillus stearothermophilus is the prin
cipal flat-sour spoilage organism in low 
acid, canned foods such as peas, beans 
and corn. The strain investigated in this 
study, N CA  1518, exists in two distinct 
variants, rough and smooth. This classifi
cation is based on the appearance of the 
corresponding colonies on dextrose tryp- 
tone agar.

Several theories have been proposed to 
explain the phenomenon of sporogenesis. 
Lack of nutrients in the sporulation me
dium was believed a major factor in in
ducing spore formation. Fabian et al. 
(1933) showed that sporulation occurred 
at the point of maximum cell viability. 
However, Knaysi (1945) reported that 
“endospores are form ed by healthy cells 
facing starvation.” Later, G relet (1952) 
observed that sporulation is the genetic 
response of the cell to an increase in the 
generation time. The conditions which 
favor sporulation reduce or stop the cell’s 
growth.

M any factors affect sporulation. Man-

* Present address: Director, Institute of Food
Industries Advisory Service (FIAS), Rehovot,
Israel.

gañese initiates and increases the rate of 
sporulation (Charney et al., 1951). On 
the other hand, compounds such as gluta
mate salts act as inhibitors or as abating 
agents of the sporulation process (Foster 
et al., 1949). Little is known about the 
differences in sporulation requirements be
tween variants of the same species. This 
study attem pts to determine some of these 
requirements for each variant, and how 
they might be different.

M A T ER IA LS  & M ETH O D S
PURE CULTURES of rough and smooth 
variants of B. stearothermophilus NCA 1518, 
isolated by the single cell technique (Rotman 
et al., 1966) were used in this investigation. 
Cells of both variants, thinly coated on glass 
beads, were kept frozen to serve as starter 
inocula. Dextrose tryptone agar plates were 
inoculated by using a single bead. The plates 
were incubated for 24 hrs at 55°C to serve as 
fresh active inocula for spore production 
studies.

Three complex media were used in this in
vestigation: nutrient agar and nutrient broth 
(obtained from Difco Laboratories, Detroit, 
Mich.); and trypticase soy agar, hereafter 
TSA (obtained from B. B, L., Baltimore, 
Md.). The effect of added yeast extract,

0.4% (obtained from Fisher Scientific Com
pany), dextrose (0.05% ), and 1-10 ppm 
of calcium (as Ca(NO,i)2-4H20), cobalt (as 
Co(NO.,)2-6 H20 ), and manganese (as 
MnSOcH-jO) on stimulation of sporulation 
was studied.

Sporulation was carried over a short period 
of 48 hr at 55°C to avoid non-homogeneous 
population as a result of germination (Rot
man, 1965, unpublished data). Standard 
petri-dishes were used for sporulation studies 
on solid media. For sporulation in broth, 
volumes of 200 ml of liquid media were 
placed in one-liter Erlenmeyer flasks with a 
magnetic stirring bar (2" x Vs") in each. 
Continuous stirring provided aeration. The 
stirring speed was adjusted to give the deepest 
possible vortex without foam formation.

All glassware used in this research was 
autoclaved 5-6 hr to insure complete mineral 
leaching out of the glass. Deionized water 
was used in the preparation of the media and 
the supplement solutions.

The degree of sporulation was determined 
by direct microscopic counts. Duplicate 
plates were prepared for each treatment. The 
degree of sporulation was determined by di
rect microscopic counts of two slides pre
pared from each plate. Five randomly se
lected fields were examined in each slide.

R E S U L T S  & D IS C U S S IO N
T H E  D E G R E E  of sporulation of both 
variants on solid media largely depends 
on the size of the inoculum. Heavy in
oculum was required for the rough vari
ant, whereas better sporulation of the 
smooth variant occurred with a light in
oculum.
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Effect of calcium on the sporulation on 
nutrient agar

Sporulation of the smooth variant was 
not affected significantly by adding cal
cium to the medium (Fig. 1). Calcium in 
the medium, however, caused an increase 
in the percentage of “red” spores formed. 
(Red spores is a term  used for imm ature 
spores which exhibit a red periphery after 
staining with malachite green and safra- 
nine. M ature spores stain green uni
formly.)

A t the levels tested, calcium had a par
tial inhibitory effect on the sporulation of 
the rough variant (Fig. 1). Unlike the 
smooth variant, no “red” spores were ob
served with the rough variant after 48 
h r of incubation.

Incorporating dextrose resulted in com 
plete inhibition of sporulation for both 
variants at all calcium concentrations 
tested. Dextrose enhances the partial in
hibition effect exerted by the calcium.

Effect of cobalt on the sporulation on 
nutrient agar

This element was studied because of 
its biological importance. Cobalt belongs

to the first transition group of elements 
and is notable for its toxicity and ability 
to form  complexes. Since this element is 
im portant in the activation of certain oxi
dative enzymes, it was hypothesized that 
its presence in the sporulation medium 
might increase the rate of sporulation.

Cobalt’s effect on the sporulation of 
the two variants is shown in Figure 2. 
These results indicate that cobalt in the 
medium tends to reduce sporulation of the 
smooth variant. A t 6 ppm  and higher 
concentrations, cobalt moderately stimu
lated sporulation of the rough variant 
after 24 hr of incubation. Further incu
bation initiated germination of previously 
form ed spores and prevented form ation 
of new spores. Cobalt chelates compounds 
essential for sporulation, thus altering the 
normal process of sporulation.

Dextrose, when added to the medium 
containing cobalt, completely inhibited 
spore form ation of both variants.

Effect of manganese on sporulation on 
nutrient agar

The smooth variant sporulated poorly 
on nutrient agar supplemented with m an

ganese (Fig. 3 ) , with most of the spores 
exhibiting red peripheries. A fter 24 hr of 
incubation, there was some decrease in 
spore form ation as the concentration of 
manganese increased. A lthough the sig
nificance of this phenom enon is unclear, 
it seems to support the inform ation re
ported by Levinson et al. (1955), who 
observed that manganese stimulates res
piration and consequently germination of 
spores.

Addition of manganese to nutrient agar 
distinctly affected the degree of sporula
tion of the rough variant. The addition 
of 1 ppm manganese resulted in the 
highest spore yield (86% , Fig. 3 ). A l
though after 24 hr of incubation the 
m ajor portion of the spore crops con
sisted of “red” spores, an additional 24 hr 
of incubation resulted in a decrease in the 
abundance of “red” spores to a negligible 
level. H igher levels of maganese lowered 
the degree of sporulation, due to partial 
germination, stimulated by high concen
trations of the element.

W hen dextrose was incorporated into 
the medium, sporulation of the smooth 
variant was completely inhibited for all

Fig. 1— Effect of calcium on sporulation on nutrient agar. Fig. 2— Effect of cobalt on sporulation on nutrient agar.
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a  Rough v arian t 
0 Smooth v arian t
•  Rough va rian t in the p re ten ce  o f 0 .0 5 %  dextrose

Fig. 3— Effect of manganese on sporulation on nutrient agar.

Q Manganese 
a  Cobalt

Fig. 4— Sporulation of the smooth variant in aerated nutrient 
broth fortified with 0 .4%  yeast extract.

levels of manganese tested after both 24 
and 48 hr of incubation. Similar results 
were observed for the rough variant when 
no manganese was added.

Halvorson (1957) suggested that dex
trose interferes with some enzymic steps 
essential for the sporulation process. A d
dition of 1 ppm managanese counter
acted the inhibitory effect of the dextrose 
on the sporulation of the rough variant 
(Fig. 3 ). Similar sporulation was obtained 
for this variant in the absence of glucose 
and manganese. These observations offer 
convincing evidence tha t the sporulation 
mechanisms are different for the two vari
ants.

Effect of yeast extract on 
sporulation on nutrient agar

The effect of yeast extract was studied 
in com bination with manganese only, be
cause of the inhibitory effects by calcium 
and cobalt on the sporulation of the two 
variants. In the absence of manganese, no 
spores were observed with the smooth 
variant. Adding manganese to the medium 
caused only a m oderate increase in spore 
form ation by this variant (Fig. 3 ), with 
most of the spores being mature.

Sporulation of the rough variant on nu
trient agar, enriched only with yeast ex
tract, was relatively low. Incorporation of 
manganese caused a significant increase in 
sporulation (Fig. 3 ). A lthough higher 
concentrations of manganese did not in

crease the sporulation, many “red” spores 
were observed at higher levels of the ele
ment after 24 hr of incubation. Additional 
24 hr of incubation resulted in homoge
neous, m ature spore crops at 1-7 ppm 
manganese and negligible levels of “red” 
spores at 8 -10 ppm of the element.

It is evident that yeast extract st ulu
lated sporulation of the rough variant to a 
higher degree than that of the smooth 
variant.

Sporulation on trypticase soy agar (TSA)

Sporulation of both variants was in
hibited by low levels of dextrose. TSA was 
examined as a possible medium of sporu
lation. N o spores were formed by either 
variant on this medium in the absence and 
presence of manganese, calcium and co
balt.

Sporulation in nutrient broth

Sporulation of both variants did not oc
cur in still and aerated plain broth. A dd
ing dextrose at inoculation time did not 
stimulate spore production. Attempts to 
stimulate spore production by addition of 
manganese, calcium and cobalt were un
successful.

Incorporating yeast extract into the 
medium stimulated sporulation of the 
smooth variant in the aerated culture, but 
not in a still culture. Fortification of the 
aerated broth with manganese resulted in

increased sporulation to a maximum level 
(8 5 % ) at the concentration of one ppm 
manganese (Fig. 4 ). U nder these condi
tions no “red” spores were form ed at any 
manganese levels tested.

While calcium did not stimulate higher 
sporulation of the smooth variant in 
aerated nutrient broth fortified with yeast 
extract, cobalt did (Fig. 4 ). A t the levels 
tested cobalt doubled the degree of sporu
lation. W ith higher cobalt concentrations, 
more “red” spores were form ed after 48 
h r of incubation. Calcium and cobalt did 
not stimulate sporulation of the smooth 
variant in still culture of yeast extract nu
trient broth.

The rough variant did not sporulate in 
still and aerated cultures under the various 
treatments. This observation is of great 
significance, since by this m ethod one can 
prepare a spore suspension of the smooth 
variant with high degree of purity. If  
rough cells are present in the original 
inoculum, they will outgrow the smooth 
variant which, in turn, will not produce 
spores. These results are in accord with 
those found by Hill (1967), who reported 
a shorter generation tim e for the rough 
variant in nutrient broth.

The rough variant’s inability to sporu
late in variously treated liquid medium 
supports the concept of different sporula
tion mechanisms and requirem ents for the 
two variants. The rough variant requires
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very low oxygen tension for sporulation 
while the smooth variant requires an 
ample supply of oxygen to sporulate. Both 
variants require manganese to stimulate 
sporulation. The smooth variant did not 
sporulate in broth in the absence of yeast 
extract; the rough variant sporulated well 
on nutrient agar with or w ithout yeast ex
tract. F urther investigation is required to 
determine the effect o f vitamins, amino 
acids and other yeast extract components 
on the sporulation of the two variants.
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Colorimetry of Foods. 1. Correlation of Raw, Transformed and 
Reduced Data with Visual Rankings for Spinach Puree

SUMMARY— Freshly processed spinach purée and stored processed purée were mixed 
In proportions varying from 0 to 100%  in increments of 10%  to provide three different 
sets of 11 samples each. These sets simulated the range of color values actually obtained 
with samples in storage after processing. Color measurements were performed by means 
of a General Electric Recording Spectrophotometer, a Hunterlab Model D25 Color Dif
ference Meter, and a Colormaster Differential Colorimeter, Model V. Experiments were 
carried out on each set of samples to obtain tristimulus values from each instrument. 
These values were mathematically transformed to the tristimulus values of the other 
two color system s. Tristimulus values from the instruments also were reduced to common 
color functions, and all data were correlated with visual rankings. Good correlations of 
instrument versus visual rank were obtained. Absolute values obtained from the trans
formation equations were very different from instrumental values. However, the trans
formations resulted in only a slight decrease in correlation with visual preference. Re
duced data calculated from instrumental read-out correlated well with visual rank. How
ever, conversion of Colormaster data to Adams data and resultant reduction produced 
poor correlations.

IN TRO D U CTIO N

A G R E A T  D EA L of effort has been 
aimed at stabilizing the green pigments of 
thermally processed vegetables. M any dif
ferent methods have been attem pted with 
varying degrees of success. Elevated pH  
conditions created in the food by the ad
dition of improved alkaline substances 
have seen a great deal of popularity 
(Blair, 1940a,b; Stevenson et al., 1942; 
Benedix et al., 1952; G upte et al., 1964; 
and M alecki, 1965).

A nother approach has been the con
version of chlorophylls to chlorophyllides 
with or without the addition of MgCO:1 as 
summ arized by Clydesdale et al. (1968a). 
Still another has been the use of High- 
Tem perature Short-Time processing as 
evidenced by the w ork of Epstein ( 1959), 
Tan et al. (1962), G upte et al. (1964),

and Luh et al (1964).
The evaluation of the results in most of 

these cases has emphasized pigment con
tent as a measure of success. This criterion 
is an extremely im portant one but, in the 
final analysis, visual acceptance of the 
product by a consumer will ultimately 
predict the success of a process. This 
leads to the need for an adequate means 
of properly assessing the color of a food 
material.

Instrum ental color measuring tech
niques are becoming much more popular 
in food research as a means of obtaining 
a valid objective m easurem ent o f color. 
M oreover, the tristimulus values obtained 
from  an instrum ent may be reduced to 
obtain one value that describes the color 
or converted to some other color system 
to make the definition of the color 
simpler. This practice in theory is quite

legitimate and at times very successful. 
U nfortunately there are cases, as Clydes
dale et al. (1968a) have pointed out, 
where correlations do not exist between 
converted an d /o r  reduced data and visual 
judgments.

This research was carried out to investi
gate the validity of using converted 
an d /o r  reduced data in form ulating a 
prediction of visual judgment on pro
cessed spinach purées.

The color conversions are known to be 
valid with opaque color standards and 
the purpose of this w ork was to check 
their validity with a translucent food sam
ple such as spinach purée.

E X P E R IM E N T A L
Preparation of sample

Fresh spinach obtained from a local super
market was washed, blanched at 185°F for 3 
min and drained. The leaves were com
minuted in a Fitzpatrick Mill (W.J. Fitz
patrick Co., Chicago). Following comminu
tion, the purée was deaerated using a vacuum 
desiccator connected to a water aspirator. 
The deaerated purée was then filled into baby 
food jars (201x210) and sealed by means of 
a steam vacuum sealer (White Cap Co., Chi
cago) with a pressure of 5 lb.

The filled jars were processed according to 
the heat penetration data recommended by 
Tan et al. (1962) to give an Fo =  4.9.

Freshly processed purées and stored pro
cessed purées were mixed in proportions 
varying from 0 to 100% in increments of 
10% to provide a series of 11 samples. These
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samples simulated the range of color values 
actually obtained with samples in storage 
after processing. With each set of experi
ments, a different stored processed purée was 
chosen to vary the range of colors slightly.

Table 1—Correlations of visual rankings 
versus instrumental tristim ulus values for 
processed spinach purées.

C o rre la tio n . 
V isual ran k in g  

w ith :

C o rre la tio n  coefficient

I h III»

C o lo rm a s te r  G 0 .9 5 9
(r)

0 .9 8 0 0 .9 8 6
R 0 .9 5 6 0 .979 0 .9 8 7
B 0 .8 7 9 0 .9 6 8 0 .9 7 9

H u n te r  L 0 ,961 0 .9 5 9 0 .9 9 2
a 0 .9 4 5 0 .9 9 3 0 .9 7 6
b 0 .9 7 9 0 .8 3 0 0 .9 9 4

G .E . X 0 .9 6 0 0 .9 7 9 0 .9 9 0
Y 0 .9 6 8 0 .9 8 0 0 .9 8 9
Z 0 .9 4 8 0 .8 7 6 0 .9 0 9

C o lo rm as te r  G ,R 0 .9 6 0
(R)

0 .981 0 .9 8 9
G ,R ,B 0 .9 7 5 0 .9 8 4 0 .9 8 9

H u n te r  a ,b 0 .9 8 6 0 .993 0 .9 9 5
L ,a ,b 0 .9 8 6 0 .993 0 .9 9 6

G .E . X ,Y 0 .9 7 6 0 .9 8 3 0 .9 9 0
X ,Y ,Z 0 .9 7 6 0 .9 8 9 0 .9 9 7

1 I, II  and  I I I  refe r to  th ree sep a ra te experi-
m en ts, each  h av ing  11 sam ples.

A total of three different sets of samples 
were prepared and examined in three differ
ent experiments.

Subjective evaluation of color
Visual judgments for each set of samples 

were performed with 25 panel members. All 
panel members were instructed to rank the 
samples from 1 to 11 with the rank of 1 be
ing assigned to the sample with the most ac
ceptable color for a commercial spinach 
purée and 11 assigned to the least accept
able. Controlled illumination of the simples 
was obtained by the use of a MacBeth Ex- 
amolite (MacBeth Daylighting Corp., New
burgh, N.Y.) with horizon sunlight. Each set 
of samples was ranked in duplicate and the 
results averaged.

Objective evaluation of color
Instrumental color data were obtained with 

three instruments: a Hunterlab Model D25 
Color Difference Meter (Hunter Associates 
Laboratory, Inc., Fairfax, Va.), a Color- 
master Differential Colorimeter, Model V 
(Manufacturers Engineer and Equipment 
Co., Hatboro, Pa.), and a General Electric 
Recording Spectrophotometer.

The choice of these instruments should not 
be interpreted as an endorsement. They were 
chosen to obtain data in three different tri
stimulus systems. These values could then be 
interconverted mathematically to investigate 
the validity of the use of transformation 
equations with the food samples und^r ex
amination.

Table 2—Visual color rankings versus instrum ental G .E . and calculated C IE  X, Y, Z data 
obtained for processed spinach purees.

V isual
ra n k

T ris tim u lu s  values

R e a d -o u t fro m  
G .E .

C a lcu la ted  from  
H u n te r  D 25 d a ta

C a lcu la ted  fro m  
C o lo rm aste r  d a ta

X Y Z X Y Z X Y Z

1 .2 6 9 .3 1 9 .7 1 6 .4 4 5 .1 7 5 .43 1 .58 5.81 5 .8 8 i .43
2 .3 4 9 .0 5 9 .4 1 6 .3 8 4 .8 7 5.11 1.49 5 .43 5 .4 9 1.36
3 .1 6 8 .8 2 9 .1 7 6 .33 4 .6 3 4 .8 4 1.41 5 .1 7 5 .2 2 1.30
3 .6 3 8 .6 0 8 .9 2 6 .2 8 4 .4 4 4 .6 2 1 .40 4 .9 4 5 .0 0 1.25
5 .0 0 8 .4 9 8 .7 9 6 .31 4 .6 3 4 .8 0 1 .42 4 .6 7 4 .71 1 .17
6 .0 0 8 .2 7 8 .5 5 6 .2 0 4 .51 4 .6 7 1.43 4 .5 3 4 .5 7 1 .16
7 .3 7 8 .1 8 8 .4 4 6 .1 9 4 .3 6 4 .4 9 1 .37 4 .3 7 4 .4 2 1.13
8 .3 2 8 .0 9 8 .35 6 .2 5 4 .21 4 .3 3 0 .9 7 4.21 4 .2 6 1 .09
8 .7 5 7 .9 6 8 .1 9 6 .1 6 4 .1 0 4 .2 0 1 .30 4 .0 7 4 .0 9 1 .04
9 .8 0 7 .91 8 .13 6 .23 4 .0 3 4 .1 2 1 .3 0 4 .0 3 4 .0 5 1 .0 6

10 .40 7 .7 7 7 .9 9 6 .1 7 3 .8 8 3 .9 6 1 .29 3 .8 9 3 .8 9 1 .0 4

Table 3—Correlations of visual rankings versus C .I .E . X, Y, Z data obtained with a General 
Electric Recording Spectrophotometer and also calculated from other system s.

C o rre la tio n .
V isual

ra n k in g
with:

1
C o rre la tio n  coefficient 

2 3 i

I I I H I i 11 III I II I II

(r)
C IE  X 0 .9 6 0 0 .9 7 9 0 .9 9 0 0 .9 3 9 0 .9 4 7 0 .991 0 .9 4 4 0 .9 7 9 0 .9 8 7
C IE  Y 0 .9 6 8 0 .9 8 0 0 .9 8 9 0 .9 5 7 0 .9 5 6 0 .9 8 9 0 .9 5 9 0 .9 8 0 0 .9 8 7
C IE  Z 0 .9 4 8 0 .8 7 6 0 .9 0 9 0 .8 4 8 0 .6 9 5 0 .9 7 6 0 .8 8 3 0 .9 6 8 0 .9 7 6

(R)
C IE  X ,Y ,Z 0 .9 7 6 0 .989 0 .9 9 7 0 .9 8 7 0 .9 8 8 0 .9 9 6 0 .9 8 4 0 .9 8 4 0 .989

1 1— C IE  X ,Y ,Z  re a d -o u t f ro m  G .E . R e co rd in g  S p ec tro p h o to m e te r; 2— C IE  X ,Y ,Z  ca lcu la ted  
fro m  H u n te r  D 25 L ,a ,b ;  3— C IE  X ,Y ,Z  ca lcu la ted  fro m  C o lo rm aste r  M o d e l V G ,R ,B .

2 1, I I  a n d  I I I  re fe r to  the  average  o f  d u p lica te s  o f  e ach  o f  th ree  se p a ra te  experim en ts.

The standards used with each instrument 
were as follows.

Hunterlab D25: Gray tile with tristim
ulus values L =  23.8, a =  1.9, b — 
- 0 .7

Colormaster Model V: Gray tile with 
tristimulus values G =  5.52, R =  
4.49, B =  6.22

G.E. Recording Spectrophotometer: a 
pressed barium sulfate standard.

Duplicate measurements were made on 
each set of samples on the same day as the 
visual examinations. The average values of 
the duplicates were used in the analysis of 
the data. All samples were measured using a 
depth of 2 cm in each cell.

All instruments were used according to 
the directions outlined by the manufacturer.

Interconversion of color data

Each set of tristimulus values obtained in- 
strumentally was converted by the standard 
conversion equations to the other tristimulus 
values by means of the computer program 
developed by Clydesdale et al. (1968b). The 
Colormaster GRB data were converted to 
Adams L,a,b data by the format supplied by 
the manufacturer.

Analysis of data

The analysis of data may most conve
niently be described by division into four 
sections:

1. Instrumental tristimulus values were 
correlated to visual ranking to investigate the 
function or functions best correlated with 
visual preference.

2. Color values from each instrument 
were tabulated together with those calculated 
in the same system but obtained from the 
other two instruments. All values were then 
correlated with visual rankings to determine 
the validity of the use of transformation 
equations in defining the color of processed 
spinach purée.

3. Instrumental and calculated tristimulus 
values were reduced to such color functions 
as a/b , tan-1 a/b , (a2 -f- b2) % G /R , and X/Y. 
In the case of G,R,B, a conversion to Adams 
L,a,b tristimulus values was carried out 
(there is no instrumental method for ob
taining Adams L,a,b and therefore these val
ues were considered as reduced data). The 
Adams data were further reduced to a/b, 
tan-1 a/b , and (a2 +  b2)’/=. All reduced data 
were correlated against visual ranking to in
vestigate their relationship to the subjective 
evaluations.

4. AE values, a measure of total color dif
ference were calculated between the most and 
least acceptable samples in each experiment. 
The series of samples used in each experi
ment were purposefully created to have not 
only different total color differences but also 
to have color differences that verged on the 
visual threshold for color discrimination. 
These factors could be tested only by means 
of an objective color difference score. There
fore AE values were calculated to ensure 
that the experimental objectives had been 
met. Large visual differences are much easier 
to measure objectively, and this work was 
designed to investigate problems associated 
with small visual differences.
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R E S U L T S  & D ISC U SS IO N
Correlation with actual data

Table 1 shows the correlations ob
tained between instrum ental tristimulus 
values and visual ranking fo r each of 
three separate experiments. As expected, 
data from  all the instruments produced 
high correlations in all three experiments. 
The third tristimulus value (Colorm aster 
B, H unter b, and G.E. Z) were lower in at 
least one of the experiments. This was 
probably because this tristimulus value is 
a  measure of the energy of the visible 
spectrum concerned with lower wave
lengths, i.e., blue. Apparently blue is less 
im portant in color judgments of processed 
spinach purée than the other two tristim u
lus values.

The multiple correlations (Table 1) are 
higher than the simple correlations but 
the improvement was not marked. This 
was because, except in the case of B, b or 
Z, the simple correlations were already 
very high.

Correlations with calculated data

Tables 2, 4 and 6 show the instrum ental 
and calculated tristimulus values ob
tained from  the G.E. Recording Spec
trophotom eter, the H unterlab D25, and 
the Colormaster Model V, respectively, 
for Expt. II. Tables 3, 5 and 7 show the 
results of correlation of these data with 
visual ranking.

The transform ation to X,Y,Z from 
other systems (Table 2) resulted in very 
different absolute values than that ob
tained when X,Y,Z were obtained di
rectly from  the G.E. Recording Spectro
photometer. This indicates that the spin
ach purée, a translucent sample, does not 
behave like an opaque standard on which 
the transform ation equations are based. 
This observation is w hat might be ex
pected when equations developed for one 
system are applied to a completely differ
ent system and one that contains far from 
ideal opaque samples.

However, although the absolute values 
were changed drastically, the values in 
relation to ranking of color were not af
fected to the same degree as evidenced 
by the correlations presented in Table 3. 
This was the case with all three experi
ments but the correlations with calculated 
values were not, in general, as good as the 
values obtained from the instrument. This 
shows one of the dangers implicit in using 
transform ations on a food m aterial when 
visual judgments are not available.

Tables 4 and 5 present the transform a
tions and correlations, respectively, of re
sults obtained for the H unter L,a,b color 
solid. Table 4 shows the instrumental and 
calculated values of L,a,b obtained from  
Experiment II. Again the absolute values 
were different from  instrum ental values 
but were not changed to the same extent

as the X,Y,Z values. However, the corre
lations in Table 5 show that in Experi
ments I and II  when H unter a was cal
culated from  G,R,B data the correlations 
with visual ranking were decreased to an 
appreciable extent. H unter a is a com
mon function used to describe green 
vegetable color since it is a measure of 
greenness ( —a, green; -fa, red) and ob
viously in this transform ation the func

tion has lost its value in measuring visual 
judgments.

Tables 6 and 7 show the same type of 
results for Colorm aster G,R,B data, and 
the precautions for using transform ation 
equations previously cited also apply in 
this case.

The correlations changed slightly with 
each set of experiments, perhaps because 
the sample series varied slightly in hue,

Table 4—Visual color rankings versus Flunterlab D25 and calculated Hunter L ,a ,b  data 
obtained for processed spinach purees.

T ris tim u lu s values

R e a d -o u t fro m  C a lcu la ted  fro m  C a lc u la te d  fro m
H u n te r  D 25 G .E . d a ta  C o lo rm as te r  d a ta

ra n k L a b L a b L a b

1 .26 2 3 .3 - 1 . 2 12.3 3 1 .1 6 - 1 . 2 0 9 .5 6 2 4 .2 5 0 .3 0 13 .48
2 .3 4 2 2 .6 - 1 . 1 11 .9 3C.68 - 1 . 0 2 9 .1 4 23 .43 0 .3 9 12 .97
3 .1 6 2 2 .0 - 0 . 9 11 .6 3 0 .2 8 - 1 . 0 0 8 .8 0 2 2 .8 5 0 .3 7 1 2 .6 2
3 .63 2 1 .5 - 0 . 8 11 .2 2 9 .8 7 - 0 . 8 7 8 .4 4 2 2 .3 6 0 .2 9 12.33
5 .0 0 2 1 .9 - 0 . 6 11.5 29 .65 - 0 . 7 7 8 .1 4 2 1 .7 0 0 .4 0 12 .00
6 .0 0 2 1 .6 - 0 . 5 11.2 2 9 .2 4 - 0 . 6 9 7 .9 0 2 1 .3 8 0 .4 2 11.75
7 .3 7 2 1 .2 - 0 . 4 11 .0 2 9 .0 5 - 0 . 5 8 7 .7 0 2 1 .0 2 0 .31 11 .52
8 .3 2 2 0 .8 - 0 . 3 11.8 2 8 .9 0 - 0 . 6 0 7 .4 0 2 0 .6 4 0 .2 5 11.33
8 .7 5 2 0 .5 - 0 . 2 10.6 2 8 .6 2 - 0 . 4 3 7 .2 7 2 0 .2 2 0 .5 6 11.12
9 .8 0 2 0 .3 - 0 . 1 10 .4 28.51 - 0 . 3 8 7 .01 20 .13 0 .5 2 10.96

10 .40 19.9 0 .0 10.1 2 8 .2 7 - 0 . 4 0 6 .8 5 19.72 0 .71 10.68

Table 5—Correlations of visual rankings versus Hunter L ,a ,b  obtained from a Hunter D25 
and also calculated from other system s.

C o rre la tio n  coefficient

C o rre la tio n . 
V isual ran k in g  

w ith  :

1 2 3 ‘

I II I II I II I I I I II I II

H u n te r  L 0 .961 0 .959 0 .9 9 2 0 .9 6 4
(r)

0 .9 8 5 0 .9 9 0 0 .9 5 9 0 .9 8 2 0 .9 9 6
H u n te r  a 0 .9 4 5 0 .993 0 .9 7 6 0.741 0.611 0 .9 7 2 0 .9 2 4 0 .9 8 3 0 .9 9 7
H u n te r  b 0 .9 7 9 0 .8 3 0 0 .9 9 4 0 .9 7 2 0 .9 8 7 0 .991 0 .963 0 .9 8 9 0 .999

H u n te r  L ,a ,b 0 .9 8 6 0 .993 0 .9 9 6 0 .9 8 6
(R )

0 .9 8 8 0 .991 0 .979 0 .993 0 .9 9 8

>1— H u n te r  L ,a ,b  read -o u t fro m  H u n te r  D 2 5 ; 2— H u n te r  L ,a ,b  ca lcu la ted  from  C o lo rm aste r  M odel 
V G ,R ,B ; 3— H u n te r  L ,a ,b  calcu lated  fro m  G .E . R e co rd in g  S p ec tro p h o to m e te r  X ,Y ,Z .

2 1, I I  an d  I II  refer to  the  average o f  d up lica tes o f  each o f  th ree  sep a ra te  experim en ts.

Table 6—Visual color rankings versus Colormaster and calculated G ,R ,B  data obtained 
for processed spinach purées.

T ris tim u lu s values

R e a d -o u t from  
C o lo rm aste r

C a lcu la ted  fro m  
H u n te r  D 25 d a ta

C a lc u la te d  from  
G .E . d a ta

ran k G R B G R B G R B

1 .2 6 5 .8 8 7 .11 1.21 5 .43 6 .2 6 1 .33 9 .7 1 10 .52 5 .4 5
2 .3 4 5 .4 9 6 .6 5 1.15 5.11 5 .9 0 1 .27 9 .41 10 .20 5 .4 0
3 .1 6 5 .2 2 6 .3 2 1 .10 4 .8 4 5 .6 2 1.19 9 .1 7 9 .9 2 5 .3 6
3 .6 3 5 .0 0 6 .0 4 1 .06 4 .6 2 5 .3 7 1 .18 8 .9 2 9 .6 5 5 .3 2
5 .0 0 4 .71 5 .71 0 .9 9 4 .8 0 5 .61 1 .20 8 .79 9 .5 0 5 .3 4
6 .0 0 4 .5 7 5 .5 4 0 .9 8 4 .6 7 5 .4 6 1.21 8 .55 9 .2 4 5 .2 5
7 .3 7 4 .4 2 5 .3 4 0 .9 6 4 .4 9 5 .2 7 1 .1 6 8 .4 4 9 .1 3 5 .2 4
8 .3 2 4 .2 6 5 .1 4 0 .9 2 4 .3 3 5 .1 7 0 .8 2 8 .35 9 .0 0 5 .29
8 .75 4 .0 9 4 .9 8 0 .8 8 4 .2 0 4 .9 6 1 .1 0 8 .1 9 8 .85 5 .2 2
9 .8 0 4 .0 5 4 .9 2 0 .9 0 4 .1 2 4 .8 7 1.11 8 .13 8 .7 8 5 .2 8

10 .40 3 .8 9 4 .7 5 0 .8 8 3 .9 6 4 .6 8 1 .09 7 .9 9 8 .61 5 .2 2
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Table 7—Correlations of visual rankings versus Colormaster G ,R ,B  obtained from a Color- 
m aster Model V and also calculated from other system s.

C o rre la tio n  coefficient

C o rre la tio n . 
V isua l ran k in g  

w ith :

1 2 3 1

I II I II I I I I I I 1 I I I I I 2

C o lo rm as te r  G 0 .9 6 0 0 .9 8 0 0 .9 8 6 0 .9 5 7
(r)

0 .9 5 6 0 .9 8 9 0 .9 5 6 0 .9 8 0 0 .9 8 7
C o lo rm aste r  R 0 .9 5 6 0 .9 8 0 0 .9 8 7 0 .941 0 .9 4 5 0 .9 9 2 0 .9 3 9 0 .9 8 0 0 .991
C o lo rm a s te r  B 0 .8 7 9 0 .9 6 8 0 .9 7 9 0 .8 4 8 0 .6 8 6 0 .975 0 .933 0 .8 7 8 0 .9 0 7

C o lo rm aste r  G ,R ,B 0 .975 0 .9 8 4 0 .9 8 9 0 .9 8 6
(R )

0 .9 8 7 0 .9 9 6 0 .9 8 0 0 .9 8 8 0 .9 9 8

1 1— C o lo rm aste r  G ,R ,B  re a d -o u t fro m  C o lo rm aste r  M od e l V ; 2— C o lo rm as te r  G ,R ,B  ca lcu lated  
f ro m  H u n te r  D 25 L ,a ,b ;  3— C o lo rm aste r  G ,R ,B  ca lcu la ted  f ro m  G .E . R e co rd in g  S pec tro m ete r X ,Y ,Z . 

2 1, I I  an d  I I I  re fe r to  th e  average  o f  d up lica tes o f  each  o f  th ree  se p a ra te  experim ents.

Table 8—Correlations of visual rankings versus reduced data for processed spinach purées.
C o rre la tio n . 

V isual ran k in g  
w ith :

C o rre la tio n  coefficient

I II I II

C o lo rm aste r  G /R 0 .8 0 9
(r)

0 .7 4 4 0 .9 3 7
A d am s L  (from  C o lo rm aste r  d a ta ) 0 .9 6 5 0 .9 8 6 0 .9 2 5

“  a  “ 0 .7 6 9 0 .491 0 .981
“  b  “ 0 .9 6 8 0 .9 6 8 0 .993
“  a /b  “ 0 .7 7 2 0 .5 8 4 0 .991
“  ta n -1 a /b 0 .7 7 2 0 .5 8 0 0 .991
“  ( a 2 +  b 2)V 2 “ 0 .9 6 9 0 .9 6 9 0 .9 9 2

H u n te r  a /b 0 .9 1 8 0 .995 0 .9 8 9
“  ta n -1 a /b 0 .9 1 9 0 .9 9 5 0 .9 8 9
“  ( a 2 +  b 2) ‘/ j 0 .9 7 6 0 .8 4 0 0 .9 7 9

G .E . X /Y 0 .841 0 .8 5 7 0 .9 6 4

value and chroma as well as in total color 
differences between the first and last sam
ple. The samples were carefully chosen 
to ensure small color differences in these 
parameters.

Correlations with reduced data

In many cases the incorporation of two 
tristimulus values into one function will 
provide a single measure of color that 
simulates visual judgment. This has been 
term ed “reduction of data” and the re
sults of such treatm ent are shown in Table 
8.

In the case of G /R  and X /Y  the result 
was to produce correlations with visual 
ranking, which were not as good as the 
single tristimulus values alone. Obviously 
there is no advantage to using this type 
of reduction for the samples used in this 
study.

Single Adams’ tristimulus values are 
also presented. These values do not strictly 
fall under the definition of “reduced data” 
but they are included in this table since 
there is no instrum ental method to m ea
sure A dam s’ L, a, and b. Only A dam s’ b 
and L showed a good correlation with 
visual judgment. It was known from the

other measurem ents in this study that L 
(lightness or darkness) was a good m ea
sure of visual preference for the samples 
under study; however, b was not as good. 
This indicates that the Adams transform a
tion caused b to correlate more directly 
with visual preference than it actually 
should.

Adams’ a value showed a significantly 
poorer correlation in two of the experi
ments than any other functions associated 
with an a value. Thus the transform ation 
has lowered the correlation of a, which is 
normally quite a good indication of v sual 
preference for green food samples.

Adams a /b  and ta rn1 a /b  also shewed 
low correlations with visual judgment. 
The Adams functions are valuable tools 
when used properly (i.e., with opaque m a
terials) . However, they do not seem to 
produce valid results with the samples 
used in this study. Since they have been 
used widely it should be stressed that 
each individual type of colored material 
should first be ranked visually to establish 
good correlation with Adams data before 
transform ations are used to predict visual 
preference.

Adams (a2 +  b2) ^  which is a function

of chroma, showed good correlations with 
visual rank and apparently has solved 
some of the problems associated with the 
a value.

The Adams a, a /b , and ta rn1 a /b  corre
lated well with visual judgments (Table 8) 
in only one of three experiments. The 
series that showed the poorest correlation 
(Expt. II) had a total color difference be
tween the first and last samples of 4.2 as 
measured with the D25 and calculated by

AE =  [(A L )2 +  (A a)2 +  (A b )2] ^

The series with the interm ediate correla
tion (Expt. II)  had a a E  of 6.0, whereas 
the one that correlated m ost highly had a 
AE of 6.2. Apparently, with spinach 
purée, as the total color difference de
creases, the validity of the transform ation 
decreases.

As was expected, since H unter a and b 
values were high in correlation with visual 
ranking, the reduced data showed the 
same type of correlation with the excep
tion of (a2 +  b2)t4, which was slightly 
lower in one of the three experiments.

In general, this study showed the value 
of instrumental color m easurem ent, as all 
instruments perform ed well when the raw 
instrum ent data were used. If it is desired 
to convert the color data to another sys
tem or to reduce the num ber of param 
eters, more care in interpretation is re
quired.
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Determining Glucose and Glycogen from a Single Sample of Meat
SUMMARY— A method was developed determining glucose and glycogen as separate en
tities from a single sample of meat. This method is based on the quantitative separation 
of glycogen from glucose by precipitation of the former species with an inert organic 
solvent. During this separation care must be exercised not to allow the temperature of 
the meat extract to rise above 5°C. After separation the two carbohydrate species may 
be analyzed by existing methods. The accuracy of this method was tested by comparing 
its results with those of established methods for the determination of glucose and glyco
gen. The error caused by the formation of Maillard addition products was evaluated.

IN TRO D U CTIO N
T H E  M ETHODS used for the determ ina
tion of glucose and glycogen in m eat re
quire two separate m eat samples, one for 
glycogen and one for glucose. This paper 
presents a m ethod for the determ ination 
of both carbohydrate species from  a 
single sample.

A  method for the analysis o f glucose 
in m eat was developed by Somogyi
(1952). This m ethod uses water to ex
tract the glucose from  a finely ground 
m eat sample. The interfering proteins in 
the aqueous extract are precipitated with 
heavy metal salts. The resultant depro- 
teinized glucose solution is used to reduce 
a copper-tartrate reagent, which is re
acted with an arsenomolybdate solution 
to form  a highly colored complex. The 
absorbance of this complex is directly 
proportional to the am ount of glucose 
present in the sample.

A  m ethod used for the analysis of gly
cogen in m eat was developed by Good et 
al. (1933). This m ethod uses an aqueous 
K O H  solution to extract glycogen from  a 
m eat sample. The glycogen is precipitated 
from  the alkaline extract with ethanol 
and is then hydrolyzed to glucose and de
term ined by copper reduction.

These two methods cannot be employed 
together on a single m eat sample for two 
reasons. First, G ood’s alkaline extraction 
of glycogen destroys most of the glucose 
in the meat; second, ethanol used to pre
cipitate the glycogen acts as a strong re
ducing agent toward the copper-tartrate 
reagent, thus masking the reducing action 
of glucose.

The method in this paper is a technique 
to separate the glucose and glycogen in a 
single m eat sample. A non-reducing or
ganic solvent, such as tetrahydrofuran, 
precipitates glycogen from  a raw m eat 
extract. (Tertiary butyl alcohol was also 
found to act as a non-reducing organic 
solvent; however, its rate of glycogen pre
cipitation is much slower than that of 
TH F.) The precipitated glycogen is hydro

lyzed to  glucose and directly determined 
by copper reduction. The supernatant is 
deproteinized and its glucose content de
term ined by copper reduction without in
terference from  the organic solvent. The 
tem perature of the m eat extracts must be 
kept low, so that the glucose will not be 
lost through the form ation of M aillard 
addition products.

EX P E R IM E N T A L
Reagents

95% ethanol; 66% ethanol; 1.0M NaOH, 
aqueous; 0.18M ZnS04, aqueous; 10% al
coholic KOH (95% ethanol); 0.10M 
Ba(OH)2, aqueous (this solution must be 
protected from carbon dioxide in the air with 
a soda-lime tube); 0.05M H2SO,, aqueous 
(ca. 5% ); aqueous glucose standard, 0.1 mg 
glucose/ml water; THF glucose standard, 0.1 
mg glucose/ml water-THF (17:3 v /v ); tetra
hydrofuran (TH F), anhydrous A. R.; satu
rated Na-S04 solution, aqueous.

Somogyi’s Copper-tartrate reagent. Solu
tion I: 12 gm Rochelle salt (sodium potas
sium tartrate); 24 gm Na2COs, anhydrous; 16 
gm NaHC03; 144 gm Na2S 04, anhydrous; di
luted to 800 ml with water.

Solution II: 4 gm CuS04 5H20 ; 36 gm 
Na2S 04, anhydrous; diluted to 200 ml with 
water.

These two solutions are combined to form 
the copper-tartrate reagent.

Soniogyi’s Arsenomolybdate reagent. 44.5 
gm (NH4)8Mo70 24-4H20  (Ammonium mo
lybdate); 6.0 gm Na2H As04-7H20  (Sodium 
acid arsenate); 42.0 ml cone. H2S 04.

Extraction
The steps in the following paragraph must 

be carried out below 5°C. This is done by 
using an ice bath, or a refrigerated room. A 
5-10 gm sample of meat is mixed with 30 ml 
of water and cut to a fine suspension in an 
Omni-mixer. The suspension is mechanically 
agitated for 45 min in a wrist action or linear 
oscillating shaker bath. Then 150 ml of TFIF, 
which has been precooled in an ice-salt bath 
to about — 10°C, is slowly added to the sus
pension. Efficient stirring and cooling in the 
ice-salt bath is done so the temperature does 
not rise above 6°C.

After the addition of THF, the suspension 
is permitted to stand for a half hour to com
plete the precipitation of the glycogen. The 
suspension is then centrifuged for an addi
tional half hour at 480 g’s (on the Interna
tional centrifuge model S B this corresponds 
to 2000 rpm at a radius of 10 cm, Interna
tional Equipment Co., Boston, Mass.) The 
supernatant is decanted and diluted to 200 ml 
with water.

Deproteinization

This deproteinization procedure follows 
the method outlined by Somogyi. A 2-ml 
aliquot of the supernatant is placed in a 15- 
ml centrifuge tube. The solution is kept cool 
in an ice bath while 4 ml of 0.18M ZnS04 
and 4 ml of 0.10M Ba(OH)2 are added. The 
resulting mixture is agitated with a vortex 
mixer and cooled in an ice bath for 5 min. 
After cooling the mixture is centrifuged long 
enough to give a clear supernatant. The de
proteinized supernatant may now be handled 
at room temperature.

Copper Reduction
The copper reduction procedure also fol

lows the general method outlined by So
mogyi. (The authors attempted to use glucose 
oxidase as the colorimetric agent for glucose; 
however it was found to react with dextrins 
as well as glucose.) A 1-ml aliquot of the 
deproteinized supernatant is added to a 
Folin-Wu tube (Folin et al., 1922) along 
with 1 ml of the copper-tartrate reagent. Two 
other tubes are also prepared, a blank and a 
standard. The blank contains 1 ml of copper- 
tartrate reagent plus 1 ml of a water THF 
mixture (17:3 v /v). The standard contains 
1 ml of copper-tartrate reagent plus 1 ml of 
the THF glucose standard (0.1 mg glucose/1 
ml water-THF 17:3 v /v ). The tubes are 
heated for 10 min in a boiling water bath and 
then cooled to room temperature. To each 
tube is added 1 ml of the arsenomolybdate 
reagent. A colored complex is formed, which 
is stable for at least 24 hrs. The tubes are 
agitated with a vortex mixer and then diluted 
to 25 ml with water. The absorbances of the 
solutions are measured with a spectropho
tometer set at a wavelength of 520 mu. The 
amount of glucose present can be calculated1 
with the following equation:

mg glucose =  A u  X mg- X (200 x  5)
A s t d

where
Asampie =  absorbance of sample
Asi<i =  absorbance of standard
(200 X  5) =  dilution factors

Glycogen purification
The residue precipitated by THF is di-
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Table 1—Comparison of new method with accepted methods.

Sam ple
n u m b e r

S o m o g y i’s
m eth o d

%
glucose

G o o d ’s
m eth o d

%
glycogen

N ew  m e th o d

% % 
g lucose g lycogen

C o m p ariso n  
N ew  ^  N ew  w  

S om ogyi G o o d  
100 100 

g lucose g lyccgen

i 0 .1 1 7 0 .3 8 8 0 .1 2 5 0 .4 2 7 108. 7 110 .2
2 0 .1 4 6 0 .4 6 7 0 .1 4 5 0 .4 5 6 9 9 .0 9 7 .7
3 0 .2 0 2 0 .5 3 5 0 .1 9 5 0 .501 9 6 .2 9 3 .7
4 0 .173 0 .4 5 9 0 .1 9 4 0 .4 6 0 112.3 100 .4
5 0.121 0 .3 8 0 0 .1 1 6 0 .3 7 0 9 5 .6 102.9
6 0 .1 3 8 0 .2 6 8 0 .1 3 0 0.251 9 3 .2 9 3 .4
7 0 .1 5 0 0 .2 7 6 0 .1 5 0 0 .2 9 5 100 .0 107 .0
8 0 .1 0 5 0 .2 9 5 0 .1 0 6 0 .2 9 6 100 .4 100.5
9 0 .1 2 2 0 .3 8 5 0 .1 1 9 0 .3 7 3 9 6 .8 9 6 .7

10 0 .201 0 .4 9 6 0 .1 8 6 0 .4 8 7 9 2 .5 9 8 .0
11 0 .1 0 7 0 .5 4 0 0 .1 1 5 0 .6 2 5 107.1 115 8

M ean 100.1 101 .5
S ta n d a rd  e rro r 2 .0 2 1

Table 2—Glucose recoveries using new method.

Sam ple
n u m b er

G lucose  c o n ten t 
in itia l analysis 

(m g)

A m o u n t o f
g lucose  a d d ed  

(m g)

G lucose  c o n ten t 
final analysis

(mg)
%

R ecovery

12 40 .7 9 0 4 0 .7 9 10 0 .0
13 2 8 .9 6 10 3 6 .8 0 9 3 .2
14 34 .43 25 5 4 .9 8 9 2 .6
15 2 5 .9 6 50 7 4 .7 7 9 8 .5
16 28 .4 8 70 9 7 .1 2 9 8 .6
17 2 4 .5 8 90 110.92 9 6 .8

Table 3—Glycogen recoveries using new method.

S am ple
nu m b er

G lycogen  co n ten t 
in itia l analysis  

(m g)

A m o u n t o f  
g lycogen add ed  

(m g)

G lycogen  c o n ten t 
final analysis 

(m g)
%

R ecovery

12 4 3 .4 4 0 4 3 .4 4 100 .0
13 3 0 .8 4 10 3 9 .2 6 9 5 .3
14 3 6 .6 8 25 6 3 .2 0 102 .4
15 27 .63 50 73 .63 9 4 .9
16 30 .33 70 9 1 .0 0 9 0 .7
17 26 .19 90 112 .94 9 7 .2

g e s te d  in  2 5  m l o f  1 0 %  a lc o h o l ic  K O H  a t  
7 5 ° C  f o r  1 0 - 2 0  m in . T h is  is a c c o m p a n ie d  b y  
v ig o ro u s  s t i r r i n g  w ith  a  g la s s  r o d .  T h e  d i 
g e s t io n  is  te r m in a te d  w h e n  a l l  o f  th e  re s id u e  
h a s  b e e n  d is s o lv e d  b y  th e  a lc o h o l ic  K O H . 
T h e n  5 m l o f  s a tu r a t e d  s o d iu m  s u l f a te  s o lu 
t io n ,  f o l lo w e d  b y  100  m l o f  9 5 %  e th a n o l  is 
a d d e d  to  th e  s o lu t io n .  T h e  re s u l t in g  m ix tu r e  
is  c e n t r i f u g e d  f o r  1/ 2 h r  a t  4 8 0  g .  T h e  s u p e r 
n a t a n t  is  d is c a rd e d ,  a n d  th e  p r e c ip i ta te  is 
w a s h e d  th r e e  t im e s  w ith  6 6 %  e th a n o l  a n d  
o n c e  w ith  e th e r .

Glycogen hydrolysis
A p p r o x im a te ly  3 5  m l  o f  0 .5 0 M  H =S O , is 

a d d e d  to  t h e  p u r if ie d  g ly c o g e n . T h is  m ix tu r e  
is re f lu x e d  f o r  a t  le a s t  5 h r .  T h e n  th e  a c id ic  
s o lu t io n  is n e u t r a l iz e d  w ith  1 .0 M  N a O H  to  a  
p H  o f  6 .5 - 7 .0 .  E f f ic ie n t s t i r r i n g  m u s t  a c 
c o m p a n y  th e  n e u t r a l i z a t io n  to  a v o id  lo c a l  
c o n c e n t r a t io n s  o f  N a O H  w h ic h  d e s t r o y  th e  
g lu c o se . T h e  n e u t r a l i z e d  g lu c o se  s o lu t io n  is

d i lu te d  to  2 0 0  m l  w i th  w a te r .  T h is  s o lu t io n  
is a n a ly z e d  b y  th e  c o p p e r  r e d u c t io n  m e t .io d ,  
w ith  t h e  e x c e p t io n  t h a t  t h e  b la n k  a n d  th e  
s ta n d a r d  d o  n o t  c o n ta in  T H F .

DISC USSIO N & RESULTS
TW O CALIBRATION curves V'ere 
plotted, one for glucose standards dis
solved in pure w ater and one for glucose 
standards dissolved in a w ater-TH F mix
ture (17:3 v /v ) .  Both curves are linear, 
which indicates that Beer’s law is valid 
for this m ethod and that the absorbance 
is directly proportional to the glucose con
centration.

M eat samples were analyzed in tripli
cate for glucose by Somogyi’s m ethod and 
for glycogen by G ood’s method. The same 
samples were also analyzed by the r.ew 
method. The results of the new and stan

Table 4—Glucose loss due to warming of 
meat extracts (new method).

S am ple
n u m b er

E x tra c tio n
tem p.

( 4 - 5 -C ) 
G lucose 
co n ten t 

(m g)

E x tra c tio n
tem p .

( 1 5 - 2 0 X )
G lucose
c o n ten t

(m g)

■ % 
G lucose  

lo s t

18 1.15 0 .9 7 2 5 .6
19 3 .0 4 2 .1 3 3 0 .1
20 2 .6 0 2 .1 9 2 5 .9

dard methods of analysis are summ arized 
in Table 1.

A series of recoveries was run in which 
varying am ounts of glucose and glycogen 
were added directly to the raw m eat ex
tracts. These extracts were then analyzed 
by the new method. Also, an initial analy
sis, using the new method, was run on 
samples of the same series to which no 
additional carbohydrates had been added. 
The results are summarized in Tables 2 
and 3. This data was treated with the 
least squares adjustment to obtain plots of 
percent recovery versus am ount of carbo
hydrate added for both glucose and glyco
gen. The glucose plot was linear with a 
slope of 0.07. The glycogen plot was also 
linear with a slope of —0.05. These slopes 
are not significantly different from  zero 
which indicates that the lines are essen
tially horizontal.

The authors made a study of the effect 
of tem perature on the new method. Table 
4 shows the results of an analysis in which 
the tem perature of the m eat extract was 
raised from  5°C  to 15-20°C  for 10 min. 
The results are com pared with a similar 
analysis run at the prescribed tem perature 
(4 -5 °C ). The last column shows the 
am ount of glucose lost in increasing the 
tem perature of the extract. The loss of 
glucose is attributed to the fact that at 
tem peratures above 5°C  glucose forms 
M aillard reaction products with amino 
acids (Chichester et al., 1952). The glu
cose content is significantly lowered with 
an increase in temperature.
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Nutritive Value of 1,2-Dichloroethane-Extracted Fish
Protein Concentrate

SUMMARY— Studies were conducted on the nutritive value of fish protein concentrate 
(FPC) preparations produced by extracting cod fillet with 1,2-dichloroethane (DCE). 
These were fed to immature rats at either a 20%  dietary protein level or at a 10%  
protein level in conjunction with 10%  casein protein. Findings were compared to those  
from immature rats fed diets containing 10 or 20%  casein protein. Nutritive value of 
the FPC preparations was dependent on the temperature and length of time at which 
extraction occurred. Rats fed diets containing FPC extracted at 65° ±  2°C or 40° ±  2°C 
for 24 hr or at a temperature of 83°C for 6 hr or 3 hr and vacuum dried without steaming 
were normal in appearance and exhibited increments in body weight and feed efficiency 
comparable to those of rats fed similar diets containing 20%  casein protein. FPC pre
pared under similar conditions except that it was extracted for 24 hr at 83°C without re
placing evaporated solvent during the last 6 hr of extraction was toxic. Subjecting the lat
ter to vacuum steaming for 45 min at 10 in. of vacuum eliminated its toxic properties as 
determined in a 7-day feeding test, although some impairment of its nutritional value was 
still manifest. Cod fillet prepared by the same procedure as the toxic material except 
that evaporated solvent was replaced at 2 -3  hr intervals throughout the entire 24-hr 
period of extraction was non-toxic in a 7-day feeding test and differed only slightly from 
casein in nutritive value.

IN TR O D U C TIO N
M UNRO et al. (1967) reported tha t ly- 
ophilized cod fillets extracted for 24 hr 
with 1,2-dichloroethane (DCE) were toxic 
when fed to im m ature rats. Animals fed 
this material at a 50%  dietary protein 
level lost weight and died within 7 days. 
In contrast, rats fed diets containing a 
similar am ount of non-extracted lyophi- 
lized cod fillet o r cod fillet extracted for 
24 hr with isopropyl alcohol rem ained 
alive, gained weight and appeared normal. 
The present report indicates that the tox
icity of DCE-extracted cod fillet is de
pendent on the tem perature and length of 
extraction time, and that it is possible to 
prepare DCE-extracted fish protein con
centrate (FP C ) that is non-toxic and of 
high nutritional value when fed as the sole 
source of protein to im m ature rats.

EXPER IM EN TA L
FPC PREPARATIONS were prepared from 
fresh cod fillet which was ground through a 
commercial meat grinder. Ground fillet was 
immediately placed in a steam jacketed 
kettle with a lid and DCE was added in the 
ratio of 15 gal DCE to 12.5 lb ground fillet. 
The FPC preparations were extracted at 
83°C for periods of 24, 6 and 3 hr and at 
65° ±  2°C and 40° ±  2°C for 24 hr. A 
water-DCE mixture azeotropes at 71.5°C. As 
long as sufficient amounts of water were 
present in the cod fillet this temperature was 
maintained in the preparations extracted at 
83 °C; but as water evaporated and the an
hydrous state was approached, temperature 
rose rapidly to 83 °C, the boiling point of 
DCE. The latter temperature was attained

within 30 min of the start of extraction The 
periods cited for preparations extracted at 
83 'C  (3, 6 and 24 hr) include time that ex
traction was occurring at azeotropic tem
perature. In the preparations extracted at 
83 °C considerable amounts of solvent were 
lost by evaporation. Additional amounts of 
DCE were accordingly added at 2 to 3 hr 
intervals to replace that lost by evaporation. 
However, solvent lost by evaporation from 
Sample A, extracted at 83 "C for 24 hr, was 
not replaced after the 18th hour of extrac
tion.

At the conclusion of the extraction period, 
the ground fish was removed from the kettle 
and pressed free of DCE, water and fatty 
material. The moist, defatted material was 
spread on trays in a 1/ 2 in. layer, placed in a 
vacuum oven and dried under 29 in. of vac
uum at a temperature of 100°C for 18 hr. 
Subsequent to drying, all preparations were 
ground into a fine powder in a 1 gal Waring 
Blendor and passed through a 20 mesh 
screen. Approximately 10% of the material 
did not pass through the screen and was 
discarded. Only that portion which passed 
through the screen was employed in the feed
ing tests.

The FPC preparations were analyzed for 
their protein and residual DCE content, and 
their nutritive value as sources of dietary 
protein was determined as indicated below.

Male rats of the Long-Evans strain, 24-26 
days of age, were fed purified diets contain
ing 10% cottonseed oil, 5% salt mixture 
(Wesson Modification of Osborne-Mendel 
Salt Mixture, General Biochemicals, Chagrin 
Falls, Ohio) and the following vitamins per 
kg of ration: thiamine hydrochloride, 10 mg; 
riboflavin, 10 mg; pyridoxine hydrochloride, 
10 mg; calcium pantothenate, 60 mg; nico
tinic acid, 100 mg; ascorbic acid, 200 mg;

para-aminobenzoic acid, 200 mg; inositol, 
400 mg; biotin, 1 mg; folic acid, 5 mg; vita
min B]2, 150 /¿g; 2-methyl, 1-4 naphtho
quinone, 5 mg; choline chloride, 2 g; vitamin 
A, 5000 U.S.P. units; vitamin D2, 500 U.S.P. 
units; and alpha tocopheryl acetate, 100 mg.

Diets were prepared containing 10% ca
sein protein (Vitamin-Free Test Casein, Gen
eral Biochemicals, Chagrin Falls, Ohio), 
20% protein as either casein or FPC, and 
20% protein as combinations of casein and 
FPC with half the protein provided by ca
sein and the remainder by FPC. The balance 
of each diet consisted of sucrose.

Animals were placed in individual metal 
cages with raised screen bottoms and were 
provided the test diets and water ad libitum. 
The rats were kept in an air-conditioned 
room maintained at 72° ±  3°F. Animals 
were fed daily and all food not consumed 24 
hr after feeding was discarded. Food con
sumption was determined daily for each rat. 
The duration of the experimental period was 
2 weeks in Experiments 1, 2 and 3, and 1 
week in Experiment 4. Animals were weighed 
weekly during the course of the experiment. 
Data were obtained on the average incre
ments in body weight and feed efficiency 
(judged by average weight gain/g of food in
gested) on the various diets employed.

RESU LTS
Experim ent 1

Tests were conducted to determine the 
effects of extraction tem perature on the 
nutritive value of F PC  prepared by ex
tracting fresh ground cod fillet for 24 hr 
with DCE. Forty-eight male rats with an 
average body weight of 69.1 g (range 
64-74 g) were divided into eight groups 
of six animals each and were fed the diets 
indicated in Table 1.

Findings confirmed earlier observations 
that a 10% casein protein diet is inade
quate for optim al growth and feed effi
ciency in the im m ature rat. Rats fed the 
10% casein protein diet gained 29.8 g 
after 14 days of feeding and had a feed 
efficiency of 0.213 g. Supplementing the 
above diet with an additional 10% casein 
protein increased weight gain after 14 
days to 88.2 g and increased feed effi
ciency to 0.458 g.

Rats fed FPC  Sample C (extracted with 
D C E for 24 hr at 40° ±  2°C ) at a 20% 
dietary protein level or at a 10% level in 
conjunction with 10% casein protein ex
hibited increments in body weight and
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Table 1—Effects of processing temperature on nutritive value of FPC extracted fcr 24 hr 
with DCE (6 rats per group).__________________________________________  ________

D ie ta ry  g roup

In itia l
bo d y
vvt.
(g)

A verage  ga in  (g) in  bod y  
w t. a fte r

7 days 14 days

A verage 
fo o d  co n 
su m p tio n  

p e r  ra t  
fo r

14-day
p erio d

(g)

A verage  
ga in  in 

bo d y  w t. 
p e r  g 

o f  fo o d  
e a te n 1 

(g)

R es id u a l 
D C E  

c o n ten t 
o f  F P C  

p ré p a re 
rions 

(p p m )
10%  p ro te in  a s  c a se in 2 6 9 .2 10 .5 2 9 .8 139.9 0 .213 —

20%  p ro te in  as  casein 6 9 .0 3 9 .8 8 8 .2 192 .7 0 .4 5 8 —
10%  p ro te in  as  casein  +
10%  p ro te in  as  F P C  S am ple  A 3 6 9 .0 -  13 .7 - 1 2 . 0 ( 5 ) 7 6 .7 _ 3 3 ,0 0 0
20 % p ro te in  as  F P C  S am ple A 6 9 ,2 - 2 1 . 0  (1) — — — 3 3,000
10 % p ro te in  as  casein  +
10%  p ro te in  as  F P C  S am ple B 4 69 .1 3 8 .2 8 4 .7 197.1 0 .4 3 0 2 ,1 0 0
20%  p ro te in  as  F P C  S am ple  B 6 9 .0 3 6 .9 8 3 .0 189 .0 0 .4 3 9 2 ,1 0 0
10 % p ro te in  a s  case in  +
10%  p ro te in  a s  F P C  S am ple C 3 6 9 .2 4 2 .8 8 8 .8 188.9 0 .4 7 0 17
2 0 %  p ro te in  as  F P C  S am ple C 69 .1 4 1 .6 8 8 .5 186.5 0 .4 7 5 17

T h e  va lues in  p a ren th e se s  in d ica te  th e  n u m b er o f  an im a ls  w hich  surv ived  a n d  o n  w h ich  averages 
w ere  b a sed  w h en  th is  n u m b er w as less th a n  th e  o rig in a l n u m b e r p e r g ro u p .

1 T h is  va lue  co n stitu tes  a  b e tte r in d ic a to r o f  th e  n u tr i tio n a l value o f  a d ie t th a n  th a t  fo r  P ro te in  Efficiency 
R a tio  (P E R ) (w t. g a in /p ro te in  in take ). T h e  la tte r  can  read ily  be ca lcu la ted  fro m  values in  th e  tab le  
by  m u ltip ly in g  such  values by  5 in  th e  case o f  d ie ts  w ith  a p ro te in  co n te n t o f  2 0 %  an d  by  10 in  th e  case 
o f  d ie ts  w ith  a  p ro te in  c o n ten t o f  10% .

2 T h e  p ro te in  c o n te n t o f  th is m a te ria l w as 85 .19%  (13 .63%  N  X 6.25).
3 F P C  S am p le  A  w as ex trac ted  w ith  D C E  fo r  24 h r  a t a  te m p e ra tu re  o f  83 °C. I t  h a d  a  p ro te in  

c o n te n t o f  86 .75%  (13 .88%  N  X 6.25).
4 F P C  sam ple  B w as ex trac ted  w ith  D C E  fo r  24 h r  a t  a  te m p e ra tu re  o f  65° ±  2 °C . I t  h a d  a  a ro te in  

c o n te n t o f  9 5 .0 0 %  (15 .20%  N  X 6.25).
5 F P C  S am ple  C  w as ex trac ted  w ith  D C E  fo r  24 h r a t  a  te m p e ra tu re  o f  40° ±  2 °C . I t  h a d  a  o ro te in  

c o n te n t o f  9 5 .63%  (15.30%  N  X 6.25).

Table 2—Effects of length of time that extraction occurs on the nutritive value cf FPC
extracted with DCE at a temperature of 83° X 2°C (6 rats per group).

D ie ta ry  g ro u p

In itia l
body
w t.
(g)

A verage  ga in  (g) 
in bod y  w t. a fte r 
7 days 14 days

A verage 
fo o d  co n 
su m p tio n  

p e r  r a t  fo r 
14-day  
p e rio d  

(g)

A verage  
g a in  in 

b o d y  w t. 
p e r  g 

o f  fo o d  
ea ten  

(g)

R es id u a l 
D C E  

c o n ten t 
o f  F P C  

p re p a ra 
tions  

(ppm )
2 0 %  p ro te in  as  casein 6 2 .0 3 9 .2 8 7 .0 180 .6 0 .4 8 2 —
2 0 %  p ro te in  a s  F P C  S am ple A 1 6 2 .2 __ 4 — — — 30, 300
2 0 %  p ro te in  as  F P C  S am ple D L 6 2 .0 37.1 8 4 .5 177 .8 0 .4 7 5 995
2 0 %  p ro te in  as  F P C  S am ple E 3 62 .1 3 8 .2 9 0 .5 189 .2 0 .4 7 8 40

1 See fo o tn o te  3, T ab le  1.
2 F P C  S am ple  D  w as ex trac ted  w ith  D C E  fo r  6 h r  a t  a  te m p e ra tu re  o f  83 °C . I t  h a d  a  p ro te in  co n 

te n t  o f  93.31 % (14.61 % N  X 6.25).
3 F P C  S am ple  E  w as ex trac ted  w ith  D C E  fo r  3 h r  a t  a  te m p e ra tu re  o f  83 °C . I t  h a d  a  p ro te in  co n 

te n t  o f  93.31 % (14.93 % N  X 6.25).
4 A ll ra ts  in  th is  g roup  d ied  d u rin g  th e  first w eek  o f  feeding .

Table 3—Effects of graded levels of DCE on the weight Increment and efficiency o~ food 
•utilization of immature rats fed a purified ration containing casein as the source of dietary 
protein (6 rats per group).

A verage A verage
fo o d  con- g a in  in
su m p tio n b o d y  w t.

In itia l p e r  r a t  fo r p e r  g
body A verage  ga in  (g) in 14-day o f  food

D ie ta ry  g roup
Wt. bo d y  w t. a fte r p e rio d ea ten
(g) 7 days 14 days (g) (£)

20 % p ro te in  as  casein  
2 0 %  p ro te in  as  casein  p lus

7 2 .8 5 4 .8 106.8 2 0 9 .7 0 .5 0 9

fo llow ing  su p p lem en ts : 
470 m g  D C E  p e r  kg  o f  d iet 7 2 .8 5 2 .6 104 .2 20 5 .8 0 .5 0 6
940 m g  D C E  p e r  kg  o f  d iet 7 3 .0 5 2 .4 102 .6 217 .1 0 .473
1 .88  g D C E  p e r  kg  o f  d iet 7 3 .0 5 2 .9 105.3 23 1 .5 0.4:55
3 .5 2 5  g D C E  p e r  kg  o f  d ie t 7 3 .0 4 7 .4 9 5 .6 2 1 6 .5 0 .4 4 2
7 .0 5  g D C E  p e r kg  o f  d iet 7 3 .0 4 7 .8 9 3 .8 208 .3 0 .4 5 0

feed efficiency equal to those of rats fed 
the diet containing 20%  casein protein.

Rats fed FPC  Sample B (extracted with 
D CE for 24 hr at 65° ±  2°C ) at a 20%  
dietary protein level or at a 10% level in 
conjunction with 10% casein protein ex
hibited increments in body weight and 
feed efficiency which were only slightly 
lower than those of rats fed the 20%  
casein protein diet.

Rats fed FPC  Sample A  (extracted with 
DCE for 24 hr at 80°C ) at a 20%  dietary 
protein level, however, lost weight from  
the start of feeding and died within 8 
days. Rats fed F PC  Sample A  at a 10% 
level in conjunction w ith 10% casein p ro
tein also lost weight during the course of 
the experiment although 5 of the 6 rats 
survived. The weight loss was associated 
with a m arked reduction in food intake 
com pared to that of rats fed the other 
diets tested. Results are summ arized in 
Table 1.

Findings obtained w ith F PC  Sample A 
are in agreement with those reported by 
M unro et al. (1967) who observed that 
lyophilized cod fillets extracted for 24 hr 
with D CE were toxic when fed to im m a
ture rats. No evidence of toxicity was ob
served, however, in rats fed diets contain
ing FPC  Samples B and C. extracted for 
24 hr with DCE at 65° ±  2°C  and 40° 
±  2°C, respectively.

Residual D CE content was determined 
according to methods prescribed by the 
Food and D rug Adm inistration (1968). 
Significant differences were observed in 
the residual D C E  content of F PC  Samples 
A, B and C despite the fact that all 3 
samples were dried in a similar m anner 
(spread on trays in a V 2 in. layer and 
vacuum dried under 29 in. of vacuum  at 
100°C for 18 h r) . Findings indicate that 
toxic FPC  Sample A had a residual DCE 
content o f 30,000 ppm  whereas non-toxic 
FPC  Samples B and C had residual DCE 
contents o f 2100 and 17 ppm respectively.

Experim ent 2
Tests were conducted to determine the 

effects of length of extraction time on the 
nutritive value of F PC  prepared by ex
tracting fresh ground cod fillet with DCE 
at 83°C. Twenty-four male rats with an 
average weight of 62.1 g (range 58-66 g) 
were divided into 4 groups of 6 animals 
each and fed the diets indicated in 
Table 2.

As in Experim ent 1, rats fed a diet con
taining 20% protein from  F PC  Sample A 
(extracted with D C E at 83°C  for 24 h r) 
lost weight and died within 7 days. Rats 
fed diets containing 20%  protein from 
FPC  Samples D  and E  (extracted with 
D CE at 83 °C  for 6 and 3 hr respectively) 
exhibited increments in body weight and 
feed efficiency com parable to those of 
rats fed a 20%  casein protein diet. N o 
evidence of toxicity was observed in rats
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Table 4—Effects of steaming during vacuum drying and of replacing solvent lost by evap
oration throughout the extraction period on the nutritive value of FPC extracted for 24 hr 
with DCE at a temperature of 83°C (6 rats per group).

D ie ta ry  g ro u p

In itia l
body
w t.
(g)

A verage 
ga in  in 

b o d y  w t. 
a f te r  7 
days o f  

fe ed in g 1 
(g)

A verage 
fo o d  co n 
su m p tio n  

p e r  ra t  
fo r  7-day 

p e rio d  
(g)

A verage  
g a in  in  

body  w t.
p e r  g 

o f  food  
ea ten  

(g)

R esid u a l 
D C E  

c o n ten t 
o f  F P C  

p re p a ra 
tions 

(ppm )
1 0 % p ro te in  as  casein 6 7 .0 13 .5 6 5 .7 0 .2 0 5 —
2 0 % p ro te in  as  casein 6 6 .8 3 9 .5 8 1 .0 0 .4 8 8 —
1 0 % p ro te in  as casein  +
10%  p ro te in  as  F P C  S am ple  A 2 6 7 .0 - 1 2 .6 3 6 .4 _ 3 0 ,0 0 0
2 0 %  p ro te in  as  F P C  S am ple  A 6 7 .2 __ 4 - — 3 0 ,0 0 0
1 0 % p ro te in  as  case in  +
10%  p ro te in  as F P C  S am ple  F 3 6 7 .0 2 8 .5 6 9 .8 0 .4 0 8 13
2 0 %  p ro te in  as  F P C  S am p le  F 6 7 .2 8 .0 4 7 .1 0 .1 7 0 13
1 0 % p ro te in  a s  casein  +
10%  p ro te in  as  F P C  S am ple  G 4 6 7 .2 3 7 .0 78 .1 0 .4 7 4 28
2 0 %  p ro te in  as  F P C  S am ple  G 6 7 .0 3 5 .3 7 9 .8 0 .4 4 2 28

1 T h e  ex p erim en t w as te rm in a te d  a f te r  7 days o f  feed ing  d ue  to  insufficient a m o u n ts  o f  F P C  S am ple  
F  to  co n tin u e  fu r th e r  testing .

2 See fo o tn o te  3, T ab le  1.
3 F P C  S am ple  F  w as p re p a re d  by  sub jecting  F P C  S am ple  A  to  vacu u m  steam in g  fo r  45 m in  a t  10 

in . o f  vacuum .
4 F P C  S am ple  G  w as ex trac ted  w ith  D C E  fo r  24 h rs  a t  a  tem p e ra tu re  o f  83 °C  w ith  th e  so lven t lo s t 

by e v a p o ra tio n  rep laced  a t  2 to  3 h r  in te rv a ls  th ro u g h o u t th e  en tire  24 h r  ex trac tio n  p e rio d . I t  w as 
vacu u m  d ried  w ith o u t s team ing  in  th e  sam e m an n e r  as F P C  Sam ple A . I t  h a d  a  p ro te in  c o n te n t o f  
93 .9 4 %  (15.03 % N  X 6.25).

fed diets containing FPC  Samples D  and
E. Results are summarized in Table 2.

As in Experim ent 1 significant differ
ences were observed with respect to resid
ual D CE content despite the fact that all 
FPC  preparations were dried in a similar 
manner. In contrast to the residual D CE 
content of 30,000 ppm in FPC  Sample A, 
non-toxic FPC  Samples D  and E  had re
sidual D CE contents of 995 and 40 ppm 
respectively.

Experiment 3
Findings in Experiments 1 and 2 indi

cate that toxic FPC  Sample A  had a re
sidual D C E content of 30,000 ppm 
whereas non-toxic FPC  Samples B, C, D 
and E had residual D C E contents of 2100 
ppm  or less. These findings raised the 
question as to  whether D C E  present in 
FPC  Sample A  was responsible for its 
toxic effect. Studies were undertaken to 
determine the effects of graded levels of 
D C E incorporated in a purified ration 
containing 20%  casein protein. The 
amounts of D C E added /kg  of diet are 
indicated in Table 3. The highest level 
(7.05 g D C E /kg  diet) was the am ount 
of residual D C E present in the diet con
taining 20% FPC  Sample A.

In contrast to the findings obtained in 
Experiments 1 and 2 with F PC  Sample 
A, all rats fed the diet containing 7.05 g 
D C E /kg  of diet survived, gained weight 
and appeared norm al although their in
crements in body weight and feed effi
ciency were slightly less than those of rats 
fed a similar diet with D C E omitted. Re
sults are summarized in Table 3.

The above findings suggest that the 
toxicity of FPC  Sample A  was due to 
some factor other than its residual D CE 
content per se. It is possible that in FPC  
Sample A the residual D C E was bound 
in such a m anner as to form  a toxic factor 
o r factors which either did not occur or 
was present in minimal amounts in the 
other FPC  preparations. A nother possi
bility is that D CE may be toxic or form  a 
toxic substance when added to a diet 
containing FPC  derived from  cod fillet 
which might not occur in a diet containing 
casein as the protein source.

The question also occurs as to w hat ex
tent adding 7.05 g D C E to the casein- 
containing diet simulates conditions in 
the diet containing FPC  Sample A. It is 
possible that on the form er diet consider
ably m ore DCE was lost by evaporation 
during the 24-hr period between feedings 
than was the case for the diet containing 
FPC  Sample A. If such were the case, 
then animals ingesting the diet containing 
the highest level of added D C E m ay actu
ally have consumed a far smaller am ount 
of this solvent than those fed diets con
taining FPC  Sample A.
Experiment 4

Tests were conducted to determ ine the

effects of steaming during vacuum drying 
and the effects of replacing solvent lost by 
evaporation during extraction on the tox
icity and nutritive value of FPC  prepared 
by extracting ground fillet with D C E for 
24 h r at 83°C. Forty-eight male rats with 
an average body weight of 67.1 g (range 
63-71 g) were divided into 8 groups of 
6 animals each and fed the diets indicated 
in Table 4.

Findings in Experiments 1 and 2 indi
cate that toxic F PC  Sample A had a re
sidual D CE content of 30,000 ppm while 
other FPC  preparations extracted for a 
similar length of tim e at lower tem pera
tures or at the same tem perature for 
shorter periods were non-toxic and had 
residual D C E contents of 2100 ppm  or 
less. Since E. Levin and V. K. Collins (un
published data, 1967) observed that 
steaming during vacuum  drying resulted 
in  a significant reduction in residual DCE 
of DCE-extracted FPC, studies were con
ducted to determine the effects of vacuum 
steaming F PC  Sample A and com paring 
the response of rats fed the steamed m a
terial (F P C  Sample F ) at a 20%  dietary 
protein level and at a 10% protein level 
in conjunction with 10% casein protein to 
that of rats fed similar diets containing 
F PC  Sample A. V acuum  steaming FPC  
Sample A for 45 min at 10 in. of vacuum 
reduced the residual D C E  content from
30,000 to 13 ppm.

In agreement with findings in Experi
ments 1 and 2, rats fed diets containing 
F PC  Sample A  at either a 20%  protein 
level or at a 10% protein level in con
junction with 10% casein protein lost 
weight. All animals receiving the form er 
diet died within 7 days. In contrast, all

rats fed similar diets containing FPC  
Sample F  (vacuum  steam ed) survived 
and gained weight.

The increments in body weight and 
feed efficiency were significantly less for 
rats fed the diet containing 20%  FPC  
Sample F  protein than for those fed the 
20%  casein protein diet. However, both 
increments were greater for rats fed the 
diet containing 10% casein protein plus 
10% FPC  Sample F  protein than fo r rats 
fed the diet containing 10% casein pro
tein alone. Increm ents in body weight and 
feed efficiency on the 10% casein pro
tein plus 10% F PC  Sample F  protein 
diet were less, however, than those of 
rats fed the 20%  casein protein diet.

These findings indicate that the nutri
tional value of F PC  Sample F  as a pro
tein source was less than that o f casein. 
It did have value when fed as a supple
m ent to a diet containing a suboptimal 
am ount of casein protein, however. A l
though F PC  Sample F  had an impaired 
nutritional value com pared to F PC  Sam
ples B, C, D  and E, it was non-toxic when 
fed to im m ature rats in a 7-day feeding 
test. This is indicated by the norm al ap
pearance, increased weight gain and in
creased feed efficiency of rats fed this 
m aterial as a supplement to a 10% casein 
protein diet. I t is apparent from  these 
findings that vacuum steaming FPC  Sam
ple A  resulted not only in a striking re
duction of its residual D C E content (from
30,000 to 13 ppm ) but also in elimination 
of its toxic effect.

In FPC  preparations extracted at 83°C 
considerable amounts of solvent were lost 
by evaporation. In  the case of F PC  Sam
ples D and E  this solvent was replaced at
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2-3 h r intervals by adding additional 
am ounts of D C E  so that the am ount of 
solvent present at the conclusion of the 
extraction period differed little if a t all 
from  that initially employed.

In the case of F PC  Sample A, however, 
the evaporated solvent was replaced dur
ing only the first 18 hr of extraction. In
advertently, no D C E was added during 
the final 6 h r and the am ount of solvent 
a t the conclusion of the 24-hr extraction 
period was consequently less than one- 
fourth that originally present. The im
portance of maintaining the initial volume 
of solvent was dem onstrated in the follow
ing experiment.

Since F PC  Sample A  differed from  
F P C  Samples D  and E not only in the 
length of extraction but also in the amount 
o f  solvent at the term ination of the ex
traction period, studies were conducted 
to determ ine the effects of replacing evap
o rated  solvent throughout the entire 24-hr 
extraction period on the nutritive value of 
th e  resulting F PC  preparation. The ex
perim ental procedure for preparing the 
latter was identical to that employed in 
preparing F P C  Sample A  except that 
DCE was added at 2-3 hr intervals 
throughout the 24-hr extraction period. 
This preparation was vacuum dried with
out steaming in the same m anner as FPC  
Sample A. The residual D C E content of 
this preparation (FP C  Sample G ) was 28 
ppm in contrast to the 30,000 ppm in 
FPC  Sample A.

In contrast to findings obtained with 
FPC  Sample A, all rats fed diets contain
ing F PC  Sample G  survived and exhibited 
increments in body weight and feed effi
ciency that were only slightly less than 
those of rats fed the 20%  casein protein 
diet. Results are summarized in Table 4. 
Findings indicate that when evaporated 
solvent is replaced at 2-3 h r intervals, it 
is possible to prepare F PC  which, when 
extracted for 24 hr with D C E at a tem 
perature of 83°C  and dried under 29 in. 
of vacuum  at 100°C for 18 hr without 
steaming, is non-toxic, low in residual 
D CE content and high in nutritive value.

D I S C U S S I O N
M ORRISON et al. (1965) reported that 

■ extracting freeze-dried cod fillet with D CE 
destroyed cystine and histidine and inter
fered with the in vitro enzymatic release 
of cystine, histidine and methionine. 
These effects were tim e and pH  depen
dent. They were particularly m arked after 
8 and 16 hr extraction and under alkaline 
conditions. A t a pH  of 4.5, little or no 
destruction or interference with in vitro 
enzymatic release of these amino acids 
occurred.

M ore recently M unro et al. (1967) re
ported that lyophilized cod fillets ex

tra c te d  for 24 h r with D C E and subse

quently heated for 2 hr at 60°C  in a 
vacuum oven to remove residual solvent 
were toxic when fed as the sole protein 
source to im m ature rats. The toxic factor 
or factors could be removed at least in 
part by methanol extraction. Rats fed the 
methanol-extracted material, however, 
still failed to gain weight even when it 
was supplemented with cystine and histi
dine. As pointed out by M unro et al.
(1967) these findings suggest that m eth
anol did not remove all of the toxic m a
terial from  the DCE-extracted fish. The 
failure of rats fed the methanol-extracted 
m aterial even when supplemented with 
cystine and histidine, however, m ight also 
have been due to the destruction or non
availability of essential amino acids other 
than the above.

N o data on the residual D C E content 
of the above preparations were presented 
although M orrison et al. (1962) have 
stressed that the nutritional value of FPC  
preparations may be dependent on the 
degree to which toxic solvent residues are 
removed. They have pointed out that in 
some cases solvent may be so tightly 
bound that it is not readily removed by 
heating for prolonged periods of tim e and 
this was confirmed in the the present 
study.

Findings indicate that a F PC  prepara
tion (F P C  Sample A ) which was pre
pared by extracting fresh cod fillet with 
D C E fo r 24 h r at a tem perature of 83°C 
and which was dried under 29 in. of vac
uum at a tem perature of 100°C for 18 hr 
without steaming was highly toxic when 
fed to im m ature rats and tha t this toxicity 
was associated with a residual D C E con
tent of 30,000 ppm. W hen D C E was 
added to fresh cod fillet and the mixture 
was heated, water in the fillet began to 
evaporate as soon as the azeotropic tem 
perature of water-DCE (i.e., 71.5°C ) was 
reached. W ithin 30 min sufficient 
amounts of water had evaporated to re
sult in a tem perature rise to 83°C, the 
boiling point of DCE.

It is possible that when lyophilized cod 
fillet or cod fillet whose moisture content 
has been azeotropically reduced is ex
tracted with D C E for 24 h r the latter is 
bound in a form  that is not readily re
moved in the absence of vacuum steam
ing. The lower levels of residual D CE in 
F PC  extracted for 24 h r at a tem perature 
of 65° ±  2°C  or 40° ±  2°C  might be 
accounted for on the basis that at the lat
ter tem perature sufficient amounts of 
moisture were retained in the cod fillet to 
prevent binding of DCE.

Although data were obtained which 
suggest that the toxicity of FPC  Sample A 
was due to some factor other than resid
ual D C E content per se, the possibility 
that residual D CE was bound in a m anner 
to form  a toxic factor or factors was not 
excluded. When the residual D CE con

tent of this m aterial was subsequently re
duced to 13 ppm  by vacuum  steaming fo r 
45 min at 10 in. of vacuum, its toxic 
properties as determined in a 7-day feed
ing test were eliminated although some 
im pairm ent in its nutritional value was 
still manifest. It is of interest tha t the 
beneficial effect of steaming on F PC  prep
arations was also observed by M orrison
(1963) who found that steaming a sam
ple of fish flour whose sulfur-containing 
amino acids were unavailable as deter
mined by biological evaluation increased 
its ability to supplement a methione de
ficient diet.

Present findings indicate that the nu 
tritive value of D CE-extracted cod fillet 
was dependent on the tem perature and 
length of tim e at which extraction oc
curred. Rats fed diets containing FPC  
which was extracted at 65° ±  2°C  or 40° 
±  2°C  for 24 hr, or a t a tem perature of 
83 °C for 6 h r or 3 h r and which were 
dried under vacuum  w ithout steaming 
were normal in appearance and exhibited 
an increm ent in body weight and effi
ciency of food utilization that were com
parable to that of rats fed similar diets 
containing 20%  casein protein.

In  contrast, FPC  prepared under sim
ilar conditions except that it was extracted 
for 24 hr at a tem perature of 83°C  and 
evaporated solvent was not replaced dur
ing the last 6 h r o f extraction was toxic. 
Subjecting the latter preparation to vac
uum steaming for 45 min at 10 in. of 
vacuum eliminated toxic properties as 
determined in a 7-day feeding test, al
though some im pairm ent of its nutritional 
value was still manifest. Cod fillet which 
was prepared by the same procedure as 
the toxic m aterial except that solvent lost 
by evaporation was replaced at 2-3 hr 
intervals throughout the 24-hr extraction 
period was non-toxic in a 7 day feeding 
test and differed only slightly from  casein 
in nutritive value.

No data are available to account for 
the difference in toxicity between the lat
ter preparation (FP C  Sample G ) which 
was non-toxic and the toxic effects ob
tained with F PC  Sample A  which was 
processed in an identical m anner except 
that evaporated solvent was not replaced 
during the last 6 h r of the extraction pe
riod. W ater was present in the D C E  em 
ployed at a level of 800 ppm. The ques
tion arises as to whether w ater present in 
the D C E which was added during the last 
6 hr of extraction in the preparation of 
FPC  Sample G  might have contributed to 
the diverse effects obtained.
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Quantitative Determination of Formic, Acetic, Propionic and Butyric 
Acids in Frozen Whole Eggs by Gas-Liquid Chromatography

SUMMARY— Whole eggs containing known amounts of formic, acetic, propionic and 
butyric (Ci-CQ acids were evaluated using gas-liquid chromatography (GLC) and 
AOAC (1960) procedures. Acetic, propionic and butyric acids were recovered from wnole 
egg samples and chromatographed as the acids per se, along with an internal standard. 
Formic and acetic acids were recovered from whole egg samples and chromatographed 
as their butyl ester derivatives without an internal standard. Quantitation of butyl 
formate and butyl acetate was accomplished by comparing the chromatogram peak 
heights of the butyl esters recovered from the egg samples with the chromatogram peak 
heights of a known concentration of butyl ester standards. The recovery of acids from 
whole egg samples by GLC procedures was as accurate, and generally less variable, than 
by AOAC (1960) procedures. The percentage recovery of acids from whole egg samples 
using GLC procedures depended on the concentrations of the acids present and was as 
follows: acetic acid varied from 114 to 100%  (low to high concentration); propionic 
acid varied from 101 to 100%  (low to high concentration); and butyric acid varied from 
103 to 99%  (low to high concentration). The recovery of formic acid as its butyl ester 
derivative varied from 104 to 96%  (low to high concentration), while the recovery of 
acetic acid as its butyl ester derivative varied from 102 to 98%  (low to high concentra
tion).

IN T R O D U C T IO N

SEVERAL M ETHODS have been pro
posed for the determ ination of formic acid 
in biological materials. Fincke (1913) de
veloped a gravimetric procedure for the 
determ ination of formic acid based on its 
reaction with mercuric chloride. H anak et 
al. (1930) reported the development o f a 
permanganate colorimetric method for 
the determination of formic acid. A rela
tively simple mercuric chloride volumetric 
method for the estimation of formic and 
acetic acids was developed by Fuchs 
(1929). G rant (1948) proposed a colori
metric method for the microdeterm ination 
of formic acid based on the reduction of 
the acid to formaldehyde.

Dyer (1917) proposed the original p ro
cedure for the separation, identification 
and determination of volatile fatty acids 
by steam distillation. This procedure is 
based on the fact that under specified con
ditions the volatile acids distill at a con
stant rate, and in a m ixture of volatile

» P re sen t ad d ress : T h e  P illsb u ry  C o m p an y  R e 
se a rc h  L ab s, N ew  A lbany , In d ia n a  47150.

acids, each acid distills as if it were pres
ent singly. This procedure has been modi
fied somewhat by several workers (W erk- 
man, 1930; Osborn et al., 1936; and 
Hillig et al., 1942).

Ramsey et al. (1945) and Ramsey 
(1963) proposed methods for the separa
tion and identification of micro-amounts 
of formic, acetic, propionic and butyric 
acids (C j-C .,). The volatile acids were 
separated on a silicic acid chrom ato
graphic partition column, and the C j-C 4 
acids were positively identified by m icro
scopic examination of their characteristic 
crystalline mercurous salts.

A ttempts have also been made to sepa
rate and identify the short-chain volatile 
acids using paper chrom atography (Reid 
et al., 1952; Stark et al., 1951; Kennedy 
et al., 1951; and Isherwood et al., 1953).

Shelley et al. (1963) described a p ro
cedure whereby the volatile short-chain 
fatty acids (C j-C .,) present in frozen eggs 
were quantitatively determined, using 
GLC. A similar method was also used by 
G rey et al. (1966) for the quantitative de
term ination of formic, acetic and propi
onic acids from  microbial fermentations.

Both Shelley et al. (1963) and Grey et 
al. (1966) used G LC units equipped with 
S90 detectors. Since a gas-liquid chrom ato
graph having this type of detector was not 
available, the study was initiated to de
term ine if the C j-C 4 acids present in 
frozen whole eggs could be quantitatively 
determined using a flame-ionization de
tector.

P R O C E D U R E S
Apparatus and general procedures

Gas-liquid chromatograph. A n  F  &  M  S c i
e n tif ic  C o m p a n y  M o d e l  8 1 0  d u a l  c o lu m n  
f la m e  io n iz a t io n  in s t r u m e n t  e q u ip p e d  w i th  a  
M o d e l  9 2 9 4  N  H o n e y w e l l  r e c o r d e r  w a s  u s e d  
f o r  a l l  G L C  a n a ly s e s  in  th is  s tu d y .

Steam distillation assembly. T h is  a s s e m b ly  
c o n s is te d  o f  a  2 ,0 0 0 -m l r o u n d  b o t to m  fla sk  
w h ic h  s e rv e d  a s  a  s te a m  g e n e r a to r  a n d  w a s  
c o n n e c te d  to  a  tw o - n e c k  1 ,0 0 0 -m l r o u n d  b o t 
to m  d is t i l la t io n  f la sk  b y  m e a n s  o f  a n  a r r a n g e 
m e n t  o f  g la s s  a n d  r u b b e r  tu b in g  a n d  n e o 
p re n e  s to p p e rs .  T h e  s te a m  e n te r e d  th e  d is 
t i l la t io n  f la sk  t h r o u g h  th e  c e n te r  n e c k , a n d  
th e  v o la t i le  p r o d u c t s  in  th e  s a m p le  w e re  
a l lo w e d  t o  e s c a p e  t h r o u g h  a  V ig r e u x  f r a c 
t io n in g  c o lu m n  c o n n e c te d  to  th e  o t h e r  n e c k . 
T h e  v o la t i le  p r o d u c t s ,  a f t e r  p a s s a g e  th r o u g h  
th e  V ig r e u x  c o lu m n , w e r e  c o n d e n s e d  in  a  
G r a h a m  c o i l  c o n d e n s e r  a n d  s u b s e q u e n t ly  c o l 
le c te d  in  a  2 ,0 0 0 -m l g r a d u a te d  c y l in d e r .  
H e a t  f o r  b o th  th e  s te a m  g e n e r a to r  a n d  th e  
d is t i l la t io n  f la s k  w a s  s u p p l ie d  b y  m e a n s  o f  
in d iv id u a l  h e a t in g  m a n t le s  c o n n e c te d  to  v a r i 
a b le  v o l ta g e  t r a n s f o r m e r s .  F ig u r e  1 s h o w s  th e  
d e ta i l s  o f  th is  a p p a r a tu s .

Preparation of whole egg-acid mixtures
N e w ly  la id  e g g s  w e r e  o b ta in e d  f r o m  th e  

U n iv e r s i ty  P o u l t r y  F a r m .  T h e  eg g s  w e re  
b r o k e n  a n d  b le n d e d  in  a  1 .5 -g a l s ta in le s s  s te e l  
W a r in g -B le n d o r  j a r  f o r  15 se c  a t  lo w  sp e e d , 
t r a n s f e r r e d  to  a  3 0 -g a l s ta in le s s  s te e l  m u lt ip le  
p a d d le  m ix e r  a n d  m ix e d  f o r  15 m in .

T h e  b le n d e d  w h o le  eg g s  w e r e  d iv id e d  in to  
5 ,0 0 0 -g  lo ts  a n d  p r e p a r e d  f o r  a n a ly s e s  b y
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Table 1—Concentration of acids in whole egg mixtures, mg/lOOg egg.

S am ple

G ro u p  1 G ro u p  2

A cetic P rop ion ic B utyric F o rm ic A cetic

1 1 .17 1 .38 1 .70 1.25 1.15
2 3 .1 7 3 .7 2 4 .5 9 2 .4 7 3 .3 0
3 6 .3 4 7 .4 4 9 .2 9 4 .9 4 6 .6 0
4 12.67 14.87 18 .37 9 .8 8 13 .20
5 2 4 .7 6 3 3 .3 2

a d d in g  in c r e a s in g  a l iq u o ts  o f  p r e v io u s ly  p r e 
p a r e d  JV/ 1 0  s t a n d a r d  s o lu t io n s  o f  a c e t ic ,  p r o 
p io n ic  a n d  b u ty r ic  a c id s  t o  sp e c if ie d  lo ts  a n d  
f o r m ic  a n d  a c e t ic  a c id s  t o  o th e r  s p e c if ie d  
lo ts . E a c h  m ix tu r e  w a s  th e n  b le n d e d  f o r  15 
se c  a t  lo w  s p e e d . F r o m  e a c h  5 ,0 0 0 -g  a c id -e g g  
m ix tu r e ,  2 0  s u b s a m p le s  o f  2 2 5  g e a c h  w e r e  
p la c e d  in to  p in t  p la s t ic  c o n ta in e r s  a n d  f ro z e n  
a n d  h e ld  to  — 1 0 ° C  u n t i l  a n a ly z e d .  T h e  c o n 
c e n t r a t i o n  o f  a c id s  in  e g g  m ix tu r e s  is  s h o w n  
in  T a b le  1.

Preparation of egg samples for 
AOAC analysis

T r ip l ic a te  s a m p le s  o f  eg g s  c o n ta in in g  f o r 
m ic , a c e t ic ,  p r o p io n ic  a n d  b u ty r ic  a c id s  
f r o m  th e  s a m e  g r o u p  o f  e g g s  a n a ly z e d  b y  
G L C  w e r e  a n a ly z e d  a c c o r d in g  to  A O A C  
(1 9 6 0 )  p r o c e d u r e s  1 6 .0 3 5 - 1 6 .0 3 6  a n d  
1 8 .0 1 9 - 1 8 .0 2 2 ,  re s p e c tiv e ly . T h e  C 2- C 4 a c id  
c o n te n t  o f  th e  eg g s  w a s  q u a n t i t a te d  b y  t i t r a t 
in g  e a c h  a c id  w i th  s o d iu m  h y d r o x id e  f o l lo w 
in g  e lu t io n  f r o m  a  s i l ic ic  a c id  c o lu m n . T h e  
f o r m ic  a c id  c o n te n t  w a s  q u a n t i t a t e d  g ra v i-  
m e t r ic a l ly  b y  i ts  r e a c t io n  w i th  m e r c u r ic  
c h lo r id e .

Column preparation and operation
T w e n ty  g r a m s  o f  h ig h - te m p e r a tu r e  s t a b i 

l iz e d  e th y le n e  g ly c o l  a d ip a te  ( A n a la b s )  w e r e  
d is s o lv e d  in  a c e to n e . E ig h ty  g r a m s  o f  
1 2 0 /1 3 0  m e s h  A n a k r o m  A B S  ( A n a la b s )  
w e r e  a d d e d  t o  th e  d is s o lv e d  s o lu t io n  a n d  
m ix e d  w i th  th e  a id  o f  a  m a g n e t ic  s t i r r e r .  
T h e  a c e to n e  w a s  r e m o v e d  in  a  r o ta t in g  
e v a p o r a to r  a t  r e d u c e d  p r e s s u re ,  u s in g  a  w a te r  
b a th  a t  4 5  ° C . T h e  p a c k in g  m a te r ia l  w a s  
f u r t h e r  d r ie d  in  a n  a i r  o v e n  f o r  1 2  h r  a t  
1 0 0 ° C .

T h e  c o lu m n s  w e r e  p a c k e d  u s in g  a  v a c u u m  
a n d  V ib r a g r a v e r  t o o l  to  e v e n ly  d is t r ib u te  th e  
p a c k in g  m a te r ia l  w i th in  th e  c o lu m n . T h e  
p a c k e d  c o lu m n s  w e re  in s ta l le d  in  th e  c h r o 
m a to g r a p h  a n d  c o n d i t io n e d  f o r  2 4  h r  a t  
1 7 5 ° C . N i t r o g e n  w a s  u s e d  a s  th e  c o n d i t io n 
in g  g a s  a t  a  f lo w  r a t e  o f  5 0  m l / m in .  T h e  
o p e r a t in g  p a r a m e te r s  f o r  th e  g a s - l iq u id  
c h r o m a to g r a p h  a r e  s h o w n  in  T a b le  2 .

Preparation of internal standard
A p p r o x im a te ly  3 g  o f  b u ty l  o c ta n o a te  ( K  

& K  L a b s )  w e r e  a c c u r a te ly  w e ig h e d  in to  a  
2 5 -m l g la s s - s to p p e r e d  v o lu m e t r ic  f la s k  a n d  
m a d e  to  v o lu m e  w i th  a c e to n e .  T h is  s o lu t io n  
w a s  d e s ig n a te d  a s  th e  “ s to c k  s o lu t io n .”  A  
1 : 1 0  d i lu t io n  o f  th e  s to c k  s o lu t io n  w a s  p r e 
p a r e d ,  u s in g  a c e to n e  a s  th e  d i lu e n t  a n d  d e s ig 
n a te d  a s  th e  “ d i lu te d  s to c k  s o lu t io n .”

Dichloracetic acid solution
Twenty-five grams of redistilled dichloro-

acetic acid (Fisher Scientific Company, certi
fied reagent grade) were accurately weighed

in to  a  2 0 0 -m l v o lu m e t r ic  f la sk , d i lu te d  to  th e  
m a r k  w i th  a c e to n e ,  a n d  t ig h t ly  s to p p e re d .

Calibration of chromatograph
A p p r o x im a te ly  1 g  e a c h  o f  a c e t ic ,  p r o 

p io n ic  a n d  b u ty r ic  a c id s  a n d  b u ty l  o c ta n o a te  
(K  & K  L a b s )  w e re  a c c u r a te ly  w e ig h e d  in to  
th e  s a m e  2 5 -m l v o lu m e t r ic  f la sk , b r o u g h t  to  
v o lu m e  w i th  a c e to n e  a n d  d e s ig n a te d  a s  th e  
s to c k  s o lu t io n .  A  1 :1 0  d i lu t io n  o f  th e  s to c k  
s o lu t io n  w a s  p r e p a r e d  b y  p ip e t t in g  2 .5  m l 
o f  th e  s to c k  m ix tu re  in to  a  2 5 -m l v o lu m e t r ic  
f la s k  a n d  m a k in g  to  v o lu m e .  V a r io u s  v o lu m e s  
o f  th e  1 : 1 0  d i lu t io n  m ix tu r e  o f  th e  s ta n d a r d  
a c id s  w e r e  p ip e t te d  in to  a  5 -m l v o lu m e t r ic  
f la s k  t o  p r o v id e  a  r a n g e  o f  c o n c e n t r a t io n  f o r  
e a c h  a c id  a t  a  g iv e n  s e n s it iv ity . T h e  p e a k  
h e ig h ts  o f  a c e t ic ,  p r o p io n ic  a n d  b u ty r ic  a c id s  
a n d  b u ty l  o c ta n o a te  w e r e  m e a s u re d  f o l lo w 
in g  fiv e  r e p l ic a te  o n e  /d - in je c tio n s  o f  e a c h  
c o n c e n t r a t io n  in to  th e  G L C .

U s in g  th e  c a lc u la t io n  o u t l in e d  b y  S h e l le y  
e t  a l .  ( 1 9 6 3 ) ,  th e  d e te c to r  r e s p o n s e  v a lu e ,  
R ,  o f  th e  C s -C i  a c id s  r e la t iv e  t o  b u ty l  o c t a n o 
a t e  w a s  c a lc u la te d  u s in g  th e  f o r m u la :  R a — 
( h i )  ( c i s ) / ( c A)  ( h i s ) ,  w h e r e  h A a n d  
h is  a r e  th e  p e a k  h e ig h ts  o f  th e  a c id  a n d  b u ty l  
o c ta n o a te ,  re s p e c tiv e ly , a n d  c A a n d  c iS a re  
th e  c o r r e s p o n d in g  c o n c e n t r a t io n s  ( m g  p e r  
5 -m l a c e to n e  s o lu t io n ) .

Acid recoveries by steam distillation
O n e  h u n d r e d  m i l l i l i te r s  e a c h  o f  I V / 10 s t a n 

d a r d  f o r m ic ,  a c e t ic ,  p r o p io n ic  a n d  b u ty r ic  
a c id  s o lu t io n s  w e r e  p ip e t te d  in to  in d iv id u a l  
2 0 0 -m l v o lu m e t r ic  f la sk s  a n d  b r o u g h t  t o  v o l 
u m e  w i th  w a te r .  T h r e e  1 0 -m l a l iq u o ts  o f  
e a c h  a c id  w e re  r e m o v e d  b y  p ip e t te ,  p la c e d  
in  a  12 5 -m l E r le n m e y e r  f la s k  w i th  10  m l o f  
w a te r ,  a n d  t i t r a t e d  w i th  I V /10 0  s o d iu m  h y 
d r o x id e  t o  a  p h e n o lp h th a le in  e n d  p o in t .

T e n  m i l l i l i te r  a l iq u o ts  o f  e a c h  a c id  w e re  
p ip e t te d  in to  th e  d i s t i l la t io n  f la s k  o f  th e  
s te a m  d is t i l la t io n  a s s e m b ly . F o u r  h u n d r e d  
a n d  th ir ty - f iv e  ( 4 3 5 )  m l  o f  w a te r  a n d  5 m l 
o f  c o n c e n t r a te d  s u l f u r ic  a c id  w e r e  a d d e d  to  
th e  f la s k  p r o v id in g  a  t o t a l  v o lu m e  o f  4 5 0  m l 
in  th e  d is t i l l a t io n  f la sk . H e a t in g  m a n t le s  c o n 
t r o l l e d  b y  v a r ia b le  v o l ta g e  t r a n s f o r m e r s  w e re  
u s e d  to  a d ju s t  th e  d i s t i l la t io n  a p p a r a tu s  ( 1 ) 
t o  p r o v id e  a  d is t i l l a t io n  r a t e  o f  1 ,2 0 0  m l p e r  
9 0  rfc 5  m in  a n d  ( 2 )  to  m a in ta in  th e  v o lu m e  
in  th e  d i s t i l la t io n  f la sk  a t  4 5 0  rfc 10  m l 
t h r o u g h o u t  th e  9 0 -m in  d i s t i l la t io n  p e r io d .

A f t e r  d is t i l la t io n ,  th e  c o n d e n s e r  w a s  
w a s h e d  s e v e ra l  t im e s  w i th  w a te r ,  a n d  th e  
w a s h in g s  w e re  a d d e d  to  th e  c o n te n ts  o f  th e  
g r a d u a te d  c y l in d e r .  T h e  1 ,2 0 0 + m l  o f  d is t i l 
l a te  w a s  q u a n t i t a t iv e ly  t r a n s f e r r e d  to  a  1 ,5 0 0 - 
m l  b e a k e r  a n d  q u a n t i t a t iv e ly  n e u t r a l i z e d  to  
a  p h e n o p h th a le in  e n d  p o in t  w i th  1V / 1 0 0  s o 
d iu m  h y d r o x id e .  T e n  r e p l ic a te  1 0 -m l a l iq u o ts  
o f  e a c h  a c id  w e re  d is t i l le d  u s in g  th e  a b o v e  
p r o c e d u r e .

Acid extraction and preparation of 
samples for analysis

T h e  f r o z e n  e g g  s a m p le s  w e r e  th a w e d  a n d  
a  2 0 0 -g  a l i q u o t  w a s  a c c u r a te ly  w e ig h e d  in to  
a  t a r e d  1 ,0 0 0 -m l w id e - m o u th  E r l e n m e y e r  
f la sk . F iv e  h u n d r e d  m i l l i l i te r s  o f  w a te r  w e re  
a d d e d ,  fo l lo w e d  b y  7 5  m l o f  N / l  s u l f u r ic  
a c id . T h e  c o n te n ts  o f  th e  f la s k  w e r e  g e n t ly  
s w ir le d  u n t i l  th o r o u g h ly  m ix e d . S e v e n ty - f iv e  
m il l i l i te r s  o f  2 0 %  p h o s p h o tu n g s t ic  a c id  s o lu 
t i o n  w e re  a d d e d ,  a n d  th e  c o n te n ts  o f  th e  f la sk  
m a d e  to  1 ,0 0 0  g  w i th  w a te r .  T h e  f la s k  w a s  
s to p p e re d  a n d  v ig o r o u s ly  s h a k e n  f o r  1 m in . 
T h e  s a m p le  w a s  d iv id e d  a n d  f i l te r e d  t h r o u g h  
tw o  2 4 -c m  f o ld e d  f i l te r  p a p e r s  ( W h a tm a n  N o .  
1 2 )  in to  6 0 0 -m l b e a k e r s .  F i l t r a t i o n  p r o c e e d e d  
f o r  6 0  m in . T h e  f i lt r a te s  w e r e  th e n  c o m b in e d  
a n d  4 5 0  m l  o f  th e  f i l t r a te  w e r e  t r a n s f e r r e d  
b y  p ip e t te  to  th e  d is t i l l a t io n  f la s k  o f  th e  
s te a m  d i s t i l la t io n  a s s e m b ly , a n d  th e  a c id s  
w e r e  d is t i l le d  a n d  c o l le c te d  u s in g  th e  p r o 
c e d u r e  o u t l in e d  a b o v e .

T h e  d is t i l la te  w a s  q u a n t i t a t iv e ly  n e u 
t r a l iz e d  w i th  N / 1 0 0  s o d iu m  h y d r o x id e  u s in g  
p h e n o lp h th a le in  a s  th e  i n d ic a to r .  A n  e x c e s s  
o f  b a s e  ( u s u a l ly  1 - 1 .5  m l o f  N /10  s o d iu m  
h y d r o x id e )  w a s  a d d e d  to  th e  n e u t r a l i z e d  d is 
t i l la te  a n d  th e  v o lu m e  w a s  r e d u c e d  u s in g  a  
h o t  p la te  a n d  s te a m  b a th .  M o r e  b a s e  w a s  
a d d e d  w h e n  th e  c o lo r  b e c a m e  d is c h a rg e d .  
W h e n  th e  v o lu m e  r e a c h e d  a p p r o x im a te ly  2 5  
m l,  th e  d is t i l la te  w a s  t r a n s f e r r e d  to  a  5 0 -m l 
b e a k e r  to  a p p r o x im a te ly  1 to  2  m l  o n  a  s te a m  
b a th .

T h e  s o d iu m  s a l ts  o f  th e  a c id s  w e r e  q u a n t i 
t a t iv e ly  t r a n s f e r r e d  to  a  1 2 -m l g r a d u a te d  
c e n t r i fu g e  tu b e , u s in g  a  1 :1  ( v / v )  m ix tu r e  o f  
a c e to n e  a n d  w a te r .  T h e  a c e to n e  a n d  w a te r  
w e re  e v a p o r a te d  u n d e r  a  s t r e a m  o f  d r y  a i r  
o n  a  s te a m  b a th .  T h e  d r ie d  s a l ts  w e r e  
lo o s e n e d  w ith  a  m ic r o - s p a tu la  a n d  1 m l  o f  
th e  d ic h lo r o a c e t ic  m ix tu r e  w a s  a d d e d  to  th e  
c e n t r i fu g e  tu b e .

T h e  c o n te n ts  o f  th e  tu b e  w e re  m ix e d  f o r  1 
m in  o n  a  V o r te x  J r .  m ix in g  a p p a r a tu s  t o  i n 
s u re  c o m p le te  d is p e r s a l  o f  th e  s a l ts  a n d  l i b 
e r a t io n  o f  th e  v o la t i le  a c id s . A  v o lu m e  o f  
th e  b u ty l  o c t a n o a t e  i n t e r n a l  s t a n d a r d  ( a s  
sp e c ified  f o r  th e  a c id  c o n te n t  o f  th e  s a m p le  
in  T a b le  3 )  w a s  p ip e t te d  i n to  th e  tu b e . T h e  
s a m p le  w a s  d i lu te d  t o  2  m l ,  s to p p e r e d  a n d  
m ix e d  a g a in  w i th  th e  V o r te x  m ix e r .  T h e  
p r e c ip i ta te d  s o d iu m  d ic h lo r o a c e ta te  w a s  a l 
lo w e d  to  s e t t le  o u t  a n d  o n e  /d  o f  th e  c le a r  
s o lu t io n  w a s  in je c te d  in to  th e  c h r o m a to g r a p h .

Interpretation of data
T h e  p e a k  h e ig h ts  o f  a c e t ic ,  p r o p io n ic  a n d  

b u ty r ic  a c id s  a n d  b u ty l  o c t a n o a t e  w e r e  m e a 
s u r e d  f r o m  th e  c h r o m a to g r a m s  o f  th e  s a m 
p le s . R e a r r a n g e m e n t  o f  th e  R  v a lu e  e q u a t io n  
g a v e  th e  fo l lo w in g  f o r m u la :

Ca =  (hA) (cis) / ( R a) (his)

S in c e  R  v a lu e s  f o r  e a c h  a c id  w e r e  p r e v i 
o u s ly  d e te r m in e d ,  u n k n o w n  a c id  c o n c e n t r a 
t io n s  w e r e  c a lc u la te d  b y  s u b s t i tu t in g  th e  a p 
p r o p r i a t e  p e a k  h e ig h ts  a n d  R  v a lu e s  in  th e  
a b o v e  e q u a t io n .  A f t e r  d e te r m in in g  th e  c o n 
c e n t r a t io n  o f  a c e t ic ,  p r o p io n ic  a n d  b u ty r ic  
a c id s  p r e s e n t  in  th e  in je c te d  a l iq u o t ,  th e  c o n 
c e n t r a t io n  v a lu e  f o r  a c e t ic ,  p r o p io n ic  a n d  
b u ty r ic  a c id s  w a s  m u l t ip l ie d  b y  5 3 5 5 , 4 6 3 1  
a n d  4 4 4 4 , re s p e c tiv e ly . T h e s e  f a c to r s  c o n 
v e r te d  th e  q u a n t i ty  o f  a c e t ic ,  p r o p io n ic  a n d
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Table 3—Volume of internal 
distillate.

standard added/m l of base required to neutralize steam

N! 100 N a O H  fo r
n eu tra liz a tio n  o f
steam  d is tilla te T o ta l volum e

(b efo re  a d d itio n In te rn a l s ta n d a rd  added a fte r  d ilu tio n
o f  excess) (ml) (co n cen tra tio n ) (m l)

1 .0 - 1 0 .0 0 .1 0 1 :1 0  d ilu tio n  o f  stock 2 .0
1 0 .1 -2 0 .0 0 .2 5 1 :1 0  “ “  “ 2 .0
2 0 .1 - 3 0 .0 0 .5 0 1 :1 0  “  “  “ 2 .0
3 0 .1 - 5 0 .0 0 .1 0 S tock  so lu tion 2 .0

Table 2—Operating parameters for gas- 
liquid chromatograph.

O p era tin g  co n d itio n

C on tro lled
fac to r

A cetic, 
p ro p io n ic  & 

b u ty ric  m ix tu res

F o rm ic
and

acetic
m ix tu re

C o lu m n 72 in . X  Vi in . c o p 
p e r  tub in g

Sam e

C a rr ie r  gas H eliu m Sam e
P ressure 40 psi Sam e
F low  ra tes A  co lu m n — 50 m l/ 

m in
76 m l/m in

B co lu m n — 51 m l/ 
m in

78 m l/m in

H y d ro g en 20 psi Sam e
A ir 640 m l/m in  @ 35 psi Sam e
T em p era tu re s D e te c to r  250 °C S am e

In jec tio n  p o r t  250°C Sam e
C o lu m n  120°C 60 “C

C h a rt  speed 30 in ./h r Sam e
S am ple  size i  pi Sam e
R a n g e 10 Sam e
A tte n u a tio n 4 -32 Sam e

butyric acids present in the injected aliquot 
to mg of acetic, propionic and butyric 
acids/100 g of egg. These conversion factors 
were derived as follows:

graph to provide a range of concentration for 
each butyl ester at a given sensitivity. Tripli
cate injections at each sensitivity were made 
and the peak heights corresponding to each 
concentration at a given sensitivity were mea
sured. The peak heights and concentrations 
were used in the calculation of the acid con
centrations in the unknowns.

Butyl esterification efficiency for formic 
and acetic acids

Ten milliliter aliquots of accurately stan
dardized N /20 formic and acetic acid solu
tions were pipetted into a 50-ml standard 
taper round-bottom flask. The water was 
evaporated on a steam bath under a stream

Table 4—Determination of esterification 
efficiency of formic and acetic acids.

A m o u n t 
in  10 m l 
a liq u o t 

(m g)

E q u iv 
a len t 

as  bu ty l 
fo rm a te  
in  10 m l 
a liq u o t 

(m g)

R ecovery  
fro m  G L C  

l/(m g)

A vera  ge 
recov 

ery  
( % ) x

F o rm ic  acid
2 0 .8 4 6 .6 4 9 .3 0  ±  0 .0 4 106

A cetic acid
2 0 .9 4 0 .3 3 8 .3 5  ±  0 .1 0 95

1 A verage o f  ten  rep lica tio n s ±  s ta n d a rd  dev ia
tio n  o f  the  m ean .

Column
a

Acetic
'200Cf
_ T~_

Propionic
'2 0 0 0 '
.  1 _

Butyric
'2 0 0 0 '
__ n _

where:

Column a is the dilution factor when a one 
¡A (0.001 ml) aliquot for each injection 
was taken from a two ml sample.

Column b is a factor which corrects for 
the fact that only 450 ml (g) of the 
original 1,000 g of egg-water-phospho- 
tungstic acid-sulfuric acid mixture was 
used.

Column c is a factor which accounts for 
the quantity of acetic, propionic and 
butyric acids recovered by steam distilla
tion.

Column d is a factor which converts mg 
acid in 200 g egg to mg acid in 100 g 
egg.

Calibration of chromatograph 
(formic and acetic acids)AW

Approximately V2 g of each of butyl for
mate and butyl acetate (K & K Labs) were 
accurately weighed into the same 10-ml 
volumetric flask, made to volume with ace
tone and designated as the stock solution.

Two dilutions, 1:10 and 1:50, of the stock 
solution were prepared and designated as 
“dilute stock solution A” and “dilute stock 
solution B,” respectively. Various volumes of 
the diluted stock solutions of the standard 
butyl esters were injected into the chromato

of dry air. One milliliter of 1-butanol, two 
drops of concentrated hydrochloric acid and 
approximately 500 mg of anhydrous sodium 
sulfate were added to the flask containing 
the dried material. The flask was connected 
to a condenser equipped with a drying tube 
filled with soda lime and the mixture was 
gently refluxed for 2 hr with a 50-ml heating 
mantle connected to a variable voltage trans
former set at 40.

After esterification, the contents of the 
flask were quantitatively transferred to a 5- 
ml volumetric flask and made to volume with 
acetone. One-ul aliquots were injected into 
the chromatograph and the formic and 
acetic acids were recovered as butyl formate 
and butyl acetate.

The following formula was applied to cal
culate the concentration of the butyl formate 
and butyl acetate recovered by using the 
peak heights of the concentrations at a given 
sensitivity of the standards chromatographed 
as described above:

Acid extraction and preparation for analysis
The formic and acetic acids were ex

tracted from the frozen whole egg samples 
as outlined for acetic, propionic and butyric 
acids.

The steam distillate was reduced to ap
proximately 10 ml in volume on a hot plate 
and steam bath and quantitatively trans
ferred to a 50-ml round-bottom flask. The 
distillate was evaporated to dryness on a 
steam bath under a stream of dry air.

The dried sodium salts of formic and ace
tic acid were converted to their butyl esters 
using the procedures outlined above, be
ginning with “one ml of 1-butanol . . .” 
After butylation was complete, the sides and 
joint of the condenser were rinsed with 1 ml 
of acetone and the washings added to the 
contents of the round bottom flask. The con
tents of the flask were quantitatively trans
ferred to a 5-ml volumetric flask through a 
micro-funnel. The round-bottom flask was 
rinsed 5 times with V2-ml portions of acetone, 
and the washings added to the contents of 
the volumetric flask. The contents of the flask 
were made to volume with acetone and l-/d 
aliquots were injected into the chromato
graph.

Interpretation of data
From the chromatograms of the samples, 

the peak heights of butyl formate and butyl 
acetate were measured. The mg concentra
tion of butyl formate and butyl acetate re-

Concentration of
unknown butyl =  
ester

(Peak height of unknown ester) x  
(Concentration of standard butyl ester) 
Peak height of standard butyl ester



362— JOURNAL OF FOOD SCIENCE— Volume 34 (1969)

Fig. 1— Photograph of steam distillation 
assembly.

c o v e r e d  w a s  c a lc u la te d ,  u s in g  th e  f o r m u la  
p r e v io u s ly  g iv e n .

A f t e r  d e te r m in in g  th e  m g  c o n c e n t r a t io n  o f  
b u ty l  f o r m a te  a n d  b u ty l  a c e ta te  p r e s e n t  in  
th e  in je c te d  a l iq u o t ,  th e  c o n c e n t r a t io n  v a lu e  
f o r  b u ty l  f o r m a te  a n d  b u ty l  a c e ta te  w a s  
m u l t ip lie d  b y  3 2 0 5  a n d  3 5 7 5 , r e s p e c tiv e ly . 
T h e s e  f a c to r s  c o n v e r t  th e  q u a n t i ty  o f  b u ty l  
f o r m a te  a n d  b u ty l  a c e ta te  p r e s e n t  in  th e  i n 
je c te d  a l iq u o t  to  m g  o f  f o r m ic  a n d  a c e t ic  
a c i d s / 100 g o f  eg g . T h e  f o r m u la s  f o r  d e 
te r m in in g  th e s e  c o n v e r s io n  f a c to r s  w e re  d e 
r iv e d  a s  fo l lo w s :

w h e re :

Column a is  a  f a c to r  w h ic h  c o n v e r ts  b u ty l  
f o r m a te  a n d  b u ty l  a c e ta te  t o  f o r m ic  a n d  
a c e t ic  a c id .

Column b is  th e  d i lu t io n  f a c to r  w h e n  o n e  
(A ( 0 .0 0 1  m l )  a l i q u o t  f o r  e a c h  in je c t io n  
w a s  t a k e n  f r o m  a  5 -m l s a m p le .

Column c is a  f a c to r  w h ic h  c o r r e c ts  f o r  th e  
f a c t  t h a t  o n ly  4 5 0  m l ( g )  o f  th e  o r ig in a l
1 ,0 0 0  g  o f  e g g - w a te r -p h o s p h o tu n g s t ic -  
s u l f u r ic  a c id  m ix tu re  w a s  u s e d .

Column d is a  f a c to r  w h ic h  a c c o u n ts  f o r  
th e  10 6  a n d  9 5 %  e ff ic ie n c y  o f  b u ty la -  
t io n  f o r  f o r m ic  a n d  a c e t ic  a c id s , r e 
s p e c tiv e ly .

Column e is  a  f a c to r  w h ic h  a c c o u n ts  f o r  
th e  7 7 .4  a n d  9 0 .4 %  a c id  r e c o v e r y  f r o m  
s te a m  d is t i l la t io n  f o r  f o r m ic  a n d  a c e t ic  
a c id s , r e s p e c tiv e ly .

Column f is  a  f a c t o r  w h ic h  c o n v e r ts  m g  
a c id /2 0 0  g e g g  to  m g  a c id /1 0 0  g  egg .

R E S U L T S  & D ISC U SS IO N
D evelopm ent of acceptable procedures

Four different types of liquid phases of 
various percentages were evaluated in 
this study. The liquid phases used were 
Carbowax 1540 at 10, 15 and 25% levels; 
Carbowax 20M at 10, 15 and 20%  levels; 
Apiezon L at 5, 7.5 and 10% levels; and 
ethylene glycol adipate (EG A ) at 15 and 
20% levels. Commercially prepared stan
dards of the butyl esters and acids were 
chrom atographed on these columns under 
various tem perature conditions and carrier 
gas flow rates and the columns were

a b

Formic [0.447]
’ 5000'

1

Acetic [0.517]
'5 0 0 0 '

1

Column
c d e f

Table 5—Response values, R, of acetic, propionic and butyric acids relative to butyl octa- 
noate.

R an g e  o f  acid C h ro m a to g rap h y
R  value

in  sam ple  
(m g)

A tte n u a 
tionR an g e L ow H ig h R an g e A verage

0 .1 0 - 0 .5 0 10 4
A cetic A cid

0 .6 6 0 0 .7 5 8 0 .0 9 8 0 .7 2 0
0 .5 1 - 1 .0 0 10 8 0 .7 1 6 0 .7 6 5 0 .0 4 9 0 .7 3 9
1 .0 1 -2 .5 0 10 16 0 .571 0 .6 4 2 0.071 0 .6 0 9
2 ,5 1 - 7 .5 0 10 32 0 .7 0 5 0 .7 5 7 0 .0 5 2 0 .733

0 .1 0 - 0 .5 0 10 4
P ro p io n ic  acid

0 .7 6 4 0 .8 5 8 0 .0 9 4 0 .8 2 5
0 .5 1 - 1 .0 0 10 8 0 .8 6 0 0 .9 1 0 0 .0 7 0 0 .888
1 .0 1 -2 .5 0 10 16 0 .635 0 .7 4 2 0 .1 0 7 0 .6 8 5
2 .5 1 - 7 .5 0 10 32 0 .8 3 8 0.891 0 .053 0 .8 6 4

0 .1 0 - 0 .5 0 10 4
B u ty ric  acid

0 .6 0 0 0 .6 7 2 0 .0 7 2 0 .6 4 5
0 .5 1 - 1 .0 0 10 8 0 .6 8 6 0 .7 2 8 0 .0 4 2 0 .7 0 8
1 .0 1 -2 .5 0 10 16 0 .5 5 8 0 .643 0 .0 8 5 0 .5 9 7
2 .5 1 - 7 .5 0 10 32 0 .711 0 .751 0 .0 4 0 0 .7 3 0

evaluated for their effect on peak sym
metry and resolution of the standard es
ters and acids.

The two Carbowaxes gave good separa
tion of the C2-C 4 acids: however, the 
peaks of the acids and the butyl esters on 
these columns and the Apiezon L columns 
were not symmetrical and poor resolution 
between the solvent and butyl form ate oc
curred on the Apiezon L columns. Except 
for differences in retention times, neces
sitating changes in the tem perature con
ditions of the experimental runs, the ethyl
ene glycol adipate at either the 15 or 20% 
level was quite satisfactory in regard to 
peak symmetry and resolution for the 
C2-C 4 acids. A t the 20%  level, however, 
a slightly greater resolving power between 
the butyl acetate and butanol were ob
served, hence the 20%  EG A  column was 
adopted for use in these studies.

The quantitative determ ination of for
mic acid, per se, present in eggs could not 
be accomplished using the chrom atograph 
available since form ic acid readily de
composed to COo and water on contact 
with metal. In an attem pt to overcome 
this problem, an all-glass column and in
jection system was installed in the chro
matograph. However, no response for 
formic acid at any sensitivity could be de
tected. It was theorized that the form ic 
acid decomposed on contact w ith the 
metal of the detectors after leaving the 
glass column and prior to reaching the 
flame. Since the use of butyl derivatives 
for lactic and succinic acids had proven 
successful (Steinhauer et al., 1969) butyl 
derivatives of form ic and acetic acids 
were prepared and chrom atographed.

A cid esterification

The acid esterification yields, shown in 
Table 4, indicated that form ic and acetic 
acids could be quantitatively recovered. 
However, due to short retention times of 
butyl formate, butyl acetate and the ex
cess butanol, no suitable internal standard 
could be used w ithout an overlapping of 
the peaks and incomplete resolution. 
Higher percentage liquid phases (up to 
30% ) and longer columns (up to 10 ft) 
did not sufficiently improve resolution to 
allow the use of an internal standard. 
Therefore, quantitation was achieved by 
injecting known concentrations of com 
mercially available butyl form ate and 
butyl acetate.

The peak heights of the standards were 
compared with the peak heights of the 
unknowns, and the concentrations of the 
unknowns were calculated. The elution 
positions of butyl form ate, butyl acetate 
and butanol are shown in Figure 2. Butyl 
acetate was esterified with good precision 
(92-97% ) as was butyl form ate (105— 
107% ); however, the reason for the 
105% recovery of butyl form ate could 
not be ascertained.
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Fig. 2— A gas chromatogram of butyl for
mate and butyl acetate showing their order 
of elution and retention times.

Internal standard
The elution position of the internal 

standard, butyl octanoate, relative to the 
C2-C 4 acid, is shown in F igure 3. In this 
laboratory, methyl enanthate as the in
ternal standard for the C2-C 4 acids as de
scribed by Shelley et al. (1963) was un 
successful, since its retention tim e was the 
same as that of acetic acid. Butyl oc
tanoate was selected because its retention 
time was greater, yet sufficiently close to 
the C2-C 4 acids to perm it rapid analysis.

The response values of the C2-C 4 acids 
relative to butyl octanoate were calculated 
according to the procedure previously de
scribed by Shelley et al. (1963). The R 
values over a wide range of acid concen
trations relative to the internal standards 
are presented in Table 5. Shelley et al. 
(1963) reported that variations in R val
ues decreased as the concentration of the 
internal standards and the compounds 
under study increased. As shown in Table 
5, the R  value variations generally de
creased with increasing concentration of 
internal standards, acids and butyl esters.

Table 6—Recovery of formic, acetic, pro
pionic and butyric acids by steam distilla
tion.

A cid

ml
N/ 100 
N aO H  

req u ired  
fo r  10 ml 
a l iq u o t1

m l
iV/100 N a O H  
req u ired  fo r 

reco v ered  a c id 2

A verage
p ercen t

recovery

F o rm ic 3 8 .9 2 3 0 .1 0  ±  2 .31 7 7 .4
A cetic 4 5 .4 0 4 1 .0 4  ±  2 .2 9 9 0 .4
P ro p io n ic 3 8 .3 0 3 7 .0 9  ±  2 .2 9 9 6 .8
B utyric 36 .25 3 6 .2 8  ±  0 .0 4 100 .0

1 A verage  o f  th ree  rep lications.
2 A verage o f  ten  rep lica tio n s  ±  s ta n d a rd  dev ia

t io n  o f  th e  m ean .

Analysis of C2-C 4 acids
A modified procedure of Shelley et al. 

(1963) was adopted for the quantitative 
analysis of the short-chain acids. These 
authors used an exact am ount of dichloro- 
acetic acid to acidify the sodium salts of 
the acids and to improve the stability of 
the final solution p rior to GLC analysis. In 
this study, an excess of dichloroacetic acid 
was used to release the acids from  their 
sodium com ponent with no apparent loss 
of solution stability o r changes in reten
tion times. The excess dichloroacetic acid 
had the same retention time as acetone, 
and consequently did not interfere with 
the resolution o f the acids.

The use of phosphoric acid on the col
umns was also omitted in this study since 
the m aterial tended to bleed off the col
umn during prolonged runs. This caused 
fouling of the detector and resulted in re
corder noise and pen spiking.

The steam distillation apparatus used 
in these studies (see Fig. 1 ) was a modifi
cation of the apparatus used in standard 
AOAC (1960) determinations. Recov
eries averaged 77.4%  for form ic acid; 
90.4%  for acetic acid; 96.8%  for propi
onic acid; and 100% for butyric acid 
(Table 6).

The use of larger distillation flasks and 
steam generators as described under Ex
perim ental Procedures improved the pre
cision of the rate of distillation since the 
larger volumes were not affected by tem 
perature and air movement fluctuations as 
m uch as the standard AOAC apparatus. 
The Vigreux fractionating column was in
serted between the distillation flask and 
the condenser to prevent entrainm ent of 
the sulfuric acid and the other compounds 
which would affect the quantitative neu
tralization of the distillate.

At the initiation of these studies, an at

Fig. 3— A gas chromatogram of acetic, pro
pionic and butyric acid and butyl octanoate 
showing their order of elution and reten
tion times.

tem pt was m ade to extract all the C ,-C 4 
acids, and lactic and succinic acids using 
the liquid-liquid extraction procedure, as 
suggested by Ramsey (1963). The acids 
were trapped in 25 ml of N / 10 K O H  so
lution in the side-arm flask of the ex
tractor. Following evaporation to dryness, 
the potassium salts of the acids were 
esterified with butanol, made to volume 
and chrom atographed using tem perature 
programming. Butyl form ate, butyl ace
tate and dibutyl succinate were success
fully recovered by this procedure, but the 
excess butanol, butyl propionate, butyl 
butyrate and butyl lactate exhibited iden
tical retention times.

Recovery of acids
A com parison of the recoveries of 

acetic, propionic and butyric acids using

Table 7—Recovery of acetic, propion c and butyric acids from frozen whole eggs using 
GLC and AOAC (1960) procedures.

m g /100 
g egg 

(added)

m g/100  g egg (recovered)
A v erag e  p e rcen t 

recovery

Sam ple G L C 1 A O A C 2 G L C A O A C

i 1 .1 7
A cetic

1 .33  ±  0 .0 5 T race 114
2 3 .1 7 3 .1 3  ±  0 .13 3 .5 3  ±  0 .0 7 99 113
3 6 .3 4 6 .4 5  ±  0 .0 6 6 .2 0  ±  0 .0 8 102 98
4 12 .67 12 .70  ±  0 .0 8 12 .77  ±  0 .0 7 100 101

1 1.38
P rop ion ic

1 .38  ±  0 .0 3 T race 100
2 3 .7 2 3 .5 5  ±  0 .3 8 3 .7 3  ±  0 .1 2 98 100
3 7 .4 4 7 .4 3  ±  0 .0 3 7 .4 3  ±  0 .2 1 100 100
4 14 .87 14 .80  ±  0 .1 4 14 .87  ±  0 .1 6 101 100

1 1 .70
B utyric

1 .75  ±  0 13 T race 103
2 4 .5 9 4 .7 0  ±  0 .1 8 4 .4 3  ±  0 .1 6 102 97
3 9 .2 9 9 .0 8  ±  0 .1 5 9 .3 5  ±  0 .2 4 98 101
4 18 .37 18 .18  ±  0 03 18.23  ±  0 .0 7 99 99

1 A verage o f  fo u r rep lica tio n s  ±  s ta n d a rd  d ev ia tion  o f  th e  m ean .
2 A v erag e  o f  th ree  rep lica tio n s  ±  s ta n d a rd  d ev ia tio n  o f  th e  m ean .
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Table 8—Recovery of formic and acetic acids from frozen whole eggs using GLC and AOAC 
(1960) procedures.

m g /100 
g egg 

(added )

m g /100 g egg (recovered)
A verage  p e rcen t 

recovery

Sam ple G L C ' A O A C 2 G L C A O A C

F orm ic
1 1.25 1 .3 0  ±  0 .0 7 1 .33  ±  0 .0 5 104 106
2 2 .4 7 2 .6 8  ±  0 .0 7 2 .4 8  ±  0 .0 6 109 100
3 4 .9 4 5 .01  ±  0 .0 4 4 .9 1  ±  0 .0 5 101 99
4 9 .8 8 9 .7 2  ±  0 .0 7 9 .9 3  ±  0 .01 98 iOl
5 2 4 .7 6 2 3 .6 8  ±  0 .1 1 2 3 .6 4  ±  0 .0 7 96 95

A cetic
1 1.15 1 .17  ±  0 .1 0 T race 102
2 3 .6 0 3 .1 5  ±  0 .0 8 3 .3 4  ±  0 .0 0 95 101
3 6 .6 0 6 .61  ±  0 .1 0 6 .4 5  ±  0 .0 5 100 98
4 13 .20 13 .13  ±  0 .1 0 13.03  ±  0 .1 7 99 99
5 3 3 .3 2 3 2 .7 5  ±  0 .5 7 3 2 .9 8  ±  0 .0 2 98 99

1 A verage  o f  fo u r  rep lica tio n s  ±  s ta n d a rd  dev ia tio n  o f  th e  m ean .
2 A verage o f  th ree  rep lica tio n s  ±  s ta n d a rd  dev ia tio n  o f  th e  m ean .

G LC and AOAC is presented in Table 7, 
and the results show that the standard 
deviation of the mean for both procedures 
is similar. Again, the accuracy of both 
methods improves with increasing con
centrations of acids. Here, the m ain ad
vantage of the GLC procedure is the de
tection of lower quantities of the C2-C 4 
acids as com pared to the standard AOAC 
procedure.

The recoveries of form ic and acetic 
acids by GLC and AOAC procedures (as 
their butyl derivatives) are presented in 
Table 8. Considering that no internal stan
dard was employed, the precision of the 
G LC method, as shown by the relatively 
small standard deviations of the means, 
com pared favorably with the precision of 
the AOAC methods, and there were no 
significant differences in accuracy be
tween the two methods.

The wholesomeness of frozen egg prod
ucts is presently evaluated by a com bina
tion of bacterial, chemical and sensory 
methods. Hillig et al. (1942) reported that 
the presence of decomposition products in 
frozen eggs was confirmed when the eggs

contained a direct microscopic count of 
over 5 million ce lls/g of egg with deter
minable amounts of formic or acetic acid, 
or lactic acid in excess of 7 m g /100 g egg. 
Succinic acid was offered as an additional 
chemical index of decomposition. Since 
the chemical data to support these con
clusions were variable, more accurate ana
lytical methods or methods for determ ina
tion of other decomposition products 
seems desirable. The use of GLC proce
dures reported here, plus those reported 
for lactic and succinic acids (Steinhauer 
et al., 1969) offer new procedures for ac
curate determ ination of frozen eggs. 
These procedures should now be eval
uated by analyzing a large num ber of 
commercial egg samples obtained from 
processors varying in output and source 
of eggs.
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Kentville, Nova Scotia

The Anthocyanins of Strawberry, Rhubarb, Radish and Onion
SUMMARY— The presence of a large number of previously unnoticed anthocyanins was 
demonstrated in strawberry, rhubarb, radish and onion. The number of anthocyanins 
found in this survey and those reported previously (in brackets) in each plant were: 
strawberry: 6 (4), rhubarb: 3 (2), radish: 13 (5), onion: 8 (3). Some of the chromato
grams indicated that the number of anthocyanins present was even greater than that. A 
quantitative difference was found between the anthocyanin pattern of the examined va
rieties. The survey was carried out using paper chromatography on Whatman No. 3 MM 
paper with two new solvent systems of high resolving power. The solvents were: 1-bu- 
tanol-benzene-formic acid-water (100:19:10:25) and 1-butanol-formic acid-water (100: 
25:60).

in the table the authors employed identi
fication methods of varying degree of ac
curacy. These methods can be classified 
as follows:

Classical method
This method, perfected by Robinson 

et al. (1931, 1932), consists of a series 
o f color and distribution tests on the par-

IN T R O D U C T IO N

COLOR is an im portant attribute o f most 
fruits and vegetables as well as their p rod
ucts; the identification of the compounds 
responsible for color is of interest. The 
red and blue colors o f plants are due to 
the presence of anthocyanin pigments. 
The deterioration of red color is con
nected with the anthocyanin composition 
of the plant m aterial (Daravingas et al., 
1965; Robinson et al., 1966; S tarr et al.,
1968) therefore a better knowledge of 
these pigments is an aid in solving the 
discoloration problem. The adulteration of 
fru it and vegetable products can be de
tected by the chrom atographic pattern of 
anthocyanins as dem onstrated with wine 
(Ribereau-Gayon, 1959); grape juice 
(Fitelson, 1967; M attick et al.. 1967) and 
other fruit juices (Jorysch et al., 1966; 
Fitelson, 1968).

The anthocyanins in several fruits and 
vegetables have been identified in the last 
decade (Harborne, 1967a). The antho
cyanin composition o f  only a few fruits 
and vegetables is known completely. The 
anthocyanins occurring only in minute 
quantities in any given fruit or vegetable 
are little known. Previous w ork (Fuleki 
et al., 1967a) showed that the num ber of 
anthocyanins present in the American 
cranberry is greater than previously 
thought. This led to the present chro
m atographic survey of the anthocyanin 
composition of some readily available 
fruits and vegetables with the aid of two 
new solvent systems o f high resolving 
power.

The anthocyanins reported to be pres
ent in the plant m aterial included in this 
survey are listed in Table 1. As indicated

a P re sen t ad d ress : H o r tic u ltu ra l  P ro d u c ts  L a b 
o ra to ry , H o r tic u ltu ra l  R e sea rch  In s ti tu te  o f  O n 
ta r io . O n ta r io  D e p a r tm e n t o f  A g ricu ltu re  & 
F o o d , V in e lan d  S ta tio n , O n ta r io , C a n a d a .

Table 1—The anthocyanins identified in strawberry, rhubarb, radish and onion.

P lan t m a te ria l V arie ty

Id en tifi
c a tio n

m e th o d 1 P ig m e n t2 R eference

S traw b erry  (Fragaria x — I PI 3 -G l R o b in so n  e t a l. (1932)
ananassa D u c h .) ,3 — I PI 3 -m onoside L aw rence  e t a l. (1939)
fru it Bailey I PI 3-G l 

PI 3-G l
PI diglvcoside

S o n d h e im er e t a l. (1948) 
A k u ta  e t al. (1954)

— II PI 3 -GÌ R o b in s o n  et a l. (1955)
S hasta , M a rsh a ll I I I C y  3-G l L u k to n  e t a l. (1955)

C u lver I I I PI 3-Gl, Cy 3 -G l, PI g lyco
side

S o n d h e im er e t al. (1956)

— II C y a n d  PI m o n o sid e F o u a ss in  (1956)
S overeign n PI, C y  a n d  an  u n id e n ti

fied th ird  g lycoside
L a m o rt (1958)

— H C y a n d  PI g lycoside N y b o m  (1964)
— h PI 3-Gl, C y  3-G l B lu n d s to n e  e t al. (1966)

R h u b a rb  (Rheum S u tto n ’s i C y 3-bioside R o b in so n  e t al. (1931)
rhaponticum L .), varie ties in C y 3-G l, C y 3 -R u G allo p  (1965)
pe tio le — h i C y 3-G l, C y 3 -R u B lu n d s to n e  e t a l. (1966)

R a d ish  (Raphanus — i l five acy la ted  PI glycoside F o u a ss in  (1956)
sativus L .), ro o t S carlet G lobe IIT PI 5-GI, 3 -d iG l (C oum ) or 

(F e r)
H a rb o rn e  e t al. (1957)

Iw ak u m i-ak a H I PI 5-GI, 3 -d iG l (C o u m ) o r  
(F e r  +  C af)

Ish ik u ra  e t al. (1962)

p u rp le  var. m C y 5-GI, 3-Sop (C o u m ) o r 
(Fer)

H a rb o rn e  (1963)

red  var. m PI 5-GI, 3-Sop (C o u m ) or 
(F e r)

H a rb o rn e  (1963)

Iw ak u m i-ak a in PI 5-GI, 3 -d iG l (C o u m ) o r 
(F e r) o r  (C af) o r  (C oum  
+  F e r)  o r  (C o u m  +  
F e r  +  C af)

Ish ik u ra  e t al. (1963)

— : i PI N y b o m  (1964)

R e d e  n io n  (A Ilium cepa 
L .), sk in

S u tto n ’s B lood  
R ed

i C y 3-pen toseg lycoside4 R o b in so n  et al. (1932)

i i C y m onoside , diglycoside 
an d  a  th ird  C y d eriv a
tive

F o u a ss in  (1956)

S o u th p o rt R ed  
G lo b e

i l P n  3-A r B ran d w ein  (1965)

11 =  C lassical, I I  =  S im ple ch ro m ato g rap h ic , I I I  =  C h ro m a to g rap h ic  an d  spectro scop ic , IV  =  D eg ra - 
dative  m e th o d . D e ta iled  e x p lan a tio n  o f  these  te rm s a re  given in th e  tex t.

£ p i =  p e la rg o n id in , C v : cyan id in , G1 =  glucoside, A r  =  a rab in o sid e , R u  =  ru tin o s id e , S o p  == 
sop h o ro sid e , C o u m  =  p -co u m aric  acid , F e r  =  ferru lic  acid , C a f  =  caffeic acid . T h e  acyl g ro u p  is in 
b rack e ts . T h e  m a jo r  p ig m en t is in  ita lic s  w hen  th is  is ind ica ted  in  th e  lite ra tu re .

3 T h is  includes th e  cu ltiva ted  varie ties identified  as F. virginiana by  th e  a u th o rs .
4 T h e  a u th o rs  iden tified  th e  p igm en t as cyan id in  3-pen tosegycoside a n d  ind ica ted  th a t  m o st p en tose- 

glycoside is a  ru tin o sid e .
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dally purified pigm ent extract. Since the 
individual anthocyanins are not separated, 
only the most abundant anthocyanin can 
be identified. The accuracy of this method 
is rather limited.

Simple chromatographic method

The advance of chrom atographic tech
niques perm itted the preparation of pure 
individual anthocyanins and the cum ber
some distribution test was replaced by R f 
value determinations. Identification is 
based on Rf values, absorption maxima 
and color reactions obtained with the 
anthocyanin an d /o r anthocyanidin. M eth
ods with varying degree of accuracy are 
included in this group, all of them being 
characterized by the fact that chrom ato
graphic techniques are used but the evi
dence provided is insufficient for a com 
plete identification. The method is only 
reliable for the identification of the an
thocyanin class in which the particular 
pigment belongs.

Chromatographic and 
spectroscopic method

This m ethod is based mainly on Bate- 
Smith and H arborne’s original w ork and 
described in H arborne’s recent book 
(1967b). The identification is based on 
Rf and spectral values obtained with the 
highly purified individual anthocyanin and 
its degradation products produced by acid 
or enzymic hydrolysis. The method in
cludes a saponification test and identifica
tion o f the acid com ponent when acyla
tion is suspected. This m ethod is satisfac
tory for reliable identification of the an
thocyanin.

Degradative method

W hen dealing with rare anthocyanidins 
the above outlined m ethod might not be 
sufficient. To be certain of the identifica
tion, additional data are obtained on the 
aglycon by analyzing the fragments pro
duced by the chemical degradation of the 
anthocyanidin.

A  close examination of the data (Table 
1) shows that there is disagreement 
among the authors, not only concerning 
the nature of the pigments, but also on 
the num ber o f anthocyanins present in the 
plant material.

E X P E R IM E N T A L
Plant materials

The anthocyanin rich tissues of the plants 
were used as pigment sources. The plant ma
terials used were grown on the experimental 
plots of the Kentville Research Station.

Strawberries (Fragaria x ananassa Duch.). 
Fully ripened berries of the following va
rieties were used: Acadia, Gorella, K-60-98, 
K-63-280, Midway, NJ-857, Redcoat, Senga 
Sengana and Sparkle. The center part of the 
berries was discarded when found to contain 
only a low concentration of anthocyanin. To

remove the bulk of the sugar the juice was 
squeezed out of the berries and only the 
pomace was used as source for the antho
cyanins.

Rhubarb (Rheum raponticum L.). The 
“forced” petioles of the German Wine, Sun
rise, Sutton’s Seedless and Valentine varieties 
were used. The pigments were extracted from 
the anthocyanin rich base and the peeled 
epidermal layer of the petioles.

Radish (Raphanus sativus L.). The roots 
of the French Breakfast and Scarlet White 
Tip varieties were supplied by local growers. 
Two unidentified early red varieties grown in 
Ohio and Texas were obtained from the mar
ket. The pigments were extracted from the 
scraped epidermal layer.

Onion (Allium cepa L.). The bulbs of the 
Ruby and an unidentified Texas grown pur
ple onion variety were used. The outer dry 
scale and the anthocyanin containing part of 
the fleshy scale-leaves were removed and ex
tracted separately.

Extraction
The anthocyanin containing tissue was 

soaked in diethylether for 4-5 hr to facilitate 
the subsequent extraction of anthocyanins 
and remove some of the impurities which are 
usually extracted with methanol. The ether 
extract was discarded and the plant material 
was covered with the extracting solvent and 
leached overnight at room temperature. To 
improve the extraction of the diglycosides 
and triglycosides, 1% HC1 in methanol was 
alternated with 1.5A1 HCl-methanol (15:85) 
as extracting solvent. The extraction was re
peated 3-4 times as required. The volume of 
the more concentrated extract was reduced 
by evaporation under atmospheric pressure. 
The dilute extracts were concentrated in 
vacuo in all glass evaporator at 25 °C. The 
filtered combined concentrated extracts were 
used for chromatographic analysis.

Chromatography
The extract was applied to 46 x 57 cm 

sheets of Whatman No. 3 MM paper as 10 to 
17 cm streaks with a 0.2-ml long tip pipet. 
Descending chromatography was carried out 
either in a Model A-300 Chromatocab (Re
search Equipment Corp., Oakland, Calif.) 
or in a Panglass Chromatank Model 500 
(Shandon Sci. Co. Inc., Sewickley, Pa.) all 
glass chromatography tank. The following 
developing solvents were used:

BBFW 1-butanol-benzene-formic acid-wa
ter (100:19:10:25), aged three days, 
upper phase (Fuleki et al., 1967b).

BFW 1-butanol-formic acid-water (100: 
25:60), upper phase.

To achieve maximum separation the devel
opment was continued until the fastest mov
ing pigment reached the area within 2-3 cm 
from the bottom edge of the paper.

Evaluation of the chromatograms.
The chromatograms were examined under 

a tungsten light source and over a Black Ray 
Model C-50 long wave and Mineralight 
Model C-51 short wave ultraviolet trans
illuminators (Ultra-Violet Products Inc., San 
Gabriel, Calif.). The point of maximum con
centration for each band was marked over 
the Mineralight. The numbering of the pig

ment bands began with the fastest moving 
pigment. The colors of the bands and the 
changes produced by treating the chromato
grams with chromogenic reagents were also 
noted. The following reagents were used for 
this purpose:

AlCfi 3 g crystalline aluminum chloride 
dissolved in 100 ml 75% ethanol.

PbAc 1 g neutral lead acetate dissolved 
in 100 ml 75% ethanol (Fuleki et al., 
1967c).

The relative quantities reported in Table 2 
were estimated visually. A more accurate 
measurement was carried out in one case 
with the rhubarb varieties. The rhubarb 
anthocyanins were eluted with 1% HC1 in 
methanol from the chromatograms and their 
quantities were measured at the absorption 
maxima with a spectrophotometer. Since the 
extinction values of the pigments involved 
were not all known, the possible differences 
were disregarded in the calculations.

Calculation of the relative 
mobility of the pigments

Since the solvent front overran the paper, 
the mobility of the pigment bands was cal
culated instead of the customary R ( values. 
Since cyanidin 3-glucoside was known to be 
present in strawberry and rhubarb, and the 
No. 4 onion and No. 5 radish pigments had 
similar mobility to that of cyanidin 3-gluco
side, these pigment bands were selected as 
bases of comparison. The mobility of each 
pigment relative to cyanidin 3-glucoside or 
to the No. 4 onion and No. 5 radish pig
ments (Rcy in the following) was calculated 
for each chromatogram using the following 
equation:

Rcy =
distance traveled by pigment “X” X 100 
distance traveled by cyanidin 3-glycoside 

or equivalent

The av Re, values reported in Table 2 for 
each pigment were calculated from the Rcr 
values obtained on several chromatograms. 
The number of measurements on which the 
reported RCr values were based are also 
given in Table 2. There are cases where the 
number of measurements are not the same 
for each pigment of the same plant. This is 
due to the fact that in some cases the fastest 
moving pigment band(s) overran the paper. 
In other cases the concentration of some 
pigments was below the threshold of detec
tion or overlapping of the pigment bands 
occurred.

R E S U L T S  & D IS C U S S IO N
T H E  RESULTS presented in Table 2 
show that a num ber of previously un 
identified anthocyanins were found in the 
edible parts o f strawberry, rhubarb, rad 
ish and onion. Some of these pigments 
occurred in fairly large quantities. In the 
following, the pigment pattern reported 
in the literature (Table 1) is compared 
with that found in this survey (Table 2 ).

Strawberry

Two “new” anthocyanins were found
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in addition to the two identified and the 
two previously noted but unidentified pig
ments (Table 2 ). The presence of pelar- 
gonidin and cyanidin 3-glucoside is well

established and these were the most abun
dant pigments (No. 2 and 4 respectively) 
in all the varieties examined. A kuta et al. 
(1954) found in addition to the pelar

gonidin 3-glucoside a pelargonidin digly
coside in strawberries.

The presence of a fourth pigment 
which was less hydrophilic than pelargon
idin 3-glucoside, as indicated by its chro
m atographic mobility, was dem onstrated 
by Sondheimer et al. (1956) and Lam ort
(1958). The first nam ed authors indicated 
that this pigment is a pelargonidin deriva
tive. The anthocyanin band num bered 1 
on our chromatograms appears to be iden
tical with this pigment. In addition to the 
four anthocyanins mentioned above two 
new pigments were found (Table 2). An 
additional orange-brown pigment band 
with RCy values of 25 and 36 in BBFW 
and BFW  respectively appeared on most 
chromatograms, in very low concentra
tion. Judged by its color this pigment may 
also be a pelargonidin glycoside. A quan
titative rather than qualitative difference 
was found in the anthocyanin composi
tion of the strawberry varieties examined 
(Table 3 ).

Rhubarb

Three anthocyanin pigments were 
found in rhubarb (Table 2 ). Two o f these 
pigments were identified previously but 
this is the first report on the occurrence 
of a third pigment. Gallop (1965) iden
tified the two m ajor pigments in rhubarb 
as cyanidin 3-glucoside and cyanidin
3-rutinoside. The No. 1 and 2 pigment 
bands in Table 2 corresponded to these 
pigments. The third anthocyanin was pres
ent in small quantities in all the examined 
varieties. Table 4 shows the approxim ate 
quantities o f each pigm ent in the varieties 
included in this survey.

A faint diffuse anthocyanin band was 
observed in front o f the No. 1 pigment 
on some o f the chromatograms. This 
fourth anthocyanin had an RCy value of 
126 and 123 in BBFW  and BFW  respec
tively. The low RCv values excluded the 
possibility that this pigment was an an- 
thocyanidin. In addition to the antho
cyanins two reddish-brown pigm ent bands 
appeared consistently on the chromato-

Table4—The relative quantity of individual 
anthocyanins in rhubarb varieties.1

V ariety i

P igm en t N o .

2 3

%
G erm an  W ine 33 66 1

Sunrise 48 51 1

S u tto n ’s Seedless 48 50 2

V alen tine 58 41 I

1 T h e  re la tive  q u a n tity  o f  the  p ig m en ts w as 
m easu red  sp ec tro p h o to m etrica lly . T h e  O D  m ea
su rem en ts w ere  ca rr ie d  o u t a t  527, 533 a n d  525 
m m  respectively . T h e  so lven t w as 1 % HC1 in 
M eO H .

Table 2—A survey of the anthocyanins separated by paper chromatography.

Pigm ent
ban d

U n 
trea ted

C o lo r2
R r„ 3

T en ta tiv e
id en tifica tio n 4Q u a n ti ty 1 A ld a P bA c B B FW B F W

S traw b erry , 1 + SR SR G R 211(8) 190(9) PI m o n o sid e
2 +  +  +  + SR SR G R 165(8) 159(10) PI 3-G l
3 + SR S R G R 118(8) 120(10) PI m o n o sid e5
4 +  + R V B 100(8) 100(10) Cy 3-G l
5 + SR SR G R 81(8) 80(10) PI b ioside
6 <  + SR SR G R 50(8) 54(9) PI tr io s id e5

R h u b a rb . 1 +  +  +  + R V B 100(55) 100(3) Cy 3-G l
2 +  +  +  + R V B 79(55) 82(3) Cy 3-R u
3 + R V B 59(55) 62(3) C y b io sid e5

R e d  R ad ish , 1 + SR SR G R 149(11) 170(10) PI 5 -G l,3 -S op(C oum  
+  F e r  +  C a f)

2 +  + SR SR G R 136(11) 147(11) PI 5-G I,3-Sop (C oun t 
+  F er)

3 + SR SR G R 126(11) 134(11) PI g lycoside5
4 +  +  +  + S R SR G R 112(9) 116(9) PI 5-G I,3-Sop (C ount)
5 +  +  +  + SR SR G R 100(14) 100(14) PI 5-G I,3-Sop (Fer)
6 +  +  +  + SR SR G R 85(14) 87(13) PI 5-G I,3-Sop (C af)
7 +  +  T SR SR G R 71(14) 77(14) PI g lycoside5
8 <  + SR SR G R 64(7) 66(5) PI g lycoside5
9 +  + SR* SR G R 51(14) 63(12) PI g lycoside5

10 + SR* SR G R 39(14) 47(12) PI g lycoside5
11 +  +  + S R * SR G R 27(14) 37(12) PI 5 -G I,3 -S op5
12 + SR* SR G R 22(3) 30(11) PI g lycoside5
13 + SR* SR G R 10(5) 14(12) PI g lycoside5

R ed  O nion , 1 + R V B 171(17) 169(10) C y m o n o sid e5
2 +  + R V B 145(43) 132(28) C y m o n o sid e6
3 + R R G R 121(53) 118(29) P n  m o n o sid e5
4 +  +  +  + R V B 100(61) 100(31) Cy m o n o sid e
5 + R V B 78(13) 70(1) Cy b io sid e5
6 +  + R V B 50(61) 66(28) C y b ioside
7 +  + R V B 30(60) 40(31) C y b io side
8 + R V B 21(44) 26(19) Cy d ig lycoside5

1 T h e  re la tiv e  q u a n tity  o f  th e  p ig m en ts  w as e s tim a ted  visually  a n d  ind ica ted  as fo llow s: +  +  +  +  =  
m ajo r, +  +  +  =  in te rm ed ia te , +  +  =  m in o r, +  =  tra c e  q u an tity .

2 C o lo r  co d e : B =  b lue, G  =  gray , R  =  red , S =  scarle t, V =  v iolet, * =  fluorescen t yellow  u n d e r  
U V  light.

3 R cb =  c h ro m a to g rap h ic  m o b ility  re la tiv e  to  C y 3-G1 o r to  the  N o . 5 rad ish  o r  N o . 4 o n io n  p igm en ts. 
T h e  n u m b er o f  m easu rem en ts on  w hich  th e  av  R cy values w ere based  are  given in b rack e ts .

4 T h e  abb rev ia tio n s used  w ere th e  sam e a s  in  T ab le  1. 
s P rev iously  und e tec ted  A cys.

Table 3—The relative quantity of individual anthocyanins in strawberry varieties.1

P igm en t N o .

V ariety 1 2 3 4 5 6

A cad ia + +  +  +  + <  + +  + + +

G orella + +  +  +  + <  + +  + + <  +

I< 60-9 8 + +  +  +  + <  + +  +  + + zb

K 63-280 + +  +  +  + zb zb zh +  + =b zb

M idw ay + +  +  +  + <  + +  + + < +

N J 857 + +  +  +  + + +  + dr < +

R ed co a t + +  +  +  + + + +  + + +

Scnga S engana + +  +  +  + +  + +  +  + zb zb

S parkle + +  +  +  + + +  + <  + < -

1 T he rela tive  q u an tity  o f  the  p ig m en ts  w as estim ated  v isua lly  an d  ind ica ted  a s  fo llow s: +  +  +  +  =  
m a jo r , +  +  +  =  in te rm ed ia te , + +  =  m in o r, +  =  trace  q u an titie s . T h e  best sources fo r the  u n id en ti
fied p igm en ts a re  underlined .
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grams. One of these pigments moved ap
proxim ately with the same speed as the 
No. 3 anthocyanin when the chrom ato
gram was developed with either BBFW or 
BFW. The slower moving reddish-brown 
band had an av RCy value of 32 and 45 
in BBFW and BFW respectively. The 
color of these bands and their reactions 
with chromogenic reagents indicated that 
they were not anthocyanins.

R ed Radish

The radish anthocyanins were resolved 
into thirteen bands by the solvents used 
in this survey. Eight of these pigments ap
pear to be previously unreported (Table
2 ) . The presence of two acylated pig
ments (pelargonidin 5-glucoside, 3-so- 
phoroside acylated with p-coum aric or 
ferrulic acid) is well established (Har- 
borne et ah, 1957). According to Ishikura 
et al. (1963), three additional acylated 
pelargonidin 5-glucoside, 3-diglucoside 
are found in red radish. This is supported 
by Fouassin (1956) who also detected five 
acylated pelargonidin derivatives. The 
anthocyanin composition of purple radish 
varieties is sim ilar to that of the red 
varieties but cyanidin replaces pelargoni
din as the aglycon moiety of the pig
ments (H arborne, 1963).

The color o f the anthocyanin bands in
dicated that all of them are pelargonidin 
glycosides. Two very faint anthocyanin 
bands were observed, in addition to those 
listed in Table 2, on some chromatograms. 
One of them appeared between the No. 
6 and 7 bands, and the other between the 
No. 12 and 13 bands. The tentative iden
tification of the anthocyanin bands was 
difficult because of the large num ber of 
pigments present. It was assumed that the 
most concentrated pigment bands were 
identical with Raphanusin A and B (pel
argonidin 5-glucoside, 3-sophoroside 
acylated with p-coumaric and ferrulic acid 
respectively), the presence of which was 
most frequently reported in the literature 
(Table 1).

The R f values given by Ishikura et al. 
(1963) for the radish anthocyanins were 
also taken into consideration when the 
pigments identified by these authors were 
assigned to the bands appearing on the 
chromatograms. The qualitative and quan
titative anthocyanin patterns of the ex
amined varieties were not noticeably dif
ferent.

Onion

Five previously unnoticed anthocyanins 
were found in addition to the three pig
ments reported in the literature. Little in
form ation was available from  the litera
ture on the anthocyanin composition of 
the purple onion varieties. Robinson et al. 
(1932) found cyanidin 3-pentoseglyco- 
side while Fouassin (1956) detected three 
cyanidin derivatives. Brandwein (1965)

identified peonidin 3-arabinoside in the 
Southport Red Globe variety. This is the 
only report o f a peonidin glycoside oc
curring in the Liliaceae family (Harborne, 
1967a). Since there was a definite dis
crepancy between the Rf values reported 
by this author for the onion anthocyanin 
and that of the literature values for peoni
din 3-arabinoside, we had reservations ac
cepting this identification.

Chrom atographic analysis revealed the 
presence of eight anthocyanins in the 
onion varieties examined. It was assumed 
that the presence of the most abundant 
anthocyanins was noted by Fouassin
(1956). The R f values reported by this 
author were also taken into consideration, 
when these “known” pigments were as
signed to anthocyanin bands appearing on 
the chromatograms (Table 2 ). All pig
ments appeared to be cyanidin derivatives 
with the exception of the No. 3 antho
cyanin. The color of the pigment and its 
reactions with chromogenic reagents in
dicated that this pigment is a peonidin 
derivative. Cochrom atography of the No. 
3 onion anthocyanin with authentic peoni
din 3-arabinoside prepared from  cran
berry (Zapsalis et al., 1965) revealed that 
the two pigments are definitely not identi
cal.

In addition to the pigments listed in 
Table 2, there was some indication of two 
more anthocyanins occurring in very 
small quantities. A pigment with R Cv 
value of 16 and 11 in BBFW and BFW, 
respectively, was detected on some chro
matograms. Two papers developed with 
BBFW showed the presence of a fast 
moving anthocyanin (R Cy =  297). It 
should be noted that this pigment moved 
considerably faster than authentic peoni
din 3-arabinoside (R Cy =  216).

The difference between the pigment 
composition of the outer dry scales and 
the fleshy scale-leaves appears to be 
quantitative rather than qualitative. The 
Nos. 2 and 5 pigments were more abun
dant in the fleshy scale-leaves than in the 
dry scales. This might indicate that these 
pigments are more labile than the others 
present, and as a result o f this their rela
tive quantities decrease as the sap is w ith
drawn from the outer scale-leaves during 
m aturation. The qualitative and quantita
tive anthocyanin patterns of the examined 
onion varieties were not noticeably differ
ent.

In estimating the num ber of anthocya
nins in the particular plant extract the pos
sibility of anthocyanin bands occurring as 
artifacts was considered. Acid hydrolysis 
and deacylation of anthocyanins can oc
cur during extraction and concentration 
of the pigments (H arborne, 1958). Acid 
hydrolysis can lead to the formation of 
anthocyanidins. Since the aglycones move 
faster in a butanolic solvent system than 
the anthocyanins, they were easily distin

guished from the anthocyanins. Antho- 
cyanidin bands were observed on the 
chromatograms occasionally, but these 
bands were not listed in Table 2. A ntho
cyanins containing di- o r tri-saccharide 
and /o r acyl group in their structure can 
also give intermediates on acid hydrolysis.

U nder the carefully controlled condi
tions of the experiment only a small frac
tion of the pigments could be hydrolyzed. 
This precluded that the intermediates of 
m inor anthocyanins appeared on the chro
matograms as “new” bands because their 
quantities would have been below the 
threshold of detection. A n examination of 
Table 2 shows that only the major radish 
pigments could give interm ediates ap
pearing as “new” anthocyanin bands. To 
discount this possibility, the results were 
verified by pressing the anthocyanin con
taining sap from  the scraped, frozen and 
thawed epidermal layer o f red radishes. 
The sap was applied directly on W hatm an 
No. 3 paper and developed with BFW. 
The chrom atographic pattern  obtained 
was similar to that reported in Table 2 
for radish. This showed that the “new” 
pigment bands in radish did not occur as 
intermediates on acid hydrolysis o f the 
anthocyanins.

According to H arborne (1967b) some 
phenolics form loose complexes with each 
other and may give rise to multiple spots. 
However a thorough search of the litera
ture failed to reveal experim ental evi
dence which would indicate that this 
phenom enon occurs with anthocyanins. 
This was not unexpected considering that 
the naturally occurring copigment-metal- 
anthocyanin complexes readily decom 
pose at low pH  and they could be iso
lated only in the absence of added acid 
(Bayer, 1958; Asen et al., 1967: Yazaki 
et al., 1967). M ultiple spot form ation due 
to complex form ation apparently could 
not have occurred under the highly acidic 
conditions which prevailed during extrac
tion and chromatography.

Cinnamic acids and their derivatives 
exist in solution as an equilibrium  mixture 
of cis and trans isomers (W illiams, 1955), 
which can result in multiple spot form a
tion. Since radish contains a num ber of 
acylated anthocyanins this possibility was 
also considered. Isom erization of the acyl
ated pigments could have occurred dur
ing extraction and concentration. These 
isomers are not separated by butanolic 
solvent systems (H arborne, 1967b), 
therefore the isomerization of acylated 
anthocyanins could not account for the 
appearance of “new” pigm ent bands.

Since the presence of a great num ber of 
previously unreported anthocyanins was 
revealed in this survey, it is appropriate to 
discuss the factors which contributed to 
this. M ost of the “new” pigm ents were 
present in relatively small quantities. This 
indicates that a highly sensitive technique
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was employed in our survey, which de
creased the level where the anthocyanins 
could be detected. The sensitivity of the 
chromatographic m ethod was increased 
by the following factors:

1. A  heavy grade paper (W hatm an No. 
3 M M ) was used instead of the cus
tom ary W hatm an No. 1 paper. This 
allowed for the application of a suffi
ciently large am ount o f pigm ent ex
tract where the concentration of trace 
pigments reached the level of detect
ability.

2. The developing solvents BBFW  and 
BFW  improved the resolution and re
duced the diffusion of the pigment 
bands. The new solvent system (BFW ) 
is slightly slower, but it gives more 
com pact bands and better resolution 
than the commonly used 1-butanol- 
acetic acid-water (4 :1 :5 ) .

3. Only the anthocyanin rich tissues of 
the examined plant m aterial were used 
for the preparation of the pigm ent ex
tracts. This gave a fairly concentrated 
extract which reduced the need for an 
excessive further concentration.

It should be realized that the num ber of 
anthocyanins present in the plant m a
terial included in this survey is possibly 
greater than reported in this article. As 
indicated in the text, some of the chro
matograms suggested that some of the 
bands m ay have consisted of m ore than 
one pigment. It is also possible that pig
ments escaped detection because their 
concentration was below the threshold of 
detection.
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Enzyme-Catalyzed Reactions as Influenced 
by Inert Gases at High Pressures

SUMMARY— The activities of tyrosinase, invertase, trypsin and chymotrypsin were 
studied after exposure to one or more of the following high-pressure inert gases: VuO at 
600 psig or Ni or Ar each at 5000 psig. Exposure to high-pressure nitrogen or argon 
failed to significantly inhibit the rate of tyrosinase activity in fluid systems. However, the 
rates of tyrosinase-catalyzed reactions in shell-cast gelatin gels were significantly de
pressed by exposure to high-pressure nitrogen, and even more so by high-pressure nitrous 
oxide. This inhibition proved to be oxygen dependent and reversible. Pressurization ex
periments with inverta se, trypsin and chymotrypsin indicated that high-pressure NsO did 
not significantly inhibit these enzymes. This lends support to the hypothesis that high- 
pressure inert gases inhibited tyrosinase activity in nonfluid systems by decreasing the 
availability of oxygen, rather than by physically altering the enzyme. It must be concluded 
that there is little hope that the enzymes in food system s can be effectively inhibited by 
brief exposure to inert gases at pressures of 5000 psig or less.

IN TRO D U CTIO N
SC H R EIN ER  (1965) reported that tyro
sinase in a simple aqueous system could 
be inhibited by inert gases as superatmo- 
spheric pressures. This finding stimulated 
initiation of the present study to determine 
if inert gases temporarily applied at m od
erately high pressures could be used to 
control enzyme activity in food systems.

It is im portant to distinguish between 
the effects of hydrostatic and nonhydro- 
static (gaseous) pressure. The effects of 
hydrostatic pressure on microorganisms 
(Heden, 1964; Hite et ah, 1914) and en
zymes (Curl et ah, 1950; Suzuki et al.,
1963) have been explored extensively. 
Reactions with a positive AV (activation 
volume, defined as volume of products 
minus volume of reactants) are deceler
ated by high pressure, whereas reactions 
with a negative a V (products occupy less 
volume than reactants) are accelerated by 
high pressure (Suzuki et al., 1963). The 
effects of hydrostatic pressure are often 
not evident until pressures of 1000 to 
5000 atm have been applied (Johnson 
et al., 1954). Pressures of this magnitude 
could, however, have an undesirable effect 
on the texture of food tissue.

High-pressure inert gases such as N 2, 
N 20 , He, Ne, Ar, K r and Xe have been 
studied to determine their effects on bio
logical systems. Studies of this type have 
included the growth rate of the mold 
Neurospora crcissa (Schreiner et al., 1962; 
Schreiner et al., 1963; and Buchheit et al., 
1966), the growth of protozoans (Sears 
et al., 1961), the oxygen dependent radio 
sensitivity of plants (Ebert et al., 1958), 
the growth rate of mammalian epithelial 
cells (Bruem m er et al., 1967) and the ac
tivity of tyrosinase (Schreiner, 1965).

To explain the effects of inert gases on 
oxygen dependent systems, Ebert et al.
(1958) proposed that chemically inert 
gases compete with oxygen molecules for 
cellular sites, and that the extent of oxy
gen displacement (at constant total pres
sure) depends on the ratio of oxygen to 
inert gas. If  this proposed mechanism is 
correct, and this is the only mode of ac
tion of inert gases, then there would be no 
obvious reason to suspect that inert gases 
would inhibit nonoxygen dependent reac
tions. Prelim inary studies by Doebbler 
(1967 personal communication) suggest 
that inhibition does occur for some non
oxygen dependent enzymic reactions.

If enzymes in general could be irrever
sibly inactivated or inhibited by short-time 
application of inert gases at moderately 
high pressures, this would have consider
able value in the food industry. This 
m ethod could be used to control enzyme 
activity in food preserved by ionizing radi
ation, or to inhibit enzyme activity in 
products sterilized by high tem perature- 
short time (H TST) techniques.

The present study was done to explore 
the possibility of controlling some food- 
related enzymes by the brief application 
of inert gases at high pressure. One oxida
tive and several hydrolytic enzymes were 
selected for investigation. Tyrosinase and 
alpha-chymotrypsin were specifically 
chosen because of their use in previous in
vestigations by Schreiner (1965) and 
Doebbler (1967 personal com munica
tion). The inert gases N 20 ,  Ar and N 2 
were selected for the same reason. Studies 
with NoO were limited to 600 psig since 
slightly higher pressures resulted in lique
faction and damage to the gas compressor. 
Argon and nitrogen were studied at 5000 
psig (ca. 341 atm ) so as to exceed by a

considerable margin the pressures at 
which Schreiner (1965) observed inhibi
tory effects.

E X P E R IM E N T A L
Equipment

The high-pressure apparatus shown in Fig
ure 1 consisted of (1) an air-operated piston 
compressor (Model AC-15, Pressure Prod
ucts Industries, Hatsboro, Pa.), (2) a high- 
pressure reaction vessel (Model PJE-3-300, 
Pressure Products Industries, Hatsboro, Pa.) 
300 ml capacity, austenitic cold-forged type 
316 stainless steel, 30,000 psig rating, with 
agitation provided by pendulum type motion, 
and (3) accessory gauges, valves, tubing and 
a constant temperature bath.

Effect of pressurization time on 
tyrosinase activity

Tyrosinase activity was determined by 
measuring dopachrome absorption at 470 m^ 
(Boscan et al., 1962). A mixture of 28.0 ml 
L-tyrosine (0.001M, Nutritional Biochemicals 
Co.), 20.0 ml phosphate buffer (pH 7.2, ionic 
strength 0.05) and 8.0 ml distilled water was 
placed in the open chamber of the high-pres
sure reaction vessel and equilibrated at 20°C. 
An 8.0 ml volume of tyrosinase solution 
(500 units tyrosinase/3.0 ml phosphate buf
fer, Sigma Chemicals Co.; grade II, 500 
units/mg, where a unit is defined as equal to 
A Absorbance 0.001/minute, 3.0 ml, 280 m^, 
pH 6.5, 25°C) was added to the mixture and 
this moment was regarded as zero time.

The ratio of enzyme to substrate was pre
viously determined to yield a zero order re
action with respect to substrate concentra
tion. The vessel was closed and the sample 
was maintained at 20 °C while argon or nitro
gen gas was introduced (superimposed over 
the normal atmosphere) for approximately 3 
min to increase the pressure to 5000 psig. 
The vessel was agitated for five sec follow
ing attainment of the desired pressure.

Aliquots of 6.4 ml were periodically col
lected in a tube containing 2.0 ml acetate 
buffer (pH 4.6, 0.2 M) by opening a valve 
(Part J, Fig. 1) connected to a dip tube. Ab
sorbance at 470 nyu was measured using a 
Spectronic 20 colorimeter (Bausch and Lomb 
Optical Co.). After samples which had been 
pressurized for various times were analyzed, 
a plot was made of absorbance vs. time. The 
slopes and 95% confidence limits were cal
culated using linear regression analysis 
(Draper et al., 1966).

Control samples were prepared and han
dled in the same manner as high-pressure
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Fig. 1— High-pressure apparatus. A. Inlet, gas; B. valve, one 
way, check; C. air, for compressor operation; D. compressor, air 
operated; E. gauge, pressure; F. reservoir, gas, 90 ml capacity; 
G. valve, 3-way; H. valve, 2-way; I. reaction vessel, 300 ml ca
pacity; J . valve, sampling, with dip tube; K. inlet, water jacket; 
L. outlet, water jacket; M. bath, constant temperature liquid with 
circulating pump.

Fig. 2— The effect of acetate buffer on trosinase activity and 
dopachrome stability. After 15 min reaction time, 20.0 ml of 
acetate buffer (pH 4.6, 0.2 M) were added. The initial reaction 
mixture contained 28.0 ml L-tyrosine (0.001 M), 20 .0 ml phos
phate buffer (pH 7.2, ionic strength 0.05), 8 .0  ml distilled water 
and 8.0 ml tyrosinase solution (500 units tyrosinase per 3.0 ml 
phosphate buffer).

samples, except they were reacted in an at
mosphere of normal composition and pres
sure and a pipette rather than a dip tube was 
used to collect aliquots from the open reac
tion vessel.

Since several minutes elapsed between 
sample collection and measurement of ab
sorbance, it was desirable that dopachrome 
absorbance remain constant during this in
terval. Concern over this point arose because 
of: (1) possible damage to the enzyme (sur
face denaturation) during dip tube sampling, 
and (2) the loss of oxygen that would occur 
when pressure was released from the sample. 
Both events would cause the pressurized sam
ples to exhibit less activity than the controls 
during the interval between sampling and 
measurement of absorbance. Figure 2 shows 
that acetate buffer was effective in maintain
ing a quite constant absorbance at 470 mp 
for the period in question, thereby minimiz
ing the chances that the above factors could 
affect the results. Further experimentation 
also established that dopachrome red was 
stabilized by the acetate buffer treatment, i.e., 
the system was static in the sense that mainte
nance of dopachrome at a constant level was 
not achieved by a mechanism involving 
equal rates of formation and oxidation.

Influence of exposure to N2 for 
15 min at 5000 psig

Gelatin gels were chosen as a nonfluid sys
tem since gelatin did not interfere with the 
colorimetric analysis for dopachrome. Shell- 
cast gels, rather than bulk gels were used be
cause preliminary observations showed that 
penetration of high-pressure gases into bulk 
gels required excessive time for equilibration.

A 1.58 g quantity of gelatin (Swift’s Vel- 
vatek, 250 Bloom, Gelatin Dep’t., Swift and 
Co., Chicago) was slowly added with con
stant magnetic stirring to 16.0 ml of boiling 
distilled water. A mixture of 7.0 ml L-tyro
sine solution (0.002M) and 5.0 ml phosphate

buffer (pFl 6.85, ionic strength 0.10) was 
added and the entire system was allowed to 
cool to 30°C. A 2-ml volume of tyrosinase 
solution (500 units tyrosinase/3.0 ml phos
phate buffer) was added to the mixture and 
this moment was regarded as zero time. This 
ratio of enzyme to substrate yielded a zero 
order reaction with respect to substrate con
centration.

The entire suspension was then poured into 
a large glass test tube (38 x 200 mm) and 
the tube was positioned horizontally in an 
ice-water bath and rotated about its major 
axis for three min. at 60 rpm. A clear, thin 
shell-gel approximately 20 mm deep was pro
duced on the inner surface of the tube. The 
tube was then removed from the rotator and 
placed in the high-pressure reaction vessel 
which was maintained at 15°C. Nitrogen 
(5000 psig) or nitrous oxide (600 psig) was 
then introduced while the sample tempera
ture was carefully maintained at 15°C both 
during and following the pressurization pe
riod.

After a 15-min treatment, the pressure was 
released, the test tube was removed, and the 
shell-gel was melted by heating to 35 °C for 
5 min. This melting procedure had no de
tectable effect on tyrosinase activity. The 
melted gel was poured into a cuvette and 
maintained at 25 °C while absorbance at 470 
m/x was periodically measured. Samples des
ignated as “agitated” were stirred for 30 sec 
to incorporate air prior to each absorbance 
reading.

The control samples were prepared and 
treated in the same manner. Pressurization 
was omitted.

Influence of exposure to N 20  at 600 psig in 
fluid systems

A mixture of 40.0 ml acetate buffer (0.2M, 
pH 4.6) and 8.0 ml sucrose solution 
(15.33%, w /v) was added to 1.0 ml inver- 
tase solution. The invertase solution consisted

of 0.4 mg dry yeast invertase (grade B, Cal 
Biochem, Los Angeles) 0.9 ml water, 0.065 
ml glycerol and 0.035 ml citrate buffer at 
pH 4.45.

The combination was poured into the 
chamber of the high-pressure vessel (Part I, 
Fig. 1), which was maintained at 15°C. 
Nitrous oxide (600 psig) was introduced, and 
the sample temperature was carefully main
tained at 15°C both during and following the 
pressurization period. After 60 min the pres
sure was slowly released to avoid any de
tectable decrease in sample temperature, the 
vessel was opened (designated as zero time) 
and 1.0 ml aliquots were periodically pipetted 
from the solution and analyzed for sucrose 
hydrolysis by the method of Schaffer et al. 
(1933).

The control samples were prepared and 
treated in the same manner as the high-pres
sure samples, except they were reacted in an 
atmosphere of normal composition and pres
sure.

Influence of exposure to NzO at 600 psig in 
nonfluid systems

A 1.0 g quantity of agar (Difco Bacto 
Agar, B140, Detroit) was slowly added with 
constant stirring to a mixture of 40.0 ml 
acetate buffer (0.2A7., pH 4.62) and 8.0 ml 
sucrose solution (15.33%, w /v). The mix
ture was heated to boiling, cooled to 37 °C, 
and 1.0 ml of invertase solution (as before) 
was added. Invertase suffered no detectable 
loss in activity when briefly subjected to tem
peratures of 37°C. The entire mixture was 
poured into a large glass tube and a shell-gel 
was formed. The tube was then placed in 
the high-pressure reaction vessel, which was 
maintained at 15°C, and the sample was 
treated with 600 psig N»0 as described for 
the fluid invertase samples. After 60 min the 
pressure was slowly released and the vessel 
was opened (designated as zero time). Por
tions of the gel were periodically removed
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X  =  a tm o sp h e ric  co n tro ls : 
y  =  0.0169 X  -0 .0099  
¿ lo p e  =  0.0169 ±  0.0006 (95%  C .L .)  
y =  0.330 ±  0.006 (95%  C .L .)

+  =  sa m p le s  e xp o sed  to nitrogen a t 5000 psig : 
y  =  0.0150 X  -0 .02 2 4  
¿ lo p e  =  0.0150 ±  0.0029 (95%  C .L .)  
y  =  0.275 ±  0.025 (95%  C .L .)

•  =  sa m p le s  expo sed  to argon a t 5000 psig : 
y  =  0.0148 X  -0 .0421  
s lo p e  =  0.0148 ±  0.0034 (95%  C .L .)  
y =  0.280 ±  0.015 (95%  C .L .)

Fig. 3— Influence of pressurization time (N2 
or Ar at 5000 psig) on tyrosinase activity 
in fluid systems analyzed immediately fol
lowing depressurization.

and 1.00 g quantities were analyzec for su
crose hydrolysis by the method of Schaffer 
et al. (1933).

The control samples were prepared and 
treated in the same manner as the h gh-pres- 
sure samples, except they were reacted in an 
atmosphere of normal composition and pres
sure.

Influence of pressurization time on trypsin 
activity

A 7.5 ml volume of trypsin (Nutritional 
Biochemicals Corp., Cleveland, salt-free and 
2 x  crystallized from ethanol, 25C /¿g/ml 
10 :,N  HC1) was added to a mixture of 42.5 
ml phosphate buffer (pH 7.2, ionic strength 
0.10) and 50.0 ml casein solution (Nutri
tional Biochemicals Corp., Cleveland 0.5 gm 
casein/50 ml phosphate buffer) at 25 ’C. This 
moment was designated as zero time A 70.0 
ml portion was poured into a large glass tube, 
which was then placed inside the high-pres
sure chamber maintained at 25 °C. Pressuri
zation with 600 psig N20  and sampling by 
means of a dip tube were conducted as pre
viously described. Discharged samples were 
agitated to remove N20  bubbles and the re
action was stopped by the addition of an 
equal volume of 5% trichloroacetic acid 
(TCA). The entire sample was then vacuum 
filtered through a sintered glass filter (me
dium porosity) and the absorbance of the 
clear filtrate (due to tyrosine and trypto
phane) was determined at 280 m,u with a re
cording spectrophotometer (model DK-2, 
Beckman Instruments, Inc.) in general ac
cordance with the method of Rick (1965b).

Control samples were prepared and treated 
exactly the same, except they were allowed 
to react in an atmosphere of normal compo
sition and pressure.

Influence of pressurization time on alpha- 
chymotrypsin activity

A 5.0 ml volume of alpha-chymotrypsin 
(Nutritional Biochemical Corp., Cleveland, 
salt-free and 3X crystallized from ethanol,

100 i±g/m\ 10"W HC1) was added to a mix
ture of 45.0 ml phosphate buffer (pH 7.2, 
ionic strength 0.10) and 50.0 ml casein solu
tion (as before) at 25°C. This moment was 
regarded as zero time. From this point on, 
the degree of proteolysis for both the pres
sure and the control samples was measured 
exactly as described for trypsin analysis and 
outlined by Rick (1965a). The slopes (A A 
280 m/x/minute) and their 95% confidence 
limits were calculated using linear regression 
analysis (Draper et al., 1966).

R E S U L T S  & D IS C U S S IO N
Influence of pressurization time on tyro
sinase activity

The effects of high-pressure argon or 
nitrogen (various exposure tim es) on 
tyrosinase activity in fluid aqueous sys
tems are shown in Figure 3. Each point 
represents duplicate samples pressurized 
for the time indicated, and then analyzed 
at atmospheric pressure. N either nitrogen 
nor argon at 5000 psig (340 atm ) sig
nificantly reduced the rate o f reaction 
(AA 470 m ^/m inu te) as com pared to the 
atmospheric control. Both gases caused a 
significant downward displacement of the 
absorbance-time curve as com pared to the 
control curve. Initial imposition of a high 
gas pressure (during the first 10 m in) had 
an inhibitory effect on tyrosinase, but con
tinued pressurization beyond ten min. had 
no additional inhibitory effect. A bsorb
ance of the pressurized sample was always 
less than the control.

The results of Figure 3 are in partial 
disagreement with those of Schreiner
(1965). A t a partial pressure of 30.6 atm 
(com pared to 340 atm  in the present 
study) Schreiner reported that the reac
tion rate of tyrosinase was reduced 32%

POST PRESSURIZATION TIME (MINUTES)

Sym b o l M eaning
S lo p e  ( A  A 470 

m ^ /m in)
X  ag ita te d , a tm o sp h e ric  contro l
•  nonag ltated  a tm o sp h e ric  contro l
+  ag ita te d , 5000 psig  N ; sa m p le
A  n o n ag lta ted , 5000 p sig  N2 sa m p le

0.0072
0.0072
0.0070
0.0023

Fig. 4— Influence of exposure to N2 for 15 minutes at 5000 psig 
on tyrosinase activity in nonfluid systems analyzed at various 
times following depressurization.

POST PRESSURIZATION TIME ( MI NUTE S )

Sym b o l M eaning
S lo p e  (A A 470

mtr/min)
X

+
A

ag ita ted , a tm o sp h e ric  co n tro l 0.0065
n o n ag lta ted , a tm o sp h e ric  co ntro l 0.0065
ag ita ted , 600 p sig  N2 O 0.0060
n o n ag lta ted , 600 psig  Ns O 0.0010

Fig- 5— Influence of exposure to N?0 for 15 minutes at 600 psig 
on tyrosinase activity in nonfluid system s analyzed at various 
times following depressurization.
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by argon and 40%  by nitrogen as com 
pared to a control at atmospheric pres
sure.

Influence of exposure to N , for 15 min 
at 5000 psig on tyrosinase activity

The effect of 15-min. exposure to ni
trogen at 5000 psig or nitrous oxide at 
600 psig on tyrosinase activity in gelatin 
shell gels is shown in Figures 4 and 5.

Each figure represents results of a typi
cal experiment conducted by pressurizing 
a single sample, releasing the pressure, 
melting the gel and measuring absorbance 
at various post-pressurization times. Sev
eral conclusions can be drawn from  these 
data.

Effect of pressurization. In all instances, 
treatm ent with either high-pressure N 2 or 
N 20  resulted in inhibition of tyrosinase 
activity. For the unagitated pressurized 
samples, this is evident from  their smaller 
initial absorbance values (35 min. values 
for No data and 30 min values for N 20  
data) and their lesser slopes as com pared 
to the unagitated controls. For the agi
tated pressurized samples this inhibition is 
evident from  the downward displacement 
of their absorbance curves as com pared to 
the agitated controls.

Agitation following pressure release. 
Agitation of samples following release of 
the pressure greatly enhanced the activity 
of tyrosinase in the pressure-treated sam
ples, but agitation of the control samples 
had no effect. This is to be expected since 
the pressurized samples would be de
pleted of oxygen by the pressurization- 
depressurization process (release of the 
pressure would remove considerable oxy
gen along with inert gases), whereas the 
control samples would be in a state of 
near equilibrium with air throughout the 
reaction period.

The fact that agitation (aeration) re
stored the depressurized samples to the 
same activity as the controls, indicates 
that tyrosinase inhibition was likely 
caused by the ability of high-pressure 
gases to limit the availability of oxygen 
rather than by any pressure induced 
changes in tyrosinase. Tissue systems 
would no doubt behave like the unagitated 
samples.

N 2 v s . N 20 .  N itrous oxide at 600 psig 
inhibited tyrosinase to a greater extent 
than nitrogen at 5000 psig. The reaction 
rate (slope) of the nonagitated sample 
treated with 600 psig N 20  was only one 
sixth that of the nonagitated control sam
ple (Fig. 5 ), whereas the reaction rate of 
the nonagitated sample treated with 5000 
psig No was one third that of the nonagi
tated control sample (Fig. 4 ).

Influence of exposure to NoO on invertase 
activity in fluid systems

The effect of N 20  at high pressure on 
invertase activity in a fluid aqueous system

! M I N U T E S  )

Sym - reaction  rate  con-]
bol M eaning  s ta n t , k
X  a tm o sp h e ric  contro l 16.0 X  10-5 s e c - 1
•  600 psig  NjO 15.5 X  10-3 s e c - 1

Fig. 6— Influence of exposure to N20  for 
60 minutes at 600 psig on invertase ac
tivity in fluid systems analyzed at various 
times following depressurization.

( M I N U T E S )

Sym - reaction  rate
bol M ean ing  c o n s ta n t , k
X  a tm o sp h e ric  contro l 9 .60 X  10-5 s e c - 1
•  600 psig  N2O 9.45 X  10-5 s e c - 1

Fig. 7— Influence of exposure to N20  for 
60 minutes at 600 psig on invertase ac
tivity in nonfluid system s analyzed at vari
ous times following depressurization.

was determined in duplicate by exposing 
the system to 600 psig N 20  for 60 min
utes, releasing the pressure and measuring 
absorbance at various post-pressurization 
times. From  the results shown in Fig. 6 
it is obvious that the N 20  treatm ent had 
no significant effect on invertase activity.

Influence of exposure to N 20  on invertase 
activity in nonfluid systems

The effect of N 20  on invertase activity 
in agar shell-cast gels was determined in 
duplicate by exposing the samples to 600 
psig N 20  for 60 min, releasing the pres
sure, and analyzing liquefied aliquots of 
the gel at various times following depres
surization. The results in Figure 7 clearly 
dem onstrated that 600 psig N 20  had no 
inhibitory effect on invertase activity. In 
vertase, unlike tyrosinase, does not utilize 
molecular oxygen as a substrate. Any 
theories postulating com petition between 
inert gas molecules and substrate oxygen 
molecules for reactive sites on the enzyme 
surface are not applicable to invertase.
Influence of pressurization time on trypsin 
activity

The effect of N 20  on trypsin-catalyzed 
hydrolysis of casein in fluid aqueous sys
tems was determined in duplicate by ex
posing the system to 600 psig N 20  and 
then drawing samples for analysis at vari
ous times. From  the results shown in Fig
ure 8, the pressure treatm ent had no de
tectable effect on the activity of trypsin in 
aqueous solution. Since no inhibitory ef
fect was achieved using N 20  (m ost effec
tive of the inert gases in the case of tyro
sinase), investigation of the other inert 
gases was not considered worthwhile.
Influence of pressurization time on 
alpha-chymotrypsin activity

The effect of N 20  on alpha-chymotryp- 
sin-catalyzed hydrolysis of casein in a 
fluid aqueous system was determined in 
triplicate by exposing the system to 600 
psig N 20  and then drawing samples for 
analysis at desired intervals. The results 
in Figure 9 show a tendency for the pres
sure treatm ent to depress the reaction rate 
( a A 280 m /i/m inute) as com pared to the 
atmospheric control, however, the differ
ence was not statistically significant at the 
95% confidence level.

Additional studies were conducted in 
duplicate for pressurization times ranging 
from  60 to 180 min, since it appeared 
from  Figure 9 that more prolonged pres
surization might result in a significant 
rate depression. The 60-180-m in data 
for the control and pressurized samples 
resulted in parallel lines, with the line for 
the pressurized samples being displaced 
downward from  the control by a distance 
that was not statistically significant. N 20  
at 600 psig had no significant inhibitory 
effect on the activity of alpha-chymotryp
sin in aqueous solution.
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Fig. 8— Influence of pressurization time (N-0 at 600 psig) on 
trypsin activity in fluid systems analyzed immediately following 
depressurization.

C O N C L U S IO N S
H IG H -PRESSU RE treatm ents with gases 
such as No, Ar and N.jO significantly in
hibited the activity of the oxygen depend
ent enzyme tyrosinase, but did not sig
nificantly alter the activities of invertase, 
trypsin or chymotrypsin.

Two apparently different types of in
hibition were observed with tyrosinase. 
One type of inhibition was evident in the 
fluid tyrosinase samples where the absorb
ance curve for the pressurized samples 
was displaced downward from that of the 
controls. A possible explanation for this 
•occurrence is that the imposition of the 
pressure resulted in tem porary enzyme 
inhibition followed by rapid restoration of 
normal activity as the pressure was held 
constant at the desired level. This sug
gestion, although unattractive from  a the
oretical standpoint, is compatible with the 
results of Figure 3.

Alternatively, it might be suspected 
that some consistent error in handling the 
pressurized samples resulted in their fixed 
low er absorbance as compared to control 
samples at corresponding reaction times. 
An obvious possibility is that the samples 
continued to react during the few minutes 
between pressure release and analysis, 
w ith the pressure-treated samples reacting 
more slowly than the controls. F or ex
ample, the dip tube sampling technique 
could have resulted in tem porary tem pera
ture changes, partial denaturation of tyro
sinase and oxygen loss from  the sample. 
Considerable care was taken immediately 
after sampling to assure that the reaction 
was stopped, pertinent products were 
stabilized and the sample tem perature was 
■controlled.

It was also proved experimentally that

the dip tube sampling method caused no 
detectable change in tyrosinase activity. In 
spite of these considerations, it must be 
remembered that only presumptive evi
dence exists for inhibition of tyrosinase in 
liquid systems during imposition of pres
sure. An undetected constant error of 
some sort caused the pressure-treated 
fluid tyrosinase samples to exhibit lower 
absorbance values than the controls.

The second type of tyrosinase inhibi
tion was observed in the unagitated gel 
samples of Figures 4 and 5. The rates of 
reaction (slope of the lines) were sig
nificantly less in the pressure-treated sam
ples (following release of the pressure) 
than in the controls. This inhibition was 
oxygen dependent and reversible, as is 
evident from  the fact that the pressure- 
treated samples could be restored to a 
normal activity by aeration. Oxygen was 
depleted in the sample as the pressure was 
released. The only significant effect of 
high-pressure gases as used in this study 
was to interfere with oxygen availability.

This study involved only a few en
zymes, each at a single set of conditions. 
Before abandoning the hope that high 
pressures can be used to control enzyme 
activity, it would be advisable to deter
mine the extent to which the effectiveness 
of a pressure treatm ent is influenced by 
such variables as tem perature, pH  and 
concentration of the various constituents. 
It would be desirable to test other en
zymes. and pressures greater than 5000 
psig. Hydrostatic pressures on the order 
of 5000 atm (ca. 75,000 psig) can result 
in partial inactivation (irreversible) of 
some enzymes, it would seem especially 
worth-while to investigate the pressure 
range 5000 to 75,000 psig using inert 
gases (Curl et al., 1950; M iyagawa et al., 
1963; Suzuki et al., 1963).

PRESSURIZATION TIME 
( MINUTES )

Sym -

S lo p e  ( A  A 280 
m /,/m in ) and  

95% co n fid e n ce
boi M eaning lim it
X a tm o sp h e ric  contro l 1.21 ±  0.31
• 600 psig  NiO 1.02 ±  0.27

Fig. 9— Influence of pressurization time 
(N20  at 600 psig) on alpha chymotrypsin 
activity in fluid system s analyzed immedi
ately following depressurization.
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The Influence of Tension on Pre-Rigor Excised Bovine Muscle
SUMMARY— The influence of four levels of tension In two pre-rigor excised bovine mus
cles on fiber diameter, sacromere length, percent kinkiness, and shear value were studied. 
Fiber diameter was found to be smaller with 1,000-g pull treatment than when there was 
no tension, but no significant change was found with succeeding increases in tension. 
Sarcomere length was found to increase to the 2,500 g pull treatment and then level 
off. Both muscles exhibited less kinkiness to the 1,000-g pull treatment. However, after 
this level the semitendinosus muscle increased whereas the semimembranosus de
creased. In like manner, a considerable decrease was noted in shear force to the 1,000-g 
pull treatment for both muscles, but after this point a small increase was noted for the 
semitendinosus muscle whereas the semimembranosus muscle did not change.

IN TRO D U CTIO N
COM M ONLY ASSOCIATED differences 
in m eat tenderness among muscles— age, 
breed, sex, aging, etc.— have been largely 
attributed to the quality and quantity of 
the connective tissues. However, muscle 
fibers, which account for approximately 
75%  of the muscle mass, are also very 
important.

The work of H iner et al. (1953), Tum a 
et al. (1962), Herring et al. (1965b) and 
Reddy et al. (1967) indicated there was 
a  negative relationship between fiber di
am eter and tenderness. As fiber diameter 
increased, to a point, there was a corre
sponding decrease in tenderness. Experi
ments conducted by Locker (1960), H er
ring (1965a) and M arsh et al. (1966) 
suggested that the state of contraction of 
the muscle may be related to tenderness 
and that muscles that are in a fully or 
partially contracted state are less tender 
than those that have not contracted.

Both muscle fiber diameter and state of 
contraction vary inherently and must be 
considered in any evaluation of tender
ness. F iber size has been found to vary 
between the m ajor animal classes (May- 
eda, 1890) as well as between muscles of 
the same animal (Ham m ond et al. 1932). 
In  a study by Joubert (1956), differences 
in fiber diam eter were shown to exist be
tween breeds and sexes. M aturity, as re
ported by Henrickson et al. (1963),

* P re sen t ad d ress : D e p a r tm e n t o f  A n im al Sci
en ce . C o rn e ll U n iversity , I th a c a , N ew  Y o rk  
14850.

caused an increase in fiber size. F iber size 
increases rapidly while the animal is quite 
young and tends to level off as the animal 
approaches maturity.

Yeates (1964) reported that the level 
of nutrition affected fiber size. The experi
m ent revealed that, with starvation of the 
adult animal, shrinkage in cross-sectional 
areas of the muscles was associated with 
reduction in fiber diameter. However, 
with recovery of live weight, both whole 
muscle dimension and muscle fiber diam
eter appeared to return to normal.

The state of muscular contraction is 
primarily a result o f the postmortem 
changes that are both natural and in
duced. The most pronounced physical 
change in muscle extensibility results from 
the occurrence of rigor mortis. As rigor 
approaches, the muscle goes from  a highly 
extensive elastic condition to the inexten- 
sible and rigid condition of the muscle in 
full rigor. Along with this change in ex-., 
tensibility, Locker (1960) indicated there 
was a gradual shortening of the sarcomere 
as rigor approached, which leaves the 
muscle in a semicontracted state.

The effect of tem perature on the con
tractile state of the muscle has been shown 
to have considerable influence. Locker et 
al. (1963) showed that shortening of the 
muscle fiber occurred when exposed to 
very cold temperatures. H erring et al. 
(1965a) reported that slightly more short
ening appeared, as indicated by sarcomere 
length, to take place in stretch-restrained 
muscle at 1 °C  than at 5°C. Cook et al.
(1966), using samples of unfrozen and 
pre-rigor frozen ovine semitendinosus

muscle, found that variations in tem pera
ture caused muscle fibers to be in various 
states of contraction.

Carcass position has been found to have 
a definite effect on the contractile state o f 
the muscle (H erring et al. 1965b). By 
vertically suspending the carcass, certain 
muscles are in a stretched state, as indi
cated by sarcomere length, while other 
muscles are in a shortened state.

Postm ortem  morphology of the muscle 
fiber has been shown to vary considerably, 
and again should be considered in many 
tenderness studies. Paul et al. (1944) re
ported that the structural appearance of 
the muscle fiber varied with aging. H arri
son et al. (1949) found that freshly killed 
beef muscle showed poorly differentiated 
fibers that were straight to slightly wavy. 
A fter one day of storage at 1.7°C the 
fibers and cross striations were m ore dis
tinct and the longitudinal striations less 
distinct. C ontracture nodes, kinks and 
waves increased after four to nine days 
of storage. D isappearance of cross striae 
in small infrequent areas of the fibers 
were noted on the second day of storage, 
and this disintegration increased in fre
quency and extent as storage time in
creased.

"R eddy et al. (1967), studying the ef
fect of pre-rigor excision of three bovine 
muscles on fiber diameter and am ount of 
fiber distortion, reported some interesting 
relationships in condition. The am ount of 
fiber distortion, term ed percent kinkiness, 
was found to be greater for the pre-rigor 
excised longissimus dorsi muscle than the 
post-rigor excised muscle. However, the 
opposite was found true for the gluteus 
medius muscle, thus supporting the postu
lation of Locker (1960) and the results of 
Herring et al. (1965b) that different in
ternal strains among muscles exist in the 
vertically suspended carcass. These w ork
ers also found that the diam eter of the 
fibers of the pre-rigor excised semitendin
osus muscle was greater than the fiber di
ameter of the post-rigor excised muscle,



376— JOURNAL OF FOOD SCIENCE— Volume 34 (1969)

Table 1—The influence of tension during chilling on pre-rigor excised bovine muscle.

T e n s io n 1

S em itend inosus S em im em branosus

0 1 ,000 2 ,5 0 0 5 ,0 0 0 0 1 ,000 2 .5 0 0 5 ,0 0 0 S E 2

F ib e r  d ia m e te r3 M 67 .05 58 .88 54.41 5 7 .5 6 62 .85 54 .29 52 .98 52 .43 1 .28

S arcom ere  le n g th 4 M 1 .9 4 2 .3 4 2 .6 0 2 .8 8 1.91 2 .4 5 2 .73 2 .8 2 0 .0 8

K in k in ess5 % 3 2 .8 6 2 2 .3 0 2 5 .9 0 3 3 .4 0 3 6 .5 7 2 1 .8 0 15.80 13.83 3 .71

S hear fo rce6 lb 33 .55 2 6 .1 2 26 .39 2 6 .7 9 29 .25 2 6 .6 8 24 .38 25 .12 2 .0 6

1 G ram s o f  p u ll using  a  tensiom eter.
2 S tan d a rd  e rro r.
2 (ST ) 67.05 >  58.88 (P  <  0.01).

(SM ) 62.85 >  54.29 (P  >  0.01).
4 (ST) 2.88 >  2.34 >  1.94 (P  <  0.01). 

2.88 >  2.60 >  2.34 (P  <  0.05). 
(SM ) 2.82 >  2.45 >  1.91 (P  <  0.01). 

2.73 >  2.45 (P  <  0.05).
« (SM ) 36.57 >  21.80 (P  <  0.01).
« (ST ) 33.55 >  26.79 (P  <  0.05).

which was apparently due to the shorten
ing of the muscle.

This study was designed to elucidate 
the relationship of muscle tension to fiber 
diameter, sarcomere length, and the 
am ount of fiber distortion resulting from 
various pre-rigor levels of tension. The re
lationship of the previously mentioned 
structural characteristics to tenderness 
were also studied.

E X P E R IM E N T A L
FIVE STEERS ranging in weight from 433 
to 503 kg of comparable finish and grade 
were sacrificed in accordance with the 
practices normally employed in the labora
tory and by industry (Wellington, 1953). The 
semitendinosus and semimembranosus mus
cles were excised from both hindquarters ap
proximately 45 min postmortem, trimmed of 
excess external fat, and divided into two 
samples each of approximately 6x6x21 cm 
(four samples per muscle). These samples 
were then subjected to four levels of tension 
(0, 1,000, 2,500, 5,000 g) by the use of a 
tensiometer and held in this state at approxi
mately 1.1 °C for 48 hr. Each sample was 
covered with a fibrous bologna casing to pre
vent excessive moisture loss. The samples 
were then removed from the tensiometer, 
histological core samples taken, and the re

mainder wrapped and frozen for shear de
terminations.

The samples used for structural characteri
zation consisted of removing two (0.63x1.27 
cm) cores from each end of the muscle sec
tion. These were put into a 10% buffered 
formalin fixative for approximately one week 
and held at approximately 1.1c C.

A sample of tissue was removed from each 
fixed core and blended in a slow speed War
ing Blendor, blades reversed, for one minute 
in a 10% formalin media to dislodge the 
fibers. The suspension of fibers, in the for
malin media, was observed in a 5 cm petri 
dish under a regular light microscope at 
150x magnification. Twenty-five fibers were 
measured per section giving a total of 100 
fibers per sample. (400 measurements per 
muscle). All fibers, broken and distorted, 
were measured at their widest diameter, and 
observed in the field of a predetermined 
course.

Percent kinkiness, characteristics of the 
fiber in rigor, was determined at the same 
time as the fiber diameter was measured. For 
each fiber diameter measured a value was 
subjectively assigned to the condition of that 
fiber. The number of fibers falling into the 
seven classifications were recorded and multi
plied by an assigned value. The products 
were then added and divided by the total 
possible value, which permitted the degree 
of fiber kinking and distortion to be expressed

on a percentage basis.
Measuring sarcomere lengths consisted of 

dislodging the myofibrils, which was accom
plished by blending the sample for 1 hr in a 
formalin media. A drop of the suspended 
myofibrils was then placed on a clean glass 
slide and held in place with a glass cover- 
slip. No stain or mounting media was used. 
The slide was viewed under a phase-contrast 
microscope equipped with an ocular microm
eter, calibrated as one micron per division, 
at a power of 1600X- The field course con
sisted of making three passes across the slide 
being careful not to allow fields to overlap. 
Sarcomere lengths were determined by col
lectively measuring 10 sarcomeres, on each 
of 25 myofibrils and calculating an average. 
Twenty-five myofibrils were measured per 
sample, or 100 measurements per muscle.

Shear values were conducted using the 
Warner-Bratzler shear machine. Previously 
frozen muscle samples were allowed to thaw 
at approximately 3.9°C for 24 hrs. They 
were then tagged and cooked in oil preheated 
to 135°C. Each steak was allowed to attain 
an internal temperature of approximately 
68.3 °C, as indicated by a conventional meat 
thermometer placed in the center of the 
sample. The cooked steaks were then placed 
in the 3.9°C cooler, covered, and allowed to 
equilibrate to an internal temperature of 
3.9°C for approximately 24 hr. Cores were 
removed from the center of the muscle 
sample by the use of a mechanical coring de
vice mounted on a drill press. Six shear de
terminations were made on each 2.54 cm 
core. A total of 24 shear determinations were 
made per muscle.

All data were analyzed by analysis of vari
ances and Duncan’s new multiple range test.

R E S U L T S  & D IS C U S S IO N
V A RIATIO N  ON FIB ER  diam eter was 
found to be highly significant (P <  .01) 
for the four tension treatments. Flowever. 
highly significant differences (P <  .01) 
were also noted for muscles and animals. 
This was to be expected and is in agree
m ent with previous research. The average 
fiber size for each level of tension is 
shown in Table 1.

Further analysis, using D uncan’s new 
multiple range test, indicated that there 
was a highly significant decrease

Sarcomere
Length
(microns)

-------------Semimembranosus --------- Semitendinosus --------- Average Semimembranosus *--------— Sem iten d ino su s----------- Average

Sem'membfanosus and Semitendinosus are significant at P < .0 ] for ranges of 0-1000 
0-25C0, and 0-5000.

Fig. 1— The effect of tension on fiber diameter.

A ll ranges sig n ifican t at P< .01 for both muscles w ith  the exception  of the range 
2500-500C w h ich  was sig n ifican t a t P X .0 5 .

Fig. 2— The effect of tension on sarcomere length.
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1000 2500

Tension (grams pull)

- Semimembranosus - Sem ¡fendi nosus---------- Average

Semimembranosus and average are significant at P<.01 for ranges of 0-1000 , 0-2500, 
and 0-5000.

Fig. 3— The effect of tension on percent kinkiness.

Shear
Force
(pounds)

Semimembranosus - - S e m ite n d in o s u s --------- A verage

A verag e is s ig n if ic a n t  Gt P< .05 fo r ranges o f 0 -2 5 0 0  and 0-5000  grams p u l l .

Fig. 4— The effect of tension on shear force.

(P  <  0.01) in fiber diameter with increas
ing tension to  the 1,000-g pull treatm ent, 
then a gradual leveling off with succeed
ing increases in tension. These changes are 
graphically presented in F igure 1. It 
would seem logical that as the individual 
muscle fiber was stretched there was a 
corresponding decrease in fiber diameter. 
The muscle fiber evidently approached a 
point of physical lim itation with respect 
to stretching at the 1,000-g pull treatm ent, 
with only a slight decrease in diameter to 
the 2,500-g pull.

The semimembranosus muscle had con
sistently smaller fiber diameters at each 
degree of tension than the semitendinosus 
muscle, thus indicating true inherent dif
ferences between the two muscles.

The analysis clearly indicated that with 
succeeding increases in tension above
1,000 g, a corresponding increase in sar
comere length occurred (Table 1). A 
graphic view of the data are presented in 
Figure 2. D uncan’s test indicated that all 
ranges were highly significant (P  <  0.01) 
except the ranges 1.000-2,500 and 2 ,500- 
5,000, which were significant at 
(P  <  0.05). These findings are in general 
agreement with the work done by H erring 
et al. (1965a) who noted that sarcomere 
length of the semitendinosus muscle short
ened as a result o f pre-rigor excision, but 
that the pre-rigor excised stretch-re- 
stained semitendinosus muscles generally 
exhibited longer sarcomeres than the con
trol samples.

Variation in percent kinkiness was 
found to be highly significant (P  <  0.01) 
for the different degrees of tension. Sig
nificant differences (P <  0.05) were noted 
between muscles and for a muscle by ten
sion interaction (Fig. 3 ). The differences 
between muscles and the significant inter
action can be accounted for by differences 
in the physical properties of the two mus
cles. H erring et al. (1965a) reported that 
the semitendinosus muscle was able to re
tain initial length after being stretched, 
whereas the psoas major was not. Their

data along with the findings in this in
vestigation confirm differences in the 
physical properties of the two muscles. In 
this experiment, there was some differ
ence in connective tissue content of the 
muscles (Lee et al. 1967). which feasibly 
could have had an effect on the am ount 
of fiber kinking and distortion.

As can be seen in Table 1. both muscles 
descreased in percent kinkiness to the 
1,000-g pull treatm ent. The semimem
branosus muscle tended to decrease and 
the semitendinosus muscle tended to in
crease in percent kinkiness with increasing 
amounts o f tension. This is in agreement 
with the findings of Reddy et al. (1967) 
who noted that the pre-rigor excised 
longissimus dorsi muscle had a higher 
percent kinkiness than the post-rigor ex
cised muscle, indicating that in the post- 
rigor excised muscle the strains induced 
by vertical suspension of the carcass does 
inhibit kinking of the fibers to a degree.

Shear force was found to differ sig
nificantly (P <  0.05) for the tension treat
ments. Significant differences (P  <  0.05) 
were also noted between animals. Shear 
force is a highly variable measure and it 
is difficult to pick up small differences 
without many shear determinations. A 
more precise m easurem ent would have 
been desirable for com paring relationship 
in this study.

W hen the data for both muscles were 
combined and analyzed there was a sig
nificant decrease (P <  0.05) in shear 
force between zero and the 1.000-g pull 
treatm ent, then it leveled off (Fig. 4 ). 
This type of response was also character
istic of several of the previously m en
tioned variables, thus indicating that a true 
relationship of these variables may exist.
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Enzymic and Acid Hydrolysis of Sucrose as Influenced by Freezing
SUMMARY— Sucrose hydrolysis catalyzed by invertase was studied over the temperature 
range 12 to —22°C in solutions of various concentrations. Freezing resulted in a marked 
decrease in invertase activity. Factors considered as having a possible role in the in
hibition of invertase by freezing were: (1) the presence of ice crystals, (2) the increased 
concentration of solutes resulting from ice formation, and (3) a temperature effect in 
excess of that predicted from the Arrhenius equation (secondary temperature effect), it 
was shown that ice crystals formed at the rate used in this study had no effect on inver
tase activity, and that the decrease in invertase activity at sub-zero temperatures was 
quantitatively accounted for by the concentration effect and the secondary temperature 
effect. High levels of sucrose and buffer (ionic strength) were found to inhibit invertase 
activity. Sucrose hydrolysis catalyzed by acid (HCI) was studied over the temperature 
range 12 to —16.5°C, and an Arrhenius plot of the data was linear between 12 and 
—7°C. Once the solution was frozen (below ~ 6 .8°C ), the effect of temperature on the 
reaction rate constant no longer obeyed the Arrhenius equation, and the reaction rate 
constant was found to exhibit a maximum between —8.5 and — 16.5°C. The rate of su
crose hydrolysis catalyzed by acid was influenced by cooling and conventional freezing 
in a manner quite different from that observed with invertase-catalyzed hydrolysis.

IN TRO D U CTIO N
ENZYM IC ACTIVITY in frozen foods 
is a concern, particularly in those 
not heated prior to freezing. The activity 
of several enzymes has been studied in 
frozen aqueous systems, among them in
vertase by Kertesz (1942) and Sizer et 
al. (1942), lipase by Balls et al. (1938) 
and K iermeier (1948), catalase by Kier- 
meier (1948), proteinases by Mergentime 
ct al. (1946), chymotrypsin and cathepsin 
by Lineweaver (1939) and peroxidase by 
Tappel (1966). In general, enzymes are 
less active in frozen systems than in liquid 
solutions at the same tem perature, al
though exceptions to this rule have been 
reported (Kiermeier, 1948).

Sizer et al. (1942) studied trypsin, 
lipase and invertase activity in the tem 
perature range 50 to —70°C and reported 
sharp breaks in the Arrhenius plots near 
the freezing point of each system. F or in
vertase they reported activation energies 
(/u) of 11,100 cal/m ole above —2 nC. and
60,000 cal/m ole below —2°C. These re
sults prompted Sizer (1943) to suggest 
that freezing produced a change in en
zyme action.

Joslyn (1951) reviewed the effects of 
concentration and freezing on enzymes 
and suggested that increased concentra
tion of solutes and changes in physical 
and colloidal properties that occur during 
solidification may be responsible for re
duced enzymic activity in frozen systems.

The effect of sub-zero tem peratures on 
phosphatase- and peroxidase-catalyzed re
actions in unfrozen systems was investi
gated by M aier et al. (1955). Resulting 
Arrhenius plots were linear from 20 to 
near 0°C  and curvilinear from 0 to

—30°C. Enzymic reaction rate constants 
were more tem perature dependent below 
zero than above. These results, according 
to the authors, are in agreement with a 
theory proposed by Kavanau (1950) to 
the effect that: (1) enzymes exist in re
versible equilibrium between active and 
inactive forms and (2) low temperatures 
are especially effective in altering this 
equilibrium, thereby causing nonlinear 
Arrhenius plots. According to Kavanau, 
lowering the tem perature increases en
zymic intramolecular hydrogen bonding, 
alters the specific configuration of the en
zyme and masks active sites.

Hultin (1955) further developed the 
thermodynamics involved in the Kavanau 
theory and used the data of Sizer et al. 
(1942) on trypsin, lipase and invertase to 
calculate values for: (1) AH*, the en
thalpy of activation (p, — R T ), (2) AH, 
the heat of reversible denaturation be
tween active and inactive forms of the 
enzyme, and (3) T I/2, the tem perature at 
which half of the total enzyme :s in the 
active form (Ke,luil =  1). For invertase the 
following values were obtained: a H* =
10,000 cal/m ole, a FI =  —51,000 cal/ 
mole and T 1/2 =  269.6°K  (-3 .4 °C ).

In making his calculations Hultin as
sumed that the sucrose concentration was 
optim um for invertase activity is markedly 
dependent on sucrose concentration (N el
son et al. 1928) and since the data of 
Sizer et al. (1942) included rate values 
from partially frozen samples (thereby 
altering the sucrose concentration in the 
unfrozen phase), H ultin’s assumptions do 
not appear valid. The present study was 
done to help clarify why invertase inhibi
tion occurs during freezing.

The influence of freezing on nonen- 
zymic chemical reactions has recently re
ceived considerable attention, and the ef
fects are strikingly different from  those 
observed with enzyme-catalyzed reac
tions. It has been shown, for example, 
that numerous bimolecular reactions p ro
ceed more rapidly in the presence of ice 
than in its absence (G rant et al., 1961; 
Prusoff. 1963; Butler et al., 1964: W eath- 
erburn et al., 1964; Alburn et al., 1965; 
G rant et al., 1965a,b, 1967; Kiovsky et 
al., 1966; Pincock et al., 1966). M ech
anisms suggested as contributing to ac
celerated reaction rates in the presence of 
ice are: (1) a more favorable orientation 
of reactants, (2) enhanced proton m o
bility in systems dependent on proton 
transfer, (3) concentration of reactants 
in unfrozen regions, (4) nucleophile as
sociation, and (5) catalysis by ice.

Pincock et al. (1966) developed an 
equation relating the rate of reaction in a 
frozen sample to the concentration of so
lutes in the unfrozen solution. According 
to this equation, a maximum reaction rate 
constant should occur at a subfreezing 
temperature. Fairly good agreement was 
in fact obtained between calculated and 
observed rate constants for glucose muta- 
rotation in frozen aqueous solutions 
(Kiovsky et al., 1966). In opposition to 
this view, G rant et al. (1967) observed 
that changes in the reaction rate upon 
freezing cannot always be explained on 
the basis of concentration changes and 
that a mechanism such as catalysis by ice 
may be operative.

Rates of acid-catalyzed sucrose hydrol
ysis in frozen and unfrozen systems were 
determined in the present study so that 
acid and enzymic catalysis could be com 
pared.

E X P E R IM E N T A L
Materials

The invertase concentrate was prepared by 
dissolving 0.8 g of dry invertase (Yeast In
vertase, Grade B, CalBiochem. Los Angeles) 
in 129.2 ml of 95.1% glycerol (Baker Co., 
A.C.S. Standard Grade, 95.1% [w/v]) and 
diluting the solution to 200 ml with 0.02M  
sodium citrate buffer (pH 4.45). (All chemi
cals unless otherwise specified were A.R. or 
A.C.S. purity. Throughout this report the 
quantity of invertase used will be expressed 
in “units,” where one unit of enzyme is de
fined as the amount that catalyzes the trans
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formation of one micromole of substrate per 
min under defined conditions [Anonymous, 
1965]). For the invertase used here, it was 
determined that 0.5 ml of a 1/10 dilution 
of enzyme concentrate catalyzing the hy
drolysis of 24.5 ml of a 2.5% (w/v) sucrose 
solution at pH 4.62 and 6°C contained 5.62 
units of invertase.

Methods
Five solutions of different water content 

but of the same kind and ratio of solutes 
were used to determine the effect of tempera
ture, concentration and ice crystals on the 
activity of invertase. The compositions of 
these five solutions are shown in Table 1, and 
they are numbered in accordance with their 
concentrations. For example, the lOx sample 
contains the same amount of solutes as the 
lx  sample, but in 1/10 the total volume.

The effect of temperature on invertase ac
tivity was determined by using the 15x solu
tion. This solution enabled temperature ef
fects to be determined down to — 16.5°C 
(freezing point of the 15x solution) without 
interference from a change of state. The 
second effect, that of concentration (water 
content), was determined by comparing the 
reaction rate constants of the lx, 5x, lOx 
and 15x samples at temperatures from 0 to 
12°C. The third effect, that of ice crystal 
presence, was determined by measuring the 
reaction rate constants of the various un
frozen concentrated samples at their re
spective freezing points and comparing these 
values to the reaction rate constants of the 
frozen lx samples at comparable tempera
tures.

The validity of this method rests on two 
assumptions: (1) that the manner of freez
ing had no influence on the activity of in
vertase, and (2) that an unfrozen concen
trated solution at its freezing point and the 
frozen lx sample at the same temperature 
had fluid phases of identical composition (% 
basis). The first assumption was found valid 
by actual test. The second assumption ap
peared reasonable since: (1) all solutions 
were prepared so that they differed only in 
water content and (2) the composition of 
the unfrozen phase of a partially frozen ideal 
solution depends only on the temperature 
(Mazur, 1966). It therefore follows that an 
unfrozen sample at its freezing point, and the 
partially frozen lx sample at the same tem
perature. should exhibit the same invertase 
activity ( per ml of unfrozen material) unless 
the presence of ice crystals exerts an effect.

The freezing points of the various solutions 
(lx, 3x, 5x, lOx and 15x) were determined in 
triplicate by a thawing curve technique, and 
the following values were obtained (concen
tration factor, °C): lx, —0.6 ±  0.2; 3x, 
— 1.9 ±  0.2; 5x, -3 .7  ±  0.2; lOx, -8 .5  ±  
0.2; and 15x, —16.5 ±  0.4. A1Í freezing point 
measurements were made in the absence of 
invertase to avoid possible errors due to su
crose hydrolysis. Considering the molecular 
weight of the enzyme and the small amount 
normally used, its absence would have no 
significant influence on the freezing point 
values as reported.

Determination of reaction rate constants 
in enzyme solutions. Reaction rate constants 
were determined in duplicate for the un
frozen solutions shown in Table 1. The sam
ples were equilibrated for 20 min at the de-

Table 1—Composition of invertase solu
tions containing the same kind and ratio of 
solutes but different amounts of water.

S am ple
n u m b er
(concen
tra tio n
fac to r)

T o ta l
so lu te s1

(g)

R a tio  o f  enzym e/ 
su c ro se /b u ffe r2 
(un its /m g /m l)

S am ple
v o lu m e3

(m l)

lx 0 .8695 5 .6 2 /6 1 2 .5 /0 .7 8 2 4 .5

3x 0 .8695 5 .6 2 /6 1 2 .5 /0 .7 8 8 .1 6

5x 0 .8695 5 .6 2 /6 1 2 .5 /0 .7 8 4 .9 0

10x 0 .8695 5 .6 2 /6 1 2 .5 /0 .7 8 2 .4 5

15x 0 .8695 5 .6 2 /6 1 2 .5 /0 .7 8 1.63

1 T he to ta l so lu tes consisted  o f  0.6125 g sucrose, 
0.164 g sod ium  acetate , 0.120 g acetic acid , an d  
0.02 m g (5.62 un its) invertase . A ll sam ples h ad  pH  
va lu es o f  4 .62 ±  0.02.

2 T he volum e o f  sod ium  ace ta te  buffer expressed 
in  th is  ra tio  rep resen ts the ml o f  7.65 ionic s treng th  
buffer co n ta in ed  in th e  to ta l vo lum e show n in 
co lum n  4.

3 A ctua lly  a 24.5 m l vo lum e o f  the  ap p ro p ria te  
co m p o sitio n  w as alw ays utilized  to  av o id  large 
e rro rs  associated  w ith  sm all volum es. T he resu lts 
were then  divided  by the  a p p ro p ria te  c o n cen tra 
tio n  fa c to r  (sam ple  num ber, co lu m n  1) to  b ring  
th em  in to  acco rd  w ith  the  in d ica ted  volum es.

sired reaction temperature, invertase was 
added and aliquots were periodically re
moved and analyzed until at least 25% of 
the sucrose had been hydrolyzed. This degree 
of hydrolysis is regarded as necessary for 
determination of first order reaction rate con
stants for invertase-catalyzed sucrose hy
drolysis (Neuberg et al., 1950). The amount 
of reducing sugar was determined by the 
colorimetric procedure of Somogyi, (So- 
mogyi, 1952; Nelson, 1944). First order re
action rate constants (slope of the line ob
tained from a plot of In mg unhydrolyzed 
sucrose versus reaction time) were calculated 
by linear regression analysis.

Each reaction rate constant for a frozen 
lx sample at a given subfreezing temperature 
was derived by reacting no fewer than 10 
identical lx  samples (Table 1) for various 
times. All constituents except the enzyme 
were equilibrated at 0°C, following which the 
enzyme was added and each sample was 
shell-frozen by rotating the vessel in a dry 
ice-acetone bath (200 rpm for 90 sec). The 
samples were transferred to a bath at the de
sired sub-zero reaction temperature and al
lowed to stand for 20 min to attain tempera
ture equilibrium (duration determined experi
mentally). Two samples were immediately re
moved (regarded as zero time), thawed in 
hot water (completely thawed in ca. 90 sec) 
and analyzed. Additional duplicate samples 
were removed periodically, and the reaction 
rate constant was calculated by regression 
analysis of the data.

Although no measurement was made of 
the amount of sucrose hydrolysis that oc
curred during thawing, the amount was un
doubtedly small because of the short time 
involved, and probably quite constant (within 
a given series of samples being used for a 
single determination of k) judging from the 
good linearity achieved for each plot of In 
mg of unhydrolyzed sucrose versus reaction

time. It is therefore highly unlikely that the 
thawing procedure had a significant effect on 
the observed k values.

Acid-catalyzed hydrolysis of sucrose. Ob
servations of acid-catalyzed sucrose hydroly
sis in the temperature range 12 to —16.5°C 
were included in this study, since such data 
is apparently unavailable in the literature and 
it is of interest for comparative purposes. It 
was considered desirable to work at an acid 
concentration similar to that found in fruits. 
However, preliminary studies using HC1 con
centrations up to 0.189N (pH  0.7) showed 
that the reaction proceeded so slowly that 
changes could not be measured accurately 
over an 8-hr period.

A higher HC1 concentration of 1.48N  was 
therefore resorted to, enabling the reaction 
rate constant at 6°C to be determined ac
curately in a 4-hr period. Samples for the 
acid-catalyzed studies each consisted of 20 
ml of 1.771V HC1 and 4 ml of 15.31% (w/v) 
sucrose (612.5 mg dry sucrose), with the 
final solution being 1.481V in HC1. The 
freezing point of this solution was —6.8 ±  
O ^ C  as determined from the thawing 
curves of three replicates. First-order re
action rate constants were determined using 
procedures described earlier.

R E S U L T S  & D ISC U SS IO N
Enzyme-catalyzed hydrolysis of sucrose

Arrhenius plots (log k versus 1 /T ) of 
invertase-catalyzed sucrose hydrolysis 
over the tem perature range 12 to —22°C  
are shown in Figure 1. The general shape 
of the Arrhenius plot for the lx  sample 
over this tem perature range is in general 
agreement with the findings of Sizer et al.

I / T  x I04 (°K ')

Fig. 1— Influence of cooling and freezing 
on the first-order reaction rate constant for 
hydrolysis of sucrose catalyzed by inver
tase.
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(1942). There is a marked increase in 
slope negativity at a tem perature just be
low the freezing point of the lx  sample 
( —0 .6 °C ), and according to Sizer (1943) 
this indicates a change in enzyme mech
anism. The likely causes of the change in 
slope will be discussed later.

The activation energy for invertase, as 
calculated from the slope of the lx  Ar
rhenius plot between 12 and 0°C , was 
found to be 10,100 cal/m ole. This agrees 
fairly well with the value of 11,100 cal/ 
mole reported by Sizer et al. (1942). The 
calculated activation energy of 39,100 
cal/m ole for the lx  sample at tem pera
tures below freezing was considerably less 
than the 60,000 cal/m ole reported by 
Sizer et al. It is difficult to judge the seri
ousness of this discrepancy since their re
ported activation energy was the only one 
found for comparison, and since their 
conditions were somewhat different than 
the conditions employed in this study.

Calculated activation energies for the 
5x, lOx and 15x solutions over the tem 
perature range 12 to 0°C  were also 
10,100 cal/m ole, indicating that the ac
tivation energy is independent of concen
tration over the range studied.

Unfrozen concentrated samples, when 
cooled below 0°C, exhibited reaction rate 
constants less than would be predicted 
from the Arrhenius equation. This decline 
in the rate constant (the curved portion 
of the Arrhenius plot for concentrated 
samples) must be attributed to an addi
tional effect of tem perature since no ice 
was present. This nonlinearity of log k 
versus 1 /T  is in accord with Kavanau's 
theory (1950) that active and inactive 
forms of the enzyme exist in a reversible 
equilibrium especially sensitive to low 
temperatures. Accordingly, low tem pera
tures affect the reaction rate constant to a 
greater extent than predicted by the 
Arrhenius equation, and the plot becomes 
nonlinear. Decreasing the tem perature to 
sub-zero values supposedly results in in
creased intram olecular hydrogen bond
ing, thereby altering the configuration of 
the enzyme.

The fact that ice crystals (when formed 
at the rates used in this study) had no ef
fect on invertase activity can be clearly 
seen by com paring the reaction rate con
stants of the concentrated unfrozen sam
ples, at their respective freezing points, 
with the reaction rate constants of the 
frozen lx  sample at com parable tem pera
tures. F or example, at —3.7°C  (the freez
ing point of a 5x concentrated sample) 
the reaction rate constant in the frozen 
lx  sample was identical (within experi
mental error) with the reaction rate con
stant determined in the 5x concentrated 
(unfrozen) sample. Similar results were 
obtained at the freezing points of the 3x. 
lOx and 15x solutions.

It is also of interest to compare the

frozen and unfrozen samples with respect 
to the absolute quantities of sucrose hy
drolyzed per unit time. These values can 
be readily calculated from  the k values in 
Figure 1 ( t1/2 =  0 .6 9 3 /k ). Consider for 
example, the lx  and 15x samples at 0°C  
and —16.5°C. To hydrolyze half the total 
am ount of sucrose at 0°C  would require
3.8 hr in the lx  sample and 48.1 hr in 
the 15x sample (both unfrozen). On the 
other hand, at — 16.5°C, hydrolysis of 
half the total sucrose would require 363 
hr in both the lx  (frozen) and the 15x 
(unfrozen) samples.

Constituents responsible for 
invertase inhibition

It is evident that at any given tem pera
ture above 0°C  the reaction rate constant 
(k ) decreases as the concentration is in
creased from lx  to higher values. The 
decrease in k must be caused by one or 
more of the following constituents: in
vertase, sucrose or buffer.

To determine the effects of invertase 
and sucrose concentration on k, a study 
was conducted in which the sucrose and 
enzyme concentrations were varied, but 
ionic strength was held constant at the lx

Percent Sucrose (w/v)

Fig. 2— Effect of invertase and sucrose con
centration on invertase activity at 0°C. 
Compositions of the samples were: All 
samples were 0.12 in ionic strength and 
contained 2.0, 2.5, 4.0, 7.0 or 10 .0%  
(w/v) sucrose. The l x  enzyme samples 
contained 5.62 units of invertase; the 15x 
enzyme samples contained 84.30 units of 
invertase.

level (0.12 ionic strength). Two sets of 
solutions containing various am ounts of 
sucrose were prepared and equilibrated at 
0°C. The am ount of enzyme used in the 
lx  sample of F igure 1 and Table 1 was 
added to one set of solutions, and the 
am ount of enzyme used in the 15x sample 
of Figure 1 and Table 1 was added to the 
other set. The reaction rate constants 
were then determined at 0°C  and the re
sults are shown in Figure 2.

At any given sucrose concentration (for 
example, 7%  [w /v] sucrose), the k value 
for the 15x enzyme solution was always 
on the order of 10 times greater than the 
k value for the lx  enzyme solution. This 
indicated, as would be expected (G ut- 
freund, 1965), that the decreases in k, 
which occurred as concentration was in
creased (Fig. 1), cannot be attributed to 
invertase. However, the rate depressions 
observed in Figure 1 would have been 
less had k varied in direct proportion 
with enzyme concentration.

The effect of increased sucrose concen
tration on k is also dem onstrated in Figure
2. At both enzyme concentrations, the re
action rate constant decreased as the 
sucrose concentration increased. This is in 
agreement with the results of P lunkett et 
al. (1951). Thus the decrease in  k  that 
occurred as concentration was increased 
in the above 0°C  region of Figure 1 can 
be attributed in part to sucrose.

If the results shown in Figure 2 had 
been expressed as initial reaction rates 
(mg reducing sugar produced per unit 
time) rather than reaction rate constants, 
a maximum reaction rate would occur on 
both curves at approxim ately 7.5%  
(w /v ) sucrose. This is in agreem ent with 
the results of Nelson et al. (1928).

The effect of ionic strength (buffer) on 
invertase activity was determined by com 
paring the reaction rate constants of two 
solutions differing only in ionic strength. 
A 15x solution was prepared like that 
listed in Table 1 except that its ionic 
strength was equal to that of a lx  solu
tion (0.12 ionic strength). A control 15x 
solution was prepared in exact accordance 
with that listed in Table 1. Reactions were 
run at 0°C, and k values of 0.86 X 1CF5 
sec-1 and 0.40 X 10~5 sec"1 were ob
tained, respectively, for the 15x solution 
of 0.12 (low) ionic strength and the 15x 
control. Thus, it was evident that the low 
invertase activity of the concentrated sam
ples of Figure 1 was caused in part by 
their high ionic strengths.

In summary, the reaction rate constant 
for invertase-catalyzed sucrose hydrolysis 
was observed to decrease with increased 
solute concentration (enzyme, buffer and 
sucrose). This decrease in invertase ac
tivity can be attributed partly to increases 
in buffer concentration (ionic strength) 
and partly to increases in sucrose concen
tration. Increases in invertase concentra-
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Table 2—Influence of concentration changes and secondary temperature effects1 on 
invertase activity at various sub-zero temperatures.

F ra c tio n  o f  to ta l sub-zero  decrease 
in  k 1 caused  by :

C o n c e n tra tio n 2
T em p era tu re

(°C )
% H 2O 

so lid ified3
C o n c en tra tio n

effect

S econdary
tem p era tu re

effect

lx 0 0 0 0

3x -  1 .9 67 0 .8 3 0 .1 7

5x - 3 . 7 80 0 .7 8 0 .2 2

10x - 8 . 5 90 0 .9 0 0 .1 0

15x -  16.5 93 0 .9 5 0 .0 5

1 T em p era tu re  effects in  excess o f  those  p red ic ted  fro m  th e  A rrh en iu s  eq u a tio n .
2 C o m p o s itio n s  o f  th e  sam ples are  show n in T ab le  1.
3 T hese values w ere o b ta in ed  by ca lcu la tion . % H 2O  solidified =  [1.0 — (1/c o n c e n tra tio n  factor)J100.
4 R eference p o in t is the  k value fo r  the  lx  sam ple  as o b ta in ed  by  ex trap o la tin g  th e  ab o v e  zero  line to  

sub-zero  values (see F ig . 1).

tion were found to result in increased re
action rates, but this effect was more than 
counterbalanced by th e ' inhibitory effects 
of the buffer and sucrose.
Analysis of changes in the reaction 
rate constant

By examining the data in Figure 1, it is 
possible to determine the relative im por
tance of concentration and secondary 
tem perature effects (effects in addition to 
those predicted by the Arrhenius equa
tion) on invertase activity.

If the linear portion of the Arrhenius 
plot (above 0°C  in Fig. 1) is extrapolated 
to sub-zero tem peratures, a reference line 
is provided to which observed sub-zero k 
values can be com pared. This extrapolated 
line represents the expected results if the 
concentration did not change during ice 
form ation and if there were no tem pera
ture effects other than those predicted by 
the Arrhenius equation (prim ary tem 
perature effect). F or example, point A on 
Figure 1 represents the extrapolated re
action rate constant for a lx  solution at
— 16.5°C (freezing point of a 15x solu
tion) .

Point C on Figure 1 represents the ex
perim entally determined reaction rate 
constant in a frozen lx  solution at
— 16.5°C. The difference between the ex
trapolated lx  k value (point A, Fig. 1) 
and the experimentally determined lx  k 
value (point C, Fig. 1) represents the de
crease in k due to: (1) the effects of in
creased concentration from  lx  to 15x, 
and (2) secondary tem perature effects.

To separate concentration effects from 
secondary tem perature effects, an extrapo
lation must be made of the linear portion 
of the Arrhenius plot (Fig. 1) for the con
centrated solution in question (15x in this 
instance). Point B on Figure 1 represents 
the extrapolated reaction rate constant for 
the 15x solution at —16.5°C, and distance 
AB represents the decrease in k due to in
creasing the concentration from  lx  to 15x. 
Of the total decrease in k (line A C) dis
tance AB or fraction A B /A C  is caused by 
concentration effects, and distance BC or 
fraction B C /A C  is caused by secondary 
tem perature effects.

Calculations of the type just described 
were carried out for each of the con
centrated solutions and the results appear 
in Table 2.

It is apparent that the reaction rate con
stants o f frozen lx  solutions at various 
sub-zero tem peratures are influenced 
more by concentration changes than by 
secondary tem perature effects. There also 
appears to be a tendency for the concen
tration effect to become m ore im portant 
as the tem perature is decreased. However, 
this trend must change at some tem pera
ture below —16.5°C since a point will be 
reached eventually where a decline in 
tem perature will result in little, if any, 
change in concentration. The fact that

93%  of the w ater is frozen at — 16.5CC 
(column 3, Table 2) indicates that solidi
fication and the concentration process are 
not far from completion at this tem pera
ture.

Acid-catalyzed hydrolysis of sucrose
The effects of tem perature and change 

of state on the reaction rate constants for 
hydrolysis of sucrose catalyzed by inver

s e  6  0  -3.7 -8 .5  - I I  -16 - 2 2

O catalyzed by invertase, unfrozen sam
ples.

•  catalyzed by invertase, frozen sam
ples.

□ catalyzed by acid, unfrozen samples, 
a catalyzed by acid, frozen samples.

Fig. 3— Influence of cooling and freezing 
on the first-order reaction rate constant for 
hydrolysis of sucrose catalyzed by inver
tase or acid.

tase and by acid are shown as Arrhenius 
plots in Figure 3. The data presented for 
enzymic hydrolysis are the same as that 
shown for the lx  sample in Figure 1.

F or acid hydrolysis, a linear Arrhenius 
plot was obtained over the tem perature 
range 12 to —7°C, and the activation 
energy was calculated to be 26,000 cal/ 
mole. This is identical to the value re
ported by Sizer (1943).

Once the acid-catalyzed solution was 
frozen (below —6 .8 °C ), the effect of tem 
perature on the reaction rate constant no 
longer conform ed to the Arrhenius equa
tion and, in fact, k went through a sub
freezing maximum between —8.5 and 
— 16.5°C. This type of behavior has been 
reported for a num ber of bimolecular re
actions in frozen aqueous systems (G rant 
et al., 1961; Prusoff, 1963; Butler et al., 
1964; W eatherbum  et al., 1964; Alburn, 
et al., 1965; G ran t et al., 1965a, b, 1967; 
Kiovsky et al., 1966; Pincock et al. 1966). 
Mechanisms suggested as contributing to 
accelerated reaction rates in frozen sys
tems were cited in the introduction.

Pincock et al. (1966) developed an 
equation relating the reaction rate in a 
frozen solution to the concentration of 
solutes in the thawed solution (initial con
centration) . Experim ental data on the 
rate of glucose m utarotation in partially 
frozen aqueous solutions indicated that 
the concentration effect accounted for 
nearly all of the rate enhancem ent ob
served during freezing (Kiovsky et al., 
1966). In accordance with this relation
ship, the reaction rate constant of an 
initially dilute sample (on the order of 
0.05M ) exhibited a greater increase during 
freezing than the reaction rate constant of 
a sample that was initially m ore concen
trated. Since the sample used in this study 
was initially quite concentrated, the in
crease in reaction rate constant observed 
during freezing is likely smaller than 
would have occurred if the initial sample 
had been m ore dilute.



3 8 2 — JO U R N A L  O F  FO O D S C IE N C E — V olum e 3 4  (1 9 6 9 )

The fact that freezing can enhance non- 
enzymic bimolecular reactions, such as 
acid-catalyzed hydrolysis of sucrose, may 
be of concern in practical situations. This 
is particularly true of thawing since: (1) 
thawing of food tissue is inherently slower 
than freezing, and (2) the product spends 
most of the thawing period at a tem pera
ture very near its freezing point (Fennema 
et a l ,  1964). The last point is especially 
significant since the product will be in 
the tem perature zone where enhanced 
rates of nonenzymic reactions are ob
served. As is apparent from  Figure 3, the 
reaction rate constant for sucrose hydroly
sis catalyzed by invertase follows a differ
ent and less detrimental pattern of change 
than that of the acid-catalyzed samples.

Judging from these results, it would 
seem desirable that reactions that con
tribute significantly to the deterioration of 
food during frozen storage should be in
vestigated at tem peratures just below the 
freezing point of the system as well as at 
lower storage temperatures. The inform a
tion gained would help determine an opti
mum thawing technique.

R E F E R E N C E S
A n o n y m o u s. 1965. “ E nzym e n o m en c la tu re . R ec

o m m en d a tio n s  o f  the  In te rn a tio n a l U n io n  o f 
B iochem istry  on  th e  n o m en c la tu re  and  
classification  o f  enzym es to g e th e r  w ith th e ir  
u n its  an d  th e  sym bols o f  enzym e k ine tics .” 
E lsev ier P u b lish ing  C o ., N ew  Y ork .

A lb u rn , H .E . and  G ra n t. N .H . 1965. R eac tio n s 
in fro zen  system s. II . E n h a n c e d  h y d roxy l- 
am ino lysis o f  sim ple am ides. J. Am. Chem. 
Soc. 87, 4174.

B alls, A .K . an d  L inew eaver, H . 1938. A ction  o f 
enzym es a t low  tem p e ra tu re s . Food Re
search 3, 57.

B u tle r, A .R . a n d  B ru ice , T .C . 1964. C a ta ly s is  in 
w a te r  and  ice. A  c o m p ariso n  o f  the  k inetics 
o f  h yd ro lysis  o f  ace tic  an h y d rid e , b e ta -p ro - 
p io lac to n e , an d  p a ra -n itro p h en y l a c e ta te  and  
the  d eh y d ra tio n  o f  5 -hyd ro-6-hydroxy-de- 
ox y u rid in e  in w a te r  and  ice. J. Am. Chem. 
Soc. 86, 313.

F en n em a , O . an d  P ow rie , W .D . 1964. F u n d a 
m en ta ls  o f  low  te m p e ra tu re  fo o d  p re se rv a 
tio n . Adv. Food Research 13, 219.

G ra n t, N .H . an d  A lb u rn , H .E . 1965a. F a s t re 
ac tio n s  o f  a sco rb ic  acid  and  hy d ro g en  p e r 
ox ide in ice, a  p resu m p tiv e  early  e n v iro n 
m en t. Science 150, 1589.

G ra n t, N .H . and  A lb u rn . H .E . 1965b. T ra n s fe r  
reac tio n s  in  ice. In h ib itio n  o f  n o re n z y m a tic  
hyd roxy lam ino lysis o f  am ino  acid  es te rs  by 
s tru c tu ra l  analogs. Biochem. 4, 19 ,3 .

G ra n t, N .H . an d  A lb u rn , H .E . 1967. R eac tio n s 
in fro zen  system s. V I. Ice as a possib le 
m o d el fo r  b io log ica l s tru c tu re d -w a te r  sys
tem s. Arch. Biochem. Biophys. 118, 292.

G ra n t, N .H ., C la rk , D .E . and  A lb u rn , H .E . 1961. 
Im idazo le- and  b ase-ca ta ly zed  hy d ro ly sis  o f 
pen icillin  in fro zen  system s. J. Am. Chew. 
Soc. 83, 4476.

G u tf re u n d , H . 1965. “A n  in tro d u c tio n  to  the  
stu d y  o f  enzym es.” J. W iley  & Sons, Inc., 
N ew  Y o rk .

H u ltin , E . 1955. T h e  in fluence o f  te m p e ra tu re  on  
the  ra te  o f  enzym ic p rocesses. Ada. Chem. 
Scand. 9, 1700.

Joslyn , M .A . 1951. T h e  ac tio n  o f  enzym es in 
co n c e n tra te d  so lu tio n  an d  in th e  d ried  sta te . 
J. Sci. Food Agric. 2, 289.

K av an au , J.L . 1950. E nzym e k inetics an d  th e  ra te  
o f  b io log ica l p rocesses. J. Gen. Physiol. 34, 
193.

K ertesz , Z .I. 1942. N o te  on  invertase  activ ity  in 
iden tica l m ix tu res in th e  liqu id  and  fro zen  
sta te . J. Am. Chem. Soc. 64, 2577.

K ierm eier, F . 1948. D e r  E influss des G efrie ren s 
a u f  die W irk sam k e it von F e rm en ten . Bio
chem. Z. 318, 275.

K iovsky, T.E. and  P in co ck , R .E . 1966 T h e  m u 
ta ro ta tio n  o f  g lucose in fro zen  aq u eo u s so lu 
tions. J. Am. Chem. Soc. 88, 4704.

L inew eaver, H . 1939. T h e  energy  o f  ac tiv a tio n  o f  
enzym e reac tio n s, an d  th e ir  velocity  below  
0°C . J. Am. Chem. Soc. 61, 403.

M a ie r. V .P ., T ap p e l, A .L . an d  V o lm an , D .H . 
1955. R eversib le  in ac tiv a tio n  o f  enzym es a t 
low  tem p e ra tu re s . S tu d ies o f  te m p e ra tu re  d e 
p en d en ce  o f  p h o sp h a tase -  an d  perox idase- 
ca ta ly zed  reac tio n s. J. Am. Chem. Soc. 77,

M a zu r, P . 1966. P hysica l an d  ch em ica l basis o f  
in ju ry  in  single-celled  m ic ro -o rg an ism s su b 
jec ted  to  freez ing  an d  th aw in g . In . “C ry o 
b io logy ,” ed . M ery m an , H .T . p p . 2 1 4 -3 1 5 , 
A cad em ic  P ress, N ew  Y o rk .

M erg en tim e, M . and  W iegand , E .H . 1946. L ow  
te m p e ra tu re  ch a rac te r is tic s  o f  a p e a  p ro 
te inase . Fruit Prod. J. 26, 72.

N elson , N . 1944. A  p h o to m e tr ic  a d a p ta tio n  o f  
th e  Som ogyi m e th o d  fo r  th e  d e te rm in a tio n  
o f  g lucose. / .  Biol. Chem. 153, 375.

N elso n , J .M . an d  S ch u b e rt, M .P . 1928. W a te r  
co n c e n tra tio n  an d  th e  ra te  o f  hyd ro ly sis  o f  
suc rose  by  invertase . J. Am. Chem. Soc. 50, 
2188.

N eu b erg , C . an d  M a n d l, I. 1950. In v e rta se . In , 
“T h e  E n zy m es,” V ol. I. S u m n er, J.B . an d  
M y rb ack , K . eds., pp . 5 2 7 -5 5 0  A cad e m ic  
P ress , N ew  Y o rk .

P in co ck , R .E . and  K iovsky , T .E . 1966. K ine tics  
o f  reac tio n s in frozen  so lu tions . J. Chem. 
Educ. 43, 358.

P lu n k e tt, R .L . and  G em m ill, C .L . 1951. T h e  k i 
n e tics  o f  invertase  ac tio n . Bull. Math. Bio
phys. 13, 303.

P rusoff, W .H . 1963. L o w -tem p e ra tu re  rev e rsa l of 
th e  u ltra v io le t p h o to ch em ica l reac tio n  p ro d 
u c t o f  2 '-d eo x y u rid in e . Biochim. Biophys. 
Acta. 68, 302.

S izer, l.W . 1943. E ffects o f  tem p e ra tu re  on  e n 
zym e kinetics. Adv. in Enzymology 3, 35.

S izer. I .W . an d  Jo sep h so n , E .S . 1942. K in e tic s  as 
a  fu n c tio n  o f  te m p e ra tu re  o f  lipase , try p sin  
an d  in v ertase  ac tiv ity  fro m  — 70 to 50°C . 
Food Research 7, 201.

Som ogyi M . 1952. N o tes  o n  su g a r  d e te rm in a tio n . 
J. Biol. Chem. 195, 19.

T ap p e l, A .L . 1966. E ffects o f  low  te m p e ra tu re  
an d  freezing  on  enzym es and  enzym e sys
tem s. In , “ C ry b io lo g y ,” ed . M e ry m an . H .T . 
pp . 163-177 , A cad em ic  P ress, N ew  Y ork .

W e a th e rb u rn . M .W . an d  L ogan , J .E . 1964. T h e  
effect o f  freezing  o n  th e  p o tassiu m  ferricy - 
an id e -p o tass iu m  cyan id e  reag en t u sed  in th e  
cy an o m eth em o g lo b in  p ro ced u re  fo r  h em o - 
elob in  d e te rm in a tio n . Clin. Chim. Acta. 9, 
581.

M s. R eceived  7 /1 5 /6 8 ;  rev ised  1 1 /4 /6 8 ;  accep ted
3 /3 /6 9 .

1278.

T his s tu d y  w as su p p o r te d  in p a r t  b y  U .S . 
P u b lic  H e a lth  S ervice G ra n t  U .I . 00293. P u b 
lish ed  w ith  ap p ro v a l o f  th e  U n iv e rs ity  o f  W is
consin  A g ricu ltu ra l E x p e rim en t S ta tio n .

R . A. FLATH, R. R. FORREY and R. TERANISHI
USDA Western Utilization R&D Div., ARS, Albany, California 94710

High Resolution Vapor Analysis for Fruit Variety
and Fruit Product Comparisons

SUMMARY— By using a system incorporating large-bore open-tubular gas chromato
graphic columns, high resolution vapor analyses of five fresh apple products were run. 
The improved peak separation attainable with such a system permits more detai'ed com
parisons between different samples. This is a considerable aid in varietal studies and in 
following loss and change of volatiles during processing. The apple varieties examined 
appear to differ mostly in the relative proportions of individual components rather than 
in the presence or absence of certain constituents.

IN TRO D U CTIO N
VAPOR OR H EAD SPA CE analysis 
(MacKay, 1960; Teranishi et al., 1962),

offers several advantages to the investi
gator interested in the volatiles makeup 
of a food sample. The technique is rela
tively fast, for little sample preparation is

required other than a period of equilibra
tion at some standard tem perature. Be
cause no extraction, distillation or other 
preliminary separation and concentration 
steps are involved, the likelihood of arti
fact introduction or sample change is 
greatly minimized. Only the sample’s 
more volatile components are examined 
in approximately the same proportions as 
they are found in the food sample’s 
aroma. If we assume the response of the
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Fig. 1— Effect of sample volume on open- 
tubular column efficiency —■ 0.03 in. ID 
column.

He ium

II

Fig. 2— Trapping system for open-tubular 
column vapor analysis.

flame ionization detector is linear for all 
com pounds present, then the areas under 
the chrom atogram  peaks should indicate 
the relative amounts of the individual 
volatiles in the sample’s aroma.

There are several difficulties in applying 
the technique. The trem endous sensitivity 
of the human nose to different com 
pounds, com pared with a flame ionization 
detector, can be a considerable problem 
in using gas chrom atography for flavor 
and arom a work. An organoleptically im
portant com ponent may be present in the 
vapor above a sample in a proportion so 
small that it is not detected during vapor 
analysis. But because of a low threshold, 
this com ponent can still make a significant 
contribution to the sample’s arom a im
pression on the hum an nose.

The physical structure of the sample 
influences vapor-analytical results. In a 
whole fruit, for example, some volatiles 
may be contained within elements such as 
oil sacs or seeds, and so may appear at 
lower concentrations in the headspace 
analysis of a whole fruit than they do in

vapor analysis after crushing. On the 
other hand, enzymatic reactions may 
change the volatiles m akeup when sample 
tissue is cut or m acerated (D raw ert et al., 
1966). In practice, the particular applica
tion will determine whether a sample 
should be pulverized, sliced, pressed, or 
left whole for vapor sampling.

Considerable care must be taken in us
ing vapor analytical results for estimating 
the relative concentrations of volatile 
compounds within a food sample. Very 
few. if any, samples can be dealt with as 
ideal homogeneous solutions, with the 
equilibrated vapor above the sample con
stituted according to Raoult’s Law. N aw ar 
(1966) and Wientjes (1968) have de
scribed the effect of food sample makeup

on the headspace composition above the 
sample.

Identification of com pounds by high 
resolution vapor analysis faces the same 
problem encountered in any G C analysis 
of complex mixtures— separation on a 
single column provides very little, if any, 
inform ation about identities of individual 
components. If identifications are re
quired, supplementary inform ation is 
usually necessary, derived from  relative 
retention times on several stationary 
phases, from mass spectrom eter-GC data, 
or most reliably, from  isolation and identi
fication of individual volatile components 
of the food.

In spite of these difficulties, the ad
vantages of vapor analysis recommend it
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Fig. 3— Fresh apple varieties: a) Delicious, b) Golden Delicious, c) Pippin.
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as a useful tool for the food researcher 
concerned with a food sample’s aroma 
m akeup (M cCarthy et al., 1963; K epner 
et al., 1964; Heins et al., 1966; Romani 
et al., 1966).

M ost vapor analyses are conducted 
with packed columns of various kinds. In 
the larger diameters (Va in. o r greater) 
they can tolerate appreciable sample vol
umes without peak-broadening. However, 
packed-column separations of complex 
arom a mixtures are often unsatisfactory 
because of poor com ponent resolution. A 
study was therefore initiated to see 
whether 0.03 in. ID  open-tubular columns 
with their much higher efficiencies might 
improve separations for examination of

fruit arom a composition.
A 0.03 in. ID column could not toler

ate a 5-20 cc vapor sample w ithout appre
ciable peak-broadening. Figure 1 shows 
the results obtained when increasing vapor 
sample volumes were injected into a 1000 
ft x 0.03 in. ID column coated with 
methyl silicone oil. Unacceptable peak- 
widening appeared above 0.5 cc. U nfortu
nately, a 0.5 cc sample usually contains 
insufficient material for satisfactory an
alysis, Fig. 1.

A pre-column trapping system (Fig. 2) 
for preliminary concentration of condensi
ble volatiles from the vapor samples was 
then tried. An adaptation of cryogenic gas 
chromatography, in which the column it
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Fig. 4— Fresh apple varieties and apple product: a) Winesap, b)Mclntosh, c) Opales
cent apple juice.

self is initially cooled to act as a trap, is 
an alternative approach to the sample 
size problems encountered with open- 
tubular columns (M cEwen, 1964; Rush- 
neck, 1965; Heins et al., 1966). F or our 
purposes, a separate larger ID  trap [2 in. 
of 0.075 in ID, and 4 in. of 0.04 in. ID 
tubing coated with methyl silicone oil SF 
96(50)] seemed preferable.

Separations subsequently obtained on a 
tem perature-program m ed 0.03 in. ID  col
umn were a considerable improvement 
over earlier packed column separations. 
The results could also be directly corre
lated with separations of liquid essence 
concentrates obtained on 500 ft X 0.02 
in. ID  open-tubular columns. Com pound 
identifications made in this discussion are 
based upon previous mass-spec-GC w ork 
conducted with these 0.02 in. columns. 
Some typical vapor chrom atogram s ob
tained by this m ethod are shown in Figs.
3-5.

EX PE R IM E N TA L
THE GAS chromatograph, dual flame ioni
zation detector-electrometer assembly, and 
trapping system were constructed of two 900 
ft X 0.03 in. ID x  0.062 in. OD Type 316 
stainless steel open-tubular columns (Handy 
& Harman Tube Co., Inc.) coated with a 
mixture of 95% SF 96(50) (methyl silicone) 
and 5% Igepal CO-880 [nonylphenoxypoly- 
(ethyleneoxy)ethanol], then conditioned at 
200"C for several days with water-saturated 
nitrogen at 30 psi. The columns were then 
operated in a differential manner in the 
chromatograph.

To conduct a vapor analysis, the fruit 
sample (100 g of peeled and cored freshly- 
sliced apple; 100-200 g of apple product) 
was placed in a water-jacketed (35°C) Pyrex 
flask (250 ml) which was closed with an 
aluminum foil cap. After 15 min, the needle 
of a clean glass syringe was inserted through 
the cap and 20 cc of vapor was withdrawn 
without “pumping” the syringe. The sample 
was then injected into the trapping system 
(Fig. 1), with the stainless steel trap cooled 
in a solid carbon dioxide-acetone bath.

After the condensible material was 
trapped, the bath was removed, the switching 
valve (Carle Instruments Inc.) was rotated 
and the trap was heated rapidly to 130— 
140°C with a hot air blower. The time inter
val from removal of the bath to attainment 
of maximum temperature is 13-14 sec. No 
peaks were detected when blanks were run.

The fresh fruit and the fruit products were 
purchased in local markets. The apple slices 
and sauce were canned, the juice and apple 
butter were packaged in glass containers.

RESULTS & D ISC USSIO N
TABLE 1 lists retention times of chro
m atogram peaks which are representative 
of the 10 com pounds listed. Assignments 
were determined by co-injection of vapor 
from  authentic samples along with Red 
Delicious apple vapor. The com pounds 
chosen were found in Delicious and
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Gravenstein apple essences by the re
searchers cited above. Assignments for 
the other apple varieties were made by 
com paring the Red Delicious run with the 
other chromatograms. This is not a rigor
ous identification technique, but is suffi
ciently reliable for the purposes of this 
discussion.

Some shortening of retention times may 
be noted from  the table. The samples were 
run in the order listed, so this shortening 
is likely due to initial aging of the newly- 
coated column.

Significant differences are apparent on 
inspection of the five chrom atogram s of 
fresh apple vapor shown in Figures 3 and 
4. N ot only does the total am ount of 
volatiles vary considerably among vari
eties (e.g. Red Delicious vs. P ippin), but 
the relative concentration of individual 
components in a sample’s vapor also ap
pears distinctive for each variety (e.g. 
Red Delicious vs. M cIntosh) under the 
experimental conditions described.

Differences in total volatiles content 
could be detected almost as easily with a 
low-resolution packed column as with a 
large-bore open-tubular column. How
ever, m easurem ent of an individual com 
pound’s relative concentration required 
resolution of the corresponding chrom ato
gram peak from  its neighbors, and this 
resolution is most easily obtained with 
open-tubular columns. Paillard (1967) re
ported a similar comparison of eight apple 
varieties using activated carbon-trapped 
liquid samples and packed G C columns.

As might be expected, any possible 
correlation of processed apple product 
vapor chromatograms (Figs. 4 and 5) 
with those of fresh apples depends upon 
the nature and extent of the processing 
involved. The opalescent apple juice com
pares quite well with the two Delicious 
varieties, as far as presence of correspond
ing peaks is concerned. This degree of 
correlation is not attained with canned 
slices and other more highly-processed 
products. The apple sauce (Gravenstein) 
and apple butter (cider added; no spices) 
chromatograms are typical of such 
thoroughly-cooked products. The total 
volatiles concentration is relatively low, 
with an apparently-greater proportion of 
short retention time components than in 
fresh fruit vapor.

At present, there is no clear explanation 
for this latter observation. Cooking alone 
might deplete low-boiling constituents 
more than high-boilers. Short retention 
time compounds might have developed in 
the product during storage, or aroma con
densate material might have been blended 
into the m aterial after processing.

The examples illustrate the potential of 
large-bore open-tubular columns in vapor 
analysis. Even without actual identifica
tion of all vapor constituents, the tech
nique should prove useful for variety

Table 1—Time in minutes.

C o m p o u n d
M c

In to sh
G o ld en

D elic ious P ip p in
W ine-

sap
R ed

D elic ious Juice Slices

/¡-H exanal 5 1 .0 5 0 .8 5 0 .7 5 0 .7 5 0 .7 5 0 .2 4 9 .9

E th y l b u ty ra te 5 2 .0 5 1 .7 5 1 .6 5 1 .5 5 1 .7 51 .1 5 0 .9

1-Propyl p ro p io n a te 5 3 .5 5 3 .4 53 .3 5 3 .2 5 3 .2 5 2 .6 5 2 .5

1-Butyl ace ta te 54 .3 54 .3 54 .1 5 4 .0 54 .1 5 3 .5 5 3 .4

i/-«ni-2-H exenal 6 1 .4 61 .3 6 1 .2 6 1 .0 6 0 .9 6 0 .4 6 0 .2

E th y l 2 -m eth y lb u ty ra te 6 2 .4 62 .3 — 62 .1 6 2 .0 6 1 .4 61 .3

2 -M eth y lb u ty l ace ta te 6 8 .6 68 .1 6 8 .0 6 7 .9 6 7 .8 6 7 .2 67.1

1-H exanol 6 9 .0 6 8 .4 6 8 .4 6 8 .3 68 .1 6 7 .6 6 7 .4

f«wzi-2-HexeR« l-o l — 6 8 .9 6 8 .8 6 8 .7 6 8 .6 68.1 6 7 .9

1-Hexyl ace ta te — 103 6 104.1 103.9 103.1 102 .4 102.3
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Fig. 5— Apple products: a) canned pie-sliced apples, b) canned apple sauce, c) apple 
butter.
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com parisons, for juice blending and for 
evaluation of arom a loss and change dur
ing processing operations.
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Degradation of DDT and DDE by Cheese Microorganisms
SUMMARY— Representative microorganisms of the diverse flora associated with several 
varieties of surface-ripened cheese were isolated. Species of streptococci, micrococci, 
yeasts and Gram-positive rods accounted for most of the isolates. These were incubated 
at 32°C in media containing 0.5 ppm lindane, p-p DDE, and p-p DDT. The pesticides 
were dissolved in a small amount of ethanol to facilitate Incorporation into the media. 
Following incubation for 10 days, the concentrations of residual pesticides were de
termined by electron capture gas chromatography. The growth of streptococci and micro
cocci isolates did not apear to produce any changes in pesticide levels, though they ap
parently were uninhibited by the pesticides. However, the growth of other isolates de- 
chlorinated p-p DDT. Moreover, aerobic growth of geotrichum species caused almost 
complete disappearance of the p-p DDT and p-p DDE peaks from the gas chromatograms. 
These results suggest the possibility that residues of DDT and DDE might be degraded 
if they are present in certain types of surface-ripened cheeses.

I N T R O D U C T I O N

HISTORICALLY, chlorinated hydrocar
bon pesticides have been considered very 
resistant to physical and microbial deg
radation. Their unaltered presence in 
soils for many years has been noted 
(Alexander, 1965). Reports of microbial 
degradation of chlorinated hydrocarbon 
pesticides are few, but they have been 
appearing in increasing numbers recently 
(Chacko et al., 1966, 1967; Guenzi et al., 
1967; M atsum ura et al., 1967). F or the 
most part, only soil microbes have been 
observed to be active in degradation 
(M atsum ura et ah, 1967). M icroorgan
isms associated with food fermentations 
have not been reported to degrade pesti
cides.

Feeds containing low levels of insecti
cides are sources of residues in the milks

of lactating cows (Crosley et ah, 1967; 
Laben et al., 1966). Recently, a Food 
and D rug Administration official, com
menting on the new tolerance for D D T 
and its analogs in dairy products, m en
tioned that this insecticide is so widely 
distributed in the environm ent that it is 
impractical to prevent exposure of dairy 
animals to it. (Duggan et al., 1967).

Inasmuch as a tolerance presently ex
ists for D D T  and its analogs in milk, and 
since cheese technology involves a con
centration of fat-soluble materials, it is 
entirely conceivable that residues of this 
pesticide might be present in cheeses.

Our laboratory has been engaged in 
studying the effects of food processing 
methods on pesticide residues in foods. 
Previously, we had isolated a large num 
ber of microorganisms associated with the

diverse flora of soft types of cheese. These 
facts prom pted us to study the effect of 
the growth of representative types of 
microorganisms isolated from  the surfaces 
of commercial samples of Roquefort, 
Blue, Limburger, L iederkranz and Brick 
cheeses on concentrations of lindane, 
D D E and D D T in growth media.

E X P E R I M E N T A L
Cheese samples

Packages of Roquefort, Blue, Limburger, 
Liederkranz and Brick cheeses were pur
chased at retail stores in Ithaca, N.Y.

Media
Plate counts at 32°C of surface and in

terior portions of cheeses were made on sev
eral media. The APT medium of Evans et al. 
(1951) was used to estimate the total bac
terial population. A TYE medium of the fol
lowing composition was used: Tryptone 
(Difco), 10 g; yeast extract (Difco), 5 g; 
KaHPOj, 5 g; distilled water 1 1; pH 7.0 to 
7.2. A salt medium (TYES) was prepared 
by supplementing TYE with 9.5% NaCI. An 
azide-dextrose medium (Difco) was used for 
the selective estimation of streptococci.

Representative isolates were incubated at 
32°C in TYES broth containing 0.5 ppm 
lindane (gamma isomer of 1,2,3,4,5,6-hexa- 
chlorocyclohexane), p-p DDT [1,1,1 -tri- 
chloro-2,2-bis(p-chlorophenyl)ethane], and
p-p DDE [l,l-dichloro-2,2-bis(p-chloro-
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M I N U T  E S

Fig. 1— Gas chromatogram of an uninocu
lated medium containing 0.5 ppm lindane, 
DDE, and DDT. The medium was incubated 
at 32°C for 10 days.

phenyl)ethylene]. The pesticides were dis
solved in a small amount of ethanol to facili
tate incorporation into the media. Following 
aerobic incubation for 10 days, the concen
trations of residual pesticides were deter
mined by electron capture gas chromato
graphy.

Pesticide analysis
Extraction and clean-up procedures de

scribed by Onley (1964) were used to pre
pare samples for gas chromatographic analy
sis. Five 1̂ of purified samples were injected 
into the gas chromatograph (Aerograph 
Model 204-1). Peak areas were estimated by 
triangulation.

R E S U L T S  & D ISC U SS IO N
M ICROCOCCI, STREPTOCOCCI, and 
Gram-positive rods comprised most of the 
microorganisms associated with the flora 
of surface-ripened cheeses (Table 1). In 
lower, but significant numbers, were 
yeasts. The growth of geotrichum species 
is very im portant in the ripening of sur
face-ripened cheeses. These organisms 
metabolize the lactic acid at the cheese 
surfaces, thus raising the pH  sufficiently 
so that salt-tolerant bacteria can grow.

Table 1—Microscopic examination of types 
of microorganisms isolated from soft types 
of cheese.

I s o la te 1
A p p ro x im ate

%

M icrococc i 22
S trep tococci 36
Y easts 6
G ram -p o sitiv e  ro d s 36

1 G ram  sta ins w ere m ad e  o f  rep resen ta tive  
colonies.

Selective plating media were used to 
further characterize the flora (Table 2 ). 
The incidence of pesticide-degrading iso
lates was highest in the case of Lieder- 
kranz cheese. The surface contained 
greater viable numbers, as expected, and 
most of the surface flora was salt-tolerant. 
Streptococci were present in substantial 
numbers on the surfaces of Liederkranz 
cheese.

Representative colonies were isolated 
and incubated in the pesticide-containing 
medium. Large, distinct peaks were evi
dent on electron capture gas chrom ato
graphic analysis of the purified, uninocu
lated control sample (Fig. 1). The growth 
of many isolates had no effect on the peak 
areas of the three pesticides. However, the

M I N U T E S

Fig. 2— Gas chromatogram of the growth 
medium of Brevlbacterlum linens isolate 
16AE2. The medium initially contained 0.5 
ppm lindane, DDE and DDT. Incubation 
was at 32° C for 10 days.

metabolism of isolate 16AE2, a G ram 
positive, short rod, resulted in a decrease 
of the D D T concentration and an increase 
in the level of D D D  (Fig. 2 ). This de
chlorination has been observed with some 
soil and sewage microorganisms (Guenzi 
et al., 1967); however, it has not been re
ported previously for food m icroorga
nisms. The peak area for lindane was un
changed indicating no activity on this 
pesticide. Indeed, the nearly constant peak 
areas for lindane on the gas chrom ato
grams of all samples provided excellent 
internal control data. The growth effect 
of geotrichum on the concentrations of 
D D E and D D T was m ore striking (Fig.
3). Significant reductions in both the p-p 
D D T and p-p D D E peaks were apparent 
indicating degradation of these pesticides 
to unknown compounds. Our laboratory

Table 2—Plate counts of commercial 
Liederkranz cheese on different media.

M edium

C heese a rea  sam pled , co lonies/g

In te r io r Surface

A P T 410 X 105 166 X 107
A zD 3 X  103 48 X 107
T Y E 128 X  105 172 X  107
T Y E S 12 X 103 166 X 107

1 See tex t fo r  c o m p o s itio n  o f  m edia .

Table 3—Summary of characteristics of 
bacterial isolates 16AE1 and 16AE2.1

C h a ra c te r is tic 16A E 1 16AE2

N H i as sole n itro g en - -
sou rce

N H 3 p ro d u ced  in  b ro th + +
In d o le — —
C asein  hydro lysis + +
S ta rch  hydro lysis + +
L itm u s m ilk  (11 days) R ed u ced R educed

A cid  p ro d u c tio n
G lucose — —
L acto se — —
M alto se — -
S ucrose — -

1 O n  ag ar, b o th  fo rm  slim e an d  p ro d u ce  so lub le  
d a rk  yellow  p igm en ts. B o th  a re  aerob ic , n o n sp o re  
fo rm ers. O p tim u m  g ro w th  tem p e ra tu re  range  is 
2 5 -3 0 °C.

is presently endeavoring to establish the 
identity of the breakdown products.

Physiological characteristics of the ac
tive isolates were examined (Table 3 ). 
Isolates 16AE1 and 16AE2 have charac
teristics similar to Brevibacterium linens 
and 16AA4 possesses distinct characteris
tics of species of geotrichum (Table 4 ) .

M I N U T E S

Fig. 3— Gas chromatogram of the growth 
medium of geotrichum isolate 16AA4. The 
medium initially contained 0.5 ppm lin
dane, DDE and DDT. Incubation was at 
32°C for 10 days.
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Table 4—Summary of characteristics of 
geotrichum isolate 16AA4.1

C h arac te ris tic

NBU as so le n itro g e n  source
P ro d u c e  N H 3 +
C ase in  hydro lysis —

S ta rch  hydrolysis -

A cid  p ro d u c tio n
G lucose —
L ac to se —
M alto se —
S ucrose —

1 W hite  c o tto n y  g ro w th  is p ro d u ced  o n  ag a r . 
M icroscop ically , large, th ick -w alled  sep ta te  fila
m en ts  a re  obse rved . S po res a re  n o t fo rm ed .

Table 5—Residual amounts of DDE, DDD, 
and DDT following Incubation of cheese 
microorganisms with DDT and DDE.

M icro o rg an ism D D E 2 D D D 1 D D T 1

C o n tro l 11 .8 0 .3 11 .2

G eo tr ich u m  16A A 4 2 .3 0 .3 1 .8

Geotrichum canclidum 
A T C C  12784

4 .0 1 .6 2 .2

Brevibacterium  linens 
A T C C  9172

6 .0 1 .9 2 .0

Brevibacterium linens 
A T C C  9175

5 .2 3 .7 1 .7

1 M e asu red  p eak  areas , c m 2.

Table 6—Relative amounts of DDE, DDD, 
and DDT following incubation of Brevibac- 
terium linens isolated from soft-types of 
cheese with DDT and DDE.

Iso la te D D E 1 D D D 1 D D T 1

C o n tro l 9 .1 0 .3 8 .3
16A E 1 6 .5 1 .9 3 .1
16AE2 7 .6 2 .9 0 .5

1 M e asu red  p eak  areas, c m 2.

This organism will be classified further.
The initial findings were confirmed by 

results o f additional experiments (Table 
5 ). G row th of our geotrichum isolate, 
16AA4, was most effective in reducing 
levels of D D E and DD T, and D D D  was 
not formed. Growth of Geotrichum can- 
didum  ATCC 12784 was effective also in 
reducing the concentrations of these pesti
cides, confirming results o f research with 
our isolate, 16AA4. Likewise, the growth

Table 7—Effect of pH on the degradation of DDE and DDT by geotrichum isolates.

p H M ic ro o rg an ism D D E 1 D D D 1 D D T 1

5 .5 C o n tro l 10.5 0 .3 6 .8
G eo tr ich u m  16A A 4 8 .7 1 .5 3 .8
Geotrichum candulum  

A T C C  12784
9 .5 6 .0 0 .3

7 .0 C o n tro l 1 0 .0 0 .6 6 .4
G eo trich u m  16AA4 7 .2 2 .7 2 .0
Geotrichum canclidum 

A T C C  12784
9 .0 6 .0 0 .2

8 .5 C o n tro l 10.3 0 .7 5 .9
G eo trich u m  16A A 4 7 .0 3 .5 1 .3
Geotrichum candi dum 

A T C C  12784
9 .0 6 .2 0 .2

1 M easu red  p eak  areas, c m 2.

of cultures of B. linens, obtained from the 
American Type Culture Collection, re
duced the concentrations of D D E  and 
DDT. Form ation of more D D D  by these 
cultures was observed. Similar results 
were obtained with isolates of E. linens 
(Table 6 ). Evidently, aerobic growth of B. 
linens degrades D D E but to a lesser ex
tent than does the growth of geotrichum 
species.

Degradation of D D E and D D T by the 
growth of geotrichum was observed over 
a wide range of pH  (Table 7 ). This o r
ganism grew well from  pH  5.5 to 8.5. 
M ore degradation was observed at: pH  8.5 
than at pH  5.5.

Accumulation of DDT and diesdrin by 
microorganisms from culture fluids has 
been reported (Chacko et al., 1967). This 
observation prom pted us to determine if 
cells of our geotrichum isolate bind DDT, 
DDE, and D D D  possibly resulting in low 
recoveries in the extraction process. Data 
of several experiments indicate that bind
ing is not involved.

Results of these experiments suggest the 
possibility that residues of D D T and D D E 
might be degraded if they are present in 
certain types of surface-ripened cheeses. 
Being aerobic, the brevibacterium and 
geotrichum are unable to grow in the in
terior areas of the cheese. However, per
haps the pesticide-degradation activity, if 
form ed on cheese surfaces, is capable of 
diffusing into the central areas of cheese 
in much the same manner as the cheese- 
ripening proteolytic enzymes produced by 
the surface flora.

A continued study of the pesticide-de
grading food microorganisms is contem 
plated. M ore detailed inform ation is de
sirable regarding their taxonomy, their 
physiological characteristics (especially 
their proteolytic potential), and the nu
tritional factors as well as the kinetic as
pects of the production of the pesticide
degrading activity.
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